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   Foreword   

 Why do we need to validate alternative test methods? 
 The validation of alternative methods ultimately serves the decision-making 

process towards the safe use of chemicals. Whether they are based on  in vitro  tests, 
computer models or combinations of both, validated methods can be used to deter-
mine the properties of chemicals used in all sorts of products and processes, 
including pharmaceuticals, cosmetics, household products, food and industrial 
manufacturing. 

 Hazard property information infl uences risk management decisions at numerous 
stages of the life cycle of a chemical. For example, during the research and develop-
ment stage of a new chemical, industry uses non-test methods such as (quantitative) 
structure–activity relationships to predict its hazards and estimate the risks involved 
with its use to decide whether the chemical should move towards production. 
Industry and authorities use results from laboratory tests and non-test methods to 
classify and label chemicals, which in turn, can trigger specifi c risk management 
measures, such as the use of personal protective equipment by workers handling 
those chemicals or even marketing restrictions to protect consumers and the 
environment. 

 These kinds of risk management decisions have to be taken for all the many 
thousands of chemicals on the market in so many different sectors, even if only one 
result is available for each relevant hazard endpoint. It is therefore important that 
authorities, industry and the public at large, have the assurance that the results of the 
methods used are reliable and relevant. Furthermore, only on these grounds can the 
data generated be exchanged and accepted across countries for regulatory purposes. 
This is why demonstration of relevance and reliability are the requirements for the 
validation and regulatory use of OECD Test Guidelines. Also, both the Test 
Guidelines (developed following validation studies) and their accompanying guid-
ance documents, generally provide suffi cient details to allow all studies to be repli-
cated in any state-of-the-art laboratory. 

 Research laboratories are continuously developing new methods that better 
 characterise the hazardous properties of chemicals (e.g., for new effects such as 
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endocrine disruption) or alternative methods that do not use laboratory animals 
(e.g.,  in vitro  methods or toxicogenomics). But decision-makers often do not feel 
confi dent to use the results from these methods for risk-reduction decisions before 
they have been demonstrated to be scientifi cally valid. Furthermore, many non-
animal testing- based methods do not suffi ciently establish the link with the pre-
dicted adverse outcome in humans or wildlife. 

 But regulatory toxicology is changing. Toxicologists are now seeking to under-
stand the mode of action of chemicals or the adverse outcome pathway that they 
trigger, i.e., how they interact at a molecular level resulting in effects at the organ or 
organism level. With increasing knowledge about the modes of action or the adverse 
outcome pathways that chemicals can trigger, decision-makers are more comfort-
able using results from alternative methods if it can be shown that the results are 
linked to key events along the chain of events that constitute the adverse outcome 
pathway. 

 This also means that, ultimately, individual animal test methods will be replaced 
by a number of  in chemico ,  in vitro  and/or  in silico  methods that collectively allow 
the gathering of information needed to characterise the hazardous property of a 
chemical. In parallel, as alternative methods become more sophisticated, they will 
better predict adverse effects in a specifi c species of interest—e.g., humans. 

 While this new approach to safety testing will challenge the current approach 
taken to standardise and validate test methods for regulatory purposes, the objec-
tives of validation will remain the same. The novel test methods used to identify the 
modes of action will need to be validated in the sense that their reliability and rele-
vance will need to be demonstrated when used to make regulatory decisions. 
Validation of alternative test methods will therefore remain one of the cornerstones 
of a successful toxicological (r)evolution.  

   Environment, Health and Safety Division     Bob     Diderich   
 OECD , 
  Paris Cedex 16 ,  France      

Foreword
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  Pref ace   

 This book provides a comprehensive overview of the best practices and new 
 perspectives regarding the validation of alternative methods for animal procedures 
used in toxicity testing. Alternative methods cover a wide range of non-animal tech-
niques and technologies, including:  in vitro  assays based on various biological tests 
and measurement systems; chemoinformatics approaches; computational model-
ling; and different ways of weighting and integrating information to make predic-
tions of a toxicological effect or endpoint. Validation of an alternative method or 
approach aims not only to establish the reproducibility and robustness of an alterna-
tive method but also to determine its capacity to correctly predict effects of concern 
in a species of interest. This latter aspect is one of the most critical considerations 
when striving to replace or reduce animal testing and promoting new approaches in 
toxicology that are more relevant for human hazard assessment. This book covers 
the validation of experimental and computational methods and integrated approaches 
to testing and assessment. Furthermore, validation strategies are discussed for meth-
ods employing the latest technologies such as tissue-on-a-chip systems, induced 
human pluripotent stem cells, bioreactors, transcriptomics and methods derived 
from pathway-based concepts in toxicology. 

Validation of Alternative Methods for Toxicity Testing provides practical insights 
into state-of-the-art approaches that have resulted in successfully validated and accepted 
alternative methods. In addition, it explores the evolution of validation principles and 
practices that will ensure that validation continues to be fi t for purpose and has the 
greatest international impact and reach. Indeed, validation needs to keep pace with the 
considerable scientifi c advancements being made in biology and toxicology, the 
availability of increasingly sophisticated tools and techniques, and the growing soci-
etal and regulatory demands for better protection of human health and the 
environment.

 This book is a unique resource for scientists and practitioners working in the 
fi eld of applied toxicology and safety assessment who are interested in the 
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 development and application of new relevant and reliable non-animal approaches 
for toxicity testing and in understanding the principles and practicalities of valida-
tion as critical steps in promoting their regulatory acceptance and use.  

   Magliaso, Switzerland    Chantra     Eskes      
Ispra, Italy    Maurice     Whelan     

Preface
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    Chapter 1   
 Introduction                     

     Chantra     Eskes      and     Maurice     Whelan   

    Abstract     Alternative approaches to animal testing are gaining momentum with an 
increasing number of test methods obtaining international acceptance, thanks in 
large part to the validation efforts conducted on these assays. The principles and 
process of validation were fi rst established in the 1990s in Europe and USA, and 
further gained international recognition ensuring the broader acceptance of alterna-
tive test methods at a regulatory level. If these principles were successful in pio-
neering the regulatory acceptance of alternative methods for less complex endpoints, 
an evolution of concepts is needed to embrace emerging technologies and the 
increased complexity of endpoints. Innovative concepts and approaches of scien-
tifi c validation can help to ensure the continued regulatory and international accep-
tance of novel alternative methods and technologies for toxicity testing such as 
human-based  in vitro  models derived from induced pluripotent stem cells and sig-
nifi cant advances in bioengineering. This chapter provides a historical overview of 
the establishment and evolution of the principles of the scientifi c validation of alter-
native methods for toxicity testing as well as the challenges and opportunities for 
adapting those principles to keep pace with scientifi c progress whilst ensuring 
human safety and best serve the needs of society.  

1       The Need for Validation 

 Alternative methods refer to procedures that can replace the need for animal experi-
ments, reduce the number of animals required, or diminish the amount of distress or 
pain experienced by animals (Smyth  1978 ). This  defi nition   embodies the “Three 
Rs” concept proposed by Russell and Burch in The Principles of Humane 
Experimental Technique (Russell and Burch  1959 ), which was considered by many 
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countries in defi ning regulatory requirements concerning the protection of animals 
used for scientifi c purposes (Council Directive 86/609/EEC  1986 ; Directive 
 2010 /63/EU 2010; Brazil  2008 ). 

 During the last quarter of the twentieth century, public concern over ethical 
aspects regarding the use of animals for scientifi c purposes has steadily increased, 
especially in the USA and in Europe. Humane societies have questioned in particu-
lar the need for animals in product-safety testing, medical research and science 
education (Wilhelmus  2001 ). For example, eye irritation testing  procedures   on rab-
bits has often been used as a symbol for cruelty by animal welfare activists, since at 
times such procedures can be very painful and result in visible suffering, trauma and 
reactions in the rabbit eyes. In April 1980, a group of animal welfare activists spe-
cifi cally targeted the rabbit eye test by publishing a full-page advertisement in the 
New York Times stating “ How many rabbits does Revlon blind for beauty’s sake?” , 
followed by a second advertisement published in October 1980. Such campaigns 
resulted in grant investments to support the development of alternatives to the rabbit 
eye test (Wilhelmus  2001 ). 

 In order to ensure the  acceptance   of the developed alternatives to animal testing, 
regulatory action was also taken. In Europe for example, the original Directive on 
the protection of laboratory animals for experimental and other scientifi c purposes 
stated that  “An  (animal)  experiment shall not be performed if another scientifi cally 
satisfactory method of obtaining the result sought, not entailing the use of an ani-
mal, is reasonably and practicably available ” (Directive 86/609/EEC). 

 The fi nal  acceptance   of an alternative test method may depend on various factors 
such as national regulatory requirements, the test method purposes, uses and appli-
cability. However, demonstrating the scientifi c validity of an  in vitro  method is usu-
ally required for its use within the regulatory framework especially for detecting 
both hazardous and non-hazardous effects as a replacement, reduction or refi nement 
of animal testing (OECD Guidance Document No. 34  2005 ; Regulation (EC) No 
 1907 /2006). As such, for an alternative method to gain regulatory acceptance, it is 
current practice to demonstrate that the method is scientifi cally satisfactory, i.e., 
valid, for the purpose sought. This is generally carried out through a validation pro-
cess through which the scientifi c validity of a test method can be demonstrated.  

2     Historical Developments 

 The criteria and processes for the validation of a test method were fi rst developed in 
the 1990s. In Europe, the European Centre for the Validation of Alternative Methods 
(ECVAM) was created in 1991 as part of the European Commission’s Joint Research 
Centre (JRC), to respond to the requirement from the original EU Directive on the 
protection of animals for scientifi c purposes, namely that “ The Commission and 
Member States should encourage research into the development and validation of 
alternative techniques (…) and shall take such other steps as they consider appro-
priate to encourage research in this fi eld”  (Directive 86/609/EEC). This was fol-
lowed in the United States by the creation in 1997 of the Interagency Coordinating 
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Committee on the Validation of Alternative Methods (ICCVAM)      , and subsequently 
in Japan in 2005 with the establishment of the Japanese Center for the Validation of 
Alternative Methods (JaCVAM). Refl ecting the growing awareness of the impor-
tance of validation worldwide, internationally agreed principles of validation were 
adopted by the Organization for Economic Co-operation and Development (OECD) 
in 2005 (OECD Guidance Document No. 34  2005 ). More recently, the implementa-
tion of the  EU Directive 2010/63   on the protection of animals used for scientifi c 
purposes (Directive  2010 /63/EU 2010), which came into full force in 2013, has 
reinforced Europe’s commitment to place the 3Rs at the heart of EU policy and to 
strengthen legislative provision to minimize the reliance on animal procedures in 
different contexts whenever possible. Moreover, outreaching countries have since 
also established national centers for the validation of alternative methods such as 
the South Korean Center for the Validation of Alternative Methods (KoCVAM) 
established in 2010 and the Brazilian Centre for the Validation of Alternative 
Methods (BraCVAM) established in 2011 (see Chap.   14    ). 

 Based upon the experiences gained during earlier  multi-laboratory evaluation   
studies on e.g. eye irritation, and in consultation with various international experts, 
ECVAM published under the enriching leadership of Michael Balls, recommenda-
tions on the principles, practical and logistical aspects of validating alternative test 
methods (Balls et al.  1990 ,  1995 ; Curren et al.  1995 ). These documents represent 
the fi rst basic principles for the validation of alternative methods including the man-
agement and design of a validation study that were later integrated at an interna-
tional level (OECD Guidance Document No. 34  2005 ). 

 An alternative method for the replacement (or partial replacement) of an animal 
test is defi ned as the combination of a “test system”, which provides a means of 
generating physicochemical or  in vitro  data for the chemicals of interest, and a “pre-
diction model (PM)” or “data interpretation procedure” (Archer et al.  1997 ). The  
prediction model   or data interpretation procedure plays an important role in the 
acceptance process, as it allows converting the obtained data (e.g.,  in vitro  or physi-
cochemical) into predictions of toxicological endpoints in the species of interest 
e.g., animals or humans (OECD Guidance Document No. 34  2005 ). 

 Test method  validation   is defi ned as the process whereby the relevance and reli-
ability of the method are characterized for a particular purpose (OECD Guidance 
Document No. 34  2005 ; Balls et al.  1990 ). In the context of a replacement test 
method, relevance refers to the scientifi c basis of the test system and to the predic-
tive capacity of the test method as compared to a reference method. Reliability 
refers to the reproducibility of test results, both within and between laboratories, 
and over time. The “purpose” of an alternative method refers to its intended applica-
tion, such as the regulatory testing of chemicals for a specifi c toxicological endpoint 
(e.g., eye irritation).  Adequate validation   (i.e., to establish scientifi c validity) of an 
alternative test requires demonstration that, for its stated purpose:

•    the test system has a sound scientifi c basis;  
•   the predictions made are suffi ciently accurate; and  
•   the results generated by the test system are suffi ciently reproducible within and 

between laboratories, and over time.    

1 Introduction

http://dx.doi.org/10.1007/978-3-319-33826-2_14


4

 Furthermore, some of the key  principles   of the validation process encompass 
(Balls et al.  1990 ):

•    An alternative method can only be judged valid if the method is reliable and 
relevant;  

•   The prediction model should be defi ned in advance by the test developer;  
•   The aspired performance criteria should be set in advance by the management 

team (for a prospective validation study);  
•   Performance is assessed by using coded chemicals;  
•   There should be independence in:

 –    the management of the study,  
 –   the selection, coding and distribution of test chemicals,  
 –   the data collection and statistical analysis;     

•   Laboratory procedures should comply with  GLP   criteria.    

 In addition, a  prevalidation scheme   has been recommended to ensure that a 
method included in a formal validation study adequately fulfi ls the criteria defi ned 
for inclusion in such a study, so that fi nancial and human resources are used most 
effi ciently with a greater likelihood that the expectations will be met. The prevalida-
tion process includes three main phases: protocol refi nement, protocol transfer and 
protocol performance (Curren et al.  1995 ). 

 In 2004, a “Modular Approach to the ECVAM Principles on Test Validity” was 
proposed with the objective to make the validation process more fl exible by break-
ing down the various steps of validation into seven independent modules, and defi n-
ing for each module the information needed for assessing the scientifi c validity of a 
test method (Hartung et al.  2004 ). One of the main advantages of the Modular 
Approach to  Validation   is the possibility to complete the different modules in any 
sequence, allowing the use of data both gathered retrospectively and generated pro-
spectively as required. This approach has the potential to increase the evidence 
gathered on a specifi c test method whilst decreasing the time necessary if only pro-
spective data were to be considered. The seven modules are:

    1.    Test defi nition;   
   2.    Within-laboratory reproducibility;   
   3.    Transferability;   
   4.    Between-laboratory reproducibility;   
   5.    Predictive capacity;   
   6.    Applicability domain; and   
   7.    Defi nition of  performance   standards.    

  A consequence of the replacement in 2010 of Directive 86/609/EEC with Directive 
2010/63/EU was the formalization and broadening of the role of ECVAM, refl ected 
in its name being changed by the JRC to the European Union Reference Laboratory 
for Alternatives to Animal Testing (EURL ECVAM, see also   http://ihcp.jrc.ec.
europa.eu/our_labs/eurl-ecvam    ).  EURL   ECVAM’s duties and tasks (Article 48/
Annex VII of Directive 2010/63) now encompass the coordination and promotion of 
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the development, validation and use of alternative methods; acting as a focal point 
for the exchange of information; setting up, maintaining and managing public data-
bases and information systems on alternative methods; and promoting dialogue 
between legislators, regulators, and all relevant stakeholders with a view to the 
development, validation, regulatory acceptance, international recognition, and appli-
cation of alternative approaches. 

 Regarding the USA, the NIH Revitalization Act of 1993 (Public Law 103-43) 
required the  National Institute of Environmental Health Sciences (NIEHS)   to estab-
lish criteria for the validation and regulatory acceptance of alternative toxicological 
testing methods, and that NIEHS recommend a process to achieve the  regulatory   
acceptance of scientifi cally valid alternative test methods. To respond to require-
ments of this Act, NIHS created ICCVAM initially as an  ad hoc  committee in 1994, 
and subsequently as a standing committee in 1997 (see also   http://www.iccvam.
niehs.nih.gov    ) with the aim to (i) implement a process by which new test methods 
of interest could be evaluated and (ii) coordinate interactions among US agencies 
related to the development, validation, acceptance, and national and international 
harmonization of toxicological test methods. ICCVAM was then formally estab-
lished as a permanent interagency committee of the  NIEHS   under the National 
Toxicology program (NTP) Interagency Center for the Evaluation of Alternative 
Toxicological Methods (NICEATM) in 2000 by the ICCVAM Authorization Act 
Public Law 106-545. 

 Criteria for validation and regulatory acceptance of alternative test methods were 
published in 1997 by ICCVAM-NIEHS (Validation and Regulatory Acceptance of 
Toxicological Test Methods  1997 ). The defi nition and principles of  scientifi c valid-
ity   are similar to those adopted in the European Union, although a specifi c format of 
data compilation is required including for example: test method protocol compo-
nents, intra- and inter- laboratory reproducibility, test method accuracy, protocol 
transferability, information on the selection of reference substances, information on 
the reference species, supporting data and quality, animal welfare considerations 
and practical considerations. 

 The Japanese Center for the Validation of Alternative Methods ( JaCVAM     , see 
also   http://jacvam.jp/en    ) was established in 2005 as part of the Biological Safety 
Research Center (BSRC) of the National Institute of Health Sciences (NIHS). Its 
key objectives are to ensure that new or revised test methods are validated, peer 
reviewed, and offi cially accepted by regulatory agencies (Kojima  2007 ). For this 
purpose, JaCVAM assesses the utility, limitations, and suitability for use of alterna-
tive test methods in regulatory studies for determining the safety of chemicals and 
other materials. JaCVAM also performs validation studies when necessary. 
Furthermore, JaCVAM establishes guidelines for new alternative experimental 
methods through international collaboration. 

 As validation is an important step within the regulatory acceptance of alterna-
tive methods, international efforts have been undertaken to favor the harmoniza-
tion of its processes and principles with the ultimate goal of promoting 
harmonization of  international   acceptance and recognition of alternative methods. 
In particular, through a process of consultation with validation bodies and key 
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stakeholders, the  OECD   adopted internationally agreed validation principles and 
criteria for the regulatory acceptance of alternative test methods. Such internation-
ally agreed principles are described in the OECD Guidance Document No. 34 on 
 “The Validation and International Acceptance of New or Updated Test Methods for 
Hazard Assessment ” (OECD Guidance Document No. 34  2005 ). The  OECD   GD 
34 details internationally agreed principles and criteria on how validation studies 
of new or updated test methods should be performed. It represents a document of 
key importance for promoting harmonized approaches and procedures for the vali-
dation and regulatory acceptance of alternative methods at the international level 
(see also Chap.   2    ).  

3     Current Challenges and Opportunities 

 If the validation principles and processes established in the 1990s were successful 
in achieving international acceptance of a number of alternative test methods, the 
scientifi c advances made in the recent years in the area of  in vitro  toxicology call for 
an evolution of the traditional validation principles. Indeed, considerable progress 
was dictated by new technologies and discoveries, as well as  by      the increasing 
 complexity of the endpoints assessed. For instance, the 2012 Nobel Prize Shinya 
Yamanaka opened the door for the reprogramming of mature cells to become plu-
ripotent, the so-called induced pluripotent stem cells, which allow the use of human- 
based cells reprogrammed in any organ-type cell for the evaluation of toxicity. 
Furthermore, a number of scientifi c groups have developed new complex bioengi-
neering technologies such as the human-on-a-chip models which allow combining 
various organ-specifi c cell types and obtaining a more holistic response to toxicants 
whilst providing a more complex model mimicking the  in vivo  toxicity. In the US, 
the use of high-throughput  in vitro  screening assays, systems biology and predictive 
 in silico  approaches have also been recently used within the twenty-fi rst century 
NTP program to improve the hazard evaluation of environmental chemicals. 
Furthermore, the evaluation of more complex endpoints require not only complex 
models but also their integration into e.g., integrated approaches for testing and 
assessment as well as consideration of the mechanistic adverse-outcome pathways 
of toxicity, that call for new considerations regarding the approaches for the scien-
tifi c validation of alternatives to toxicity testing. Finally, collaboration of the valida-
tion centers in the various geographical regions is critical to ensure the harmonized 
international acceptance of alternative methods, the removal of barriers and the pro-
motion of harmonized human safety assessment across the globe. 

 This book provides two distinct yet  complementary      perspectives on the 
approaches used for the scientifi c validation of alternative methods. The fi rst is 
more retrospective and describes the state-of-the-art in validation including the 
underlying principles and practical approaches that have been successful over the 
years in gaining international regulatory acceptance of alternative methods. The 
second, more forward-looking perspective addresses the need to foster innovation 
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and ensure progressive evolution of validation concepts and practices that are fi t for 
the purpose of aiding the translation  of      emerging technologies and sophisticated 
methodologies in the fi eld of alternative methods into internationally accepted solu-
tions for regulatory toxicity testing.     
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    Chapter 2   
 Validation in Support of Internationally 
Harmonised OECD Test Guidelines 
for Assessing the Safety of Chemicals                     

     Anne     Gourmelon      and     Nathalie     Delrue   

    Abstract     Ten years elapsed since the OECD published the Guidance document on 
the validation and international regulatory acceptance of test methods for hazard 
assessment. Much experience has been gained since then in validation centres, in 
countries and at the OECD on a variety of test methods that were subjected to 
 validation studies. This chapter reviews validation principles and highlights 
 common features that appear to be important for further regulatory acceptance 
across studies. Existing OECD-agreed validation principles will most likely gener-
ally remain relevant and applicable to address challenges associated with the valida-
tion of future test methods. Some adaptations may be needed to take into account 
the level of technique introduced in test systems, but demonstration of relevance 
and reliability will continue to play a central role as pre-requisite for the regulatory 
acceptance. Demonstration of relevance will become more challenging for test 
methods that form part of a set of predictive tools and methods, and that do not 
stand alone. OECD is keen on ensuring that while these concepts evolve, countries 
can continue to rely on valid methods and harmonised approaches for an effi cient 
testing and assessment of chemicals.  

  Keywords     OECD validation principles   •   Test Guidelines   •   Integrated approaches   
•   Mutual acceptance  
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1       Introduction to the OECD Test Guidelines Programme 

1.1     Context and Goal 

 Since 1981, OECD countries have tasked the Environment, Health and Safety 
Programme to develop harmonized methods for the testing of chemicals. The 
 methods   are intended to generate valid and high quality data to support chemical 
safety regulations in member countries. The OECD Guidelines for the testing of 
chemicals are a collection of the most relevant internationally agreed testing 
methods used by governments, industry and independent laboratories to assess 
the safety of chemical products. OECD Test Guidelines are covered by the OECD 
Council Decision on the Mutual Acceptance of Data (MAD) stating that test data 
generated in any member country—or partner country adhering to MAD—in 
accordance with OECD Test Guidelines and Principles of Good Laboratory 
Practice (GLP) shall be accepted in other member countries and adhering partner 
countries for assessment purposes and other uses relating to the protection of 
human health and the environment (OECD  1981 ). This Decision minimises the 
costs associated with testing chemicals by avoiding duplicative testing, and uti-
lises more effectively scarce test facilities and specialist manpower in countries. 
Having harmonised Test Guidelines also avoids non-tariff barriers to international 
trade of chemicals through a level playing of environmental protection across 
countries. 

 Started in 1981, the collection of  OECD   Test Guidelines is augmented every year 
with new and updated Test Guidelines that have undergone a number of stages to 
demonstrate their validity in order to be accepted by regulatory authorities. The 
motivations for continuously improving testing standards at OECD level are keep-
ing the pace with progress in science, responding to countries’ regulatory needs, 
addressing animal welfare and improving cost-effectiveness of test methods. At 
various stages of Test Guidelines development, OECD-wide networks of scientists 
in government, academia, and industry provide input. The OECD Test Guidelines 
Programme is also fed by the work of validation centres established in certain coun-
tries or regions which establish and/or review the scientifi c validity of test methods 
proposed for the development of Test Guidelines. It is indeed essential that test 
methods undergo a critical appraisal of their relevance and reliability through exper-
imental demonstration in laboratories who are potential future users, so that the 
utility of the method for a specifi c purpose, as well as its limitations, can be defi ned 
and understood by users and regulators. The use of Test Guidelines that are based on 
validated test methods promotes the generation of dependable data for human and 
animal health and environmental safety. In 2005, the OECD published a Guidance 
Document for test method validation outlining general principles, important consid-
erations, illustrative examples, potential challenges and the results of experience 
gained (OECD  2005 ).  
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1.2     Participation (WNT, Nominated Experts,  Industry Experts,      
Animal Welfare Organisations) 

 The development of OECD Test Guidelines is overseen by the  Working Group of 
the National Coordinators of the Test Guidelines Programme (WNT)     . National 
Coordinators represent regulatory authorities in OECD member countries and 
countries adhering to MAD. Representatives from identifi ed interest groups 
(industry and animal welfare non-governmental organisations, green NGOs) and 
from some additional countries having an economically important chemical 
industry also attend annual meetings of the WNT as invited experts, and can par-
ticipate in technical expert groups. National Coordinators take decisions on Test 
Guidelines for approval (including updates of existing Test Guidelines) and 
decide on project proposals to include on the work plan. Experts in technical 
groups are nominated by their National Coordinators, Business and Industry 
Advisory Council to OECD (BIAC), the International Council on Animal 
Protection in OECD programmes (ICAPO) and the European Environmental 
Bureau (EEB). Expert groups are specialised by area of hazard assessment (e.g. 
reproductive toxicity, genotoxicity, toxicity to the aquatic environment, environ-
mental fate), and thus can work on several projects of the work plan that fall 
under the same area. 

 Experts participating in technical groups are  nominated   to provide their techni-
cal expertise in the area. Many experts participate over many years in the technical 
groups. This ensures consistency in the work done over time; however new exper-
tise is always sought to ensure the best available science is taken into account and 
used in test method development. It is important that Test Guidelines development 
and regulatory science benefi t from progress  made   in scientifi c research through 
networks and consortia of academic and industry laboratories. Gathering expertise 
and input from academia, industry, environmental and animal welfare organisa-
tions is essential for the OECD work on chemical safety to remain relevant for 
countries. Although industry and environmental organisations have been involved 
from the start in TG development, the participation of animal welfare NGOs is 
more recent, starting in the early 2000, and was encouraged by countries’ uptake 
of ethical considerations in the use of laboratory animals for safety testing of 
chemicals. Occasionally, for specifi c areas of hazard assessment (e.g. endocrine 
disrupters), other interest groups are also involved. Furthermore, the European 
Commission, although not a member “country”, participates in all the activities; 
indeed a large number of research activities in Europe relevant to the work of 
the Test Guidelines  Programme   are undertaken and coordinated by the European 
Union Reference Laboratory—European Centre for the Validation of Alternative 
Methods (EURL- ECVAM). Finally, countries like the People’s Republic of 
China and the Russian Federation are invited to contribute to the work of the Test 
Guidelines Programme.  

2 Validation in Support of Internationally Harmonised OECD Test Guidelines…
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1.3      Workfl ow      and Decision-Making Processes 

 National Coordinators can propose new projects. Such proposals have to be moti-
vated by a regulatory need in more than one country or region (to benefi t from 
international harmonisation), by a progress in science, by animal welfare consider-
ations (e.g. making it possible to use fewer animals or to reduce duration of a test 
for example), or by an improvement in the cost-effectiveness of a test method. 
Proposals are reviewed and commented on by all members of the WNT a few 
months before the annual WNT meeting. At the meeting itself, the National 
Coordinators take a consensus decision on whether or not to include the project on 
the work plan following discussions. Project proposals can be submitted at different 
stages of test method development. In cases where the test method has already been 
validated, information and documents supporting the validation and the develop-
ment of a Test Guideline are brought to the attention of the WNT upon submission 
of the project proposal. The WNT takes its decision to include the proposal in the 
work plan based on all available information. 

 If the project is accepted and the test method has already been validated, the lead 
country will take the fi rst steps to make the fi rst draft Test Guideline, while the 
Secretariat asks the WNT to nominate experts to a group, unless an existing group is 
competent and can take the new project on board. When the draft Test Guideline is 
suffi ciently ready, it is circulated for a commenting round. The National Coordinators, 
industry, environmental organisations and ICAPO usually consult their expert net-
works when providing comments. In case of diverging views expressed by national 
experts, National Coordinators can take a national position. The Secretariat collects 
and compiles comments received and works with the lead country to address issues 
raised and revise the draft Test Guideline. Typically, following two rounds of WNT 
comments, the draft documents are mature enough for submission and eventually 
approval by the WNT, but there may be exceptions. The  OECD      Guidance Document 
1 on the Development of Guidelines for the Testing of Chemicals, updated in 2009 
(OECD  2009a ), describes in more details the process and procedures for the devel-
opment of OECD Test Guidelines and related documents (see Fig.  2.1 ). When Test 
Guidelines are approved by the WNT, they are subsequently endorsed by higher 
policy-level bodies of the Organisation until fi nal adoption by the OECD Council 
and publication. Guidance documents approved by the WNT do not go to OECD 
Council for adoption (because they are not covered by the OECD Council Decision 
on the Mutual Acceptance of Data) and they are published under the responsibility 
of the policy body overseeing the work on chemical safety at OECD.

   Projects may be included in the work plan at various stages of test method devel-
opment, and the validity of the test method may not necessarily be fully established. 
In such cases, the project starts with experimental validation across laboratories, 
organised by the lead country(ies), with the assistance of the expert group or a 
Validation Management Group (VMG), with support from the OECD Secretariat as 
appropriate. When a project starts with a proposal for a test method that has not yet 
been validated, the whole process until approval of a  Test      Guideline takes more time, 
as the experimental validation is the most resource-intensive stage of the project.   
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2     Importance of Validation in the Development Process 
of Test Guidelines 

 Regulatory authorities are charged by law with protecting human health and the 
environment. The purpose of validation is to ensure that regulators obtain reliable 
and useful information for their decision making, and that data generated can be 
exchanged and mutually accepted across countries. In the case of test chemical, 
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regulators use results from various physical-chemical, environmental fate, and 
(eco-)toxicological assays to assess the inherent properties of a chemical substance. 
It is essential that these assays and methods provide the regulators with reliable and 
correct information so that sound science-based decisions are made to protect 
human health and the environment. The aim of experimental validation is to demon-
strate the ability of the methods to reproducibly provide accurate and relevant data 
on a tested chemical. 

 Fentem et al. ( 1995 ) wrote a review of “lessons learned”  from   experience with 
validating  in vitro  test methods. At approximately the same time, Balls et al. 
( 1995 ) also reviewed the various diffi culties that  in vitro  assays had encountered 
during the validation process. These reviews examined in the light of practice 
and experience the concepts and ideas on validation that had been presented in 
1990 by Balls et al. ( 1990 ). These lessons were subsequently discussed at an 
OECD workshop on validation principles (OECD  1996 ), and have since been 
incorporated into the OECD Guidance Document on the Validation and 
Regulatory Acceptance of New and Updated Test Methods for Hazard Assessment 
(OECD  2005 ). Most concerns regarded the preparatory work prior to embarking 
in a validation program, including the status of development of the test and the 
availability of standard operating procedures for laboratories participating in the 
validation, the selection of test chemicals, the selection of laboratories, the 
design of the experimental validation study, and the analysis and interpretation 
of results. 

2.1      Formalisation   of Validation Programmes 
with the Emergence of Alternative Methods 

 About two decades ago, a number of test methods intended as possible alterna-
tive or replacements of existing  in vivo  test methods emerged, initially for haz-
ards for which animal testing became less and less ethically acceptable (e.g., 
topical toxicity). These new test models measured endpoints and/or biomarkers 
 in vivo ,  ex vivo  or  in vitro , intended to predict response to a chemical stressor 
on a hazard endpoint. These new assays were often designed and intended as 
surrogates of traditional endpoints or models. Relevance, transferability and 
reliability, including reproducibility over time, needed to be established through 
empirical demonstration or validation by means of inter-laboratory studies. The 
validation and the determination of the predictive capacity of these new models 
for  in vivo  effects was a pre-requisite to their acceptance and use in a regulatory 
context. For alternative test methods to be up taken by chemical regulations, 
consensus was needed around clear principles and criteria, transparent practice 
in reporting and review of results that establish the scientific validity of a 
method.  
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2.2     Readiness of a Test Method for an Inter-laboratory 
Validation  Programme   

 Although the perception of the level of readiness of a test method to enter a valida-
tion program may vary among experts/developers, the development and standardi-
sation of the candidate test method and the availability of detailed procedure 
descriptions are critical to the success of a validation programme; in the absence of 
these, participating laboratories may have insuffi cient guidance for proper conduct 
of the test, may not keep records of important parameters, possibly leading to unex-
plained variations in the results. While controlled deviations in the conduct of the 
test are possible and useful to understand how robust the test is to small variations 
from the recommended procedure, monitoring of parameters and recording of 
effects are essential to characterize the dynamic range of the test. 

 Also important is the selection of the chemicals to test in the various phases of 
the validation, i.e. intra-laboratory, or multi- laboratories. Data generated in one 
laboratory are generally collected, and discussions take place on the set of chemi-
cals to choose when evaluating the transferability of the test method, when assess-
ing the between-laboratories reproducibility. Practical considerations are relevant 
for the selection of chemicals: easy access and availability, cost, known composi-
tion, analytical method available if needed, especially in the case of aquatic toxicity 
testing. The test chemicals should be as representative as possible of the intended 
applicability domain: range of physical-chemical properties, mode(s) of action, 
potency of chemicals to detect/identify or characterise the expected response from 
the test (i.e. not only potent or strong chemicals should be used). 

 Laboratories participating in the validation programme should be characterised 
by their experience in using the test or similar test procedures. It is acceptable and 
interesting to include naive laboratories in validation studies in order to know the 
level of profi ciency that may be required for the successful conduct of the test, but 
it is important to know in advance who has experience and who has not, and how 
much training and guidance may be needed to transfer the know-how. In addition, 
an optimal design of the validation study will ensure an effi cient use of resources: 
not all participating laboratories have to test all chemicals, it is usually considered 
suffi cient to have three or four laboratories testing the same chemical in order to be 
able to assess inter-laboratory reproducibility. 

 Finally, the analysis and interpretation of results deserves specifi c attention at the 
stage of test method development; it is important to have predefi ned, clear and 
understandable data interpretation rules and procedures for the statistical analysis of 
data, rather than  a posteriori  adjusting data to an expected outcome of the test. 

 At the OECD level, guidance on technical aspects in the conduct of validation 
studies was formalised in a guidance document developed and agreed by the relevant 
players involved in validation (OECD  2005 ), to set the expected standard on good 
practice for validation studies, and to ensure future success and regulatory accep-
tance across countries of resulting  Test   Guidelines. This was particularly critical for 
 in vitro  methods intended to replace, partly or fully, existing  in vivo  test methods.  
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2.3     Experience at OECD with the Validation of Various Types 
of Test Methods 

2.3.1     Test Methods for  Ecotoxicity Testing   

 Assays measuring effects  in vivo  (in mammalian or aquatic species) have been cred-
ited for a long time for their assumed relevance and predictivity of effects to human 
health or wildlife species. Biological and toxicological relevance of such animal 
models were relatively well accepted  de facto  for hazard identifi cation, with some 
exceptions. Similarly for the environment, fi sh, daphnia and alga have for decades 
represented the biodiversity of aquatic environments and formed the basis for test-
ing chemicals to protect the aquatic environment. Demonstration of the capacity of 
these assays to generate valid data has very much focused on their capacity to be 
repeatable in laboratories implementing them. Ring-test have been organised when 
assays were gradually becoming more complex to implement or interpret, in par-
ticular with the introduction of e.g. more quantitative measurements, or scoring 
systems having inherent potential subjectivity. Countries organised some of these 
ring-tests at the OECD level, ensuring that the same standard operating procedures 
were used across participating laboratories and that data were collected and anal-
ysed in the same way (OECD  1997 ,  2010a ). This  practice   of ring-testing rapidly 
became routine in the area of ecotoxicity testing; good practice and sound scientifi c 
principles were applied, and importantly, study results were reported transparently 
to regulators in support of the proposed new or updated test methods. Most of these 
assays were however not intended as replacement methods, and their relevance for 
a given protection goal was implicit.  

2.3.2     Test Methods Containing Refi ned Procedures to Animal Testing 

 In the area of alternative methods, the diversity of so-called alternatives has given 
rise to a variety of approaches to validation. For acute toxicity for instance, a num-
ber of  refi nement methods   based on the use of fewer animals (up-and-down proce-
dure, acute toxic class method, fi xed dose procedure) have demonstrated through 
statistical analysis, as the main piece of information supporting the validation status, 
the robustness and sensitivity of data generated using the alternative procedure (e.g. 
OECD  2009b ). Relevance of the test procedure was not challenged in this type of 
alternative methods as they remained refi nement of existing animal experiments.  

2.3.3     Test Methods for the Detection of Endocrine Active Substances 

 The development of Test Guidelines for the detection of  endocrine active sub-
stances   emerged at the time OECD was developing a comprehensive set of vali-
dation principles and guidance for the validation and regulatory acceptance of 
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new and updated test methods for hazard assessment (OECD  2005 ). This was a 
challenge for those involved in validation studies: while validation studies for 
 in vivo  and  in vitro  assays were being designed, countries were building consen-
sus around important principles of validation in parallel, and setting good prac-
tice for how to conduct validation. The resulting guidance was generalised across 
new and updated  in vitro  and  in vivo  test methods. The area of endocrine disrup-
tion testing and assessment has succeeded in bringing together toxicologists and 
ecotoxicolgists to organise validation studies following the same principles, and 
testing the same chemicals. Three  validation management groups (VMGs)   were 
established approximately at the same time at OECD under the Test Guidelines 
Programme: the VMG-mammalian, the VMG- eco (for ecotoxicity testing) and 
the VMG-non animal (for  in vitro  assays). Practical challenges arose in some 
areas; for instance, it was not a common practice in aquatic toxicity testing to 
use coded chemicals. Also, some disciplines of toxicology have been required to 
provide clear guidance and formalise best practice through consensus OECD 
guidance document in areas such as histopathology for various types of organs 
and taxa. 

 Differences between types of studies (e.g. oral administration of a dose to a rat 
or mouse versus waterborne exposure system for fi sh) made it diffi cult for aquatic 
toxicity studies to show as low coeffi cients of variation as rodent studies. The chem-
ical delivery to the test system in aquatic toxicity studies and the ability of the labo-
ratory to maintain the exposure level over an extended period of time are major 
challenge for the success of validation studies assessing the inter-laboratory repro-
ducibility. As a result, the inter-laboratory variability is typically higher in aquatic 
toxicity studies. 

 Furthermore, experience in laboratories and level of standardisation of test pro-
cedures varied substantially between assays that had a history of 50-years of use in 
the pharmaceutical industry when they entered validation studies at OECD (e.g. 
uterotrophic bioassay), and assays in fi sh measuring vitellogenin as a biomarker for 
estrogenicity of chemicals, which had been performed for a maximum of fi ve years 
in the most advanced laboratories. 

 Finally, to conclude on differences between ecotoxicity and toxicology, the 
diversity of environmental species used in regulatory testing in OECD countries is 
intended to represent the biological diversity of ecosystems. This diversity makes 
it challenging to develop a harmonised Test Guideline that can accommodate all 
species using the same test procedure, but is essential for the regulatory acceptance 
of the Test Guideline when the goal is to protect indigenous fauna. This require-
ment to use countries preferred species in OECD validation studies created addi-
tional constraint on the design of the validation. Nowadays  a posteriori , other 
approaches would be pursued, e.g. Performance-Based Test Guidelines, which tend 
to simplify the emergence of additional similar and alternative methods by setting 
essential components of the test method, clear goals and expected performance of 
the given method.  
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2.3.4     Test Methods Describing  In Vitro  Alternatives to Animal Testing 

 There is now more experience in the validation and regulatory acceptance of   in vitro  
procedures  , and certainly the OECD GD 34 ( 2005 ) has been benefi cial in that 
respect, as well as all the experience gained by validation centres such as ICCVAM 
in the United States, ZEBET in Germany, ECVAM in the European Union and 
JaCVAM in Japan. Several OECD Test Guidelines have been published in the last 
10 years that witness progress made in the conduct of validation studies, leading to 
their regulatory acceptance. Challenges are often different from  in vivo  studies, for 
one part because purposes are different. By providing clear mechanistic informa-
tion,  in vitro  methods may pave the way to Integrated Approaches to Testing and 
Assessment (IATA), where data from various  in vitro  tests combined with other 
source of information, may lead to a reduction in the use of animals and ultimate 
replacement of animal testing. 

  Performance standards (PS)   have been developed for some Test Guidelines (e.g. 
TG 435, TG 439, TG 455) to address two issues relating to  in vitro  test methods: (1) 
 in vitro  test methods often use proprietary components such as cell lines, and abuse of 
monopoly situations should be avoided, and (2) the emergence of similar test methods 
is expected to be frequent due to innovation in this area. The concept of PS was 
already elaborated in the OECD Guidance Document 34 on validation (OECD  2005 ). 

 Indeed, several existing  in vitro  Test Guidelines contain elements that are cov-
ered by patents and/or licensing agreements that cannot be reproduced or re- 
engineered, and for which fees have to be paid by the user. In the validation study, 
this is not an issue as such, as everyone can be requested to use the same cell line or 
commercial kit in order to minimise sources of variability in the results. However, 
the OECD policy is to enable a broad and unrestricted use of the test method at 
reasonable expenses for the purpose of protecting human health and the environ-
ment; situations of abuse of a monopoly for a given test method, where a single 
commercial provider could take a disproportionate fi nancial advantage, are there-
fore avoided. For that purpose, performance standards are developed facilitating the 
validation of other similar test methods. 

 Additionally, PS can also be developed for  proposed   test methods that are mech-
anistically and functionally similar to each other. The PS include the following three 
elements:

 –    Essential test method components,  
 –   A minimum list of reference chemicals, and  
 –   The level of accuracy and reliability that a similar test method should 

demonstrate.    

 They are developed for the validation of future alternative or “me-too” test meth-
ods that will have to be adopted by OECD in order to be covered by the Mutual 
Acceptance of Data. The performance standards are based on one or several vali-
dated test methods. Any other similar “me-too” test method, whether it contains 
intellectual property elements or not, should meet the minimum criteria set in these 
PS in order to be considered for inclusion in an existing OECD Test Guideline. 
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 The concept of Performance-Based Test Guideline (or PBTG)    was developed as 
an elaboration of PS, in view of the variety of methods that could address the same 
endpoint through the same mode of action (e.g. binding to the estrogen receptor). 
However, test systems are not necessarily strictly similar (e.g. systems using radio-
labeled elements versus non-radiolabeled systems). A PBTG (e.g. TG 455) is a TG 
that only provides a generic description of how the test method operates and is 
based on at least two validated and accepted test methods (designated the Validated 
Reference Method (VRM), or just “reference test method”). The test methods them-
selves are described in further details in annexes. 

 The PBTG concept has also been  promoted   to prevent the duplication of similar 
Test Guidelines covering similar test methods; it should allow faster validation of 
test methods addressing the same endpoint. There is still limited experience at 
OECD on the implementation of these new approaches that offer greater fl exibility 
vis-à-vis innovative methods, provided they are well described, characterised, com-
municated, and used appropriately. 

 As a new test method is used, the usefulness of the test method may be expanded. 
It is appropriate from time to time to review and reassess the performance charac-
teristics of established test methods. Data generated could be subjected to the same 
validation principles as described for a new test method if the proposed changes are 
signifi cant, but it may also be appropriate to undertake a more limited assessment or 
review of reliability and accuracy using the established PS. The extent of the valida-
tion study or type of review that would be appropriate should be commensurate to 
the extent of changes proposed. In recent updates in 2013 and 2014 of OECD TG 
431 on  in vitro  skin corrosion using reconstituted human epidermis, amendments 
have been proposed to enable the use of the test methods included in the TG for the 
sub-categorisation of corrosive chemicals. A statistical performance analysis 
(OECD  2013 ) has been carried out to defi ne the predictive capacity of the methods 
for this purpose, without impacting the rest of the TG.    

3     OECD Guidance Document on the Validation Principles 
and Regulatory Acceptance of New and Updated Test 
Methods 

 The  development   of the OECD Guidance Document 34 started in 1998 as a follow-
 up to the 1996 Solna Workshop on “Harmonisation of Validation and Acceptance 
Criteria for Alternative Toxicological Test Methods”. Whereas the principles and 
criteria for validation and regulatory acceptance of new and revised test methods, 
agreed in Solna (OECD  1996 ) were generally accepted, the principles needed to be 
expanded and additional guidance provided. 

 The  principles   of the OECD Guidance Document 34 apply generally to new and 
updated  in vivo  or  in vitro  test methods, for effects on human health or the environ-
ment; however, some principles are more sound in the context of  in vitro  test meth-
ods that are intended as alternatives or replacement of an existing  in vivo  test. The 
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OECD Guidance Document 34 principles include the following points as described 
below: (1) the availability of a rationale for the test method; (2) description of the 
relationship between the test method’s endpoint(s) and the biological phenomenon 
of interest; (3) the availability of a detailed protocol for the test method; (4) demon-
stration of the intra-, and inter-laboratory reproducibility of the test method; (5) 
demonstration of the test method’s performance based on the testing of reference 
chemicals representative of the types of substances for which the test method will 
be used; 6) evaluation of the performance of the test method in relation to relevant 
information from the species of concern, and existing relevant toxicity data; (7) the 
data supporting the validity of a test method should be obtained in accordance with 
the principles of GLP; and (8) all data supporting the assessment of the validity of 
the test method should be available for expert review. 

3.1     Rationale for the Test Method 

 A  rationale   for the test method should be available, and should include a clear state-
ment on the regulatory needs in one or more countries, and the scientifi c justifi ca-
tion supporting the method. The rationale can be: (1) the absence of an existing test 
method to address the hazard endpoint of interest, (2) the possibility to have an 
alternative test method that can be safer or provide better, more reliable informa-
tion, or use fewer or no animals or be more cost-effective for the same level of 
human health or environmental protection. Here, considerations of the 3Rs (replace-
ment, reduction, refi nement) principles should be addressed.  

3.2     Relationship Between the Test method’s Endpoint(s) 
and the Biological Phenomenon of Interest 

 The relationship  between   the test method’s endpoint(s) and the biological phenom-
enon of interest should be described. This second principle of validation is espe-
cially relevant for  in vitro  test methods intended to replace or predict an effect 
 in vivo . For  in vivo  methods, the relationship is usually more direct, although in the 
case of biomarker endpoints, a justifi cation based on mechanistic considerations 
leading to an adverse outcome is expected. It is not always possible, nor essential, 
for further regulatory acceptance of the test method being validated to have a deep 
understanding of all possible chemical interactions to their targets at various levels 
of biological organisation; however, existing knowledge of the relationship linking 
the test system being validated and response measured to the  in vivo  adverse effect 
should be described (e.g. similarity between the  in vitro  test system and the target 
tissue  in vivo , associative or correlative relationship between the endpoint measured 
in the system being validated and the biological effect it intends to predict). 
Integrative test systems being validated (e.g. organ-level test systems such as  ex vivo  
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eye test) typically require less justifi cation about their biological relevance to the 
biological effect of interest measured  in vivo , while more simple  in chemico  or 
 in vitro  systems will require greater justifi cation of their relationship to the target 
biological effect of interest. For simpler test systems, based on e.g. a cell line, a very 
clear understanding of their applicability and limitations (e.g. absence of metabo-
lism) is necessary to reach regulatory acceptance. 

 For  in vivo  test methods, the relationship of the endpoint measured in the test 
system being validated (e.g. egg numbers in a fi sh test to predict reproductive fi t-
ness, hepatocyte enlargement via histopathology evaluation to predict liver toxicity) 
is often more implicit and intuitive for the determination of the toxicity  in vivo . 

 As science and  techniques   progress, regulators may be faced with test systems 
that are quite sophisticated (e.g. reconstituted 3D tissue or organ) and resemble or 
mimic biological processes in the target organ, including its metabolic capacity. In 
that case, the biological relationship will be relatively straightforward to demon-
strate. In other cases, as progress is made in the understanding of mechanisms of 
action, future test systems may be simplifi ed to such extent that a demonstration of 
the biological relevance will be as critical as the demonstration of the reproducibil-
ity of test results obtained using that particular test system. This issue is easily 
conceivable in the case of  in chemico  test systems for which a well-calibrated exper-
iment will be reliable over time and between laboratories due to limited number of 
sources of biological variability, but the demonstration of the relationship of the 
response measured to an effect  in vivo  will be the main challenge of the validation. 
In these cases, the test system will not likely be a stand-alone method, and the con-
text of use, the applicability, limitations and possible combinations with other test 
systems in a more complex framework, will require careful consideration.  

3.3     Detailed Test Method Protocol 

 A detailed  protocol   for the test method should be available. This principle calls for 
transparency in the test procedure proposed, as a pre-requisite to the success of the 
validation. In order for laboratories to participate in the validation, a detailed proto-
col including a description of the material needed, a description of what is measured 
and how it is measured, a description of how data need to be recorded and analysed, 
a description of the criteria for the acceptance of results, a template to record data 
are essential to enable the user to adhere to the protocol and to have means to control 
deviations from the prescribed procedures and report them. For the validation stud-
ies, it is important for participating laboratories to have the agreed standard operat-
ing procedures in hand prior to starting the study in order to minimise the sources of 
variation in the conduct of the study. Changes to the protocol that occur in the 
middle of the experiments will systematically lead to failure of the validation. If 
certain aspects of the protocol are fl exible, these needs to be indicated as such in the 
protocol ahead of the validation studies. Problems encountered in validation studies 
sometimes resulted from a lack of standardisation of the protocol, leaving choice to 
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various interpretations for those applying the test method. Obviously, there is a 
trade-off between having a very detailed protocol that participants have to adhere to 
in order to generate homogenous results across laboratories (method may then be 
seen as not robust in case slight deviations from protocol have a major impact on 
reproducibility), and having a less prescriptive protocol with some degrees of free-
dom in the implementation of a specifi c procedure that will have limited conse-
quences on the reproducibility of the test method. From experience at OECD with 
the validation of a variety of  in vitro  and  in vivo  test methods, there is an increasing 
degree of freedom authorised in the implementation of the protocol as one goes 
from short  in vitro  test method validation to long  in vivo  test validation. Deviations 
from the test procedures will not always result in failed experiments, and the learn-
ing from deviations can inform about the robustness of the test method. The result-
ing OECD Test Guideline should be suffi ciently robust and contain the essential 
elements of the test method that allow minor deviations from the validated protocol 
to produce reliable results. A protocol that is not suffi ciently robust has limited 
chances of being accepted for safety testing by regulators in OECD member and 
partner countries. Alternatively, it will only be used in a limited number of very 
experienced and profi cient laboratories around the world, thus limiting its broad 
access and opportunities for testing facilities in countries. 

 A clear way to analyse the response measured by the test system and a clear deci-
sion criteria are important parts of the protocol and need to be validated. The valida-
tion of these aspects of the protocol demonstrates how stable over time and between 
laboratories the defi ned decision criteria are; decision criteria should be unambigu-
ous, reliable and suffi ciently protective of human health or the environment in case 
of small variations are observed in the results. 

 The requirement for  having   a detailed protocol publicly available has been 
adapted to accommodate methods containing elements of intellectual property, for 
which complete disclosure is not possible in order to protect innovation. Obviously, 
clarity and transparency regarding essential components of the test method are still 
needed, for the method to be applied in a reproducible way.  

3.4     Intra- and Inter-laboratory Reproducibility 
of the Test Method 

 The  intra- and inter-laboratory reproducibility   of the test method should be demon-
strated. This is an aspect of the validation studies that has received much attention. 
Issues related to the minimum number of participating laboratories needed have 
been the subject of discussions. For example for test methods that are already well 
standardised, 3–4 laboratories applying the same test procedures, using the same 
chemicals (3–4 independent repetitions of the test) may be suffi cient. If the between- 
laboratory results from the testing facilities are much scattered and do not overlap, 
an analysis is needed. Possible explanations may be: (1) the protocol is not ready for 
validation and there may be a need to review whether the test procedures have been 
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suffi ciently standardised to enable the assay to be reproduced across laboratories; 
further inter-calibration of equipment and test material might help; (2) the number 
of laboratories could be increased for a better characterisation of the spread of pos-
sible responses generated by the test. Conversely, performance can also show that 
between-laboratory results from e.g., four testing facilities do overlap to a great 
extent and could have been demonstrated with fewer numbers of participating labo-
ratories. Importantly, one needs to know a priori what is the expected range of 
response values, what is the natural variability of the response measured, and how 
does this range relates to the magnitude of the response for a range of test chemicals 
(from weakly active to potent test chemicals). Ideally, the natural range of variabil-
ity of the response can be indicated in the Test Guideline and each testing facility 
can build its own historical control database accordingly. 

 Repeatability of the results over time within the same testing facility is also part 
of the reproducibility assessment of the test method. Generally, for complex test 
methods, a number of profi ciency chemicals are defi ned post-validation on the basis 
of the applicability domain and the dynamic range (i.e. spread of responses in the 
dataset) of the test method.  Profi ciency   chemicals are then recommended in the 
OECD Test Guideline, serving as a benchmark of responsiveness of the test sys-
tem when establishing the method for routine use. The profi ciency chemicals are 
also recommended when a testing facility goes through changes in e.g. change of 
equipment. 

 The  coeffi cient of variation (CV)   or the Standard Deviation (SD) of the measured 
endpoint can be used for example to assess how reproducible a method is. It is not 
possible to give the absolute value of what an acceptable CV or SD is, because it 
will depend on the nature of the endpoint measured. For example for body or organ 
weight measurement data, intra-laboratory CVs below 20–30 % are considered 
achievable and acceptable (Fentem et al.  1998 ). However, for e.g. hormone mea-
surement, variability is typically much higher from one test organism to another, 
resulting in larger SD or CV for a given group. The inter-laboratory variability will 
usually  be   higher than the intra-laboratory variability and should be considered 
together with other information on the performance of the test. For that reason, 
building an internal historical control database over time is important as an internal 
benchmark of the stability of the test system.  

3.5     Test Chemicals 

 Demonstration of the test method’s performance should be based on the testing of 
 reference   chemicals representative of the types of substances for which the test 
method will be used. The number of so-called reference chemicals and their repre-
sentativity (in terms of modes of action, range of physical-chemical properties, range 
of possible application/use, etc.) has been and continues to be the subject of much 
discussion. Usually the validation management group is tasked to make a proposal 
on the number and identity of test chemicals, that should be representative of what 
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toxicity(ies) the assay is expected to correctly detect (e.g. one or several modes of 
action, strong and weekly active chemicals, liquids and solids). In the area of tradi-
tional ecotoxicity testing, an apical endpoint is measured (e.g. survival, growth or 
reproduction) and no unique mode of action is involved, just baseline toxicity. In 
these cases a few moderately toxic chemicals are tested in a large number of testing 
facilities; this is usually considered adequate and suffi cient to demonstrate the repro-
ducibility of the method. However, for  in vitro  assays intended to be used as alterna-
tives and replacement of existing  in vivo  assays that measure a range of activities 
(positive, negative, strongly active, weakly active, acting via several mechanisms or 
modes of action), it will be very important to have a good understanding of the pre-
dictive capacity of the test method being validated using a broad selection of chemi-
cals. Ratios of sensitivity and specifi city are calculated, and this cannot be done in a 
meaningful way if the number of chemicals is not e.g. statistically justifi ed and/or 
too low (e.g., lower than about 20 for each type of expected outcome). Additionally, 
these chemicals need to represent a range of activities that characterise the capacity 
of the assay. For instance, if the assay is intended to discriminate positive versus 
negative chemicals for the targeted biological effect, then a range of strong and bor-
derline positives and negatives need to be tested in the validation; if the assay is 
intended to discriminate among strong, moderate, weak and negative chemicals, 
then chemicals representative of the dynamic range of the assay need to be tested. 

 Coding or blind testing of chemicals is a good practice to eliminate bias where it 
can infl uence the outcome of the assay. However, the entire assay does not necessar-
ily have to be performed blindly. Quite often, measurements that are obtained by 
using electronic-type equipment (i.e. where there is no possibility of subjective 
reading or assessment) do not necessitate coding or blind testing as an absolute 
requirement. Nevertheless, it is always possible to code part of the study without 
jeopardising the safety in the laboratory, nor involving heavy and costly manage-
ment of the study. Blind evaluation of histopathology has shown to be challenging 
for experts involved who typically need to compare slides and have an understand-
ing of what is the normal aspect and the lesions or fi ndings that can be expected. 
Guidance documents have been developed at the OECD to share and communicate 
best practice in the review and peer-review of histopathology slides; these endeav-
ours enabled to catalogue pathological fi ndings and associate such fi ndings with a 
scoring system to facilitate a semi-quantitative analysis of endpoints, with the view 
to decrease  subjectivity   of the evaluation (OECD  2009c ,  2010b ,  c ).  

3.6     Performance of the Test Method 

 The  performance   of test method should be evaluated in relation to relevant informa-
tion from the species of concern, and existing relevant toxicity data. This principle 
is particularly pertinent for alternative test methods that are intended to substitute an 
existing test, and for which the predictive capacity needs to be as high as possible, 
typically ranges of 85–90 % predictivity are achievable. For the protection of human 
health or the environment, the rate of false negatives should be as low as possible, 
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to facilitate the regulatory acceptance of the validated test method. Also the selec-
tion of good  in vivo  data for the biological effect of interest is essential for an undis-
putable characterisation of predictivity. The  in vivo  data are typically obtained from 
animal tests, which can occasionally present an issue if the animal model used (e.g. 
rabbit) has anatomical difference compared to human (e.g. eye sac present in rabbit 
and not in humans), which may result in more severe effects resulting from the test 
than those that could be expected from human exposure to the test chemical (e.g. 
eye irritation test). Consequently, the database against which an alternative method 
is validated is only as good as the model’s relevance can be, given the differences 
between animals and humans. 

 One concern with surrogate models  used   to make predictions over qualitative and 
quantitative toxicological properties of a chemical substance is the potential loss in 
the dynamic range of possible responses or effects compared to the target organism’s 
response (i.e. human being, environmental species). By simplifying the test system 
to a tissue or a cell, sensitivity and specifi city to the chemical stressor inevitably 
decrease. For regulators who have to ensure a suffi cient level of protection, the rate 
of false negatives is critical for future acceptance of a test method; the rate of false 
positives, indicating the specifi city of the method, is also important and should 
remain as low as possible, but less critical for the purpose of protecting human health 
or the environment. A structured and formal validation programme, where many 
chemicals having good quality  in vivo  data are carefully selected, helps generating 
sensitivity and specifi city measures. These measures can then help determine how 
the validated test method can be used with confi dence in a regulatory context.  

3.7     Accordance with the Principles of GLP 

 Ideally, all data supporting the  validity   of a test method should be obtained in accor-
dance with the principles of GLP. At the OECD, member countries and some non- 
member countries have decided to adhere to the system of Mutual Acceptance of 
Data by applying Good Laboratory Practice and using OECD Test Guidelines, 
because they see benefi ts for them. GLP includes quality assurance of studies per-
formed. For regulators who have not been involved in the conduct of a study, but 
who bear a responsibility in how regulatory decisions are made, a system that 
ensures to third party(ies) that the study(ies) supporting a hazard conclusion were 
conducted and documented following agreed standards, is important to enable data 
exchange and acceptance globally. Nevertheless, GLP certifi cation of a laboratory 
participating in a validation study is not a requirement.  

3.8     Expert Review 

 All data supporting the assessment of the validity of the test method should be avail-
able for  expert review  . The validation report usually provides access to data sum-
marised in a way to facilitate the evaluation by the reviewer. The statistical 
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procedures and tests used to analyse the data should be described, so that the logic 
can be followed by independent statisticians if needed. Typically statisticians and 
reviewers will pay attention to raw data from control and treated groups and any 
subsequent data transform applied if needed, the mean or the median, the standard 
error, the pertinence of the statistical test used and the statistical difference the test 
can detect, and whether a pattern in the dose/concentration-response exists. For 
 in vitro  methods that make use of a prediction model in the interpretation of data, 
reviewers will be interested in the model and how it enables to predict conclusions; 
also the consistent treatment of equivocal results is important in building confi dence 
in the test method. Data owners are free to publish the outcome of the validation 
exercise in the scientifi c peer-reviewed literature. However, the Working Group of 
the National Coordinators of the Test Guidelines Programme is keen on having 
access to a stand-alone validation report that usually provides more details that an 
article in a peer-reviewed journal. The Working Group of the National Coordinators 
of the Test Guidelines Programme, or a sub-group of it, also reviews the validation 
report and can ask for more details if needed, in particular if such information is 
critical to further acceptance of the Test Guideline. 

 At the  OECD  , various approaches to the review and peer-review of validation 
studies have been used, and are accepted by member countries, provided transpar-
ency and clarity are guaranteed. Experience shows it is not easy to fi nd truly inde-
pendent experts who have never been involved in discussions about a specifi c test 
method for a given area of hazard assessment and have no interest. Equally impor-
tant to the Working Group of the National Coordinators of the Test Guidelines 
Programme is the transparency at all stages of the validation, and the clarity in 
opinions expressed in the review, including possible interest or confl ict of interest of 
the expert providing his/her views. At the end of the review or peer-review process, 
the WNT takes a decision based on mutual agreement or consensus on the regula-
tory acceptance as an OECD Test Guideline. 

 Several formal peer-reviews have been organised successfully by validation 
centres in the United States, Japan and in Europe, in particular for  in vitro  meth-
ods. Experts from various countries participate in the peer-review panels and have 
dedicated meetings to discuss whether the validation has been successful in dem-
onstrating the relevance and reliability of the method, and give an opinion about 
the scientifi c validity of the test method. The questions addressed by the peer-
review panel generally mirror the validation principles and may address additional 
questions on specifi c aspects of the validation. The validation report and subse-
quent peer-review report or recommendations are then brought to the attention of 
the Working Group of the National Coordinators of the Test Guidelines Programme 
who approve, or not, the Test Guideline, in the light of  all   information available. 
This approach to peer-review is the most formal one, but cannot always be imple-
mented given the resources involved, unless a country or region is paying for it. 
Occasionally, it has been used for the peer-review of endocrine disruption-related 
test methods or very new test methods (OECD  2007 ,  2011 ). Alternatively, the 
Working Group of the National Coordinators of the Test Guidelines Programme 
considers that the outcome of the validation may also be reviewed by existing 
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OECD expert groups who have the opportunity to discuss issues on the perfor-
mance of the method and propose solutions that may facilitate regulatory accep-
tance. A number of validation reports supporting the development of Test 
Guidelines, reviewed by an Expert Group, are being endorsed by the Working 
Group of the National Coordinators of the Test Guidelines Programme, and pub-
lished in the OECD Series on Testing and Assessment. In this way, reports sup-
porting the validation status are referenced in the Test Guidelines and remain 
accessible to the public.  

3.9     Conclusions 

 The above-mentioned validation principles are generally applicable across the range 
of test methods entering a validation study. The process used for the validation 
should remain fl exible and adaptable (or modular), taking into account pre-existing 
information on the status of a test method, experience in performing the method, the 
intended purpose and use/place of the method (i.e. stand-alone replacement method, 
alternative method, part of a battery of assays, etc.). These preliminary consider-
ations are useful in determining the extent of validation remaining, either prospec-
tively or retrospectively, depending on the quality data available. Although various 
approaches are possible, it is important that decisions on how to conduct a valida-
tion study be guided by clear purposes for each phase of the validation. In a pro-
spective validation study, not all purposes and questions can be addressed at once, 
and several phases may be necessary, typically 2–3 phases, depending on what sup-
porting information already exist that determine the objectives of a given phase of 
validation. From experience at OECD with the validation of endocrine disruption-
related assays, separate portions of the validation programme have been organised 
to address different purposes: the demonstration of inter-laboratory variability, the 
demonstration of the relevance of the assay for the detection of a range of chemical 
activities, and the blind-testing of some chemicals. Not all laboratories were neces-
sarily involved in all portions of the validation programme, and these portions have 
either been performed one after the other, or in combinations. The commonality 
between most validation studies is the availability of a management group that 
defi nes together with the lead laboratory the gaps and the specifi c objectives to be 
addressed in a validation programme composed of several types of studies. 

 Over the last 20 years, validation studies have been performed by individual 
member countries, by test method developers, by established validation centres in 
countries/region or under the auspices of OECD. Most of the validation programmes 
have resulted in the adoption of an OECD Test Guideline, with a few exceptions. 
There are now several examples that can illustrate different situations, to name a few 
in the area of alternative test methods:

•    ICCVAM evaluation of the Human Skin Corrosion test (TG 431),  
•   ECVAM validation of the Fish Embryo Toxicity Test (TG 236),  
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•   JP METI validation of the Estrogen receptor-stably transfected transactivation 
assay (ER-STTA), for the screening of agonistic activity of chemicals (TG 455)  

•   US EPA validation of the Steroidogenesis Assay (TG 456).    

 Each of these cases has resulted in the regulatory acceptance and adoption of an 
OECD Test Guideline. Also, for each test method under consideration, the project to 
develop an internationally agreed Test Guideline can be proposed to the OECD at 
various stages of development. Most importantly, sponsors of test methods need to 
be engaged in discussions with international experts and regulators at an early stage 
of method development, at the OECD or elsewhere in meetings of scientifi c societ-
ies or expert networks and fora. These early discussions represent an important step 
to gauge interest from peers and regulators, to get feedback from the regulatory com-
munity on important issues to be addressed in the validation and information needed 
by regulators to make decisions. Each project and test method will have its specifi ci-
ties in terms of validation needs. Especially nowadays for some hazard areas, a 
number of internationally agreed Test Guidelines already exist, so the requirements 
for new test methods for the same hazard endpoint will be different (e.g. they will 
need to demonstrate superiority compared to other methods to be accepted by regu-
lators who do not want a plethora of similar methods doing the same thing).   

4     Other Elements Infl uencing Regulatory Acceptance 

 The test methods adopted as OECD Test Guidelines are intended to generate valid 
and high quality data to support chemical safety regulations in member countries. 
Advances in life sciences allow the continuous development of new and improved 
alternative testing methods. The regulatory acceptance of validated alternative test-
ing methods at the OECD level represents the ultimate step leading to their regula-
tory implementation. Other  upstream   factors come into play, namely an enabling 
policy environment for the development of the alternative methods. In Europe, the 
regulatory framework for cosmetic products aims to strike the right balance among 
policy mechanisms that facilitate the regulatory acceptance of non-animal methods. 
In the last two decades, investments in research enabled the emergence of a wealth 
of candidate methods in particular for topical toxicity testing. The recent ban of 
animal testing for cosmetics in the European Union has pushed further the develop-
ment of non-animal methods, while setting time pressure to get valid and acceptable 
test methods. The validation process has been applied to fi lter methods of suffi cient 
relevance, reliability and predictive capacity. In recent examples of OECD Test 
Guidelines, the regulatory acceptance has only been possible when protection of 
human health was not jeopardized. The interpretation of negative results and the 
potential for a test method to generate false negatives remain diffi cult issues for 
regulators. The acceptance of negative results from a given source or test is gener-
ally better accepted when the results are interpreted in a framework where other 
available sources of information and possible alternative tests are also integrated 
and show concordant results. This means that test methods tend to be less and less 
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regarded as stand-alone: the context, the purpose, the mechanistic understanding, 
the predictive capacity (including the rate of false negatives) and possible agreed 
and harmonised testing strategies to combine sources of information are key ele-
ments for further regulatory acceptance. 

 For more complex endpoints  such   as reproductive toxicity and carcinogenicity, 
the tasks remaining to be undertaken are daunting. Further efforts to understand 
toxicity pathways and to build integrated approaches to testing and assessment 
(IATA) are needed, in supplement to rigorous validation of individual methods. 
These efforts will set the scientifi c basis and provide the context under which alter-
natives to animal testing can be consistently and safely applied by regulatory bod-
ies. Recently the Syrian Hamster Embryo Cell Transformation Assay, went through 
a validation programme, but it still not currently accepted as an OECD Test 
Guideline. One apparent reason was the lack of framework to guide regulators on 
how this assay could be used in the regulatory assessment of substances, mainly 
non-genotoxic carcinogens. Also, the limitation in the predictive capacity and the 
limited understanding of the underlying mechanisms of action appeared to hamper 
its regulatory acceptance. There are certainly lessons to be learnt for future test 
methods aiming to address complex hazard endpoints. In particular there is a need 
for a careful consideration of the regulatory context, possible purpose and use of a 
test method and data generated, and its applicability domain.  

5     Challenges Ahead 

5.1     Complex Endpoints Need Integrated Approaches 
to  Testing      and Assessment (IATA) 

 For more complex endpoints, alternative methods have to be combined in some 
ways to provide meaningful predictions. If possible, mode(s) of action will have to 
be known or postulated for hypotheses and toxicity pathways to be elaborated. The 
validation will then be very useful to demonstrate the relevance of the method and 
its utility for a given regulatory purpose. Obviously, the reliability of the method 
will also have to be established, but provided the procedures are well described the 
reproducibility of assays tends to be more straightforward with improved tech-
niques, properly calibrated equipment and standardised practices. 

 Having a clear scope and realistic goal for use of a test method also facilitates its 
future regulatory acceptance. Experience at the OECD with some assays has shown 
that regulatory acceptance is hampered by unrealistic or changing objective over 
the course of validation and Test Guideline development. Also, when the expected 
need and possible of the assay are not well defi ned, the selection of reference chem-
icals cannot be optimal and this can cause problems in meeting the objectives of a 
validation study. 

 It is illusory to believe that all  mechanisms      of action will soon be discovered and 
that future alternative test methods will all be mechanistically-based. Although this 
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is a wishful thinking for what the future should be, test methods developers and 
regulators will continue to rely on alternative methods where mechanisms are yet 
unknown, but utility and predictive capacity of the method are experimentally 
established for a given hazard endpoint. Beyond experimental validation, given the 
number of alternative methods addressing the same endpoint, developers and regu-
lators should endeavour to talk together to agree on frameworks of application, 
describing how they complement each other and which test should be used under 
what circumstances. These frameworks, also called integrated approaches to testing 
and assessment (IATA) can be articulated or not around modes of action/adverse 
outcome pathways. Frameworks can also be developed in the absence of complete 
knowledge on mode of action or adverse outcome pathway, as long as it proposes a 
harmonised, meaningful and effi cient use of methods to reach a conclusion. At 
OECD, these IATAs are the best place where methods and approaches to testing can 
be explained, with their advantages and limitations, and where harmonised testing 
strategies can be proposed (OECD  2014 ). For regulators, it is also re-assuring that 
despite a choice of possible alternative methods, they are guided by an agreed 
framework for their application.  

5.2     High Throughput Screening (HTS)    Assays May Need 
a Streamlined Validation Process 

 High-throughput screening techniques are more and more used beyond research and 
development, and experience gained to date raise expectations that results of these 
techniques may be used for screening and priority setting of chemicals in regulatory 
programmes. From a manual method to the equivalent (ultra) high-throughput 
methods, the principle of the test (e.g. binding to a receptor) and material used (e.g. 
transformed cell line) may not differ substantially, thus the relevance of the test in 
itself remains the same regardless of the throughput level. The main hurdles in the 
validation may be of a technical nature, and validation principles may need to be 
revisited and adapted to these new techniques. 

 For HTS assays that have an equivalent  in vitro  manual assay validated, the vali-
dation is greatly facilitated by having a well-defi ned list of reference chemicals that 
has been used in the validation of the equivalent manual method and possibly other 
similar methods. An adequate calibration of equipment used, a suffi cient number of 
internal, positive, negative controls, are important to the success of the reliability of 
the test system. Given the small volumes of individual test chambers (i.e. micro- 
wells on the plates) and the high degree of robotisation, an issue could be the higher 
variability impacting accuracy of the results to predict a biological response. This 
may potentially be compensated by a higher level of standardisation and precision 
enabled by the robotisation of procedures and lesser human handling. For HTS 
assays that have no equivalent manual  in vitro  assay validated, one consideration 
might be whether validation of the manual method is a pre-requisite, whether it will 
facilitate the validation of the HTS method, or whether it is superfl uous and not 
needed for further regulatory acceptance. 
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 Furthermore, there is a limited number of testing facilities around the world 
equipped to perform these advanced techniques, given costly investments implied. 
These facilities are expected to represent highly performing laboratories where all 
calibration and quality control procedures are in place and working well. Provided 
this assumption is correct, the reproducibility of HTS screening techniques across 
laboratories should not be the main challenge of the validation process. As these 
tools will be used on large numbers of chemicals for screening purposes, it will be 
important to have assays with large applicability domains or multiple assays that 
together cover a large applicability domain, to build confi dence of regulators that 
the test system does not miss positive effects. As a consequence, a streamlined 
approach to validation may be needed to address these relevant aspects. Testing 
more chemicals in fewer laboratories would make    sense for an effi cient use of 
resources (Judson et al.  2013 ). Other principles of the validation, such as having a 
detailed protocol and a description of the relationship between the test methods 
endpoint(s) and the biological phenomenon of interest, certainly remain important 
pre-requisites for any future acceptance of methods as OECD Test Guidelines, if 
such methods are expected to be covered by the Mutual Acceptance of Data.   

6     Conclusions and Concepts to Preserve 

 Existing OECD-agreed validation principles will most likely generally remain rel-
evant and applicable to address challenges associated with the validation of future 
test methods. Some adaptations may be needed, but demonstration of relevance and 
reliability will continue to play a central role as pre-requisite for the regulatory 
acceptance. Despite the fact that methods and techniques are getting more and more 
sophisticated and require a good level of profi ciency, having harmonised standards 
for generating reliable results globally remain an important goal for the effi cient use 
of resources. The Mutual Acceptance of Data among OECD member and partner 
countries is essential to maintain effi ciency in testing and assessment of chemicals; 
trustable methods and harmonised approaches will continue to be needed. It is also 
important to continue to promote the OECD validation principles globally so that 
new techniques and assays emerging from science are supported by a good quality 
data generated using best practice to appraise their utility, potential for validation, 
and further regulatory acceptance.   
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    Chapter 3   
 Regulatory Acceptance of Alternative Methods 
in the Development and Approval 
of Pharmaceuticals                     

     Sonja     Beken     ,     Peter     Kasper    , and     Jan-Willem     van der     Laan   

    Abstract     Animal studies may be carried out to support fi rst administration of a new 
medicinal product to either humans or the target animal species, or before perform-
ing clinical trials in even larger populations, or before marketing authorisation, or to 
control quality during production. Ethical and animal welfare considerations require 
that animal use is limited as much as possible. Directive 2010/63/EU on the protec-
tion of animals used for scientifi c purposes unambiguously fosters the application of 
the principle of the 3Rs when considering the choice of methods to be used. 

 As such, today, the 3Rs are embedded in the relevant regulatory guidance both at 
the European (European Medicines Agency (EMA)) and (Veterinary) International 
Conference on Harmonization ((V)ICH) levels. With respect to non-clinical testing 
requirements for human medicinal products, reduction and replacement of animal 
testing has been achieved by the regulatory acceptance of new  in vitro  methods, 
either as pivotal, supportive or exploratory mechanistic studies. Whilst replacement 
of animal studies remains the ultimate goal, approaches aimed at reducing or refi n-
ing animal studies have also been routinely implemented in regulatory guidelines, 
where applicable. The chapter provides an overview of the implementation of 3Rs 
in the drafting of non-clinical testing guidelines for human medicinal products at 
the level of the ICH. In addition, the revision of the ICH S2 guideline on genotoxic-
ity testing and data interpretation for pharmaceuticals intended for human use is 
discussed as a case study. 
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 In October 2010, the EMA established a Joint  ad hoc  Expert Group (JEG 3Rs) 
with the mandate to improve and foster the application of 3Rs principles to the regu-
latory testing of medicinal products throughout their lifecycle. As such, a Guideline 
on regulatory acceptance of 3R testing approaches was drafted that defi nes regula-
tory acceptance and provides guidance on the scientifi c and technical criteria for 
regulatory acceptance of 3R testing approaches, including a process for collection 
of real-life data (safe harbour). Pathways for regulatory acceptance of 3R testing 
approaches are depicted and a new procedure for submission and evaluation of a 
proposal for regulatory acceptance of 3R testing approaches is described.  

  Keywords     ICH   •   EMA   •   JEG 3Rs   •   Regulatory testing   •   Non-clinical   •   Genotoxicity   
•   Pharmaceuticals   •   Reduction   •   Replacement   •   Refi nement  

1       Introduction 

 To comply with Directives 2001/83/EC (Directive  2001a ) and 2001/82/EC (Directive 
 2001b ) and their associated Guidelines, non-clinical 1  testing to support clinical trials 
as well as marketing authorisation of human and veterinary medicinal products 
often requires the use of laboratory animals. In addition, animal studies may be used 
to control quality during production of the medicinal product. Ethical and animal 
welfare considerations require that animal use is limited as much as possible. 

 In this respect,  Directive 2010/63/EU   (Directive  2010 ) on the protection of ani-
mals used for scientifi c purposes is fully applicable to regulatory testing of human 
and veterinary medicinal products. 2  Directive 2010/63/EU unambiguously fosters 
the application of the principle of the 3Rs (replacement, reduction and refi nement) 
by stating in article 4 that:

    1.    Member States shall ensure that, wherever possible, a scientifi cally satisfactory 
method or testing strategy, not entailing the use of live animals, shall be used 
instead of a procedure. 3    

   2.    Member States shall ensure that the number of animals used in projects is 
reduced to a minimum without compromising the objectives of the project.   

1   Referred to as safety testing in marketing authorisation applications for veterinary medicinal 
products. 
2   With the exception of clinical trials for veterinary medicinal products, which are specifi cally 
excluded from the scope of the directive. 
3   A ‘procedure’ means any use, invasive or non-invasive, of an animal for experimental or other 
scientifi c purposes, with known or unknown outcome, or educational purposes, which may cause the 
animal a level of pain, suffering, distress or lasting harm equivalent to, or higher than, that caused by 
the introduction of a needle in accordance with the good veterinary practice (Directive  2010 ). 
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   3.    Member States shall ensure refi nement of breeding, accommodation and care, 
and of methods used in procedures, eliminating or reducing to the minimum any 
possible pain, suffering, distress or lasting harm to the animals.    

  The choice of methods is to be  implemented   according to article 13 which states 
that:

    1.    Without prejudice to national legislation prohibiting certain types of methods, 
Member States shall ensure that a procedure is not carried out if another method 
or testing strategy for obtaining the result sought, not entailing the use of a live 
animal, is recognised under the legislation of the Union.   

   2.    In choosing between procedures, those which to the greatest extent meet the fol-
lowing requirements shall be selected:

    (a)    use the minimum number of animals;   
   (b)    involve animals with the lowest capacity to experience pain, suffering, dis-

tress or lasting harm;   
   (c)    cause the least pain, suffering, distress or lasting harm; and are most likely 

to provide satisfactory results.        

  The application of all 3Rs is currently embedded in the drafting process of regu-
latory guidance both at the European and at International Conference on 
Harmonisation ((V)ICH) level. With respect to non-clinical testing requirements for 
human medicinal products, over the past years, new  in vitro  methods have been 
accepted for regulatory use via multiple and fl exible approaches, either as pivotal, 
supportive or as exploratory mechanistic studies, wherever applicable. Whilst 
replacement of animal studies remains the ultimate goal, the application of all 3Rs 
needs to be the focus. As such, approaches aiming at reducing or refi ning animal 
studies are and have been routinely implemented in regulatory guidelines, where 
applicable. 

 This chapter provides an overview of the implementation of 3Rs in the drafting 
of non-clinical testing guidelines for human medicinal products at the level of the 
ICH. The revision of the ICH S2 guideline on genotoxicity testing and data interpre-
tation for pharmaceuticals intended for human use will be discussed in more detail 
as a case study. Finally, the approach from European Medicines Agency (EMA) to 
regulatory acceptance of 3Rs testing approaches is specifi cally highlighted.  

2     Critical View on 3Rs at the Level of ICH 

2.1     ICH and 3Rs 

 “ In Europe as in other parts of the world ,  you will be aware that real concern has 
been expressed regarding the testing of medicinal and many other products ,  on ani-
mals . …  Certain indispensable testing procedures on animals must therefore be 
accepted. It is nevertheless absolutely clear that we should only tolerate testing of 
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animals where it can be shown to be scientifi cally justifi ed and of relevance to the 
marketing authorization decision .” 

 This citation is taken from the third page of the opening speech by Dr. 
M. Bangemann, at that time vice-president of the European Commission (CEC) at 
the fi rst ICH in Brussels in 1991 (Bangemann  1992 ). It highlights the interest in 
reducing the use of animals for toxicological testing of human pharmaceuticals 
from the very fi rst beginning of the International Conference on Harmonisation of 
technical requirements for registration of pharmaceuticals for human use (abbrevi-
ated as ICH). 

2.1.1     Start of ICH 

 When a delegation of the  European   Commission together with European 
Pharmaceutical Industry visited Japan, the history of ICH had its defi nite start. 
Differences in technical requirements for pharmaceuticals for human use were iden-
tifi ed as being a stumbling block in the cooperation between the two economic parts 
in the world (Arnold  1992 ). 

 The participants started a discussion on such differences between regulatory 
agencies, because of the fact that the agencies in their own region had the same duty, 
i.e. ensuring the safety, quality and effi cacy of the medicines for humans on their 
respective markets. By reducing these differences, the costs of developing promis-
ing new pharmaceuticals could go down. 

 The European Community elaborated the project further with US and its regula-
tory authority, the Food and Drug Administration (FDA) with its Center for Drug 
Evaluation and Research (CDER) and its Center for Biologics Evaluation and 
Research (CBER). In October 1989 in Paris, the project received the green light to 
proceed. 

 Dr. Bangemann clearly expressed that animal testing should be kept to a mini-
mum. Animal testing is still needed to ensure safety of humans. Therefore, the ICH 
should strive to reduce the use of animals as much as possible. During the ICH- 
process it has been requested that each Expert Working Group reporting to the 
Steering Committee, gives explicit attention to this aspect. 

 At the fi rst ICH in Brussels, Michael Perry identifi ed four topics (Perry  1992 ).

•    The Toxicity Testing Program: short and long term toxicity testing and 
carcinogenicity  

•   Reproductive toxicology  
•   Biotechnology  
•   The timing of toxicity studies in relation to the conduct of clinical trials    

 These topics have been discussed intensively during this fi rst ICH-meeting, and 
recommendations have been given for the follow-up. In this chapter, these recom-
mendations and their follow-up will be discussed in the sequence of the ICH 
 numbering. We refer to the proceedings of the ICH-conferences. Five 2-yearly con-
ferences have been held and the discussions minuted.   
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2.2     Individual ICH Guidelines and Their Impact on 3Rs 

2.2.1     Acute Toxicity as Refi nement and Reduction 

 The fi rst toxicological  issue   at ICH1 in Brussels was “single dose toxicity”. The 
discussions in ICH Expert Working Groups have not been reported in the proceed-
ings of ICH1 in a large detail. Only the conclusions were presented. Apparently, the 
issue of single dose toxicity was well known at that time. Testing of single dose 
toxicity is usually causing severe pain and suffering to the animals and the useful-
ness of the data is low. Therefore, several authorities did not require at that time 
LD50s for the estimation of acute toxicity of a pharmaceutical for human use. 
Detailed information about the toxicity profi le was (and still is) considered more 
important than a more or less precise estimate of the dose resulting in the death of 
50 % of the animals. 

 The background paper in the ICH1-proceedings clearly states that “ the classic 
LD50 determination is no longer a formal requirement for single - dose toxicity test-
ing in any of the three regions ”. An increasing-dose tolerance study is recommended 
in two mammalian species (Perry  1992 ). 

 The Japanese authorities further reduced their requirements by explicitly indicat-
ing the number of rodent species could be reduced from 2 to 1, and only an approxi-
mation of the lethal dose was required. For non-rodents, toxicity features would be 
suffi cient, and dosing up to lethality not needed. The latter measure would also 
enable the repeated use of an animal, as histopathology is not needed after a single 
dose (Ohno  1992 ). While these developments refl ect the focus of ICH on 3R’s, it 
has to be said that they cannot only be due to the existence of ICH, but should be 
seen in relation to developments that started already earlier in various Regulatory 
Authorities. However, these fi rst statements on single dose toxicity help to further 
refl ect on the emphasis of ICH on the 3Rs, especially focusing on Reduction and 
Refi nement in the very fi rst meetings of the ICH. 

   Recent Developments 

 Recently, the need for single dose toxicity studies has been discussed again and 
with the revision of the ICH M3 guideline in 2009, the general request for a single 
dose toxicity study was dropped from the list altogether.  Acute toxicity   informa-
tion can be derived from appropriately conducted dose-escalation studies or short 
duration dose ranging studies defi ning a maximum tolerated dose (MTD) in an 
animal species. Single dose toxicity studies are only needed where there is no 
need for a repeated dose toxicity studies, e.g. with diagnostic drugs that are 
expected to be given only once clinically. Even non-GLP studies contribute to 
acute toxicity information if they are supported by data from other studies in com-
pliance with GLP.   
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2.2.2     Carcinogenicity Testing 

 The classical approach of carcinogenicity testing requests the use of two species, 
rats and mice; and a carcinogenicity  assay   requires testing of four groups (control 
and three dosages up to the MTD) with at least 50 males and 50 females per group, 
tested for 18 months (mice) or 2 years (rats). In general, carcinogenicity testing 
leads to the use of around 1200–1600 animals (rats and mice together), and accounts 
for 40–50 % of the total number of animals used to characterize the safety of a new 
individual compound. This approach is based on the classical presumption that the 
development of cancer is a process of chance. The chance is maximal with a life-
time exposure at the MTD. However, the differentiation between genotoxic and 
non-genotoxic mechanisms of action has led to changes in the approaches to study 
carcinogenic potential, but it is not within the scope of this chapter to extend further 
on this issue. 

 The area of carcinogenicity testing focused rather on refi nement and reduction 
than on replacement. 

 An important aspect was the dose-selection in the study design. The resistance 
against a rigid application of the MTD became a driving force for a separate guide-
line in this fi eld, which became clear when the fi rst S1-Guideline was nr. S1C Dose 
selection. Discussions in Brussels were on “ high - dose selection ”, and on “ survival ” 
of the animals. 

  High - dose    selection   . In the same period as developing new ICH guidelines on 
carcinogenicity testing, another topic was the development of guidelines for toxico-
kinetics (ICH S3) (see Sect.  2.2.3 ). Analytical assays became more sensitive and 
generally applicable. Companies were therefore required to conduct the determina-
tion of exposure, e.g. via plasma or serum levels of the compound or its metabolite(s), 
and not to rely only on a theoretical dose extrapolation based on the velocity of the 
basal metabolism. 

 The ICH Expert Working Group on Carcinogenicity fi nally proposed several 
endpoints to determine the maximum dose in a carcinogenicity study, with the main 
criterion being the pharmacokinetics, i.e. a 25-fold ratio of the AUC in humans at 
the intended therapeutic dose. Decisions on the details of the study design of a car-
cinogenicity study would be taken at a stage that these pharmacokinetic data from 
humans should be known, namely at the end of Phase 2 of development. Contrera 
et al. ( 1995 ) showed that applying an MTD approach led to very high exposure 
ratios as compared to human exposure in approximately 30 % of the cases. The limit 
of 25-fold the human AUC would therefore lead to reduction of animal exposure, 
and improvement of animal welfare (Refi nement). It should be kept in mind, how-
ever, that this approach is applicable to only a small part of the carcinogenicity 
studies. From the dataset of Contrera et al. ( 1995 ) it is clear that in many cases the 
exposure in animals might not be as high as compared to the intended therapeutic 
exposure. Safety margins cannot always be established, and the clinical “tolerance” 
is leading more than a toxicological approach in setting safe  doses  . 

 Other endpoints are e.g. saturation of exposure, and pharmacodynamic response. 
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  Need for carcinogenicity studies . Another possibility to reduce the number of 
animals used for carcinogenicity was to agree on a  better   defi nition on the need for 
carcinogenicity studies, with an emphasis on when a study would not contribute to 
further risk assessment. In the ICH S1A Guideline it was defi ned that in case of 
unequivocal genotoxicity this risk could be suffi ciently determined by the short- 
term genotoxicity assays as explained in ICH S2. A full dataset on carcinogenicity 
based on 2-year studies in two species would not add any value to establish the risk 
for such a compound, and these 2-year studies should therefore not be conducted. 
Again, the emphasis of the ICH was on reduction of the use of animals. 

  Species selection . An  important   discussion in this area was the need for rats and 
mice for testing of carcinogenic properties. An evaluation was started of the history 
of carcinogenicity studies with human pharmaceuticals (Van Oosterhout et al.  1997 ; 
Contrera et al.  1997 ). Important data became available in this respect. The EU EMA 
(Safety Working Party—SWP) concluded that the outcome of mouse carcinogenic-
ity studies did not contribute to the weight of evidence of carcinogenicity assess-
ment of human pharmaceuticals. Mechanistic studies in rats were seen as more 
important than additional data from mice. Therefore, the EU proposed to skip the 
mouse as a second species. 

 However, the FDA could not accept this proposal, as a few compounds would 
exist for which mouse data could not be dismissed in carcinogenicity assessment, 
causing uncertainty about the irrelevance of the mouse study. Because of this, the 
position to skip the mouse as a testing species could not be maintained by the EU in 
the negotiations with US FDA and Japanese MHLW (Van der Laan  2013 ). 

 In the ICH S1B guideline (ICH  1997 ) a compromise was formulated indicating 
that in the testing strategy for carcinogenicity, the rat is the preferred species, with 
a second study using either normal mice (with a 2-year study) or transgenic mice 
with a knock-out p53 gene (tumor-suppressor gene) or a knock-in RasH2 gene 
(oncogene). 

 From a 3Rs point of view the introduction of these genetically modifi ed animals 
was interesting. As genetically modifi ed animals already carry an induced mutation 
the induction of specifi c tumours is supposed to occur earlier in life (6–12 months) 
and in certain organs/tissues only. Therefore, the use of less animals per dosing 
group should be possible to obtain a statistically signifi cant result. Initially groups 
of 15 animals were used, but for screening of unknown compounds, groups of 25 
animals per dose are recommended. It allowed sponsors to use a maximum of 160–
200 animals for 6 months instead of 400–500 animals required for a 2-year study. 

 The S1B guideline came into force in 1997/8 (see Table  3.1 ), and suggested the 
use of these models, but at that time the models were not evaluated yet. Under aus-
pices of the ILSI-HESI Alternatives to Carcinogenicity Testing Technical Committee 
(ACT-TC), the use of these mouse strains has been evaluated rather than validated, 
based on an agreed set of compounds (Robinson and MacDonald  2001 ). FDA and 
EU have explicitly accepted the use of the heterozygous p53 mice, as well as the 
TGRasH2 mice for genotoxic and non-genotoxic compounds (for review see 
Nambiar and Morton  2013 ).
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   Table 3.1    List of ICH  Safety Guidelines   developed up to 2014   

 Topic  Reference number 
 Publication 
date 

 Effective 
date 

 S 1 Regulatory notice on changes to 
core guideline on rodent 
carcinogenicity testing of 
pharmaceuticals 

 EMA/CHMP/
ICH/752486/2012 

 Sept 2013  Sept 2013 

 S 1 A The need for carcinogenicity 
studies of pharmaceuticals 

 CPMP/ICH/140/95  Dec 1995  July 1996 

 S 1 B Testing for carcinogenicity of 
pharmaceuticals 

 CPMP/ICH/299/95  Sept 1997  March 
1998 

 S 1 C (R2) Dose selection for 
carcinogenicity studies of 
pharmaceuticals 

 CPMP/ICH/383/95  April 2008  Oct 2008 

 S 2 (R1) Guidance on genotoxicity 
testing and data interpretation for 
pharmaceuticals intended for 
human use 

 CHMP/ICH/126642/08  Dec 2011  June 2012 

 S 3 A Toxicokinetics: A guidance 
for assessing systemic exposure in 
toxicology studies 

 CPMP/ICH/384/95  Nov 1994  June 1995 

 S 3 B Pharmacokinetics: Guidance 
for repeated- dose tissue-distribution 
studies 

 CPMP/ICH/385/95  Nov 1994  June 1995 

 S 4 Duration of chronic toxicity 
testing in animals (rodent and 
non-rodent toxicity testing) 

 CPMP/ICH/300/95  Nov 1998  May 1999 

 S 5 (R2) Detection of toxicity to 
reproduction for medicinal products 
and toxicity to male fertility 

 CPMP/ICH/386/95  Sept 1993  March 
1994 

 S 6 (R1) Preclinical safety 
evaluation of biotechnology-derived 
pharmaceuticals 

 CHMP/ICH/731268/1998  July 2011  Dec 2011 

 S 7 A Safety pharmacology studies 
for human pharmaceuticals 

 CPMP/ICH/539/00  Nov 2000  June 2001 

 S 7 B The non-clinical evaluation of 
the potential for delayed ventricular 
repolarisation (QT interval 
prolongation) by human 
pharmaceuticals 

 CPMP/ICH/423/02  May 2005  Nov 2005 

 S 8 Immunotoxicity studies for 
human pharmaceuticals 

 CHMP/ICH/167235/04  Oct 2005  May 2006 

 S 9 Non-clinical evaluation for 
anticancer pharmaceuticals 

 CHMP/ICH/646107/08  Dec 2009  May 2010 

 S 10 Guidance on photosafety 
evaluation of  pharmaceuticals   

 CHMP/ICH/752211/2012  January 2014  June 2014 
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   Till now, surprisingly, most companies are still conducting a 2-year mouse study, 
and have not included genetically modifi ed mice in their testing strategy. Some 
experts indicate that this could be due to the uncertainty about the outcome of these 
alternatives. Unexpected fi ndings in normal mice can be readily explained, but in 
case of unexpected fi ndings in transgenic mice for which no reasonable explanation 
can be found, this  might   be the death of a compound. 

   Recent Developments 

 A new process is  ongoing   in this area, again with a focus on reduction, rather than 
on replacement. A consortium of 13 pharmaceutical industries has compiled data 
from 182 compounds on 2 year carcinogenicity studies in the rat compared to 6 
months repeat dose toxicity studies in the same rat strains. Negative predictivity of 
the 6 months data was defi ned as the absence of signs in this time period (hyperpla-
sia, hypertrophy, hormonal effect) associated with the absence of tumours in 2-year 
studies of the same rat strain (Sistare et al.  2011 ). This absence of tumours did occur 
in 80 % of all compounds, which were negative after 6 months. 

 PhRMA suggested that conducting a full-term carcinogenicity study of 2-years 
duration does not add value when the prediction of absence of tumours would be so 
high. The organization raised a plea to the regulators to take this on board as a way 
to reduce the use of animals. 

 In the EU, the pharmacological data received attention, especially because of the 
false negatives in the Sistare paper (Sistare et al.  2011 ) (i.e. those compounds nega-
tive after 6 months, but inducing tumours after 2 years). What would be the cause 
for the tumours that showed up in those cases? As such, another strategy was intro-
duced based on the pharmacology of the compounds. Evaluation of the pharmacol-
ogy of the compounds in relation with the tumours induced in specifi c organs gave 
the confi rmation that in nearly all cases, in rats, the tumours are related to their 
pharmacological action (Van der Laan et al., manuscript in preparation). Starting 
from this viewpoint not only a negative (Sistare et al.  2011 ) but also a positive pre-
diction is expected to be possible. In a rather unique regulatory experiment, the 
Regulatory Authorities involved in ICH are now working together with industry to 
evaluate virtual waiver requests for carcinogenicity assays. Companies are expected 
to write a  Carcinogenicity Assessment Document (CAD)   to support a potential 
waiver request (or a justifi cation why a study should be conducted), and Regulatory 
Authorities are evaluating these as if they were real requests for waiving a 2-year rat 
study. The virtual waivers will then be compared with the outcome of the study 
afterwards. It is the intention to evaluate around 50 of such cases, and then to con-
clude whether a revision of the S1 Guidelines would be possible, to allow waivers 
of life time studies to be granted in real time (ICH  2013 ).   
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2.2.3      Genetic Toxicity Testing 

 Genotoxicity testing has always been an example of how  in vitro  approaches can be 
included as an important part of the testing strategy. The most well-known test for 
genotoxicity is the Ames-test, a bacterial mutagenicity assay. 

 The discussions in ICH were on the so-called  testing   battery approach. However, 
it took several years to come to agreement on which assays should populate the bat-
tery itself. This was based on the choice of predictive endpoints, and the extent of 
testing with positive and negative compounds. Are all negative cases really negative 
(otherwise compounds with a risk would not be stopped), and vice versa, are all 
positive compounds really carrying a risk (otherwise compounds will be stopped 
unnecessarily in their development)? 

 Therefore, in the fi rst ICH S2 guideline (S2A) only details of testing procedures 
have been discussed, while only in a second stage ( 1997 ) a standard battery has 
been defi ned as consisting of 2  in vitro  assays (Ames test and mammalian cell 
assay), and an  in vivo  assay at an adequate dose (Müller et al.  2013 ). The  in vivo  
assay has the status of confi rmation of the  in vitro  data, which are more sensitive, 
but sometimes oversensitive. In the early ICH days the discussion was whether one 
or two mammalian cell assays should be included, especially to have a mammalian 
mutation endpoint, but the  in vivo  test was included without debate. 

 In relation to the clinical trial stage the  in vitro   approaches   have more or less a 
stand-alone status. If both are negative then one is able to proceed with the fi rst-into- 
human clinical trial. An  in vivo  study is still required in the next stage of clinical 
development. 

 Also in the recent revision of the ICH S2 guidelines (bringing them together into 
one guideline) the  in vivo  assay remains important, and in fact an option was intro-
duced to skip one mammalian cell assay. From a 3Rs point of view, however, the 
revised guidance emphasises that the  in vivo  genotoxicity endpoint can also be 
included in a repeated dose toxicity study, allowing a combination of these studies 
and as a consequence a reduction of the number of animals used. 

 For a detailed discussion see Sect.  3 .  

2.2.4     Toxicokinetic Testing 

 The ICH S3 Guideline started to  emerge   after the fi rst ICH. It was at that time a 
breakthrough in the thinking on risk assessment, not only focusing on dose, but 
rather on exposure, leading to more insight in the extrapolation from animal species 
to humans. Not only exposure, but also the role of metabolites became clearer. The 
emphasis on toxicokinetics was rather unique in the regulatory fi eld, and was pos-
sible because of the intended use of the compounds, i.e. for therapeutic purposes. 
The knowledge of human exposure and pharmacokinetics is an enormous advantage 
in the risk assessment of pharmaceuticals as compared with other chemicals, such 
as pesticides where human exposure should be avoided. The intended use of phar-
maceuticals in humans allows the design of Phase 1 studies with a fi rst estimate of 
human pharmacokinetics. 
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 However, from the viewpoint of the 3Rs, this guideline was a disaster. The need 
for frequent blood sampling was not compatible with the principles of toxicological 
screening. Repeated blood sampling of volumes of 500 μL would impact on the 
health of the animal irrespective of the exposure to the compounds. Determination 
of the toxicokinetics is important to estimate the exposure during the course of the 
study, especially in chronic studies, where induction of metabolism and accumula-
tion of metabolites might occur. 

 Adding satellite groups to the various dose groups was adding high numbers of 
animals to the study design, especially in case of rats and mice. For larger animals 
such as dogs and monkeys this could be handled usually with the same animals. 

 However, there was also an  awareness   of unnecessary use of animals, i.e. in the 
Japanese requirement for repeated dose tissue distribution studies. Ohno ( 2013 ) has 
highlighted the role of 3Rs in the Japan-driven input in ICH. In this respect he refers 
to the ICH 3B, the need for repeated dose tissue distribution studies because of the 
risk of accumulation. These studies were emphasized in Japan, but not in EU and 
US. Through the ICH process it was better defi ned in which cases the sponsor 
should conduct a repeated dose tissue distribution study using radiolabelled 
material, i.e. when the half-life is longer than two times the dosing period. This 
 ICH- driven guideline therefore resulted in a reduction of the use of animals for this 
type of studies. 

   Recent Developments 

 Recently, the technique of microsampling has become more common, and the ICH 
has decided in 2014 to include this approach in a Q&A document belonging to S3. 
This may lead to important reductions in animal use. 

 Microsampling might be applied even in the case of monoclonal antibody admin-
istration in mice (Marsden, personal communication).   

2.2.5     Repeated Dose Toxicity Testing 

 Redundancy of studies and  increasing   animal welfare (or reducing animal suffering) 
was the topic for S4. The focus was on the duration of the so-called chronic toxicity 
studies, in the area of human pharmaceuticals; i.e. the request for chronic rodent 
studies, 6 and 12 months, and the duration of chronic non-rodent studies, 6 versus 
12 months. 

 For the rodent studies (usually the rat) there was a quick win: a 12 months-study 
could easily be dropped from the list of requirements, as it was clear that for com-
pounds warranting a 12 months study also a 24 months was required in the frame-
work of testing the carcinogenic potential. With having toxicological endpoints 
from a 24-months study, especially detailed histopathology of non-cancerous tissue, 
data from a 12 months study duration would be redundant. 
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 With respect to the studies in non-rodents, a more diffi cult discussion took place. 
The US FDA wanted to maintain their requirement for a 12 months study in non- 
rodents, while in the EU, the duration of the study (6 months) was included in the 
legislation i.e. in then applicable EU Directive 75/318 (more stringent than in a 
guideline). In case of an agreement on a duration longer than 6 months, the EU 
legislation should be changed. A number of 18 cases were identifi ed which from the 
viewpoint of the US FDA led to labelling because of possible human relevance of 
observed toxicity occurring beyond 6 months in non-rodents. These cases have been 
discussed in detail to see what the added value of the 2nd period of 6 months would 
be (Contrera et al.  1993 ; DeGeorge et al.  1999 ). However, the industry viewpoint 
was very different after in depth evaluation (Van et al.  2000 ). 

 Finally the focus was on a  few   cases in which additional (potential clinically 
relevant) toxicity was observed later than 6 months. A compromise of 9 months 
duration was a general solution that is followed now for small molecules. When 
revising the pharmaceutical legislation, i.e. the EU-directive in 2001 the wording of 
this requirement has been changed to now read, “to be specifi ed by appropriate 
guidelines” (Directive  2001a ). 

 As a whole, the issue of repeated dose toxicity studies has resulted in a reduction 
in the use of rodents previously needed for a 12 months study, and in a refi nement 
by lowering the stress load on non-rodents by reducing the study duration from 12 
months to 9 months. A reduction would be likely too, as many companies con-
ducted a 6 months as well as a 12 months non-rodent study in order to fulfi l both EU 
and US requirements, respectively. It would be important to estimate the impact of 
this measure on the reduction of the number of animals. 

   Recent Developments 

 A similar discussion could be expected about the duration of chronic repeated dose 
toxicity studies for biopharmaceuticals. Indeed, a huge number of companies apply 
this fi gure of 9 months to this type of product. Regulatory Authorities, which are 
approached for approval of clinical trial applications, or for scientifi c advice, may 
also stimulate this. When writing the addendum to ICH S6 (see below) the line was 
drawn again at 6 months. All Regulatory Authorities agreed upon this aspect.   

2.2.6     Reproductive Toxicity Testing 

  Reproductive toxicity testing      was introduced more stringently after the thalidomide 
disaster (1957–1961). Various Regulatory Authorities created different schemes in 
the 1960s, leading to different testing practices all over the world. Pharmaceutical 
industries had to duplicate studies in order to fulfi l the requirements from the various 
regions. However, even within regions (e.g. EU) different requirements still existed. 

 Rolf Bass (Bass et al.  2013 ) nicely showed that the ICH starting in early 1990s 
could take advantage from an existing network of experts in the ICH-areas, which 
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was a ‘well-oiled machinery’ enhancing the effi ciency of the negotiations. In his 
chapter of the book on the background of ICH Guidelines (Bass et al.  2013 ), Bass 
clearly showed the pre-ICH activities in his own network. The draft S5 Guideline 
used during the Brussels meeting in 1990 could carry, therefore, the follow-up num-
ber 12 of a series of drafts starting long before the ICH had begun (Bass et al.  1991 ). 

 The strength of the approach chosen to come to harmonization lay in the choice 
for a scientifi c fundamental and systematic discussion regarding all possible stages 
and effects of pharmaceuticals during reproduction starting from fertility to postna-
tal development. It was this systematic approach that led to the fl exibility in the 
assessment applied by the Regulatory Authorities (Sullivan et al.  1993 ). 

 The reproductive cycle could be covered by three studies, i.e. Segment 1 (prior 
to and in the early stages of pregnancy), Segment 2 (organogenesis and embryofoe-
tal development) and Segment 3 (throughout pregnancy and lactation, up to fertility 
in pups). 

 The various ICH regions had  different      requirements for these three segments, 
often leading to duplication of these studies when fulfi lling these specifi c criteria, 
such as dosing scheme, number of animals, endpoints and species selection (Omori 
 1992 ). In Table  3.2  the differences are clearly spelled out for Segment 2 studies. The 
differences in dosing period and number of females can easily lead to unnecessary 
repetition if a formal approach is followed in the design of the safety assessment 
strategy for a new pharmaceutical.

   The three ICH Regulatory  Authorities      fi rst discussed the possibility of mutual 
acceptance before coming to a harmonized concept of studies. This was because of 
the urgency felt in this area. Takayama ( 1992 ) described this need for mutual accep-
tance as follows; from the number of products marketed between 1980 and 1990 
(489) less than 10 % showed adverse effects on reproductive and developmental 
function. The sensitivity of the approach was judged to be suffi cient to cover the risk 

   Table 3.2    Design of Segment 2 studies before 1990 (taken from Omori ( 1992 ) with permission)   

 USA  EU  Japan 

 Title  Teratology study  Embryotoxicity studies  Study on administration of 
drug during the period of 
organogenesis 

 Species  Two species, one rodent 
(rat, mouse) and one 
non-rodent (rabbit) 

 Two species, one of 
which should be other 
than a rodent 

 At least two species, one 
rodent such as rat or mouse 
and one non-rodent, e.g. 
rabbit 

  Rodents  
 No. of 
animals 

 20 female rodents/
group 

 20 pregnant rodents/
group 

 30 female rodents/group 

 Dosing 
period 

 Rat and mouse: day 
6–15 

 Throughout the period of 
embryogenesis 
(organogenesis) 

 Rat: day 7–17 
 Mouse: day 6–15 

 Dose 
levels 

 At least three dose 
levels 

 Normally three dose 
levels 

 At least three dose levels 
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for new teratogenic drugs. The new guideline became available in 1994 and this has 
reduced the number of animals used in this area. 

 FDA-representative Judy Weissinger ( 1992 ) confi rmed the acceptability of these 
Japanese proposals, suggesting to come to a new reproductive and developmental 
toxicity screen. As 75–80 % of the drugs do not demonstrate this type of toxicity, 
further testing would not be needed when passing this test. For the remaining 
20–25 % a more focused approach can be applied. 

   Recent Developments 

  In vitro  approaches in reproductive toxicity testing started to emerge already in the 
1970s and 1980s, with rat whole embryo cultures and mouse embryonic stem cells 
(Spielmann et al.  1997 ). Lots of money has been invested since then, but so far no 
Regulatory Authorities have accepted  in vitro  tests for risk assessment purposes. 

 The EURL ECVAM has  published      a preliminary validation of the mouse Embryonic 
Stem Cell test, but further work was recommended (Marx-Stoelting et al.  2009 ). 

 In June 2006, a fi rst brainstorming session within ICH was organised in 
Yokohama under the chairmanship of EU EMA and the Japanese MHLW, where 
new topics for ICH Guidelines have been listed, as well the possibility to revise the 
fi rst guidelines. It was decided not to include these  in vitro  approaches in ICH S5 as 
the state of the art of the  in vitro  alternatives was not mature. 

 The European Commission sponsored a research project under the Framework 
Programme 6, named Reprotect (Hareng et al.  2005 ), focusing on  in vitro  testing for 
developmental and reproductive toxicity, which was fi nalised around 2009. A brain-
storming workshop was organized under the auspices of the safety group of ICH in 
Tallinn in June 2010, to discuss the further steps needed in follow up of this project. 
Reduction of the need for two species in the embryofoetal toxicity test (now rodent 
and non-rodent, resp. rats and rabbits) was intended, but the question remained 
which species should be considered as the most sensitive, and/the most predictive. 

 This question appeared to be the  most      urgent and since then work has been 
started to build a database on embryofoetal development testing in rats and rabbits 
(Theunissen et al.  2014 ). Workshops have been held in Leiden (October 2011) and 
Washington (April 2012) to support the process (Van der Laan et al.  2012 ; Brown 
et al.  2012 ). 

 In 2014, the start of the ICH process revising the S5 document was marked by 
the establishment of an Informal Working Group in Minneapolis (US).   

2.2.7     Safety Testing of Biotechnology-Derived Proteins 

 During the fi rst ICH in Brussels, the unique position of biotechnology-derived pro-
teins has been emphasized. This has led to the writing of a guideline, ICH S6, advo-
cating a fl exible approach dependent on the identity of the product (ICH  1996 ). 
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 In this way an important  issue   became clear for this type of product, i.e. the 
responsiveness of the test animal for the product. Biotechnology-derived proteins 
are usually derived from endogenous proteins to a certain extent, and their effective-
ness is dependent on the existence of targets in humans and in the animal species to 
be used for safety testing. Issues related to species specifi city for these types of 
proteins, i.e. large molecules built up with high numbers of amino acids, led to seri-
ous constrains with respect to species selection. 

 The nature of the products, i.e. being protein products, led to a more predictable 
scheme of metabolism, via the common pathways of protein breakdown. Species 
differences because of differences in metabolism became much less important, and 
allowed for single species testing under the condition of having a pharmacodynamic 
response to the product. 

 The higher species specifi city led unavoidably to the use of non-human primates, 
as the species most alike to humans. The specifi city for the receptor is usually the 
same, although the affi nity for the target might be lower in the non-human primate. 
See Table  3.3  for an overview of the number of non-human primates to support 
European marketing authorisation applications for biotechnology-derived proteins.

   The use of monkeys was still low for development of small peptide molecules, 
such as insulin, human Granulocyte Stimulating Factor (GCSF), and even with hae-
mophilia factors, such as factor VII and factor VIII. Rats, and rabbits are responsive 
to human GCSF and insulin whereas dogs were the preferred species for  the   coagu-
lation factors, also in view of spontaneous disease models in this species. The use of 
monkeys was important in the development of interferons, in fact leading to the use 
of chimpanzees. The use of chimpanzees for regulatory safety testing was, however, 
forbidden globally around 2003. 

 For monoclonal antibodies only for the very fi rst products, safety was tested 
without monkeys. This was due to the fact that the epitope was lacking in monkeys, 
and the compounds were used for diagnostic purposes. Therapeutic proteins could 
be developed only when humanized proteins could be produced thereby reducing 
the risk for immunogenicity. Later on, with new  in vitro  culture techniques and 

    Table 3.3    Number of non-human primates used to support marketing authorisation of 
biotechnology-derived proteins in Europe (1988–2002)   

 Recombinant 
proteins  Monoclonal antibodies 

 Number of studies (average)  6.4  7.8 
 Number of animals/study  12.8  11.0 
 Number of animals/product  81.8  86.0 
 Highest number of animals/study  64  60 
 Lowest number of animals/study  3  5 
 Highest number of animals/compound  269  308 
 Lowest number of animals/compound  6  8 

  Data derived from Tessa van der Valk, Van der Laan, Moors, Schellekens (2002, unpublished) and 
Nicole van de Griend, Van der Laan, Moors, Schellekens (2003, unpublished)  
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more advanced recombinant techniques, there was a development in the direction of 
humanized proteins (Van Meer et al.  2013 ). For this type of product, there is a huge 
experience in monkeys. A few products are human-specifi c, e.g. efalizumab and 
infl iximab, and testing of these molecules have been conducted in chimpanzees. 
Due to the design of the protocols, the added value of these studies was low, how-
ever (Van Meer et al.  2013 ). 

 Already at the time of the  start   of ICH it was generally accepted that biotechnology- 
derived proteins exert highly specifi c effects, and toxicological effects are rather 
characterized as exaggerated pharmacology then as off-target phenomena. Despite 
this recognition, toxicological testing has been required up to the recent writing of 
the addendum to the ICH S6. 

   Recent Developments 

 The discussion on the use on monkeys has been stimulated in various ways. 
 Van Meer et al. ( 2013 ) published a review on the marketed monoclonal antibod-

ies in Europe since the start of the EMA, extending and updating the work listed in 
Table  3.3 , and showing that toxicity phenomena associated with administration of 
monoclonal antibodies in chronic studies in monkeys are indeed phenomena of 
exaggerated pharmacology. The approach can be criticized as molecules dropped 
during development are not included in the review, but recent cases were presented 
in a workshop in Berlin (Baumann et al.  2014 ). The authors conclude: ” While effects 
were mostly pharmacologically mediated ,  they were not necessarily always pre-
dicted ,  and identifi ed previously unknown consequences of the respective 
pharmacologies ”. 

 Discussions can be  started   with the question what the minimum package should 
be to detect this type of rare off-target effects, while most other effects of monoclo-
nal antibodies can be readily predicted from  in vitro  studies by receptor- or ligand- 
binding and by binding to FcR and FcRn receptors ( van der Laan 2013 ).   

2.2.8     Safety Pharmacology 

 Where as the ICH S7A is focusing on  the   investigation of potential undesirable 
pharmacodynamic effects of human pharmaceuticals on physiological function at 
therapeutic dose ranges and above, the second guideline, ICH S7B, focuses on the 
investigation of the potential for QT interval prolongation. The latter guideline spe-
cifi cally refers to an  in vitro  approach to assist in the detection of QT-prolonging 
properties of human pharmaceuticals as part of an integrated assessment strategy. 

 The outcome of the  in vitro  approach is to be complemented by an  in vivo  study, 
but such an assessment could be conducted in the same animals (non-rodents) as in 
the repeated dose toxicity study, as is recommended in the ICH M3(R2) and ICH S9 
guidelines. It could be defended that even such an  in vivo  study is not needed, as this 
testing can be done in a so-called clinical Thorough-QT-(TQT) study in healthy 
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volunteers. The compound is administered under controlled conditions and the 
Electrocardiogram (ECG) is performed (see ICH E14 Guideline). However, as 
exceeding the therapeutic dose might present unacceptable safety risks for healthy 
volunteers, the conduct of a TQT study might be ethically unacceptable.  

2.2.9     Immunotoxicity 

 The focus on the discussion on Immunotoxicity testing of human pharmaceuticals 
was on the routine need for additional data on  immune   functioning. When special 
immunotoxicity testing was introduced in the EU EMA Repeated Dose Guideline, 
it was expected that this testing would be conducted for each compound. The US 
FDA and the Japanese MHLW were not happy with this high level of concern with 
respect to immunotoxicity, and therefore the topic became an issue at the ICH level 
(Putman et al.  2003 ). 

 Potential reduction of animal use was rather a co-effect in the discussion about 
ICH S8, but can also be taken as evidence that within ICH reduction of animal use 
is an important driving force. 

 Before agreeing on the development on an ICH Guideline on this topic, a survey 
has been conducted to learn in how many cases a specifi c immunotoxic compound 
would have been missed based on routine toxicity studies only. Eventually, 45 com-
pounds were eligible in this dataset, and only 6 compounds were characterized as 
immunotoxic based on specifi c immunotoxicity studies (Weaver et al.  2005 ). 
Because of this low number, the EU EMA changed their mind and dropped the 
request for routine testing of immunotoxicity by specifi c studies. 

 The discussion on  immunotoxicity did   not specifi cally address the 3Rs as a 
purpose.  

2.2.10     Safety Testing of Anticancer Products 

 The focus of ICH S9 is on  reduction   and refi nement rather than on replacement of 
animal studies. If the disease is life threatening, then a higher risk can be accepted, 
which can also be seen as a high level of uncertainty. However, in practice it might 
have led also to an increase in animal use in certain aspects. Previously anticancer 
products such as cytostatics were developed on a large scale and tested with  in vitro  
methodology, and safety testing was restricted by conducting a mouse lethality test. 
The LD10 in mice was taken as the starting point to calculate a safe starting dose in 
humans. 

 In the present S9 Guideline, the package is much more defi ned in line with the 
development of other small molecules. When compared with the package needed 
for a small molecule for the treatment of e.g. diabetes, the number of studies is 
small, but the data requirements are certainly more than only an LD10 determina-
tion in mice. Furthermore, anticancer drugs are no longer restricted to cytostatics, 
but are covering now also targeted therapies such as tyrosine kinase inhibitors.  
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2.2.11     Photosafety Testing 

 The most recent  guideline   is the ICH S10 focusing on photosafety testing of human 
medicinal products. The guideline is rather unique from the viewpoint of 3Rs, as it 
explicitly indicates that several  in vivo  animal models are hardly relevant to the 
human situation, and are not predictive. Their use should therefore be discouraged. 

 During the development of the guideline not only an existing  in vitro  approach, 
i.e. the use of 3T3-Neutral Red Uptake Phototoxicity Test (NRU-PT), but also the 
Reactive Oxygen Species (ROS) assay was accepted as a reasonable approach to 
screen for phototoxic properties.   

2.3     ICH and 3Rs, Future Perspectives 

 Reduction of animal use is  one   of the driving forces in the ICH process as can be 
derived from the discussion of all the safety guidelines agreed upon under ICH 
auspices. Reduction of animal use is, however, not the primary purpose for the ICH- 
process on nonclinical safety testing, which is focused on reducing the trade barriers 
between the economic areas involved. 

 Furthermore, it has to be admitted that in certain cases drafting of ICH Guidance 
may have led to additional animal use, as explained above for S3 Toxicokinetics. 
Indeed, enhancing the technical abilities has led to an increased need to enhance 
knowledge about the fate of pharmaceutical products in animals, this to refi ne the 
interpretation of toxicity studies, and to use information on animal exposure for risk 
assessment by comparing this to the exposure in humans. 

 For several topics, especially  those   discussed early in the ICH process, new 
developments might exist that could further reduce animal experimentation. It needs 
to be understood that changing ICH-guidelines cannot be done at a regional level. 
This emphasizes that changing guidelines at a global level might need a long way of 
negotiations. The initiative to come to revisions of S1 Carcinogenicity is driven by 
the general agreement that using a huge number of animals in a life-time carcinoge-
nicity study in case of a high predictability of the outcome, is over the top in the 
ethical use of animals for safety testing.   

3       The Revision of ICH S2 Genotoxicity Testing Guideline, 
a Case Study 

 The implementation of new 3Rs testing approaches in regulatory testing of pharma-
ceuticals through the ICH process occurs by either drafting a new guideline or updat-
ing an existing one. New testing approaches in this context include both, newly 
developed assays and changes to existing assays with an impact on 3Rs aspects such 
as protocol modifi cations or improved advices in data interpretation and follow-up 
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strategies. As an example of how new 3Rs testing approaches have achieved regulatory 
acceptance the revision of the ICH Guidelines on genotoxicity testing of pharmaceuti-
cals will be described in this section. 

 The original ICH guidelines on genotoxicity testing, designated ICH S2A and 
S2B, were fi nalized in 1996–1997 and recommended a battery of two  in vitro  and 
one  in vivo  genotoxicity tests (Müller et al.  1999 ). The  in vitro  assays were a bacte-
rial mutagenicity assay (Ames test) and an  in vitro  mammalian cell assay, either a 
metaphase chromosome aberration (CAb) assay in cultured cells or an assay for 
mutations at the  tk  locus in L5178Y mouse lymphoma cells (MLA). The  in vivo  
assay was an assay for chromosome damage; the most widely used assay for this 
purpose is the rodent bone marrow micronucleus assay. For follow-up testing when 
a positive result was found in an  in vitro  mammalian cell assay, additional  in vivo  
testing was recommended, and while a range of possible assays was mentioned, 
emphasis was placed on the UDS (unscheduled DNA synthesis assay) in rat liver. 

 In 2006 an ICH Concept Paper was published with a proposal for revision of the 
ICH S2 guidelines on genotoxicity testing. One of the major goals for the revision 
was to “ reduce the numbers of animals used in routine testing by improving the cur-
rent procedures and clarifying the follow - up testing in case of positive fi ndings ” 
(Final concept paper ICH S2(R1)  2006 ). A six-party Expert Working Group (EWG) 
was set up in charge of developing a scientifi c consensus of the revised guideline 
elements. As a result of the revision process the two original ICH Guidelines S2A 
and S2B were merged into one document titled “ICH S2R1 Guidance on 
Genotoxicity Testing and Data Interpretation for Pharmaceuticals intended for 
Human Use” which was adopted in 2011 (ICH guideline S2(R1)  2012 ). 

 In the absence of formal validation studies and/or OECD guidelines or when 
proposed ICH guideline recommendations differed from existing OECD guidelines 
the decisions of the EWG for revision of the ICH guideline was mainly made based 
on thorough review of both industry-held and published data and recommendations 
from international expert workshops. Of particular importance in this context are 
the International Workshops on Genotoxicity Testing (IWGT). The IWGT process 
is implemented through working groups of recognized international experts from 
industry, academia and the regulatory sectors (Kirkland et al  2007a ). The remit of 
each specifi c topic group is to derive consensus recommendations based on data, 
and not on unsupported opinion or anecdotal information. In 2002, the International 
Association of Environmental Mutagen Societies (IAEMS) formalized these work-
shops under IAEMS umbrella and agreed that they would be held on a continuing 
basis in conjunction with the International Conferences on Environmental Mutagens 
(ICEM) that are held every 4 years. The Sixth IWGT Workshop was recently held 
in Foz do Iguassu, Brazil, as a satellite to the 2013 ICEM. IWGT recommendations 
have been seen as state-of-the-art and have high credibility. These recommendations 
serve as important supplements to establish regulatory guidelines and provide a 
sound basis for those guidelines as the state of science advances (Kirkland et al 
 2007a ). 

 The ICH S2 EWG identifi ed mainly two areas with opportunities for reduction of 
use of animals considered as essential for incorporation in the revision: (1) enhance 
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the performance of  in vitro  mammalian cell assays to reduce the need for  in vivo  
follow-up testing of irrelevant/false-positive  in vitro  fi ndings and (2) animal reduc-
tion opportunities in genotoxicity  in vivo  testing. 

3.1     Enhance Performance of In Vitro Mammalian Cell Assays 
by Lowering the Test Concentrations 

 The genotoxicity assays are used early in pharmaceutical development to determine 
whether drug candidates are safe enough to be given to human volunteers, and then 
later in development to patients. However, the ICH S2A/B testing battery did not 
serve well in this respect because of the poor specifi city that is  associated   with the 
high sensitivity of  in vitro  mammalian cell assays. The traditional justifi cation of the 
use of such tests has been “hazard identifi cation”. Based on considerable experience 
that is now available in the pharmaceutical sector it can be concluded that in the vast 
majority of cases of  in vitro  positive genotoxicity results, no genotoxicity is detect-
able  in vivo , and in still many further cases there is no evidence for induction of 
tumours in rodents that are thought to refl ect a genotoxic mechanism (Kirkland 
et al.  2005 , Matthews et al.  2006 ). Also, there is now a large body of experience that 
demonstrates that positive results in the existing  in vitro  regulatory tests, the CAb 
assay and MLA, at high concentrations and/or associated with toxicity, most often 
do not refl ect DNA damaging capability of the test compound, but are a secondary 
response to perturbation of cell physiology (Kirkland et al.  2007b ). Since the geno-
toxicity seen under these  in vitro  conditions occurs through mechanisms that are not 
operating at lower doses, there is a threshold, not a linear dose relation, and the 
results are not likely to be informative about risk in the human therapeutic context, 
that is they are considered “non-relevant” to  in vivo  conditions. Nevertheless, the 
occurrence of such  in vitro  fi ndings required follow-up testing in a second animal 
study, usually a rat liver UDS test. 

 Based on these identifi ed shortcomings the EWG agreed that there is a need to 
reduce the reliance of testing on  in vitro  assays carried out under such extreme con-
ditions on the principle of hazard identifi cation. A refi nement of the test strategy 
with the use of tests/protocols that identify potential genotoxic effects under more 
realistic conditions would be required. One approach to achieve more realistic test-
ing conditions and thus improve test specifi city (reduce number of irrelevant posi-
tives) is to challenge the need for testing to such high concentrations to which an 
article should be tested in  in vitro  mammalian cell assays. The original ICH S2 
guideline as well as the respective OECD guidelines recommended that the top 
concentration when toxicity is not limiting is 10 mM or 5 mg/mL, whichever is 
lower. The ICH S2R1 EWG proposed a reduction from 10 to 1 mM as the top con-
centration in the revised ICH S2 guidance. Two types of information were consid-
ered in justifying this recommendation. 
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 First, the question was addressed whether a 10-fold reduction of the used top 
concentration would maintain suffi cient sensitivity of the  in vitro  assays in detecting 
 in vivo  relevant genotoxicants. Sets of data were reviewed on Ames test negative 
compounds that were positive in the CAb assay/MLA only above 1 mM. Experience 
in the pharmaceutical industry from Japan, Europe and the US showed that gener-
ally compounds that were positive at >1 mM only lacked genotoxic potential  in 
vivo . However, the data set is incomplete as many results lacked follow-up studies, 
but overall it contributed to supporting a 1 mM upper limit. Similarly, one of the 
data sets used initially in adopting the 10 mM limit (Scott et al.  1991 ) was re- 
examined, and it was noted that all  in vivo  positive chemicals were detected in the 
Ames test or  in vitro  in mammalian cell assays below 1 mM. 

 Second, an important factor in the  ICH   recommendation of 1 mM as a top con-
centration for  in vitro  mammalian cell assays is that it would be a high multiple of 
the known human exposures to most pharmaceuticals. The pharmacologically 
active concentrations for drugs, and the optimal substrate concentrations for many 
enzymes including P450s, are typically below 10 μg/mL (equivalent to 20 μM for 
average molecular weight of 500). For defi ning a top concentration, it is useful to 
consider high dose pharmaceuticals with high bioavailability, and those that are 
known to accumulate in the body (mostly in specifi c cell types) after repeat dosing. 
Data on human exposure levels of 313 marketed pharmaceuticals (Goodman and 
Gilman  2001 ) were reviewed by the EWG. Peak exposure to pharmaceuticals is 
generally below 10–50 μM. Only 53 out of 313 marketed pharmaceuticals had a 
C max  of more than 10 μg/mL (or about 20 μM). These included antibiotics, anti-
tumour and antiviral drugs. Of the others, ibuprofen, acetaminophen and clofi brate 
are examples of higher exposures, with C max  of 300, 130 and 450 μM respectively. 
There are examples of drugs that accumulate extensively in tissues; an example of a 
lipophilic drug with a long half-life is fl uoxetine, a cationic amphiphilic drug with 
an elimination half-life of 1–3 days and an active metabolite with an elimination 
half-life of 4–16 days. Fluoxetine accumulates in the brain to ~10 μg/mL (~35 μM) 
with a brain/plasma ratio of 20:1. However, no example of a drug was found for 
which there were both high plasma levels and a high (10–20 fold) accumulation in 
tissue. Thus, a top concentration of 1 mM would capture low potency drugs and 
other high dose drugs including cases of extensive tissue accumulation. 

 The proposed recommendation of the ICH S2R1 EWG to reduce the top concen-
tration in  in vitro  mammalian cell assays from 10 to 1 mM triggered further data 
reviews and discussions on this topic in the scientifi c community such as IWGT 
(Galloway et al.  2011 ; Moore et al.  2011 ). A review of existing databases and pub-
lished literature to determine the concentrations at which rodent carcinogens 
induced damage in three mammalian cell assays was also supported by EURL 
ECVAM (Parry et al.  2010 ). An analysis of this review confi rmed the ICH S2R1 
EWG view that testing above 1 mM was unnecessary to identify genotoxic com-
pounds, provided the compound was tested and found negative using a bacterial 
gene mutation (Ames) assay (Kirkland and Fowler  2010 ).  
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3.2     Animal Reduction Opportunities in Genotoxicity  In Vivo  
Testing: Integration in Standard Toxicity Studies 
and Combination of Endpoints 

 For pharmaceuticals the assessment of genotoxicity  in vivo  is an essential part of the 
standard battery. The most widely used assay for this purpose has been the rodent 
bone marrow micronucleus assay (MN). The use of peripheral blood is  an   alterna-
tive approach for both mice and rats (when the youngest fraction of reticulocytes are 
sampled) which provides equivalent data to the bone marrow assay and is techni-
cally less demanding. More recently, the use of fl ow cytometry scoring methods has 
increased further the effi ciency and reproducibility of the rat peripheral blood assay. 
This technique requires only microliter quantities of blood which can be obtained 
without sacrifi cing the animals and can therefore be easily integrated into routine 
toxicology and pharmacokinetic studies. The available data were reviewed by 
groups of experts at the 4th IWGT in 2005 in San Francisco and the 5th IWGT 
2009 in Basle and it was concluded that the use of rat peripheral blood reticulocytes 
and its integration into repeat-dose toxicity (RDT) studies is scientifi cally accept-
able and ready for regulatory use (Hayashi et al.  2007 ; Rothfuss et al.  2011 ). The 
ICH EWG agreed to these conclusions and revised the S2 Guideline accordingly. 
The revised ICH S2R1 guideline now accepts the use of rat peripheral blood reticu-
locytes as target cells for the MN assay and also the use of fl ow cytometry scoring 
methods. Moreover, the revised ICH guideline encourages integration of  in vivo  
MN analysis into RDT studies so that it is not necessary any more to conduct an 
independent study for this purpose. 

 For pharmaceuticals with positive results in genotoxicity tests  in vitro  follow-up 
testing  in vivo  should be done in two tissues. In practice, this has been usually done 
by performing a MN test in rodent bone marrow erythrocytes and a rat liver UDS test. 
As part of the ICH S2 revision the EWG agreed to replace the rat liver UDS test by a 
rat liver Comet assay, mainly due to the identifi ed insensitivity of the UDS (Kirkland 
and Speit  2008 ). Although there was no formal validation of the  in vivo  comet assay 
and no OECD guideline at the time the ICH S2 revision process was ongoing the 
EWG considered this test method as suitable for routine use. This decision was 
mainly based on the available knowledge regarding adequate testing protocols and 
data interpretation provided by IWGT expert working groups and other international 
workshops (Tice et al.  2000 ; Hartmann et al.  2003 ; Burlinson et al.  2007 ). 

 In addition, at the instigation of the ICH EWG, a collaborative trial was run using 
15 compounds in 13 laboratories in Europe, Japan and the US, to examine the per-
formance of the liver Comet assay especially as a complement to the  in vivo  micro-
nucleus assay and potential replacement for the liver UDS assay. The results 
supported the EWG proposal that the Comet assay was suitable for routine use 
(Rothfuss et al.  2010 ). 

 Besides the higher sensitivity of the liver comet assay compared to the UDS test 
another advantage is the ease with which the comet assay can be combined with the 
 in vivo  micronucleus test. The above mentioned collaborative trial therefore also 
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investigated the sensitivity and practicality of integrating the liver Comet assay into 
acute and 2- or 4-week repeat-dose rat toxicity studies (Rothfuss et al.  2010 ). These 
and other data were considered by the Basle 2009 IGWT working groups as part of 
their recommendations on  in vivo  genotoxicity testing, in particular the suitability 
of tests with multiple genotoxicity endpoints integrated into acute or RDT studies. 
The combination of the acute  in vivo  MN and Comet assays was considered by the 
working group to represent a technically feasible and scientifi cally acceptable alter-
native to conducting independent assays. For the integration of Comet assays into 
RDT studies, the working group reached the consensus that, based upon the limited 
amount of data available, integration is scientifi cally acceptable and that the liver 
Comet assay can complement the MN assay in blood or bone marrow in detecting 
 in vivo  genotoxins. Practical issues need to be considered when conducting an inte-
grated Comet assay study (Rothfuss et al.  2010 ). 

 The ICH EWG has adopted these  advices   for combining different endpoints into 
one study in the revised ICH S2 guideline. When  in vivo  assessment of genotoxicity 
with two tissues is required the guideline encourages the incorporation of two geno-
toxicity assays in one study using the same animals, e.g. bone marrow micronucleus 
test and liver DNA strand breakage assay. 

 Recent study report submissions to regulatory health authorities clearly indicate 
that the new options offered by the ICH S2R1 are increasingly utilized by pharma-
ceutical industry. In particular, integration of MN analysis in RDT studies in cases 
where  in vitro  testing is negative and acute combined  in vivo  MN/comet assay to 
follow-up positive fi ndings in  in vitro  mammalian cell tests are the preferred options 
in recently performed genotoxicity testing programs. It can thus be roughly esti-
mated that the number of animals used for  in vivo  genotoxicity assessment in new 
drug development may be decreased by nearly 50 % as a result of the revisions of 
the ICH S2 guideline. 

 In summary, the experiences with the process leading to revision of the ICH S2 
guideline clearly show that formal validation is not a necessary prerequisite for 
regulatory acceptance of new 3R testing approaches. Instead, the scientifi c credibil-
ity of new methodologies and its use for regulatory purposes is pragmatically 
assessed in a formalized ICH procedure by a working group of recognized industry 
and regulatory experts in the fi eld based on high quality data from different sources.   

4     The EMA Approach to Regulatory Acceptance 
of 3R Test Methods 

4.1     The JEG 3Rs 

 To demonstrate its commitment to the application of replacement, reduction and 
refi nement (the 3Rs) of animal testing as detailed in Directive 2010/63/EU (Directive 
 2010 ), in October 2010, the EMA endorsed the establishment of a Joint  ad hoc  
Expert Group on the  application   of 3Rs in the development of medicinal products 
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(JEG 3Rs). The JEG 3Rs has as a mandate to improve and foster the application of 
3Rs in the regulatory testing of medicinal products throughout their lifecycle. 
Moreover, this group provides advice and recommendations to the Committees (i.e. 
CHMP and CVMP) on all matters related to the use of animals in regulatory testing 
of medicinal products. 

 The core of the  JEG 3Rs      consists of experts from CVMP and CHMP and their 
working parties for which animal testing is relevant, and can be complemented, as 
necessary, by specifi c experts. As such, all relevant disciplines (i.e. quality, safety 
and, in the case of veterinary medicinal products, effi cacy) are represented, for both 
pharmaceutical and biological/immunological products. 

 As it is recognised that much work is  already   being done in the 3Rs area by other 
European Commission bodies and consequently it is considered that duplication of 
efforts should be avoided, the JEG 3Rs works in close cooperation with EURL 
ECVAM (European Union Reference Laboratory for Alternatives to Animal 
Testing) and  EDQM   (European Directorate for the Quality of Medicines and 
Healthcare). 

 Amongst the achievements of the JEG 3Rs so far are the efforts to ensure compli-
ance of existing regulatory guidance with the 3Rs. As such, a concept paper 
announcing a review of existing EMA guidance to ensure compliance with best 3Rs 
practice was published in February 2014 (Concept paper on review and update of 
European Medicines Agency Guidelines  2014 ) and publication of the fi rst amended 
guidelines will ensue. Eight guidelines have so far been identifi ed for revision but 
the review is not yet complete. In addition, a draft guideline on regulatory accep-
tance of 3Rs testing approaches has been published for a 3-month period of consul-
tation (Draft Guideline on regulatory acceptance of 3R  2014 ). This guideline 
describes the process for submission and evaluation of a proposal for regulatory 
acceptance of 3R (Replacement, Reduction and Refi nement) testing approaches for 
use in the development and quality control during production of human and veteri-
nary medicinal products. Furthermore, scientifi c and technical criteria for validation 
of 3R testing approaches are presented and pathways for regulatory acceptance of 
3R testing approaches are described. 

 Another work stream of the JEG 3Rs is related to the implementation of the 3Rs 
in batch release testing of human and veterinary medicinal products. To this end, a 
statement was published highlighting the need for marketing authorization holders 
(MAHs) to ensure that batch safety and potency tests comply with 3Rs options 
available in the Ph Eur (Recommendation to marketing authorisation holders  2012 ). 
A statement was published highlighting the need for MAHs for veterinary vaccines 
to update MAs to remove the target animal batch safety test following removal of 
the requirement from the Ph Eur (“Recommendation to marketing authorisation 
holders”  2013 ). At their July 2014 meetings CXMP adopted a concept paper for 
publication for consultation, announcing the development of guidance on transfer-
ring validated quality control methods to a product/laboratory specifi c context 
(Concept paper on tranferring quality control methods  2014 ). Work on developing 
the guideline is now underway. In addition, review of batch release testing for 
human and veterinary vaccines is conducted and follow-up communications to 
MAHs ensured. 
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 JEG 3Rs coordinates responses to requests from the European Union Reference 
Laboratory for Alternatives to Animal Testing (EURL ECVAM) for preliminary 
analysis of regulatory relevance of new alternative methods (PARERE). 

 The existence of the  JEG 3Rs provides      a strong signal indicating that EMA takes 
3Rs issues seriously. A clear statement of the EMA on the application of the 3Rs in 
regulatory testing of human and veterinary medicinal products was published in the 
EMA website at the very beginning of the JEG 3Rs’ fi rst mandate (Statement of the 
EMA position on the application of the 3Rs  2011 ). This reads as follows: 

  The European Medicines Agency  ( EMA )  commits to the application of replace-
ment ,  reduction and refi nement  ( the 3Rs )  of animal testing as detailed in Directive 
2010 / 63 / EU1. To this end ,  a Joint ad hoc Expert Group  ( the JEG 3Rs )  has been 
created in order to promote best practice in the implementation of the 3Rs in regula-
tory testing of medicinal products and to facilitate full and active cooperation with 
other European groups working in the 3Rs area . 

  While signifi cant progress has been made in relation to regulatory testing involv-
ing animals it remains the case that certain types of data can only be generated by 
means of animal studies. Where such studies are needed they should be selected and 
conducted in strict adherence to the 3Rs principles . 

  As a European body with responsibility for developing harmonised European 
regulatory requirements for human and veterinary medicinal products the EMA has 
and will continue to play a key role in eliminating repetitious and unnecessary ani-
mal testing in the European Economic Area  ( EEA ),  in collaboration with other 
European organisations such as EDQM. Through its active participation and col-
laboration in the work of other multinational organisations such as the ICH and the 
VICH ,  the EMA contributes to the application of the 3Rs in the development of 
globally harmonised requirements ,  the implementation of which contributes to the 
elimination of unnecessary animal testing . 

 The JEG 3Rs is now recognised at international level and is often cited as an 
example of how regulatory agencies should tackle 3Rs issues whilst providing a 
clear entry point for questions or comments in this area. The JEG 3Rs mandate was 
renewed in October 2014 for the second time, thus allowing this group to continue 
its work in order to achieve progress in the fi eld of 3Rs, an area for which Europe is 
clearly a global frontrunner.  

4.2     Draft Guideline on Regulatory Acceptance of 3R 
Testing Approaches 

4.2.1     Ontogeny 

 The application of the 3Rs  were      already highlighted in the Position on the 
Replacement of Animal studies by  in vitro  models (Replacment of animal studies 
by  in vitro  models  1997 ), adopted by the then called EMA Committee on Proprietary 
Medicinal Products (CPMP) at its meeting in February 1997. This Position Paper 
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addressed the feasibility of replacing  in vivo  animal studies by  in vitro  investiga-
tions in the preclinical development of medicinal products. In addition, consider-
ations regarding validation procedures for  in vitro  methods and their incorporation 
into CPMP Notes for Guidance were presented. 

 Whilst replacement of animal studies remains the ultimate goal, the application 
of all 3Rs needs to be the focus. As exemplifi ed by the ICH regulatory safety guide-
lines described earlier, approaches aiming at reducing or refi ning animal studies are 
being routinely implemented in regulatory guidelines, where applicable. At the 
same time, over the past years, new  in vitro  methods have been accepted for regula-
tory use via multiple and fl exible approaches, either as pivotal, supportive or as 
exploratory mechanistic studies, wherever applicable. As such, although regulatory 
acceptance of 3Rs testing approaches is currently possible, a formal regulatory 
acceptance process has been lacking and implementation of new test methods in 
routine regulatory testing has sometimes proven problematic. 

 Consequently, a review of the position paper focusing primarily on Replacement 
was needed. As such, on March 11th 2011 a Concept Paper on the Need for Revision 
of the Position on the Replacement of Animal studies by  in vitro  models (Concept 
paper on the Need for Revision of the Position on the Replacement of Animal 
Studies  2011 ) was drafted by the CHMP Safety Working Party and published on the 
EMA website. Herein, aside from the extended focus to all 3Rs principles, the revi-
sion intended to describe a clear process for regulatory acceptance of 3Rs testing 
approaches, to discuss qualifi cation criteria and bring the requirements in line with 
Directive 2010/63/EC. 

 As 3Rs principles apply to all regulatory testing requirements involving animal 
use for both human and veterinary medicinal products, a multidisciplinary drafting 
group was set up under the JEG 3Rs to develop the draft Guideline for Regulatory 
acceptance of 3Rs testing approaches (Draft Guideline on regulatory acceptance of 
3R testing approaches  2014 ). Concomitantly the JEG 3Rs started a thorough review 
of the current regulatory testing requirements for human and veterinary medicinal 
products and identifi cation of opportunities for implementation of the 3Rs. 

 The Draft guideline was forwarded to the relevant EMA Working Parties and 
Committees for comments on the 17th of March 2014 and the fi nal draft was 
launched for public consultation on the 3rd of October 2014. Comments received 
are being considered and an update of the guideline is currently under way.  

4.2.2     Draft Guideline for Regulatory Acceptance of 3Rs Testing 
Approaches 

 This guideline only applies to testing approaches that are subject to regulatory guid-
ance for human and veterinary medicinal products. More specifi cally, those that are 
used to support regulatory applications, such as clinical trial and marketing authori-
sation applications. The process of uptake of 3Rs testing methods in the Ph. Eur. 
Monographs is excluded. 
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 In line with the above, regulatory acceptance of a new 3Rs testing approach is 
defi ned by its incorporation into a regulatory testing guideline. However, on a case- by- 
case basis, it is also seen as the acceptance by Regulatory Authorities of new approaches 
not (yet) incorporated in testing guidelines but used for regulatory decision making. 

 The  modifi cation      of existing testing approaches to achieve refi nement, reduction 
and replacement of laboratory animal use and, if possible, at the same time increase 
predictive power of regulatory testing is expected to occur at different levels. These 
levels range from discrete modifi cations of existing testing approaches (eg reduc-
tion of the top concentration used in  in vitro  genotoxicity testing in ICH S2R, see 
Sect.  3 ) to the implementation of a completely new approach in regulatory toxicol-
ogy (e.g. Toxicity Testing in the twenty-fi rst century; (Committee on Toxicity 
Testing and Assessment of Environmental Agents  2007 )). 

 The draft guideline clearly lists a number of criteria that need to be fulfi lled 
before a 3Rs testing approach can be considered for regulatory acceptance, namely:

    1.    Demonstration of  method   validation. This  implies   that there is a defi ned test 
methodology/standard protocol with clear defi ned/scientifi cally sound endpoints 
and demonstration of reliability and relevance. The amount of information 
needed and the criteria applied to a new method will depend on the regulatory 
and scientifi c rationale for the use of the method, the type of method (e.g. exist-
ing test, new method), the proposed uses (e.g. mechanistic, total or partial 
replacement, as part of a testing strategy), the mechanistic basis for the test and 
its relationship to the effect(s) of concern, and the history of use of the test 
method, if any, within the scientifi c and regulatory communities. The draft 
guideline clearly indicates the acceptability of different routes of method valida-
tion. This includes formal validation by recognised institutions such as the VAMs 
(Balls et al.  1995 ; Balls and Karcher  1995 ; NIH  1997 ,  1999 ; OECD  2005 ; 
Hartung et al.  2004 ) and EDQM but also allows for the acceptance of 3R testing 
approaches that have suffi cient demonstration of scientifi c validity but have not 
been assessed in a formal validation process. The latter case implies that the 
relevant Working Parties, Expert Working Groups or National Control Authorities 
will conduct data evaluation.   

   2.    Demonstration that the  new   or substitute method or  testing strategy   provides 
either new data that fi ll a recognised gap or data that are at least as useful as, and 
preferably better than those obtained using existing methods.   

   3.    On a case-by case basis,  demonstration      of adequate testing of medicinal products 
under real-life conditions (human and veterinary). This can be achieved by vol-
untary submission of data obtained by using a new 3Rs testing approach in paral-
lel with data generated using existing methods under a safe harbour. This implies 
that data generated with the new 3Rs testing approaches are not to be used for 
regulatory decision but need to be evaluated independently for the  purpose      of 
decision making on the regulatory acceptability.     

 Finally, the new draft guideline now unambiguously anchors the process for sub-
mission and evaluation of proposals for regulatory acceptance of 3R testing 

3 Regulatory Acceptance of Alternative Methods in the Development…



60

approaches for human medicinal products to the EMA procedure on Qualifi cation 
of Novel Methodologies for Drug Development (“Qualifi cation of novel method-
ologies for drug development”  2014 ; Manolis et al.  2011 ). This voluntary procedure 
was established by the EMA in 2008 under the auspices of the Scientifi c Advice 
Working Party (SAWP) of the  CHMP  . This procedure is innovative as it can be 
independent of a specifi c medicinal product and can include a formal assessment of 
submitted data by the SAWP itself. Typically, the outcomes are either a CHMP 
Qualifi cation Advice on future protocols and methods for further development of 
the new method towards qualifi cation for regulatory use, based on the evaluation of 
the scientifi c rationale and on preliminary data submitted. On the other hand, there 
can also be the formulation of a CHMP Qualifi cation Opinion on the acceptability 
of a specifi c use for the proposed method in a research and development context 
(non-clinical studies), based on the assessment of submitted data. 

 With respect to 3Rs testing approaches for  veterinary medicinal products   only, 
proposal submission is to be in accordance with existing scientifi c CVMP guidance 
for companies requesting scientifi c advice (Guidance for companies requesting sci-
entifi c advice  2012 ). The actual assessment of the new 3R testing approaches will 
be performed in collaboration with the relevant 3Rs experts from CHMP and/or 
CVMP working parties. 

 One could refl ect on the added benefi t of having a specifi c process for regulatory 
acceptance at the EU level, especially taking into account the regulatory guidance 
issued by ICH and VICH. Indeed, although major topics are governed by ICH or 
VICH, this does not represent the totality of the regulatory realm and EMA guide-
lines necessitating 3Rs improvements could benefi t from EMA qualifi ed 3Rs testing 
approaches. Moreover, the existence of such a regional process can thoroughly pre-
pare global harmonization efforts.       
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Abstract This chapter explores the concepts, processes, tools and challenges relating 
to the validation of alternative methods for toxicity and safety testing. In general 
terms, validation is the process of assessing the appropriateness and usefulness of a 
tool for its intended purpose. Validation is routinely used in various contexts in sci-
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fitness- for-purpose of devices, systems, software up to entire methodologies. In the 
area of toxicity testing, validation plays an indispensable role: “alternative approaches” 
are increasingly replacing animal models as predictive tools and it needs to be demon-
strated that these novel methods are fit for purpose. Alternative approaches include 
in vitro test methods, non-testing approaches such as predictive computer models up 
to entire testing and assessment strategies composed of method suites, data sources 
and decision-aiding tools. Data generated with alternative approaches are ultimately 
used for decision-making on public health and the protection of the environment. It is 
therefore essential that the underlying methods and methodologies are thoroughly 
characterised, assessed and transparently documented through validation studies 
involving impartial actors. Importantly, validation serves as a filter to ensure that only 
test methods able to produce data that help to address legislative requirements (e.g. 
EU’s REACH legislation) are accepted as official testing tools and, owing to the glo-
balisation of markets, recognised on international level (e.g. through inclusion in 
OECD test guidelines). Since validation creates a credible and transparent evidence 
base on test methods, it provides a quality stamp, supporting companies developing 
and marketing alternative methods and creating considerable business opportunities. 
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Validation of alternative methods is conducted through scientific studies assessing two 
key hypotheses, reliability and relevance of the test method for a given purpose. 
Relevance encapsulates the scientific basis of the test method, its capacity to predict 
adverse effects in the “target system” (i.e. human health or the environment) as well 
as its applicability for the intended purpose. In this chapter we focus on the validation 
of non-animal in vitro alternative testing methods and review the concepts, challenges, 
processes and tools fundamental to the validation of in vitro methods intended for 
hazard testing of chemicals. We explore major challenges and peculiarities of valida-
tion in this area. Based on the notion that validation per se is a scientific endeavour that 
needs to adhere to key scientific principles, namely objectivity and appropriate choice 
of methodology, we examine basic aspects of study design and management, and 
provide illustrations of statistical approaches to describe predictive performance of 
validated test methods as well as their reliability.

1  Introduction

What is validation and why do we need it? Validation of alternative methods has 
been defined as the process by which the reliability and relevance of a particular 
method is established for a defined purpose (Balls et al. 1990a, b, c, 1995a, b; OECD 
2005). This definition has then later been extended to alternative approaches in the 
wider sense, i.e. not only covering individual methods but also combinations 
thereof, including strategies for data generation and integration. The reliability 
relates to the within- and between-laboratory reproducibility as well as to the trans-
ferability of the method or approach in different laboratories, whereas relevance 
relates mainly to its predictive capacity and, importantly, to the biological/mecha-
nistic relevance, traditionally subsumed as “scientific basis”. Judging the overall 
relevance however also includes aspects of applicability domain and even the level 
of reliability required in view of the purpose of the method. The defined purpose can 
be various and range from full replacement of a regulatory test to the generation of 
mechanistic information relevant to the type and extent of toxic effects which might 
be caused by a particular chemical (Frazier 1994).

In regulatory toxicity testing, validation is placed between research/develop-
ment and regulatory acceptance and aims at the characterisation of an in vitro test 
method under controlled conditions which in turn leads to the standardisation of 
the test method protocol. This aspect of test method development has been sum-
marised in Coecke et al. (2014). Validation generally facilitates and/or accelerates 
the international (regulatory) acceptance of alternative test methods. In fact, the 
regulatory acceptance of tests that have not been subjected to prevailing validation 
processes is discouraged by international bodies (OECD 2005). This is true not 
only for alternative methods but also for tests conducted in animals. The term “reg-
ulatory acceptance” of an in vitro test method relates to the formal acceptance of 
the method by regulatory authorities indicating that the test method may be used as 
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an official tool to provide information to meet a specific regulatory requirement. 
This includes, but is not limited to, a formal adoption of a test method by EU and/
or OECD as an EU test method and included in the EU Test Methods Regulation 
and/or as an OECD Test Guideline, respectively. Standardisation and international 
adoption of testing approaches supports worldwide acceptance of data. Under the 
OECD Test Guideline Programme this is known as Mutual Acceptance of Data 
(MAD). MAD saves every year an appreciable number of animals and other 
resources as it avoids duplicate testing.

Three main types of validation processes have been defined: prospective, retro-
spective and performance standards-based validation—the latter being a form of 
prospective validation. Prospective validation relates to an approach to validation 
when some or all information necessary to assess the validity of a test is not avail-
able, and therefore new experimental work is required (OECD 2005). Retrospective 
validation relates to an assessment of the validation status of a test method carried 
out by considering all available information, either as available in the published 
literature or from other sources (e.g. data generated during previous validation stud-
ies (OECD 2005) or in-house testing data from industry). Validation based on 
Performance Standards relates to a validation study for a test method that is struc-
turally and functionally similar to a previously validated and accepted reference test 
method. The candidate test method should incorporate the essential test method 
components included in Performance Standards developed for the reference test 
method, and should have comparable performance when evaluated using the refer-
ence chemicals provided in the Performance Standards (OECD 2005).

The European Reference Laboratory for Alternatives to Animal Testing (EURL 
ECVAM) [formerly known as the European Centre for the Validation of Alternative 
Methods, ECVAM] and its international collaborators published recommendations 
concerning the practical and logistical aspects of validating alternative test methods 
in prospective studies (Balls et al. 1995a, b). These criteria were subsequently 
endorsed by and mirrored in the procedures of the US Interagency Coordinating 
Committee on the Validation of Alternative Methods (ICCVAM 1997), and later 
internationally, summarised in the “Guidance Document 34” of the Organisation for 
Economic Cooperation and Development (OECD) (OECD 2005).

In 2004, ECVAM proposed a modular approach to the validation of alternative 
methods (Hartung et al. 2004), according to which the various information require-
ments for peer-review and as generated during the validation process are broken 
down into seven independent modules. According to this modular approach, the 
information requirements can be fulfilled by using data obtained from a prospective 
study, by a retrospective evaluation of already existing data/information, or by a 
combination of both.

More recently, the concepts of weight of evidence validation/evaluation (Balls 
et al. 2005) and evidence-based validation (Hartung 2010) have been introduced; 
Weight of evidence validation involves the careful analysis and “weighing” of data 
with regard to their quality, plausibility, etc. in view of concluding whether it sup-
ports one or the other side of an argument, in this context whether or not a particular 
method is useful for a specific purpose. Evidence-based validation essentially refers 
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to the use of tools from evidence-based medicine for purposes of alternative method 
validation. These may range from systematic reviews (e.g. to determine reference 
data or analyse a set of existing data) over data grouping and meta-analysis to more 
probabilistic descriptors of test method performance as are used in medicine, for 
instance to describe the performance and usefulness of diagnostic tests.

This chapter explores the fundamental concepts behind validation, the hypothe-
ses assessed and information generated, outlines specific challenges of alternative 
methods validation that relate to the nature of test methods being reductionist prox-
ies for the human situation and provides a detailed discussion of the practical aspects 
of organising, designing, planning and conducting a validation study and analysing 
the data generated by appropriate statistical analyses (see also Chap. 5).

2  Validation: Principles, Hypotheses Assessed 
and Information Generated

This section examines fundamental principles of validation and explores the hypoth-
eses and information generated by validation studies of alternative methods conducted 
in the context of their envisaged use for the safety assessment of specific test materials 
such as chemicals (of various chemical and/or use categories) and their integration in 
integrative approaches (e.g. Integrated Testing Strategies, ITS or Integrated 
Approaches to Testing and Assessment, IATA). Instead of simply recapitulating com-
monly accepted concepts of alternative method validation described in OECD guid-
ance document Nr 34 (OECD 2005), we unfold this topic in the following way:

• First we will consider a series of fundamental issues that are necessary for the 
understanding of some unique features of the validation of alternative approaches.

• Second, we will examine three key concepts and explain their meaning in view of 
avoiding confusion regarding terminology. These are (a) validation workflow, 
(b) validation study type (or validation process) and (c) the validation information 
generated through dedicated studies. These three are often subsumed under the 
term “validation” but it is important to understand them as separate categories.

• Third, we will discuss the broader concept of ‘validation’ in view of deducing the 
central hypotheses assessed by alternative method validation. This will serve to 
understand the commonalities between validation in general and validation of 
alternative methods, and sculpt out some specific characteristics of the latter, in 
particular those constituting major challenges. These challenges include (a) find-
ing appropriate reference data for in vitro test method development (“calibra-
tion”) and validation and (b) the identification of mechanisms that are causative 
for downstream (i.e. more complex) events and hence should be modelled in 
reductionist and mechanistically-based alternative methods.

• Finally, we will discuss in more detail the information that needs to be satisfied 
in order to consider an alternative method valid for a specific purpose. We will 
put a particular emphasis on the composite nature of judging the overall relevance 
of alternative methods. This discussion will then lead over to section three and 
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four that explore the management, planning, design and conduct of validation 
studies in a manner so as to satisfy these information requirements. Details on 
EURL ECVAM’s specific approach regarding multi-laboratory trials can be 
found in Chap. 5.

2.1  Fundamental Considerations

2.1.1  Validation in the Current Context Relates to In Vitro Methods Used 
for Toxicity Testing

Validation, i.e. the process of establishing the usefulness and appropriateness of a 
method for a given purpose, is applicable to a wide range of biological and analytical 
methods, e.g. in diagnostic medicine, food safety, etc. In the current context, we focus 
on the validation of biological in vitro test methods for toxicity testing of chemicals and 
safety testing of biologicals (Hendriksen et al. 1998). Therefore, chemicals (or biologi-
cals) are the basic entities used to study and report the performance, utility and appli-
cability of alternative method during validation. Consequently, selecting an appropriate 
set of test chemicals is of key importance when planning a validation study (see 
Sect. 4.2). One should however not lose sight of the fact that a mere summary and 
analysis of testing data would not yet make a complete validation study: a fundamental 
aspect to consider relates to the biological and physiological processes modelled by the 
test method and thought to be relevant for the chemicals’ adverse effects. This is called 
the “scientific basis” of a test method and needs to be properly described. This helps 
judging the plausibility of results obtained with a given test method and supports the 
assessment of its relevance for a given purpose (see Sect. 2.3.3).

For more than a quarter century validation studies have been conducted in the 
areas of safety testing of chemicals and biologicals (e.g. vaccines) as well as ecotoxi-
cological toxicity testing. Considerable efforts have been invested in developing 
internationally agreed validation frameworks, notably by the European Commission’s 
EURL ECVAM, the Centre for Alternative to Animal Testing (CAAT), the US 
Interagency Coordinating Committee on the Validation of Alternative Methods 
(ICCVAM) as well as many individual scientists in academia, industry, government 
and international organisations (Scala 1987; Balls et al. 1990a, b, c, 1995a, b; Frazier 
1990a, b; Frazier 1992; Green 1993; Balls 1994; Walum et al. 1994; Fentem et al. 
1995; Balls and Karcher 1995; Goldberg et al. 1995; Bruner et al. 1996). This led to 
the development of reports and guidance documents adopted on international level, 
such as the OECD report on the harmonisation of validation and acceptance criteria 
for alternative toxicological test methods (OECD 1996, updated in 2009) which later 
gave rise to the more complete OECD guidance document on the validation and 
international acceptance of new or updated test methods for hazard assessment 
(OECD 2005). These documents reflect the status of international agreement at the 
beginning of the millennium.

Validation has played and is continuing to play a key role in toxicity testing 
because of its confidence- and trust-building role. Validation, overseen by impartial 
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actors and subjected to scientific peer review leads to the comprehensive characteri-
sation and transparent documentation of novel test methods. It is an important pre-
requisite for the international recognition and regulatory acceptance of test methods, 
e.g. through uptake into relevant legislations outlining official test methods recog-
nised for use in a specific jurisdiction. Examples are the EU’s Test Method 
Regulation EC 440/2008 and, on a global level, internationally accepted guidelines 
such as OECD’s Test Guidelines (TGs). Although formally not relating to legisla-
tion per se, data produced in agreement with TGs are binding for OECD member 
countries due to the OECD agreement on Mutual Acceptance of Data (MAD) dating 
back to 1981. This stipulates that “data generated in the testing of chemicals in an 
OECD Member country in accordance with OECD Test Guidelines and OECD 
Principles of Good Laboratory Practice shall be accepted in other Member coun-
tries for purposes of assessment and other uses relating to the protection of man and 
the environment.” Notably, combinations of methods as described in OECD guid-
ance documents on “Integrated Approaches on Testing and Assessment” (the OECD 
term for Integrated Testing Strategies) are not covered by the MAD agreement at 
present. We will focus in this chapter mainly on validation as a means of character-
ising and assessing alternative approaches in view of their fitness for regulatory 
acceptance.

2.1.2  Validation Has Largely Focused on Hazard Testing So Far

Importantly, validation of alternative methods for toxicity testing has mainly focused 
on predicting potential hazards of chemicals, that is, their intrinsic potential to cause 
adverse effects in a particular test system (i.e. an animal, cell type, etc.), without 
providing much information on the potency. Potency relates to the doses required to 
provoke adverse effects in a whole organism and is key information for a complete 
risk assessment of chemicals. What are the major bottlenecks concerning methods 
addressing potency? First, the concentrations that a given cellular population in a 
human body is exposed to following systemic exposure through the environment are 
typically not known: hence it is difficult to define appropriate concentrations of test 
chemicals that should be used in in vitro systems—including when validating these. 
More effort needs to be invested in approaches (including in vitro systems) for 
assessing toxicokinetic processes, i.e. the absorption, distribution, metabolism and 
excretion (ADME) of chemicals. Reliable data and/or simulations would assist in 
defining the appropriate range of chemical concentrations to be used in alternative 
approaches. This has been already highlighted by Balls and colleagues in 1995 
(Balls et al. 1995a, b). Second, due to the reductionist nature of alternatives (see 
below), processes that may influence the human in vivo potency (including ADME) 
are present only to a limited extent in alternative approaches. Hence there is consid-
erable uncertainty regarding the use of concentration-response information from an 
artificially reduced test system (e.g. a confluent layer of hepatocytes) for predicting 
potential dose-response relationships (e.g. for hepatotoxicity) via in vitro–in vivo 
extrapolation (IVIVE), even if rooted in mechanistically informed physiologically 
based kinetic modelling (PBK).
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2.1.3  Definition of “Alternative Approaches”

We refer to the definition of “alternative approaches” as suggested by Smythe 
(1978), i.e. alternatives to established scientific procedures which can lead to the 
replacement, the reduction or the refinement of animal experimentation, thus 
addressing the 3Rs principle as established by Russell and Burch (1959). 
Alternative approaches in this sense cover individual test methods, test batteries, 
strategic combinations of test methods (testing strategies) as well as holistic 
approaches towards data generation, evaluation and integration. These have been 
termed “Integrated Testing Strategies (ITS)” or, more recently, “Integrated 
Approaches to Testing and Assessment (IATA)” and can be composed of testing 
and non-testing methods. Validation can in principle extend to the assessment of 
integrated approaches (Kinsner-Ovaskainen et al. 2012). A surprisingly common 
misunderstanding regarding validation is that it is focusing on one-to-one 
replacements, i.e. one single alternative that replaces one single traditional ani-
mal test. This is however not the case, validation is context-dependent and pur-
pose driven and includes all sorts of assays, also those that address initial 
mechanisms of action, intermediate effects, pathways of toxicity or modes of 
action. Further, the term ‘alternative method’ can relate to empirical testing 
methods (often in vitro methods) or methodologies that are not based on empiri-
cal testing and therefore referred to as “non-testing methods”.

Non-testing methods are essentially approaches employing basic logical and 
plausibility reasoning or sophisticated mathematical approaches. Examples of non- 
testing methods include grouping of substances, read-across from one substance to 
another on the basis of properties such as chemical structure or biological mecha-
nisms, structure-activity relationships (SARs) and quantitative SARs (QSARs). It 
also includes, in the wider sense, biological modelling approaches including model-
ling the kinetics of xenobiotics such as physiologically based pharmacokinetic 
(PBPK) modelling and its applications in toxicokinetics.

With test methods we refer to a scientific methodology based on a biological 
test system (e.g. a cell population, a reconstructed tissue or an excised organ) as 
well as provisions for handling this system and performing measurements follow-
ing exposure to chemicals (i.e. the test method’s procedure, normally captured in 
Standard Operating Procedure(s), SOP(s), outlining the related life science or 
analytical measurement techniques), as well as those relating to data analysis, 
processing and interpretation.

All alternative methods will need to process the raw data and translate them 
into toxicologically meaningful information, i.e. the actual results of the test 
method. This process is often referred to as data analysis. The results can then 
further be converted into predictions of the toxic effects of interest. This is achieved 
by so- called prediction models (Archer et al. 1997; OECD 2005), a description of 
how to interpret the data or measurements in view of obtaining categorical predic-
tions. This often takes the form of a mathematical function or algorithm The pre-
dictions can stretch the entire spectrum of biological organisation, from molecular 
interactions over mechanisms on organelle or cell level (e.g. signalling pathways) 
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up to mechanisms of cell ensembles, tissues, organs up to the entire organism or 
(sub)populations. A prediction model can be generically phrased as

 
P f x= ( )

 

with P the prediction, f the mathematical transformation of the measured data x. 
Prediction models can be very simple, for instance in case of in vitro skin irritation 
test methods based on reconstructed human epidermis, a 50 % cell viability of the 
exposed skin equivalent is taken as a cut-off for ascribing either irritant or non- 
irritant properties to the test chemical. Notably, not all alternative test methods do 
feature prediction models, e.g. ecotoxicological assays.

The key components of alternative test methods are schematically summarised in 
Fig. 4.1.

2.1.4  Alternative Methods are Proxies and Reductionist Models

Typically, life science research is conducted on model systems, which can be further 
separated into (a) “proxy” (or “surrogate”) systems and (b) reductionist systems, 
with possible overlap between the two (see below).

First, proxy systems are entities used to study properties of another system: a 
substantial amount of basic research in biology and biomedicine is conducted on 
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Prediction 
model

Test method

Unknown 
properties

Category a
(e.g. TOXIC)

Category b
(e.g. NON TOXIC)
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related  
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Chemicals Chemicals

Fig. 4.1 An alternative test method and its main constituting elements: the biological ‘test sys-
tem’, the biological parameters measured in response to exposure of the test system to chemicals 
and the element of data interpretation and analysis that translate data into toxicologically useful 
information. This may (but does not need to) include a ‘prediction model’, i.e. a prescriptive pro-
cedure of how to translate the measurements obtained in the test system into categorical predic-
tions. Chemicals with unknown properties can be tested by the method and, using the prediction 
model or ‘classifier’, can be assigned to specific categories that can relate to any property ranging 
from activation of a cellular pathway to a downstream human health effect. Test methods can 
therefore be seen as “sorting machines” that allow to allocate chemicals with initially unknown 
properties to distinct categorical classes with defined properties normally relating to the presence 
or absence of the capacity to trigger a specific biological mechanism related to toxicity
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animals (so-called “animal models”) with a view to extrapolate the obtained results 
on animal genetics, biology and physiology to the human situation. Animals are 
used as proxies for humans with the basic assumption that, with increasing phylo-
genetic proximity, the results obtained in the proxies are considered more relevant, 
accurate and less uncertain with respect to reflecting the situation in the “target 
system”, i.e. the human. In many cases, this has proven a successful approach in 
life science. For example, understanding the dopaminergic system and its involve-
ment in Parkinson’s disease has been largely obtained through animal experimen-
tation. Despite these successes, there are limitations with regard to the use of 
proxies, probably due to phylogenetic differences, including at the level of gene 
expression, physiological mechanisms, metabolism, etc. that add uncertainty to 
results from animal studies as models for the human situation. Recent examples 
from pharmacological preclinical safety trials include the “tegenero incident” 
(Horvath and Milton 2009; Attarwala 2010) and the unexpected (hepato)toxicity of 
the antibiotic trovafloxacin (Borlak 2009; Gregory 2014). Secondly, there are 
reductionist models, such as brain slice cultures, dissociated primary cells and cell 
lines which are used to study specific physiological processes which recapitulate, 
at a highly reduced level of complexity, specific mechanisms, structures or other 
properties of the target system.

Alternative in vitro methods represent an interesting blend of these two concepts: 
they are proxies inasmuch as they are used for human safety testing in lieu of 
humans but they are also highly reductionist methods, since they are modelling only 
aspects of the target system (e.g. a complete organism or an organ, etc.) and are used 
to predict the properties of the target system or some of its constituting parts. 
Consider a barrier model composed of confluent polarised epithelial cells from the 
gut used to study uptake of substances through this epithelium or the use of mono-
cytic cell lines for studying markers of epidermal inflammation and immune cell 
activation in the context of skin sensitisation leading to the clinical manifestations 
of allergic contact dermatitis. Both are highly reduced systems that model key prop-
erties thought to underlie higher level (“downstream/apical”) effects in the system 
of interest, the ‘target system’. As a major consequence of these facts, both test 
method development and validation are typically undertaken in relation to proxies 
or surrogate systems (i.e. animal data) and not the species of interest (Fig. 4.2).

Epistemologically, in vitro alternatives used to predict behaviour of chemicals in 
more complex systems up to the entire organism can be seen as a variety of explana-
tory reduction (Weber 2005). This type of reductionism can be seen as based on the 
identification of a “difference-making principle” (Waters 1990, 2007) assumed to 
be a causative (and/or explanatory) factor that is sufficient for studying and 
 explaining features that are emergent at a higher level of organisation. Reductionist 
systems used to predict such higher level (downstream) properties need to model 
this “principle” (here: a physiological mechanism; in genetics: the concept of the 
gene) in order to study potential consequences in the complex target system (e.g. 
toxicity in humans and human (sub)populations). In the current context, finding the 
difference making principle is equal to the identification of physiological mecha-
nisms believed to underlie a response (i.e. an adverse effect) in the target system. 
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In the context of validation, the entire mapping of biological and mechanistic infor-
mation has been referred to as the “scientific basis” of alternative test methods. This 
relates to their biological and mechanistic design in terms of recapitulating mecha-
nisms of toxicity (e.g. cellular pathways) or any relevant disturbances of structure or 
function at the cellular level (mode of action concept) or throughout the different 
layers of biological organisation. This means that responses from a reduced system 
need to be extrapolated to a more complex system.

Identifying the key causative factors or events that underlie specific adverse out-
comes and which allow predicting these outcomes with sufficient accuracy and reli-
ability is one of the biggest challenges of modern toxicology. The basic assumptions 
are that it is (a) unnecessary and (b) practically impossible to model all potential 
mechanisms. Finding those that truly make a difference in view of tilting the homeo-
static balance and driving adverse effects is pivotal for developing relevant test 
methods. While a thorough understanding and description of the scientific basis of 
alternative test methods has always been part of validation, there are increasing 
efforts to organise the existing scientific knowledge in a consistent manner so as to 
improve interactions between various actors within the community (e.g. scientists, 
test method developers, validators, regulators, legislators, test method users). 
Identifying and describing physiological key events that can be perturbed by toxi-
cants will allow adjusting chemical design of new substances so as to avoid the 
interference of substances with known “toxicity pathways” but will allow also help 
tailoring the scientific development of new test methods and informing their valida-
tion. The OECD guidance of describing “Adverse Outcome Pathways” (AOP) 
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interest)

Traditional
animal "proxy"
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Measurable,
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Fig. 4.2 Peculiarities and obstacles specific to validation of alternative methods. The effects of 
chemicals on the target system of interests (humans) are normally not known (dotted flash) or only 
known to a very limited extent and associated with much uncertainty. (a) Alternatives can therefore 
not be readily validated in relation to the target system (grey arrow). (b) Since traditionally animals 
have been used as proxies for humans, a lot of data is available concerning chemical effects on 
whole animal systems (blue outlined flash). In the absence of standardised human data, these data 
can be used as reference data for validation (blue arrow) and related to the measured data—also 
for developing a prediction model that translates the measured data in vitro into a prediction of 
measured effects in the animal proxy. (c) Importantly, the true relationships of the effects measured 
in the animal proxy and in the in vitro method to the target system are often not known (red dotted 
arrows)
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(OECD 2013a, b) is a recent effort to describe the biological events leading to toxicity 
in humans in a concise but consistent manner. The AOP concept foresees the struc-
turing of key events in relation to the biological level of complexity on which they 
occur and arranging the different events in causality chains, starting from a molecu-
lar initiating event and describing the causal relationships between one key event 
and another. This approach could improve the identification and description of such 
key factors and might thus support the development and validation of test methods 
that map/recapitulate mechanisms and pathways that underlie downstream events or 
higher-level features of the system. In addition, it has been proposed that evidence-
based methods such as systematic reviews could help identifying key causative 
events triggering the development of biologically relevant test methods (Guzelian 
et al. 2005; Hoffmann and Hartung 2006b).

2.1.5  Reductionism: Consequences for Test Development and Validation

Above considerations show that the usefulness of alternative test methods needs to 
be assessed in relation to the target system: reference points (=data) need to be 
derived ideally from the target system that the alternative approach is modelling. It 
is not sufficient to validate in vitro methods in relation to other in vitro systems 
(Goldberg et al. 1995). This is in contrast to many forms of validation where the 
usefulness of systems is judged in relation to reference points relating to perfor-
mance of similar systems (e.g. diagnostic tests). Finding accurate reference data 
(Fig. 4.2) of the actually “true” effect of a given chemical on the species of interest 
(humans) would be the obviously the ideal approach for assessing the usefulness 
(“relevance”) of alternative methods. However, human data relating to chemical 
effects (Fig. 4.2) are normally not readily available or need at least to be derived 
from highly uncertain information (e.g. epidemiological data), involving moreover 
expert judgement.

This absence of human data makes it very difficult to “calibrate” alternative 
methods during test method development against the target system whose properties 
the alternative is intended to predict. This “calibration” typically consists of devel-
oping a data analysis procedure for processing the raw measurements into toxico-
logically meaningful results. This can include a prediction model that translates the 
measurements obtained in the alternative methods into categorical predictions, 
either relating to a category system used for hazard labelling relating to adverse 
health effects (e.g. UN GHS categories) or to a specific mechanism of action or 
toxicity pathway. To overcome this issue of non-availability of human data,  reference 
data are traditionally taken from proxies or “surrogates”, i.e. animal models that 
have been used in toxicology for many decades (consider for instance the Draize 
eye and skin tests in rabbits dating to 1944) although these animal models have 
never been validated themselves (i.e. how well they model or predict the effects in 
humans or how reliable/repeatable they are).

Moreover, there may be cases where no reference method is available, for 
instance when a method for a new purpose needs to be developed. This would 
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mean that there are no reference data at all for the development and validation 
of an in vitro method. The statistical tool of “latent class analysis” (LCA) may 
be a viable approach to estimate assay performance parameters even when the 
true state of nature is not known or has not been observed (=is ‘latent’) (Hothorn 
2002; Hoffmann et al. 2008). Yet another situation is found in environmental 
toxicity assessment which uses very few surrogate species/proxies for judging 
the impact of chemicals on a specific environment, habitat or ecosystem. An 
example is the use of daphnia or fish as surrogates (i.e. two of thousands of spe-
cies!) for judging the potential impact on the aquatic ecosystem. For more 
details on reference points in validation of alternatives see the ECVAM work-
shop report by Hoffmann et al. (2008).

2.1.6  Modelling the Mechanism Is Necessary But Not Necessarily 
Sufficient

As outlined above, alternatives that are based on modelling biological events that 
are assumed to be causative for adverse effects in the species of interest are more 
credible and useful than methods that show only correlative results with the target 
system, i.e. without modelling relevant biological mechanisms. This has been 
pointed out already in early publications on validation (Goldberg et al. 1995; Bruner 
et al. 1996). It is thus tempting to assume that methods which model such results 
should quasi automatically produce results that are informative and relevant for 
downstream health effects. This is however not necessarily the case: biological sys-
tems have a great capacity to repair and reset their properties once disturbed 
(homeostasis). Reduced test methods typically do not model all those homeostatic 
mechanisms and hence the results can be of limited relevance, especially for health 
effects that depend on repeated exposure and a variety of stressors (e.g. epigenetic 
changes involved in cancer). Hence, the modelling of mechanisms in alternative test 
methods is a necessary precondition of robust and relevant predictions, but it is not 
necessarily sufficient with respect to the accuracy of such predictions.

2.1.7  Reductionism Requires Integration at Later Stages

A consequence of the fact that alternative in vitro methods are reductionist models 
is that in most cases no single method will suffice to describe the properties of the 
higher-level target system with its complex anatomical and physiological organisa-
tion. Consider the health effect of reproductive toxicity: several organs and complex 
hormonal feedback loops are involved which cannot be modelled by one single 
reductionist system. Instead, the lack of complexity at the level of individual test 
methods is sought to be compensated by using a suite of test methods and other 
information sources that each address different properties of the target system. The 
complexity of the target system is basically dissected into aspects that can be mod-
elled and experimentally manageable in several reductionist systems. Information 
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from such groups of methods (including also non-testing methods) then needs to be 
integrated through strategic combinations of test methods in holistic data gathering 
and evaluation schemes. These, initially, have been termed tier-testing strategies or 
testing strategies (Balls et al. 1995b) and later referred to as “Integrated Testing 
Strategies”, implemented in the REACH guidance published on ECHA’s website 
from 2007 onwards and including also elements of data collection and evaluation 
(see also Kinsner-Ovaskainen et al. 2012; Balls et al. 2012). Subsequently, the 
OECD has introduced the term “Integrated Approaches to Testing and Assessment” 
(IATA) (OECD 2008; OECD 2014a, b). The communality is that data from various 
sources, irrespective of whether already available or to be generated, are integrated 
in order to yield conclusions on whether specific chemicals trigger a particular 
property of the target system.

This need for data integration has important consequences for validation. 
Back in the early 90s validation of alternative methods initially intended to 
establish single replacement methods for addressing an entire health effect (e.g. 
EC/HO validation study on alternatives to the Draize eye irritation test). This 
has worked to some extent in topical toxicology where the Draize test for skin 
corrosion and irritation could be successfully addressed by two sets of in vitro 
test methods, both based on Reconstructed human Epidermis (RhE) (additional 
methods are available for skin corrosion assessment). However, it is plausible 
that other health effects of a more systemic nature (often referred to as “com-
plex endpoints” or “systemic toxicity”) will require a strategic combination of 
alternative methods and this has to be taken into account already when validat-
ing the individual “building blocks” of such strategies (Bouvier d’Yvoire et al. 
2012). This has been discussed in a joint EURL ECVAM/EPAA workshop 
report (Kinsner-Ovaskainen et al. 2012). We will return to this aspect later in the 
context of the requirements in terms of chemical number for assessing reliabil-
ity versus predictive capacity/applicability domain.

The later use of an alternative test method within larger integrative approaches 
has impacts on validating such a method and the study design needs to take this 
into account. For example, if a method is used in (strategic) combination with 
other assays, it is conceivable that the requirements regarding predictive capacity 
and even reliability are different as opposed to situations where a method would 
be used as a stand-alone test. The same holds true for a screening assay versus one 
used to address regulatory requirements as observed by Green (1993).

2.2  Validation: Basic Terminology

Traditionally validation has been seen as a process of assessing the scientific valid-
ity of an alternative method. While this is still correct, validation carries additional 
meanings: for example, when scientists talk about a test method as “being vali-
dated” they rather refer to whether or not a method has been shown to be reliable 
and relevant, i.e. whether the hypotheses that modelling a specific mechanism of 
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action in such a reductionist model indeed picks up, during validation testing, 
chemicals known to cause specific adverse effects. Therefore, the term validation 
in the area of toxicity texting incorporates at least three aspects: (a) the formal 
process of validation or validation workflow; (b) the validation study type (or “val-
idation process”) and (c) information generated during validation or the hypothe-
ses assessed during validation.

2.2.1  Validation Workflow

Validation traditionally has been overseen by independent and impartial organisa-
tions (‘validation bodies’) that do not have vested interests. Examples are EURL 
ECVAM in the EU, NICEATM/ICCVAM in the US, JaCVAM in Japan, KoCVAM 
in South-Korea, Health Canada and BraCVAM in Brazil. This impartiality is impor-
tant for the validation of alternative methods that are intended for regulatory accep-
tance: it ensures that the characterisation and confirmation of validity of test methods 
is done on the basis of scientific considerations only and independent of specific/
vested interests (financial, etc.) of test method submitters. It thus guarantees impar-
tiality, scientific rigour and consistency of approach. All validation organisations 
follow a practical workflow or process for prioritising test methods for validation, 
for conducting studies, for subsequent independent peer review and for organising 
and communicating their main conclusions and recommendations. The above men-
tioned (supra)national validation bodies in the EU, Japan, Canada, South-Korea and 
the US work together within the ICATM framework (ICATM = International 
Cooperation on Alternative Test Methods) and have recently attempted to align and 
streamline their workflow (see Chap. 14 on international collaboration). A generic 
validation body workflow comprising four basic steps is shown in Fig. 4.3 and 
explained below.

Step 1: Evaluation of in vitro test methods: Importantly, not all in vitro methods 
that are developed by test method developers will be necessarily validated by vali-
dation bodies. Before being able to enter validation, proposed in vitro test methods 
will need to be evaluated against a catalogue of criteria such as: is the test method 
sufficiently developed to enter validation, in particular is there a “mature” protocol/
SOP available and are there some initial data on within-laboratory repeatability and 
reproducibility (for details see, Sect. 2.3.2)? Does it produce information that could 
be useful for the intended application, in particular regulatory decision making? 
Once these criteria have been confirmed, a test method might be considered for 
 validation, a process that involves the use of considerable funding and resources, 
typically of public funds. Only methods that promise to generate useful information 
and, in particular, address toxicity effects for which there is no ‘alternative cover-
age’ yet, will merit such investment. Essentially, at this step, validation organisa-
tions will conduct a cost/benefit analysis in view of prioritisation.

Step 2: Designing and conducting a validation study: Validation involves dedi-
cated scientific studies to determine whether the alternative method appropriately 
models and, if applicable, predicts the properties of the target system. We will discuss 
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the various validation study types in more detail in Sect. 2.2.2 below. Irrespective of 
the validation study type, the information generated relates to three aspects: (i) a 
better characterisation and definition of the in vitro test method (as a result of vali-
dation), (ii) the assessment of the key hypotheses of reliability and relevance (which 
we will explore below in more detail below, Sect. 2.3) as well as (iii) the setting of 
performance standards and operational criteria (e.g. refinement of test acceptance 
criteria) that will guide development and validation of future test methods based on 
similar principles.

Step 3: Independent scientific peer review. Since validation is achieved through 
scientific experimental studies which, as all scientific endeavours, contain elements 
of data interpretation and inference to reach conclusions, an essential element of 
validation is the assessment of the results obtained and the conclusions drawn by an 
independent group of knowledgeable scientists. This peer review assesses whether 
key scientific principles such as objectivity and appropriateness of methodology 
have been observed and will to this end evaluate managerial and study design 
aspects, ranging from the choice of specific readouts, over composing the data 
matrix to statistical tools used for analysing the data. In contrast to the peer review 
of scientific manuscripts undertaken by individual scientists with normally rela-
tively little guidance from the journals/publishers, the peer review of alternative 
methods, especially when conducted by public validation bodies, needs to be highly 
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Fig. 4.3 Schematic outline of the overall validation workflow of independent validation 
organisations
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consistent in terms of the quality criteria used and the information assessed so as to 
ensure equality of treatment of submissions from various test method developers 
which often have commercial interests in the validation of their methods.

Step 4: Final conclusions and recommendations: The peer review will inform on 
the quality of the study and results and to which extent the conclusions drawn are 
justified by the data/results obtained. The peer review typically forms the basis for 
the definition of final conclusions and recommendations on the readiness of the alter-
native test methods for acceptance into legislation as an officially (and ideally inter-
nationally) acknowledged and recognised routine test method for applications that 
aim at compliance with legislative requirements in view of safety assessment. This 
process is commonly referred to as ‘regulatory acceptance’, and, although indepen-
dent of the validation process, relies on the quality of validation studies. Thus, the 
final conclusions published at the end of the validation workflow by validation bod-
ies (e.g. “EURL ECVAM Recommendations”) inform the relevant stakeholder com-
munities on the characteristics of test methods, identify existing gaps and necessary 
follow-up activities and therefore prepare and support mainly the scientific aspects of 
regulatory discussions towards official acceptance. Stakeholders include regulatory 
end users in governmental agencies, industry end users of the test method as well as 
civil society organisations (such as animal welfare or environmental activists).

Increasingly, validation is also performed by other actors than validation bodies 
such as test method developers in academia and industry. These parties may seek 
independent and impartial evaluation and peer review of their studies by validation 
bodies that are neutral with respect to the assay (i.e. do not have vested interests). 
For instance, EURL ECVAM is regularly evaluating ‘external’ validation studies 
and having them reviewed by its independent EURL ECVAM Scientific Advisory 
Committee (ESAC).

2.2.2  Validation Study Types

Validation of alternative methods for toxicity testing is centred on the analysis of 
testing data relating to a relevant set of chemicals (the so-called “test chemicals”). 
Testing is normally carried out through formal validation studies that should follow 
scientific principles and good scientific practice with regard to study design and 
conduct (see Chap. 5), in particular relating to chemical selection, the statistical 
planning (e.g. to calculate the power required to derive dependable point estimates 
such as sensitivity and specificity), but also with regard to the statistical analysis of 
the study data themselves. This will be explored in detail in Sect. 3.

There are different types of validation studies conceivable that vary in their 
design. A useful distinction is based on whether the chemicals testing data need 
to be generated de novo (so called prospective studies) or whether they are already 
existing and are analysed in view of a defined purpose (retrospective studies). 
Studies can of course also contain both prospective and retrospective elements: 
make use of newly generated data as well as existing data (see Sect. 2.4 on modu-
lar approach).
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Prospective Studies

 (a) Prevalidation studies
Prevalidation studies are studies conducted in view of assessing whether a test 
method and associated SOP is ready to merit potential further full validation 
(Curren et al. 1995) and robust enough to merit the considerable expense of 
such a study. Prevalidation studies focus on the aspect of transferring the SOP/
test method from an experienced laboratory (e.g. test method developer) to 
naïve laboratories. These studies allow optimising further the SOP based on the 
experiences during such transfer. Prevalidation studies thus help minimising the 
risk of transfer problems during full prospective validation studies. Transfer 
problems due to shortcomings of the SOP or training protocols only create 
unnecessary cost during full validation studies without contributing to the core 
goal of a full validation study, i.e. test method characterisation in view of a 
purpose. Transfer(ability) is assessed through testing a small but conscien-
tiously selected set of chemicals with also challenging properties, such as 
chemicals that are at the border of the prediction model cut-off (see also 
Sect. 4.7.2). A major benefit of conducting prevalidation studies is that they 
produce limited but quality controlled data sets on within-laboratory reproduc-
ibility (WLR), between-laboratory reproducibility (BLR) and predictive capac-
ity which may inform about the possible overall performance to be expected of 
a specific test method (see also Sect. 4.6). Like in other validation contexts (e.g. 
analytical method validation) such a priori knowledge and other historical data 
may support the realistic setting of goals and objectives of subsequent full pro-
spective validation studies, including potential validation acceptance criteria 
where useful (i.e. if the precise use of the method in a regulatory setting is 
already known). Although the term prevalidation is not any longer frequently 
used, there are still studies conducted that adhere to the principles of prevalida-
tion, namely a first check of transferability of SOP from one laboratory to 
another, identification of pitfalls and improvement of SOP and/or training, if 
necessary, before embarking on a costly multi-laboratory ring trial.

 (b) Full prospective validation studies
These are large-scale studies involving the testing of a sufficient sample of 
chemicals for characterising a test method in terms of WLR, BLR and  predictive 
capacity and for characterising, with some confidence, its applicability domain 
and potential limitations. Adaptions of the design of such studies have been 
suggested and will be discussed below. Such studies create confidence and trust 
in alternative novel test approaches for regulatory applications when involving 
a sufficiently large set of test chemicals. When considering the size of the chem-
ical testing set, it is important to separate what would be statistically desirable 
(in terms of chemical sample size) from what is realistically doable taking also 
considerations of cost and availability of test materials into account.

 (c) Performance standards-based (PS-Based) validation studies
PS-based studies are conducted in relation to a set of predefined “stan-
dards”, including biological criteria and reference chemicals, as a means of 
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efficiently assessing test methods considered to be sufficiently similar to a 
previously-validated one. This concept has been initially proposal by Balls (1997). 
PS are typically defined upon completion of a full validation study. However 
assessment criteria (factually standards) can also be defined for test method 
development already and carried over to test method evaluation/validation.

Normally PS-based studies are used to validate, through a smaller scale study 
involving significantly less chemicals, test methods that are scientifically suffi-
ciently similar to the previously validated “reference methods”. The rationale of 
these studies is that similar biological and operational characteristics will most 
likely mean that the general performance of a similar method can be assumed to 
be equivalent to the validated reference method and that it is therefore justifiable 
to test a smaller set of chemicals instead of repeating a full scale validation exer-
cise. Performance standards typically are composed of three elements: (i) The 
essential test methods components, defining the test methods and key operational 
parameters, (ii) a set of “Reference Chemicals” that need to be tested (typically 
in the range of 20 or so), (iii) target performance values in term of WLR, BLR 
and predictive capacity. Importantly both the reference chemicals and the target 
values are defined on the basis of the full validation and the parameters achieved: 
thus, these values map at a reduced scale the chemical, toxicological and func-
tional spectrum of test chemicals and the values attained during validation. A 
significant drawback of this study type is that the test chemicals are known 
beforehand and can be used for test method development.

Retrospective Studies

These studies use existing testing information that can be analysed through data 
grouping and meta-analysis tools. For a short introduction to meta-analysis see 
Mayer (2004). Retrospective validation may sometimes be conducted through a 
‘systematic review’; this term however rather relates to the methodology used. As 
long as the goal of the systematic review is to characterise a method, and through 
this, assess its validity for a purpose, it technically constitutes a validation exercise. 
Retrospective studies require particular attention with respect to the selection of the 
data through using pre-defined search and selection criteria.

Weight of Evidence Validation and Evidence-Based Validation

While the terms prospective and retrospective validation relate to the temporality 
of data generation, the concept of weight of evidence (WoE) validation relates to 
the tools for evaluating data sets relevant for a given validation study. Weight of 
evidence generally relates to the considerations made in a situation where there 
is uncertainty and which are used to ascertain whether the information/evidence 
at hand support one or the opposite side of an argument or a conclusion. In the 
context of validation, WoE considerations can be useful in situations where there 
is uncertainty regarding the available reference data or in case different and 
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opposing findings from reference methods are available. WoE judgment may of 
course also be used in case there are several contradictory testing results in ret-
rospective data sets. Possible principles of WoE validation have been summarised 
by Balls et al. (2005). However, WoE approaches can be tailored to individual 
needs as long as they are underpinned by the consistent use of a predefined set of 
criteria relating to quality, relevance, plausibility, etc. of the data. The second 
element, integrating this information in view of arriving at a final judgement, 
may depend on the specific case.

Evidence-based validation (Hartung 2010) is a term suggested for validation 
studies that make full use of data assembly and analysis tools as well as advanced 
statistical tools as used in (evidence-based) medicine (Mayer 2004). This includes 
data grouping, the concepts and techniques of meta-analysis as well as the use of 
likelihood ratios to summarise predictive performance and the consideration of 
prevalence (Hoffmann and Hartung 2005). This should be seen in the wider context 
of introducing evidence-based methods from medical research (including system-
atic reviews) also in toxicology (Hoffmann and Hartung 2006b; Griesinger et al. 
2009; Guzelian et al. 2009; Stephens et al. 2013) in order to address in particular 
issues of variability and uncertainty (Aggett et al. 2007) and make remaining uncer-
tainties transparent (Guzelian et al. 2005). While the evidence-based approaches 
from medicine can to some extent be used also in toxicology (Neugebauer 2009), 
there are however important differences between medicine and toxicology which 
need to be taken into account (Griesinger 2009) (e.g. the focus of prevention in toxi-
cology versus prevention and cure in medicine or the differences of the entities 
studied through test methods: chemical properties in toxicology and diseased 
patients in medicine).

2.3  Validation: Hypotheses Assessed and Information 
Generated

Having outlined fundamental concepts relating to the assessment of alternative 
methods and validation workflow, we explore the term validation in more detail in 
the following.

2.3.1  The General Concept of Validation

Validation aims to show whether or not something is valid. “Valid” is rooted in the 
latin verb valere—to be (of) worth. This shows the core goal of any validation: 
assessing whether something has (some) worth or usefulness. From this, two key 
characteristics of all validation exercises can be deduced:

• First, the terms “worth” or “valid” are highly context-dependent: something is of 
“worth” in relation to something or for a specific use, application or performance. 
Thus, validation always relates to a specific context or purpose. This purpose 
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may change over time, requiring revisiting or re-conducting validations of systems 
that have been previously validated in relation to a different purpose. In the con-
text of alternative methods validation, this purpose-oriented aspect is described 
by the term “relevance”. Relevance has been described as the usefulness and 
meaningfulness of the results of an alternative method (Balls et al. 1990a, b, c; 
Frazier 1990a, b). We would like to emphasize that it is this rather broad under-
standing of relevance (Bruner et al. 1996; OECD guidance document Nr. 34, 
glossary) that we are using here. Unfortunately, relevance has sometimes been 
reduced to mere aspects of predictive capacity and applicability of an assay. 
However, judging the overall relevance requires the integration of many types of 
information and requires also scientific judgement: relevance is a composite 
measure and involves also the biological/mechanistic relevance (“scientific 
basis”) and may also include considerations of reliability of a test method (Bruner 
et al. 1996). We will discuss this in more detail in Sect. 2.3.3.

• Secondly, a system/method or process is only then fully relevant for an applica-
tion or purpose, if it is reliable: if it performs in the same manner each time it is 
applied, irrespective of the operator and in a reasonable independence of the set-
ting within which it is used (e.g. a computer programme should not only work on 
the developer’s computer, but on those of millions of users). This is described by 
the term “reliability”. It is immediately intuitive that a test method that is unreli-
able cannot be relevant for its purpose. Inversely, the purpose of a method will 
have an influence on the reliability that is requested from of a given test method. 
For some purposes (e.g. when combining test methods in a battery) a lower reli-
ability may be acceptable than when using an alternative method as a stand-alone 
replacement test. Thus, reliability may need to be taken into account when judg-
ing the overall relevance of a test method for a purpose.

Based on these brief considerations, one can frame the key characteristics of any 
validation exercise including alternative method validation:

 1. Validation is the process required to assess/confirm or assess validity for purpose 
as described under (2)

 2. The validation process concerns the assessment of the value (validity) of a sys-
tem within a specific context and/or for a specific purpose, typically a use sce-
nario or a specific application by examining whether the system reliably fulfils 
the requirements of that specific purpose in a reliable manner and is relevant 
for the intended purpose (“fitness for purpose”) or application.

 3. The validation process is a scientific endeavour and as such needs to adhere 
to principles of objectivity and appropriate methodology (study design). 
Accepting that validation studies are of a scientific nature means that they 
should be described in terms of assessing clearly described hypotheses. These 
hypotheses include (1) the reliability of an assay when performed on the basis 
of a prescriptive protocol, (2) the mechanistic or biological relevance of the 
effects recapitulated. This is measured through testing, during validation, a wide 
array of chemicals with known properties regarding an adverse health effect: if 
the modelled mechanism is relevant, this will be reflected in the accuracy of the 
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predictions or measurements. This will also show whether there are specific 
chemical classes or other properties for which no accurate predictions can be 
obtained (applicability/limitations); (3) the predictive relevance, i.e. the appro-
priateness of the prediction model developed typically on a small set. 
Obviously, hypotheses 1–3 are related. For practical purposes, they are grouped 
in reliability and relevance.

Typically, validation has assessed this “fitness for purpose” outlined in the three 
hypotheses above by studying (i) whether or to which extent the system fulfils pre- 
defined specifications relating to performance (for instance sensitivity and specific-
ity of predictions made), (ii) the reliability (and operability) deemed necessary to 
satisfy the intended purpose as well as (iii) robustness, which is measured inter alia 
through the ease of transferring a method from one to another laboratory which is 
typically done in prevalidation studies (Curren et al. 1995). Points of reference or 
predefined standards for predictive capacity and reliability therefore play a key role 
in validation (Hoffmann et al. 2008). Importantly, the process of validation will 
inevitably lead to the characterisation of the system’s performance and, if appli-
cable, its operability, generating useful information even in case the validation goal/
objective is not met, the method is not (yet) found fit for purpose or “scientifically 
valid”. Test method validation, should therefore also be seen as a way of character-
ising a system for future improvement and adaptation. It is this general concept of 
validation that underlies also the validation of alternative approaches.

2.3.2  Validation of Alternative Methods: Reliability and Relevance

As outlined above, the theoretical basis of alternative method validation can be 
readily deduced from the general concept of validation: the two key hypotheses 
assessed by alternative method validation are reliability and (overall) relevance 
incorporating biological relevance, relevance (concordance) of predictions for vari-
ous chemicals (applicability domain) and, at times, reliability.

This definition goes back to discussions at a workshop in Amden, Switzerland in 
1990 conducted by the Centre for Alternatives to Animal Testing (CAAT), USA and 
the European Research Group for Alternatives in Toxicity Testing (ERGATT) whose 
results have been published as CAAT/ERGATT workshop report on the validation 
of toxicity test procedures (Balls et al. 1990a, b, c). Being sufficiently general, the 
original definition relating to relevance and reliability provides an appropriate 
framework for validation of alternatives still today.

In the following we would like to explore how these two hypotheses are addressed 
in validation studies in more detail:

First, an alternative test method can only be considered useful if it shows reli-
ability, i.e. if it provides the same results or shows the same performance charac-
teristics over time and under identical as well as different conditions (e.g. operators, 
laboratories, different equipment, cell batches, etc.). In the context of validation 
studies, reliability has been defined as assessing the (intra-laboratory) repeatability 
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and the reproducibility of results within and between laboratories over time (Balls 
et al. 1990a, b, c, 1995a, b; OECD 2005). Repeatability relates to the agreement of 
results within one laboratory when the procedure is conducted under identical con-
ditions (OECD 2005), while reproducibility relates to the agreement of results 
using the same procedure but not necessarily under identical conditions (e.g. dif-
ferent operators in one laboratory or different laboratories).1 Reliability assessment 
is important in view of assessing the performance of methods in their final use 
scenario, i.e. employed in laboratories across the world. Assessment of within- and 
between-laboratory reproducibility is often done by means of measuring concor-
dance of (i.e. agreement between) predictions obtained with the prediction model. 
This has the advantage that the reliability is measured on the basis of the intended 
results or output generated by the test method, i.e. again under final use condi-
tions. However, it is also important to describe, using appropriate statistical meth-
ods, the intrinsic variability of the parameter(s) measured (see also Sect. 4.7.2) 
in the test method (e.g. cell viability, fluorescence as a result of the expression of a 
reporter gene, etc.). This will allow producing data on reproducibility (or inversely 
variability) independent of the prediction model and therefore closer to the actual 
data produced. Such data may be useful in case the prediction model is changed 
due to post hoc analyses. A post-hoc improvement of the prediction model has 
recently been done on the basis of in vitro skin corrosion methods (Desprez et al. 
2015). In addition, the transferability of a method is an aspect that needs attention 
during validation: it relates to how easily a method can be transferred from one 
experienced laboratory (e.g. test method developer) to naïve laboratories that may 
have relevant experience with alternative methods but are, at least, inexperienced 
with the particular SOP associated with the test method (Fig. 4.1). Transferability 
relates to both the reliability but also the “robustness” of a test method: the more 
sensitive a method is to slight variations of equipment and operators, the less robust 
it is. Robustness is important when considering a test method for standardised 
routine use. A practical way of gauging robustness at early stages is through check-
ing the ease with which a test method can be transferred from one to another labo-
ratory (e.g. in the context of a prevalidation study). Robustness however will also 
be reflected in the levels of repeatability, and within- and between laboratory 
reproducibility obtained during validation.

Second, in view of ensuring that an alternative test method is fit for a specific 
purpose (i.e. the reliable generation of data on the properties of test chemicals) its 
relevance for this purpose needs to be assessed. This requires that the purpose is 
clearly defined before validation. A surprisingly common shortcoming of validation 
exercises is that the intended purpose of the test method and, therefore, the goal and 

1 Repeatability has been defined as “the agreement of test results obtained within a single labora-
tory when the procedure is performed on the same substance and under identical conditions” 
(OECD 2005) i.e. the same operator and equipment.

Reproducibility has been defined as “the agreement of test results obtained from testing the 
same substance using the same protocol” (OECD 2005), but not necessarily under identical condi-
tions (i.e. different operators and equipment).
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objectives of a validation study are not defined with sufficient precision. This has 
been already remarked on by Balls and colleagues in 1995 (Balls et al. 1995a, b). 
Inversely, over-ambitious goals are sometimes set, including the specification of 
target performance values (e.g. for specificity and sensitivity) which are not suffi-
ciently backed by prior data. Lack of goal setting or defining objectives has a nega-
tive impact on the clarity of study design (see Sect. 4): as for all scientific 
experiments, the objectives of a study will determine the necessary design. Thus, 
study design is not a ‘one-size fits all’ issue, but depends on the specifics of the 
study. With regard to validation of alternatives, relevance for a particular purpose 
has been defined as assessing the scientific meaningfulness and usefulness of results 
from alternative methods (Balls et al. 1990a, b, c, 1995a, b; Frazier 1990a, b). 
Meaningfulness in this context is crucial and relates to the plausibility of data or 
predictions and how convincing they are on the basis of a variety of considerations. 
As observed by Goldberg et al. (1995) and Bruner et al. (1996), hazard predictions 
from alternative methods that address a specific known mechanism of action or 
because they closely model a specific tissue are scientifically more credible and are 
probably more likely to be correct than predictions from a test methods that that 
does provide correct predictions but does not model the biology of the target system 
or whose relationship with the latter are at least unknown (such assays could be 
called “correlative methods”). Thus, when judging the overall relevance of a test 
method, also biological or mechanistic relevance needs to be taken into consider-
ation, i.e. to which extent the alternative model recapitulates key aspects of biology, 
physiology and toxicity that need to be assessed. This aspect has traditionally been 
referred to as the “scientific basis” of a test method.

2.3.3  Key Information for Relevance: Scientific Basis, Predictive 
Capacity, Applicability Domain and Also Reliability

As indicated above, relevance is a rather broad term and judgement of relevance is 
to some extent a subjective process that relies on the evaluation and integration of 
scientific data. To assess or establish the relevance of a method for a defined pur-
pose requires considering the method’s predictive capacity, its applicability domain 
and limitations, its reliability and, at a more fundamental level, its scientific basis: 
the biological and/or mechanistic relevance of the test method in view of it being 
considered a suitable proxy or surrogate for the target system and a model of key 
causative elements that are involved in emergent properties of the target system 
(see discussion on explanatory reductionism Sect. 2.1 subpoint 3). Figure 4.4 sche-
matically summarises the information taken into account for judging the overall 
relevance against the defined purpose.

The four aspects for judging relevance of a method are elaborated in the 
following:

 (a) Scientific basis relating to the biological or mechanistic relevance of a test 
method and its underlying test system. Does it recapitulate a specific tissue 
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architecture, mechanism or action or biological/toxicological pathway? We 
provide a few examples to illustrate this point:

Reconstructed human epidermis used for skin irritation testing has a high 
biological relevance for the intended application (prediction of the irritancy 
potential of chemicals) as it models the upper part of the human skin and is 
based on human keratinocytes. The predominant readout used for skin irritation 
testing is cell viability which has some relation to the toxicity mechanisms: it 
models cell and tissue trauma which is a key event for triggering an inflamma-
tory response in skin leading to the clinical symptoms of irritation (redness, 
swelling, warmth) (Griesinger et al. 2009, 2014). However, more specific mark-
ers that directly probe inflammatory processes would be closer to the toxicity 
event from a mechanistic point of view (draft AOP in Griesinger et al. 2014).

As another example, transactivation assays for measuring the potential of 
chemicals to act as (ant)agonists on endocrine receptors (e.g. estrogen, andro-
gen receptors) typically are based on cell lines intrinsically expressing these 
receptors. Such assays have a high mechanistic relevance as they directly model 

Scientific basis
Relationship between the biological properties 

of the test method including the parameters 
measured and the toxicity event of concern. Can 
be informed by mechanism of action, mode of 

action, adverse outcome pathways.

Reliability
Repeatability within and reproducibility within-

and between laboratories. This includes 
transferability (=ease of transfer of the method) 

from a knowledgeable to a naïve laboratory.

Predictive capacity
Relationship between the test method's results 
(measurements or categorical predictions) and 

the effect of concern. 

Applicability 
domain / limitations

Description of the physicochemical or other 
properties of the substances for which the 

method was found applicable

Overall 
relevance

Purpose: 
application,

use

Relates to : 
biological relevance and/or 

"mechanistic" relevance

Relate to: relevance 
of the results for the 
intended application

Relates to : robustness 
of the method 

or its inverse: susceptibility 
of a method to variations 

of practical execution 
(operator, equipment etc.)

Fig. 4.4 Judging the overall relevance of a method against a specified purpose upon completion 
of a validation study requires information on the biological and mechanistic relevance (scientific 
basis) of a test method, its reliability, its predictive capacity and applicability domain. Note that the 
scientific basis of a method should be defined on the outset of a study (light grey) and is not based 
on empirical testing generated during the study, while information on reliability, predictive capac-
ity and applicability are assessed through the data generated during validation (boxes in light blue). 
Empirical data on the relevance of the results (e.g. an IC50 measurement) or categorical predictions 
(=“predictive capacity”) in regard of the effect of concern allow falsifying or “verifying” the 
hypothesis that a particular scientific basis is relevant for predicting an adverse effect. The scien-
tific basis hence is the foundation of a test method. Its description is informed by considerations of 
mechanisms of action (MOA, relating to the specific biochemical interaction by which a drug/
toxin acts on the target system), mode of action (MoA, relating to functional or anatomical changes 
correlated with the toxicity effect) and adverse outcome pathways (AOP, relating to descriptions of 
sequences of biological key events that lead from initial molecular interactions of the toxin with 
the system to downstream adverse health effects of individuals or populations)
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the mode of action. However, depending on the test system used and the degree 
of reduction applied (i.e. cell line versus tissue), they have a reduced biological 
relevance.

 (b) Predictive capacity: The relationship between the measurements obtained 
with the alternative method and the effects in the biological system that the 
alternative method is supposed to model. Typically this relationship is cap-
tured through assessing the capacity of the alternative method to provide accu-
rate predictions of specific effects in the biological target system. This is called 
a test method’s “predictive capacity”. The effects predicted typically relate to 
distinct categories and constitute “classifiers” (in standard scientific terms one 
could say that the continuum of effects from non-toxic to highly toxic has 
undergone a binning procedure; the basis for this binning often relate to 
decision- rules that relate to regulatory traditions of categorising health effects). 
These classifiers normally relate to predictions of downstream adverse health 
effect (“apical endpoint” such as skin or eye irritation and their respective clas-
sification and labelling categories), but they may also relate to a specific cellular 
mechanism involved in toxicogenesis (‘toxicity pathway’), to an organ-level 
effect, etc.

An example of predictive capacity of a health endpoint is in vitro skin irrita-
tion: skin equivalent models based on human keratinocytes that grow into 
epidermis- like tissue equivalents in the dish are used to predict the skin irrita-
tion effect of chemicals in humans (OECD TG 439 2010; Griesinger et al. 
2009). The capacity to predict skin irritation is characterised through an evalu-
ation of test chemicals with known reference properties in the target (or surro-
gate) system. Here they relate to irritants as defined by classification and 
labelling schemes such as GHS versus ‘non-classified’. The predictive capacity 
is described by standard statistical measures used for analysing diagnostic or 
predictive test methods, as long as these methods aim at making categorical 
predictions of the sort “positive” versus “negative” (=true presence or absence 
of a property). These are mainly sensitivity (=true positive rate), specificity 
(=true negative rate) and accuracy (sum of true negatives and true positives over 
all predictions made); see Fig. 4.5. Importantly, these are all statistical point 
estimates and they are independent of the balance between positives and nega-
tives in the reference data. Often positive and negative predictive values (PPV, 
NPV) are also used to characterise the performance of alternatives. However, 
these values are dependent on the prevalence of positives amongst the test 
chemicals (see Fig. 4.5) and care needs to be taken when using these descriptors 
for predictive capacity of test methods after validation studies where normally 
the balance is 50:50 % (i.e. there is a 50 % prevalence). NPV and PPV only 
provide meaningful information when either the prevalence of the test chemi-
cals during validation matches the prevalence in the real situation or by taking 
the prevalence into account when calculating NPV and PPV on the basis of the 
sensitivity/specificity values obtained during validation using a balanced set 
(50:50 %). Analogies between the assessment of test methods for chemical 
safety assessment and those for diagnosing diseases are tempting and hold true 
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for the most of the statistical issues (Hoffmann and Hartung 2005), but should 
be used with some care due to obvious differences of the entities examined 
(diseased people versus chemicals causing adverse effects) (Griesinger 2009) 
and some issues related to prevalence: while the prevalence of a given disease 
(e.g. type II diabetes) may be grounded on solid evidence, establishing the 
‘prevalence’ of toxic chemicals with regard to a specific health effect can be 
challenging. One approach used in the past was to assess the number of entries 
in chemical registries (e.g. the EU new chemicals database). However it should 
be noted that the chemicals listed there have already undergone safety assess-
ments and the real prevalence of chemicals when they are being subjected to 
test methods may be different. Further, other measures in addition to NPV and 
PPV may be useful when expressing the quality of binary classifications, in 
particular in cases when actual positives and negatives are highly unbalanced. 
This includes the “Matthews Correlation Coefficient” (MCC) (Matthews 1975) 
that indicates the correlation between predictions and observations (actual neg-
atives/positives) on a scale of −1 (no correlation whatsoever) over 0 (random) 
to 1 (fully correlated).

Assessing the predictive capacity of a test method requires the availability of 
reference data that are used to “calibrate” the prediction model of the method 
and to assess its predictive capacity during validation. These reference data are 

(+) (-)

actual positive actual negative

positive prediction True Positive (TP) False Positive (FP)
Positive Predictive Value

TP / (TP+FP)

negative prediction False Negative (FN) True Negative (TN)
Negative Predictive Value

TN / (TN+FN)

Sensitivity Specificity
TP / (TP+FN) TN / (TN+FP)

Prevalence

alternative
method

reference data

Fig. 4.5 Predictive capacity of a test method is described by assessing its ability to yield correct 
predictions for classes of properties described by reference data. In the example below, a classical 
contingency table, there are two categories of the reference data: actual positive and actual nega-
tive. The prevalence of chemicals that are ascribed these properties has impact on the statistical 
analyses and the parameters that are useful. The alternative test method has a prediction model that 
allows binary classification, either “positive” or “negative”. Comparing the results of the alterna-
tive method with the reference data allows ascribing to the results of the alternative method the 
arguments True Positive (TP), False Positive (FP), False Negative (FN) and True Negative (TN). 
Note that the sensitivity (=true positive rate) and specificity (=true negative rate) are independent 
of the prevalence of actual negatives/positives. In contrast, both positive and negative predictive 
values are dependent on this balance
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often from animal studies and relate to categorical values such as “actual positive” 
and “actual negative” ascribed to a set of test chemicals. Notably, reference data 
already carry a considerable degree of simplification due to the reduction of a 
much more complex reality of a continuum of physiological events into a binary 
(or other) classification. Reference data therefore need to be used with care, 
especially when derived from surrogate/proxy animal models, i.e. not the
species of interest as is typically the case in toxicology.

 (c) The reliability of a test method also may influence judgements on its overall 
relevance. Consider for instance the impact of the practical use scenario of a test 
method on its relevance judgment: test methods that will be used on their own 
(stand-alone replacements) will have to show a high degree of reproducibility in 
order to be judged relevant for the purpose of effectively replacing a traditional 
animal test. For example, reliability thresholds for single replacement test 
methods such as skin corrosion and skin irritation are very high. Other test 
methods on the other hand will be used in conjunction with others, either in 
parallel, assessing the frequency/mode of predictions obtained from such a 
“battery” or through strategic step-wise combinations of test methods.2 In such 
use cases, test methods with reproducibility performances lower than those of 
single replacement methods may be nevertheless useful and judged relevant, for 
instance when used in weight-of-evidence approaches to support plausibility 
reasoning such as read-across of properties from one chemical substance to 
another. The relationship between intended use and requirements in terms of 
accuracy and also reliability was first noted by Green (1993).

Figure 4.6 schematically summarises the three main aspects covered for 
judging relevance: the scientific basis (triangle or circle) of the alternative test 
method, that is the mechanism or property recapitulated or modelled by the 
method and thought to be causally related to an adverse effect in the target sys-
tem (triangle in target system), the reliability and the accuracy (predictive 
capacity) of the measurements made in the alternative method with respect to 
the prediction of properties in the target system. Test methods (a)–(c) have a 
strong scientific basis since they model mechanism p (white triangle) that is 
either underlying or correlating with property P in that system: the predictive 
capacity shows to which extent the method is able to identify chemicals that 
activate p and which is thought to lead to P in the target system. Test methods 
(d) and (e) have a weaker scientific basis: they do not model mechanism p but 
another one q, indicated by a white circle. With regard to the overall relevance 
of the methods (a)–(e) the following can be said:

Method (a) is highly reliably (=always yields the same results) and scientifi-
cally relevant, but it is not accurate with respect to the predictions made: for 

2 Such strategic combinations have been proposed in the context of “Integrated Testing Strategies” 
that were proposed during the implementation of the REACH legislation in the EU (2006–2007) 
and consisted of steps of data gathering, evaluations and empirical (strategic) testing using several 
data sources. Later the concept of ITS has been further promoted under the term “Integrated 
Approaches to Assessment and Testing (IATA) by the OECD (OECD 2008).
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chemicals known to activate p, it predicts (P*) = absence of property (P). These 
wrong predictions are indicated by red arrows. Its overall relevance therefore is 
very low. Method (b) has a strong scientific basis, is reliable and accurate. Its 
overall relevance is high. Method (c) is neither reliable nor accurate, although 
its scientific basis is relevant. Its overall relevance is low. Method (d) is reli-
able, but its results are more uncertain than those of method (b) since (d) does 

P

P

P

P

P

a

b

c

d

e

Presence of property P (=P)

Absence of property P (=P*)

Alternative 
test method

Target 
system

Mechanism p

Mechanism q

Correct prediction of P

Incorrect prediction of P*

p

p

p

q

q

Fig. 4.6 Schematic representation of the main aspects impacting on the overall relevance of a test 
method, i.e. the meaningfulness and usefulness of its data. Arrows represent test results from five 
repeated experiments of the same test chemical. Correct predictions in green, incorrect predictions 
in red. The test method’s purpose is to predict the presence of property P in the target system (e.g. 
a toxicity pathway). Reference data for the target system are available that have been simplified in 
two categories: chemicals that trigger P and others that do not trigger P. Thus, the alternative 
method needs to provide accurate predictions on absence (P*) or presence (P) of property P. Some 
test methods (a–c) model the mechanism p thought to underlie property P (white triangle). Other 
test methods (d–e) do not model mechanism p, but q, which is not thought to be causative for P. 
Detailed explanations in the text
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not model the mechanism of action p thought to be related to the occurrence of 
P in the target system. Thus, although (d) is accurate, its results correlate with 
rather than predict the adverse effect. Method (e) is reliable but inaccurate and 
has a week scientific basis. Its overall relevance is rather low.

 (d) Applicability domain and limitations
An additional important aspect for judging the relevance of alternative test 
methods is applicability. Since test methods are used to assess chemicals, it is 
the applicability of a test method to chemicals that has been traditionally con-
sidered under the term “applicability domain”. This would cover physicochem-
ical properties, structural groups “chemical categories” or also sectorial use 
groups (e.g. biocides, pesticides, industrial chemicals, etc.) and such like. The 
applicability domain cannot be fully defined during validation but only be out-
lined based on the test chemicals used during validation. The wider the applica-
bility domain, the more useful and hence more relevant is a method.

However, instead of restricting applicability domain only to aspects of 
chemical structure or physicochemical properties, it is useful to think of the 
applicability as a multidimensional space that is set up by as many descriptors 
as needed to describe how a method can be applied (Fig. 4.7). Notably, OECD 
guidance document 34 goes beyond the mere aspect of chemical applicability 
when defining applicability domain: “a description of the physicochemical or 
other properties of the substances for which a test method is applicable for use” 
(OECD 2005). Other properties (or descriptors) that may be useful for describ-
ing applicability are test outcomes (e.g. only applicable to positives), specific 
biological mechanisms of action/toxicity pathways.

It is obvious that ‘applicability domain’ in the above sense always refers to a 
positive description of what a method is applicable to. Inversely, the term 
 “limitations” can be understood as a negative delineation of applicability, i.e. of 
“non-applicability”. However, in practice, limitations more often relate to simple 
technical limitations and exclusions due to technical/procedural incompatibility 
of test items with a test method. Consider for instance a test methods based on 
measuring the cell viability using a colorimetric assay: test chemicals that are 
coloured may interfere with the readout and thus constitute a technical limitation 
due to incompatibility with the readout. Another example is the use of cells as a 
test system kept in submerged culture: this will result in a restriction to chemi-
cals that can be dissolved in cell culture medium acting as a vehicle; the limita-
tion would thus relate to insoluble substances such as some waxes or gels.

Thus, while applicability and limitation can be thought of as complementary 
terms, in reality, it is much easier to describe the limitations of a test method 
(especially technical limitations relating to compatibility with the test system) 
than to describe the applicability at the stage of validation. The reason is simply 
that during a validation exercise, for practical and economic reasons, only a lim-
ited number of test chemicals can be assessed: each chemical can be seen as prob-
ing with one single entity into the chemical universe composed of a vast space of 
hundreds of thousands of manufactured and natural chemicals. From each sub-
stance one can extrapolate to neighbouring substances within the chemical 
space (similar structure) or the biological space (similar mechanism of action). 
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The further one moves away from the substance with empirical data, the more 
uncertain this extrapolation gets (Fig. 4.8). It is clear that it is simply not feasible 
during a single scientific study to comprehensively delineate the entire space of 
applicability by testing, so extrapolation and “read across” of results will remain 
a key aspect of describing the applicability domain. To improve the description of 
applicability and limitations beyond the scope of validation studies, mechanisms 
of post-validation surveillance through which end users can report the successful 
use of test method to new substances as well as report problems, should be used 
in a more consistent manner and appropriate tools would need to be set up for 
such reporting.

Descriptor 1

Descriptor 2

Descriptor 3

Fig. 4.7 The applicability 
domain of an alternative 
method can be seen as the 
space occupied by the 
method in a 
multidimensional 
coordinate space set up by 
various descriptors such as 
chemical structure, 
biological action, 
predictive parameters 
(applicable to negatives or 
positives only), etc. The 
space is indicated in blue 
and is a function of the 
relationships between the 
various descriptors
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Fig. 4.8 For practical and 
economic reasons, 
validation studies can only 
empirically test a small 
sample of the chemical 
population. From these 
testing data, inferences can 
be made on substances 
with similar properties, e.g. 
relating to chemical 
structure or biological 
activity. Notably the 
certainty or confidence of 
these inferences decrease 
with increasing distance of 
these chemicals (A, B, D) 
from the chemical with 
empirical data (C)
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Finally, since applicability can only be assessed or proven by testing or evalu-
ating existing testing information, the certainty with which the applicability 
domain is determined is strongly correlated with the number of chemicals that 
has been assessed. Similarly, the certainty with respect to the predictive capacity 
is depending on the number of chemicals and minimum requirements in terms of 
sample size and power calculations for assessing for instance a dichotomous 
prediction model can be precisely calculated. However, for applicability and pre-
dictive capacity one could state that “the more chemicals, the better”, i.e. increas-
ing the chemical number will always increase the sharpness and accuracy with 
which both applicability and predictivity are defined and therefore increase the 
trust and confidence in the method.

In contrast, this “open-ended” approach regarding chemical number does not 
hold for reliability assessment: while there is a minimum number of substances 
statistically required for reliability assessment which can be calculated through 
statistical methods (sample size/power calculations), this number can be much 
lower than that required for a more robust description of predictive capacity and 
applicability domain. In contrast, to the assessment of applicability and predictive 
capacity, there is no substantial benefit in increasing the number of chemicals for 
reliability assessment. The different requirements regarding chemical number are 
schematically depicted in Fig. 4.9. These differences should be kept in mind when 
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Fig. 4.9 The minimum requirements in terms of chemical number for assessing reliability on the 
one hand and predictive capacity and applicability on the other are different. There is a minimum 
number of chemicals that is required for reliability assessment in view of satisfying statistical 
needs (blue dotted lines, r). There is, however, no real need to go beyond a certain number of 
chemicals as defined by statistics to determine reliability since certainty will not increase to a 
substantial degree. In contrast, while there is also a minimum number of chemicals required for 
assessing predictive capacity (depending on the number of classifiers used) and applicability (p), 
the certainty with which these two can be considered characterised will always increase with 
increasing the numbers of chemicals assessed (big arrowhead)
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discussing the potential adaptations to validation in terms of “lean processes” 
(see also Sect. 4.5.1): it is obvious from the above that the different requirements 
can be exploited in terms of adapting the data matrix generated during validation 
by dissecting the chemical testing set that has been  traditionally assessed for 
all information requirements (reliability, predictive capacity and applicability 
domain) into two sets: one for assessing the reliability and a larger one for assess-
ing predictive capacity. We will discuss this in more detail in Sect. 4.5.

2.4  Supporting the Practice of Validation: The Modular Approach

In 2004 EURL ECVAM proposed the “modular approach” to validation (Hartung 
et al. 2004) that has proven to be a very useful tool for adapting the validation study 
design not only to the intended purpose but also to the available information. 
Importantly, this modular approach should not be confused with the one proposed 
by Goldberg and colleagues in 1995 which relates to validation of in vitro methods 
on the basis of one defined readout against concurrent human data where possible 
(Goldberg et al. 1995).

Starting from the observation that validation until then had emphasized the process 
rather than the information requirements, the modular approach suggests to structure 
the information of scientific basis, within- and between laboratory reproducibility, 
transferability, predictive capacity and applicability domain into six information mod-
ules that need to be addressed during validation so as to allow a test methods to prog-
ress to scientific peer review. These modules have been termed (1) test definition 
(encapsulating aspects of scientific basis and mechanistic/biological relevance), (2) 
within laboratory reproducibility, (3) transferability, (4) between laboratory reproduc-
ibility, (5) predictive capacity and (6) applicability domain. In addition, realising that 
the definition of performance standards (see also Sect. 2.2) upon completion of valida-
tion studies would be helpful for test method development and validation of test 
methods, based on similar scientific and operational principles (=“similar methods” or 
“me-too” methods), a seventh module of performance standards was added.

Most importantly however, the modular approach introduced a new philosophy 
towards the practical process of validation, allowing that these information modules 
be addressed in a flexible temporal order. Thus, test methods do not necessarily have 
to run through the typical ring-trial type evaluation of classical validation studies 
but need to address only the information that is judged to be missing. This informa-
tion can then either be produced prospectively through dedicated new testing or 
retrospectively through analysis of existing information. For instance, for a specific 
test method, there may be ample information on predictive capacity, so that valida-
tion can focus on defining the test method and assessing mainly the reliability. 
EURL ECVAM has in recent years conducted several modular studies (see EURL 
ECVAM webpage, section “EURL ECVAM Recommendations”, EURL ECVAM 
2012 onwards), notably in the area of skin sensitisation. EURL ECVAM exploited 
the fact that, for some well-established methods (e.g. Direct Peptide Reactivity 
Assay, DPRA), there was a wealth of publicly available information on predictive 
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capacity and applicability from user laboratories. This allowed to focus the design 
of the validation studies on protocol transferability and reliability (within and 
between laboratories) in order to complete these information modules.

3  Validation Study Management

3.1  Generic Design of a Validation Study

As outlined in Sect. 2.2.2, there are various types of validation studies in terms of 
the scientific design to assess reliability and relevance. Here we provide a brief out-
line on the managerial aspects of validation studies (Fig. 4.10).

Validation management group

Laboratory 
1

Laboratory 
2

Laboratory 
3

Study 
plan 1

Final
report 1

Study
plan 2

Final
Report 2

Study 
Plan 3

Final
Report 3

Validation 
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Validation study

Validation 
report

Multi-study trial ("round robin")

Statistical
Analysis 

plan
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Coordination Chemical 
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Statistical 
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Fig. 4.10 Generic outline of the overall organisation of a prospective validation study: main 
actors, key documents produced at the outset (ex ante), during testing and upon completion of a 
study (ex post). Main actors are (1) the sponsor or sponsor consortium, initiating and normally 
financing the study, (2) the validation management group that is set up by the sponsor in view of 
managing the science and logistics of the study and composed of experts with different roles and 
expertise including coordinators, statisticians, chemists and regulators for selecting chemicals and 
other experts (e.g. in validation, the test method under scrutiny, etc.), (3) the participating labora-
tories conducting the testing within a round robin or ‘multi study trial’. In case of retrospective 
studies, the design would be the same, without however the participating labs
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3.2  Roles and Responsibilities of Actors

Validation studies are typically initiated by a sponsor or sponsor consortium. The 
sponsor has an interest in validating the method either because of economic 
interests and/or in view of legislative requirements necessitating a particular 
validated alternative method for routine use. The sponsor typically appoints a 
validation management group to oversee the entire study, i.e. to decide on study 
design, to manage and coordinate the study execution phase (involving dedicated 
chemicals testing in case of prospective studies, to analysing the results and con-
cluding on and reporting the main outcomes by writing up the final validation 
report. The validation management group is composed in view of gathering the 
expertise needed to conduct the specific study in question. This includes (i) a 
Chair who is moderating meetings, teleconferences as well as discussions and 
the decision-making process related to all VMG decisions; (ii) experts with 
knowledge in the test method under scrutiny and related scientific and regulatory 
requirements; (iii) statistician(s) that are responsible for suggesting important 
aspects of the validation study design (e.g. sample size and power calculation) 
and data analysis; (iv) study coordinator(s) who act as a central secretariat, i.e. 
ensuring the efficient management and conduct of the overall study (maintaining 
efficient communication, preparing drafts of key validation study documents, 
organising meetings, recording key decisions and reports of meetings and tele-
conferences). Depending on study, the coordinator(s) may or may not participate 
in the decision making of the group. Finally, among these experts, some can be 
appointed to define and perform the chemicals selection: identifying and procur-
ing suitable chemicals addressing pre-defined criteria including, importantly, 
high quality of associated reference data. Importantly, the validation manage-
ment group, via the coordinator(s), closely interacts with the work of the partici-
pating laboratories, each conducting one dedicated laboratory study. The ring 
trial hence is also referred to as “multi study trial” (see Chap. 5).

The key documents to be defined at the outset of the study are:

• The validation project plan which can be seen as the major blue-print or road- 
map of a study. The validation project plan outlines the goal and objectives of the 
study and defines the test method in sufficient detail. The document determines 
the SOP versions that must be used during testing and lays out in sufficient detail 
the relevant scientific, managerial and logistical steps in view of conducting the 
study (see Sect. 4.4 for more details). This includes aspects relating to data anal-
ysis, handling problems and deviations. It includes contributions from specific 
experts of the management group, e.g. from the chemical selection committee 
which will outline the test chemicals to be studied and their associated reference 
data or from the statistician, describing the sample size calculations conducted in 
view of addressing the study goal and objectives).

• The statistical analysis plan, outlining the data handling, analysis, interpreta-
tion and reporting. This plan can be part of the project plan or a stand-alone 
document.

C. Griesinger et al.

http://dx.doi.org/10.1007/978-3-319-33826-2_5


99

Key documents during the validation study are:

• The laboratory study plans and final reports (requirements under GLP) that 
outline all the relevant SOPs required (not only that of the test method, but also 
those relating to equipment and other issues of the local laboratory) and that 
define how the testing data will be reported in agreement with the quality assur-
ance measures in operation at the laboratory.

Key documents upon completion of a validation study are:

• The statistical report summarising the analysis of the data and the statistical 
findings. This report can be a stand-alone document or be part of the validation 
report. Important is that the statistical analysis and its conclusions are not 
influenced by the VMG (who may be biased with respect to the decisions it 
took during the study) and is conducted solely on the basis of the data 
available.

• The validation report that summarising the entire validation study (referring 
where necessary to other documents, e.g. the statistical report), the problems 
encountered and which has to clearly outline results obtained, the conclusions 
drawn and take clear position with respect to whether or not the study goal has 
been achieved.

4  Validation Study Design

Having discussed the key actors, the key documents and the generic organisation of 
a validation study in Sect. 3, we now explore the most important elements to be 
addressed during validation study design. These typically would be captured in a 
validation project plan (see Fig. 4.9).

4.1  Number of Chemicals, Sample Size and Power 
Considerations

Conclusions drawn on the basis of empirical testing can be considered solid scien-
tific insight only if they can be generalised beyond the single experimental result. 
The assessment of the capacity of an alternative test method in view of obtaining 
predictions on the effects of chemicals cannot be done on an infinite number of 
chemicals, but, for practical and economic reasons, on the basis of a restricted num-
ber. This should however be sufficient to allow such generalisations, taking also into 
account the restricted reproducibility of scientific experimentation. Thus, empirical 
testing will be restricted to a sample of the population (chemical substances). In the 
following we discuss this ‘sample size’ problem, that is, the problem of concluding 
from the relative frequency of events in a sample to the relative frequency in the 
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entire population. We equate here sample size with number of chemicals since the 
goal of validation is to make inferences on the ability of a test method to predict the 
properties of chemicals. It is however noted that the term may also reflect the sam-
ple size of two or more distinct populations or simply to the number of observations 
or replicates.

The number of chemicals used for the validation study needs to be determined 
by statistical means so as to allow adequate quantitative metrics in view of the 
validation study goal and objectives. The quantitative metrics relate to mainly the 
within- laboratory and between-laboratory reproducibility (WLR and BLR) and 
predictive capacity; for the latter the number of categories predicted (dichoto-
mous/binary or more; see Fig. 4.1) will be an important factor influencing the 
sample size/power calculations.

The sample size, here the number of chemicals, should be large enough to repre-
sent sufficient statistical power for comparing two (or more) populations by a statis-
tical test on the basis of a measured parameter; the latter can be a mean or a 
proportion. Two types of errors can be encountered, type 1 and type 2. Both types 
are taken into consideration for the sample size calculation:

• The type 1-error is the error that consists in rejecting the null hypothesis H0 of 
equality of the parameter when H0 is true. It represents therefore the false 
positive cases. The probability that this type of error occurs is usually denoted 
by α.

• The type 2-error is the error that consists in not rejecting the null hypothesis H0, 
i.e. accepting H0, when H0 is false. This type 2-error represents therefore the false 
negative prediction. The probability that this type of error occurs is usually 
denoted by β. The power of the statistical comparison is defined by 1 − β.

In the case of in vitro test methods, predictions typically consist of categorical 
outcomes relating to specific mechanisms (e.g. activating estrogen receptors) or 
entire health outcomes (e.g. in Skin Corrosion Tests, Category 1A, Category 1B/1C, 
and Non-Corrosive). The value of WLR is typically obtained by calculating the 
proportion (i.e., fraction in percentages) of chemicals that have concordant predic-
tions throughout the runs used in one laboratory. The test chemicals represent the 
population for which the calculation of the sample size is required. This WLR is the 
measured parameter over the population of chemicals. For defining the sample 
required, the expected values (target value, here relating to WLR) is an important 
aspect to be defined prior to testing. The target value should be based on prior test-
ing of a small set of chemicals (e.g. in the context of a so-called “prevalidation” 
study) or can be derived from other historical information. The formula to be used, 
for calculating the sample size, is the one based on proportions and will include this 
target values as well as α and 1- β values.

The following equation shows the advantage of simultaneously taking into 
account the targeted WLR value and the lower limit of this value (i.e. WLR should 
not go below this value). The target value is represented by π, the error by δ, the 
lower limit by π-δ.
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Zα and Zβ respectively represent the Z distribution values for the probabilities α 
and β. This formula was proposed by Flahault et al. (2005) and can be derived by 
the one presented by Lachin (1981).
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Such calculation of the number of chemicals needed, prior to testing, plays an 
important role in the validation study as this sets up the level of confidence—and 
conversely deals with the uncertainty towards the obtained values of WLR.

Statistical considerations also apply to the calculation of the number of chemi-
cals needed to reach target values of BLR. Similarly to WLR, BLR is a propor-
tion—the fraction of chemicals for which concordant predictions have been made 
over the participating laboratories. The difference δ accepted for the target value π 
plays a critical role in the formula: when δ decreases, n increases according to the 
inverse of δ square root. For instance, a target value of WLR of 90 %, i.e. π = 0.9 
with a power of 80 %, i.e. 1 − β = 0.8 (Zβ = 0.842), and a risk α = 0.05 (Zα = 1.645) will 
result in a different sample size whether the value of δ is 0.1 or 0.2. If δ = 0.2 the 
total number of chemicals needed is 25; if δ = 0.1 the total number of chemicals 
needed is 83 and therefore much higher.

Therefore, the assumptions (or the certainty of preliminary target values) play a 
critical role for calculating the number of chemicals to be assessed in a validation 
study. These assumptions cover not only the target values of WLR or BLR, but also 
the underlying statistical formulae used for the calculation (normal approximation 
to the binomial law).

4.2  Selection of Test Chemicals and Associated Reference Data

For above said reasons, the selection of chemicals used in validation studies is criti-
cal and the success or failure of a validation study may largely depend on it. This 
includes issues of both number and nature of chemicals selected. Ideally, a high 
number of chemicals should be selected to represent different chemical classes and, 
depending on the purpose of the validation study, also different chemical use cate-
gories, such as e.g. industrial chemicals, food additives, pharmaceuticals, cosmetic 
ingredients, pesticides, etc. Ideally, the following information on the selected chem-
icals should be known and compiled: use applications, in vivo data sources, sub-
stance supply, chemical classes, physical chemical properties and GHS classifications 
(if applicable).

Chemical selection has traditionally focused on mono-constituent substances of 
high purity, ensuring correspondence of documented in vivo data to sample material 
acquired for in vitro testing. Nevertheless, acknowledging the REACH definitions, 
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‘pure mixtures’ (multi-constituent substances with negligible impurities) have also 
been admitted, provided composition was reported quantitatively and consistent 
with the material used for the in vivo study.

In general, a principal requirement for chemical selection is the availability of 
complete and quality assured supporting reference data sets, for comparative 
evaluation of in vitro mechanistic relevance and/or method predictive capacity. 
These reference data are typically from surrogate animal studies (“in vivo data”), 
but can also be derived from other sources. In areas where the mechanisms of 
action is not preserved across species, (e.g. metabolism, CYP induction), the 
availability of human reference data for the mechanism studied is essential. 
Human toxicity data however are often problematic with respect to their avail-
ability and their quality (see Sect. 2.1).

The availability of human reference data for many areas in toxicokinetics and 
toxicodynamics is often limited to pharmaceuticals since this is the only sector 
where testing is performed in humans after pre-clinical toxicological testing. Human 
data from the pharmaceutical and other sectors can also be obtained from selected 
scientific references and poison control centres. In such registries, human data 
derived from clinical case studies, hospital admissions, and emergency department 
visits can be found. Although this information is not acquired systematically, it 
represents a potential source of human toxicity and toxicokinetic data available for 
commonly encountered chemicals. Thus, the clinical information is used as a basis 
for comparison with in vitro values.

Another source of more reliable human toxicological data may be obtained 
through the testing on human volunteers for some areas of local toxicity, such as 
skin and eye irritation. Human volunteers for skin irritation testing produce 
concentration- effect curves for fixed endpoints, while in the case of eye irritation, 
testing is, for ethical reasons, limited to minimal mild effects (redness, itchiness). A 
more recent technology to obtain human data is the human microdosing. This tech-
nology seems promising for obtaining human toxicity data as only extremely low 
amounts of chemical need to be given to the human volunteers. These external 
amounts could well remain below current threshold of toxicological concern (TTC) 
values. However this area needs to be further explored and it is stressed that all 
experiments with human volunteers need to be carefully considered for their ethical 
implications before being conducted.

In general, the selected chemicals should be (1) commercially available, (2) stable 
after fresh preparation of a stock solution, (3) soluble in saline, or in solvents that are 
used in concentrations not affecting the mechanism of interest and (4) not precipitate 
for defined time frames when used under standard operating procedures.

Experience has shown that all laboratories should use the same solvent and the 
same non-cytotoxic highest concentration of the test item over a defined period as 
defined in the standard operating procedure during a validation study.

Another prerequisite is to use defined chemicals (that is by their Chemical 
Abstracts Service (CAS) formulas or their generic names) rather than proprietary 
mixtures or coded industrial products. Studies performed with defined chemicals 
allow for between-laboratory testing and clear definition of critical components of 
the validation study.
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4.3  Defining the Data Matrix Required

Once the sample size has been determined, it is advisable to determine the precise 
data matrix that would be required for a statistically appropriate analysis of the 
performance characteristics of the test method during validation. By data matrix we 
simply mean the number of data points required for each test chemical in view of 
characterising the performance of the method. Aspects of lean design (see 
Sect. 4.5.1) can be taken into account when defining the data matrix.

A typical example of a data matrix can be defined by

• X number of laboratories testing…
• Y number of chemicals in …
• Z number of experiments

The terms “experiment” and “run” or “complete run” are sometimes used inter-
changeably. Importantly, these terms usually relate to all the measurements and data 
processing/analysis required to generate a final result for a given test item (either a 
toxicological measure or a categorical prediction). Thus, runs or experiments relate 
to the intended application of the test method in practice when routinely assessing 
test items.

In the following section we present some illustrative examples from test methods 
in the area of topical toxicity testing (mainly skin irritation) as summarised in a 
background document on in vitro skin irritation testing (Griesinger et al. 2009), see 
Fig. 4.11:

Test item

NC

PC

Result /
Prediction

Run 1 ( = experiment 1)

Test item

NC

PC

Result /
Prediction

Run 2 ( = experiment 2)

Test item

NC

PC

Result /
Prediction

Run 3 ( = experiment 3)

Laboratory 1 Laboratory 2 Laboratory 3

Test item X

Fig. 4.11 Schematic depiction of a possible data matrix for one given test item (X) in the context 
of a validation study. The example is based on in vitro skin irritation testing. Each test item is tested 
in three laboratories. In each laboratory, three experiments (=runs) are being conducted. A run is 
the experiment that will yield the final result of the test method as intended in practice, i.e. either a 
final toxicological measure or a categorical prediction. Thus, a run incorporates all steps necessary 
to produce this information and thus includes the testing of the test item, the controls, as well as all 
data analysis as required. This can include conversion of the result into categorical predictions by 
means of a prediction model. The three runs conducted in each laboratory can be used to assess the 
within-laboratory reproducibility (e.g. by assessing concordance of run predictions). Runs are 
based on several replicate measurements (circles) whose results normally are being averaged and 
analysed for variability as a measure for the quality of the data underlying the experiment or run. 
Variability measures such as Standard Deviation (SD) or Coefficient of Variation (CV) can be used 
to define “Test Acceptance Criteria”, i.e. quality criteria for accepting or rejecting an experiment 
based on replicate measures
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4.3.1  Number of Replicates

The replicates are the repeated individual measurements of the parameter of inter-
est, for a given test chemical, and together with other relevant measurements (e.g. 
controls) constitute the data underlying a run, i.e. the actual result of the test method 
when used in practice. Each replicate measures the parameter of interest (Griesinger 
et al. 2009). Replicate measurements can be used to calculate mean and standard 
deviation (SD) values. The SD value can be used to further calculate the coefficient 
of variation (CV) defined, in percentages, by CV = (SD/Mean) × 100. SD and CV are 
quantitative indicators of variability. Measures from all replicates are usually aver-
aged to derive the final result or prediction for the test item tested. Importantly, the 
use of replicate measurements allows assessing the quality of the experiment: the 
variability of these replicate measurements should be below a pre- defined threshold 
(e.g. a SD value), otherwise the run result is considered invalid (or “non-qualified”). 
The SD thus serves as a tool for applying a “Test Acceptance Criterion) (TAC)”. In 
the example of skin irritation testing, the SD derived from three tissue replicates 
must be equal or below 18 %. Importantly, the TAC must be set on the basis of a 
sufficiently large set of historical testing data and the number of replicates required to 
assess within-experimental variability should also be based on sufficient previous data. 
Typically, during a validation study, the number of “replicates” will follow the 
provisions of the test method protocol intended for later application. However, 
when defining the validation data matrix, it should be carefully assessed whether the 
number of replicates can be reduced (“lean design”), e.g. by analysing historical 
data sets and assessing the impact of such reduction. Importantly, the number of 
replicates is specific to each test method and, unlike for the number of runs or labo-
ratories, no general recommendations can be made.

4.3.2  Number of Runs (Experiments)

A run is the actual experiment that provides a final result on a given test item. A 
run (or experiment) thus consist of (1) testing the test item itself and, concur-
rently, all necessary controls (e.g. positive control, negative control) (Griesinger 
et al. 2009) and (2) performing all necessary data processing and analysis steps to 
generate a final results for the test item. This may, where applicable, include the 
conversion of the toxicological result into categorical predictions by means of a 
prediction model.

In a validation study, typically three runs (or experiments) are performed in each 
laboratory. Since each run provides a final prediction, the between run-concordance 
(=agreement between) such predictions can be used to assess the within a laboratory 
repeatability and within-laboratory reproducibility of the test method.

Predictions at run level may also be used for deriving a final prediction per 
chemical in one laboratory. This has typically been done by simply determining 
the “mode” of predictions and settling unequivocally on a final prediction per 
chemical. If this approach is used, the number of runs needs to be an odd number 
(e.g. three runs).
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4.3.3  Number of Laboratories

For the same considerations as described above for the number of runs, three 
laboratories are usually participating in a validation study. The involvement of 
several laboratories allows evaluating the reproducibility of the test method 
between laboratories. The between-laboratory reproducibility can be calculated 
as described in Sect. 4.7.2.

4.4  Validation Project Plan

The validation project plan serves as a driver and a reference for the conduct of the 
validation study. It covers an extensive range of topics relevant for conscientiously 
planning the scientific and managerial aspects of the validation study. It takes into 
account logistical and practical considerations and sets up timelines. The project 
plan defines the test methods under validation, the goal and objectives of the study, 
it describes the actors involved and their respective roles and responsibilities, and 
defines specific stages/timelines of the study.

A typical project plan can include the following main sections:

 1. Definitions: this section provides definitions of the test methods studied during 
validation, outlining (1) the test systems (e.g. reconstructed human tissue of 
multi-layered epithelium) used as well as (2) determining the associated proto-
cols/SOPs and the precise version numbers to be used during the study.

 2. Validation study goal and objectives: goal and objectives of the study should be 
clearly outlined. Typically the goal of a study corresponds to a regulatory 
requirement and often to the prediction of specific hazard classes or categories 
of chemicals (e.g. Category 2 of eye irritant in the United Nations Global 
Harmonized Systems for classification and labelling, UN GHS). Therefore, this 
section should explicitly mention the name of the regulation addressed. If sev-
eral regulations are concerned it should be specified how the study will relate to 
these. The objectives would be more detailed aims, such as validation for iden-
tification of negatives or for a specific class of chemicals in view of filling an 
existing methodological gap, etc.

 3. In vitro test methods: this section provides a detailed scientific characterisation 
of the in vitro test methods undergoing validation. This relates to the scien-
tific basis, the test method’s mechanistic and biological relevance, as well as 
historical aspects relating to test method development (test method develop-
ment, optimisation, previous assessments including prevalidation studies, etc.).

 4. Validation management group (VMG): the VMG is the body that oversees and 
manages the validation study (see Sect. 3.2). The validation project plan should 
outline the expertise required in view of ensuring an efficient conduct of the 
study. Typically a VMG consists of (i) a Chair responsible for chairing meet-
ings, facilitating decision making and representing the VMG; (ii) relevant 
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experts with specific expertise required for the study; (iii) statistician(s); (iv) 
study coordinator(s) acting as focal contact point and running the study secre-
tariat. Moreover, depending on study, a VMG subgroup dedicated to selection 
of test items and associated reference data, Moreover, observers or liaisons may 
participate (e.g. representing other validation bodies). Also, representatives of 
the laboratories can be involved for specific agenda items of VMG meetings 
related to technical and/or experimental issues. The specific role of each of the 
above mentioned categories of participants and the way they interact together 
should be clearly explained and may be supported by a schematic figure. In 
order to maintain an impartial and unbiased study, the VMG must not include 
members directly involved in the development of the methods undergoing the 
validation process. However, the VMG may consult the test method developer 
if necessary.

 5. Validation study coordination and sponsorship: this part of the validation proj-
ect plan defines sponsors of the study as well as the activities that should be 
covered by the study coordinators, including logistical aspects (e.g. coding and 
distribution of chemicals), communication (e.g. frequency, means), organisa-
tion of VMG meetings, teleconferences, minutes, etc. This section should also 
describe the allocation of financial resources, e.g. purchasing of test chemicals 
and other relevant service contracts (e.g. statistical support).

 6. Chemicals selection: The process and criteria for selecting test chemicals 
should be detailed in this section. Chemical selection can be done by ad-hoc 
experts or by a dedicated VMG chemical selection group (CSG). Experts can 
include members of the validation study coordination, independent scientists, 
liaisons and representatives of the competent authorities. Moreover, since in 
vitro methods will be evaluated against reference data, this section should also 
stipulate criteria for the selection of such data associate with the test chemicals. 
To this end, the type of reference data and the sources of these data (e.g. data-
banks, literature, etc.) are specified. Eligible chemicals are usually compiled in 
table format (e.g. classification of selected chemicals according to the UN GHS 
for skin corrosion). Number of chemicals needed for the validation study, 
obtained from sample size calculation (see paragraph 4.1), will be mentioned as 
well as the proportions of distinct classes/categories (e.g. negative vs positive, 
solids vs liquids, etc.). In terms of procedure, the CSG proposes the list of eli-
gible chemicals to the VMG. This latter may also take into account the avail-
ability of the chemicals to be tested, especially those commercially available 
versus the proprietary ones as well as other practical factors such as potential 
health effects of test chemicals: since validation studies are conducted under 
blind conditions, substances with specifically high risks can be excluded (e.g. 
“CMR substances” with carcinogenic, mutagenic and reproductive toxicity 
effects) as long as these are not related to the health effect of concern to the 
study.

 7. Chemical acquisition, coding and distribution: This section should outline the 
provisions regarding acquisition, coding and distribution of the test chemicals. 
This should be accomplished by a person affiliated to a certified ISO 9001/GLP 
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structure. Individuals involved in this process must be independent from those 
conducting the testing. The process should foresee a purity analysis of the 
chemicals and the provision expiry dates. In laboratories testing different ver-
sions of one protocol (e.g. separate protocols for testing solid and liquid chemi-
cals), codes of chemicals will be different for each version.

 8. Receipt and handling of chemicals: this part of the validation project plan tack-
les the shipping of the coded chemicals, the storage time and conditions as well 
as health and safety measures related to their handling.

 9. Participating laboratories: This section should outline the requirements of the 
participating laboratory, e.g. study director, quality assurance officer/unit, study 
personnel and a safety officer. This section also includes a description of how 
laboratories, within a group, may communicate together and when the VMG 
should be involved in these discussions. For instance, during the testing phase, 
the participating laboratories must not contact each other without approval of 
the VMG.

 10. Laboratory staff: the validation project plan specifies the roles of the study 
directors, the quality assurance officers/unit, the study personnel and the safety 
officers. The study director should be an experienced scientist in the field and 
acts as main contact point of the VMG. He/she is responsible for preparing 
each necessary report. The quality assurance officers will assure that compli-
ance with any quality requirements (e.g. GLP) is respected. The quality officer 
needs to be independent from the study director direction and from the study 
personnel conducting the experiments. The experimental team will perform 
the testing. It should be trained, experienced and competent for the specific 
techniques. The safety officer is in charge of receiving the coded chemicals 
and transmitting them to the responsible person of the laboratory. He/she is in 
charge of the sealed material data sheets (MSDs) corresponding to the test 
chemicals and their codes. These will be disclosed only in case of accident.

 11. Validation study design: this section of the project plan includes details on 
each type of assay taking part in the validation study. For instance, number of 
chemicals, runs and replicates should be clearly defined. Specific technical 
aspects of the test methods are tackled. For instance, if there are two different 
protocols for a given test method with different exposure times, those will be 
mentioned.

 12. Data collection, handling and analysis: this part of the validation project plan 
describes how final reports and the reported data are forwarded to the bio-
statistician. He/she will decode the chemicals and proceed to the analysis 
(see paragraph 4.6, Statistical analysis plan) and produce a biostatistical 
report to the VMG. This report should present the results (predictive capacity, 
within- and between laboratory reproducibility, quality criteria) as well as 
how data were analysed and the statistical tools used. Data analysis strategy 
should be developed, before the end of the experimental phase, by the bio-
statistician in a statistical analyses and reporting plan. This latter will be 
submitted to the VMG for approval.
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 13. Quality assurance good laboratory practices: it is usually desirable that the 
validation study complies with OECD good laboratory practices (GLP) in 
order to facilitate international acceptance of the validation study and its out-
comes (OECD GD 34 2005). This allows full traceability of the study at all 
levels of its experimental phases.

 14. Health and safety: the laboratories should comply with applicable (and required) 
health and safety statutes. The safety officer of each laboratory is designated as 
the contact point for these questions.

 15. Records and archives: provisions should be made for the appropriate archiving 
of raw data, interim and final reports of the validation study (where, how many 
copies, by which means) as well as for the management of the archiving.

 16. Timelines: defines the critical timelines that should be respected. Timelines are 
established for each critical phase of the validation study (e.g. chemical eligi-
bility, approval of the validation project plan, approval of the validation study 
design, dates of testing, etc.).

 17. Documents and data fate: proprietary questions in relation with the documents 
and data generated are described. This also covers the confidentiality of these 
elements and whether and to which extent information can be disclosed.

Finally the validation project plan should also make provisions for retesting in 
case of non-qualified (invalid) runs so that this can be implemented in the study 
plans for the laboratories under supervision of the individual study directors. In 
particular this should address how often experiments relating to one chemical 
can be repeated, i.e. how many retesting runs are permissible. Typically, the vali-
dation coordinator prepares an example of a study plan that can be adapted by the 
laboratories in compliance with their own specific laboratory procedures (see 
Chap. 5).

4.5  Adaptations of Validation Processes

The modular approach (Sect. 2.4) can be regarded as an important adaptation of 
the classical validation approach. Traditionally information on reliability and the 
judgement of relevance followed a rather rigid sequence towards producing a 
comprehensive data matrix. The modular approach introduced a significant degree 
of flexibility with regard to the generation of the information. Two further adapta-
tions have been under discussion recently namely approaches to reduce the data 
matrix without compromising the adequacy of the validation study (“lean design”) 
and, secondly, the use of automated equipment (e.g. automated platforms, 
medium- and high- throughput platforms) for generating empirical testing data. 
Third, some methods used for prioritisation have been developed on custom-made 
automated platforms and some aspects of validation cannot be always applied to 
such assays (e.g. transferability assessment). These three adaptations are briefly 
discussed below.
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4.5.1  Lean Design of Validation Studies

As discussed in Sect. 2.3.3(d), the requirements in terms of sample size for assess-
ing reliability and for assessing predictive capacity and applicability domain are 
different. This can potentially be used in view of adapting the data matrix in order 
to reduce both cost for test chemicals, test systems and the labour involved. As a 
general consideration, it is conceivable to assess the reliability of a test method 
using a small set but statistically sufficient set of chemicals in three laboratories, 
while assessing the predictive capacity (e.g. in terms of a dichotomous prediction 
model requiring a higher sample size) with more chemicals but only in one labora-
tory or by testing subsets of this larger set in various laboratories. A feasibility study 
of this approach has been conducted by Hoffmann and Hartung (2006a, b) using the 
data set of the EURL ECVAM skin corrosion validation study (Barratt et al. 1998; 
Fentem et al. 1998). Using resampling techniques it was shown that the number of 
test runs could be reduced by up to 60 % without compromising significantly the 
level of confidence. While this result is promising it should be noted that the repro-
ducibility of these methods was very high and this has probably led to the remark-
able reduction rates of the data matrix that were possible. It still needs to be evaluated 
to which extent the lean design can also be useful for other test methods and other 
use scenarios in particular.

4.5.2  Automated Testing as a Data Generation Tool for Validation

Validation studies normally assess test methods on the basis of manually executed 
SOPs. This ensures that validated test methods and their associated protocols are uni-
versally usable, also by laboratories that do not have automated platforms at their 
disposal. This however does not mean that automated methodology (e.g. relating to 
liquid handling steps in a manual method) could not be used during validation. 
Automated or robotic platforms can greatly accelerate the generation of testing data 
and allow the economical testing of a larger numbers of test items in shorter a time. 
This supports a more complete characterisation of the predictive capacity and applica-
bility (see Sect. 2.3.3) of a test method (Bouhifd et al. 2012). An important prerequi-
site to use automated approaches for validation is to ensure that the automated protocol 
is equivalent to the manual one in terms of the results and/or predictions it generates. 
There may be variations that need to be assessed with attention (e.g. smaller exposure 
volumes, slightly different application regimes with regard to the test chemicals etc). 
When used for additional data generation during validation, automated testing repre-
sents rather a technical than a conceptual adaptation of the validation process.

4.5.3  High-Throughput Assays for Chemicals Prioritisation

In the context of alternative in vitro testing methods, high-throughput assays (HTAs) 
are those using automated protocols to test large chemical libraries over a range of 
concentrations. Chemical prioritization is often the objective when using HTAs 

4 Validation of Alternative In Vitro Methods to Animal Testing: Concepts,…



110

which aims to identify those chemicals in large libraries that may exert a specific 
mechanism of action with the potential to lead to particular adverse effects. While 
these HTAs are not intended for global use by end users (e.g., via OECD test guide-
lines), data generated via HTAs may be used by regional agencies and international 
organizations to inform regulatory decision-making, especially as part of a weight- 
of- evidence approach. Consequently, it is important to consider whether adaptations 
of standard validation approaches may be appropriate for use with HTAs.

The principals of validation outlined in Sect. 2 are applicable to all alternative 
methods, including HTAs. However, the unique nature of the automated assays and 
the resulting volume of data generated using HTAs differ significantly from tradi-
tional “manual” methods, and these aspects need to be taken into account during the 
validation process.

Most HTAs are performed using highly automated processes developed on 
custom- built robotic platforms and are therefore not amenable to traditional “ring- 
trial” studies used to demonstrate transferability of the method. Transferability, 
one of the assessments of reliability along with inter-laboratory repeatability, is 
important because (i) it provides independent verification of results obtained using 
the same method in another laboratory and (ii) it allows a statistical assessment of 
between laboratory reproducibility (BLR, see Sect. 4.7) that can be used in an 
overall assessment of how robust the protocol is when used in different laborato-
ries. The statistical characterization of method transfer is generally not germane to 
HTAs due to the highly customized and unique nature of these assays, Judson et al. 
(2013). However, the ability to confirm independently the results of the HTAs 
remains an extremely important aspect of method validation and deserves careful 
consideration. Since many HTAs are adapted from previously existing low-
throughput methods (i.e. manual protocols), the most straightforward approach to 
confirm results from HTAs is via use of performance standards developed for 
mechanistically and procedurally similar assays (see Sect. 2), the latter without 
regard of the equipment used to execute specific procedures (i.e. protocol steps), 
i.e. manual or automated.

In the event that the HTA is measuring a unique event or utilizing a proprietary 
technology, data generated in other assays measuring activity in the same biologi-
cal pathway may be useful in confirming or at least supporting results of the HTA 
assay undergoing validation. If a number of chemicals produce consistent results 
across several different key events in a given biological pathway, then the activity 
of those chemicals may be able to serve as a reference for other (new) assays that 
target key events in the same pathway. For example, if the HTA undergoing valida-
tion measures one key event in a signaling pathway (estrogen receptor dimeriza-
tion, for example), then data generated in other assays measuring different key 
events in the same pathway (e.g., ligand binding, DNA binding, mRNA production, 
protein production, cellular proliferation) may potentially be used to establish 
confidence in the HTA data.

Another critical aspect to consider when validating HTAs is the volume of data 
generated by these methods, which necessitates increased reliance on laboratory 
information management systems (LIMS) and automated algorithms for data 

C. Griesinger et al.



111

analysis. Although data management and statistical analysis (see Sect. 4.7) are 
important components of all validation studies, the large amount of data associ-
ated with HTAs often results in analysts being “disconnected” from the data, 
which has the potential to lead to wide-scale misinterpretation of the results. With 
this in mind, the validation of data management tools and the statistical approaches 
employed become paramount.

4.6  Ex Ante Criteria for Test Method Performance

Clear criteria relating to desired or expected performance defined at the outset of 
validation (before data generation) can support an objective evaluation of the 
results and conclusions of a validation study and in particular to which extent its 
goals have been met. These criteria can be fixed values or ranges relating to 
specificity, sensitivity and within- and between-laboratory reproducibility. They 
should be based on reliable empirical data from prevalidation or derived from 
other relevant data sets such as in-house (non-blinded) testing in the test devel-
oper’s laboratory. Importantly, the performance criteria should relate to the 
intended purpose of the test method, i.e. its practical application, e.g. whether the 
test will be used in pre-regulatory screening or for the generation of data for 
regulatory dossiers in response to legislative requirements (Green 1993). 
Moreover, the use scenario is a key factor to be considered: for instance, will the 
method be a stand-alone or be merely part of an integrative approach? Ex ante 
performance criteria have been used by EURL ECVAM when validating in vitro 
skin corrosion methods (Fentem et al. 1998), using ranges of sensitivity and 
specificity that were subdivided in bands of acceptability. This approach was 
recently used again by EURL ECVAM when validating in vitro methods for eye 
irritation testing (EURL ECVAM 2014).

4.7  Statistical Analysis Plan

The statistical analysis plan includes a series of calculations that aim to demonstrate 
two main features of the test method to be validated. The first one deals with the reli-
ability of the method and covers two main parameters: the within-laboratory repro-
ducibility and the between-laboratory reproducibility. This second feature is the 
predictive capacity of the method. Below we outline the basic statistical approaches 
that can be used to describe these. Most of the relevant literature to describe predic-
tive capacity deals with evaluations of diagnostic tests during clinical trials (i.e. ver-
sus a gold standard test). Most of the concepts and tools can be applied also to 
predictive toxicity tests, although there are important differences with regard to the 
entities tested and the nature of predictions obtained (see Sect. 2.1.4). An overview 
of statistical evaluations of test methods can be found in Pepe (2003).

4 Validation of Alternative In Vitro Methods to Animal Testing: Concepts,…



112

4.7.1  Statistical Evaluation of the Information Provided by Alternative 
Test Methods

Fundamental Considerations

Two basic groups of test methods can be distinguished with regard to the results 
they provide: Test methods that provide meaningful toxicological information with-
out transforming these into categorical predictions and those that convert measure-
ments into distinct categorical predictions by means of a prediction model.

 (1) Results are measures of some sort but no categorical predictions: Examples 
include assays that provide in vitro concentration-response curves and thus 
information about in-vitro potency. Generally, ecotoxicological test methods 
provide results that are not in form of categorical predictions. An example is the 
Fish Embryo Toxicity Test (FET) which yields an LC50 value (concentration 
that leads in 50 % of the animals in the observation group to lethality).

 (2) Results are categorical predictions: The final measurements are converted into 
categorical predictions. These, in most cases, are dichotomous (or binary) pre-
dictions of the general form “toxic” versus “non-toxic”. Test methods used for 
hazard identification in relation to categorical systems such as the United 
Nations Globally Harmonised System (UN GHS) for classification and label-
ling (C&L) of chemicals will need to produce categorical predictions to be use-
ful in practice. The categories in this case relate to downstream (“apical”) health 
effects such as skin corrosion, acute oral toxicity, etc. However, categorical 
predictions do not necessarily need to be tied to C&L classes or apical health 
effects. Categories can in principle relate to events at any level of biological 
organisation (e.g. activation of a given pathway). When considering and using 
categorical information from any toxicological test method (irrespective of 
whether it is a traditional animal test or an alternative method) one should keep 
in mind that the distinct categories (as defined for purposes of C&L) have been 
set as an arbitrary convention to simplify risk management and transport of 
chemicals. Unlike other testable properties that may come in two classes (e.g. 
absence or presence of a disease marker), toxicity and hazard are continuous 
events and categorical differences do not exist in reality. This is especially 
important when considering data close to the cut-off of a prediction model (see 
Fig. 4.13, Sect. 4.7.2). Chemicals close to the cut-off can lead to an apparent 
high variability (or low reproducibility) of the test system and impact on the 
predictive capacity. It can be useful to consider such data close to the cut-off as 
“inconclusive” results which need to be further processed by expert judgement 
(i.e. ascribing one of the two categories). This judgement can be aided by addi-
tional statistical measures (e.g. Confidence Intervals) and/or other sources of 
toxicological information (read-across, QSAR, etc.).

  In this chapter we will focus on statistical measures of predictive capacity of 
categorical predictions. Statistical analyses of the results from non-categorical 
methods need to be defined on a case-by-case basis. To return to the example of 
the Fish Embryo Toxicity test: in this case the predictive relationship between 
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LC50 values of embryonic fish and LC50 values from adult and juvenile fish was 
assessed by means of orthogonal regression (Belanger et al. 2013) providing 
information on slope, intercept and range of concentrations over which the 
correlation held.

Predictive Capacity (PC)

The predictive capacity of tests that provide categorical predictions informs about 
test method performance in terms of correct and incorrect predictions in comparison 
to pre-selected reference data that are considered “true” and referred to a “actual 
positives” and “actual negatives”. These data can be derived from the species of 
interest (Goldberg et al. 1995) or from other reference methods, typically surrogate 
animal methods. The latter has been, for reasons outlined in Sect. 2.1.4, typical 
practice during validation. The predictive capacity gives quantitative information on 
test method performance in terms of translating the actual measurements obtained 
(e.g. cell viability, quantified gene expression) into predictions of a defined effect 
(e.g. a pathway or a downstream health effect). The predictive capacity therefore 
reflects the final outcomes of the test method when applied as intended.

The predictive capacity serves as a tool for policy makers and regulators to evaluate 
to which extent the test method considered is likely to accurately predict the biological 
effect(s) of interest. Based on the predictive capacity and duly considering its intended 
use scenario, regulators can decide whether or not a given method is ready to be 
implemented in regulation as a routine tool for contributing to risk assessment. Due to 
the fact that alternative methods have primarily focused so far on hazard identification 
(Sect. 2.1), the predictions often relate to categories of classification and labelling as 
defined in international classification systems such the United Nations (UN) Global 
Harmonized System for Classification and Labelling (GHS).

For calculating the predictive capacity, the final outcomes/predictions of the test 
method are compared to those from a reference method or to other reference data. 
The reference method is usually an in vivo test method (see Sect. 2.1.4), but com-
parison can also be performed against human data if available.

Sensitivity and Specificity

Typically, test methods provide binary outcomes (see Fig. 4.1). This is true for most 
diagnostic tests in medicine but also for most alternative methods. Binary (=dichot-
omous) predictions here relate to diagnostic results of yes/no (absence or presence 
of a property) or predictions on causative properties of test items in the system of 
interest, i.e. “positive” = causing a toxicity effect or negative = not causing this effect 
(or at least at a threshold below concern = “cut-off”).

To characterise the diagnostic or predictive capacity of methods with binary out-
comes, the sensitivity (Se) and specificity (Sp) of the test method is calculated. To 
this end, the binary predictions of the alternative test method are compared to binary 
predictions obtained from the reference data, typically the in vivo test method, for 
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the same set of test chemicals. Predictions from the reference method are consid-
ered as actual positive or actual negatives.

As defined by OECD Guidance Document No. 34, the sensitivity is the pro-
portion of positive chemicals for the endpoint considered that are correctly 
identified by the test method (true positive predictions) as compared to the 
actual positives of the reference method; conversely, the proportion of positive 
chemicals wrongly predicted as negative corresponds to the false negatives. The 
specificity is the proportion of negative chemicals that are correctly identified by 
the test method (or true negative predictions); conversely the proportion of neg-
ative chemicals wrongly predicted as positive is the false negative rate. 
Additionally, the accuracy of the test method is the proportion of correct predic-
tions made—in comparison to the reference data—over all predictions obtained.

Two-by-two contingency tables are useful tools for summarising the outcomes of 
test methods in relation to the actual positives and actual negatives of the reference 
data. These tables show the frequency of each type of prediction: a positive predic-
tion of the test method for a test item considered an actual positive is termed “true 
positive” (a). Accordingly the outcomes “false negative” (c), “true negative” (d) and 
“false positive” (b) are determined. Additionally the number of chemicals assessed 
is shown (see Table 4.1 and Fig. 4.5).

The fraction (P) of chemicals that produce a positive result in the reference 
method, over the total number (N) of chemicals is often named ‘prevalence’. 
Conversely the fraction of chemicals that produce a negative result in the reference 
method is (1 − P). Therefore, the number of chemicals producing a positive result in 
the reference method is P × N and the number of chemicals producing a negative 
result in the reference method is (1 − P) × N (Table 4.1). Denoting the reference 
method by R, for which the outcome can be positive or negative (respectively R+ 
and R−) and the test method by T, for which the outcome can be positive or negative 
as well (respectively T+ and T−), the prevalence P can be expressed as the probabil-
ity in the reference data set that the outcome is positive and formulated as P = P(R+) 
and 1 − P = P(R−).

The calculation of sensitivity and specificity can be formulated with the use of 
Bayes’ formulas as follows:
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Those equations show that the proportion of actual negatives and actual positives in 
the sample do not influence the calculations of Se and Sp. One can also say that both 
are independent on the prevalence (number of actual positives) in the sample. That 
means that Se and Sp are indicators directly related to the intrinsic features of the 
test method.
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Positive and Negative Predictive Values

Apart of sensitivity and specificity, two other quantitative indicators can be calcu-
lated: Positive Predictive Value (PPV) and Negative Predictive Value (NPV). They 
correspond to the probability that a chemical produces a positive result in the refer-
ence method when the outcome of the test method is positive (PPV), and the prob-
ability that a chemical produces a negative result in the reference method when the 
outcome of the test method is negative (NPV). Using Bayes’ formulas, they are 
respectively calculated as:
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Table 4.1 Two-by-two contingency table for binary outcomes, providing types of predictions and 
their respective proportions

Reference + (actual 
positive)

Reference − (actual 
negative)

Test+ (positive 
prediction)

a = P × N × Se b = (1 − P) × N × (1 − Sp) a + b

True Positive prediction False Positive prediction

Test− (negative 
prediction)

c = P × N × (1 − Se) d = (1 − P) × N × Sp c + d

False Negative 
prediction

True Negative 
prediction

a + c = P × N b + d = (1 − P) × N a + c + b + d = N

× = multiplication sign

Table 4.2 Three-by-three contingency table for three possible outcomes, providing types of 
predictions and their respective proportions

Reference Category 1 Reference Category 2 Reference Category 3

Test a b c
Category 1 Correct prediction as 

Category 1
Underprediction as 
Category 2

Underprediction as 
Category 3

Rate = (a/n1) × 100 Rate = (b/n2) × 100 Rate = (c/n3) × 100

Test d e f
Category 2 Overprediction as 

Category 1
Correct prediction as 
Category 2

Underprediction as 
Category 3

Rate = (d/n1) × 100 Rate = (e/n2) × 100 Rate = (f/n3) × 100

Test g h i
Category 3 Overprediction as 

Category 1
Overprediction as 
Category 2

Correct prediction as 
Category 3

Rate = (e/n1) × 100 Rate = (h/n2) × 100 Rate = (i/n3) × 100

a + d + g = n1 b + e + h = n2 c + f + i = n3

× = multiplication sign
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They respectively result in:
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It is obvious that both positive predictive value (Eq. (4.5)) and negative predicted 
value (Eq. (4.6)) depend on the prevalence (P), unlike sensitivity and specificity.

Therefore PPV and NPV calculations do represent the performance of the test 
method per se but for a specific set of chemicals in terms of the relative proportion 
of actual negatives and actual positives. They give only post-testing indications on 
how predictions were made for the set of chemicals that has been used; those indica-
tions would be different with another set of chemicals (e.g. where the prevalence of 
positive chemicals would be different—see Sect. 2.3.3). In contrast, the calculations 
of Sensitivity and Specificity are representative of the intrinsic test method perfor-
mance, independent of the prevalence, i.e. the fraction of chemicals producing posi-
tive results. The examination of both sensitivity and specificity allows capturing the 
test method performance. This simultaneous evaluation of sensitivity and specificity 
can also be done when performing Receiver Operating Characteristic (ROC) analy-
sis, as described below.

Considerations for More Than Binary Outcomes

When the possible outcomes of a test method are not binary and thus provide more 
than two types of prediction, sensitivity and specificity sensu stricto are not used but 
similar calculations are performed. For instance, when the prediction model yields 
three (sub-)categories, the resulting contingency table is therefore a three-by-three 
table, covering nine possible predictions. Still, predictions performed by the in vitro 
method are compared to those from the reference data (e.g. the in vivo reference 
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method or other relevant data relating to the toxicity event). Consider a situation 
with three categories, category 1 relating to the most severe effect, category 2 to 
intermediate effects and category 3 to the least severe effects. For predictions 
regarding category 1, the three possible outcomes are: correct predictions into cat-
egory 1, under-prediction into category 2, and under-prediction into category 3. For 
category 3, the three possible outcomes are: correct predictions into category 3, 
over-prediction into category 2, and over-prediction into category 1. For the middle 
category 2, the three possible outcomes are: correct predictions into category 2, 
under-predictions into category 3, and over-prediction into category 1. For each of 
these nine predictions it is possible to calculate their respective rates in percentages 
within the category predicted by the reference method.

Accuracy

Whether the outcome is binary or not, the accuracy of the test method—also 
referred to as ‘overall accuracy’—can additionally being calculated. It is defined 
by the total number of correct predictions divided by the total number of predic-
tions performed.

When examining the most common case of binary outcome (see Table 4.1), the 
overall accuracy (OA) is also related to the Prevalence (P) by the following formula:
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The same result is obtained when calculating the OA using the expressions in 
Table 4.1 cells.

 
OA

a

N
P Se P Sp P Se Sp Sp=

+
= + -( ) = -( ) +d

. .1
 

(4.8)

If Se > Sp, then from the above formula (Eq. 4.8) it follows necessarily that 
Se > OA > Sp

If Se < Sp, then it is derived from the same formula that necessarily that Sp > OA > Se

Additionally, when Se > Sp and if P increases, the OA increases as well; if P 
decreases, the OA decreases. When Se < Sp, if P increases, the OA decreases; if P 
decreases, the OA increases.

In other words, the OA is influenced by the prevalence P and always takes values 
that are necessarily between Se and Sp, whatever the value of P is—except for the 
particular case of Se = Sp, then OA = Sp = Se. During the validation process, the OA 
is sometimes used and reported. However using the OA does not reflect the intrinsic 
performance of the test method—in contrast to Se and Sp—as it depends on the 
prevalence P. or instance, an overall accuracy of OA = 0.78 could correspond to 
three different cases such as: {Se = 0.9; Sp = 0.7; P = 0.4} or {Se = 0.9; Sp = 0.5; 
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P = 0.7} or {Se = 0.9; Sp = 0.3; P = 0.8}. Therefore, the single use of OA is not a very 
useful tool to describe the concordance of a test method against a reference method 
(or reference data).

Likelihood Ratios

As demonstrated above, typical measures characterising test method performance 
relate to the prevalence-independent measures of sensitivity, specificity and overall 
accuracy taking into consideration the number of chemicals tested. However, likeli-
hood ratios can be useful for assessing and reporting test method performance. For 
binary tests, one distinguishes likelihood ratio positive (LR+) from likelihood ratio 
negative (LR−). Likelihood ratios are routinely used in medicine in the context of 
describing how informative diagnostic tests are. However they have not been used 
much in toxicity for describing how informative a particular test result is from a 
specific test method.

Positive and negative likelihood ratio are defined as follows:
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In the expressions of LR+ and LR− (Eqs. (4.9) and (4.10)) the prevalence P is 
absent. That means that both likelihood ratios are not influenced by the prevalence 
P. In that sense, they are not mere ratios (re-)using sensitivity and specificity val-
ues. They represent probabilistic indicators reflecting how likely it is that a type 
of prediction is true. The LR+ indicates the probability of a positive result being a 
true positive. In terms of performance, it is desirable that LR+ is as high as possi-
ble which corresponds to high rate of true positive and/or low rate of false posi-
tive. Conversely, the LR− should be as low as possible which corresponds to high 
rate of true negative and/or low rate of false negative. In medicine, likelihood 
ratios are often translated into qualitative stratified ratings (“qualitative strength”) 
using cut-offs of LR’s. These ratings aid the communication of test method 
strength. Mayer (2004) for instance lists four categories corresponding to “excel-
lent”, “very good”, “fair” and “useless”.

ROC as Means of Evaluating Optimal Cut-Off

Variations of the cut-off value are usually examined at the stage of test method 
development, but can be taken into account at any point in time. Desprez et al. 
(2015), have recently provided an example of a post hoc analysis of prediction 
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models used for skin corrosion sub-categorisation and, on the basis of the analysis, 
proposed improved prediction models. For prediction models using cut-off values 
for assigning the predictions “negative” or “positive”, any variation of the cut-off 
value will result in changes of the Se and Sp, in opposite directions. Thus, depend-
ing on the intended application it is possible to set a cut-off (i.e. within the predic-
tion model) so that it optimises either sensitivity or specificity. To systematically 
assess the impact of shifting the cut-off, a useful approach consists in obtaining a 
Receiver Operating Characteristic (ROC) curve which provides quantitative indica-
tions of the predictive capacity.

A ROC curve is a graphical representation of test method performance: the 
x-axis represents values of (1-Specificity) and the y-axis represents values of the 
Sensitivity when monotonic variation of the cut-off value is applied for binary pre-
dictions (Fig. 4.12). The best theoretical performance of the method is obtained 
when both Se and Sp are close to 1 i.e., when Se is close to 1 and 1 − Sp close to 0. 
The area under the ROC curve is necessarily between 0 and 1, and the best perfor-
mance of the method is obtained when this area is close to 1. In contrast to the 
simple use of single values of Se and Sp, the ROC curve represents all possible 
values of Se and 1-Sp for all possible cut-offs. The ROC analysis will thus consist 
of finding the cut-off that will maximize the value of Se and minimize the value of 
1 − Sp (i.e. maximize the value of Sp). Usually the diagonal line—defined by the 
points (0; 0) to (1; 1)—is also represented. The shape of the ROC curve gives also 
an indication of the test method performance; it should have a hyperbolic shape, that 
is it should be as far away as possible from the midline and follow as closely as pos-
sible a curve that would link the points (0; 0) to (0; 1) and (0;1) to (1; 1). Such a 
curve would lead to an area under ROC close to 1, i.e. the best possible result.
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Fig. 4.12 Theoretical example of receiver operating characteristic (ROC) curve
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4.7.2  Statistical Evaluation of the Within- and Between Laboratory 
Reproducibility

Within laboratory reproducibility (WLR) (or intra-laboratory reproducibility) gives 
information on the extent to which a test provides the same results over time when 
conducted in the same laboratory (OECD 2005), while the between-laboratory 
reproducibility (BLR) addresses this question for different laboratories (OECD 
2005). In a more general manner, WLR and BLR may not only focus on the obtained 
prediction but may also examine the variability (e.g. standard deviation) of the mea-
sured endpoint of the test method.

Reproducibility and Variability Within One Laboratory

Within-Laboratory Reproducibility

The OECD Guidance Document No. 34, on the validation of new test methods 
(OECD 2005), provides a definition of the “within laboratory reproducibility” 
(WLR) or “intra-laboratory reproducibility”. The WLR aims to determine the 
“extent that qualified people within the same laboratory can successfully replicate 
results using a specific protocol at different times”. Typically, the experiment is 
performed over several runs that are independent and the WLR is assessed consider-
ing the agreement between the predictive results of these runs. The WLR is part of 
the indicators that measure the test method reliability (together with the between 
laboratory reproducibility, see below).

Several ways can be used to assess the WLR. Classically, the WLR is calculated 
on the basis of the fraction of chemicals (in %) for which concordant predictions in 
all runs were made (Eq. (4.11)) either over all chemicals with valid test results in the 
laboratory (see Eq. (4.11)) or over all chemicals included in the study. Whether to 
relate the number of concordant predictions to one or the other ideally should be 
defined at the outset of the study.

 
WLR

Number of chemicals for whichconcordant predictionsaremadei
=

nnall runs

Total numberof chemicalsused for theseruns  

(4.11)

The advantage of this type of calculation is that it uses the final outcome or result of 
the method as used in practice and is easy to perform.

However, it should be kept in mind that an analysis of the reproducibility (or 
inversely variability) of the underlying measurement (e.g. normalised cell via-
bility) allows assessing reproducibility without potential misleading results of 
substances close to the cut-off of the prediction model: obviously, measures that 
are close to the cut-off value defined for deriving predictions may show low 
variability between each other and yet result in different predictions which 
would be interpreted as “non-reproducibility” (Fig. 4.13). Notably, the closer 
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measurements are to the cut- off, the greater the influence of random variations 
that tilt results in one or the other direction (i.e. positive or negative prediction). 
In these borderline cases, the assessment of WLR based on concordant predictions 
may not capture accurately the reproducibility of the test method and when 
interpreting reproducibility via concordance of predictions the vicinity of val-
ues to arbitrarily fixed cut-offs needs to be taken into account. It is therefore 
also useful to assess and quantify the variability (dispersion) of the actual mea-
surements before application of the prediction model.

Variability

In addition to assessing the agreement of predictions it is useful to study the vari-
ability of the measurements obtained, e.g. over runs. Variability can be studied by 
examining medians, means, as well as standard deviation (SD) values, and coef-
ficient of variations (CV) of the measured parameters. Observation of the SD 
value helps establishing a threshold: data points for which the SD values are 
below this threshold have a low variability and are considered concordant. 
Analysis of variance (ANOVA) can further be performed and would compare the 
variability of the parameter over the runs. However before performing an ANOVA, 
some conditions regarding the data should be verified first. These conditions are 
that (i) the groups of comparison (i.e. the runs) are independent, (ii) the distribu-
tion of the data is normal, and (iii) the equality of variance in the compared groups 
is verified. This ANOVA can be combined with pairwise comparisons that help 
determining which pairs of runs are eventually significantly different (e.g. if four 
runs were performed, six pair comparisons should be done between runs 1 and 2; 
1 and 3; 1 and 4; 2 and 3; 2 and 4; 3 and 4).

When the conditions of the ANOVA are not verified, the analysis can be per-
formed on the basis of non-parametric statistical tests, such as the Kruskal-Wallis or 
Mann–Whitney tests as those statistical tests are based on the ranks of the parameter 
(Van Hecke 2012). For instance, when three runs are performed, the Kruskal-Wallis 
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Fig. 4.13 Vicinity of 
measurements to an 
arbitrary categorisation 
cut-off may lead to 
non-concordant predictions 
that are interpreted as 
non-reproducibility 
although the dispersion 
between the individual 
runs (circles) is very 
similar in case 1 versus 
case 2
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test helps to find out whether significant differences are globally observed on more 
than two groups of data (However, in some cases the performance of non- parametric 
tests might result in a loss of statistical power compared to ANOVA (Ferreira et al. 
2012)). Although this is still a matter of debate, the data transformation—when 
applicable—may be worthwhile to obtain normally distributed data, and therefore 
allow ANOVA to be performed.

The assessments of the reproducibility of a test method based on concordant 
predictions (i.e. after application of the prediction model) and variability of the 
measured parameter (without using the prediction model) are complementary. They 
both give valuable quantitative information. The assessment of concordant predic-
tions provides information on the WLR and BLR of the test method for its intended 
use and is therefore necessary for regulatory purposes. The assessment of the mea-
sured parameter is also necessary to capture variations of this parameter over runs, 
especially to identify borderline cases (when the measured parameter approaches 
the cut-off value) and therefore helps in understanding how predictions were per-
formed and may help identifying chemicals for which predictions have been prob-
lematic. Moreover, defining variability independent of the prediction models may 
support later adaptation of the prediction model if necessary (Desprez et al. 2015).

Between Laboratory Reproducibility

The between laboratory reproducibility (BLR) is also called inter-laboratory repro-
ducibility and has been also defined in the OECD Guidance Document No. 34. The 
BLR provides information on the reproducibility of a test method in different labo-
ratories, i.e. under slightly different conditions. Together with within-laboratory 
reproducibility and the ease of transferring a method from one experienced to less 
experience laboratories (“transferability”), BLR informs on the robustness of a test 
method, i.e. its “resilience” towards minor variations in terms of equipment, opera-
tor and aspects such as shipment of cells, etc.

The way to assess BLR is similar to the one for assessing WLR and it can there-
fore be based on the fraction of chemicals that led to concordant predictions in all 
different labs (see Eq. (4.12)) either over all chemicals with valid test results in the 
laboratories (see Eq. (4.12)) or over all chemicals included in the study. Whether to 
relate the number of concordant prediction to the one or the other ideally should be 
defined at the outset of the study.

 
BLR

Number of chemicals for whichconcordant predictionsaremadei
=

nnall laboratories

Total numberof chemicalsused for theselaboratoories  (4.12)

Similarly to what has been said before, it can be useful to assess also the variability 
between laboratories using medians, means, standard deviations and coefficient of 
variations of the measured parameter.
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4.7.3  Providing Confidence Intervals Instead of a Single Point Estimates

The use of a single value (i.e. point estimate) does not entirely capture the uncer-
tainty related to the use of a test method and its predictions. The key values of 
Sensitivity, Specificity, WLR and BLR may be given within a confidence interval 
(CI), for example at 95 % (CI95). Calculating and reporting CIs takes this into 
account and communicates the uncertainty associated with a point estimate, thus 
improving the description of test method performance.

Consider the use of CI in the following example of WLR: In theory, if the whole 
population of chemicals would be tested, the obtained WLR would be the exact 
WLR (WLRex). However, for validation studies only a very limited number of 
chemicals(= a representative sample of chemicals) is used. In terms of statistics, this 
set of test chemicals is a sample of the entire population of existing chemicals. 
Therefore the WLR value (WLRest), obtained with this set of test chemicals, is an 
estimated value of the exact one (WLRex). The CI95 represents the range of WLR 
values for which the probability to find the exact one is 95 %, that also means that 
the probability of not including the exact value in this interval is 5 %. Any value 
included in the CI has the same probability than any other to occur, including also 
the mean (see Fig. 4.14). Obviously, the sample size plays a critical role. The greater 
the sample, the narrower the confidence interval.

For instance, a test that classifies 20 chemicals and for which 17 out of 20 chemi-
cals are concordantly predicted has, according to previous definition, a WLR rate of 
(17/20) × 100 = 85 %. The CI95 for this value is [62.1–96.8 %], following binomial 
distribution. If we now consider a set of 60 test chemicals, for which the WLR rate 
is also 85 % i.e., 51 out of 60 chemicals have concordant prediction, then the CI95 is 
[73.4–92.9 %]. This CI is therefore much narrower than the previous one that has 
the same mean value of WLR.

Any value of this CI has the same probability to occur and the mean value of 
85 % is included in this interval. If the whole population of chemicals was tested 

Fig. 4.14 WLR estimation with confidence intervals
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then we would get the exact value of WLR. The CI95 represents the range of value 
of WLR for which there is 95 % of chances to find the exact WLR value.

In the examples above, where WLR = 85 %, the use of the CI helps to quantify the 
uncertainty of this value with an error risk of 5 %. When comparing the CI for 20 
test chemicals, which is [62.1–96.8 %], and the one for 60 test chemicals, which is 
[73.4–92.9 %] it becomes clear that the extent of the first one is much greater than 
the second: the larger the CI, the higher the uncertainty. In other words, the central 
value of 85 % in the first CI is framed by a much more extended range of values 
compared to the second one.

4.7.4  Using All Experimental Observations for PC, WLR and BLR

Up to now we have presented analyses that are based on the assumption that, for 
BLR analysis, there is one final prediction per laboratory that can be used to deter-
mine concordance of predictions between laboratories (Eq. (4.12)) and that there is 
one final prediction per chemical so as to calculate the predictive capacity of the 
assay for the sample tested (Table 4.1, Fig. 4.5). However, this is normally not the 
case since during validation studies, experiments are typically conducted in tripli-
cate in each of the laboratories which creates nine available experimental predic-
tions for each chemical. The reason for this data-rich matrix is the need to assess 
within-laboratory reproducibility of the predictions of experiments, i.e. the final 
outcome of the test method as used in practical application. For BLR and PC how-
ever, the data matrix results in the following problems: which of the three from each 
laboratory should be used for determining BLR and PC within the laboratory, and 
which of the nine predictions available should be used to determine PC for the 
assay? To address these issues, it has been common practice in many validation 
studies to derive “final calls” (i.e. a final prediction). For BLR per one final call per 
laboratory was derived either by (a) calculating the mode of predictions of the three 
experiments (hence per laboratory normally an odd number of experiments is per-
formed, e.g. three) or (b) by calculating an average value of the final measurement 
(before application of the prediction model) of the three experiments which was 
then converted into a final prediction by applying the prediction model as usual. 
These final laboratory predictions were then analysed for their concordance, i.e. in 
exactly the same way as WLR had been established. The percentage value of con-
cordant predictions between laboratories is then communicated as the between- 
laboratory reproducibility of the assay. Similarly, final singular predictions (“final 
calls”) were produced per chemical in view of calculating the predictive capacity 
(PC), i.e. the sensitivity, specificity and accuracy of a test method. To this end, the 
mode of the final laboratory predictions (determined for BLR analysis, see above) 
was determined yielding one final call per chemical. This created the basis for cal-
culating one point estimate for each of the predictive indicators sensitivity, specific-
ity, accuracy based on exactly the number of chemicals analysed during the study. 
Although this analysis may appear a straightforward way of simplifying the artifi-
cially inflated validation data matrix, mentioned approach has a fundamental 
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disadvantage: instead of using the data from the test methods as it would be used in 
practice, results from experiments are artificially “aggregated” or “condensed” by 
means of averaging or, basically, majority voting (mode of predictions). Moreover, 
this approach leads to a loss of information on the experimental level.

This problem is of course not specific to toxicological data sets but is encoun-
tered in many disciplines including biology, medicine (e.g. evaluation of diagnostic 
test methods, clinical trials), epidemiology, etc. where large sets of (non- independent 
or not fully independent) observations are available. Standard statistical literature 
has been cautions with regard to fully using all observations (Colton 1974), mainly 
because this may be misleading with regard to the actual sample size that should be 
reflected in the analysis (Colton gives an example of 800 blood pressure measure-
ment in a drug study which were however based on 10 measurements weekly over 
an 8-week treatment course in only ten patients, which would be the actual sample). 
In our example, using all observations would mean calculating the sensitivity and 
specificity on the basis of all predications generated during the study, i.e. nine 
observations per chemical times the sample of chemicals tested. So if 100 chemicals 
have been tested, the sample would appear to consist of 900 and not the 100 that 
have been tested in reality. Thus the actual sample is overstated and it also mislead-
ingly narrows the confidence intervals. More recently more publications have 
addressed the issue of using how all observations can be used or, in particular, to 
which extent each observation contributes statistically to the overall analysis in such 
cases. The statistical technique of Generalized Estimating Equations (GEE) (Hanley 
et al. 2003) can be used in such situations and its applicability to validation data sets 
should be considered. Another way to estimate the WLR, BLR and predictive capac-
ity is the bootstrapping technique (Holzhütter et al 1996; Hoffmann and Hartung 
2006a). The data from all experiments performed during the validation study are 
resampled over a large number of times e.g., 1000 times, and on the basis of the 
resampling the studied parameter is estimated. The idea is that the entire population 
of chemicals cannot be studied and the sample size is deemed to be limited (e.g. 20 
chemicals) for the estimation of the parameter. Therefore the performance of resa-
mpling on the sample itself and repeated many of times may better capture the vari-
ability of the parameter than the approach based on a single value. For instance, for 
the WLR, the resampling can be performed at the level of the different runs of a 
given laboratory. Then WLR is calculated on the basis of concordant results obtained 
in this resampling. The resampling procedure can also be done at the level of the 
chemicals. For the BLR, the principle would be the same, e.g. resampling over the 
results obtained in all laboratories.

5  Conclusions

In this chapter we have explored the fundamental concepts underlying the valida-
tion of in vitro test methods for hazard/safety assessment of chemicals or biologi-
cals and have summarised the major challenges as well as established processes and 
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tools for validation. Validation sits between the development of novel test methods 
and their routine use for safety assessment by industry and regulators. The aim of 
validation is to provide a robust, transparent and trustworthy scientific basis regard-
ing the characterisation of a test method in view of its application for a particular 
purpose (“fitness for purpose”). From this it follows that there can never be a final 
or ultimate validation of a test method: validation is context-dependent. Validation 
studies and subsequent recommendations support regulators, policy makers and 
stakeholders when considering whether or not to formally adopt (i.e. into legisla-
tion) a given test method for a specific use in relation to legislation that aims to 
protect human health (e.g. workers, consumers) and the environment.

We stress that the term validation incorporates various meanings: it relates to 
the formal process of assessing and establishing fitness-for-purpose of a test 
method (often conducted by impartial governmental or supranational organisa-
tions), but also to the scientific study type for achieving this and, last, to the testing 
of a set of hypotheses. These are: (1) that the scientific basis of a test method is 
relevant for an adverse outcome or toxicity pathway in a target system, (2) that a 
given protocol associated with the test method allows its reproducible use and (3) 
that a given prediction model allows making sufficiently accurate predictions on 
adverse outcomes. All of these hypotheses are assessed through empirical testing 
of test chemicals (prospective studies) or the evaluation of existing information 
(retrospective studies). Consequently validation studies are scientific endeavours 
that need to be conducted in agreement with key scientific principles such as objec-
tivity and appropriateness of methodology. These relate to statistically informed 
sample size calculations, conscientious selection of test chemicals, ex ante criteria 
for test method performance and the independence and/or impartiality of some of 
the actors (at least the scientific peer review).

We have discussed some major challenges of validated alternative test methods, 
mainly relating to the fact that these are proxy systems and highly reductionist mod-
els. We have also discussed the basic design of test methods. These are based on 
specific test systems (e.g. a specific cell line or tissue), the measurement of specific 
parameters as well as a prediction model. These elements of a test method are nor-
mally described in the procedure associated with the test method. Prediction models 
are of key importance for the validation of test methods as they are used to derive a 
performance characterisation in terms of predictive capacity and applicability. 
Prediction models are functions that convert the measured parameters into categori-
cal predictions relating to any classification that is relevant of the purpose. 
Classifications can relate to chemicals being sorted according to their intrinsic 
potential to activate a toxicity pathway or to downstream (apical) health effects/
adverse outcomes. Using the terminology of adverse outcome pathways (AOP), 
classifiers of alternative test methods can relate to everything from molecular initi-
ating events to adverse effects on population level. Typically however, these relate 
to categories as defined by classification and labelling systems, for instance the 
United Nations Global Harmonized Systems for Classification and Labelling (UN 
GHS). Therefore the conversion of the measured parameter into classes/categorical 
variables, by means of the prediction model, is a simplification process that renders 
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the outcome of the test more comprehensive but loses resolution with regard to the 
reality of a continuum of toxicity effects from non-toxic to highly toxic.

The validation process also encompasses the careful examination of the regula-
tory context. Due to the reductionist nature of alternative methods (i.e. modelling 
only small aspects of a more complex system), validated methods will be increas-
ingly used in integrated testing strategies (ITS) or integrated approaches on testing 
and assessment (IATA), bringing together data from a variety of sources. The con-
cept of adverse outcome pathways (AOPs) supports consensus-building on what may 
be the most important toxicological events leading to a final adverse effect: AOPs 
provide a description of these so-called “key events” and, to the extent possible, their 
causal links. In that sense the AOP concept promises to contribute to the identification 
of knowledge gaps and is expected to expedite the development of new test methods 
that model upstream mechanisms relevant for the downstream (apical) adverse effect 
of concern. The AOP concept thus also supports the validation of alternative methods 
of greater mechanistic and biological relevance and, it is hoped, greater predictive 
power and overall relevance.

The validation workflow typically includes four steps: assessment of test methods, 
conduct of validation studies, independent scientific peer review and final conclusions 
and recommendations. Regarding the practice of validation, the so-called “modular 
approach” has proven extremely useful: the information generated during the valida-
tion studies is systematically assessed through several information modules that all 
need to be sufficiently satisfied in view of scientific peer review of the validity status of 
a test method—notably, what constitutes “sufficient” depends on the purpose. The 
modules include the test definition (i.e. a description of the scientific basis of the 
method, within- and between-laboratory reproducibility, transferability, predictive 
capacity, applicability domain and performance standards, defined upon completion of 
a validation study. All of these modules are informed by testing data on chemicals. 
Thus, the number of chemicals tested influences the certainty of the data obtained. 
Therefore calculation of sample size, prior to the conduct of the study, is a prerequisite 
for enabling the generation of a sufficient amount of data. This relates to the statistical 
power and the target values defined for the study (e.g. target values of within-laboratory 
reproducibility or sensitivity). The reliability relies to the reproducibility of the method 
within a given laboratory, so called within laboratory reproducibility (WLR), the repro-
ducibility over several laboratories, or between laboratory reproducibility (BLR) as 
well as the ease with which methods are amenable to transfer from one to another labo-
ratory (“transferability”). WLR and BLR are assessed by the proportion of concordant 
predictions obtained. However this may not capture all the variability observed when 
using the method and other quantitative tools for assessing data variability before appli-
cation of the prediction model are useful. The predictive relevance relies to how useful 
the obtained predictions are for the intended regulatory use. This is quantitatively 
assessed by the predictive capacity of the method. The predictive capacity uses accu-
racy values, such as sensitivity and specificity. Reporting confidence intervals helps 
capturing the uncertainty on the values obtained. ROC curves are another useful tool 
for assessing in a systematic manner the performance of the test method as a function 
of variations of the cut-off value of the prediction model.
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In summary, validation is a multidisciplinary scientific exercise requiring expertise 
in a wide range of disciplines and areas, including biology, physiology, chemistry, 
statistics and regulatory frameworks. All these aspects are necessary for as complete 
a characterisation of a test method as possible through validation: This will help to 
understand and describe the extent of certainty and confidence in a test method and 
the remaining level of uncertainty. Validation will therefore play an ever greater role 
as new tools and more probabilistic approaches emerge in risk assessment wherein 
alternative methods are likely to play a central role.
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    Abstract     This chapter focuses on practical aspects of conducting prospective 
 in vitro  validation studies, and in particular, by laboratories that are members of the 
European Union Network of Laboratories for the Validation of Alternative Methods 
(EU-NETVAL) that is coordinated by the EU Reference Laboratory for Alternatives 
to Animal Testing (EURL ECVAM). Prospective validation studies involving 
EU-NETVAL, comprising a multi-study trial involving several laboratories or “test 
facilities”, typically consist of two main steps: (1) the design of the validation study 
by EURL ECVAM and (2) the execution of the multi-study trial by a number of 
qualifi ed laboratories within EU-NETVAL, coordinated and supported by EURL 
ECVAM. The approach adopted in the conduct of these validation studies adheres 
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to the principles described in the OECD Guidance Document on the Validation and 
International Acceptance of new or updated test methods for Hazard Assessment 
No. 34 (OECD  2005) . The context and scope of conducting prospective  in vitro  
validation studies is dealt with in Chap.   4    . Here we focus mainly on the processes 
followed to carry out a prospective validation of  in vitro  methods involving different 
laboratories with the ultimate aim of generating a dataset that can support a decision 
in relation to the possible development of an international test guideline (e.g. by the 
OECD) or the establishment of performance standards.  

  Abbreviations 

   AOP    Adverse Outcome Pathway   
  CAS    Chemical Abstracts Service   
  CYP    Cytochrome P450   
  DMSO    Dimethyl sulfoxide   
  ECHA    European Chemicals Agency   
  EMA    European Medicines Agency   
  EFSA    European Food Safety Authority   
  EFTA    European Free Trade Association   
  ESAC    EURL ECVAM’s Scientifi c Advisory Committee   
  ESTAF    EURL ECVAM Stakeholder Forum   
  EU    European Union   
  EU-NETVAL    European Union Network of Laboratories for the Validation of 

Alternative Methods   
  GIVIMP    Good  In Vitro  Method Practice (Guidance)   
  GLP    Good Laboratory Practice   
  IATA    Integrated Approach for Testing and Assessment   
  ICCVAM    Interagency Coordinating Committee on the Validation of Alternative 

Methods   
  ISO    International Organization for Standardization   
  ICATM    International Collaboration on Alternative Test Methods   
  JaCVAM    Japanese Center for the Validation of Alternative Methods   
  LIMS    Laboratory Information Management Systems   
  MAD    Mutual Acceptance of Data   
  MSDS    Material Safety Data Sheet   
  NICEATM    NTP (National Toxicology Program) Interagency Center for the 

Evaluation of Alternative Toxicological Methods   
  OECD    Organisation for Economic Co-operation and Development   
  PARERE    Preliminary Assessment of Regulatory Relevance   
  PBTG    Performance-based OECD test guidelines   
  (Q)SAR    (Quantitative) Structure-Activity Relationship   
  REACH    Registration Evaluation, Authorisation and Restriction of Chemicals   
  SOP    Standard Operating Procedure   
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1         Introduction 

 Before moving to the stage of conducting a prospective validation study,  in vitro  
methods need to undergo thorough assessment. Experience has shown that develop-
ment, validation and regulatory acceptance of a new  in vitro  method at international 
level is challenging as regulatory discussions relating to the integrative use of infor-
mation from various  in vitro  methods and non-testing methods become increasingly 
complex. Therefore, it is of critical importance to consider the potential contribution 
or added-value of a particular  in vitro  method during the development stage, i.e. its 
contribution to a mechanistic understanding (e.g. in context of Adverse Outcome 
Pathways—AOP), its potential contribution to an Integrated Approach for Testing 
and Assessment (IATA) as described in Chap.   13    , and hence its potential future use 
and usefulness (Bouvier d’Yvoire et al.  2012 ; Coecke et al.  2014a ,  b ). 

 Generally, the development of an  in vitro  method purely for screening purposes 
may not require regulatory acceptance. However, if a method is intended for regula-
tory applications, this requires a high level of scientifi c description and characterisa-
tion as well as compliance with quality systems that need to be respected once such 
 in vitro  methods are routinely used. Regulators commonly consider “good”  in vitro  
methods as those that are relevant for their specifi c regulatory purpose, are scientifi -
cally sound, applicable to the substances they are interested in, and demonstrated to 
be technically reproducible within and between different laboratories. This gener-
ally means that the  in vitro  method employs human cells or tissues in order to ensure 
biological relevance to the species of interest and that it measures endpoint(s) rele-
vant to humans and underlying human Mechanisms of Action and/or Mode of 
Action. The selection of test chemicals as adequate positive and negative control 
items or, reference items is of critical importance. 

1.1     Validation 

 Validation has been defi ned as a process to characterise the reliability and relevance 
of methods in view of a particular pre-defi ned purpose. Validation is an essential 
step towards ensuring that an  in vitro  method (1) is suffi ciently  reliable  when used 
under standardised conditions on a routine basis and (2) produces data that are  rel-
evant  in view of its envisaged purpose and application. Validation is a pivotal step 
towards the regulatory acceptance and the international recognition of  in vitro  meth-
ods for a range of scientifi c purposes by a variety of end-users (European Parliament 
and Council  2010 ). It is a prerequisite for the development of international stan-
dards and test guidelines that underpin regulatory decision-making and, due to 
agreements such as OECD’s Mutual Acceptance of Data (MAD), supports global 
trade. Internationally accepted validation principles for alternative approaches are 
described in the OECD no. 34 “Guidance document on the validation and interna-
tional acceptance of new or updated test methods for hazard assessment” 
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(OECD  2005 ), which outlines the essential considerations and steps to assess the 
reliability and relevance of an  in vitro  method. 

 A prospective validation study can be divided into two parts: (1) designing a vali-
dation study and (2) conducting a validation study. Key decisions should be made at 
the stage of trial design, including the establishment of the appropriate standard 
operating procedure (SOP) versions to be used during the validation study. In con-
trast, the phase of conducting a validation study mainly relates to the logistical and 
organisational aspects relating to the practical testing as well as the management of 
potential deviations.   

2     Submission and Evaluation of In Vitro Methods 
for Validation Studies 

 The validation process starts with a theoretical, paper- based   evaluation of the 
 in vitro  method submission or submissions covering a specifi c class of  in vitro  meth-
ods (Fig.  5.1 ). Once the theoretical assessment of the proposed (submitted)  in vitro  
method has been completed, in some cases, the method is evaluated at the EURL 
ECVAM GLP test facility for technical and usability aspects. When  in vitro  meth-
ods covering a class of assays are submitted, one or more representative methods 
can be defi ned aiming to obtain, for this class of assays, the corresponding and 
desirable performance standards. The experimental evaluation of the submitted 
 in vitro  method or representative method(s) is performed by carrying out at least 
two studies, depending on the complexity of the method. One of these studies is 
performed as a GLP study, as OECD guidance states that it is preferred that valida-
tion studies are performed and reported in accordance with GLP (OECD  2005 ).

   Before introducing the proposed  in vitro  method into the EURL ECVAM test 
facility, personnel (study director and study personnel) are trained adequately on the 
method, either in the test submitter’s facility or at the EURL ECVAM GLP test 
facility. The training is usually carried out by the test developer. After completion of 
the training phase, the method is transferred to the EURL ECVAM GLP test facility. 
During this step, data analysis templates and raw data forms are assessed for com-
pleteness, usability and possible calculation errors. If no analysis templates or raw 
data forms are available, new templates or forms may be drawn up if deemed neces-
sary. Any issues found during this  in vitro  method transfer phase will be communi-
cated to the test submitter who shall address the fi ndings before the method is moved 
into the next phase. If the method is substantially altered, it may need to be re- 
validated in-house. The last step in the evaluation process is to perform a GLP study 
within the EURL ECVAM GLP test facility, usually with more than one test chemi-
cal. All data analysis templates need to be validated according to the facility’s SOPs 
on validation of electronic spreadsheets before they are used in a GLP study. The 
results of the GLP study, i.e. the fi nal report, will be provided to the sponsor, allow-
ing EURL ECVAM to take the necessary follow-up actions (Fig.  5.1 ).  
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  Fig. 5.1    Process fl ow in a validation study         
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Fig. 5.1 (continued)
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3     Designing a Prospective Validation Study 

 This is the part of the prospective validation process which, in practice, may require 
the most time and resources. Therefore, the better planned and thought through it 
is, the higher the probability that the validation study will succeed. In principle, the 
design phase starts already from the  in vitro  method development phase, since, as 
it will be explained further, a well-designed and robust  in vitro  method is of para-
mount importance. All the important aspects that should be taken into consider-
ation during the design of the prospective validation study are described in the 
following sections. 

3.1     Roles and Responsibilities 

3.1.1     Role of EURL ECVAM as an EU Reference Laboratory 

 If necessary, the  EURL ECVAM GLP test   facility improves, in close collaboration 
with the  in vitro  method submitter, the  in vitro  method procedure in terms of com-
pleteness, clarity and test defi nition and test description. The  in vitro  method proce-
dure should be standardised to accelerate its translation into internationally 
recognised test guidelines, including performance based test guidelines, and to 
ensure its acceptance for regulatory use. Then the EURL ECVAM GLP test facility 
generates GLP compliant test data using the  in vitro  method under validation. This 
serves as a preparatory step towards the design and execution of studies carried out 
by the EU-NETVAL laboratories. Thus EURL ECVAM acts as the interface between 
the  in vitro  method submitter and the EU-NETVAL test facilities. 

 EURL ECVAM coordinates the validation study according to a validation proj-
ect plan which includes aspects such as fi nalisation of test defi nitions and SOPs, 
training and support of EU-NETVAL test facilities participating in the multi-study 
trial, provision of materials and test chemicals, collection and statistical analysis 
of test data, and the preparation of the validation report for formal ESAC peer 
review. Thus EURL ECVAM facilitates the international harmonisation and stan-
dardisation of validated  in vitro  methods to aid their translation into internation-
ally recognised standards and test guidelines and to ensure their acceptance for 
regulatory use. It takes the lead in the development of guidance documents and 
training materials covering various technical aspects of good  in vitro  method 
development and practices. As such, EURL ECVAM strives to sustain a high level 
of effi ciency and effectiveness of the network in its support of validation studies, 
and to expand its capacity and expertise in order to keep pace with technological 
and methodological developments that are refl ected in methods submitted for 
validation.  
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3.1.2     Role of EU-NETVAL Laboratories 

  EU-NETVAL  laboratories   contribute to validation studies through the execution of 
one or more specifi c tasks including conducting single study elements of a multi- 
study trial. The support sought from members varies in scope depending on the 
task and the capacities and the areas of expertise of the laboratories. Tasks consti-
tuting this support address the particular data and information requirements of one 
or more validation modules applicable to the study. Tasks of the EU-NETVAL 
laboratories include:

    i.     Defi nition and description of  in vitro  methods  
 Support the defi nition of  in vitro  method procedures including technical 

assessment (non-experimental or experimental) in terms of (a) clarity of the 
description of the scientifi c basis of the  in vitro  method, (b) completeness of the 
SOP, (c) SOP’s overall clarity, (d) putative robustness and suitability for imple-
mentation within a GLP environment. This includes refl ecting the defi nition of 
an  in vitro  method in a suitably elaborated method description, prepared in a 
format fi t for public dissemination through EURL ECVAM’s database on alter-
native methods, DB-ALM (see   http://ecvam-dbalm.jrc.ec.europa.eu/    ).   

   ii.     Transfer of  in vitro  methods between laboratories  
 Support the demonstration and assessment of the transferability of  in vitro  

methods between laboratories. This includes the preparation of technical train-
ing courses and related training materials on the method undergoing validation 
to aid in the transfer process.   

   iii.     Assessment of the reproducibility of   in vitro   methods  
 Support the generation of datasets on selected reference chemicals for the 

assessment of within-laboratory and between-laboratory reproducibility of 
 in vitro  methods. This may include participation in a multi-study trial and acting 
as a lead laboratory for such trials, if appropriate.   

   iv.     Assessment of the predictive capacity and applicability domain of  in vitro 
 methods  

 Support the generation of datasets on selected reference chemicals for the 
performance assessment of an  in vitro  method in relation to its predictive capac-
ity into its intended purpose and/or its contribution to an integrated testing strat-
egy or testing battery. This will also include the assessment of the mechanistic, 
chemical, physico-chemical, sectorial and regulatory applicability domains of 
 in vitro  methods, and the generation of datasets suitable for the establishment of 
performance standards for particular classes of  in vitro  method.   

   v.     Guidance documents and training materials supporting validation  
 Support the development of guidance documents and training materials cov-

ering various technical aspects of good  in vitro  method development and prac-
tices in order to sustain a high level of effi ciency and effectiveness of the 
network in supporting validation studies, and to expand its capacity and 
 expertise in order to keep pace with technological and methodological develop-
ments that are refl ected in methods submitted for validation.   
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   vi.     Surveillance of uptake and use of validated  in vitro  methods  
 Support the surveillance of the uptake and use of  in vitro  methods that have 

undergone validation to assess in-fi eld post-validation performance against the 
originally intended purpose and to exploit data generated by end-users to fur-
ther refi ne the method description and review the applicability domain.     

3.1.3       Role of the Validation Management Group 

 Following the principles for  in vitro  method validation, a Validation Management 
Group (VMG)       is established by EURL ECVAM (Balls  1995 ). According to OECD 
Guidance document no. 34 (OECD  2005 ), the VMG, also called Validation 
Management Team, is an independent oversight group, consisting of individuals 
with experience with the types of assays being performed, biostatisticians, and oth-
ers with knowledge of the purpose of the validation study. The main roles of the 
VMG are: (1) review and approval of the validation project plan, (2) progress 
monitoring, (3) management of deviations, (4) trouble shooting, (5) interpretation 
of results and drawing of conclusions, (6) assistance, review and approval of the 
validation report, (7) consultation after the validation study. Representatives of 
other international validation organisations, such as ICCVAM and NICEATM 
(USA) and JaCVAM (Japan) may participate as observers also. A chemical selec-
tion group shall be responsible for the selection of the test chemicals to be used in 
the validation study. The statistical analysis of the  in vitro  data is the responsibility 
of an independent biostatistician. The biostatistician is independent from the 
 in vitro  method submitter and from the EU-NETVAL laboratories involved in the 
validation study.   

3.2      Quality   and Good Scientifi c Practices During Method 
Development 

 It is very important to properly defi ne and control the essential components of the 
 in vitro  method, including the exposure regime to the test chemicals, the  in vitro  
biological models (test systems), the analytical or life science measurement tech-
niques used and the experimental design. Therefore, EURL ECVAM coordinates 
efforts related to  Good  In Vitro  Method Practice (GIVIMP)   to provide detailed 
updates on today’s state-of-the-art of good practices when applying  in vitro  meth-
ods in regulatory human safety assessment for various kinds of chemicals. Well-
designed, relevant and reliable  in vitro  methods that can run in a GLP environment 
are becoming more and more instrumental for supporting regulatory decisions.  
GIVIMP   contributes to increase standardisation and international harmonisation in 
the generation of  in vitro  information on test item safety and will give guidance to 
obtain high quality data based on sound scientifi c principles to support regulatory 
human safety assessment of chemicals using  in vitro  methods. GIVIMP also 
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facilitates the application of the OECD Mutual Acceptance of Data agreement 
(MAD) for data generated by  in vitro  methods avoiding as such unnecessary dupli-
cation of testing by MAD adherent countries.  

3.3     The Importance of the Standard Operating 
Procedure (SOP) 

3.3.1     Need to Defi ne Minimum SOP Requirements in View 
of Reporting Features 

  An   in vitro  method   should be robust and transferable and allow for standardisation. 
Therefore, the fi rst step in developing a new  in vitro  method is achieving a well- 
defi ned  in vitro  method. This should be done in the format of the SOP, a detailed, 
written instruction to achieve uniformity of the performance of a specifi c  in vitro  
method. The SOP should be written in a concise, step-by-step, easy-to-read format 
and should be able to be executed in a GLP environment. The information presented 
should be complete and unambiguous. The document should not be too wordy, con-
tain redundant information, or be too long. Any specialised or unusual terms (e.g. 
acronyms or abbreviations) should be defi ned either in a separate defi nition section 
or in the appropriate discussion section. Moreover, it is also important that the SOP 
states the required personnel qualifi cations and the related roles and responsibilities, 
together with safety considerations. 

 The  in vitro  method defi nition process begins with defi ning a clear and concise 
title and the chemical, biochemical or biological basis of the method. This includes 
a rationale for the relevance of the results produced such as the endpoints to be 
measured and a rationale or decision criteria for how the results are to be interpreted 
and used. The title should be clearly worded to be readily understandable by a per-
son knowledgeable with the general concept of the procedure. The  in vitro  method 
defi nition has to be carried out in an orderly, logical, or systematic way and result 
from existing instructions, inquiries, experimental and non-experimental investiga-
tions and studies. The  in vitro  method description is more related to the presentation 
of the method and to the evaluation of what is the best way to describe a method. 
The content should be described in such a way that it is meeting the standards 
required to enable an end-user of the method with the necessary technical and sci-
entifi c  in vitro  method competence to properly carry out the procedure. A numbered 
list is useful when explaining instructions that need to be performed in sequence. 
Instead of burying the key points inside large blocks of text, the signifi cant parts 
should be pulled out, so readers can see with a glance what the most important parts 
are. Some complex key experimental steps can also be described by audio-visual 
tool such as short video clips. 

 The  in vitro  method SOP should avoid an overly complex structure by breaking 
the information into a series of logical steps or headings. Over use of multiple head-
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ings should be avoided. Some of the questions that should be asked by the authors 
of  in vitro  methods are:

•    Is the description and the defi nition for the intended use of the  in vitro  method 
complete?  

•   Is the mechanistic basis of the  in vitro  method adequately described?  
•   Are the reference and control items clearly identifi ed in the  in vitro  method?  
•   Are the acceptance criteria clearly defi ned and are they based on solid and veri-

fi ed experimental data?  
•   Does the solvent interfere with the results? What type of solvents may be used?  
•   Are the limits of the  in vitro  method adequately characterised?  
•   Are there gaps or missing information in the overview of how the  in vitro  method 

should be conducted?  
•   Is it possible for a person with the adequate technical background to reproduce 

the method based only on the information included in the SOP?  
•   Is a dose-range fi nding procedure established that allows the selection of a mean-

ingful dose-range for the test item?      

3.3.2     Limitations and  Applicability   of the In Vitro Method 

 It is important to clearly describe in the SOP the applicability domain of the  in vitro  
method, as well as any limitations or exceptions. For instance, some  in vitro  meth-
ods will only be compatible for technical reasons with liquid chemicals but not with 
solids or other physic-chemical states. This will enable the proper application of the 
method and will avoid the generation of misleading data. For example, limitations 
in terms of applicability could stem from already known limits of use for a particu-
lar class of method, diffi cult chemical types (e.g. volatiles), lack of metabolic com-
petence (biotransformation) of the test system or an absence of critical transporters.  

3.3.3     Apparatus,  Reagents   and  Special Consumables   

 A brief description of the essential requirements of the  apparatus   (analytical and life 
science measurement techniques) required for the  in vitro  method should be 
included into the SOP. Trademarks should be avoided, unless a specifi c manufac-
turer’s product is required for a well-defi ned reason. If special types of plastic ware 
are required, then the signifi cant characteristic desired should be clearly stated. 
Reagents and materials required for each procedure should be listed as a separate 
section under each subdivision, including purity (if applicable), CAS or identifi ca-
tion number. Finally, it is important to describe any specifi c requirements in case a 
complex apparatus is used (e.g. precision, detection limit, limit of quantitation), or 
in case a critical reagent is used (e.g. purity or special handling etc.).  
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3.3.4     Establishing  Acceptance and Decision Criteria   

  Acceptance criteria should be established and described in the SOP for each of the 
following: 

  Test system —performance (assessed by the response of positive and negative 
controls items), growth rate/curves, contamination free (e.g. mycoplasma), passage 
number range, cell recovery. 

  Test chemicals —performance (reference items, negative and positive control 
items), solubility, cytotoxicity, dose response, etc. 

  Analytical or life science measurement technique —linearity, accuracy, sensi-
tivity, reproducibility, performance (reference item(s), internal controls, standards, 
quantitation limit). 

  Data analysis —number of runs (SD, % CV, etc.), acceptable failure rate, statis-
tics to be employed (e.g. curve fi tting), curve fi tting acceptance. 

  Data analysis templates  ( spreadsheets )—ensure they are a true refl ection of the 
SOP (i.e. are all data analysis described in SOP) 

  Reporting —outcome to be reported and units of reporting 
 Additionally, decision criteria to decide whether to accept or reject a test run 

should be described in detail in the SOP. These decision criteria should be realistic 
and take into account:

•    What response of the biological test system can be achieved?  
•   What defi nitive activities or SOP steps must occur?  
•   What tools will be needed to execute the SOP steps? How one knows that the 

SOP steps are successfully completed?  
•   What processing apparatus is involved or will impact the SOP steps execution?  
•   Who is responsible for executing the SOP step(s) or following the procedure?  
•   In what order must these SOP steps occur in order to succeed?  
•   How should the steps be executed and the response achieved should be 

documented?    

 All appropriate Quality Assurance (QA) and Quality Control (QC) activities for 
that SOP should be described with signifi cant references.    

3.4     Selection of Test Chemicals 

 The selection of test chemicals for validation studies is a complex process and the 
following considerations should be addressed during the selection  process  :

    1.    Data on chemical activity/toxicity ideally in the species of interest (e.g. humans) 
should be available so that the relevance and reliability of the  in vitro  method can 
be assessed. A small set of chemicals to further test the limits of the method may 
be included;   
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   2.    The selected total pool of chemicals should be diverse in terms of their structure 
and biological effect (potency) to ensure the robustness of the method. Although 
not easy to practically implement, the known applicability domain of the method 
is extended if validated with diverse chemicals and further confi dence can be 
achieved if the  in vitro  method has also been assessed with a small but represen-
tative set of chemicals of particular interest such as nanomaterials and 
mixtures;   

   3.    Test chemicals should be suitable for testing and comply with practical con-
straints such as solubility, chemical stability, commercial availability and cost. 
Typically 10–50 test chemicals, depending on the availability of high quality 
reference data, are selected for a multi-study trial involving the EU-NETVAL 
test facilities. Besides the availability of high quality human (or other target spe-
cies) reference data, above mentioned practical constraints as well as processing 
time, handling, storage and safety requirements, limit the number of test  items  .    

  To achieve such a complex task, manual selection based solely on expert knowl-
edge becomes more diffi cult and computational tools may facilitate decision 
making. 

3.4.1      Collection   of Reference Data Associated with the Test Chemicals 

  The most reliable way to assess the biological behaviour of selected test chemicals 
is to explore the existing literature and documentation. Chemistry-based systems, 
such as PubChem or Scifi nder allow querying by molecule (e.g. name, CAS num-
ber, structure) and retrieving a signifi cant part of the scientifi c literature concerning 
the query chemical. Specifi c databases, depending on the biological mechanism 
studied, are more suitable. It is also acceptable to cite the Toxcast/Tox21 initiative 
that generated  in vitro  responses for a large set of chemicals and assays (US EPA 
 2010a ,  b ; Tice et al.  2013 ). In the end, it is recommendable to collect a state-of-the- 
art of all (or most of) the chemical substances based on human exposure data, or on 
similar biological  in vitro  test systems with same or similar characteristics and con-
ditions. It is then feasible to assign for each chemical substance a confi dence score 
defi ned by the relevance of the data collected and the frequency of the behaviour 
observed. 

 Literature fi ndings can be completed and/or confi rmed by  in silico  predictions. 
For example, many reliable Quantitative Structure-Activity Relationship (QSAR) 
or docking models exist for receptor binding measurements and can be a good sup-
plement to fi ll in gaps in datasets or reinforce a given observation. Phenomena 
involving very specifi c chemical mechanisms (e.g. protein or DNA binding) are 
tightly connected to well-known chemical reactivity and reliable models have been 
produced. The known space of biological response will defi ne the chemical selec-
tion of a validation study. Exploratory compounds can nevertheless be added to the 
selection set for the sake of new data generation or mechanistic elucidation; but it 
remains quite minor compared to the whole set of selected chemicals. In order to 

5 Practical Aspects of Designing and Conducting Validation Studies Involving…



146

have a better picture of the selected test items, it is often possible to collect  in vivo  
data related to the tested system. However, in toxicology, the tested system may 
only be a part of a broader toxicity pathway (or Adverse Outcome Pathway, AOP) 
and fi nding a direct correlation between the tested  in vitro  method (often accounting 
for an effect at receptor or cellular level) and an underlying adverse effect (at the 
organism level) is not always easy. For example, when testing an endocrine-related 
receptor (oestrogen or androgen receptors), it is not obvious to relate the tested 
phenomenon (most probably agonism or antagonism) to an actual  in vivo  observa-
tion such as developmental, reproductive, or carcinogenic effects.   

3.4.2     The  Diversity   Issue 

  When validating an  in vitro  method, the applicability domain is of major importance 
since it will defi ne the chemical classes for which the method is able to give reliable 
measurements. The applicability domain is defi ned by the chemical substances 
tested during validation and in principle the method should only be reliable for simi-
lar chemicals by interpolation or, to some extent, with a slight extrapolation. It is 
then advisable to maximise the diversity of the chemicals selected for validation in 
order to extend the applicability domain of the tested method. 

 From a chemistry point of view, it is desirable to cover a wide chemical space, 
meaning a large number of different structures. The exercise of covering chemical 
space is a trade-off between the number of chemical classes covered (the “area”) 
and the number of representatives of each class (the “density”). It should be kept in 
mind that the chemical selection is always limited by the number of compounds that 
can be used for validation. Therefore, it is not possible to cover all chemical classes 
while maintaining a high density. Depending on the aim of the validation study, one 
wants to focus on the area covered or the density. A large area with low density will 
ensure a large applicability domain of the tested system but with a loss in reliability. 
On the other hand, a smaller area covered more densely will allow more reliable 
responses but will only be applicable for a limited count of chemical classes. 

 The structural diversity can be evaluated with structural descriptors like struc-
tural keys or fragment fi ngerprints. Similarity measures (such as the Tanimoto 
index) are able to quantify the diversity ( i.e . a low average similarity between com-
pounds) of a dataset. Strategies based on chemo-informatics methods are used to 
pick up a restricted, yet diverse, subset out of a source dataset. The sphere exclusion 
(or cell-based) method and the clustering method, which are illustrated in Fig.  5.2 , 
are examples of such strategies. In the sphere exclusion, chemicals are projected in 
a multidimensional space made of user defi ned descriptors (either structural or 
physical/chemical properties). A compound is randomly picked as the seed and 
selected. All the compounds in the neighbourhood (defi ned by a threshold) are 
excluded and another molecule is then picked up outside the excluded sphere. 
Iteratively, compounds are picked-up and their closest neighbours excluded until 
there are no more compounds left to select or until the target number of chemicals 
is reached. It is also possible to use clustering methods. The dataset is clustered 
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according to the inter-compound similarity (again, either based on structural or 
chemical descriptors). A threshold is set to defi ne  n  clusters ( n  being the target num-
ber of chemicals used for the validation study) and one compound is selected (ran-
domly or according to other criteria) inside each cluster giving eventually a selection 
of  n  compounds.

   Following the same reasoning, diversity of biological response should not be 
neglected. As chemical diversity has to be maximised to ensure a large applicability 
domain, similarly the potency spectrum should be adequately covered. The data 
compiled in the data collection step help at ranking compounds, triggering high, 
medium or low responses from the system. The fi nal selection should then include 
compounds covering a wide range of biological response to be sure that the system 
is tested in all possible values of the spectrum. Obviously, it concerns only the posi-
tive response (triggering an observed effect) while the negatives are considered as 
zeros or close to it. At this stage, QSAR models could also help at evaluating or 
confi rming the expected behaviour of the compounds. Note that, due to the nature 
of the biology and the specifi city of the system tested, positive compounds typically 
cover a smaller structural space than the negative ones. This is especially true for 
specifi c receptor-based assays for which only very fi ne structural details may trigger 
a response (agonist or antagonist).   

3.4.3     Property  Predictions   

  Existing computational models can help evaluate the biological response of the 
tested system. An extensive number of quantitative (QSAR) and qualitative (struc-
tural alerts, decision trees, profi ler) models are available nowadays covering a large 
landscape of biological effects, from receptor binding to systemic toxicity. The 

  Fig. 5.2    Example of application of two diversity selection methods: sphere exclusion and cluster 
selection       
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OECD’s QSAR Toolbox (OECD  2012 ) is a recommended approach as it is free of 
charge and developed to generate predictions in various scenarios related to toxicity. 
Advanced simulations, combining docking and QSAR could help to evaluate enzy-
matic assay responses (EC 50 , IC 50 ), like Virtual ToxLab (Vedani et al.  2009 ).  In 
silico  predictors could also be used for the calculation of additional selection crite-
ria. Particularly, it can be interesting, for experimental design, to generate data on 
thermodynamics and kinetics of the compounds. Some models are able to calculate, 
for example, protein binding that could be crucial in certain assays. Also, kinetic 
parameters can be derived from simulation with physiologically-based pharmacoki-
netic (PBPK) modelling. Finally, metabolism can be simulated by rule-based 
engines in order to predict the most probable metabolites that could infl uence the 
results of cell or tissue based assay.   

3.4.4     Practical Examples 

 For the validation of an  androgen receptor transactivation assay   (namely, 
AR-CALUX) at EURL ECVAM, the test item selection relied mainly on collection 
of available knowledge from various sources. We gathered expert opinions, pub-
lished literature, collaborators’ results as well as in-house results in a comprehen-
sive data table for about 80 chemicals. They were evaluated based on a score 
accounting for the number of observations of three possible behaviours in the assay 
(agonist, antagonist, negative). Ranked by confi dence (higher scores), the top chem-
icals were selected to obtain a balanced set of 45 (15 of each of the 3 classes). 
Available potency data were also gathered from the same data sources (combined 
with in-house experiment on solubility of compounds) in order to set up experimen-
tal protocols (e.g. test doses range). 

 In conclusion, in the context of a prospective validation study, chemical selection 
is often totally based on theoretical work. That is why  in silico  tools can be used 
appropriately at several stages of the chemical selection. Ideally, data on the poten-
tial chemicals should be collected through dedicated databases or inventories. The 
selection should maximize the chemical diversity covered with the help of chemo- 
informatics that provides similarity-based tools. Also, the biological response 
should be thoroughly explored by selecting compounds with different profi les 
(determined by literature fi ndings that could be supported with predictions). Finally, 
theoretical models are able to predict a whole range of properties that can help at 
fi ne-tuning the chemical selection taking into account the experimental design and 
the underlying limitations.   

3.5     Test Chemical  Management   

  Solubility and stability testing of test chemicals (test, reference and control items) 
is part of the test chemical management activities. The process starts with their 
acquisition and ends with their shipment to the EU-NETVAL test facilities for the 
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multi-study trial. The entire process includes fi rst checking on the availability of the 
test chemicals, the acquisition, the registration, the labelling for their identifi cation 
and the control of the correct storage conditions in order to trace and guarantee the 
chain of custody. The aliquoting, coding (when required), and packaging of the test 
items for the appropriate distribution is also an important test chemical management 
activity during a validation study. Tests for solubility, stability and variability 
between batches are performed at EURL ECVAM test facility. Figure  5.3  illustrates 
all these steps.

   Solubility verifi cation ensures compatibility of the test chemical with the  in vitro  
method under evaluation. Before selecting a test chemical for a validation study, it 
is important to check if the test chemical is and remains soluble both in the stock 
solution and in the  in vitro  method incubation medium (working solution) at the 
desired concentration and under the  in vitro  method experimental conditions. 

 After a preliminary phase, theoretical  in vitro  method performance evaluation 
and theoretical SOP optimisation, solubility testing is performed in standard 
throughput mode to generate suffi cient data in a reasonable time. The traditional 
solubility testing approach by visual inspection of the solution is subjective. A more 
objective method that has been used in EURL ECVAM validation studies is using 
the Tyndall-based nephelometer method. Nephelometry provides an objective 
 indicator of solubility, differentiating trace dispersions from limpid solutions by 
relative turbidity, detected as Tyndall-effect light scattering of a transmitted laser 
beam. The method is relevant and accurate at threshold concentration ranges of 
solubility in contrast to the visual inspection. Automated instrumentation for multi-
well microplates allows rapid serial measurement of sample aliquots, applicable to 

  Fig. 5.3    Test chemical management: from acquisition to distribution       
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incremental concentrations of solute over a relevant range and/or batch screening of 
multiple test items under specifi c conditions. For instance, for the needs of a valida-
tion study it is feasible to obtain data on 12 test items/week, at 3 different concentra-
tions, in pure solvent (usually dimethyl sulfoxide—DMSO) and in culture medium 
by preparing samples manually in 96-well plates.   

3.6     Solvent Compatibility  Assessment   

 The use of  in vitro  methods to study biological endpoints can be confounded by the 
interaction of the solvent used to prepare the stock solutions (carrier solvent) and 
the biological test system. The most common effect is toxicity, which might stem 
not only from the test item but also from the carrier solvent. Strong toxic solvents 
with properties in terms of corrosivity, mutagenicity, carcinogenicity, genotoxicity 
or teratogenicity, which have the potential risk to induce adverse effects, should be 
avoided and only a compatible scale of solvents for stock solutions preparation may 
be considered. In some cases, carrier solvent might not cause toxicity but it might 
interfere with the test system in such a way that it masks the  in vitro  response. For 
instance, some solvents might interact with  Cytochrome P450 (CYP)   enzymes and 
thus interfere with the results of  in vitro  CYP induction or  in vitro  metabolic clear-
ance methods. Also in such cases care should be taken to use appropriate solvent 
and at acceptable fi nal concentration in the incubation mixture of the  in vitro  
method. Commonly, a sequence of compatible solvents can be resumed as: water, 
DMSO ethanol and methanol. In general DMSO is an appropriate solvent for 
organic test items such as pharmaceuticals. Alternatively water would be suitable 
for inorganic compounds. In conclusion, solubility testing must be restricted to car-
rier solvents that are compatible with the  in vitro  biological system employed in the 
 in vitro  method.  

3.7     Test Chemical Purchase and  Distribution   

  In practice, chemical substances are produced for laboratory research and develop-
ment and are available from retail suppliers who provide a certifi cate of analysis. 
The facility responsible for test chemical recipient should ensure the chemicals are 
stored at the recommended temperature (refrigerator, ambient, freezer) with atten-
tion to any additional conditions (i.e., inert gas for air sensitivity, and darkness for 
light sensitivity). Unless otherwise indicated, chemicals are allocated an expiry date 
2 years from acquisition. This practice should be handled with care and identity and 
stability verifi cations are highly recommended. 

 Distribution of the test items used for the validation should be in compliance 
with International Air Transport Association regulations, potentially hazardous 
goods require declaration by UN number, if applicable, indicated in the  Material 
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Safety Data Sheet (MSDS)  . The shipment package should include the MSDS of 
each chemical, with the corresponding test item code, enclosed in a sealed envelope 
labelled  for customs use only  (to be discarded unopened, on arrival at the participat-
ing test facilities). Relevant to remedial procedures at a participating test facility in 
case of accident or emergency only, an additional MSDS for each test item should 
also be included, sealed individually in opaque envelopes identifi ed only by code. 
The MSDS envelopes should remain sealed during the study, with any recourse for 
consultation reported to the VMG. 

 Each shipment should be addressed to a nominated responsible person at the test 
facility. Shipments should be made early in the week, avoiding potential delays due 
to week-ends. On arrival, recipients should confi rm delivery of complete and intact 
test items, including integrity of the sealed MSDS envelopes. 

 Following the modular approach to validation studies, only certain modules 
would normally require coding of test items. In general the training and transfer 
phases would not involve coded test items, while the EU-NETVAL multi-study trial 
testing for reproducibility and predictive capacity may justify test item coding to 
ensure full independence of the experimental work by the participating test 
facilities. 

 Coding of test chemicals (chemical aliquots) for distribution to participants in a 
validation study should be systematic, to facilitate logistical management, but also 
unique, to ensure identity encryption.   

3.8     Good Experimental  Design   and  Data Interpretation   
Based on Statistical Analysis 

   Drawing conclusions on the basis of the data obtained from  in vitro  methods depends 
a lot on the correct interpretation of the information obtained and their statistical 
analysis. For a validation study a fi rst statistical analysis should be done on data 
provided by the  in vitro  method submitter. EURL ECVAM assesses if acceptance 
criteria can be met by the EURL ECVAM GLP test facility. It is of crucial impor-
tance that the  in vitro  method submitter sets its acceptance criteria on historical data 
and uses the necessary statistical tool to set the acceptance window. During the vali-
dation study, a global statistical analysis is conducted centrally by EURL ECVAM. 

 The main analysis should refl ect the purpose of the validation study. It is there-
fore needed to extract all of the useful information and present the data in a way that 
it can be interpreted, taking account of biological variability and measurement 
error. The methods applied should be of such a kind that any knowledgeable reader 
with access to the original data can verify the results. For a validation study it is 
therefore necessary to perform a statistical analysis to describe the within-labora-
tory reproducibility, the transferability (including goodness of fi t and robustness) 
and the between-laboratory reproducibility. The statistical analysis also needs to 
assess the predictive capacity and the applicability domain of the proposed  in vitro  
method. The predictive capacity will be infl uenced by the number and range of 
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chemical substances and the quality of the reference chemical substances and 
should maximise the specifi city (also called the negative rate) and sensitivity (or the 
true positive rate). 

 Often users of  in vitro  methods are confronted with the fact that the received 
 in vitro  method and its original method description and defi nition should be opti-
mised for a variety of different reasons such as the need for the method to become 
a formal test guideline, the adaptation of the method for specifi c user-requirements, 
etc.. A systematic approach should be taken when standardising the  in vitro  
method. In general, the parts that are to be standardised and improved should be 
clearly identifi ed including problem formulation, and indicate how the standardi-
sation and implementation will be measured (what parameters are to be optimised 
and how these optimised parameters will be measured e.g. using standard devia-
tions, % CV, etc.). 

 Factorial design can be used as an experimental approach to obtain a well-defi ned 
 in vitro  method and can be subsequently used as a tool for any further standardisa-
tion and improvement needs as it permits simultaneous evaluation of multiple fac-
tors that might infl uence the performance of the  in vitro  method. Specifi c questions 
that can be asked are: Are the numbers of replicate and/or repeat experiments appro-
priate for each experimental step in the  in vitro  method? And is a good  in vitro  
method experimental design of those steps used in the SOP where such design is 
critical in terms of adequate placing of test, reference and control items, generating 
enough data to draw conclusions, etc.? 

 A good statistical practice is a necessary element in the experimental design of 
 in vitro  methods and facilitate the method defi nition and optimisation and also, if 
applicable, the subsequent validation steps. If there is need to optimise an  in vitro  
method, the parameters to be optimised should be well described, an objective func-
tion should be established and results should be supported by sound data. However, 
 in vitro  method developers should pay careful attention to ensure that the statistical 
practices are implemented correctly and the results are appropriately interpreted.    

3.9     Importance of  Good Data Management   

  When data is not well-defi ned there is the risk that they are misused and wrongly 
interpreted which could lead to false conclusions. In order to avoid this, good data 
management should be followed throughout the whole data lifecycle i.e. from the 
planning to the creation of data up to the storage and eventual when the data can be 
considered obsolete to the deletion of the data. Tools to obtain well-documented 
data are pre- defi ned   guidance documents proposing terminologies and a fi xed data 
reporting format. When eventually data is produced, it should be reported in the 
correct format and accompanied with a detailed, well-documented, description of 
the procedure followed (including also background literature used). Finally, clearly 
described instructions of acceptance criteria and data transformation should be 
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provided in order to be able to draw correct conclusions from data. At the end of a 
validation study all data and documentation should be stored in such a way that any 
subsequent regulatory question that might come up in the future can be addressed. 

 After data recording of  in vitro  methods, data analysis is performed. Spreadsheet 
forms are used for such data analysis. Such forms belong to the category of comput-
erised systems. Indeed, computerised systems can vary in type (e.g. hardware, soft-
ware), in complexity and in dimension. Some examples of computerised systems 
are: programmable analytical instruments, personal computers and laboratory infor-
mation management systems (LIMS), but also electronic spreadsheets used for the 
storage, processing and reporting of data. Spreadsheets (e.g. MS Excel) are widely 
used for data analysis and storage of electronic data. 

 Their complexity varies enormously depending on the actual  in vitro  method 
being performed. When using spreadsheets for performing routine data handling, 
these spreadsheets should be considered as part of the SOP. The design and valida-
tion of spreadsheets when used in a quality environment such as GLP has been 
addressed in specifi c guidelines for the development and validation of spreadsheets. 
When developing spreadsheet forms or other applications (e.g. database), both their 
design and validation should be planned and documented. For complex applica-
tions, their use should be documented either in the  in vitro  method SOP or in sepa-
rated SOPs. The statistical method required for data treatment and analysis should 
be documented in the  in vitro  method SOP, including a description how to interpret 
the fi nal results. 

 The use of computerised systems by test facilities for the generation, measure-
ment or assessment of data is nowadays consolidated and computerised systems are 
fully integrated into the  in vitro  method. It is essential that for regulatory applica-
tions, computerised systems are developed, validated, operated and maintained in 
accordance with the OECD Consensus document No. 10 on “The application of the 
principles of GLP to computerised systems” (OECD  1995 , undergoing a revision in 
2014 and specifi c guidance documents (PIC/S  2007 ; AGIT  2007 ). All statistical 
methods and calculations to be used should be described in the method. Some 
checks can be done when evaluating the completeness of the SOP for the statistical 
aspects such as:

•    A clear description and defi nition of the statistical or non-statistical methods 
used to analyse the resulting data are provided.  

•   A clear description and defi nition of the decision criteria and the basis for the 
prediction model used to evaluate the test item in relation to its required response 
are provided.  

•   Control if the relevance (e.g. accuracy/concordance, sensitivity, specifi city, posi-
tive, and negative predictivity, false positive and false negative rates) of the 
 in vitro  method is adequately described.  

•   Assess if specifi c measures of variability are adequately included.  
•   Evaluate if the acceptance criteria are based on historical experimental data.       
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4     Conducting a Validation Study 

 The main players in this phase of the process are the EURL ECVAM GLP test facil-
ity and the EU-NETVAL laboratories (Figs.  5.1  and  5.4 ). This part of the process 
relies heavily on several important factors including the use of good scientifi c and 
quality practices when developing, optimising and standardising  in vitro  methods, 
having measures in place to control for biological test system quality, and using of 
good test chemical purchase and distribution practices.

4.1       Importance of the Good In Vitro Methods Practice 

 When developing and implementing   in vitro  methods   intended for regulatory pur-
poses, good practices, e.g. good scientifi c practices and good quality practices, are 
a critical prerequisite. GIVIMP is critical throughout the validation study (Rispin 
et al.  2004 ; Gupta et al.  2005 ; Coecke et al.  2014a ,  b ). The aims and topics covered 
by GIVIMP include:

    (1)    Ensuring the use of good scientifi c and good quality practices since the vali-
dated  in vitro  methods target the area of regulatory human safety assessment;   

   (2)    Ensuring that the Standard Operating Procedures (SOPs) of the  in vitro  methods 
under validation are well-designed, robust, well-defi ned and described and can 
run in a GLP environment, which is essential for regulatory use;   

   (3)    To provide guidance on minimum SOP requirements and reporting features to 
strive for more harmonised approaches for today's regulatory needs in the fi eld 
of human safety assessment (see Sect.  5  below);   

   (4)    To describe the key importance of applying Good Cell Culture Practice (GCCP), 
essential in the identifi cation, authentication and characterisation of the  in vitro  
biological model (e.g. test systems such as cell lines, stem cells, primary cells 
and tissues) used in  in vitro  methods;   

   (5)    To describe the key importance of applying good test item handling procedures 
and clarify the importance of a clear defi nition of the  in vitro  environment that 
hosts the  in vitro  test system, which is essential for the correct dosing of the test 
system, and for the assessment of test item compatibility with the specifi c 
 in vitro  environment;   

   (6)    To describe the key importance of applying good experimental design, estab-
lishing acceptance criteria for  in vitro  methods, describing equipment require-
ments (including also those based on new technologies and any scientifi c 
progress in the fi eld of detection methods) and performance standards based on 
scientifi c evidence from the generated  in vitro  data sets;   

   (7)    To describe how international collaborations and networks can help in dissemi-
nating GIVIMP and the use of the generated data sets for specifi c regulatory 
applications. GIVIMP will contribute to the use of  in vitro  method data to sup-
port regulatory human and environmental safety assessment of chemicals by 
striving that such data are being generated in compliance with and based on 
current good scientifi c practices.    
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  Fig. 5.4    Schematic representation of the organisation of a validation study at EURL 
ECVAM. Several quality assurance units might be involved in a multi-study validation trial. 
 Dashed lines  indicate quality assurance staff involvement         
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4.2       Test System  Quality   

  The quality of the test system on which an  in vitro  method is based must be assured 
to generate consistent and comparable data. To that end, implementation of the 
basic concepts of GCCP (Coecke et al.  2005 ) is necessary for the identifi cation and 
characterisation of the biological model (i.e. the test system component of the 
 in vitro  method). A detailed description of the test system is essential and includes 
all relevant information to be able to monitor any changes during the studies. 
Additional necessary information is: test system development (origin, collecting, 
processing); media and growth conditions; storage; recovery; authenticity; meta-
bolic competence; morphological appearance; viability; growth rate; passage num-
ber (in case of cell lines); functionality; differentiation state; performance controls 
specifi c to the application and for contamination and cross-contamination. 
Furthermore, protocols for test system characterisation and authentication are 
important and also the evaluation criteria applied to assess if a test system is reli-
able. All of them should be based on scientifi c evidence and should be clearly 
described in the method SOP. The aim of test system characterisation is to reduce 
the uncertainty in the development and application of animal and human cell and 
tissue culture procedures and products, by encouraging greater international har-
monisation, rationalisation and standardisation of laboratory practices, quality con-
trol systems, safety procedures, recording and reporting, and compliance with laws, 
regulations and ethical principles. 

 If test systems used in validation studies are genetically modifi ed the Directive 
 2009 /41/EC is applicable. This Directive lays down common measures for the con-
tained use of  genetically modifi ed micro-organisms (GMMs)  , aimed at protecting 
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human health and the environment. A notifi cation has to be sent to the competent 
authorities before any use commences in the premises. A risk assessment of the 
GMMs used has to be performed. The Annexes to the Directive detail the criteria for 
assessing the risks of GMMs to health and the environment, as well as the protective 
measures for each of the four levels of containment. The Directive lays down the 
minimal standards applicable to the contained use of GMMs. Member States are 
permitted to take more stringent measures. 

 It is critical that quality control of the test system plus materials used (cell lines, 
media and other reagents) is adequately described. The main items to be described 
concern the quality of the test system, the quality of reagents and materials and the 
performance of the test system. 

 Quality controls for the integrity of the test system, e.g. microbial contamination, 
mycoplasma testing, should be described. The test system should also be fully char-
acterised and authenticated in terms of DNA profi le and species of origin and pro-
vided with a detailed data sheet. Contamination may also arise from the selection of 
reagents and materials. Good quality reagents and materials are available from 
numerous manufacturers who already perform a range of quality control tests and 
provide a Certifi cate of Analysis with their products. The performance of the test 
system should be evaluated with appropriate reference items, including positive, 
negative, and untreated and/or vehicle controls, as required, and performance accep-
tance criteria defi ned in the SOP. The performance should be continuously moni-
tored against the acceptance criteria.    

5      Role of ESAC in Evaluating the Design and Conduct 
of a Validation Study 

  At the end of the validation study, a validation report is produced. This report under-
goes a scientifi c review by EURL ECVAM's Scientifi c Advisory Committee 
(ESAC), whose main role is to conduct independent peer-review of a validation 
 study  , assessing its technical and scientifi c validity for a given purpose. ESAC 
reviews the appropriateness of study design and management, the quality of the 
results obtained and the plausibility of the conclusions drawn. ESAC peer reviews 
are prepared by specialised ESAC Working groups composed of  ESAC   members, 
experts nominated by the ESAC and/or EURL ECVAM as well as scientists pro-
posed by   ICATM     partner organisations. ESAC's advice is delivered to EURL 
ECVAM as formal “ESAC opinions” and “work group reports”. 

 Building on ESAC's advice, EURL ECVAM prepares in close dialogue with 
regulators (  PARERE    ), stakeholders (  ESTAF    ) and international partners (  ICATM    ), 
an “EURL ECVAM Recommendation” summarising EURL ECVAM’s view on the 
validity of an  in vitro  method, and advising on its possible regulatory applicability, 
limitations and proper scientifi c use in a given regulatory context. It also identifi es 
knowledge gaps and defi nes follow up actions. Finally, EURL ECVAM supports the 
international recognition and regulatory acceptance of the successful methods as 
well as their application by end users.   
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6     GLP Requirements for In Vitro Studies in the EU 

6.1     Background 

 The quality and integrity of the data are crucial when  in vitro  studies are conducted 
for regulatory purposes, such as in the context of a marketing authorisation applica-
tion for a pharmaceutical product, an application for approval of an active substance 
of a pesticide or the registration dossier of a chemical substance. The principles of 
Good Laboratory Practice (GLP) form an internationally recognised quality system, 
aimed at promoting the quality and validity of non-clinical safety data for regulatory 
purposes by allowing the reproducibility of the data and the reconstruction of the 
study from the paper records. As compliance with the principles of GLP is required 
by law for safety studies on chemical products around the world, it is important that 
newly developed  in vitro  methods can be performed in a GLP environment. 

 The United States (U.S.)       Food and Drug Administration (FDA) developed good 
laboratory practice regulations in the 1970s after investigations at a number of test 
facilities uncovered widespread scientifi c misconduct, poor quality control and a 
lack of industry standards governing the recording and reporting of data (Baldeshwiler 
 2003 ). As other countries soon followed suit by establishing their own good labora-
tory practice standards, it became increasingly important to harmonise these stan-
dards (Seiler  2005 ). Divergent standards could lead to the duplication of tests, 
thereby increasing costs, resources and the use of experimental animals. Consequently, 
the  OECD   started its work on harmonised quality standards through its expert group 
on good laboratory practice in 1978. This led to the establishment of a system of 
mutual acceptance of test data (MAD) between countries, relying on both harmon-
ised quality standards (GLP) and harmonised test guidelines. In this context, the 
OECD published its principles of GLP in 1981 together with a set of OECD test 
guidelines as part of the OECD Council Decision on MAD in the Assessment of 
Chemicals (OECD  1981 ). Together, GLP and  OECD   test guidelines would ensure 
that data can be accepted across borders and across regulatory systems:

   data generated in the testing of chemicals in an OECD Member country in accordance with 
OECD Test Guidelines and OECD Principles of Good Laboratory Practice shall be 
accepted in other Member countries for purposes of assessment and other uses relating to 
the protection of man and the environment . (OECD  1981 ) 

   The establishment of a harmonised set of GLP principles was only the fi rst step 
in the development of the MAD system (Turnheim  2008 ). At the time, while the 
principles that test facilities needed to follow were harmonised, there was no har-
monisation on how governments verifi ed that test facilities actually complied with 
these principles. Therefore, countries were obliged to conduct inspections abroad to 
verify the compliance of foreign test facilities, from which they received data. This 
became infeasible given the swiftly increasing number of GLP test facilities around 
the world. Consequently, the  OECD      established harmonised procedures for moni-
toring GLP compliance through inspections and audits and for international liaison 
among authorities as part of an OECD Council Act in  1989 . Based on these harmon-
ised procedures, countries were able to recognise of the assurance of other countries 
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that test data have been generated in accordance with the principles of GLP. The 
current MAD system applies to all 34 member countries of the OECD, as well as six 
non-member countries that have become full adherents to MAD. All these countries 
have incorporated the principles of GLP in national legislation. Many countries use 
the OECD principles of GLP, while some have adapted the principles: for instance, 
U.S. FDA and EPA (Environmental Protection Agency) have specifi ed some further 
requirements in their GLP Regulations, which are applicable when studies are per-
formed in the USA.  

6.2     EU Legal  Requirements   

   In the European Union, the OECD’s principles of GLP and compliance monitoring 
practices were fi rst incorporated in two Directives in 1987 and 1988, respectively 
(Council  1986 ,  1988 ). Following a  revision   in 2004, the currently applicable legisla-
tion is Directive 2004/10/EC on the harmonisation of laws, regulations and admin-
istrative provisions relating to the application of the principles of GLP and the 
verifi cation of their applications for tests on chemical substances and Directive 
2004/9/EC on the inspection and verifi cation of GLP (European Parliament and 
Council  2004a ,  b ). The former contains the OECD principles of GLP in its Annex, 
while the Annex to the latter includes the OECD guides for compliance monitoring 
procedures and guidance for the conduct of test facility inspections and study audits. 

 Directive 2004/10/EC stipulates in Article 1 that “ Member States shall take all 
measures to ensure that laboratories carrying out tests on chemical products ,  in 
accordance with Directive 67 / 548 / EEC comply with the principles of good labora-
tory practice " or " where other Community provisions provide for the application of 
the principles of GLP” . These other provisions are numerous. A wide range of 
sector-specifi c legislation either requires or recommends the application of GLP for 
certain studies. This includes legislation on chemicals, pharmaceuticals, veterinary 
medicinal products, detergents, feed additives, food additives, genetically modifi ed 
food or feed, pesticides, biocides and cosmetics (see Table  5.1 ). For instance, the 
REACH Regulation requires toxicological and ecotoxicological tests to be carried 
out in compliance with GLP or other international standards (European Parliament 
and Council  2006 ). The European Chemicals Agency has clarifi ed in its guidance 
that no other international standard has so far been recognised as being equivalent 
(ECHA  2014 ). In some legislation, certain studies may also be carried out by labo-
ratories accredited under the relevant ISO standard.  

6.3        EU  Authorities   

   In the European Union, there are two main players involved in the implementation 
of GLP: monitoring  authorities   and receiving authorities. Monitoring authorities are 
designated by the EU Member States and manage GLP compliance monitoring 
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programmes, inspect laboratories on a regular basis and conduct audits on studies 
carried out by these laboratories. While some countries have a single monitoring 
authority covering all GLP test facilities, others have multiple authorities, each cov-
ering different product areas. In total, these authorities monitor the GLP compliance 
of more than 700 laboratories. As long as they are part of a GLP monitoring pro-
gramme, these laboratories are inspected on a regular basis. Routine study audits 
are conducted as part of such regular inspections. In addition, monitoring authori-
ties can be requested to conduct triggered study audits in specifi c cases as a result of 
a regulatory submission. EU monitoring authorities share information through the 
EU GLP working group, an expert group managed by the European Commission. 

 Receiving authorities receive non-clinical safety data as part of regulatory sub-
missions and must ensure that the aforementioned legal GLP requirements are met. 
They may verify whether the responsible test facility has been found in compliance 
by a national monitoring authority or request a study audit in case of doubt. 
Receiving authorities in Europe include the European Chemicals Agency (ECHA), 
European Medicines Agency (EMA), European Food Safety Authority (EFSA), as 
well as various national agencies that are responsible for assessing safety data, for 
instance as part of clinical trial applications or marketing authorisation applications 
for nationally approved pharmaceuticals.    

6.4     Principles of GLP 

   The  principles   of GLP stipulate how a study should be organised, planned, per-
formed, reported, reviewed and archived.  Amongst   other things, they cover the roles 
and responsibilities of laboratory staff, the quality assurance programme, the test 
facility, the facility's equipment, materials and reagents, the test systems, test items 
and reference items, the performance of the study in accordance with the study plan, 

   Table 5.1    EU legislation with GLP provisions   

 Relevant legislation 

 •  Chemicals :  •  Feed additives  
 −  Directive 2004 / 10 / EC   −  Regulation  ( EC )  No 429 / 2008  
 −  Regulation  ( EC )  No 1907 / 2006   •  Food additives  
 −  Regulation  ( EC )  No 1272 / 2008   −  Regulation  ( EU )  No 234 / 2011  
 −  Directive 1999 / 45 / EC   •  Genetically modifi ed food or feed  

 •  Human medicinal products   −  Regulation  ( EU )  No 503 / 2013  
 −  Directive 2003 / 63 / EC   •  Pesticides  
 −  Regulation  ( EU )  No 536 / 2014   −  Regulation  ( EC )  No 1107 / 2009  

 •  Veterinary products   •  Biocides  
 −  Directive 2009 / 9 / EC   −  Regulation  ( EU )  No 528 / 2012  

 •  Detergents   •  Cosmetics  
 −  Regulation  ( EU )  No 648 / 2004   −  Regulation  ( EU )  No 1223 / 2009  

S. Coecke et al.



161

the reporting of results in the fi nal report, and the storage and retention of both 
records and materials. 

 Given the broad scope of GLP, the principles can apply both to  in vivo  and 
 in vitro  studies. Nevertheless, their application to  in vitro  studies may require spe-
cial considerations. The OECD working group on GLP has described these consid-
erations in a dedicated advisory document (OECD  2004 ). For instance, test facility 
management and personnel may require specifi c training and proper conditions of 
laboratory equipment need to be assured. The justifi cation and characterisation of 
the test system is particularly important for  in vitro  studies. The study director needs 
to document that the  in vitro  method has been validated and that it provides the 
required performance. A well-documented validation of the  in vitro  method will 
support a claim that it is fi t for purpose (Coecke et al.  2014a ,  b ). 

 With a view to their regulatory acceptance, it is of great importance that  in vitro  
studies are designed for use in according with the principles of GLP. Therefore 
these studies need to be carefully validated. This ensures that procedures and results 
are accurate, reliable, traceable, and reproducible and, where appropriate, comply 
with the relevant regulatory authorities’ legislation. The OECD Guidance Document 
on the Validation and International Acceptance of new or updated test methods for 
Hazard Assessment No. 34 (OECD  2005 ) stipulates that data supporting the assess-
ment of the validity of the test methods preferably should have been obtained in 
accordance with the OECD Principles of GLP.        
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    Chapter 6   
 Validation of Computational Methods                     

     Grace     Patlewicz     ,     Andrew     P.     Worth     and     Nicholas     Ball   

    Abstract     In this chapter, we provide an overview of how (Quantitative) Structure 
Activity Relationships, (Q)SARs, are validated and applied for regulatory purposes. 
We outline how chemical categories are derived to facilitate endpoint specifi c read- 
across using tools such as the OECD QSAR Toolbox and discuss some of the cur-
rent diffi culties in addressing the residual uncertainties of read-across. Finally we 
put forward a perspective of how non-testing approaches may evolve in light of the 
advances in new and emerging technologies and how these fi t within the Adverse 
Outcome Pathway (AOP) framework.  

  Keywords     (Quantitative) Structure Activity Relationship  [ (Q)SAR]   •   OECD 
Validation Principles   •   Read-across   •   Adverse Outcome Pathways (AOPs)   
•   Integrated Approaches to Testing and Assessment (IATA)  

1       Introduction 

 The global regulatory landscape has changed signifi cantly over the last decade as 
the volume and diversity of industrial chemicals manufactured has increased. Whilst 
each region may adapt its chemical management regulations to meet their own spe-
cifi c needs, all are comparable in terms of the general steps applied. These consist 
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of hazard identifi cation/characterisation, an assessment of exposure and a risk 
assessment. The  hazard identifi cation   step involves identifying all the hazards of 
potential concern and assigning a hazard classifi cation irrespective of the exposures. 
 The   hazard characterisation step is usually dominated by  in vivo  toxicity test out-
comes generated by standardised guidelines or protocols. Some regulations entail a 
tiered approach to satisfying hazard information requirements depending on manu-
facturing/import volumes for a given substance. 

 The potential time, cost and animal use to generate such hazard data can be sig-
nifi cant and practically unrealistic to achieve given the number of chemicals under 
consideration. Furthermore, given that the on-going legislative mandates globally 
are growing, the number of chemical assessments will also increase signifi cantly. 

 At the same time there has been a strong societal pressure to minimise the use of 
animals used in such chemical assessments. The EU’s 7th Amendment to the 
Cosmetics Directive (EC  2003 ), now superseded by the Cosmetics Regulation 
(EC  2009 ), called for a ban on animal testing with certain deadlines for specifi c 
endpoints. The EU’s REACH regulation (EC  2006 ) stipulates that vertebrate testing 
be carried out only as a last report and to consider all other options before performing 
or requiring testing as described by Articles 13(1) and 25(1). 

 These different drivers have motivated many efforts in the  scientifi c community   
to investigate the feasibility of developing and applying alternative approaches to 
evaluate different hazard endpoints. Specifi cally, the types of alternative approaches 
that are considered within the scope of this chapter comprise non-testing approaches 
such as (Quantitative) Structure Activity Relationships ((Q)SARs), chemical 
categories and their associated read-across. 

  SAR and QSAR models, collectively referred to as (Q)SARs, are theoretical 
models that can be used to predict in a quantitative or qualitative manner the physi-
cochemical, biological (e.g. an (eco)toxicological endpoint) and environmental fate 
properties of compounds from the knowledge of their chemical structure. A  SAR   is 
a (qualitative) association between a chemical substructure and the potential of a 
chemical containing the substructure to exhibit a certain biological effect. In con-
trast, a QSAR is a statistically established correlation relating (a) quantitative 
parameter(s) derived from chemical structure or determined by experimental chem-
istry to a quantitative measure of biological activity. In addition to (Q)SARs, a num-
ber of so-named expert systems have also been developed, generally as commercial 
products. The term “expert system” refers to a heterogeneous collection of computer- 
based estimation methods, which are based on the integrated use of databases (con-
taining experimental data) and/or rulebases (containing either SARs, QSARs or 
both). Expert systems can be categorised as statistical in nature if they comprise 
QSARs, knowledge-based if they are based on SARs and hybrid if they are based 
on a mix of SARs and QSARs.  

 In terms of  chemical assessment  , the information on a chemical as provided by 
non-testing approaches can be used on its own or in conjunction with information 
from experimental test methods in the context of integrated approaches to testing and 
assessment (IATA) (Chap.   13    ). This chapter provides an overview of how (Q)SARs 
are validated and applied for regulatory purposes. It also outlines how chemical 
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 categories are derived to facilitate endpoint specifi c read-across and discusses 
the current diffi culties in addressing residual uncertainties of read-across. Finally it 
puts forward a perspective of how non-testing approaches may evolve in light of the 
advances in new and emerging technologies and how these fi t within the Adverse 
Outcome Pathway (AOP) framework.  

2     OECD Validation Principles for QSARs 

 Consideration of the regulatory utility of (Q)SARs gathered signifi cant momentum 
in the run-up to the REACH regulation coming into force. A number of activities 
were initiated; most notable of these was the International Council of Chemical 
Associations-Long Range Research Initiative (ICCA-LRI)  Setubal workshop   held 
in 2002 which brought together a wide international stakeholder group to formulate 
guiding principles for the development and application of (Q)SARs for regulatory 
purposes (Cronin et al.  2003 ; Cefi c-LRI  2002 ). The principles became known as the 
“Setubal principles” and were subsequently taken up by the OECD and formally 
adopted as the OECD validation principles for (Q)SAR (OECD  2004 ) by the 37th 
Joint Meeting of the Chemicals Committee and Working Party on Chemicals, 
Pesticides and Biotechnology in November 2004. The fi ve OECD principles are 
outlined as follows: 

 “To facilitate the consideration of a (Q)SAR model for regulatory purposes, it 
should be associated with the  following   information:

    1.    a defi ned endpoint   
   2.    an unambiguous algorithm   
   3.    a defi ned domain of applicability   
   4.    appropriate measures of goodness-of-fi t, robustness and predictivity   
   5.    a mechanistic interpretation,  if   possible.”    

   Preliminary guidance   was drafted by the European Commission’s Joint Research 
Centre (JRC) which provided context to help interpret each of these principles in 
turn (Worth et al.  2005 ). The JRC guidance was then modifi ed and expanded by the 
OECD (Q)SAR Management group, and published as an OECD Guidance docu-
ment in 2007 (OECD  2007a ). 

 The formation of these Validation Principles marked a step change in how (Q)
SARs should be evaluated and applied for regulatory purposes such as the  REACH 
regulation. Rather   than a formalised or institutionalised validation and acceptance 
process as is the case for  in vitro  or  in vivo  test methods, (Q)SARs were categorised 
as “existing” information. As such this categorisation permitted a (Q)SAR and its 
prediction to be evaluated on a case by case basis with respect to a chemical of inter-
est and for a specifi c regulatory decision. In effect, the OECD principles provide a 
framework by which information is collected to characterise each principle in turn 
and to evaluate the extent to which the principles are satisfi ed for a given (Q)SAR 
of interest. Being able to satisfy all the principles or only a subset does not make a 
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(Q)SAR model become more or less acceptable though it may limit its practical 
utility in a regulatory context in terms of fi lling or substantiating a data gap. The 
OECD Principles provide a means of demonstrating the scientifi c validity of a  (Q)
SAR model. Of course this in itself only addresses one element of establishing 
whether the information derived from a (Q)SAR model meets the regulatory pur-
pose of interest. The language under REACH, and specifi cally in Annex XI provides 
some helpful context for (Q)SAR use namely: 

 “Results obtained from valid qualitative or quantitative structure-activity 
relationship models (Q)SARs may indicate the presence or absence of a certain 
dangerous properties.    Results of (Q)SARs may be used instead of testing when the 
following conditions are met:

•    Results are derived from a (Q)SAR model whose scientifi c validity has been 
established  

•   The substance falls within the applicability domain of the (Q)SAR model  
•   Results are adequate for the purpose of classifi cation and labelling (C&L) and/or 

risk assessment and  
•   Adequate and reliable documentation of the applied method is provided.”    

 Here  scientifi c validity   makes reference to the OECD principles. The applicabil-
ity domain describes the chemical space and scope of the (Q)SAR model as defi ned 
by its underlying training set. There are a number of different approaches that can 
be used to represent an applicability domain of a (Q)SAR which are described in 
more detail in Sect.  6 . Results adequate for risk assessment or C&L refer to the 
regulatory purpose—is the endpoint of regulatory concern and whether the (Q)SAR 
meets the regulatory need. Adequate and reliable documentation stipulates how 
both the (Q)SAR model and its prediction need to be well documented. In the 
 REACH   guidance this is conveniently represented by a Venn diagram of three inter- 
related elements—a scientifi cally valid (Q)SAR model, applicable to the query 
chemical for an endpoint of regulatory interest. The intersection of these elements 
results in an “adequate” (Q)SAR result (see ECHA  2008 ).Whilst these conditions 
are specifi cally outlined for REACH, they could be applicable for other regulatory 
frameworks.  

3     (Q)SAR Model Reporting Format (QMRF) 

   As stated above,    under REACH one of the conditions for using (Q)SARs instead of 
experimental test data is that adequate and reliable documentation of the applied 
method is provided. To that end, the JRC in consultation with the EU QSAR 
Working Group, a subgroup under the then EU’s Technical Committee for New and 
Existing Chemicals (TCNES) proactively developed a standard template to sum-
marise and structure key information about a (Q)SAR model and its associated pre-
diction. The standard template was termed a reporting format (RF). The intent was 
that the reporting format would be suffi ciently fl exible to accommodate any type of 
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(Q)SAR approach yet structured in a manner to provide suffi cient and relevant 
information to facilitate decision making. As described in the REACH guidance 
(ECHA  2008 ), the RFs were expected to serve as an effi cient and transparent 
exchange of (Q)SAR information between Industry and Regulatory Authorities by 
ensuring transparency, consistency, and acceptability: 

  Transparency  : Models and prediction information would ideally be clearly docu-
mented and to enable a correct interpretation of the conclusions inferred. 

  Consistency  : Information related to different approaches should be reported in a 
common format to allow different models and their predictions to be readily 
compared. 

  Acceptability  : The reports should include all relevant information needed to 
evaluate the adequacy and completeness of the (Q)SAR and its prediction for a 
chemical of interest and the regulatory endpoint under consideration. 

 Two specifi c RFs were devised, a RF for (Q)SAR models termed the (Q)SAR 
Model Reporting Format (QMRF) and a RF for a prediction derived from an associ-
ated (Q)SAR called a (Q)SAR Prediction Reporting Format (QPRF). The general 
form of the QMRF and QPRF are described in brief. Comparable reporting formats 
also exist for analogue and chemical category approaches to facilitate their docu-
mentation and are described in Sect.  7 . 

 The QMRF provides the framework for compiling robust summaries of (Q)SAR 
models and their corresponding validation studies, akin to the robust study summa-
ries for a guideline toxicity test. The structure of the format was designed to refl ect 
as far as possible the OECD principles. The QMRF contains information on the 
source, type, development, validation, and possible applications of the model. In the 
QMRF, each of the OECD principles is associated with a set of fi elds:

•    Section 3: Identity of the endpoint  
•   Section 4: Description of the algorithm  
•   Section 5: Description of the applicability domain  
•   Sections 6 and 7: Description of the training and test sets respectively    

 Information about the identity of the chemicals contained in both training and 
test sets can also be included in the QMRF (where possible): (a) Chemical Name 
(IUPAC); (b) Chemical Name (Not IUPAC); (c) CAS Number; (d) SMILES 
(Simplifi ed Molecular Input Line Entry System); (e) InChI (IUPAC International 
Chemical Identifi er); (f) Mol fi le; (g) Structural formula; (h) Values for the depen-
dent variable; (i) Values for the descriptors. 

 The above-described framework for documenting and assessing the validity of 
(Q)SAR models, while originally developed for REACH, should be suffi ciently 
fl exible to be applied in the hazard assessment of all types of chemicals and prod-
ucts, irrespective of the legislation under which they are regulated (industrial chemi-
cals, biocides, etc.). However, other guidance would need to be developed to 
describe how models should be evaluated and their predictions interpreted in spe-
cifi c regulatory contexts. 

 The QSAR model reporting formats (QMRF and QPRF) were developed on the 
basis of consensus with the main stakeholders (industry and authorities), and they 
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capture a level of detail that is a compromise between scientifi c rigour and practicality. 
As a consequence, it is not always clear how much detail should be included under the 
different headings, and what kind of information is pertinent for models developed by 
different methodological approaches, for example, QSAR models utilising Support 
Vector Machines, artifi cial neural networks, instance-based learning and consensus 
modelling. If models based on such methods are to gain acceptance, they need to be 
understandable to the assessor, and be described with a suffi cient level of transparency 
to form the basis for regulatory decision making. 

 In some decision-making contexts, QSAR information is used to provide supple-
mentary information and support weight-of-evidence (WoE) assessments, rather 
than directly fi lling an information requirement. An example could be in the assess-
ment of toxicological profi le of metabolites and degradates. In such cases, it could 
be argued that the amount of documentation could be relaxed, while focusing on the 
critical considerations to assess the adequacy of prediction. With this perspective in 
mind, a simplifi ed checklist of 10 questions, drawing on both the  QMRF   and QPRF, 
has been explored, and illustrated in relation to the prediction of genotoxicity of 
pesticide metabolites (Worth et al.  2011 ).    

4      JRC   QSAR Model Database 

   In an effort to promote the re-use of commonly available (Q)SAR models and 
provide a means of readily identifying valid (Q)SAR models, a freely-accessible 
inventory of evaluated (Q)SARs was developed by the JRC known as  the   JRC 
QSAR Model Database. The database, accessible through a web-based interface 
(  http://ihcp.jrc.ec.europa.eu/our_labs/predictive_toxicology/qsar_tools/QRF    ) 
allows for the retrieval of QMRFs in a suitable readable format and for the submis-
sion of a QMRF in different formats such as excel. A QMRF editor was also devel-
oped in parallel to facilitate completion of a QMRF and its submission into the 
Model Database. The QMRF Editor exists in two forms, as a Java web start applica-
tion (v0.05) and as a standalone desktop application v2.0.0. 

 Developers and users of (Q)SAR models can submit a QMRF to the Model 
Database using one of these two editors. The JRC then performs a quality check of 
the QMRF submitted, to ensure that only properly documented summaries of (Q)
SARs are included in the JRC QSAR Model Database. This quality check is a com-
pleteness check to determine whether a QMRF has been reasonably completed and 
to suggest revisions if specifi c information is lacking. It is not a scientifi c review of 
the model itself and inclusion of the model in the QSAR Model Database does not 
confer any acceptance or endorsement status by the JRC, the European Commission 
or the European Chemicals Agency (ECHA). 

 A QMRF can be searched and retrieved from the database on the basis of key-
words or specifi c endpoint names. If a QMRF has been uploaded with associated 
training or test sets (as per sections 6 and 7 of the QMRF), a search can be performed 
to see whether a substance or structurally related analogue (on the basis of a Tanimoto 
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similarity score) is included in one of these data sets. Thus the experimental data 
underlying a given (Q)SAR model can be probed on the basis of a chemical identi-
fi er such as a CAS registry number or on the basis of a 2D chemical structure. 
Figure  6.1  provides an illustration of the JRC Model Database interface.

   Each QMRF registered in the Model database is assigned a unique identifi er; for 
example the QMRF for the Derek Skin sensitisation rule base is listed with record 
number Q13-34-36-315. Referencing this identifi er in regulatory dossiers such as a 
REACH dossier could be an alternative to uploading a copy of the QMRF itself. At 
the time of writing (April 2015) there were over 80 QMRFs available in the Model 
database. 

 The documentation of (Q)SARs in this manner has applicability in the wider 
international arena. The OECD QSAR Toolbox is a case in point. The OECD QSAR 
Toolbox was fi rst launched as a proof of concept in 2008. It was originally devel-
oped to mimic the category workfl ow that is described in the current Chapter R.6 of 
the REACH technical guidance (ECHA  2008 ,  2012a ) and the OECD grouping 
document (OECD  2007b ,  2014a ). The intention was that this tool would facilitate 
the practical development, evaluation, justifi cation and documentation of chemical 
categories and read-across. The most recent version of the Toolbox now available is 
QSAR Toolbox 3.3.5. This is available for free download from the OECD website 
(  http://www.qsartoolbox.org/download.html    ). 

  Fig. 6.1    Interface of the JRC Model Database       
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 The OECD QSAR Toolbox has a wealth of functionality which will be described 
later in this chapter (see Sect.  8 ). One of the data gap fi lling techniques available for 
use within the Toolbox is from external QSARs. The Toolbox includes several 
freely available QSARs and it can also be docked to third party commercial tools 
such as those from its own developers (e.g. TIssue Metabolism Simulator for 
Skin Sensitisation (TIMES-SS) (Patlewicz et al.  2007 ,  2014a ), Catalogic (Jaworska 
et al.  2002 ), etc. available at   http://oasis-lmc.org/products/software.aspx    ). The 
reporting of these models and their predictions follows the same RFs and exports of 
these formats are readily generated within the Toolbox.    

5     (Q)SAR Prediction Reporting Format 

   Documenting a (Q) SAR      model only goes so far, in that a model can be scientifi cally 
valid for use but not necessarily be appropriate for a chemical of interest. The assess-
ment of the validity of the prediction is captured in the (Q)SAR Prediction Reporting 
Format (QPRF), a corresponding reporting format for predictions. This reporting 
format is also based on the OECD Validation Principles but focuses on the relevance 
and appropriateness of applying a given QSAR model for a chemical of interest. 
The format outlines the pertinent information to justify the scientifi c confi dence of a 
prediction. In particular it gathers the information which assesses the relevance of a 
model for the chemical of interest in terms of whether that chemical falls within the 
applicability domain of the model as would have been described within the QMRF 
and explores the extent to which “similar” substances are correctly predicted. 
“Similar” in this context refers to substances that are similar with respect to the same 
driving/input parameters that were used to derive the (Q)SAR model itself. For 
example if a (Q)SAR was developed on the basis of parameters such as log Kow 
(log of the octanol-water partition coeffi cient) and MW (molecular weight), “similar” 
analogues would typically be those identifi ed from the training set with comparable 
values for log Kow and MW. Determining how well the chemical of interest is 
predicted relative to other “similar” analogues is critical to establish whether related 
substances are reasonably predicted relative to their experimental results, and to 
provide the confi dence that a robust and reliable prediction is feasible for the chemi-
cal of interest. Usually a search of appropriate analogues is made using the training 
set of the (Q)SAR model itself. Tools such as Toxmatch v1.07 (Patlewicz et al.  2008 ) 
allow a training set to be characterised on the basis of structural fragments or descrip-
tors and a comparison to be made between the chemical of interest and the training 
set to help identify the most similar analogues. An assessment of the concordance 
between the estimated and experimental data for those analogues can then be made. 
If the training set is not available or limited, other tools such as the US EPA’s Analog 
Identifi cation Methodology (AIM) (  http://www.epa.gov/oppt/sf/tools/aim.htm    ), 
Leadscope (  www.leadscope.com    ), OECD Toolbox v3.3.5 (  http://www.qsartoolbox.org    ) 
(discussed in ECETOC  2012 ; OECD  2014a ) can be helpful in identifying relevant 
analogues with experimental data. An assessment of the agreement between experi-
mental data and the (Q)SAR predictions can then be made. 
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 The importance of the QPRF is to document why a prediction is considered 
 relevant and hence how the information derived can be used in the context of deci-
sion making, for example fi lling a data gap as a replacement or used as part of a 
WoE or IATA. Examples of completed QPRFs may be found in the Appendices of 
ECETOC TR 116 (ECETOC  2012 ).    

6      Applicability Domain 

 In order to obtain a reliable prediction, it is important to verify that the chemical of 
interest falls within the  applicability   domain of the model. The concept of applica-
bility domain was introduced to assess the probability of a chemical being covered 
by the (Q)SAR training set and is hence related to the reliability of the prediction. 
However, even if a substance lies within the domain, this is not a guarantee of the 
validity and predictivity for that substance of interest. 

 Applicability domains were fi rst considered as part of the background docu-
ments to the ICCA-LRI Setubal workshop on (Q)SARs. The background paper 
subsequently published by Eriksson et al. ( 2003 ) discussed the issue of how the 
applicability borders of a QSAR could be defi ned and how parameter and prediction 
uncertainty could be estimated. Following the  Setubal workshop   and as the discus-
sion of the principles were taking shape at the OECD, the JRC held a workshop in 
2004 on applicability domains. A defi nition was coined and specifi c considerations 
of how domains could be structured depending on the type of QSAR model were 
explored. The  defi nition   proposed was as follows: “The applicability domain of a 
(Q)SAR model is the response and chemical structure space in which the model 
makes predictions with a given reliability” (Netzeva et al.  2005 ). 

 There are many different approaches to characterise a domain, and whether a 
substance lies within the domain or not will ultimately depend on the approach 
applied. As a consequence, one methodology may categorise a substance of interest 
as being within the domain, whereas another might conclude that it is out of domain. 
The question of which domain approach to use therefore requires careful examina-
tion of the methodology used to characterise the domain and to what extent the 
model being used provides reasonable predictions for other related substances.  The 
  common means of characterising a domain for a QSAR model relies on its training 
set of chemicals, i.e. those substances that were used to derive the QSAR model. 
This type of information can be encoded in the form of structural keys, fragments or 
fi ngerprints—effectively these provide a means of characterising the domain in 
terms of its representative structural components. It also helps to address the ques-
tion of whether the chemical of interest resembles any of the training set chemicals 
on the basis of structural similarity. Another means of characterising the domain 
can be in terms of the training set ranges of the descriptors used in the derivation of 
the model. This latter example illustrates one of the four approaches to defi ning 
 interpolation regions   in multivariate space that Jaworska et al. ( 2005 ) reviewed. 
The others they discussed included distance, geometrical and probability density 
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 distribution. An applicability domain need not be defi ned by only one approach. 
Nikolova- Jeliazkova and Jaworska ( 2005 ) presented a case study using the 
KOWWIN model and constructed an applicability domain on the basis of descriptor 
ranges coupled with a principal component rotation as a data preprocessing step. 
The methodologies described in Jaworska et al. ( 2005 ) were implemented into a 
tool called  AMBIT Discovery v0.04   (released May 2006 by Ideaconsult Ltd, 
Bulgaria) freely available from SourceForge at   http://ambit.sourceforge.net/down-
load_ambitdiscovery.html    . 

 Other researchers have considered how applicability domains could be con-
structed for expert systems. Dimitrov et al. ( 2005 ) formulated a stepwise domain for 
the  TIMES expert system   for skin sensitisation and mutagenicity which comprised 
a number of different domains from physicochemical property ranges to structural 
fragment based approaches through to interpolation and metabolic domains. A near-
est neighbour atom centred fragment approach was incorporated in the TIMES sys-
tem to characterise the structural domain. The methodology developed for TIMES 
was extracted as a standalone program called Domain Manager v1.0. It provides the 
methodology to codify domains on the basis of training set descriptor values and/or 
their structural fragments (e.g. by using atom centred fragments). Using the  Domain 
Manager software     , Patlewicz et al. ( 2011 ) exploited its functionality to construct a 
structural applicability domain on the basis of nearest neighbour atom centred frag-
ments for the KOWWIN training set as a means to demonstrate “inclusion” of sub-
stances within the domain if their fragments overlapped 100 % with those of the 
training set itself. This approach was used to justify the validity of log Kow predic-
tions relied upon in their subsequent REACH submissions. 

 Whilst many efforts have focused on developing approaches to characterise appli-
cability domains of QSARs, much less attention has been paid to assessing the valid-
ity and scope of SARs or structural alerts. Structural alerts have enjoyed a renewed 
role in facilitating the development of chemical categories for read-across by provid-
ing a means to group chemicals on the basis of their presumed mechanistic similarity. 
Many such SARs are encoded as profi lers within the OECD QSAR Toolbox. 

 Probably the earliest effort to consider the domain of structural alerts was that by 
Schultz et al. ( 2007 ). Here an experimental approach was taken to test out the scope 
of the  Michael acceptor reaction   domain that had been described for skin sensitisers 
by Aptula and Roberts ( 2006 ). A similar approach was undertaken by Enoch et al. 
( 2012 ) for the SNAr  reaction   domain. SNAr is one of the six mechanistic domains 
described by Aptula and Roberts ( 2006 ) that were shown to be important in toxico-
logical endpoints in which the ability to bind covalently to a protein is a key molecu-
lar initiating event. In Enoch et al. ( 2012 ) experimental data (2 h RC50 values from 
the glutathione assay (Schultz et al.  2005 )) were generated for commercially avail-
able substituted benzenes. In Enoch et al. ( 2013 ) a similar exercise was undertaken 
for pyridines and pyrimidines which reside within  the   SNAr domain. The in-ring 
nitrogen(s) act as activating groups in the SNAr reaction. The position(s) of the in- 
ring nitrogen(s) as well as other activating groups, especially in relation to the 
 leaving group, affect reactive potency. In both studies, the experimentally defi ned 
applicability domains resulted in a series of new structural alerts. 
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 Investigating means of characterising applicability domain of alerts within expert 
systems have also been undertaken. One study attempted to defi ne the domain for 
the skin sensitisation structural alert rule-base as contained within the  Derek for 
Windows expert system   (Ellison et al.  2009 ). Fragments generated for a test com-
pound were queried against a training set of compounds represented by fragments. 
The approach was able to highlight test chemicals which differed from those in the 
training set. The information was used to designate chemicals as being either inside 
or outside the domain of applicability for the structural alert on which that training 
set was based. Ellison et al. ( 2011 ) also investigated the feasibility of deriving 
different applicability domain approaches for the mutagenicity alerts contained 
within the Derek for Windows expert system. 

 Chakravarti et al. ( 2012 ) explored the extent to which an applicability domain 
could be defi ned for individual alerts for the expert system  CASE   Ultra model. The 
domain for each alert was constructed using a set of fragments that were found to be 
statistically related to the endpoint in question as opposed to using overall structural 
similarity or physicochemical properties. Use of the applicability domains was 
found to reduce the number of false positive predictions. It is now possible to obtain 
ROC (receiver operating characteristic) profi les of CASE  Ultra      models by applying 
domain adherence cut-offs on the alerts identifi ed in test chemicals. 

 The  TIMES expert system   relies on structural alerts to provide transparent mech-
anistic reasoning for predicting effects such as mutagenicity and skin sensitisation. 
As part of the on-going work within the TIMES-SS consortium (Patlewicz et al. 
 2014a ), structural alerts underpinning the chemical reactivity to proteins were eval-
uated with a view to characterising their reliability and in so doing providing addi-
tional confi dence in the robustness of a given prediction. Three key attributes for 
evaluating alert reliability were defi ned namely: Alert Performance, Number of 
chemicals and Mechanistic justifi cation.

•    Alert  Performance   was defi ned as the ratio between the number of correct (posi-
tive and negative) predictions and the total number of chemicals within the local 
training set that triggered the alert.  

•   Number of  chemicals   was defi ned as the absolute number of chemicals (n) that 
support an alert.  

•   Mechanistic  justifi cation   made reference to the plausible rationale that related 
the chemistry with the sensitisation outcome.    

 In addition to attributes for  alert reliability  , four categories of reliability were 
defi ned. Alerts that were categorised as “High reliability” were those where the 
Alert Performance was equal or greater than 60 %; where the absolute number of 
chemicals underpinning an alert was equal or greater than 5 and where a mechanis-
tic justifi cation was available. Alerts that were categorised as “Low reliability” had 
a performance ratio of less than 60 % but where the number of chemicals was still 5 
or greater and a mechanistic justifi cation was available. An “Undetermined” reli-
ability indicated that the number of chemicals was between 1 and 5 and mechanistic 
justifi cation was available. Finally, an “Undetermined theoretical” reliability 
denoted that there were no chemicals underpinning an alert and only a mechanistic 
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justifi cation was being proposed. TIMES-SS comprises 98 Alerts, where each was 
evaluated in light of these reliability criteria. 26 out of 98 alerts (27 %) were found 
to be of “High reliability”; 39 alerts (40 %) were denoted as “undetermined” and 33 
alerts (34 %)  were   “undetermined—theoretical”. The 72 undetermined alerts were 
re-assessed in light of any new information and expert insight. Thirty four alerts 
were subsequently found to be “reliable” following the review. The alerts were 
adjusted and improvements were captured as refi nements within TIMES-SS itself. 
Information that documented the reliability—in terms of annotating an alert, 
describing the mechanistic justifi cation and documenting the substances underpin-
ning the alert together with their experimental and predictive sensitisation outcomes 
are all now provided within TIMES-SS. Such refi nements provide greater transpar-
ency and confi dence in the predictions generated from TIMES-SS and demonstrates 
a step change in terms of substantiating the scientifi c confi dence associated with a 
prediction. Figures  6.2  and  6.3  illustrate the type of information provided for one 
such alert. The pie chart in Fig.  6.2  represents all alerts, each of which is colour 
coded based on the depth of supporting information available. Each pie slice repre-
sents an alert, and clicking on the different buttons opens  up   information on the 
boundaries associated with the alert, the local training set, the performance of the 
alert and the mechanistic basis. Figure  6.3  shows a  snapshot   of the local training set 

  Fig. 6.2    Pie chart of all alerts within TIMES-SS       
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for the alpha, beta aldehydes alert in terms of the chemical structure and the out-
comes from TIMES-SS and experimentally.

7          Chemical Categories and Read-Across 

 Chemical categories and their associated read-across form part of a continuum of 
non-testing approaches. Whilst (Q)SARs and chemical categories are underpinned 
by a relationship between structure and activity, (Q)SARs are more formalised in 
their construct. 

 Chemical categories for regulatory purposes have been conveniently defi ned 
within the REACH technical guidance (ECHA  2008 ) and the OECD grouping guid-
ance (OECD  2007b ,  2014a ) as follows: 

 “A chemical  category   is a group of chemicals whose physico-chemical and 
human health and/or environmental toxicological properties and/or environmental 
fate properties are likely to be similar or follow a regular pattern as a result of  struc-
tural similarity  . The similarities may be based on the following:

  Fig. 6.3    Training set for the alpha,    beta aldehyde alert       
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•    common functional group(s) e.g. aldehyde  
•   common constituents or chemical classes, similar carbon range numbers e.g. 

UVCB substances  
•   an incremental and constant change across the category e.g. a chain-length cat-

egory for boiling point range;  
•   the likelihood of common precursors and/or breakdown products, via physical or 

biological processes, which result in  structurally   similar chemicals.”    

 The terms ‘category approach’ and ‘analogue approach’ are used to describe 
techniques for grouping chemicals. An  analogue approach   is often used when a 
chemical grouping is based on a very limited number of chemicals, typically two 
substances. A chemical category is used to describe a grouping of three or more 
chemicals. The similarities specifi ed in the defi nition above provide an initial over-
arching rationale for why a set of chemicals could be grouped together within a 
category or analogue approach. The next step is to evaluate the analogues on the 
basis of considerations such as bioavailability, reactivity and metabolism to deter-
mine the validity of the grouping proposed. A subsequent step is to evaluate the 
extent to which the category is valid for each endpoint in turn. A category need not 
be applicable for all endpoints. For instance an analogue approach anchored on 
metabolism of a parent compound to its metabolite would probably be valid for the 
majority of systematic endpoints but would not be applicable for local endpoints 
such as skin/eye irritation. A category derived for environmental endpoints need not 
necessarily be applicable for mammalian endpoints. This evaluation is undertaken 
with respect to what is known about the chemical determining features driving a 
given endpoint and how these concur with the experimental data and predicted 
information that are available for the analogues in turn. 

 Although the development of chemical categories and (Q)SARs are underpinned 
by the same principles of chemical similarity, there has been no specifi c require-
ment to validate a category per se. Most likely this is because  ad hoc  categories have 
been routinely used under the  High Production Volume (HPV) programmes   within 
the US and under the OECD. Within the EU under REACH, the adequacy and reli-
ability of the  category approach   must be nonetheless substantiated on an endpoint 
basis. Specifi cally the following wording is described: “In all cases results should:

 –    be adequate for the purpose of classifi cation and labelling and/or risk 
assessment,  

 –   have adequate and reliable coverage of the key parameters addressed in the cor-
responding test method referred to in Article 13(3),  

 –   cover an exposure duration comparable to or longer than the corresponding test 
method referred to in Article 13(3) if exposure duration is a relevant parameter, and  

 –   adequate and reliable documentation of the applied method shall be provided.”    

 Whilst a  formal validation   of a category is not required, a robust justifi cation to 
demonstrate the validity of the endpoint data gap fi lling approach within a category 
or analogue approach needs to be presented. This is most readily documented in a 
format known as the  Category (Analogue) Reporting Format (CRF/ARF)  . An  ARF   
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is used when a read-across is carried out from one substance (source substance) to 
the substance of interest (target substance). A  CRF   is used when the group com-
prises three or more members. These formats serve a similar purpose of assuring 
transparency, consistency and adequacy of the data gap fi lling prediction as already 
discussed for (Q)SARs. 

 At this point it is probably worthwhile noting some of the ancillary terms related 
to category and analogue approaches. Read-across is a data gap fi lling mechanism. 
 Endpoint information   for one chemical (target) is used to predict the same endpoint 
for another chemical (source), which is considered to be similar in some way (usu-
ally on the basis of structural similarity or same mode of action or other properties). 
Read-across can be used to fi ll data gaps in the context of both the analogue approach 
and the wider category approach. The approach can be qualitative or quantitative 
depending on the type of data available. For some endpoint specifi c categories, 
members may be related by a trend (e.g. increasing or decreasing molecular mass, 
carbon chain length or some other physicochemical property). Here trend analysis 
can be undertaken which essentially means that a local QSAR is derived using the 
category members themselves. An example could be that for a group of substances 
whose acute aquatic toxicity in fi sh were related to log Kow. 

 A fi nal  data gap fi lling technique   is to use external QSARs. Each of these data gap 
fi lling approaches has also been implemented in the OECD Toolbox (see Sect.  8 ). 
There have been a several reviews that describe the state of the art of (Q)SARs for a 
number of different endpoints and these are well documented in the endpoint specifi c 
guidance for REACH (ECHA  2012b ). Moreover, the availability of different (Q)
SARs for each of the endpoints in turn have also been well described in ECETOC 
Technical Report (TR) 116 (ECETOC  2012 ) as well as the recently revised OECD 
grouping guidance (OECD  2014a ). Whilst (Q)SARs may be used to directly fi ll a 
data gap for specifi c endpoints and in specifi c cases they are more typically used to 
provide supporting information in a WoE approach or simply to provide a means of 
rationalising the mechanistic similarity between category members. 

 In addition to the available regulatory guidance, practical guiding principles and 
considerations for developing analogue and category approaches are described in 
Wu et al. ( 2010 ), ECETOC ( 2012 ) and Patlewicz et al. ( 2013a ). Wu et al. ( 2010 ) 
outlined a stepped process for analogue evaluation. ECETOC TR 116 builds on this 
with a regulatory focus and is structured along the lines of the ARF/CRF in terms of 
the types of information that should be provided (ECETOC  2012 ). In contrast, there 
has been little focus on deriving principles to assist in evaluating the scientifi c valid-
ity of an analogue/category approach. Under REACH, there is a strong preference 
for the use of interpolation within grouping approaches, presumably because this 
gives rise to less uncertainty than extrapolation.  Extrapolation   is therefore consid-
ered as less reliable due to this higher level of uncertainty associated with  predictions. 
The exception to this is where an extrapolation from one substance to another leads 
to an equally severe or more severe hazard assessment for the target substance. 
Although it may seem logical to assume that interpolation is subject to less uncer-
tainty than extrapolation, in reality the degree of uncertainty is not due to the inter-
polation or extrapolation of data, but rather the strength of the relationship forming 
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the basis of the category/analogue approach itself. This in turn is dependent on the 
size of the category and the amount and quality of the experimental data for the 
category members themselves. If the relationship underpinning the category is 
poorly defi ned then interpolation or extrapolation can result in signifi cant uncer-
tainty. Building scientifi c confi dence in an analogue or category approach relies 
upon WoE encompassing QSAR,  in vitro  assays or mechanistic/bridging studies to 
substantiate the validity of the relationship underpinning the grouping. 

 There will always be some degree of uncertainty associated with predictions of 
 hazards and toxicity  , indeed, there are inherent uncertainties with all test data not 
just when applying read-across approaches. Addressing these uncertainties during 
hazard characterisation depends on the type of endpoint. The uncertainties associ-
ated with endpoints where there is a ‘presence/absence’ of effect, will differ from 
those where there is a ‘no effect level’ as the result and uncertainties will also depend 
on the nature of the apical endpoint itself. The degree of scientifi c confi dence 
required for a skin irritation outcome will arguably differ than that for a develop-
mental toxicity outcome.  

8       The OECD QSAR Toolbox 

  The  OECD Toolbox   was developed as a means to assist in the systematic develop-
ment, evaluation, justifi cation and documentation of endpoint specifi c categories. 
The workfl ow mimics that described in the OECD grouping guidance and the 
REACH guidance (ECHA  2008 ; OECD  2007b ,  2014a ). The Toolbox comprises 
regulatory inventories, experimental data from a number of sources including the 
ECHA REACH dissemination database, as well as a number of QSARs such as 
those from the US EPA’s EpiSuite™. The Toolbox was developed in phases with the 
release of the fi rst version (a technological proof-of-concept) in March 2008. Since 
then the Toolbox has been through several updates, with the current version being 
3.3.5 and funded by ECHA. 

 A target substance is fi rst introduced into the Toolbox and a search for existing 
experimental data is performed. If no or limited data are available, the substance is 
then profi led on the basis of a number of different profi lers. There are different types 
of profi lers within the Toolbox—predefi ned, general mechanistic, endpoint specifi c, 
empiric and toxicological. Predefi ned profi lers include rulebases to help identify 
whether the target substance is a member or a potential member of an existing regu-
latory category such as those already established by the OECD or EPA as HPV cat-
egories. General mechanistic profi lers comprise a set of different SAR rulebases that 
encode either general organic chemistry reaction principles which will be  relevant 
for endpoints where covalent binding is a fi rst step or other rulebases such as the 
 Cramer structural classes   (Cramer et al.  1978 ). Endpoint specifi c profi lers include 
SARs developed for different endpoints such as the  Verhaar alerts   (Verhaar et al. 
 1992 ) for assigning MOA for aquatic toxicity, the ECOSAR classes, protein binding 
alerts and DNA binding alerts for skin sensitisation and genotoxicity endpoints as 
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well as alerts for skin and eye irritation amongst others. Empiric profi lers entail tools 
to categorise chemicals on the basis of their structural similarity, chemical elements 
or functional groups. In the current version of the Toolbox, only one toxicological 
profi ler exists which is called Repeated Dose (HESS). This profi ler was developed 
by National Institute of Technology and Evaluation (NITE) in Japan. It contains 
categories for substances expected to induce similar toxicological effects in repeated 
dose oral toxicity. Profi lers also exist to simulate abiotic and biotic degradation as 
well as metabolism. After profi ling, a search for related analogues based on the pro-
fi ling outcomes can be performed to formulate a preliminary grouping. At this point, 
all or selected endpoint experimental data are extracted for all the analogues identi-
fi ed. Data gap fi lling techniques can then be performed for specifi c endpoints of 
interest. A series of subcategorisations are typically undertaken to fi lter the prelimi-
nary grouping into a smaller category of mechanistically similar analogues. The type 
of endpoint and the quantity of data will dictate whether a read- across or trend analy-
sis data gap fi lling approach can be performed. Within the Toolbox, chemical 
descriptors such as log Kow are estimated to help evaluate the relationship between 
the analogue substances and the endpoint of concern. A read- across needs a mini-
mum of two source analogues whereas at least three source analogues are needed to 
perform a trend analysis. Available QSARs within the Toolbox or QSARs docked to 
the Toolbox can also be used to fi ll specifi c data gaps. The profi ling tools that have 
been best developed are those customised for aquatic toxicity, genotoxicity and skin 
sensitisation. This mirrors the maturity of available QSARs for these endpoints. The 
results of endpoint specifi c categories formed within the Toolbox can be documented 
in modifi ed QMRF and QPRF reporting formats or exported as IUCLID fi les which 
can be readily included into REACH dossiers. 

 More information about the Toolbox including guidance and tutorials can be 
found at the OECD website at   http://www.oecd.org/chemicalsafety/risk- assessment/
theoecdqsartoolbox.htm#what_does_the_toolbox_do    . A public discussion forum 
for users of the QSAR Toolbox is also available. Users can exchange experience 
with using the software, exchange databases or custom profi lers, make improve-
ment suggestions or seek technical help from the Toolbox developers.   

9     Establishing Scientifi c Confi dence (Validity) 
of Read- Across Approaches 

   Read-across approaches   are conceptually accepted as a means to address data gaps 
within chemical category and analogue approaches, however many diffi culties still 
remain in applying them consistently in practice for regulatory purposes. Efforts have 
been undertaken by Industry and ECHA to identify some of the barriers to broader 
acceptance of read-across approaches for at least the REACH regulation. Industry, 
through ECETOC, summarised the current practices for read-across (ECETOC  2012 ; 
Patlewicz et al.  2013a ). An ECHA-Cefi c LRI workshop provided a forum to exchange 
experiences in developing and evaluating read-across (Patlewicz et al.  2013b ). 
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 Whilst there has undoubtedly been success in the read-across of “simpler” 
 endpoints such as aquatic toxicity and Ames mutagenicity, the key endpoints where 
progress is still limited but which represent the greatest need are reproductive, devel-
opmental and repeated dose toxicity. As part of the ongoing discussions within Cefi c 
LRI and with ECHA, it has been recognised that assuring the scientifi c confi dence 
of a read-across is dependent on identifying and addressing residual uncertainties. 
Thus establishing a systematic framework for characterising a read-across justifi ca-
tion and its uncertainties would be a critical step. ECHA has been developing a read-
across assessment framework (RAAF) to facilitate the evaluation of read- across 
justifi cations submitted as part of REACH dossiers (de Raat  2014 ). Elements of this 
RAAF have become public in terms of conceptually outlining the framework (see 
ECHA website:   http://echa.europa.eu/en/view-article/-/journal_content/c6dd5b17-
7079-433a-b57f-75da9bcb1de2    ). The RAAF has since been published, see   http://
echa.europa.eu/documents/10162/13628/raaf_en.pdf     (ECHA  2015 ). Researchers 
from P&G who were part of a Cefi c LRI read-across team have shared their own 
systematic framework for DART endpoints (Blackburn and Stuard  2014 ). The latter 
builds upon from their framework (Wu et al.  2010 ) for evaluating analogues for 
read-across which they tested out in 2011 with 14 different case studies (Blackburn 
et al.  2011 ). Whilst these initial constructs go some way towards identifying 
uncertainties and proposing assessment factors to address these, they fall short of 
proposing how uncertainty can be minimised in a scientifi cally robust manner. 
The dialogue of how to build scientifi c confi dence in read-across has evolved with 
complementary frameworks proposed on how to identify and address uncertainties 
(Patlewicz et al.  2014c ,  2015a ; Schultz et al.  2015 ) 

 Advances in novel technologies such high throughput (HTS) and high content 
(HCS) screening methods present new opportunities for enhancing read-across 
approaches and reducing uncertainty particularly if these tools are anchored in an 
Adverse Outcome Pathway (AOP) framework to provide the biological context to aid 
interpretation (ECETOC  2009 ,  2012 ). An AOP is defi ned as a construct for represent-
ing existing knowledge concerning the causal linkages between initial molecular events 
and an adverse outcome at the individual and population level (Ankley et al.  2010 ). 

 The OECD has initiated a work programme to develop AOPs that can be applied 
to different regulatory purposes from test guideline development and refi nement, 
development of IATA as discussed in Chap.   13     as well as chemical categories. The 
revised grouping guidance (OECD  2014a ) discusses how information from AOPs 
can help in the development and application of toxicologically meaningful catego-
ries and read-across. Initial considerations were proposed during an OECD work-
shop in 2010 on “Using Mechanistic Information in Forming Chemical Categories” 
(OECD  2011 ). In addition the OECD has implemented the fi rst published AOP for 
skin sensitisation (OECD  2012 ) into the OECD Toolbox to illustrate how informa-
tion from key events can be used to substantiate a read-across. More information 
can be found in the tutorial developed (OECD  2014b ) which is available at 
  http://www.oecd.org/chemicalsafety/risk-assessment/theoecdqsartoolbox.
htm#Guidance_Documents_and_Training_Materials_for_Using_the_Toolbox     
and this specifi c AOP application is also illustrated in Chap.   13    . The scientifi c 
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confi dence considerations for AOPs for different applications is also discussed in 
Patlewicz et al. ( 2015b ). 

 Applying novel technologies to support read-across remains a newly evolving 
fi eld with notable efforts such as BASF’s metabolomics approach (van Ravenzwaay 
et al.  2013 ). Other researchers from Industry are working on using transcriptomics 
data to elucidate modes of action (Naciff et al.  2013 ). As part of a Cefi c LRI project 
researchers at TNO, University of Masstricht and elsewhere have developed a multi- 
disciplinary data infrastructure known as ‘DIAMONDS’ with statistical and compu-
tational tools on one side and ‘Biological Verifi cation’ (BV) models on the other 
(see   https://www.tno.nl/downloads/diamonds_leafl et.pdf    ). DIAMONDS aims to 
integrate data and knowledge from chemoinformatics, omics, (HTS-)assay and 
 in vivo  toxicity studies. DIAMONDS mines and visualises relevant (public) infor-
mation to support mechanistic understanding and prediction of toxicological pro-
fi les. As part of a recent Cefi c LRI project, the information and knowledge within 
DIAMONDS will be exploited to investigate the extent to which this can facilitate 
enhancement of read-across for particular endpoints (see   http://www.cefi c-lri.org/
projects/50/172/AIMT4-UM-DECO2-Moving-from-DECO-towards-OECD/    ) 
(Jennen et al.  2014 ). Most recent efforts in the area of read-across have been 
described in Ball et al ( 2016 ). 

 As part of a European Commission-Cosmetics Europe FP7 Research Initiative, 
SEURAT-1 has also investigated the development of AOPs for different types of 
liver toxicity and their applicability in read-across. More information on SEURAT-1 
can be found at the website   http://www.seurat-1.eu/    .   

10     Future of QSARs 

 A major trend in the fi eld of alternatives will be focused on  the    AOP   framework as 
a means to construct and collate relevant mechanistic information for endpoints of 
regulatory concern. To that end, the types of QSARs developed and the sort of 
approaches used to support read-across within chemical categories will undoubtedly 
change. As has been described above with respect to the OECD Toolbox, the struc-
tural alert information encoded in the profi lers provides a means to group chemicals 
on the basis of their chemical mechanistic similarity. This could be likened as a 
means to represent qualitative  molecular initiating event (MIE)   information within 
an AOP. Quantifying such information, would result in the development of new 
QSARs that predict the MIE or other key events (KEs) in the AOP. Certainly this 
represents a shift in the types of QSARs that will be developed in the future—ones 
that encode meaningful mechanistic information for molecular initiating events. 

 The  AOP   for skin sensitisation that has been implemented in the OECD Toolbox 
represents a step change to how non-testing approaches can  be   developed and uti-
lised. This AOP could be likened to an IATA in terms of how structural information 
for different KEs and the underlying experimental data are organised. For each KE, 
profi lers have been developed each with their own applicability domain that has 
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been derived experimentally (akin to that described by Schultz et al.  2007  and 
Enoch et al.  2012 ,  2013 ). Outside of the OECD Toolbox infrastructure one could 
envisage similar IATA comprising different components that characterise structural 
alert information for different KEs as well as other relevant information from other 
endpoints that would impact an assessment for the endpoint of interest. Such  IATA   
have already been constructed for respiratory sensitisation building upon the insights 
of the AOP for skin sensitisation (Mekenyan et al.  2014 ) as well as for skin sensiti-
sation itself (Patlewicz et al.  2014b ). Bringing several endpoint specifi c IATA 
together in one framework could also be envisaged to facilitate screening and 
prioritization on the basis of an overall hazard profi le (Patlewicz et al.  2014d ; 
Patlewicz and Fitzpatrick  2016 ).     
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    Chapter 7   
 Implementation of New Test Methods into 
Practical Testing                     

     Rodger     D.     Curren     ,     Albrecht     Poth     and     Hans     A.     Raabe   

    Abstract     New toxicology test methods, especially those using  in vitro  methods, 
are continually being developed. Some are used by industry for screening purposes; 
others are eventually validated for regulatory use. However, for a new test method 
to be fi rmly adopted by industry it must be readily available, generally through an 
in-house industry laboratory, an academic laboratory, or a contract research organi-
zation. Regardless of the type of laboratory which intends to implement the test 
method, certain steps must be taken to ascertain that the method that is put into 
place is reproducible and performs identically to the test method that was published 
or has undergone validation. This involves developing protocols and standard oper-
ating procedures, training staff, developing historic positive and negative control 
data, establishing acceptable performance with profi ciency chemicals, and address-
ing all the safety concerns that may accompany the assay. From experience within 
a contract research laboratory, we provide guidance on how to most effi ciently 
accomplish these tasks.  

  Keywords      In vitro    •   Test methods   •   Toxicology testing   •   GLPs   •   OECD Test 
Guidelines  

1       Introduction 

 New toxicological test methods are constantly becoming available to scientists 
through word of mouth, poster presentations during scientifi c meetings, peer 
reviewed publications, regulatory agency announcements, national “VAMs” (e.g. 
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the European Union Reference Laboratory for Alternatives to Animal Testing 
[EURL-ECVAM], the United States Interagency Coordinating Committee on the 
Validation of Alternative Methods [ICCVAM], the Japanese Center for the 
Validation of Alternative Methods [JaCVAM] , etc.), international authorities, e.g. 
Organization for Economic Cooperation and Development [OECD], and even 
YouTube (e.g. An  in vitro  cell-based test for skin sensitization prediction—  https://
www.youtube.com/watch?v=9eXgHwUtjpU    ). However, like any new product, 
some will prove to be very useful—and hence be quickly adopted by industry and 
academia, e.g. the Ames test (for review see (Mortelmans and Zeiger  2000 ))—while 
others, for various reasons, will languish, e.g. the cultured bovine lens assay for eye 
irritation (Sivak et al.  1994 ). 

 Several  factors   infl uence the acceptance of a new test method: its stage of devel-
opment, what bodies endorse it, its purpose (screening versus regulatory submis-
sion), its performance (predictive capacity and reproducibility), its cost compared 
with similar methods, and its ease of performance (or general availability), among 
others. Clearly if the assay has been requested by a regulatory agency, it will quickly 
be adopted by those sections of industry that interact with that regulatory branch. 
On the other hand if the assay is just to be used as a screening assay (providing a 
yes/no answer as to some measure of toxicity) during product development its 
uptake by industry will be subject to a number of the other factors (not the least of 
which is performance) described above. 

 However a major part of any decision of when—or even if—to use a new 
toxicology test method is whether or not the test method is readily available. 
For initial adoption a company may be willing to conduct the test in its own 
laboratories, but for the longer term most companies prefer to have their test-
ing conducted by an independent, third-party organization often referred to as 
a  contract research organization (CRO)     . CRO’s provide an important testing 
infrastructure that may be missing, or expensive to maintain, within an indus-
trial setting where the primary activity is manufacturing a product. This infra-
structure, as it relates to toxicology testing, consists of: (1) maintaining an 
extensive database of past control (positive and vehicle) values for the test, (2) 
technicians trained and routinely familiar with the test, (3) a standard protocol 
(often GLP-compliant), (4) specialized equipment necessary for the test, (5) 
experienced Study Directors competent to take responsibility for all phases of 
the study, and (6) a quality assurance staff prepared to audit, when required, 
selected phases of the study. Finally the CRO is generally seen as an indepen-
dent party by the regulatory agencies and industry itself which strengthens 
their trust that the results of the study are unbiased. Since CROs generally 
stand at the forefront of implementing an often broadly defined new test 
method by developing it into a method that can be used confidently and 
 economically on a routine basis, many of the following examples of implemen-
tation will be taken from the authors’ own experiences in  the      CRO industry (for 
examples see (Norman  2014 )).  
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2     Timeline for Implementation 

 There is generally considerable cost involved in implementing a new test method—
even within an existing  laboratory   setting. This is a consequence of the time (and 
resulting labor costs) involved to address all of the  necessary   requirements of imple-
mentation. This often makes the decision on whether to implement a new assay 
somewhat diffi cult since the process could take anywhere from 2 to 6 months or 
even more in the case of more complicated assays! One of the fi rst questions asked 
before the practical implementation of a new toxicology assay is whether there is 
actually a commercial or technical need for the assay. Numerous assays are devel-
oped and publicized each year that may have value to the academic research com-
munity, but have little interest for industry.  Safety   and  effi cacy studies   are of 
paramount importance to industry, but even then the new test has to offer informa-
tion that is either superior to an original test, or has been previously unavailable. 
Without a “pull” from industry that indicates a need, it would not be a sound busi-
ness decision for a CRO to spend the signifi cant amount of money normally required 
to develop a test method to the point where it is ready for commercial sale. Of 
course, if the test is already being considered for regulatory use—such as an OECD 
Guideline (Organisation for Economic Co-operation and Development  2015a ) test 
method—then it could be advantageous to bring the test to a commercial offering in 
anticipation of a growing industry demand. Of importance for any commercial sup-
plier of a test method is participation in prevalidation (Curren et al.  1995 ) or valida-
tion  studies   for that test method. This provides not only early experience with the 
test method but also an understanding of the level of interest from the regulatory 
community. 

 The potential regulatory use of any new assay is clearly an important aspect of any 
test method implementation decision; however lack of a foreseeable regulatory appli-
cation should not automatically doom its implementation. Many new test methods are 
developed to measure effi cacy endpoints rather than  safety   endpoints. Such methods, 
depending on their relevance and reproducibility, can be extremely useful in product 
development, and thus may be worthy of the expense of appropriate implementation 
even though their results may never be submitted to a regulatory agency.  

3     Technical Implementation of a New Test Method 

 With any new toxicology method, it is rare—if ever—that the currently available 
information about the technical conduct of the test is suffi cient to allow it to be used 
in a routine commercial or even an industrial setting. Personnel must be trained, 
reagents obtained, the target tissue or cells sourced, standard protocols and SOPs 
developed, historic control values (positive and negative [vehicle]) established, and 
evidence of profi ciency with standard chemicals or products developed. This list 
(described in more detail later) is far from comprehensive.   Even if the test method 
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has gone through review at a high level, such as in the OECD Test Guidelines pro-
gram (Organisation for Economic Co-operation and Development  2015a ), there is 
generally not suffi cient information available to begin conducting the test and 
immediately have confi dence that the results obtained are actually predictive of a 
toxicological endpoint. OECD Test Guidelines really just give—as their name 
implies—guidance on the overall conduct of the test with certain critical test param-
eters described.  OECD      Test Guidelines are not working protocols—and are likely 
not compliant by themselves with Good Laboratory Practices (GLP) guidelines, 
although efforts have been initiated to improve harmonization of the OECD Test 
Guideline and GLP Programs. They provide a good starting point, and they are 
generally more useful to a laboratory wanting to implement a new assay than what 
is provided in the materials and methods section of most published new methods! 
Some additional help in utilizing a new test method can be found in OECD Guidance 
Documents (Organisation for Economic Co-operation and Development  2015b ) 
which may provide additional points to consider, supporting documentation, addi-
tional approaches using the basic test method, thoughts on data interpretation, etc., 
about a new test method or related test methods. Other useful sources of test method 
information are: the EURL-ECVAM DataBase on ALternative Methods (DB-ALM) 
(  https://eurl-ecvam.jrc.ec.europa.eu/databases/database-on-alternative-methods-
db- alm    ), the Current Protocols series by John Wiley & Sons, Inc. (  http://www.cur-
rentprotocols.com    ), and instructional videos which are often found on manufacturers’ 
or test suppliers’ sites.  

    (a)    Training of personnel  
 No matter how well a test developer believes that they have described a new 

test method, experience has shown that without face-to-face, hands-on instruc-
tion, it is rare that new personnel can routinely obtain the same results as the test 
developer. There are always small, but important, steps that seem to be left out 
of written descriptions (generally inadvertently, sometimes intentionally), or if 
described are not correctly understood because of language and translation dif-
fi culties. Although the use of videos and teleconferencing over the last few 
years have made test method transfer more effi cient than it was in the past, face- 
to- face instruction still seems to be preferable, especially if commercial use of 
the assay is being considered. We have found that most test developers are quite 
willing to fi nd a suitable time to host visitors desiring to learn all the fi ne details 
of an assay. To make the process most effi cient, personnel from the naïve labo-
ratory should already be profi cient in the general technical skills required for 
the assay, should have thoroughly read the published literature, and, for the best 
transfer effi ciency, should have already conducted trial runs with the assay in 
their own laboratories. That way they will already have developed questions 
about unclear sections of the protocol, and will be able to describe how they 
interpreted and performed those unclear sections. It will be even better if they 
have conducted trials on several standard materials which can then be 
 incorporated into the training program. This allows a more direct comparison of 
techniques and subsequent results between developer and routine user. 
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 Technical personnel must also become familiar with how the raw data from 
various parts of the assay will be used in the fi nal interpretation of the assay. In 
other words they must learn during the training about the specifi c “prediction 
model” (Bruner et al.  1996 ) used; exactly what the mathematical algorithm or 
written decision tree describes. The reason for this is that the level of precision 
(and documentation) for the conduct of various steps within the protocol may 
vary signifi cantly according the construction of the prediction model. If the 
 purpose   of the method is just for identifying one end of a toxicity scale, e.g. a 
test material is non-toxic if a color change occurs within 1 min of the addition 
of a certain reagent, then it is extremely important to continually observe and 
make time records at close intervals at either side of the 1 min point, but less 
important to make recordings at close intervals as the distance increases past the 
critical time point. Similarly if the prediction model is based on subtle color 
changes in a reaction mixture, then technical staff must be trained to understand 
what ambient lighting conditions are acceptable for reading of the endpoint, 
e.g. readings might not be reliable if made inside a hood outfi tted with the yel-
low lights commonly used to protect against the formation of toxic photoprod-
ucts during tissue culture operations.    

   (b)    Specialized reagents  
 A common problem associated with moving a new testing method into com-

monplace, international usage, is that critical reagents may differ slightly—or 
even not be available—in different areas of the world. This adoption hurdle can 
result from many conditions, including shipping diffi culties, cultural prefer-
ences, legal restrictions, and climate differences among many others. Specifi c 
examples might include: the requirement for serum factors that may be 
extremely labile, the need for animal organs discarded during food production 
which are not locally obtainable because local dietary customs do not include 
food from that type of animal, laws prohibiting the importation of human tissue 
constructs into certain countries, and the costly insulated packing necessary to 
protect against temperature extremes during shipping may make the purchase 
of certain reagents economically diffi cult. 

 New test method developers should try to consider scenarios such as those 
described above as they fi nalize the “design” of their new method. Of course, it 
is impossible to foresee all the diffi culties that may arise as a test method begins 
to spread out internationally, but some foresight should certainly be given if 
routine use of the method around the world is  expected  . This is another area 
where CRO’s are often able to assist, having surmounted similar hurdles in the 
past. They can likely make suggestions, such as: (a) can an isolation procedure 
be described to allow laboratories to isolate labile serum factors on-site (or can 
more stable factors be bioengineered and supplied directly as a reagent), (b) can 
new organ culture chambers be designed that would accommodate water buf-
falo corneas rather than corneas from beef cattle, (c) if national laws won’t 
allow the importation of human tissue constructs, can a more general protocol 
be developed which would allow tissues manufactured within country to be 
used in the new test method, and (d) is it necessary to always use the tempera-
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ture sensitive reagent with which the method was developed, or could a similar 
reagent without such concerns be substituted if other areas of the protocol were 
modifi ed?    

   (c)    Dealing with commercial sources of 3D tissue (when required by the test 
method) 

 A major improvement in test methodology over the last 25 years has been 
the validation, regulatory acceptance and increase in the use of 3D reconstructed 
 human   tissue to study chemical toxicity (see also Chap.   4    , this volume). This is 
perhaps the ultimate example of a “specialized reagent”, and the manufacture, 
shipping, and maintenance of the tissue must be standardized in order for test 
results to be reproducible. This becomes a challenge whose solution must be 
divided between the tissue manufacturer and the user. The tissue manufacturer 
must not only develop excellent manufacturing techniques and quality control 
procedures so that each batch of tissue is morphologically and functionally 
similar, but they must develop shipping procedures that maintain its reproduc-
ibility. Furthermore the establishment of a claim of reproducibility must be 
based on observations by the testing facility as well as the manufacturer. 
Quantitative performance standards should be established by the test manufac-
turer, and the resulting data from each batch of tissue should be available to the 
testing facility. The optimum situation is to have a very similar set of standards, 
e.g. identical chemical tested under identical conditions, which should be used 
by both the testing facility and the tissue manufacturer to facilitate data com-
parison between the two facilities. This will also facilitate troubleshooting the 
cause of failed experiments, since the two facilities can work together to deter-
mine if the tissue was manufactured correctly or if the shipping conditions were 
inadequate.    See additional information about potential audits of tissue manu-
facturing facilities under “Developing GLP versions of the assay” below.   

   (d)    Establishing historic control data  
 Before the data from any new method can be properly interpreted, the repro-

ducibility of the method must be clearly established. The operator must know 
how the system responds normally (without the presence of a test chemical); 
this is generally called the assay negative control value. The effect of various 
solvents on the system should also be determined to create an historic assay 
solvent control value. At the same time the performance of the system with a 
chemical known to perturb the system must be ascertained; this is generally 
termed the assay positive control. Generally multiple runs (20 is often consid-
ered an adequate number (Hayashi et al.  2011 )) are conducted and the mean and 
standard deviation calculated. Control charts, long used in monitoring perfor-
mance in clinical and analytical laboratories (see, for example (Karkalousos 
and Evangelopoulos  2011 ) can be generated to monitor trends in the assay con-
trol values, and decision criteria can be established, e.g. the assay positive con-
trol must induce a response within two standard deviations of the historic mean, 
to determine the acceptability of any single assay run. Although establishing 
historic assay control data has been routine for many  in vitro  testing facilities, 
regrettably it has been ignored in others. In fact it is only recently that this has 
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been addressed in OECD Test Guidelines. For example, TG431:  In Vitro  Skin 
Corrosion: Reconstructed Human Epidermis (Rhe) Test Method states in para-
graph 20 that “Test  method   users should demonstrate reproducibility of the test 
methods over time with the positive and negative controls” and in paragraph 23 
that “Concurrent negative and positive controls (PC) should be used in each run 
to demonstrate that viability (with negative controls), barrier function and 
resulting tissue sensitivity (with the PC) of the tissues are within a defi ned his-
torical acceptance range” (Organisation for Economic Co-operation and 
Development  2014 ).    

   (e)    Testing of profi ciency chemicals 
 Data from numerous test  chemicals   are always generated by the test 

developer(s) during the development of any new assay. As the test method is 
transferred to new laboratories, a subset of these test chemicals should be iden-
tifi ed which can serve as profi ciency chemicals for any new laboratory adopting 
the method. The number of such profi ciency chemicals may vary (recent OECD 
Test Guidelines have specifi ed between 8 and 15), but the set should contain 
“negative” chemicals (those that cause little change in the test system or which 
cause changes below some cutoff value) and “positive” chemicals (those which 
cause changes above some predetermined cutoff value). The chemical set 
should also have representatives, as far as possible, of the chemical classes 
which make up the applicability domain of the method. It is preferable to have 
quantitative data for each of the profi ciency chemicals rather than just “posi-
tive” or “negative” labels. 

 Each laboratory adopting the test method should then be able to show that 
they are able to reproduce the data for the profi ciency chemicals before they 
conduct the test with any unknown materials. If they are not able to reproduce 
the values, then they should contact the test developer or another laboratory 
competent in conducting the assay to trouble shoot their methodology. If a CRO 
claims to have established the method, they should be willing to provide the 
results of their tests with the profi ciency chemicals to any prospective client.   

   (f)    Approval process for fi rst commercial use of the assay 
 If the new test method is to be offered commercially, a CRO should have a 

standard approval process that precedes the  commercial   offering of the assay. 
This should include, at a minimum, many of the steps described above, such as: 
(1) developing a comprehension set of control data, both negative and positive, 
for the method, (2) showing profi ciency with the assay by replicating data for a 
set of defi ned profi ciency chemicals, or developing data for a set of representa-
tive chemicals when a formal chemical list is absent, (3) having suffi cient num-
ber of trained laboratory staff, and (4) having established protocols and Standard 
Operating Procedures (SOPs) (see below).   

   (g)    Investments needed for test set-up 
 When a potential user estimates the  cost   of setting up a new test method they 

should make sure that costs associated with all of the previously mentioned 
requirements are included in the calculation. That includes not only the cost of 
new equipment, reagents, and supplies, but also the often considerable cost of 
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personnel training (which could include expenses for international travel) and 
the labor costs involved in establishing profi ciency and historic control values. 
As was stated previously the time required to properly implement the test 
method should be carefully considered since it can take anywhere from 2 to 6 
months (or in some cases even longer).   

   (h)    Safety considerations  
 Before establishing any new test method in the laboratory, the potential 

safety concerns associated with the assay should be considered. Although there 
may be adequate safety standards in place to cover existing hazards in the labo-
ratory, the new assay may require reagents or techniques which are new to the 
current staff. For example, in the case where radioisotopes are needed, the new 
test method may require different isotopes, or quantities of isotopes, than are 
currently covered by the laboratory’s license. Similarly there may be new 
chemical disposal procedures that need to be arranged or additional personal 
protection devices (e.g. impervious gloves or full face respirators) that will 
need to be procured. In addition there might be changes in the techniques for 
treating the test system that put the technician at higher risk for unwanted expo-
sures. For example, additional containment procedures may be required when 
switching from simple direct application of dosing solutions to the application 
of light powders or sprays to the test system. Of course the costs associated with 
implementing these new standards will need to be included in the analysis of 
the startup costs, as well as the continuing costs, of performing the assay. 

 In addition to the potential new chemical hazards addressed above, new bio-
logical safety hazards may accompany a new test method, especially since 
many new  in vitro  methods use reagents and biologicals derived from animals, 
as well as human cells or tissues as the reporter system. With the use of human 
cells and tissues comes the risk of exposure to a number of virus including 
Hepatitis B, Hepatitis C, Human Immunodefi ciency virus, Epstein-Barr virus 
and several others. Therefore human cell lines should be handled using BSL-2 
safety precautions and the U.S. Centers for Disease Control’s “universal pre-
cautions” (Centers for Disease Control  1988 , June 24) should be followed. 
Primary human cells obtained directly from donors should be screened for 
pathogens before use. Purchasers of commercially available human 3D recon-
structed tissue models should request a screening report for human pathogens 
(and other common adventitious agents) directly from the manufacturer of the 
tissues. Further information on safety precautions for the use of human cells 
and tissues can be found in many textbooks on tissue culture methods, e.g. 
(Freshney  2016 ). In addition, it is prudent to consider providing an immuniza-
tion program for laboratory staff, especially against Hepatitis B. 

 Whereas the handling of bovine tissues from slaughterhouse operations 
might be considered a relatively safe activity, we simply need to recall the 
impact of the outbreak of bovine spongiform encephalopathy in cattle in 
England in the 1990s (European Food Safety Authority  2012 ) that restricted the 
use of most  bovine- derived biologicals or tissues within the European commu-
nity. This event adversely affected the marketing and sales of European derived 
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bovine serum medium supplements, as well as delayed the adoption of a new 
test method—the Bovine Corneal Opacity and Permeability (BCOP) assay—
within the European Community. The event also changed the way that these 
bovine tissues are routinely handled with the laboratory; often requiring the 
handling of these tissues using BSL-2 safety precautions. 

 However, just putting  adequate   health and safety policies into place does not 
entirely assure the safety of the laboratory staff. Thorough training is mandatory, 
and many laboratories require a yearly refresher training course covering the 
hazards that currently exist in the laboratory. It is all too easy to become compla-
cent with safety procedures, especially when running a “routine” test method.     

4       Developing GLP Versions of the Test Method 

 Throughout the process of assay development, optimization and validation, consid-
erable efforts are applied to ensuring that the assay is technically robust, relevant for 
purpose, and readily portable or transferable, especially to laboratories that may be 
participating in a formal prevalidation or validation study. These efforts are targeted 
at optimizing the test methods to maximize their predictive power, and to making 
specifi cations clear and unambiguous so that there is less likelihood for variations 
in technical interpretations which could adversely affect the reproducibility of the 
assay. The  refi nements   generally address the technical execution of procedures and 
processes, and controlling test system conditions (equipment parameters and envi-
ronment). Furthermore, anticipated downstream regulatory requirements and GLP 
compliance expectations infl uence the refi nement of assay SOPs and protocols 
towards clearer defi nition of specifi cations and more thorough and transparent cap-
ture and documentation of test data. Indeed a major goal of the formal validation of 
assays for regulatory purposes should be the refi nement of the protocols and the 
documentation tools to support real-world regulatory compliance requirements. To 
this end, validation studies that were conducted in full GLP compliance are more 
likely to have been optimized to meet these requirements. However, many multi-site 
validation studies are not conducted in full GLP compliance, and many of the par-
ticipating laboratories may not be experienced in the real-world GLP compliance 
issues such as those routinely encountered by industry laboratories and CROs. 
Thus, signifi cant GLP compliance gaps may readily persist in validated test method 
SOPs and protocols. Therefore, each end user must take on the responsibility to 
develop GLP-compliant versions of the validated test method protocols to fi t their 
organization’s regulatory framework and compliance programs.

    (a)    Refi ning protocols to meet international GLP standards  
 It is evident that much of the refi nement of assay protocols towards GLP 

compliance involves clarifi cation of technical specifi cations. For example, 
when defi ning the delivery of a dose volume to the test system, specifying the 
acceptable range for the precision of the delivered dose provides more explicit 
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information than simply presenting the target dose volume (e.g., specifying a 
dose of 100±1 μL is more likely to improve reproducibility than simply specify-
ing a dose of 100 μL). Hopefully details such as those given in the example have 
already been implemented in the robust test method SOP. However, the chal-
lenge in implementing a truly GLP compliant program lies in the approaches 
taken to assure that the 100±1 μL dose delivery was achieved. There may be 
several ways to achieve this goal, and depending upon budgets, criticality of the 
specifi cation, and available practical solutions, each organization must fi nd 
“acceptable” means to this end. Whereas one laboratory may consider the 
annual calibration certifi cate for the 100 μL micropipette to be suffi cient, the 
next laboratory may require more direct evidence such as verifying each deliv-
ered dose gravimetrically. What is ultimately required for GLP compliance is a 
defi ned approach to ensuring the stated specifi cations are met. The specifi c 
approaches may be added to the test method protocol, or may be presented in 
referenced equipment and procedural SOPs. 

 In addition to the technical refi nements, protocols must also address the rel-
evant requirements of the specifi c regulatory agencies intended for submission. 
Since there is not universal agreement in all of the GLP elements among all of 
the GLP compliance systems (i.e., US FDA, US EPA, OECD, Japanese Ministry 
of Health, etc.), the protocol must be modifi ed to meet the specifi c regulatory 
requirements. There may be country or region-specifi c requirements for proto-
col format and approval processes. For example, whereas the Testing Facility 
Study Director is the only one required to ratify a pre-clinical study protocol for 
US FDA GLP compliance, the Japan Ministry of Health requires approval by 
Test Facility management personnel as well. There may also be differences in 
the specifi c data analyses or interpretation of test results that must be defi ned. 
Although a test method may be scientifi cally validated for predicting a toxico-
logical outcome, each regulatory agency may differ in the acceptance of the test 
results as “standalone” results, and some agencies may only recognize positive 
predictions. How the data are to be analyzed, and how the resultant predictions 
are to be presented for classifi cation and labeling purposes or hazard communi-
cation purposes should be clearly defi ned in the GLP compliant protocol. 

 Lastly, most regulatory agencies have specifi c requirements for the character-
ization of the test chemical or formulation, as well as the evaluation of test chemi-
cal stability under the test conditions to support the submission for regulatory 
review and approval. These regulatory requirements and the methods envisioned 
to meeting them must be added to the validated test method protocols to comply 
with most GLP preclinical testing requirements since these elements would rarely 
be included as part of the test method validation exercise. In fact, protocols 
 prepared for test method validation are prepared using blind- coded chemicals, 
and thus would not be expected to include requirements for test chemical charac-
terization, or evaluation of test chemical stability under the test method condi-
tions. Even if test chemical characterizations were conducted on the set of 
 chemicals   used in the validation, neither the characterization requirements nor the 
characterization results would have been included in the test method protocol.    
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   (b)    Interactions with Quality Assurance personnel.   
 It is extremely important to engage the organization’s quality assurance and 

regulatory compliance personnel early in the adoption of any technology. There 
are many aspects of implementing test methods where the support and approval 
of the quality assurance and regulatory compliance personnel would benefi t the 
process. First of all, the  quality assurance unit (QAU)   can provide considerable 
help in ensuring that the protocol and supporting SOPs and documentation 
address the myriad of GLP compliance requirements. They can also provide an 
objective evaluation of the methods proposed for ensuring technical and regula-
tory compliance long before any laboratory activities are initiated. The QAU 
can also provide guidance on the installation and operation of any equipment 
needed to support the test method, as well as ensuring that GLP-compliant 
SOPs and supporting use, maintenance, and calibration records are developed. 
Their independent evaluations provide a broad perspective on the range of com-
pliance requirements often overlooked when attempting to address solely the 
test method compliance requirements. 

 Similarly personnel from each company’s regulatory assurance and corpo-
rate compliance program should be engaged during the establishment of the test 
method to assure that the test methods applied, and the data analyses conducted, 
fi t within the requirements of the relevant regulatory authorities. These same 
personnel can provide guidance on the preparation and submission of study 
reports and executive summaries for the specifi c authorities. 

 In a robust GLP compliance program, the QAU routinely audits study related 
documents at the initiation of a study, during the in-life phase, and through to 
completion of the fi nal report. Typically, upon initiation of the study, the proto-
col and study authorization and placement letters are audited, test material 
receipt and disposition documents are audited and the master schedule is 
updated to refl ect the specifi c regulatory requirements. In-life phases are 
selected for random auditing during the execution of the study, and the raw data 
and analyses, batch records, notebooks, and test material usage and disposition 
documents are audited after the in-life phase is completed. Finally, the study 
reports are audited to assure that they refl ect the content and fi ndings of the raw 
data fi les. Early in the adoption of any test method, the QAU must work closely 
with the Study Director and other laboratory operations personnel to identify 
those procedures and activities that have the greatest impact upon the execution 
and outcome of the study. Candid discussions of how variances in procedures or 
specifi cations can affect the outcome of the study results will help identify key 
steps for auditing, as well as provide a consensus for evaluating the impacts 
when inevitable deviations from the study protocol occur. 

 As mentioned earlier, each  laboratory   should validate its test method imple-
mentation by testing of a set of profi ciency chemicals and establishing criteria 
for evaluating the implementation. The authors recommend that the testing of 
the profi ciency chemicals be conducted either in full GLP compliance or at least 
under non-GLP conditions that still allow for the QAU audit functions to be 
exercised. This may indeed be the fi rst opportunity to evaluate the integration of 
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the QAU into auditing the novel technologies and correct any variances that 
adversely affect GLP compliance. Once the test method has been fully adopted 
the Study Director and QAU work closely together to develop a systems 
approach to support the effi cient execution and auditing of the validated studies. 
This includes developing and monitoring the performance of the test method 
historically by collecting and analyzing assay control data, developing “nor-
mal” historical assay control ranges, and establishing test method acceptance 
criteria.     

   (c)    GLP training of technicians 
 Basic technician GLP  training programs   focus upon ensuring that the labora-

tory staff have received training in, and have demonstrated profi ciency at, docu-
menting their conduct of the test method and properly recording data. A training 
fi le documenting the subject areas covered should be kept for each technician 
participating in work with the test method. Periodic (generally yearly) retrain-
ing should be conducted and recorded in the training fi les.   

   (d)    Interactions with, and auditing of, suppliers 
 In a GLP-compliant study the Study Director is responsible for assuring the 

suitability of reagents used in the study. With  standard  , commonly used chemi-
cals produced by major suppliers this assurance is usually not diffi cult. Current 
Certifi cates of Analysis and other technical literature dealing with the reagent 
are generally suffi cient to support their use. However many new test methods 
now utilize commercially available human tissue constructs, or very unique 
chemicals, whose properties can be quite complex and diffi cult to completely 
standardize. In such cases it may be appropriate to ascertain vendor qualifi ca-
tion by conducting periodic GLP audits of the supplier. This will allow fi rst 
hand observations of their Quality Control procedures, technician training, 
internal documentation of manufacturing processes, and certain critical stages 
of the product production. It should not be expected, however, that the manu-
facturer will reveal all aspects of their manufacturing process. Certain stages of 
production, or specifi c ingredients, may be proprietary and hence not revealed 
during an audit. This should not invalidate the audit as long as it can be shown 
that the process is controlled, that proper records are kept, and that the results 
of lot release testing are available to the user.    

5       Communicating Assay Results 

     (a)    Designing report format  
 The design of the report format is dependent on whether the study is per-

formed in line with the GLP requirements or not. If the study has been con-
ducted only for screening purpose and carried out without the GLP requirements, 
a letter report consisting of one or two pages is suffi cient. This will include a 
short description of the method, the presentation of the results in tabular form 
and the conclusion(s) of the study. 
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 In case the studies are carried out under GLP conditions a standard report 
format is used, including the necessary GLP requirements for a study report. 
Most of the CRO’s have their standard report formats, which are used for new 
 in vitro  methods as a template. The standard report format can vary to a certain 
extent from one CRO to another; however the content is nearly the same. A 
GLP standard report format includes a front page indicating the Study Director, 
the test facility, and the sponsor including the study monitor. It also includes the 
assigned study number and the sponsor’s study number if available. The second 
page includes the table of contents. The next section is reserved for the Study 
Director’s statement of GLP compliance and the quality assurance statement. 
This is followed by a summary page, where the results are described in brief 
and a conclusion on the study results is given. The next section can include 
general information on the schedule of the study, any deviation from the study 
plan and the archiving information according to the GLP requirements. An 
introduction section will follow including the aims of the study and any guide-
lines and regulations relevant for the test system. Then a material and methods 
section will include the description of the test system, the test item preparation, 
the controls (positive and negative controls where relevant) and the experimen-
tal performance together with the endpoint measurement and determination. 
Included in the material and methods is the recording of the data and the evalu-
ation of the results together with the acceptance criteria and historical data. The 
next section is related to the results, their discussion and the fi nal conclusions. 
References related to the test system and cited in the report are listed next. The 
individual results can be included in the main part of the fi nal report, but gener-
ally these data are included in an appendix to the fi nal report. Appendices can 
also include other relevant information on the test system (e.g. Certifi cates of 
Analysis). It is recommended to use International System of Units (SI) in the 
fi nal report. The fi nal report has to be signed and dated by the Study Director 
and sometimes also the signature of the management is included. 

 It should be noted that some  regulatory   agencies require that study reports 
are submitted to them in a very specifi c format, and that reports not complying 
may be rejected. An example is the US Environmental Protection Agency’s 
Offi ce of Chemical Safety and Pollution Prevention which prescribes the for-
mat for submission of results from studies addressing its Health Effects Test 
Guidelines ( 2011 , November 30).    

   (b)    Understanding needs of individual clients 
 Before starting testing with a new  in    vitro    method it is important to know for 

what purpose this method is used. Therefore, close interaction with the client—
be that an internal laboratory down the hall or an industrial fi rm halfway around 
the globe—is recommended from the beginning. It should be clarifi ed whether 
the new method is to be used for screening purposes, for weight-of-evidence 
evaluation, for read-across, or for waiving arguments. It should also include 
clarifi cation of whether the new test method is used for classifi cation and label-
ling, or even for regulatory submission. Such a new  in vitro  test once validated 
can be a stand-alone method regarded as a full replacement of an  in vivo  test 
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method or it can be considered to be used as part of an integrated test strategy. 
Based on the needs, the interaction with the client will be more or less intensive. 
Discussions with the client may include whether benchmark chemicals should 
be used as part of the testing. If the new  in vitro  test is used within a weight-of- 
evidence assessment, the discussion will be more intensive as an hypothesis for 
the occurrence of a certain effect has to be elaborated, for which the new  in vitro  
test will provide information on whether or not that hypothesis can be 
confi rmed.   

   (c)    Determining appropriate language for Conclusions 
 In the discussion section the Study Director interprets the data in terms of 

any patterns that were observed, any relationships among  experimental vari-
ables   that are important and any correlations between variables that are discern-
ible. In this section all relevant and important assay results should be described 
and discussed. Major differences or trends are important and need to be 
explained. Statistics, when appropriate and historical control data are included 
in the data evaluation. The acceptance criteria of the assay should be included 
and discussed, as well as the negative and positive control data. The conclusions 
section should use some elements from the introduction and their structure 
should be similar. The conclusions should be written in a clear and straightfor-
ward language. The conclusion section should simply state what the Study 
Director believes the data mean and, as such, should relate directly back to the 
problem/question stated in the introduction section.      

6     Conclusions 

 Although it might seem that when a new test method has successfully passed a 
“validation” stage, or has been accepted for use by a regulatory agency, that there 
are no further barriers to the general use and acceptance of the assay by industry 
or academia. This is clearly far from the truth. Considerable work is still ahead to 
make the assay easily available to all potential users, from very small businesses 
to major international corporations. Decisions have to be made by potential 
 conductors of the test method concerning its economic feasibility, what new haz-
ards it might represent, what new techniques might have to be learned, how to 
demonstrate competence, whether to implement with full GLP compliance, how 
to train staff, and how to communicate the results. However there is some stan-
dard guidance that has been presented in the previous pages that can make this 
formidable process manageable, and will result in further steps forward for the 
new toxicology.    
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    Chapter 8   
 Pathway Based Toxicology 
and Fit-for- Purpose Assays                     

     Rebecca     A.     Clewell     ,     Patrick     D.     McMullen    ,     Yeyejide     Adeleye    , 
    Paul     L.     Carmichael     and     Melvin     E.     Andersen   

    Abstract     The fi eld of toxicity testing for non-pharmaceutical chemicals is in fl ux 
with multiple initiatives in North America and the EU to move away from animal 
testing to mode-of-action based  in vitro  assays. In this arena, there are still obstacles 
to overcome, such as developing appropriate cellular assays, creating pathway- 
based dose-response models and refi ning  in vitro-in vivo  extrapolation (IVIVE) 
tools. Overall, it is necessary to provide assurances that these new approaches are 
adequately protective of human and ecological health. Another major challenge for 
individual scientists and regulatory agencies is developing a cultural willingness to 
shed old biases developed around animal tests and become more comfortable with 
mode-of-action based assays in human cells. At present, most initiatives focus on 
developing  in vitro  alternatives and assessing how well these alternative methods 
reproduce past results related to predicting organism level toxicity in intact animals. 
The path forward requires looking beyond benchmarking against high dose animal 
studies. We need to develop targeted cellular assays, new cell biology-based extrap-
olation models for assessing regions of safety for chemical exposures in human 
populations, and mode-of-action-based approaches which are constructed on an 
understanding of human biology. Furthermore, it is essential that assay developers 
have the fl exibility to ‘validate’ against the most appropriate mode-of-action data 
rather than against apical endpoints in high dose animal studies. This chapter dem-
onstrates the principles of fi t-for-purpose assay development using pathway- targeted 
case studies. The projects include p53-mdm2-mediated DNA-repair, estrogen 
receptor-mediated cell proliferation and PPARα receptor-mediated liver responses.  
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1       Background 

 In the 1930s consumer poisonings occurred from ethylene glycol containing sulfa-
nilamide preparations (Wax  1995 ). This episode led to efforts by the USFDA to rely 
on toxicity testing in animals and to develop safety factor approaches for using this 
information for establishing safe human exposures (Lehman and Fitzhugh  1954 ). 
Over the ensuing years, there were calls for more and more testing for multiple 
endpoints with individual compounds and the numbers of compounds in commerce 
requiring testing grew. Animal testing became increasingly expensive, exorbitant in 
the use of animals, and took a long time for completion for any specifi c chemical. 
And yet, the relevance of these animal studies to human biology remains in ques-
tion. In recent years, there has been a dawning realization that the system of in life 
animal testing requires change. 

 In the USA, the EPA’s ToxCast program, in collaboration with the Tox21 initiative 
and other research partners developed approaches to screen chemicals through a 
diverse suite of repurposed, commercially available assays using quantitative high 
throughput screening (q-HTS). Phase I of the ToxCast program included more than 
600 assays for over 300 compounds (Judson et al.  2010 ). The express goal of the pro-
gram was to develop bioactivity signatures that would assist in prioritizing compounds 
for further testing. The q-HTS results across the multiple assays could rank com-
pounds in terms of hazard potential and support a tiered approach to reserve animal 
testing for those chemicals more likely to have specifi c forms of toxicity, high potency 
or high levels of human exposure. Many papers describing the ToxCast research are 
now available (Judson et al.  2010 ; Martin et al.  2010 ; Kleinstreuer et al.  2011 ; Martin 
et al.  2011 ; Sipes et al.  2011 ). Even though the predictive potential of the assays for 
in-life rodent toxicity from Phase I appears low (Thomas et al.  2012 ), there are still 
proposals for using ToxCast results to estimate “Toxicity-Related Biological Pathway 
Altering Doses for High-Throughput Chemical Risk Assessment” (Judson et al. 
 2011 ). This process of risk assessment utilizes both the  in vitro  concentrations causing 
responses in various assays, conservative estimates of human exposures and high 
throughput dosimetry. However, despite the momentum pushing incorporation of 
these efforts into risk assessment strategies, there is really little evidence supporting 
the relevance of these assays for assessing particular cellular endpoints and confi rm-
ing similarities of potency in assays using human cells or tissues. 

 Many of the European Union-based initiatives focus more on animal alternatives, 
especially in light of the restrictions on using animals to test safety of cosmetics. 
Russell and Burch set the stage for increasing considerations of the humane use of 
animals in their 1959 book (Russell and Burch  1959 ). This effort instigated widespread 
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calls to end unnecessary animal testing. Programs such as ECVAM in the EU and 
ICCVAM in the US focused on developing alternative  in vitro  assays to replace specifi c 
animal tests. In general, the validation process in these organizations was to show that 
new, alternative methods provide results equivalent to historical toxicity tests using live 
animals. It has become increasingly apparent that this defi nition—accurately predict-
ing results of an animal test—is not appropriate as the toxicity testing fi eld moves to 
embrace new  in vitro , cell-based assays using human cells/tissues for assessing risks 
and safety of chemicals in the human population. 

 The National Research Council (NRC)       report from the US National Academy of 
Sciences, “Toxicity Testing in the twenty-fi rst Century: A Vision and A Strategy”, 
proposed a shift from toxicity testing using animal studies to evaluation of perturba-
tion of so-called toxicity pathways in mode-of-action-based  in vitro  assays using 
human cells or human cell lines (NRC  2007 ; Krewski et al.  2010 ). Toxicity path-
ways are simply normal signaling pathways in cells that can cause toxic responses 
if they are suffi ciently perturbed by chemical treatments. The NRC report was fun-
damentally different from other approaches in stressing that these  in vitro  cell-based 
methods were the  preferred  approach for toxicity testing of environmental com-
pounds in the twenty-fi rst century because they are based in human biology. Newer 
 in vitro  methods would allow broad evaluation of chemical dose-response, includ-
ing concentrations equivalent to those arising from ambient human exposures. The 
read-out of the assays would include both measures of adverse responses  in vitro  
and the dose response for the pathway, to support pathway-based dose-response 
modeling (Boekelheide and Andersen  2010 ; Andersen et al.  2011 ). 

   Adverse Outcome Pathways (AOPs) .      The strategies described in this chapter 
focus on developing fi t-for-purpose  in vitro  assays for several toxicity pathways. In 
this usage, fi t-for-purpose means that the results from the  in vitro  assays will suffi ce 
for safety assessments without resorting to animals studies. As such, the goal is to 
develop assays that can be used to defi ne chemical risk/adversity without requiring 
measures of adversity from animal studies. In contrast, in-life apical responses play 
a central role in defi ning Adverse Outcome Pathways (AOPs). Nonetheless, the 
structure of the AOP framework dovetails with the process of predicting molecular 
initiating events, identifying key events, developing assays for biomarkers of these 
key events  in vitro  and comparing these  in vitro  responses to the suite of short-term 
 in vivo  responses that map with key events. Figure  8.1  captures the relationship 
between  in vitro  assays measuring biomarkers of key events with the AOP frame-
work describing the linkage from these key events onto the more conventional  in 
vivo  responses used in the past as the benchmark responses for risk assessment.

    In vitro based safety assessments . While  most   current q-HTS efforts focus on 
repurposing available assays as screening tools and prioritizing compounds for fur-
ther  in vivo  testing (Collins et al.  2008 ; Kavlock et al.  2012 ), the goal described in 
the 2007 NRC report is to transition to  in vitro  based risk assessments using well- 
designed assays that can account for key biological processes responsible for toxi-
cological outcomes. Our strategy for  in vitro  based safety assessments is shown in 
Fig.  8.2 . The process begins with the development of “fi t-for-purpose”  in vitro  
assays to examine cellular pathway responses. These fi t-for-purpose assays should 
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have read-outs that represent key signaling processes for a particular cellular out-
come given a chemical’s mode of  action   and clear measures of biomarkers of adver-
sity. Dose-response data, together with computational pathway models, provide 
mechanistic understanding of the shape of dose-response curves to support low dose 
extrapolation from  in vitro  test results (Bhattacharya et al.  2011 ) and predict regions 

  Fig. 8.1    Placing  in vitro  cell- based      assays for key events into the Adverse Outcome Pathway context       

  Fig. 8.2    A roadmap for 
developing prototype risk 
assessments based on 
results from fi t-for-purpose 
 in vitro  assays for specifi c 
toxicity pathways. We 
describe on-going efforts 
to develop assays for  three 
  pathways—p53-DNA 
damage-repair in human 
cell lines, PPARα nuclear 
receptor pathway in liver 
cells, and estrogen- 
pathway signaling in 
uterine cells tissues       
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of safety for human exposure without resorting to in-life animal assays (Andersen 
and Krewski  2010 ). Quantitative  in vitro - in vivo  extrapolation (QIVIVE), a form of 
reverse dosimetry, can then be used to estimate safe human exposures from the 
active concentrations in the fi t-for-purpose pathway assays (Clewell et al.  2008 ; 
Rotroff et al.  2010 ; Wetmore et al.  2012 ). In this chapter we focus on three examples 
of creating, characterizing and validating  in vitro , fi t-for-purpose assays.

2        Case Study 1: Identifying Appropriate  In Vitro  Models 
for PPARα Mediated Responses in Human Hepatocytes 

  A challenge in moving to new test methods with human cells, cell lines, organotypic 
cultures, etc. is developing comfort that these assays produce safety assessments 
protective of human health. The extant information on chemical toxicity derives 
largely from in life studies with laboratory animals, primarily rats and mice. The 
fi rst efforts with ToxCast were motivated by the extensive animal data required for 
registration of pesticides. While program has produced a wealth of data across 
chemicals and assay endpoints, one diffi cult issue was that the  in vitro  assays used 
human cells and cell constituents whereas the existing data were from studies con-
ducted primarily in rodents. Another challenge was that none of the ToxCast  in vitro  
assays were structured in such a way as to look at corresponding doses required for 
an equivalent response  in vitro  and  in vivo. In vitro  to  in vivo  comparisons are dif-
fi cult to make with chronic responses since the existing cell culture systems do not 
allow long-term exposures. Nonetheless, other screening programs include multiple 
shorter-term  in vivo  assays that provide insight about molecular initiating events 
and key events. In our case studies the anchoring occurs on the basis of doses and 
exposures required to produce similar outcomes on a cellular or tissue level for key 
events. One key aspect of validation, as we begin the change to new  in vitro  tests, is 
to develop equivalent anchors for  in vitro  and short-term  in vivo  studies to show 
similarities in cellular responses and in the dose at which responses occur. A chal-
lenge arises for creating assays for pathway in which there appears to be signifi cant 
difference in biology between species and we continue to rely on these older studies 
to infer human risks. Several examples are available from extensive work with 
mode-of-action and the human relevance framework for liver nuclear receptors such 
as CAR and PPARα (Andersen et al.  2014 ; Corton et al.  2014 ; Elcombe et al.  2014 ). 
In rodents, persistent activation of these receptors leads to liver cancer through non- 
genotoxic processes associated with increased cell replication in livers. Proliferation 
does not occur in human hepatocytes. How do we take these differences into account 
in creating an assay for liver cell responses? 

  Understanding PPARα pathway biology . This pathway represents a prototype of 
a nuclear receptor mediated toxicity pathway with important species differences 
(Klaunig et al.  2003 ). Activation of the peroxisome proliferator-activated receptor 
alpha (PPARα) nuclear receptor in liver parenchymal cells from humans results in a 
series of coordinated events leading to downstream alterations in gene expression 
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with alterations in lipid and fatty acid metabolism (McMullen et al.  2014 ). We have 
used a combination of microarray-based gene expression data, regulatory interac-
tions inferred from protein-DNA transcription factor arrays and published chroma-
tin immunoprecipitation (ChIP) data (van der Meer et al.  2010 ) to develop a picture 
of PPARα-mediated transcriptional regulation after treatment with a PPARα- 
selective ligand (GW7647) in rats and in humans. This agonist altered expression of 
about 200 genes in human primary hepatocytes. Only a limited number of genes that 
were differentially regulated by GW7647 treatment bind PPARα either directly at a 
PPARα response element (PPRE) or indirectly where PPARα binds genes in the 
absence of a PPRE. Approximately half of the differentially regulated genes showed 
no PPARα binding at all. Because they are not regulated by transcription factor- 
DNA interactions, these genes are considered nongenomic targets of PPARα. We 
then inferred the transcription factors involved in gene regulation, leading to a 
clearer picture of the hierarchical organization of the PPARα response network and 
the concentration- and time-dependent structure of the network (McMullen et al. 
 2014 ). This human network and the human responses should form the basis of a 
safety assessment for PPARα agonist compounds (Fig.  8.3 ). However, the responses 
in rodents, studied extensively  in vivo  using xenobiotics that target PPARα, include 
changes other than alteration in fatty acid metabolism genes (Rosen et al.  2008a ,  b , 
 2010 ). These alternative responses include hypertrophy and cell proliferation on 
short-term exposures and liver cancer in life-time exposures, which are apparently 
associated with persistent proliferation as a key event when maintained over a lon-
ger time. We have to carefully consider how  in vitro  responses in human cells, a 
species that does not show a similar proliferative response (Klaunig et al.  2003 ), 
replace long-term animal studies that have a proliferation-dependent response.

    Human and Rat differences in biology . Detailed systems biology mapping of the 
pathway during assay validation for rat and human (McMullen et al.  2015 ) also pro-
vided better understanding of the biological differences in the human and rat 
responses. Among the genes downregulated in rats were two transcription factors—
Ets1 and Hnf6. The former was fairly densely connected in the human network devel-
oped from gene expression and ChIP data streams (McMullen et al.  2014 ). Hnf6 is a 
central transcription factor in differentiation of precursor states into fi nal hepatic lin-
eages (Odom et al.  2004 ). In addition, the downregulated genes in rats that contained 
a PPRE had a different nucleotide binding sequence in the fl anking regions of the 
core PPARα-RXR binding regions. These adjacent regions lack conservation of 
nucleotide binding motifs that were present with upregulated genes containing PPRE 
sites. The differential liver responses to nuclear receptors that form heterodimers with 
RXR may be related to down regulation of several key transcription factors in rodents 
that cause a form of “dedifferentiation” to earlier phenotypes in at least some regions 
of the rat liver acinus. The downregulation of these pathways then primes cells to 
proliferate with arrival of signals from other cells in the liver. Our experience with 
PPARα shows the value of integrating  transcriptomics, ChIP, and network analysis to 
understand the key differences between the rodent and human response. It also high-
lights the importance of developing  in vitro ,  systems biology tools that evaluate the 
mode of action in the relevant species of interest, i.e., humans. 
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  Fig. 8.3    Developing a Transcription regulatory network for PPARα activation in human hepato-
cytes.  Yellow    nodes    are transcription factors and  white nodes  are target genes that are regulated by 
GW7647—a selective PPARα agonist.  Blue lines  refl ect direct genomic regulation by PPARα 
( blue ),  black lines  are indirect genomic regulation by PPARα ( black ), and  grey lines  refl ect non- 
genomic regulation (no PPARa binding with the gene). The general scheme is reprinted with per-
mission (McMullen et al.  2014 )       
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  Defi ning the adverse response . Hepatocyte proliferation occurs with treatment of 
cultures containing rat hepatocytes and other non-parenchymal cells with PPARα 
agonists. We also compared short-term responses of rat hepatocytes  in vitro  with the 
responses seen with human hepatocytes and the  in vitro  responses with responses in 
livers of rats treated with GW7647 by gavage for 3-days. Compared to the human 
responses, many more genes were differentially regulated in rat hepatocytes than in 
human hepatocytes (2320 versus 192) for genes statistically increased with a false 
discovery rate of 0.05. Most of these genes unique to the rat were down-regulated 
(McMullen et al.  2015 ). The enrichment in these rat cells was in pathways associ-
ated with wound healing, apoptosis and cell-cell interactions at higher doses 
(Fig.  8.4 ). The  in vivo  rat liver responses (with 3830 genes differentially regulated) 
showed all the components seen  in vitro  plus enrichment of pathways for mitosis, 
apoptosis and cell cycle checkpoints (Fig.  8.5 ). While  in vitro  assays could focus on 
proliferation in rat cells, key events associated with pathway downregulation 
assessed by analyzing specifi c genes would also serve as a fi t-for-purpose assay with 
rat hepatocytes  in vitro  to look at dose response with PPARα activating  xenobiotics. 
Nonetheless, it is important to note that these responses did not occur in human 

  Fig. 8.4    Functional gene expression response to PPARα activation in rats and humans. ( a ) Gene 
ontology enrichment  analysis   confi rms that the transcriptional program upregulated in human 
hepatocytes consists of lipid and amino acid metabolic machinery. Here, signifi cant categories are 
connected according to the Gene Ontology hierarchy, highlighting the relationships between cat-
egories. Circle size denotes the number of genes represented within the category and the color 
saturation denotes the signifi cance of enrichment. ( b ) In rat hepatocytes, this lipid/amino acid 
metabolic machinery is conserved, but it is accompanied by changes in cytoskeletal remodeling 
and response to external stimuli. The genes in these latter pathways represent downregulated 
responses absent in human hepatocytes. Details of this analysis appeared in earlier work (McMullen 
et al.  2015 )       
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cells—the species of interest for risk assessment purposes. Thus, evaluations with 
humans need to assess dose response for components of the upregulation of genes 
associated with fatty acid/lipid metabolism, not proliferation.

     Current status of fi t-for-purpose hepatocyte assays for risk assessments of 
PPARα agonists . By assuring ourselves that the biological differences relating to the 
rat proliferative responses are not relevant to humans, the focus for a safety assess-
ment becomes using human primary hepatocytes. This source is not always avail-
able, is costly and depends on access to surgical samples or accident victims. New 
tools available for creating stem cell derived hepatocytes (e.g., iCell-Hepatocytes 
from Cellular Dynamics International;   http://www.cellulardynamics.com/products/
hepatocytes.html    ) promise to provide a well-defi ned steady source of cells and the 
availability of cells derived from a more diverse human population. As the pheno-
type of these stem cell-derived hepatocytes become better understood they may 
become the gold standard for looking at multiple adverse cellular responses of the 
liver. Finally, we note the clear advantage of starting with a highly selective ligand 
(GW7647) to map the pathway. Further work with  xenobiotics   can then see to what 
extent another compound overlaps with a relatively pure agonist and to what extent 
other pathways contribute.   

  Fig. 8.5    Low/moderate levels of PPARα activation drive similar gene expression signatures  in 
vitro  and  in vivo ; high levels activation cause differences in gene expression profi les. ( a ) Venn 
diagrams of Reactome  pathways   enriched by genes upregulated by GW7647. Most activated path-
ways are common to both  in vitro  and  in vivo  contexts at moderate doses ( red  and  orange  path-
ways). ( b ) At higher relative doses, there are multiple pathway signals only noted  in vivo  ( green 
nodes ) that are consistent with cell proliferation and hypertrophy. See an earlier paper for more 
details (McMullen et al.  2015 )       

 

8 Pathway Based Toxicology and Fit-for-Purpose Assays

http://www.cellulardynamics.com/products/hepatocytes.html
http://www.cellulardynamics.com/products/hepatocytes.html


     Ta
bl

e 
8.

1  
  C

om
pa

ri
ng

 r
es

ul
ts

 f
or

 s
el

ec
te

d 
co

m
po

un
ds

 w
ith

 U
te

ro
tr

op
hi

c 
as

sa
y 

va
lid

at
io

n 
(O

E
C

D
  2

00
7 )

 a
nd

 e
st

ro
ge

n 
re

ce
pt

or
-s

pe
ci

fi c
 T

ox
C

as
t a

ss
ay

s   

 N
am

e 
 C

A
S 

 Utero trophic 

 Tox21_Aromatase_Inhibition_viability 

 Tox21_Aromatase_Inhibition 

 NVS_NR_hER 

 NVS_NR_mERa 

 NVS_NR_bER 

 OT_ER_ERaERa_0480 

 OT_ER_ERaERa_1440 

 OT_ER_ERaERb_0480 

 OT_ER_ERaERb_1440 

 OT_ER_ERbERb_0480 

 OT_ER_ERbERb_1440 

 Tox21_ERa_LUC_BG1_Antagonist_viability 

 Tox21_ERa_BLA_Antagonist_viability 

 Tox21_ERa_LUC_BG1_Antagonist 

 Tox21_ERa_BLA_Antagonist_ratio 

 Tox21_ERa_LUC_BG1_Agonist 

 Tox21_ERa_BLA_Agonist_ratio 

 OT_ERa_EREGFP_0120 

 OT_ERa_EREGFP_0480 

 OT_ERa_ERELUC_AG_1440 

 ATG_ERRa_TRANS 

 ATG_ERRg_TRANS 

 ATG_ERE_CIS 

 ATG_ERa_TRANS 

 ACEA_T47D_80hr_Positive 

 ACEA_T47D_80hr_Negative 

 4-
(2

-M
et

hy
 lb

ut
an

-2
-y

l)
ph

en
ol

 
 80

- 4
6-

 6 
 +

 
 −

 
 +

 
 −

 
 −

 
 −

 
 +

 
 +

 
 +

 
 +

 
 +

 
 +

 
 −

 
 −

 
 −

 
 −

 
 +

 
 +

 
 +

 
 +

 
 −

 
 −

 
 −

 
 +

 
 +

 
 +

 
 −

 
 4-

te
rt

-B
ut

yl
 ph

en
ol

 
 98

- 5
4-

 4 
 +

 
 +

 
 −

 
 −

 
 −

 
 −

 
 +

 
 +

 
 +

 
 +

 
 +

 
 +

 
 −

 
 −

 
 −

 
 −

 
 −

 
 +

 
 +

 
 +

 
 −

 
 −

 
 −

 
 +

 
 +

 
 −

 
 −

 
 17

-M
et

hy
l te

st
os

te
ro

ne
 

 58
- 1

8-
 4 

 +
 

 −
 

 −
 

 +
 

 −
 

 −
 

 −
 

 −
 

 +
 

 +
 

 +
 

 +
 

 +
 

 −
 

 −
 

 −
 

 +
 

 +
 

 −
 

 −
 

 −
 

 −
 

 −
 

 +
 

 +
 

 +
 

 −
 

 E
th

yl
 pa

ra
be

n 
 12

0-
 47

- 8
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 +
 

 +
 

 +
 

 +
 

 +
 

 +
 

 −
 

 −
 

 −
 

 −
 

 +
 

 +
 

 −
 

 −
 

 −
 

 −
 

 −
 

 +
 

 +
 

 +
 

 −
 

 2-
N

ap
h t

ha
le

no
l 

 13
5-

 19
- 3

 
 −

 
 −

 
 −

 
 +

 
 −

 
 +

 
 +

 
 +

 
 +

 
 +

 
 +

 
 +

 
 −

 
 −

 
 −

 
 −

 
 −

 
 +

 
 −

 
 −

 
 −

 
 −

 
 −

 
 +

 
 +

 
 −

 
 −

 
 D

ip
en

ty
l p

ht
ha

la
te

 
 13

1-
 18

- 0
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 +
 

 −
 

 +
 

 +
 

 +
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 +
 

 +
 

 −
 

 −
 

 −
 

 −
 

 +
 

 −
 

 −
 

  D
es

pi
te

 s
im

ila
r 

pa
tte

rn
s 

of
 r

es
po

ns
es

 in
 v

ar
io

us
  in

 v
it

ro
  a

ss
ay

s,
 th

er
e 

ar
e 

di
sc

re
pa

nc
ie

s 
w

he
n 

ex
am

in
in

g 
ut

er
ot

ro
ph

ic
 r

es
po

ns
es

 in
 th

e 
in

ta
ct

 r
at

  



215

3     Case Study 2: Ensuring Biological Relevance of  In Vitro  
Assays: An Example with Estrogenic Activity in the Uterus 

  There are two main approaches to identifying data gaps in the battery of  in vitro  
assays for particular toxicity pathways: (1) comparing  in vitro  predictions to “gold 
standard”  in vivo  assays and (2) identifying key events in the toxicity pathway based 
on the sum of the literature on mode of action and chemical toxicity, and then build-
ing conceptual frameworks to which the current set of assays can be compared. The 
previously described work in rodent hepatocyte response to PPARα agonists dem-
onstrates the fi rst approach, which may be called “ground truthing”. As discussed, 
care must be taken when using this approach to introduce steps that ensure that the 
methods developed are relevant to human and not merely rodent biology. The sec-
ond approach has been demonstrated in recent publications for the DNA damage 
response pathway (Adeleye et al.  2015 ; Clewell et al.  2014 ) and thyroid hormone 
disruption (Murk et al.  2013 ). This approach, which can be considered a “ground-
 up” approach, focuses on mapping the key events in the signaling pathway and 
building fi t-for-purpose assays based on pathway knowledge. Both approaches—
ground-truthing and ground-up pathway building—can help to identify data gaps, 
design appropriate assays, and, ideally, can be used to ensure more accurate predic-
tions of regions of safety for chemical exposures based on  in vitro  assays. 

  Current strategies for identifying estrogenic chemicals . The  in vivo  rat uterotro-
phic assay (OCSPP 890.16) is a gold standard for testing estrogen disruption. 
Various  in vitro  assays have been incorporated into the current high throughput 
screening programs to replace the uterotrophic assay for identifying estrogenic 
compounds. These assays primarily focus on binding and activation of the estrogen 
receptors, ERα and ERβ (Table  8.1 ). Despite relative success of the EDSP and 
ToxCast assays in predicting estrogenic chemicals from the OECD guideline E 
assays, i.e., 91 % sensitivity, 65 % specifi city (Rotroff et al.  2013 ) or EPA estrogen 
receptor reference library (Rotroff et al.  2014 ), there are some chemicals that are not 
correctly identifi ed as estrogenic with the current  in vitro  methods. A survey of 
compounds that are diffi cult to classify (i.e., compounds that are positive in approxi-
mately half of the relevant ToxCast™ assays, but test negative in the uterotrophic 
assay) highlights this diffi culty (Table  8.1 ). It would be diffi cult to predict whether 
these compounds are uterotrophic in rats based on the ToxCast results alone.

    Identifying a model for estrogen receptor mediated uterine proliferation . To 
identify the appropriate  in vitro  assays to predict uterine responses to estrogenic 
compounds, we fi rst developed an Adverse Outcome Pathway (AOP)-like frame-
work for the estrogen-mediated proliferation pathway. The effort is similar to devel-
opment of an AOP, in that we develop a framework that begins with a molecular 
initiating event (i.e., ligand-receptor binding) and outlines the ensuing signaling 
events that lead to a particular outcome (i.e., proliferation). However, this process 
differs from the AOP, in that events beyond cellular outcome (i.e., tissue, body, 
population) are not formally considered. Instead, we focus on defi ning key events 
governing cellular outcome in order to identify the most important characteristics of 
the required  in vitro  assays (Fig.  8.1 ). 
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 Several estrogen receptors (ERs) play key roles in proliferative signaling 
(Fig.  8.6a ). In addition to ERβ and full-length ERα (ERα66), two shorter isoforms 
of ERα (ERα46, ERα36) and an estrogen binding G-coupled protein receptor 
(GPER) mediate estrogenic compound-induced proliferation (Filardo et al.  2000 ; 
Penot et al.  2005 ; Wang et al.  2006 ). All of these receptors bind estrogen. However, 
differences in the shape and structure of the binding domains lead to differential 
binding affi nity for both native ligands (estrogens) and exogenous chemicals (Lin 
et al.  2013 ). ERα66, ERα46 and ERβ exert their effects through ligand binding, 
dimerizing, translocating to the nucleus, and binding estrogen response elements 
(EREs) in the promoter regions of specifi c ER-regulated genes. ERα66 generally 
promotes proliferation, while ERβ and ERα46 have inhibitory effects on prolifera-
tion (Hall and McDonnell  1999 ; Penot et al.  2005 ; Klinge et al.  2010 ; Abot et al. 
 2013 ). GPER and ERα36 are localized to the cell membrane and appear to exert 
their effect through activation of kinase cascades (Filardo et al.  2000 ; Wang et al. 
 2006 ), facilitating growth factor pathways. This type of signaling, leading to gene 
transcription without direct binding of the estrogen receptor to EREs, is generally 
referred to as “non-genomic”. GPER and ERα36 appear to have a pro-proliferative 
effect. Despite clear contributions from these multiple receptors to estrogenic 
response, the current suite of HTS assays focuses on agonism and antagonism of 
only two forms of ER—ERα66 and ERβ (see Table  8.1 ). This limitation highlights 
the need for a fi t-for-purpose assay conducted in intact cells and recapitulating phe-
notypic response (uterine proliferation). Currently, the EDSP/ToxCast program 
includes one such assay: the breast cell line (T47D) proliferation assay.

  Fig. 8.6    ( a ) Overview of the estrogen receptor signaling pathway and ( b ) a proposed network 
regulating estrogen-mediated proliferative response. PPT, DPN and G1 are selective agonists for 
ERα, ERβ, and GPER,    respectively. EE (ethinyl estradiol) and E2 (17β-estradiol) bind all of the 
receptors. ERα66 (also known as ESR1) is full-length ERα. ERα46 and ERα36 are shorter iso-
forms of ERα with ligand binding and signaling properties distinct from ERα66. GPER is a 
G-coupled protein receptor that binds estrogen and promotes proliferation       
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   The T47D cell line is derived from human breast. Yet, there are clear instances in 
which chemicals that selectively bind certain ER isoforms or recruit tissue-specifi c 
cofactors (i.e., selective estrogen receptor modulators; SERMs) cause differential 
responses in the breast and uterus. Tamoxifen inhibits breast cell proliferation but 
induces uterine cell proliferation, ultimately increasing risks of uterine cancer in 
women. Tamoxifen is an ERα antagonist, but it is also a GPER agonist. In many 
human endometrial cancers high expression of GPER associates with high-grade 
uterine carcinoma (He et al.  2009 ). Additionally, endometrial GPER protein expres-
sion correlates with tamoxifen-induced uterine bleeding and abnormal endometrial 
thickening in women receiving tamoxifen for treatment of breast cancer (Ignatov 
et al.  2010 ). Tamoxifen likely inhibits breast cell proliferation through inhibition of 
ERα, while inducing uterine proliferation through activation of the membrane 
bound GPER. Tamoxifen acts as a SERM, and the different cellular context of the 
uterus and breast causes opposite phenotypic responses. Clearly, assays for estro-
genic activity in cells derived from different tissues might need to be tailored based 
on differential content of E2 binding receptors in the tissues. 

  Ensuring that the in vitro model represents the appropriate biology . A human 
uterine cell line that proliferates in response to estrogen and estrogen-like compounds 
is the Ishikawa human uterine adenocarcinoma cell line. These cells are available 
through the European Collection of Cell Cultures (ECACC) and have been geno-
typed for confi rmation of cell type. To show that Ishikawa cells have the appropriate 
biology to recapitulate  in vivo  uterine effects, we undertook preliminary studies to 
ensure that these Ishikawa cells (1) contain all relevant ER isoforms, (2) recapitulate 
ER-mediated cellular responses and (3) are a reliable, robust  in vitro  model. 

 ER protein and mRNA expression were examined in Ishikawa cells under a vari-
ety of conditions—growth media, charcoal-stripped serum, and estrogen treated 
media (Clewell et al.  2015a ). All of the major estrogen receptor isoforms (ERα66, 
ERα46, ERα36, ERβ and GPER) were expressed in Ishikawa cells and receptor 
expression was stable out to passage 11. To determine whether these cells main-
tained responsiveness to estrogens, we evaluated their ability to recapitulate pheno-
typic responses to ethinyl estradiol (EE), including transcriptional activation of 
ER-mediated genes (PGR, GREB1) and enzyme activity induction (alkaline phos-
phatase; ALP). qPCR and whole genome arrays evaluated EE-induced expression 
across doses that caused no effect, minimal effect, or maximal effect on prolifera-
tion, looking at seven doses from 10 −13  to 10 −9  M. Transcriptional response was 
observed as early as 6 h and at low picomolar concentrations of EE (Fig.  8.7a ). 
Induction of ALP enzyme activity, a response associated with uterine but not breast 
cells, was also recapitulated with the Ishikawa cells (Fig.  8.7b ).

   Cellular proliferation is arguably the most important endpoint as it represents the 
phenotypic response of interest in a risk assessment context (e.g., proliferation as a 
preliminary event for carcinogenesis). Further, a proliferative response to estrogen 
treatment confi rms functionality of the estrogen receptors and their downstream 
signaling networks. Proliferation was measured in the Ishikawa cells using a variety 
of markers (BrdU incorporation, DNA content, enzymatic viability, impedance 
measurements). The various methods showed similar results: maximal induction of 
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1.2-fold over control at 3 days of treatment. In-depth dose-response studies 
(Fig.  8.7c ) were completed with enzymatic viability (MTS) assays (18 doses, 10 −14  
to 10 −6  M EE); proliferation occurred at low picomolar concentrations of EE 
(3 × 10 −12  M). 

 The ability of the Ishikawa cells to express the appropriate estrogen receptors 
and to recapitulate the phenotypic responses to estrogen treatment indicates its 
value as a fi t-for-purpose assay for estrogenic activity. However, the more important 
goal is to ensure that the model is quantitatively predictive of human response. To 
this end, we compared proliferative response of the Ishikawa cells to those of pri-
mary human endometrial epithelial cells (Fig.  8.7d ). While the primary cells showed 
a stronger proliferative response to EE (1.8 vs. 1.2-fold increase), the doses required 
to induce proliferation were similar (~10 pM). In addition, 17β-estradiol (E2) 
induces transcriptional and proliferative responses in the Ishikawa cells at concen-
tration consistent with serum E2 levels associated with estrogenic responses in 
women  in vivo  (low picomolar). Finally, we know that  Ishikawa cells   proliferate in 
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response to the uterine-specifi c SERM tamoxifen (Johnson et al.  2007 ). From these 
preliminary studies, we drew the following conclusions:

    1.    Ishikawa cells are an adequate platform for evaluating ER-mediated signaling 
networks and identifying key signaling processes responsible for epithelial cell 
proliferation in uterine tissues.   

   2.    This cell model provides a reasonable  in vitro  platform for dose-response evalu-
ations and predicting regions of safety for human exposures.    

   Moving towards an in vitro risk assessment strategy for estrogen receptor mediated 
uterotrophic response . The next stage in assay development will be the use of 
Ishikawa and primary human endometrial epithelial cells to infer the ER signaling 
network, perform dose-response evaluations for prototype ER agonists, and under-
pin development of a computational systems biology model of ER-mediated prolif-
eration (Fig.  8.6b ). Identifying the ER isoforms responsible for a proliferative 
response is essential to determining whether the fi t-for-purpose assays can ade-
quately account the processes that defi ne the shapes of the dose-response curves for 
ER ligands. This type of evaluation employs two complementary approaches to 
identify the key ERs responsible for mediating proliferation in the uterine epithelial 
cell: (1) evaluation of proliferative response in Ishikawa cells following treatment 
with selective ER agonists and (2) evaluation of proliferative response following EE 
treatment in cells with overexpression of the  ER   isotypes. These studies and pub-
lished mechanistic data support computational models of the ER signaling networks 
and evaluate the feasibility of these proposed models for generating observed dose- 
response curves. The understanding of the pathway structure and dynamics of sig-
naling through the suite of receptors will provide a more biologically realistic assay 
for assessing estrogenic activity in uterine cells and the necessary pathway informa-
tion to moving to allow  in vitro  only assessment of risks of estrogenic compounds.   

4     Case Study 3: Defi ning Adversity Using  In Vitro  Assays 
for a DNA Damage Response Pathway 

 A signifi cant challenge facing the movement towards total replacement of animal 
testing in toxicological risk assessments is fi nding a way to defi ne adversity  in vitro . 
Clearly, without the use of animal testing, conventional hazard identifi cation is not 
possible. Instead, we must begin to think in terms of cellular integrity and mainte-
nance of cellular function. For this example, we describe current efforts in defi ning 
safety through  in vitro  assays for the DNA damage  stress response   pathway (Fig.  8.8 ).

   The  p53 signaling network   is activated in response to various types of DNA dam-
age and functions in multiple ways to conserve genome stability and prevent heritable 
mutation. Activated p53 is both a recruitment factor for nuclear DNA repair enzymes 
and a transcription factor (Fig.  8.8 ). It transcriptionally regulates key DNA damage 
response proteins that induce cell cycle arrest, DNA repair, and apoptosis in mam-
malian cells (Barak et al.  1993 ; el-Deiry et al.  1993 ; Harper et al.  1993 ; Miyashita and 
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Reed  1995 ; Oda et al.  2000 ; Thornborrow et al.  2002 ; Chen and Sadowski  2005 ; 
Arias-Lopez et al.  2006 ). Levels of DNA-damage that exceed repair capacities will 
produce adverse consequences, including mutation, cancer and cytotoxicity. 

  Defi ning assay endpoints and conducting dose-response evaluations . Initially, the 
p53 pathway project focused on defi ning the key readouts for  the   p53-mediated 
DNA damage response, developing “fi t-for-purpose” assays for these readouts, and 
conducting dose-response assessments using prototype DNA damaging chemicals 
(Adeleye et al.  2015 ; Clewell et al.  2014 ). Initial studies were performed in a human 
fi brosarcoma cell line (HT1080), which expresses native p53. Key regulators of 
DNA damage have been described based on studies with ultraviolet (UV) and 
gamma irradiation (Lahav et al.  2004 ; Batchelor et al.  2011 ; Purvis et al.  2012 ). We 
developed high-throughput assays to study the dose-response for these key aspects 
of the DNA damage response, including: DNA damage (p-H2AX), p53 activation 
(p53, p-p53 (ser15)), cellular response to p53 (cell cycle arrest, apoptosis), and a 
marker of fi xed chromosomal mutation (micronuclei formation). Micronuclei (small 
pieces of DNA or whole chromosomes lost during mitosis) are a measure of perma-
nent (unrepaired) DNA damage. Additionally, we used whole genome transcrip-
tomic dose-response studies for each of the three prototype chemicals. Three 
chemicals with different modes of action were used to probe the cellular response to 
different types of DNA damage: etoposide (ETP; topoisomerase II inhibitor and 

  Fig. 8.8    Lower levels of damage lead to formation of DNA repair foci. Lower stress levels cause 
p53 to bind at sites of DNA- damage   and recruit other proteins to a repair complex. Higher stress 
levels saturate the ability for repair and lead to transcriptional activation of stress response genes 
by a p53 tetramer. The combination of these processes may result in threshold shaped dose- 
response curves for permanent DNA damage. Portions of the fi gure on the left are published from 
earlier work (Clewell et al.  2014 ) with permission       
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double strand break inducer); methyl methanesulfonate (MMS; methylating agent 
and single strand break inducer) and quercetin (QUE; oxidative DNA damage). The 
resulting data were then used to evaluate the shape of the dose-response curves for 
each of the measured biomarkers in an effort to defi ne a region of safety (or point of 
departure) for these chemicals (Clewell et al.  2014 ). 

 When the dose-response trends were compared across endpoints, it was clear 
that many of the endpoints conventionally recognized as protective against DNA- 
damage—transcriptional regulation of cell cycle arrest and  apoptosis   by p53—
occurred at higher doses than induction of  micronuclei   formation (Fig.  8.9 ). In fact, 
with all of the chemicals micronuclei induction occurred at doses equal to, or lower 
than, doses required to activate p53-mediated gene transcription. Thus, any protec-
tive effect of p53 against MN formation is unlikely to result from changes in tran-
scriptional programs in the cells. Instead, it appears that the ability of p53 to prevent 
changes in the net level of permanent DNA damage at low chemical doses is likely 
due to post-translational processes, i.e., p53 serving as recruitment factor for repair 
proteins at the site of DNA damage. This is consistent with studies that looked at the 
time course and dose response for formation and resolution of DNA repair centers 
(DRCs) with γ-irradiation (Neumaier et al.  2012 ). Formation of DRCs and DNA 
repair were considerably more effi cient at lower doses than at high exposures.

    Identifying key cellular processes for maintaining homeostasis in the presence of 
low chemical doses (e.g., region of adaptive cellular response) . Transcriptional up- 
 regulation   of stress response genes constitutes a major cellular defense program 
against variety of chemical induced cellular stresses. Cellular activation of tran-
scriptional programs, however, requires signifi cant time for RNA and protein syn-
thesis and consumes considerable cellular energy stores. For many types of cellular 
stress (oxidative damage, DNA damage, heat and osmotic shock, etc.), post- 
translational processes also work to protect cells (Zhang et al.  2015 ). Post- 
translational responses are rapid and do not require transcriptional activation of 
genes. The rapid response by post-translational control can maintain cellular 
homeostasis in the presence of transient, low-level damage. With sustained or higher 
levels of damage, these post-translational processes become overwhelmed, forcing 
a transition to the slower responding, less effi cient transcriptional controls. 

  Defi ning regions of adaptive response and a point of departure for chemical safety 
assessment . The p53 DNA damage response pathway employs  both   transcriptional 
and post-translational processes to prevent heritable changes to the DNA. In addition 
to its activity as a transcription factor, p53 also serves as recruitment factor for repair 
proteins at the site of double strand breaks. p53, together with several other scaffold 
proteins, kinases and repair proteins, localizes at the sites of double strand breaks and 
forms DRCs (Al Rashid et al.  2005 ). These DRCs repair DNA damage without requir-
ing activation of transcription. As a proof of concept, we conducted detailed studies of 
DRC formation at doses below those causing micronucleus-formation (Clewell et al. 
 2016 ).  Neocarzinostatin (NCS)   was used to confi rm the role of post-translational 
repair in preventing genotoxic outcomes. NCS causes a short burst of oxidative dam-
age that forms double strand breaks.  NCS   is destroyed during this process, however, 
and the resulting double strand breaks are susceptible to normal repair processes. 
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Using high-content imaging with confocal microscopy,  HT1080   cells were exposed to 
varying doses of NCS and the number of DRCs was counted across doses and times. 
With this technique the absolute number foci (DNA repair centers) can be counted in 
each cell (Fig.  8.10 ). NCS- mediated double strand breaks were more rapidly resolved 
(measured as foci dissolution) at low levels of exposure (Fig.  8.10 ; lower left). More 
importantly, the dose- and time-response data for NCS indicates that post-transla-
tional repair processes can prevent long-term damage at low doses (Fig.  8.10 ; lower 
right), and that higher doses that saturate these post-translation processes activate tran-
scriptional processes and are the same as those that cause permanent chromosomal 
changes (i.e., micronuclei induction). Thus, this transition from post-translational 

  Fig. 8.9    Comparison of responses across endpoints for DNA damage response. Values shown for 
BMDL (lower 95 %  confi dence   limit for the Benchmark Dose). For each chemical, micronucleus 
induction ( purple ) occurred at lower doses than gene transcription ( orange )       
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response (DNA repair center formation) to transcriptional response represents a “tip-
ping point” between adaptation and adversity (Fig.  8.8 ).

    Discussion : In this chapter we highlighted steps in developing mode-of-action based 
assays for three “toxicity pathways”—estrogen receptor (ER) signaling, PPARα acti-
vation and DNA-damage stress responses. In conventional parlance these fall into 
receptor-mediated (ER and PPAR) and stress response (DNA-damage) pathways. To 
some extent, the difference in these two broad categories is whether the responses 
arise through structural recognition by a receptor or through chemical reactivity with 
various cellular macromolecules. Despite these differences, we pushed forward ini-
tially with all three pathways looking at multiple endpoints for adversity, including the 
comparison of patterns of altered gene expression in terms of enrichment of genes in 
specifi c Gene Ontology or Reactome (  www.reactome.org    ) categories. These studies 
required development of improved methods to visualize networks and compare 
responses across dose, time and treatment conditions. In addition, mapping and mod-
eling pathway function led us to develop platforms to assess DNA-binding of recep-

  Fig. 8.10    Time-Course Behaviors of DNA-Repair Centers (DRCs) serve to differentiate regions 
of adaptation from those showing overt adversity responses. ( a ) Images of DRC foci following 
treatment with neocarzinostatin ( NCS).    Lower left : Dose- and time-response for DRC foci (as foci 
per nucleus) following treatment with NCS. At lower exposures, foci resolve quickly. At higher, 
doses they persist out beyond 24 h.  Lower right : This panel shows plots of foci remaining at 24 h 
(in  purple ) and total number of foci produced (in  blue ). Representative of studies reported in an 
earlier paper (Clewell et al.  2016 )       
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tors (ChIP-seq) and transcription factor analysis to create representations of response 
networks and to examine visually differential responses across dose, time of exposure, 
and species. The PPARα example here demonstrates this approach explicitly. 
These tools for pathway mapping will also be important for validating assays for other 
receptor-mediated pathways, including estrogen and eventually other endocrine and 
other liver nuclear receptor pathways. Importantly, this process of pathway mapping 
would only be required during assay validation, not every time a chemical is run 
through the assay. In addition, the efforts described here to anchor  in vitro  assay results 
against short-term measures of key events in animal studies would not be pursued 
extensively beyond the assay validation activities. 

  Transcriptional versus Post Translational Regulation . While the  examination   of 
transcriptional activation was informative for assessing relationship between ‘adap-
tive’ and ‘adverse’ responses  in vitro , the genomic responses for p53-DNA damage 
occurred at doses higher than those causing adversity (increased MN frequency). 
With this DNA-damage pathway (and likely with stress pathways), the lower level 
stress appears to be regulated by post-translational modifi cation of preexisting stress 
responsive proteins, requiring different biomarkers for informing the adaptive 
region of dose response compared to receptor mediated processes. In these cases we 
expect the adaptive (post-translational modifi cation (PTM)/metabolic feedback 
activation) and adverse (transcriptional activation) regions to represent qualitatively 
different cellular responses. Molecular sensors and transcription factors that  respond 
  to high levels of stress exist for other canonical stress pathways, i.e., oxidative 
stress, heat shock response, DNA damage response, hypoxia, ER stress, metal 
stress, infl ammation and osmotic stress (Simmons et al.  2009 ). For many of these 
pathways, there is strong evidence for PTM or metabolic feedback pathways that 
regulate cell stress before getting to doses that activate entirely new transcriptional 
programs (Zhang et al.  2015 ). Assays for stress response pathways will need to 
measure changes in pathway activity in the absence of altered gene expression—
such as the transient formation of DRCs with p53. 

  Pathway dynamics differ across modes-of-action . The  measure   of adversity with 
PPARα in rat liver cells or with estrogens in human uterine cells/tissues is increased 
proliferation (or a marker of proliferative capacity) secondary to the expression of 
new programs of gene expression in the cells. These responses move the cell from 
one state with a particular pattern of gene expression to a different state with altera-
tions in many genes and many cellular response components. These broad changes 
in cell state do not occur gradually, but tend to be dichotomous—abruptly turning 
on after reaching a suffi ciently high dose/perturbation (Bars et al.  1989 ; Andersen 
et al.  1997 ; Louis and Becskei  2002 ; Sarangapani et al.  2002 ). At the Hamner, we 
refer to these dichotomous behaviors as the cells ‘going someplace else’. Pathways 
regulating cellular homeostasis are referred to as cells ‘staying put’. 

  Fit-for-What-Purpose . The purpose here is to have assays whose outputs are  suffi cient 
to complete a risk assessment without resorting to in life animal studies. Thus, the 
validated, fi t-for-purpose assay needs to provide an understanding of pathway dose 
response to assist in ‘high dose to low dose’ extrapolation and to provide a point-of-
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departure concentration that becomes the starting point for  in vitro - in vivo  extrapola-
tion. One signifi cant advantage of moving to mode-of-action based cellular assays is 
that the processes of understanding pathway dynamics and dose response are now 
fairly well-developed areas of investigation. The  biomedical engineering   community 
has contributed new modeling tools and methodologies for understanding the struc-
ture and dynamic behaviors of cell signaling networks (Sipes et al.  2013 ; Attene-
Ramos et al.  2015 ). They have largely focused on components and interactions of 
highly non-linear signaling processes with less interest on dose response. Pathway 
models examining dose response become important tools for interpreting these fi t-
for-purpose assays. Pathways leading to proliferation or leading to new gene expres-
sion programs within cells have highly non-linear, ultrasensitive signaling 
components (called motifs) that create switch-like behaviors (Zhang et al.  2013 ). A 
good example here is work on platelet-derived growth factor signaling in 3T3 cells 
(Bhalla et al.  2002 ). Homeostasis (staying put) requires negative feedback or feedfor-
ward motifs to ensure the cell maintains function within relatively narrow bounds 
despite altered stressor input. The dose- response   of many of these feedback networks 
show thresholds—regions of increasing stressors that do not lead to any increase in 
the cellular stress level (Zhang et al.  2014 ). Work with Hog (high osmolarity glyc-
erol) signaling in yeast provides excellent reading to understand the properties of a 
well-studied stress pathway (Mettetal et al.  2008 ). We envision that the validation of 
mode-of-action based cellular response assays provides (1) appropriate endpoints for 
measurement, (2) understanding of the signaling structure (a pathway map) and (3) 
computational models that predict the expected dose response below regions acces-
sible to direct experimental measurement. To a very large extent, we see that the 
work with validating each of these assays brings a systems toxicology/network biol-
ogy focus to understanding dose-response behaviors of toxicity pathways. 

  Quantitative high-throughput screens (q-HTS) and mode-of-action based assays . In 
this chapter, we focused on developing  assays      that fulfi ll the vision of the 2007 NRC 
report—assays that would examine perturbations of toxicity pathways and apply 
results from these mode-of-action based assays for human health risk assessment. 
The NRC report showed the overlap of these new methods (Fig.  8.11 ) with the origi-
nal risk assessment process outlined in another National Academy report on risk 
assessment in the federal government (NRC  1983 ). This representation of the risk 
assessment based on perturbations of toxicity pathways includes q-HTS to assess 
modes-of-action/molecular initiating events with assays that may indicate possible 
hazard, but are themselves inadequate for risk assessment. Results from q-HTS and 
chemical characterization tools then direct testing toward specifi c cell- based, mode 
of action assays as discussed here. The risk assessments arising from these new 
approaches differ from those generated from animal test results. The risk assess-
ment based on an apical observation attempts to provide an estimate of the inci-
dence of the apical endpoint at lower exposures. Mode-of-action based assays 
provide a different focus for the risk/safety assessment. They predict safe doses, i.e., 
doses that do not appreciably perturb the pathway. This different emphasis will lead 
to a safety, rather than risk, assessment.
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    Summary : Our experience with developing mode-of-action based assays and mov-
ing on to validate them has aided the development of a fairly standard workfl ow to 
design assays, map pathway responses to positive control compounds, and create 
dose response tools for the “toxicity pathway”. None of the three pathways were 
entirely unique with respect to the methods used for validation. As we move for-
ward to examine other “toxicity” pathways the process will become simpler (learn-
ing from past experiences) and allow development of assays for the next sets of 
pathways to be more rapid and more effi cient.     
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    Chapter 9   
 Evidence-Based Toxicology                     

     Sebastian     Hoffmann     ,     Thomas     Hartung     and     Martin     Stephens   

    Abstract     Evidence-based toxicology (EBT) was introduced independently by two 
groups in 2005, in the context of toxicological risk assessment and causation as well 
as based on parallels between the evaluation of test methods in toxicology and 
evidence- based assessment of diagnostics tests in medicine. The role model of 
evidence- based medicine (EBM) motivated both proposals and guided the evolution 
of EBT, whereas especially systematic reviews and evidence quality assessment 
attract considerable attention in toxicology. 

 Regarding test assessment, in the search of solutions for various problems related 
to validation, such as the imperfectness of the reference standard or the challenge to 
comprehensively evaluate tests, the fi eld of Diagnostic Test Assessment (DTA) was 
identifi ed as a potential resource. DTA being an EBM discipline, test method assess-
ment/validation therefore became one of the main drivers spurring the development 
of EBT. 

 In the context of pathway-based toxicology, EBT approaches, given their objec-
tivity, transparency and consistency, have been proposed to be used for carrying out 
a (retrospective) mechanistic validation. 

 In summary, implementation of more evidence-based approaches may provide the 
tools necessary to adapt the assessment/validation of toxicological test methods and 
testing strategies to face the challenges of toxicology in the twenty fi rst century.  
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1       Introduction 

1.1     The Roots of Evidence-Based Toxicology 

 Evidence-based toxicology (EBT) was introduced independently by two groups in 
2005. Guzelian et al. ( 2005 ) used EBT in the context of toxicological risk assess-
ment  and   causation. Hoffmann and Hartung ( 2005 ) were motivated to coin the term 
EBT by parallels between the evaluation of test methods in toxicology and evidence- 
based assessment of diagnostics tests in medicine. The concept of adopting and 
adapting evidence-based approaches to toxicology was further elaborated (Hoffmann 
and Hartung  2006 ). In order to more fully implement the evidence-based principles 
of transparency, consistency and objectivity, steps such as application of systematic 
review techniques, critical review of toxicological test methods and improvement of 
practices for quality assurance of toxicological studies were proposed.  

1.2     The Role Model of Evidence-Based Medicine 

   Evidence-based approaches have fi rst been developed in medicine. Spurred in the 
1970s by the challenge of comprehensively and adequately accounting for the grow-
ing amount of evidence becoming available and translating this into clinical prac-
tice, evidence-based medicine (EBM), which later was expanded to  evidence-based 
health care (EBHC)  , started to emerge. EBM/EBHC, concisely described by Eddy 
( 2005 ), has developed into a widely accepted approach for assessing clinical prac-
tices, especially in diagnosis, prognosis and treatment, on the basis of research evi-
dence, clinical expertise and the expectations of patients (Sackett et al.  1996 ). 

 To transparently and objectively synthesize the ever-growing evidence while mini-
mizing the impact of potential biases, systematic review was developed as the core tool 
of EBM (Horvath and Pewsner  2004 ). Systematic reviews comprise several steps. 
After framing the research question, a protocol is developed describing the literature 
search, inclusion/exclusion criteria, the quality appraisal of studies, and the synthesis 
of the evidence, which may include a meta-analysis. The protocol itself is often peer-
reviewed, and then implemented, with the whole process well- documented. This 
ensures that a systematic review can be readily reproduced or updated, which is usually 
not the case for narrative reviews, the standard approach to literature review in toxicol-
ogy. The synthesised research evidence is made available to the medical community 
via publication. For example, systematic reviews registered with the Cochrane 
Collaboration (Cochrane reviews) are published through the Cochrane Library. 

 Guidance on systematic reviews is readily available. The ‘Cochrane Handbook 
for Systematic Review of Interventions’ may be considered as the most comprehen-
sive source of guidance (Higgins and Green  2008 ). In addition, the Cochrane 
Collaboration Diagnostic Test Accuracy Working Group is preparing a handbook 
for diagnostic test assessment (DTA) reviews (see   www.srdta.cochrane.org    ). 
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 For the literature search, information specialists should be consulted to identify 
the sources to search, to develop an appropriate search strategy and to help docu-
ment the search process. Search results should be centrally compiled in reference 
management software. 

 The data appraisal step of systematic reviews requires a harmonised and widely 
accepted scheme to assess the data quality of included studies or their potential for 
bias. Evidence levels are used to structure the evidence according to its nature, rang-
ing for example from expert opinion to studies of high quality, such as randomised 
clinical trials, and systematic reviews thereof. Evidence levels have been described 
for most, if not all, clinical fi elds. The Centre for Evidence Based Medicine (CEBM), 
for example, provides an overview on their website. 

 Once the individual pieces of evidence, such as studies or case reports, have been 
assigned to an evidence level, the quality of them needs to be evaluated in detail. A 
wealth of appraisal tools is available, covering all clinical fi elds and evidence levels. 
In the fi eld of diagnosis, examples of such tools are QUADAS-2 (Whiting et al. 
 2011 ) and QAREL (Lucas et al.  2010 ). In general, these tools ask a number of ques-
tions, which are to be answered for each piece of evidence. 

 Finally, the selected and  appraised   evidence is systematically analysed, often, but 
not necessarily, by using meta-analysis (Egger and Smith  1997 ; Egger et al.  1997 ).    

1.3     The Evolution of EBT 

  Based on parallels in the problems faced in medicine and toxicology, the usefulness 
of the principles and approaches of EBM for toxicology were explored (Guzelian 
et al.  2005 ; Hoffmann and Hartung  2006 ). At an international forum in 2007, the 
concepts of EBT were discussed and defi ning characteristics were proposed 
(Griesinger and Guzelian  2009 ). 

 After these preparatory steps, two evidence-based approaches have attracted 
considerable attention in toxicology. Systematic reviews have been taken-up and 
implemented by various governmental institutions to comprehensively assess the 
human health hazards associated with chemical substances of interest (EFSA  2010 ; 
Rooney et al.  2014 ; NRC  2014 ). Such reviews seem well suited to assessing toxico-
logical evidence, where the stakes are often high with respect to public health, envi-
ronment, industry interests, and animal use. 

 In addition, the need for an objective assessment of evidence quality—a pivotal 
step in a systematic review—has been acknowledged. Initial attempts, such as 
ToxRTool (Schneider et al.  2009 ), have been followed by a critical appraisal (Krauth 
et al.  2013 ) and further research on the topic (e.g. Maxim and van der Sluijs  2014 ). 

 Additionally, Bus and Becker ( 2009 ) and Hartung ( 2010 ) have proposed to apply 
the concepts of evidence-based toxicology as an objective means for evaluating the 
methods needed and developed for implementing the ‘Toxicity Testing for the 
twenty fi rst Century—a Vision and a Strategy’ proposed by the US National 
Research Council (NRC  2007 ). 
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 Scientists from academia, governmental agencies and industry from Europe and 
North America established an Evidence-Based Toxicology Collaboration (EBTC) 
in 2011 (see   www.ebtox.com    ), which committed itself to translating evidence-based 
approaches from medicine to toxicology by furthering the conceptual development 
of EBT and by serving as a hub for the various developments. 

 The EBTC has especially developed interest in exploring evidence-based 
approaches to toxicological test assessment. For this, methodology and tools devel-
oped in the fi eld of evidence-based evaluation of diagnostic tests were considered to 
bear considerable potential. For example, systematic review techniques developed 
for diagnostic test assessment apply in a similar manner to the retrospective assess-
ment of toxicological test methods. In addition, the Collaboration sees potential of 
EBT concepts for test assessment to support the vision of a pathway-driven toxicol-
ogy (NRC  2007 ; Andersen et al.  2010 ). By defi nition, pathway toxicology needs to 
be based on mechanisms applicable to the target species, i.e. usually humans, in 
order to minimise the uncertainty introduced by species differences. This opens up 
the possibility to reduce or eliminate the need to rely on animal toxicity data in gen-
eral and, more specifi cally, potentially diminishes the need of animal toxicity data to 
serve as the default reference standard in new test assessments. In addition, pathway-
driven toxicology generates large amounts of data. In order to make best use of these 
data and preclude discussions on potentially various interpretations, a homogenous 
and widely acceptable way to extract evidence from these data—as well as synthe-
size such data—are key. Evidence-based  approaches   would be highly qualifi ed to 
achieve this by providing the means to systematically and transparently review the 
evidence as well as to provide an objective synthesis thereof (Hartung  2010 ).    

2     The Evidence-Base of Validation 

2.1     Diagnostic Test Assessment (DTA) 

   The principles  and   approaches for the validation of toxicological test methods were 
developed in the 1990s, when—primarily as a response to political pressure build-
 up by the animal protection movement— in vitro  test methods emerged for the 
assessment of local toxic effects. In order to demonstrate to the scientifi c commu-
nity (including regulators) the appropriateness of these  in vitro  methods, a rigorous 
assessment framework, named validation, was developed (Balls et al.  1990 ) and 
subsequently fi ne-tuned (Curren et al.  1995 ; Hartung et al.  2004 ). This resulted in 
validation as being a formal requirement for a new test method to be accepted as a 
test guideline by the Organization for Economic Cooperation and Development 
(OECD), as detailed in the ‘Guidance document on the validation and international 
acceptance of new or updated test methods for hazard assessment’ (OECD  2005 ). 

 In essence, validation is the process by which the relevance and reproducibility 
of a toxicological test method is assessed for a particular purpose (Leist et al.  2012 ). 
A test’s relevance has three components (Fig.  9.1 ): predictivity (its ability to predict 
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the results of the reference test it is intended to replace or supplement), scientifi c 
basis (how well it refl ects the biology or mechanism of action underlying the end-
point in question) and the applicability domain (a description of the classes of sub-
stances that can and that cannot be tested with the test method). The reliability of a 
test method is evaluated by assessing its transferability, i.e. how well a test method 
can be established at other sites and laboratory, and its reproducibility, focused on 
the reproducibility of results within laboratories and between laboratories.

   In practice, predictivity has been emphasized in validation exercises. However, 
various problems related to this aspect of validation have been identifi ed, mainly 
due to the comparative assessment approach, such as the imperfectness of the refer-
ence standard, assurance of suffi cient quality of the retrospective reference data, and 
the need to incorporate mechanistic evidence. Others problems also arose from the 
emphasis on predictivity, such as ensuring an appropriate test substance selection, 
and translating the results of a validation study to the use scenarios of a test method 
in practice. Some of these have been described by Hoffmann et al. ( 2008a ). 

 The fi eld of DTA was identifi ed as a potential resource for solutions to these 
problems because of the many similarities between diagnostic and toxicological test 
assessment (Hoffmann and Hartung  2005 ). DTA being an EBM discipline, test 
method assessment (validation) therefore became one of the main drivers spurring 
the development of EBT. 

 Before addressing some of the above-mentioned issues in more detail, it has to be 
acknowledged that validation features various characteristics that are in essence evi-
dence-based. Objectivity and reduction of potential biases were considered of utmost 
importance to validation and have led to several formal requirements, such as inde-
pendence in the management of a validation study including the substance selection 
and the statistical data analysis, specifi cation of the statistics to be applied before 
initiating the study, and a thorough review process. It may be argued that the reli-
ability aspect of a validation also contributes to the evidence-base as this component 
provides helpful information for assessing the confi dence in results. Reliability 
assessments may ultimately inform the predictivity assessment, as inherent variabil-
ity of the results of the test method under review as well as the reference standard, 

  Fig. 9.1    Essential 
elements of test method 
validation       
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can be taken into account by better defi ning a realistic optimal predictive perfor-
mance. This has, for example, been done for the  in vivo  reference test methods for 
skin irritation and eye hazard (Hoffmann et al.  2005 ; Adriaens et al.  2014 ). 

 The reliability issue is just one dimension of the limitations contributing to the 
imperfectness of a reference standard, which represents an inherent general prob-
lem in assessing the performance of test methods, whether in toxicology or clinical 
diagnosis. However, comparisons to a reference standard have been considered to 
be essential to determine the correctness of the results of the test method assessed. 
In contrast to DTA, in toxicology it is generally considered not ethical and feasible 
to generate parallel reference results, which often come from  in vivo  reference tests. 
Therefore, retrospective data are collected to fi ll this gap. In this process the quality 
of the identifi ed data needs to be assessed. Instead of relying on the often subjective 
opinion of an expert panel, specifi c quality appraisal tools could be applied for this 
purpose. Another factor adding to the imperfectness of the  in vivo  reference test is 
that it represents only an imperfect model for the human target population. DTA has 
developed several approaches to at least reduce the impact of this imperfect source, 
including the correction of predictive parameter estimates and the construction of a 
composite reference standard that combines multiple test results through a pre-
defi ned rule (Reitsma et al.  2009 ). 

 Even more fundamentally, the predictive performance of a toxicological test 
method or testing strategy can often be described in more detail. For example, vali-
dation studies are focused on the estimation of the predictive parameters of sensitiv-
ity (a test’s ability to detect positives in a population of positives) and specifi city (a 
test’s ability to detect negatives in a population of negatives). The mutual depen-
dence of these two parameters is frequently disregarded, but could be better 
described by application of receiver operation characteristics (ROC) curves and by 
calculation of additional predictive parameters, such as predictive values or odd 
ratios. Such approaches would permit (1) a more comprehensive test method/strat-
egy assessment and (2) the translation of validation study results to other contexts 
and settings, for example, to populations of chemicals with prevalences different 
from the one used in the validation study (Hoffmann and Hartung  2005 ). Validation 
studies focused on estimation of specifi city and sensitivity adopt more or less bal-
anced designs, i.e. they test similar numbers of negative and positive substances, as 
determined by the reference test (i.e. a prevalence of 50 %). In this way the 
 confi dence in both estimates is comparable. In practice, however, numbers of nega-
tives and positives may not be balanced, but may be substantially different. For 
example, the proportion of substance being carcinogenic has been estimated to be 
5–10 % (Fung et al.  1995 ). 

 The Bayesian approach of incorporating a priori information, such as prevalence, 
into the interpretation of test results can be applied not only to populations, but also 
be used on the level of individual test substances. Consider, for example, two struc-
turally similar substances. For one of them a positive result from a specifi c toxico-
logical test is available. Submitting also the other substance to the same toxicological 
test, a positive result would confi rm our a-priori expectation, while a negative result 
may be considered as insuffi cient to come to a conclusion. This  intuitive   approach 
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of incorporating prior biological knowledge can be made transparent and more 
objective, by quantifying the pre-test likelihood of the substance being positive.    

2.2     Mechanistic Validation 

  Like predictivity, the scientifi c basis of a test is also an important component of a 
test’s relevance, and therefore its validation status. However, in contrast to predic-
tivity, the scientifi c basis of a test—though a critical consideration during test devel-
opment—has largely been in the background of validation exercises. 

 For human health assessment, animal data have served as the default standard of 
comparison when assessing the predictivity of new methods, owing to ethical con-
straints on human testing and the paucity of existing high-quality human data for 
most toxicological endpoints. This introduces the confounding variable of interspe-
cies extrapolation into validation efforts. 

 Using predictivity as the indicator of relevance has additional limitations in the 
context of twenty fi rst century toxicology (Tox21C), with its emphasis on pathway- 
or mechanism-based methods, which are typically run with human cells, often in 
high-throughout platforms. First, Tox21C methods are not intended to be one-to- 
one replacements of animal tests, so one-to-one comparison cannot be applied. 
Second, the new methods often emphasize human biology in their choice of cells 
and pathways, so optimizing them to predict animal biology is not ideal. 

 The limitations of using animal data as the default standard in predictivity com-
parisons constitute one of several factors leading to calls for a reinvention of valida-
tion (Birnbaum  2013 ; Judson et al.  2013 ). Another factor has been the mismatch 
between the multi-year duration of typical validation exercises and the rapid pace of 
evolution with Tox21C methods and approaches (Hartung  2010 ). 

 Hartung et al. ( 2013 ) proposed to address many of the validation shortcomings, 
at least for pathway-based methods, by assessing relevance with respect to the 
assay’s scientifi c basis, and not its correlation to animal data. Building on an earlier 
suggestion of Frazier ( 1994 ), they called for ‘mechanistic validation,’ that is demon-
strating that an assay is a reliable indicator of whether a chemical adversely perturbs 
a given biological pathway. One can also take this a step further by fi rst  demonstrating 
that a putative pathway accurately refl ects the (human) biology in question, and then 
move on to assess the fi delity of an assay to refl ect perturbations in that pathway. 

 Simply put, the following steps would be part of mechanistic validation:

•    Condense the knowledge of biological/mechanistic circuitry (in the absence of 
xenobiotic challenge) underlying the hazard in question  

•   Compile evidence that reference chemicals leading to the hazard in question 
perturb the biology in question, i.e., mainly pathway identifi cation by using ref-
erence substances in valid(ated) models and experimental proof of their role  

•   Develop a test that purports to refl ect this biology  
•   Verify that toxicants shown to employ this mechanism also do so in the model  
•   Verify that interference with this mechanism hinders positive test results    
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 Thus mechanistic validation could be central to building scientifi c confi dence in 
assays intended to implement the vision of the National Research Council report on 
“Toxicity Testing in the twenty fi rst Century” (NRC  2007 ). The key questions for 
this implementation are ‘what are the key toxicologically relevant pathways?’ and 
‘are assays that accurately refl ect chemically induced perturbations to these path-
ways available?’ These are just the sorts of questions that mechanistic validation is 
intended to address. 

 Hartung et al. ( 2013 ) proposed that evidence-based approaches be used to carry out 
a (retrospective) mechanistic validation, given their objectivity, transparency and con-
sistency. These defi ning characteristics would aid any assessment—whether based on 
mechanism or correlation, in surviving peer scrutiny—but they are especially suited 
to guide solving the challenges of assessing the validation status of pathway-based 
assays. In this context, systematic review could and should be used to guide framing 
the questions at hand, identifying and selecting relevant existing studies, extracting 
data from included studies, appraising their quality (internal validity or risk of bias), 
analysing their data, and writing-up the results. Consequently, systematic review, in 
contrast to narrative reviews, could help limit disagreements among stakeholders over 
the design, conduct, and reporting of reviews (Stephens et al.  2013 ). 

 Of course, one has to know the right questions to ask in any type of review. The 
Bradford-Hill criteria (Hill  1965 ) for causality have been proposed as a starting 
point for assessing the validity of putative pathways and pathway-based assays 
(Hartung et al.  2013 ). These criteria can be summarized as relating to strength (of 
association), consistency, specifi city, temporality, biological gradient, plausibility, 
coherence, and experiment. 

 A downside of  the   mechanistic approach to validation is that one needs to know 
the key toxicologically-relevant pathways. This is a knowledge gap that is being 
fi lled incrementally. Fortunately, this is a key aim of the Human Toxome Project 
(Hartung and McBride  2011 ; Bouhifd et al.  2015 ). The end result will mean that 
confi dence in a test will not or not only be based on correlation but also on the accu-
mulated knowledge of how a particular exposure leads to particular effects.    

3     Summary 

 Validation, or more generally, toxicological test assessment, was one of the drivers 
of developing the concepts of an evidence-based toxicology. While several aspects 
of validation can be considered evidence-based, solutions for problems faced when 
validating toxicological test methods were found in diagnostic test assessment 
(DTA), a discipline of evidence-based medicine (EBM). 

 Systematic review techniques developed under DTA are applicable for various 
purposes. Retrospective validation could in essence be conducted as a systematic 
review. But also prospective validation studies feature a retrospective component: 
reference test results could be obtained by applying at least some steps of a system-
atic review, such as the search and the quality assessment. In addition, systematic 
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reviews have been proposed as a tool to implement the pathway-driven toxicology 
of the twenty fi rst century, through a process of ‘mechanistic validation.’ These 
reviews could provide the means to synthesise the huge amount of data generated in 
an objective and transparent manner. 

 Other DTA approaches that pertain to toxicological test assessment/validation 
are methods to describe the predictive performance in greater details as compared to 
what is usually done. ROC curves describing the dependence of a test’s specifi city 
and sensitivity have occasionally been used (e.g., Eskes et al.  2014 ). Also the con-
cept of evaluating test methods in various prevalence settings has been demon-
strated, for example in the context of a testing strategy assessment (Hoffmann et al. 
 2008b ). 

 In summary, implementation of more evidence-based approaches may provide 
the tools necessary to adapt the assessment/validation of toxicological test methods 
and testing strategies to face the challenges of toxicology in the twenty fi rst 
century.     
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    Chapter 10   
 Validation of Transcriptomics-Based 
 In Vitro  Methods                     

     Raffaella     Corvi     ,     Mireia     Vilardell    ,     Jiri     Aubrecht     and     Aldert     Piersma   

    Abstract     The fi eld of transcriptomics has expanded rapidly during the last decades. 
This methodology provides an exceptional framework to study not only molecular 
changes underlying the adverse effects of a given compound, but also to understand 
its Mode of Action (MoA). However, the implementation of transcriptomics-based 
tests within the regulatory arena is not a straightforward process. One of the major 
obstacles in their regulatory implementation is still the interpretation of this new 
class of data and the judgment of the level of confi dence of these tests. A key ele-
ment in the regulatory acceptance of transcriptomics-based tests is validation, which 
still represents a major challenge. Although important advances have been made in 
the development and standardisation of such tests, to date there is limited experi-
ence with their validation. Taking into account the experience acquired so far, this 
chapter describes those aspects that were identifi ed as important in the validation 
process of transcriptomics-based tests, including the assessment of standardisation, 
reliability and relevance. It also critically discusses the challenges posed to valida-
tion in relation to the specifi c characteristics of these approaches and their applica-
tion in the wider context of testing strategies.  
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1       Introduction 

 Transcriptomics, in particular the gene-array technology, allows the detection of 
mRNA levels of multiple genes in parallel. This provides genome-wide information 
on biological processes and associated molecular pathways and can be used as a 
powerful application to screen compounds for toxicological potential. Importantly, 
such information may also facilitate biomarker identifi cation for compound and 
tissue-specifi c human toxicity assessment allowing better classifi cation and earlier 
prediction of toxicity. 

 When initial studies (Hamadeh et al.  2001 ,  2002a ,  b ) indicated that “gene signa-
tures” could be used for discriminating toxic versus non-toxic agents, toxicogenom-
ics stepped in as a scientifi c sub-discipline of toxicology. During the last two 
decades this fi eld, and in particular transcriptomics, has expanded rapidly. The 
advantage of this approach is the ability of a single investigation to query and quan-
tify the levels of hundreds to tens of thousands transcriptional gene products in a 
single assay. These methodologies provide an exceptional framework to study not 
only molecular changes underlying the adverse effects of a given compound, but 
also to understand its Mode of Action (MoA) through developing hypotheses and 
setting up the appropriate experimental designs. They are currently used in basic 
research and as screening tests, but researchers are also investigating their application 
in the regulatory context for hazard and risk assessment of compounds (Bourdon-
Lacombe et al.  2015 ). The implementation of transcriptomics within the regulatory 
arena is not a straightforward process. One of the major obstacles in their regulatory 
implementation is still the interpretation of this new class of data and the judgment 
of the level of confi dence of these tests (Pettit et al.  2010 ; Goetz et al.  2011 ). 

 A key element in the regulatory acceptance of transcriptomics-based tests is 
indeed validation, which represents a major challenge (Corvi et al.  2006 ). Although 
important advances have been made in the development and standardisation of such 
tests, to date there is limited experience with their validation, i.e. the way to assess 
the validation status is not clearly defi ned, yet. 

 Generally, validation studies focus on the assessment of test reliability and test 
relevance for a well-defi ned purpose.   Reliability    is linked to test reproducibility and 
provides information about the level of standardisation of the technology through 
controlling the major sources of variation.  Relevance  is the extent to which a test 
method correctly predicts the biological effect of interest. Consequently, relevance 
is a concept that is directly related to the mechanism of toxicity inducing the adverse 
effect  in vivo . 

 In order to assess the scientifi c validity of a test method, the EU Reference 
Laboratory for Alternatives to Animal Testing (EURL ECVAM) follows the modu-
lar approach to validation (Hartung et al.  2004 ). This consists of six modules: (1) 
test defi nition, (2) within-laboratory reproducibility, (3) transferability, (4) between- 
laboratory reproducibility, (5) predictive capacity, (6) applicability domain and (7) 
performance standards. The question here is whether this approach is also applica-
ble to the evaluation of transcriptomics-based tests. 
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 Transcriptomics-based tests can be divided into two main  applications   based on 
the specifi c use of the data generated: (1) to reveal molecular mechanisms of action, 
based on defi ned sets of genes or pathways related to known Modes of Action (MoA); 
and (2) to fi nd gene signatures using the whole transcriptome to make predictions of 
different toxicity classes. Although different levels of validation might be needed for 
the different approaches, a high level of standardisation and reproducibility of each 
individual test remains essential whatever regulatory use is envisaged. 

 Taking into account the experience acquired so far, this chapter aims at describ-
ing and discussing those aspects that were identifi ed as critical in the validation 
process of transcriptomics-based tests, including the assessment of standardisation, 
reliability and relevance.  

2     Test Defi nition and Standardisation 

2.1     Experimental Design and Test Development 

  The defi nition of the test method is essential and it is the fi rst step that needs to be 
considered during its development and the assessment of its scientifi c validity. The 
toxicogenomics methodology is based on the assumption that toxicity is accompa-
nied by changes in the gene expression profi les that are causally linked or represent 
a response to a toxic insult (Steiner et al.  2004 ). This implies that toxicity-induced 
changes need to be differentiated from the experimental noise and from adaptive 
physiological changes through the selection of an appropriate experimental design 
(Goetz et al.  2011 ). Several factors should be taken into consideration in order to set 
up the appropriate experimental design when developing a transcriptomics-based 
test: (1) the objective of the study and the purpose of the test; (2) the appropriate 
representation of the chemical space; (3) the biological model; (4) the test item 
concentrations and exposure time to observe effects; (5) the controls (two classes of 
matched controls can be considered: a vehicle control and a compound of similar 
structure that does not produce the adverse outcome); (6) the number of experi-
ments that can be performed simultaneously; (7) the presence of sources of varia-
tion which encompass, among others, batch effects, operators, sample variability, 
vehicles used; (8) possible pooling of samples; (9) the complex bioinformatics 
analysis; and (10) other aspects if known. In particular, the high dimensionality of 
data and the large number of parameters that need to be considered, including the 
bioinformatics analysis, pose a huge challenge in the experimental design of a 
transcriptomics- based test method and in the following validation as compared with 
that of a conventional test method. 

 The experimental design of a transcriptomics-based test is critical and must 
refl ect the question that is being asked. As for any approach that undergoes valida-
tion an important consideration in both the development and the validation of a 
transcriptomics-based test is whether the different classes of compounds are suffi -
ciently represented and what is the ideal number of chemicals in a training set and 
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in a validation set. The  training   set serves to identify informative biomarkers during 
the development of the test in order to establish a classifi er (or prediction model); 
the validation set is aimed at testing the appropriateness of the classifi er. There is no 
clear defi nition on how to calculate the size of these classes of compounds. However, 
the number of compounds representing each class may be lower than that proposed 
in the early days of microarray development where testing thousands of parameters 
at the same time (high-dimensionality) was considered as a limitation of the tech-
nique. Some rules have nowadays been proposed by different authors. For example, 
Allison et al. ( 2006 ), proposed to use at least four to six compounds per class for a 
well-defi ned class comparison. On the other hand, Dobbin and Simon ( 2007 ) 
claimed that this was an over-simplifi cation of the problem and proposed at least 
20–30 compounds per class in order to build an appropriate predictor. Despite these 
estimates, considerations about resources and costs, as well as the availability of 
suffi ciently well characterised reference chemicals often limit the number of com-
pounds used and the associated experiments that can be conducted. In a study by 
Doktorova and colleagues ( 2014 ) the number of chemicals per class was reduced to 
15, as it was considered to represent a well defi ned chemical space characterised by 
chemicals that are not too diverse. 

 In summary, a good transcriptomics-based test submitted for validation should 
be transparently described in a standard template (a kind of Standard Operating 
Procedure [SOP] that includes the bioinformatics workfl ow). The minimal sample 
size for the development and the validation of a test (i.e. necessary for getting trust-
able results) depends on how diverse the dataset is and how precise the question and 
purpose of the test are.   

2.2     Standardisation 

  Huge progress has been made in the last decade in the standardisation of transcrip-
tomics methodology and the development of bioinformatics approaches applied to 
it (ECETOC report  2013 ). Several consortia were established and projects under-
taken in order to tackle these issues. Among these is the Micro Array Quality 
Control (MAQC) project, led by the US FDA, the main goal of which was to assess 
microarray variability and to develop standards and quality measures for transcrip-
tomics data (Shi et al.  2010 ; Wen et al.  2010 ; Luo et al.  2010 ). 

 Several reports have suggested that adhering to standard laboratory practices and 
careful analysis of data can lead to high quality, reproducible results that refl ect the 
biology of the system (Bammler et al.  2005 ; Dobbin et al.  2005 ; Irizarry et al.  2005 ; 
Larkin et al.  2005 ). While standardisation is a necessary condition for a test that 
should undergo validation, it may also limit the fast pace of discoveries that charac-
terise an emerging fi eld. There is thus a need to fi nd the optimal balance of 
 standardisation necessary, as too little standardisation will generate low quality 
data, while too much standardisation may inhibit progress. 
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 Different steps of  standardisation   can be identifi ed in the experimental and 
 bioinformatics workfl ow (see Fig.  10.1 ):

     1.    Laboratory experimentation   
   2.    Pre-processing, array quality control, normalization procedures and data fi ltering   
   3.    Collapsing of data (i.e. reducing the high dimensionality of the data matrix)   
   4.    Data analysis and interpretation     

2.3       The Bioinformatics Workfl ow 

  To date some robust laboratory protocols or semi-automatic tools are available that 
can support standardisation of some steps related to laboratory procedures, array 
quality control measures, data normalisation and data fi ltering (i.e. bullet points 1 
and 2 above). However, consensus is still required about the level of complexity that 
should be taken into account in the analysis of the data, which may vary with the 
specifi c research question considered. Statistical analysis may be conducted at dif-
ferent levels (i.e. probe, gene or pathway) and many different approaches have been 
proposed (Allison et al.  2006 ), which could be combined or interrelated to achieve 
better results. For example, pathway analysis, usually using hypergeometric tests, 
Gene Set Enrichment Analysis or by assigning scores (Kamburov et al.  2013 ; 
Subramanian et al.  2005 ; Yildirimann et al.  2011 ) seems to be more robust than 
analysis based on single gene changes. This can be explained either by the reduction 
of the number of tests necessary for a pathway analysis when compared with that 
conducted when all genes are considered, or by the fact that different compounds 
can alter different genes from the same pathways to produce a similar outcome. For 
instance, hepatotoxicity of metapyrilene (MP) has been repeatedly studied using 
various techniques including the transcriptomics approach (Hamadeh et al.  2002  b ). 
This compound induces marked and reproducible hepatic injury in rodents, and was 
used to assess the validity of toxicogenomics analyses among a multicentre plat-
form (Waring et al.  2004 ; Chu et al.  2004 ). The study concluded that the microarray 
experiments did not supply reliable results because of a high variability between 
research facilities, explained by the low number of genes that appeared commonly 
changed across facilities. However, latter studies revealed that the robustness of the 
results regarding the change of certain biological pathways was deemed suffi cient 
to consider the method reliable, although the fi tness of the individual genes was 
somewhat questionable. 

 There are many resources related to biological pathway defi nitions (e.g. Ingenuity 
Pathways Analysis [  http://www.ingenuity.com    ]; KEGG [  http://www.genome.jp/
kegg/    ]; Reactome [  http://www.reactome.org/     ] ; and agglomerative pathways 
resources like ConsensusPathDB [  http://cpdb.molgen.mpg.de/    ] Croft et al.  2013 ; 
Kamburov et al.  2013 ), however none of them is complete. Moreover, the gene and 
pathway relationships among species are also not well defi ned, making it sometimes 
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  Fig. 10.1    The test method  workfl ow   shows different steps that should be taken into consideration 
during the validation process. First ( dark blue square ), it is necessary to defi ne the experimental 
design taking into account the objectives of the study and the chemical space of interest. In a sec-
ond step ( lilac square ), standardised comprehensive procedures for laboratory experimentation 
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necessary to look for species ontologies using other tools, e.g. Biomart (  http://www.
biomart.org/    , Kasprzyk  2011 ). To avoid these diffi culties some authors advocate the 
importance of the use of Gene Ontology that addresses the need for consistent 
descriptions of gene products across databases, in terms of their associated biologi-
cal processes, cellular components and molecular functions in a species- independent 
manner (  www.geneontology.org    ). 

 Finally, in relation to the most appropriate statistical analysis, the “IMPROVER” 
project (Industrial Methodology for Process Verifi cation of Research) concluded 
that different strategies based on different statistical methodologies can result opti-
mal, if there is a good selection of the methods at each stage of the analytical strat-
egy (Tarca et al.  2013 ). Thus, the statistical analysis should be seen as a fl exible 
approach during the development of a test, which integrates different sources of 
data and/or different levels of information during the analysis. This can improve 
both data interpretation and avoid spurious statistical associations found in some 
studies (Venet et al.  2011 ). Network representations of the results, as understanding 
gene/pathways relationships or looking for driving genes, can also contribute to 
data interpretation. In addition, the use of tested and open source softwares to imple-
ment the different steps of the analysis can facilitate the validation of the test method 
and eventually its subsequent regulatory use, due to the possibility to transparently 
describe the analysis pipelines (R project,   http://www.r-project.org/    ). 

 One of the main issues regarding standardisation of the transcriptomics analysis 
is the continuous update of biological databases (probe annotation, gene annotation, 
ontologies, pathways, etc.) and their related software packages. To ensure that the 
proposed methodology is reproducible, it will be necessary to provide a description 
of the versions of either databases or softwares used. 

 In summary, for laboratory experimentation and data pre-processing some robust 
protocols or semi-automatic tools are available, that have  improved   the standardisa-
tion of the test method. Although some recommendations on the appropriate strat-
egy for microarray data analysis (Allison et al.  2006 ; Hahne et al.  2008 ) have been 
made, none of them has clearly shown better performance over the others. 
Consequently, fl exibility should be allowed in the choice of the strategy to be used 
in the data analysis. However, once a test method is deemed ready for standard use 
and validation, each step of the analysis should be embedded in the bioinformatics 
pipeline (computational code, Fig.  10.1 ) and should not be modifi ed anymore. This 
should ensure transparency of the methods when open source software tools are 
used (e.g. R project,   http://www.r-project.org/    ), allowing the repeatability of the 
analysis across experiments, which is a key factor in the validation of a method and 
its use in support of regulatory decisions.    

Fig. 10.1 (continued) ( light green square ), pre-processing of the data ( dark green square ), collaps-
ing of data which can be executed using different levels of complexity ( orange square ), data analy-
sis ( light red square ) and biological interpretation ( dark red square ). Moreover, open source code 
or pipelines should be provided for data pre-processing, collapsing and analysis enhancing the 
transparency of the bioinformatics workfl ow, which is critical for a method undergoing validation       
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3     Reliability Aspects: Case Studies 

  Reliability accounts for the test method reproducibility within- and between- 
laboratories and over time. This is an essential aspect in the validation of all tests 
that will be used for regulatory assessment. On the other hand, for tests applied as 
screening tools in priority setting or on a case by case basis to answer specifi c 
mechanistic questions, in-house validation might suffi ce. Reproducibility between- 
laboratories might not always be necessary in these cases, or when there is good 
data reproducibility within-laboratory or with another technique (e.g. RT-PCR) or 
when other sources of data exist allowing data comparison. 

 A few studies have been published so far that investigated the reproducibility of 
transcriptomics-based tests. Among these, in the EU 6th Framework Programme 
project “PREDICTOMICS” an inter-laboratory comparison was conducted to test the 
reproducibility of transcriptomics changes induced by the immunosuppressive agent, 
 Cyclosporine A (CsA)   on the human renal proximal tubular HK-2 cell line (Jennings 
et al.  2009 ). Four European laboratories took part in this study. Analysis of the tran-
scription profi les demonstrated that one laboratory clustered away from the other 
laboratories, potentially due to an inclusion of a cell trypsinisation step by this labora-
tory. Once the genes responsible for this separate clustering were removed, all labo-
ratories showed similar expression profi les. The authors concluded that under 
standardised conditions, whole genome expression analysis can be reasonably repro-
ducible between different laboratories. However, confounding factors such as medium 
exhaustion must also be considered in such analyses, showing the importance of hav-
ing a Standard Operating Procedure (SOP) that is as detailed as possible. 

 Another prospective collaborative study was designed to determine the level of 
intra- and inter- laboratory reproducibility between three independent test facilities 
(Scott et al.  2011 ). As in the previous study all laboratories adopted the same proto-
cols for all aspects of the toxicogenomic experiment including cell culture, chemi-
cal exposure, RNA extraction, microarray data generation and analysis. The 
genotoxic carcinogen benzo[a]pyrene (B[a]P) and the human hepatoma cell line 
HepG2 were used to generate three comparable toxicogenomic data sets. High lev-
els of reproducibility were demonstrated using a widely employed gene expression 
microarray platform. While differences at the global transcriptome level were 
observed between the laboratories, a common subset of B[a]P responsive genes 
( n  = 400 gene probes) was identifi ed at all laboratories which included many genes 
previously reported in the literature as B[a]P responsive. These data showed prom-
ise that the current generation of microarray technology, in combination with a stan-
dard  in vitro  experimental design, can produce robust data that can be generated 
reproducibly in independent laboratories. 

  CarcinoGENOMICS  , another project of the European Union, offered an excellent 
platform for the investigation of reproducibility of the omics-based tests in general 
and for the assessment of various bioinformatics approaches employed to deal with 
this issue (  http://www.carcinogenomics.eu/    ). Its major goal was to develop and select 
appropriate omics-based  in vitro  methods for assessing the carcinogenic potential of 
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compounds. The idea was to design a battery of mechanism-based  in vitro  tests cov-
ering major target organs for carcinogenic action e.g. liver, lung and kidney. “Omics" 
responses (genome-wide transcriptomics as well as metabolomics) were generated 
following exposure to a well-defi ned set of model compounds, namely genotoxic 
carcinogens, non-genotoxic carcinogens and non-carcinogens. Among others, one of 
the objectives of the study was to make a preliminary assessment of test method 
transferability and between-laboratory reproducibility in a blinded inter-laboratory 
study. Three coded chemicals were tested in three laboratories for each test system 
(cell model) using the same agreed SOPs and controlled conditions. The two systems 
employed were human-based and organ- specifi c, namely, HepaRG for the liver and 
RPTEC/ TERT1   for the kidney. Several bioinformatics approaches were identifi ed to 
judge data reproducibility and were used independently by different bioinformati-
cians. These approaches ranged from evaluation of response gene lists, correlation 
analyses to multivariate statistical methods such as support vector machine classifi -
cation and analysis of variance (Herwig et al.  2015 ). Independently from the bioin-
formatics approaches applied, the liver model generated reproducible transcriptomics 
results, with the exception of a single experiment in one laboratory (Doktorova et al. 
 2014 ). Regarding the RPTEC/TERT1 model, two laboratories showed highly repro-
ducible results, while one laboratory generated results which did not appear to be 
reproducible. This outcome was in line with experimental observations due to prob-
lems related to the culturing of cells in one of the laboratories (much slower cell 
growth in comparison to the other laboratories). It was subsequently identifi ed that 
the outlier laboratory had a signifi cant mycoplasma contamination, which is known 
to lead to gene expression alteration and to interfere with growth rates (Miller et al. 
 2003 ). Interestingly, despite these results the three  coded   chemicals were classifi ed in 
the correct classes by all laboratories, suggesting that the prediction model was quite 
robust. In addition, it was very reassuring in view of regulatory use of transcrip-
tomics data that the different bioinformatics tools used in parallel assessments of 
reproducibility all led to consistent results. 

 Overall, the results described  above   represent a proof of concept that  in vitro  test 
systems may be considered suitable to be used for standardised transcriptomics anal-
ysis, as long as SOPs for cell culture preparation, chemical exposure and data pro-
cessing are strictly followed in the laboratory. Moreover, the carcinoGENOMICS 
study demonstrated that different bioinformatics approaches to the analysis of repro-
ducibility can be considered appropriate. It would be benefi cial to develop a general 
guidance document on the validation process, which describes in detail the different 
approaches that can be used in the assessment of a transcriptomics-based test.   

4     Relevance Aspects 

  As mentioned above, the purpose of a test needs to be well defi ned to allow an 
assessment of its relevance. Moreover, both its predictive capacity and applicability 
domain should be considered, including the defi nition of chemical classes and/or 
ranges of test method endpoints for which the test method makes reliable 
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predictions. In drug development applications the assessment of assay relevance is 
called “Context of  Use  ” (COU) and it is required for assays/biomarkers that are 
being proposed for qualifi cation via FDA’s Center for Drug Evaluation and Research 
(CDER) Biomarker Qualifi cation Program (BQP) (FDA  2014 ). It details the man-
ner of use, interpretation, and purpose of an assay/biomarker in drug development. 

 As mentioned above, transcriptomics-based tests can be divided in two groups:

    1.     Hypothesis-driven approaches , which are based on defi ned sets of genes or 
pathways associated with known  Mode of Action (MoA)   that have been previ-
ously published and accepted by the scientifi c community. These approaches are 
used to predict specifi c toxic effects and elucidate the underlying mechanisms. 
They might be preferable to the methods described below due to the defi ned 
biological domain of such assays which is crucial for understanding the useful-
ness of the assay. One could stipulate that, not just effect sizes, but the relevance 
of the genes affected in terms of their function in the toxicological process inves-
tigated may provide a measure of validity of the prediction.   

   2.     Approaches based on the use of gene expression signatures to predict differ-
ent toxicity classes . These approaches make no assumptions about a chemical’s 
specifi c MoA and utilise the full transcriptome to identify and characterise rel-
evant transcriptional changes that discriminate between chemical toxicity 
classes. These discriminatory patterns of gene expression are sometimes not 
fully elucidated from the mechanistic point of view. Despite the lack of full 
mechanistic understanding of the relationship between genes/pathways and the 
adverse effect, there still may be a coherent link between them. However, these 
predictive approaches will require a high level of validation and documentation 
to gain confi dence in the results. It is encouraged that further mechanistic studies 
are conducted  a posteriori  to investigate the mechanistic plausibility of the sig-
nifi cantly differentially expressed genes and pathways of the test method. These 
test methods should be prioritised based on the extent of mechanistic under-
standing available. Ideally, one would like to fully understand mechanisms of all 
genes differentially expressed and the pathways to which they are linked, how-
ever this might be impeded sometimes by a lack of scientifi c knowledge. 
Moreover, these pathways might be different among species and the relevance to 
human cells should be established.     

 Recently, the Genotoxicity Working Group of the HESI Genomics Committee 
spearheaded an effort to develop and qualify an  in vitro  genomic biomarker assay to 
facilitate the risk assessment of frequently occurring positive fi ndings in the  in vitro  
chromosome damage assays. First, the group analyzed gene expression profi les of 
agents with known mechanisms of genotoxicity to identify a transcriptomic signa-
ture, a gene set also called “ genomic   biomarker”, which is indicative of DNA dam-
age in human cells  in vitro . The data from initial multi-laboratory studies provided 
a foundation for the development of a standardised protocol that was evaluated via 
a multi-laboratory study coordinated by the HESI genomics committee (reviewed in 
Ellinger-Ziegalbauer et al.  2009 ). Although the resulting genomic biomarker was 
developed via statistical evaluation of a complex data set, the gene set consisted of 
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biologically relevant transcripts and pathways known to be involved in genotoxic 
stress response making the biological relevance of the assay obvious (Li et al.  2015 ; 
Buick et al.  2015 ). Furthermore, these results were shared with the FDA via the 
Voluntary Exploratory Data Submission (VXDS) process (Goodsaid et al.  2010 ) to 
gain direct feedback from the regulatory agency on the potential utility of this 
approach (Context of Use) to provide mechanistic context in follow-up to positive 
fi ndings in  in vitro  chromosome damage assays. Following on from the VXGDS 
submission, a standardised protocol consisting of a combined RT-PCR and 
microarray- based approach was established and currently is being validated by the 
HESI genomics committee by generating expression signatures for defi ned classes 
of compounds in a multi-laboratory fashion. The validation and potential qualifi ca-
tion by the FDA of the genomic biomarker approach for regulatory use is antici-
pated in 2015. To our knowledge, this is the most advanced biomarker validation/
qualifi cation project and learning from this endeavour will be helpful to other 
projects to come. 

 Overall, the nature and extent of validation that is needed will depend both on the 
type of test and the context of application (Fig.  10.2 ). Transcriptomics assays ana-
lysing global gene expression as a general inventory of possible compound MoAs 
may need a different approach from assays focusing on effects of compounds on a 
particular gene pathway. These different approaches will also be refl ected in differ-
ent positions of assays within testing strategies. In general, it is most probable that, 
as is true for most alternative assays in general, transcriptomics-based tests won’t 
stand alone in the same way as animal studies are used in traditional toxicology 
(Adler et al.  2011 ; Worth et al.  2014 ). Rather, the combination of complementary 
assays in test batteries as part of integrated testing strategies seems to be most prom-
ising (Piersma et al.  2014 ). Therefore, the relevance of individual tests will need to 
be evaluated in the context of the positioning of the test within an integrated testing 
strategy or IATA (see Chap.   13    ), or when applied to support grouping and read- 
across (Patlewicz et al.  2014 ). This means that false negative or false positive results 
may be considered worthwhile fi ndings as they may indicate that the toxic mecha-
nism of the compound is not covered within the biological applicability domain of 
an individual assay. However, the same compound may trigger its toxicity pathway 
in another test within the battery, and thus be correctly scored in the battery as a 
whole. In light of the  above  , the approach to assess the relevance or predictivity 
remains a challenging task for which specifi c rules still need to be devised, and 
might for the time being be left open to expert judgement. 

5        Conclusions and Future Perspectives 

 A high level of standardisation of transcriptomics experiments has been acquired so 
far, especially in the experimental steps and the treatment of data. Therefore,  in vitro  
models may be considered suitable to be used for transcriptomics analysis, and 
generation of reproducible results is possible. On the other hand, a general guidance 
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and consensus for the assessment of the predictive capacity of transcriptomics-
based tests depends on the application of the tests in the wider context of testing 
strategies. For the time being, we might need to rely on a fl exible approach involv-
ing expert judgement. 

 Due to the rapid pace with which transcriptomics technologies and data analysis 
are developing, it is foreseeable that validity considerations given to a test method 
or a testing strategy need to be regularly reviewed to refl ect scientifi c progress. The 
need to consider these assays in the context of an integrated testing strategy compli-
cates the assessment of relevance and acceptability for each individual assay and 
this is perhaps the most important bottleneck for regulatory implementation 
(Kinsner-Ovaskainen et al.  2012 ; Römer et al.  2014 ). The development of adverse 
outcome pathways (AOPs) for modes of chemical toxicant action leading to adverse 
toxicological outcomes may also provide context of use for new molecular biology 
assays and represents a framework to interpret toxicogenomics  in vitro  data, and 
provide mechanistic information for key toxicity pathways (Landesmann et al. 
 2013 ). This opens the way for validation of assays in the context of the AOP. 

 An issue that will need further attention in the future is the threshold of adversity. 
This represents an essential aspect in the interpretation of data and is related to the 
concentration dependent testing that defi nes adversity  in vitro . There is some concern 
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  Fig. 10.2    The approach to  validation   needed to assess a transcriptomics-based test might depend 
both on the context of use of the test under consideration and the level of mechanistic understand-
ing and knowledge of the differentially expressed genes or pathways. This means that most prob-
ably there is not one rule that fi ts all. For example, for tests used as screening tools for priority 
setting, in-house validation might suffi ce, while a test method that will be used as a standard regu-
latory test and for which MoA of the signature is not completely understood will require the high-
est level of validation for regulators to acquire suffi cient confi dence       
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that enhanced sensitivity of the assays will lead to lower specifi city. Therefore, 
better defi nition and understanding of how to specify and interpret thresholds of 
adversity at the molecular level will improve the interpretation of toxicogenomics 
tests and testing strategies (Piersma et al.  2011 ; Boverhof and Gollapudi  2011 ). 

 To facilitate the development, validation and fi nally successful application of 
transcriptomic-based assays and biomarkers in risk assessment, collaborative efforts 
and a dialog among all stakeholders i.e. assay developers and scientists from aca-
demia, industry and regulatory agencies, are needed (Paules et al.  2011 ). For 
instance, large scientifi c projects coordinated by large consortia of stakeholders 
such as carcinoGENOMICS and HESI Genomics Committee are essential to share 
ideas and resources. In addition, the biomarker qualifi cation process (reviewed in 
Goodsaid et al.  2010 ) that was developed at the US FDA provides an excellent 
opportunity for essential feedback from regulators. 
 A fl exible, case by case approach to validation is likely be required for transcrip-
tomics-based assays. The defi nition of performance standards might partially cir-
cumvent this problem for the aspect of assay reproducibility. As to predictivity, 
classical validation typically compares alternative test results with a ‘gold standard’, 
usually an animal study. With the advent of the principles of AOPs and integrated 
testing strategies the realization has been strengthened that one-to-one replacement 
and associated one-to-one validation practice are not fi t for purpose. Rather, combi-
nations of tests (test batteries) are needed to cover complex endpoint areas such as 
reproductive toxicology. Thus, validation should focus on batteries as a whole rather 
than on individual tests (Piersma et al.  2013 ). This shifts the practice of validation, 
whilst basic principles of reliability and relevance remain intact. Transcriptomics 
assays are typical in this realm, as they may represent different biological domains 
based on the biological system employed and the extent of gene expression analysis 
applied. This poses challenges to validation, but opens the way for novel approaches 
dedicated to reliable alternative testing strategies towards the implementation of 
alternative approaches in hazard and risk assessment.     
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    Chapter 11   
 Ensuring the Quality of Stem Cell-Derived 
 In Vitro  Models for Toxicity Testing                     

     Glyn     N.     Stacey     ,     Sandra     Coecke    ,     Anna-Bal     Price    ,     Lyn     Healy    ,     Paul     Jennings    , 
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    Simone     Haupt    ,     Darren     Kidd    ,     Andrea     Robitski    ,     Heinz-Georg     Jahnke    , 
    Gilles     Lemaitre     and     Glenn     Myatt   

    Abstract     Quality control of cell cultures used in new  in vitro  toxicology assays is 
crucial to the provision of reliable, reproducible and accurate toxicity data on new 
drugs or constituents of new consumer products. This chapter explores the key 
scientifi c and ethical criteria that must be addressed at the earliest stages of 
 developing toxicology assays based on human pluripotent stem cell (hPSC) lines. 
It also identifi es key considerations for such assays to be acceptable for regulatory, 
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laboratory safety and commercial purposes. Also addressed is the development of 
hPSC-based assays for the tissue and cell types of greatest interest in drug toxicol-
ogy. The chapter draws on a range of expert opinion within the European 
Commission/Cosmetics Europe-funded alternative testing cluster SEURAT-1 and 
consensus from international groups delivering this guidance such as the 
International Stem Cell Banking Initiative. Accordingly, the chapter summarizes 
the most up-date best practices in the use and quality control of human Pluripotent 
Stem Cell lines in the development of  in vitro  toxicity assays from leading experts 
in the fi eld.  

  Keywords     Toxicology   •   Stem cell differentiation   •   Quality control   •   Stem cell 
characterisation  

1       Introduction 

 As more types of  in vitro  human cell and tissue models become available, toxicolo-
gists have an ever-broadening range of alternative methods that those which are 
already established and validated at the regulatory level. Human pluripotent stem 
cells provide an exciting and potentially powerful source of  in vitro  cell and tissue 
models which could generate  in vitro  methods for testing toxicokinetic or toxicody-
namic effects aiming to more closely mimic the  in vivo  response of cells in the 
human body. Furthermore, the ability to generate induced pluripotent stem cell lines 
from any patient raises signifi cant hopes for new innovative tools with bespoke gen-
otypes to study certain diseases and specifi c adverse outcome pathways (AOPs) and 
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accelerate our understanding of deregulation of normal human biological processes 
resulting in adverse outcome. Furthermore, besides their use in the development of 
 in vitro  methods for toxicological applications, human pluripotent stem cells offer a 
wide array of applications for therapy, drug discovery and effi cacy testing. 

 However, creating an  in vitro  cell or tissue culture system which represents divid-
ing or differentiated cell types  in vivo  is just a starting point. The next step is to 
qualify such  in vitro  cell and tissue models for specifi c toxicological applications. 
This will require validation to comply with the additional regulatory requirements for 
toxicological methods and involves producing data to demonstrate the reliability and 
relevance of the  in vitro  toxicological methods for human safety assessment. 
Furthermore, it is important to remember that  in vitro  methods should be established 
for a particular purpose, and a clearly defi ned application should be  identifi ed, such 
as hazard identifi cation, capturing key events in AOPs, or information about the risk 
assessment for targeting either toxicokinetic or toxicodynamic processes. 

 Careful ongoing evaluation is needed to identify how stem cell and tissue-based 
 in vitro  methods can fi ll critical gaps where information is needed, that currently 
cannot be obtained with the available non-stem cell based systems. The fi rst stem 
cell-based  in vitro  method was established in the fi eld of reproductive toxicity i.e. 
the embryotoxicology test using  mouse embryonic stem cells   in their undifferenti-
ated state (Genschow et al.  2004 ). It is anticipated that a range of  in vitro  toxicity 
methods derived from human stem cell lines will soon be available since over the 
last decennia much progress has been made in generating diverse cell types. 
However, these will need to meet a range of  technical   and regulatory criteria which 
are considered here as well as reviewing important aspects that will be required to 
demonstrate the reliability and relevance of the  in vitro  toxicological methods based 
on differentiation of human pluripotent stem cells. 

 It has been 15 years since toxicologists formerly announced the need for guid-
ance on the principles of best practice for cell cultures used in  laboratory testing   
(Hartung et al.  2000 ), and principles of good cell culture practice were established 
in 2005 (Coecke et al.  2005 ). The advent of human pluripotent stem cell lines in 
1998 (Thomson et al.  1998 ; Takahashi et al.  2007 ) has offered exciting new possi-
bilities for  in vitro  toxicology assays (Scott et al.  2013 ) but also new challenges for 
these complex and potentially variable cultures. 

 However, the specifi c challenges in the maintenance, differentiation and quality 
control of such cultures also prescribe that we revisit GCCP with them in mind. Here 
we seek to present a consensus on the best practice in the development of stem cell 
and tissue-based  in vitro  methods, drawing on the experience of the SEURAT-1 clus-
ter of consortia (  www.SEURAT-1.eu /     ) which focused on the development of alterna-
tive product safety testing paradigms based on human stem cell lines. Within 
SEURAT-1, the ToxBank and Scr&Tox consortia have collaborated on aspects of 
best practice relating to sourcing and quality control of pluripotent stem cell lines. 
These efforts have been utilised and are referenced here together with other interna-
tional collaborations on consensus in the banking, testing and supply of human plu-
ripotent stem cell (hPSC) lines including the hESCreg database of hPSC lines (  www.
hescreg.eu/    ) and the International Stem Cell Banking Initiative (www.stem_cell_
forum.net/).  
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2     Selection of Cell Lines 

 Choosing a cell line for early research without appropriate attention to key ethical, 
regulatory and scientifi c issues can result in a signifi cant waste of time and resources. 
Failure to carry out such an assessment could mean that, after commitment of much 
research effort, they will nevertheless prove unsuitable for the establishment of an 
appropriate  in vitro  toxicological method, which can be utilised by industry for 
development, screening and regulatory purposes. A number of specifi c questions 
need to be considered in making an  initial selection   of a cell line and these include 
(Stacey et al.  2012a ):

•    Does the cell line meet key scientifi c criteria for a hPSC line and is it of an appro-
priate genotype e.g. ethnic background, to carry the required normal or disease 
associated genetic state?  

•   Has the provider of the cell line carried out appropriate cell characterisation and 
testing?  

•   Was the original tissue consented appropriately?  
•   Are intellectual property  rights   clear and would they permit use in industry for 

testing new drugs/compounds?    

 In the following sections we now consider approaches to meet each of these 
criteria in turn. 

2.1     Preliminary Scientifi c Cell Line Selection Criteria 

 The key  scientifi c   criteria for initial cell line selection were established for the 
SEURAT-1 project and are summarised in Table  11.1 . These also provide a useful 
aide memoir on core hPSC line characteristics that should be included as a mini-
mum when reporting a new cell line and furthermore, should be considered when 
reviewing cell lines which the reader may wish to use in their research. Clearly, a 
broad range of biological markers may be reported for individual cell lines and 
Pistolatto et al. ( 2012 ) have reviewed potential biological markers of relevance to 
quality control of human embryonic stem cell (hESC) lines and human induced 
pluripotent stem cell (hiPSC) lines.

   The European Commission has funded a searchable database of hESC and 
hiPSC lines (  www.hescreg.eu/    ) which provides a facility for uploading a large 
amount of regulatory and scientifi c data on specifi c cell lines from the originators. 
It holds information on more than 700 international hPSC lines and is closely 
linked to the SEURAT-1 programme via the ToxBank data warehouse and a 
newly-funded iPSC bank for Europe called EBiSC (  www.ebisc.eu/    ). The hES-
Creg database provides a platform where all registered lines are evaluated and 
presented in a consistent way which facilitates direct comparison of data on 
 different lines and selection of lines suitable for a end-user’s specifi c needs 
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(including the development/optimization of  in vitro  toxicological methods for 
regulatory applications) and for compliance with requirements for inclusion in 
European Commission funded research.  

2.2     Selecting Suppliers of Cell Lines 

 Unfortunately,  obtaining   cells from convenient sources such as colleagues and aca-
demic collaborators has been associated with dissemination of signifi cant numbers 
of misidentifi ed or microbially contaminated cell lines, even when these have been 
obtained from the originator (Stacey et al.  2000 ; MacLeod et al.  1999 ; Rispin et al. 
 2004 ; Gupta et al.  2005 ). 

 A variety of suppliers of human pluripotent stem cell lines exist and have been 
reviewed (Luong et al.  2012 ) and also more recently a directory of suppliers has 
been produced by the ToxBank project (Stacey et al.  2014a ) which includes specifi c 
criteria for selection of cell line supply source.  

2.3     Donor Consent 

 Obviously, local and national rules, regulations, and laws must be considered when 
obtaining human tissue or cell lines. The ToxBank  consortium   has published a doc-
ument ‘Points to consider in gaining access to human tissue and cell lines’ which 

   Table 11.1    Key questions to address when  selecting   cell lines for development of stem cell based 
assays (developed from a SEURAT-1 collaboration between the Scr&Tox and ToxBank consortia 
by Stacey et al. ( 2014a ) and also Luong et al. ( 2011 )   

 Criterion  Description 

 Is the source of the original 
somatic cells described? 

 Cell type, tissue, donor age, commentary on suitability of 
donor consent and for iPSC lines only the passage number of 
the parental cell line 

 Is the derivation method 
reported in detail 

  hESC  (including blastocyst quality and preparation, cell line 
isolation method, passage/seeding and culture conditions) 
  hiPSC —Including the reprogramming method (e.g. vector 
system, small molecules, protein, mRNA, or miRNA 
transduction), cell line isolation method, passage/seeding and 
culture conditions 

 Is suffi cient characterisation 
reported? 

 See  Sect. 3  

 Is an adequate assessment of 
pluripotency potential 
reported? 

 See  Sect. 3  

 Is microbial contamination 
screening reported 

 As a minimum this should include mycoplasma testing. See 
 Sect. 3  
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has a special focus on the transfer of cell lines within European countries (Stacey 
et al.  2012b ). Records of donor consent should confi rm that the donor understood 
certain specifi c issues, including that the tissue would be used to generate a cell line 
that may be used in a wide range of research, including genetic testing and develop-
ment for commercial exploitation. In addition, in the interests of smooth translation 
to industrial use, it is helpful if it is clearly documented that the donor agreed they 
would not retain any fi nancial interest in the use of the cells or the research and 
products arising from it.  Appendix 1  shows an exemplar from the SEURAT-1 proj-
ect of a number of key questions to be addressed when sourcing cell lines for devel-
opment as tools for acute toxicity testing in industry and the selection process is also 
available in (Stacey et al.  2012a ). For acceptability of hESC derived cells in some 
countries it may be necessary to establish that the original embryonic cells were not 
established for the specifi c purpose of research and were produced from supernumery 
embryos produced for reproductive treatments. 

 Where the consent lacks such information it may be necessary to seek additional 
consent from the donor or consider an alternative cell line. The former approach 
may require signifi cant effort and time and is not to be undertaken lightly.  

2.4     Commercial Exploitation Issues 

 Failure to address key  commercial issues   relating to the use of any materials key to 
a toxicity assay may result in restrictions on the ability to use the assay (i.e. for 
research only) or inability to agree terms on access to intellectual property. Such 
issues could delay or even prohibit their use in industry and therefore it is important 
that users apply suitable due diligence when obtaining hPSCs and other materials 
that may be critical in assays at a later stage. 

 Key criteria for selection of hPSCs identifi ed for the SEURAT-1 project (Stacey 
et al.  2012a ) included:

•    The owner of the cell line is clearly identifi able (NB numerous cell lines have 
shared ownership)  

•   Permission has been granted by the owner/s or their agents for the intended use 
or is the line released for general research without constraint (see also donor 
consent).  

•   Intellectual property rights relating to the cell line or any components used to 
derive the cell line (e.g. DNA constructs, reprogramming technique) are clear 
and would not infl uence their use for commercial application.    

 If a potential adverse impact on ultimate use of materials for commercial pur-
poses is discovered this should be discussed with industry partners or sponsors who 
will ultimately be using the  in vitro  toxicity method. Any limitations on the use of 
the  materials   can then be understood before making further signifi cant investment 
of resources.   
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3           Standardisation and Control of Seed Stocks 
of Undifferentiated Cells 

3.1     General Considerations 

 Principles of  Good Cell Culture Practice (GCCP)      were established by an interna-
tional Task Force led by the European Union Reference Laboratory for Alternatives 
to Animal Testing (EURL ECVAM), then the European Centre for the Validation of 
Alternative methods (Coecke et al.  2005 ), and more specifi c guidance on banking 
hESC lines has been established by the International Stem Cell Banking Initiative 
( 2009 ). These established the core criteria for reliable preparation of quality con-
trolled stock cultures for laboratory use including toxicological studies and testing 
in regulatory protocols. These generic criteria are applicable to all hPSC lines and 
here we describe additional controls for use with hiPSCs. 

  GCCP      prescribes the preparation of a low passage master cell bank from which 
cells are expanded to create working cell stocks for use in routine operations. Such a 
system will permit long term use of each cell line whilst enabling cultures in use to 
be maintained within acceptably low passage levels, to avoid the risk of culture 
switching, contamination or loss due to laboratory accidents. Banking procedures 
and their subsequent release testing should be carefully documented and traceable to 
ensure that each batch of cells used can be subject to troubleshooting. This is an 
important quality assurance tool that will be required if particular batches of reagents 
are discovered to be contaminated or if users of certain cell lines report problems 
with cell performance or contamination (for an example of basic cell bank documen-
tation see Stacey and Masters ( 2008 )). Such procedures and documentation would be 
expected for any cell line intended for commercial exploitation. Each bank of cells 
should be subjected to a consistent and documented regime of quality control and 
safety testing to ensure that the quality of cells supplied from different cell lines is 
standardised at a minimum level. Table  11.2  shows the key types of characterisation 

    Table 11.2    Characterisation of stocks  of   undifferentiated hPSC   

 Characteristic  Exemplar of acceptable criteria 

 Analysis of colony and 
cell morphology 

 Round shape cells, large nucleolus, not abundant cytoplasm in fl at 
and tightly-packed colonies 

 Analysis of proliferation  mitotically active, self-renewal 
 Analysis of gene 
expression 

 Positivity for a panel of markers selected from but not exclusively, 
Oct-4, SSEA3, SSEA-4, Tra-1-60, Tra-1-81, Sox 2, CD30, CD9 
 Negativity for: SSEA-1 and lineage specifi c markers (e.g. nestin) 

 Karyological status  Giemsa-banded karyotypes (for cell banks and ideally every 10 
passages) 
 NB analysis of nucleotide polymorphism (SNP) and array 
comparative genome hybridization (aCGH) may yield additional 
data. 

 Other genetic status tests  See  Sect. 3.7  

  NB Other quality control and safety tests are documented elsewhere in the text and Table  11.3   
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that need to be performed on undifferentiated hPSCs and Table  11.3  shows a typical 
testing regime and release criteria for a stock of cryopreserved hPSCs which should 
be completed before cells are used or released to other laboratories.

     Cryopreservation   of master and working cell banks should be carefully con-
trolled and the following issues should be born in mind:

•    Culture selection: cultures used for cryopreservation should exhibit high viabil-
ity and low levels of differentiation, to maximise the numbers of undifferentiated 
stem cells submitted to preservation. Cells should ideally be in exponential phase 
of growth when cells tend to have a low ratio of nuclear to cytoplasmic volume 
which promotes penetration of cryoprotectants such as dimethylsuplhoxide.  

•   Selection of an appropriate grade of cryoprotectant such as the pharmaceutical 
specifi cation for dimethyl-sulphoxide (European Pharmacopoeia, vol. 5.0, 
pp 1445–1446).  

•   Avoid suspending cells to be  preserved   in media containing chemicals such as 
antibiotics, which may be highly toxic at the concentrations that will be achieved 
in residual liquid remaining around cells in the fi nal stages of preservation and 
early thawing.  

•   Use a validated cooling process which achieves the cooling rates intended. 
Ideally the temperature profi le of a reference sample should be recorded for each 
preservation run so that satisfactory cooling can be confi rmed.  

•   Remove cryoprotectants by centrifugation prior to cell culture, as they may affect 
cell biology as in the case of dimethyl-sulphoxide which can cause a range of 
effects on cell biology including cell differentiation.  

     Table 11.3    Summary of QC criteria for release of  seed stocks   of undifferentiated hPSCs (adapted 
from ISCBI ( 2009 ) and Pistollato et al. ( 2012 ))   

 Analytical technique  Required characteristic reported for each cell line 

 Identity e.g. DNA 
profi le 

 Matches parent cell line or tissues (if available) 

 Bacteria/fungi  Contamination not Detected 
 Mycoplasma  Contamination not Detected 
 Karyotype  Report karyotype from 20 metaphase analyses (see ISCBI  2009 ) 
 Post-Thaw  Viable colonies recovered (quantifi ed effi ciency of recovery of each 

bank/lot should be given)  NB viable colonies should also be 
predominantly free of differentiated cells . 

 Recovery 

 Pluripotency  Report data available or traceable to stocks tested for pluripotency a  
 Growth 
Characteristics 

 Report value 

 Cell antigen 
expression 

 High proportion of cells (approx. 70 %) positive for each marker a  

 Cell gene expression  Report data available a  
 Genetic stability  Report data available a  

   a Precise requirements for hESC lines are also discussed in (ISCBI  2009 ) and a detailed review of 
potential additional quality control markers of phenotype and epigenetic stability are discussed by 
Pistollato et al. ( 2012 )  
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•   Recover a sample vial from each cell bank immediately after freezing is com-
plete to confi rm successful preservation and adequate viability of cells.  

•   Ensure that storage conditions are carefully monitored.    

 The most common and reliable method for preservation of cell lines is cryo-
preservation of aqueous suspensions containing approximately 10 % dimethyl- 
sulphoxide subjected to controlled rate cooling (typically −1 °C min −1 ). However, 
some stem cell laboratories may use vitrifi cation methods involving staged addi-
tions of increasingly concentrated cryoprotectant and ultra-rapid cooling which 
may be diffi cult to establish in routine use. For further information on cryopreserva-
tion and vitrifi cation see USP ( 2013 ) and Stacey and Day ( 2007 ). 

 Also implicit in GCCP is the requirement to use good aseptic techniques to avoid 
contamination (typically bacteria, fungi and mycoplasma).  Cultures   should be mon-
itored for evidence of contamination by daily microscopic examination and cell 
banks should also be subject to ‘sterility tests’ by recovery of frozen cells and inocu-
lation into micro biological growth media. It is important to realise that so-called 
“sterility tests” will not isolate all contaminants, but are designed to alert lab work-
ers that there has been a breakdown in aseptic procedures. Broader spectrum tests 
for contamination may be used as discussed below. All incoming stem cell lines 
should be treated as potentially contaminated and quarantined accordingly, until 
viable  cryopreserved   stocks have been established and subjected to sterility and 
mycoplasma testing (see below).  

3.2     Viability and Measurement of Growth 

  A viability test will give a “snap shot” of a certain aspect of cellular function or 
state, and does not necessarily give any information on the competency of a stem 
cell culture to survive and replicate, yield more stem cells or sustain its pluripo-
tency. However, cell viability and altered cell growth are important indices of toxic-
ity. They can be measured by several parameters including cell numbers, cell 
membrane function, DNA and protein content, redox potential, the ATP/ADP lev-
els, or enzyme activity. Therefore, common biomarkers that can be quantifi ed 
include ATP, NADH, Caspases, LDH, live- and dead-cell proteases, and membrane 
integrity, organelle function. A common form of viability assay is the trypan blue 
dye exclusion test, which enables an evaluation of membrane integrity. Use of such 
tests immediately after thawing cryopreserved cells may overestimate the number 
of cells that will survive as many cells will already be committed to the apoptotic 
cell death pathways. Enzyme-based methods (e.g. MTT, Alamar Blue, ATP assay), 
which employ a colorimetric or fl uorometric assay, are often considered superior 
due to their ease-of-use, reproducibility and scalability. In general, cell viability 
assays enable either the analyses of whole populations or of individual cells, and 
multiplexing of cell viability and functional assays will be necessary to gain mecha-
nistic insights into biological, toxicological and pathological processes. 
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 In order to establish a  cell   viability assay the potential limitations of assay chem-
istries have to be determined, in particular with respect to manual or automated high-
throughput applications. Depending on the assay chemistry and read out, some 
assays may be more suited to certain cell lines and culture models (2D vs. 3D, pro-
liferative vs. non-proliferative cells, etc.). Assay responsiveness is infl uenced by a 
number of factors including e.g.: (1) culture medium, supplements and matrix pro-
teins (2) dosage and exposure time to solvents and compounds, (3) buffering capac-
ity, (4) pH, (5) cell density, (6) evaporation/edge-effects of the microtiter plate, (7) 
incubation time and temperature, (8) linearity and chemical interactions between 
media, test compound and assay chemistry, (9) stability of assay reagents for time 
course analysis, (10) intra- and inter-assay variability, (11) and costs. Nevertheless, it 
is crucially important that the data obtained  in vitro  must reliably predict  in vivo 
 biological implications. Many key toxic events and pathways are common to most 
cell types. Hence, a particular toxicant can cause cell type specifi c pathologies, 
although the upstream event may be common to the modes-of-action triggered by the 
substance. Thus, it is fundamentally important to select a viability assay that is quali-
fi ed for the cultures and methods in question and to use the assay in combination and/
or correlation with functional read-outs in order to refl ect cell type-specifi c toxicity. 

 Clearly, a crucial issue is to demonstrate cell growth, but the nature of growth 
measurements will depend on whether cells are passaged as single cell suspensions 
or colony fragments. However, a general criterion can be set for a thawed vial of 
cells to be able to expand and “regenerate a ‘representative’ culture within an accept-
able period of time” (ISCBI  2009 ), for example between 2 and 5 days (NB in some 
case this may be as long as 24 days).  

  Growth rate   is an important characteristic to monitor as it may reveal fundamen-
tal changes in the cell line such as mycoplasma contamination or transformation. 
For single cell passaging methods it can be measured by estimating the population 
doublings at each passage i.e. number of cells harvested compared to the number of 
cells seeded. More accurate doubling estimations can be made by taking account of 
plating effi ciency i.e. (number of colonies/number of cells inoculated) × 100 %. For 
“cut and paste” passaging this is more diffi cult to estimate but an indication may be 
obtained from the rate of growth of colonies and if colony fragment seeding density 
at subculture and harvesting point is consistent, the time between passages may also 
be a helpful way to measure growth rate.  

3.3     Identity Testing 

 It is an important part of  Good   Cell Culture Practice (Coecke et al.  2005 ) to ensure 
that cell lines used in laboratory testing and research work have been authenticated. 
Cell line authentication by DNA profi ling is a critical step in the banking process, to 
give a unique “bar-code” for the cell line which can be used to identify and resolve 
cases of cell line cross-contamination and avoid dissemination of misidentifi ed lines 
(Barallon et al.  2010a ,  b ; Nims et al.  2010 ; Capes-Davis et al.  2013 ). 
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 Methodologies for individual specifi c genetic identifi cation using short tandem 
repeat (STR) DNA profi ling have been standardised within the fi eld of forensic sci-
ence, and commercial services and kits are readily accessible. These kits typically 
do not comprise PCR primers for exactly the same set of alleles but typically pro-
duce results for fi ve or more common STR alleles, which facilitates direct compari-
son of cell line profi les even when generated in different laboratories using different 
kits (ISCBI  2009 ). Useful guidance on performance of STR typing has been pub-
lished in an ANSI standard (Kerrigan and Nims  2011 ). Reporting of DNA profi le 
data should be considered carefully as donors could be identifi ed (Knoppers et al. 
 2011 ; Isasi et al.  2014 ). 

 It should be born in mind that multiple cell lines isolated from the same embryo or 
donor tissue (or identical twins), are not likely to be discriminated using DNA fi nger-
printing. Such cells should be clearly identifi ed in their naming (see Luong et al. 
 2011 ). Where there is no other scientifi c means of demonstrating their unique identity 
(such as detection of stable differences in microsatellite DNA), physical isolation of 
cell lines may be used to manage the risk of such lines becoming switched.  

3.4     Microbiological Testing 

 Routine  microbiological screening   should include testing for mycoplasma which 
can cause permanent deleterious effects on cellular physiology and genetics. 
Pharmacopoeia tests for culture of these organisms have been established including 
broth/agar culture and DNA staining following culture in susceptible cells. Such 
industry standards are sensitive and the cell line inoculation method will also iden-
tify contamination with strains that will grow in cell culture only. However, such 
techniques require from several days (cell culture inoculation and DNA stain) up to 
3 weeks (broth culture) incubation for a fi nal result. In addition, a range of com-
mercial kits (including RT-PCR) are available to rapidly monitor for mycoplasma. 
Novel and rapid test systems should be qualifi ed for their sensitivity and specifi city 
for detection of different strains so that their performance compared to standard 
methods is understood by users. 

 Bacterial and fungal contamination in cell culture can easily cause catastrophic 
loss of cultures. Routine use of antibiotics will not always prevent this and may 
protract contamination events by inhibiting but not eliminating contaminants or 
even inducing antibiotic resistance. Pharmacopoeia methods are established for 
detection of such contamination but, whilst still representing the industry standard, 
those used for cell culture samples rely on traditional culture media and conditions 
which will not enable all microorganisms to grow. A range of rapid detection tech-
niques have also been developed including non-specifi c methods (e.g., ATP biolu-
minescence, laser particle detection), detection of microbial products (e.g. bacterial 
endotoxin, fungal glycans) and specifi c detection methods including RT-PCR 
amplifi cation of ribosomal RNA gene sequences. Use of these rapid techniques is 
currently a subject of investigation and at this stage they have value when more than 
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one method is used in combination. However, at this time established sterility test-
ing methods remain the accepted test for vials from banks of cell lines. 

 Another reason for carrying out microbiological testing is to give some assurance 
that the cell lines will not represent an infectious hazard to laboratory workers. 
Whilst viral infection might be expected to be evident due to lysis of the cells, such 
infection can be persistent and non-cytopathic. One approach is to only use cell lines 
from donors for which screening for the most prevalent serious blood-borne viruses 
has been performed. However, it is probably more relevant to test seed or master 
stocks of cell lines directly using PCR techniques (see ISCBI  2009 ) and to assess the 
most likely risks associated with the tissue of origin in addition to considering 
blood-borne pathogens prevalent within the donor population. Of course it is impor-
tant to use test methods that would not cross-react with vectors used to generate PSC 
lines, for example HIV primers and lentiviral vectors. Microarray systems are now 
available that cover a broader range of human pathogens and other potential cell line 
contaminants, but these will require validation particularly regarding their sensitiv-
ity. It is also important to recognise that even non-pathogenic viral infection will 
have an impact on stem cell biology and in the near future it may  be   feasible to use 
next generation sequencing to screen cell lines for any virus.  

3.5     Key Phenotypic Markers Required for Quality Control 
of Undifferentiated hPSC Lines 

 Two types of marker are required for the control of undifferentiated  hPSC lines  : 
fi rstly those which identify the cell line as having a phenotype typical of hPSC and 
secondly, those which are capable of indicating changes in the expanding cell popu-
lations away from the original undifferentiated state. Key generic phenotypic marker 
profi les of undifferentiated cultures have been reported and an exemplar has been 
the consensus established by a multi-centre collaboration performed by the 
International Stem Cell Initiative (www.stem_cell_forum.net) for the typical anti-
genic and expression profi les for both hESCs and hiPSCs (Adewumi et al.  2007 ) 
(for a summary of hESC vs. hiPSC characteristics see Pistollato et al. ( 2012 )). 
These studies identifi ed that expression of a profi le of certain markers was typical 
of all hESC and hiPSC lines, although it should be recognised that these markers 
may also be found individually in other cell types (Adewumi et al.  2007 ). Table  11.2 , 
developed by the SEURAT-1 Stem Cell Group from Pistollato et al. ( 2012 ), shows 
typical quality control markers. It is also diffi cult to assign markers which will 
unequivocally identify change in the composition of an undifferentiated hPSC cul-
ture. Markers which have been used to indicate levels of differentiated cells in such 
cultures are SSEA-1 and SSEA-4 (Adewumi et al.  2007 ), which may increase and 
decrease respectively as the level of differentiated cells in a population increases in 
hPSC lines. Loss of markers of self-renewal such as Nanog and Oct-4, are also 
taken as an indication of signifi cant changes in the stem cell population. However, 
the exact nature of culture effects that cause such changes in stem cell populations 
remain to be elucidated.  
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3.6     Functional Potential and Pluripotency in Stem Cell Lines 

  The ultimate assay of pluripotency (germline competency) would not be permitted 
in humans. However, there are various  in vitro  assays which can be used to mea-
sure potential pluripotency including generation of teratomas in immune compro-
mised mice,  in vitro  growth of embryoid bodies and directed differentiation. 
Whilst, none of these has yet been able to prove that an hESC or hiPSC line can 
generate all cells of the human body i.e. truly pluripotent,  in vitro  differentiation 
methods can be used to show that the cell line is capable of generating cells repre-
sentative of each of the three germ layers required to create all the cells of the 
human body. They also provide an indication that the cell line has not been altered 
by  in vitro  culture. If a cell line fails to demonstrate potential pluripotency using 
one of these  in vitro  differentiation protocols, it may indicate that the cells were not 
fully pluripotent or that they have undergone deleterious changes during their iso-
lation and culture. However, cases have been identifi ed (members of the 
International Stem Cell Banking Initiative, personal communications) where a cell 
line appearing to fail one pluripotency assay may reveal potential for full pluripo-
tency in another assay. The establishment of reliable pluripotency assays is a chal-
lenge for the stem cell fi eld. There is clearly a signifi cant challenge in performing 
routine reliable pluripotency assays as part of quality control regime and it is not 
possible at this time to make fi rm conclusions about the most suitable methods for 
routine laboratory use and they may ultimately involve a  combination   of  in vitro  
and molecular assays. Suppliers of stem cell lines need to consider what method is 
most appropriate in their hands to confi rm the desired characteristics of the cells 
they release. It is recommended that researchers should perform pluripotency 
assays in early evaluation of cell lines, on cells recovered from seed stocks and 
repeated where cells are maintained for extended periods.   

3.7      Stem Cell Type Specifi c Quality Control 

 The means by which hPSC lines are  derived   may require certain additional features 
in their quality control regime. In particular, supplementary criteria for quality con-
trol of hESC lines derived from pre-implantation genetic diagnosis (PGD) and those 
subject to recombinant DNA modifi cation have already been described by Pistollato 
et al. ( 2012 ). 

 To assure the scientifi c quality of iPSC lines it is important to demonstrate that 
expression of exogenous reprogramming factors has been silenced and/or that the 
reprogramming vectors have been removed. In retroviral systems, incomplete 
silencing may be an indication of incomplete reprogramming which may infl u-
ence their biological performance for  in vitro  assays. It is also important to 
remember that recombinant non-integrating virus can persist for a number of pas-
sages and testing should be performed some time after isolation of the iPSC line 
to give assurance that virus is no longer expressed.  
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3.8     Release of Seed Stocks 

  It is part of Good Cell Culture Practice to document that each bank of stem cells has 
passed key quality control procedures. It is therefore recommended that the various 
test procedures described above should be captured on a single QC/characterisation 
summary record sheet for each cell bank demonstrating that this bank is fi t to release 
for experimental purposes. This will require setting acceptability criteria for each 
test. Such criteria are relatively straightforward for tests such as identity, myco-
plasma and virus screens where the result is usually clear cut i.e. a positive signal is 
present or absent. However, such tests will need to be qualifi ed with validation data 
(sensitivity and specifi city in particular) for the method used and records of controls 
used in each test. Other tests such as viability, karyology, phenotype and pluripo-
tency will generate quite variable data where it may be more challenging to set cut 
off limits for acceptability. In the case of viability it may be possible to establish 
such limits, but for others the range of data may vary between cell lines and culture 
media used. In such cases data may need to  be   recorded “for information” rather 
than as a release criterion (see Table  11.3 ). It is important that suppliers of cells can 
provide specifi c detailed certifi cation for each cell bank or batch of differentiated 
cells and not just historical testing from early seed stocks.    

4     Selecting and Developing Differentiation Protocols 

4.1     General Considerations 

 As for any procedure that is going to form part of a formal regulated system, a prescrip-
tive document (Standard Operating Procedure in a Good Laboratory Practice (GLP) 
environment) that incorporates all essential reagents, components and steps of the 
method description, should be developed. In particular, for stem cell-based  in vitro  
methods, SOPs should be established to provide detailed descriptions of the propaga-
tion and selection criteria for undifferentiated cells (see Sect.  3 ), culture differentiation, 
the cell expansion and differentiation media and manipulation procedures. In addition, 
the criteria for successful and suffi cient differentiation and assessment and measure-
ment of its  reproducibility  , together with the methods that are used for characterisation 
purposes, should be documented to assure that users can replicate original work and 
understand the test system they are working with (Coecke et al.  2005 ,  2014 ). 

 It is also important to understand the temporal profi le of changes that occur dur-
ing the differentiation process and it may be necessary to establish certain levels of 
biomarker expression for intermediate stages of differentiation, to determine repro-
ducibility of development in culture profi le. This is especially relevant if a progeni-
tor population is generated and cryopreserved to provide cells for the fi nal stages of 
differentiation. Differentiated cells intended for use in an assay should be evaluated 
not only by the characterization of cell specifi c gene or protein expression but also 
(where possible) by cell specifi c functional assays.  

G.N. Stacey et al.



273

4.2     Selection of Biomarkers for Key Cell Types Required 
in Toxicology 

 In order to confi rm that a particular differentiation process has generated appropri-
ate cells for use, it is evident that markers for each common hPSC-derived cell type 
are required, which identify a suffi cient level of cell differentiation/maturation and 
the suitability of these cells for use in a particular  in vitro  toxicity method. 
Acceptance criteria will need to be defi ned as the list of essential phenotypic or 
molecular features that must be satisfi ed prior to the user accepting each batch of 
differentiated cells for use in the  in vitro  toxicity assay. Typically acceptability is 
based on level of expression of certain markers characteristic of the desired cell 
type. Table  11.4  shows typical  markers and functional assays   that may be used for 
the quality control of hPSC-derived  in vitro  models obtained by directed differentia-
tion protocols to yield neural, hepatic, cardiac, keratinocyte and “mesenchymal” 
cell types as developed by the SEURAT-1 partners (SEURAT-1 Stem Cell Group). 
The specifi c metrics used to monitor these  characteristics   and provide tolerance 
limits and acceptability criteria for use, may vary depending on the specifi c differ-
entiation protocol, cell line used and aim of the studies. Thus, it will be necessary to 
generate qualifi cation data for the protocol with the proposed cell lines to under-
stand the most informative biomarkers to use in culture quality control and accept-
able levels of biomarker expression and variability.

4.2.1       Development of Human Neuronal Models Derived from Pluripotent 
Stem Cells: Neuronal/Glial-Like Cells for Toxicity Studies 

  Human embryonic stem cells (hESCs) and human induced pluripotent stem cells 
(hiPSCs) have ability to differentiate to various somatic-like cell types, including 
neuronal and glial cells. However, developing well-defi ned conditions to consis-
tently generate a pure population of neural stem cells (NSCs) is critical to achieve 
this goal. There are several neural induction methods that enrich NSCs of neuronal 
cell population using spontaneous differentiation, chemical induction or mouse 
stromal feeder cells. NSCs can be manually isolated and propagated as monolayer 
cultures for many passages. In principle, these cells can be differentiated to neurons 
and glial cells, providing an endless supply of cells for  in vitro  assays. Unfortunately, 
the robustness of these methods is hampered by batch to batch variability of isolated 
NSCs. Moreover, differentiation of NSCs often results in variable and heteroge-
neous cultures of neurons, glial cells as well as undifferentiated cells which ham-
pers many downstream applications such as  in vitro  assays. One promising approach 
is to identify cell surface markers (immune-phenotyping screens) specifi cally 
expressed on NSCs, glia and neurons to purify distinct cell type population using 
FACS (Yuan et al.  2011 ). 
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   Table 11.4    Candidate  biomarkers   for quality control of different hPSC-derived cell models 
studied in the SEURAT-1 partner consortium Sr&Tox (  http://www.scrtox.eu/    )   

 Cell types  Cellular markers  Functional assays 

 Cardiac cells  Immunological analysis of cellular 
marker expression: Tropomyosin, 
Troponin I, Actinin, Atrial Natriuretic 
Peptide, Desmin 

 Microscopic evaluation of contracting 
cells/areas produced in an effi cient 
differentiation protocol (Lian et al. 
 2012 ) 

 Costaining of MLC-2a and MLC2v 
for determination of subtype cell fate 
(atrial/ventricle) and maturation 
(atrial occurs fi rst in both subtypes, in 
ventricular CMs than coexpressed and 
later only MLC-2v) 

 When such 2D cultures are used for 
generation of 3D cultures the number 
of contracting clusters may be scored 
as a proportion of seeded 
undifferentiated cells (microscopic 
evaluation and fi eld potential recoding) 

 Analysis of gene expression: 
brachyury, Nkx2.5, alpha-cardiac 
actin, nppa 

 Generation of action potentials (for 
example as measured by micro-
electrode array) 
 Sensitivity to channel blockers (for 
example as measured by micro-
electrode array) 
 Functional hormonal regulation 

 Hepatic cells  Analysis of markers/genes 
expression: CYP3A4, CYP2B6, 
CYP1A1/2, CYP2C9, CYP2C19, 
CYP2D6, AFP, ALB, Sox17, 
CXCR4, HGF, HNF4, TAT, TTR 

 Urea synthesis 
 Glycogen uptake 
 Albumin secretion 
 Fibrinogen secretion 
 ATP levels 
 Glutathione (GSH) levels 
 Drug-metabolizing cytochrome P450 
(CYP450) activities (in particular 
CYP3A) 
 Analysis of Albumin synthesis 
 Phase II activities: Measurement of 
activities of glutathione S-transferase 
(GST) isoenzymes; Measurement of 
activities of UDP- 
glucuronosyltransferase (UGT) 
isoenzymes 
 Drug transporter capacity: analysis of 
ATP-binding cassette (ABC) 
transporter expression and activity; 
analysis of solute carrier (SLC) 
transporter expression 

(continued)
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Table 11.4 (continued)

 Cell types  Cellular markers  Functional assays 

 Neural cells   Immunological markers:   Measurement of neurite and axon 
formation and extension   Neural stem/progenitor cells:  

 Sox1, Sox2, Pax6, Nestin 
(neuroepithelial stem cells) 
 Sox2, Pax6, Nestin, 3CB2, BLBP 
(radial glia-like stem cells) 
  Neurons (generic):  
 β-III-tubulin, MAP2, NF200, 
Synapsin-I 
  Neuronal subtype-specifi c  
  Dopaminergic neurons:  Tyrosine-
hydroxylase (TH), FoxA2, En-1, 
Nurr-1 
  Cholinergic neurons : ChAT, VAChT, 
Acetylcholin 
  Serotonergic neurons : 5HT 
  GABAergic neurons  GABA, 
GAD65/67 
  Glutamatergic interneurons : 
VGLUT1/2 
  Layer-specifi c cortical neurons : 
FOXP1, FOXP2, CTIP2, calbindin, 
DARPP-32, Tbr1, Tbr2, Satb2, Cux1/2 
  Sensory neurons : Peripherin, Brn3a 
  Motoneurons : HB9, SMI-32 
  Analysis of gene expression/
immunocytochemistry for neural 
progenitors:  

 Generation of action potentials (as 
generated using micro-electrode 
arrays) 

 FoxG1, Otx1/2 (forebrain fate) 
 Pax2, En1/2, Lmx1Aa/b (midbrain fate) 
 Gbx2, HoxA2, HoxA4 (hindbrain fate) 
( specifi c markers for ventral and dorsal 
identities should/could be implemented 
for detailed characterization ) 

 Presence of ion channel activity 

(continued)
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 There are several diverse neural differentiation protocols for hESCs and hiPSCs, 
based on embryoid body formation (Carpenter et al.  2001 ; Zhang et al.  2001 ), direct 
differentiation into a neural lineage in a suspension cultures (Nat et al.  2007 ; Schulz 
et al.  2004 ) or in adherent cultures in coated well plates or in co-culture with mouse 
stromal cells or astrocytes (Baharvand et al.  2007 ). These differentiation protocols 
include several differentiation- and proliferation-inducing factors such as basic 
FGF, EGF, fetal bovine serum, inhibitory protein noggin, retinoic acid, BDNF, 
GDNF cAMP etc. as well as conditioned medium. The current neural differentiation 
protocols are not equally effective for different hESCs and hiPSCs lines, probably 
due to the infl uence of genetic background or derivation and culture methods. 

 One of the most important issues in the neuronal/glial differentiation is the 
detailed characterization of the terminal differentiated cell populations. It is impor-
tant to show that markers for pluripotency disappear during neuronal differentiation 
and markers specifi c for neuronal and glial maturation are up regulated. It has also 
been shown that in neurosphere cultures the process of neuronal differentiation is 
more advanced than in monolayer cultures. Typically neurospheres do not express 
the pluripotency marker Oct-4 after 3–6 weeks of differentiation but express 
Musashi, Nestin and Pax-6 indicating their neural progenitor nature (Lappalainen 
et al.  2010 ). 

Table 11.4 (continued)

 Cell types  Cellular markers  Functional assays 

 Keratinocytes  Analysis of immunological marker 
expression (FACS, IF): K5, K14, K10 

 Capacity to formed a stratifi ed 
epidermis confi rmed by histological 
H&E staining on the 3D tissue to 
identify the presence of Stratum 
Basal, Stratum Spinosum, Stratum 
Granulosum and Stratum Corneum. 
Presence of Stratum Corneum is 
critical and tolerances should be set 
for its thickness based on user 
experience. N.B. too thin giving poor 
barrier function and false positive 
toxicity and too thick yielding false 
negative results 

 Pan-CK antibody (CK14, CK15, CK16 
and CK19) performed on the terminally 
differentiated keratinocytes as a QC 
step immediately prior to setting up for 
3D differentiation into 3D epidermis 

 Analysis of gene expression: K5, 
K14, DeltaNP63 (marker of 
proliferative keratinocytes) involucrin 
(marker of senescent keratinocytes) 

 Mesenchymal 
progenitor 
cells 

 Analysis of immunological marker 
expression (FACS): CD29, CD44, 
CD73, CD105, CD166 

 Analysis of the proliferation capacity 
in presence of increasing serum 
concentration e.g. using Cell Titer 
Glo™ 
 Analysis of cells response to statin 
treatment and rescue by mevalonate 
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 In order to evaluate the suitability of the differentiated neuronal cell population 
for neurotoxicological studies the expression of specifi c differentiation-related 
markers should be characterized. In the case of neuronal differentiation the most 
obvious candidate proteins include neurofi lament 200 (NF200), Synapsin-I and 
synaptophysin for synaptogenesis (Pistollato et al.  2012 ). Studies of neurotoxicity 
 in vitro  studies should be performed in the presence of glial cells (due to their  in vivo  
supportive role), therefore it is important to identify and quantify the ratio of neu-
rons to astrocytes/microglia/oligodendrocytes in the terminal cell population. 
Astrocytes are usually identifi ed by the expression e.g. of GFAP, oligodendrocytes 
by the presence of a marker such as Olig1 and oligodendrocytes are stained by anti-
bodies for OX-42 (Lappalainen et al.  2010 ). A list of commonly used markers for 
each of the neurodevelopmental stages is given in Table  11.5 . After selection of a 
marker panel, specifi c quality control methods are needed to establish acceptability 
criteria (i.e. acceptable level of expression of cell specifi c markers at different stages 
of cells development and maturation) as well as evaluation of neuronal functional-
ity. Mature neuronal cultures derived from PSC should be proven to be 
 electro- physiologically active, generating action potentials. One of the commonly 
used techniques to characterize action potentials of mature neurons is the multi-
electrode array (MEA) (Hogberg et al.  2011 ), which is used as an alternative to the 
more classical and challenging ‘patch-clamping’ technique. In this case, specifi c 
quality control metrics for the functional activity and threshold levels for positive 
controls need to be defi ned in order to properly judge the neuronal maturation of an 
individual cell preparation. In general, a well-defi ned set of quality control analyses 
should serve as basis for acceptance criteria supporting a reduction of intra- and 
inter-laboratory variability of the test system as has been shown in ring-trial neuro-
toxicity studies based on MEA measurements (Novellino et al.  2011 ).

   Current neuronal differentiation protocols developed for hESCs and hiPSCs usu-
ally yield a high percentage of neural precursors (>80 %) (Zhou et al.  2010 ) and a 
signifi cant number of target cells (up to 60 %) (Zeng et al.  2010 ). hiPSCs also give 
an opportunity to create a range of patient genotype-specifi c or disease-specifi c 
models for neurotoxicity testing. Recently, there have been a number of key devel-
opments in neurotoxicological assays, including tests developed that measure the 
effects of chemicals on dopaminergic neurons (Zeng et al.  2006 ). A further test 
system has been developed based on measurement of neurite outgrowth providing 
 automated   high-content image analysis and high-throughput screening (Harrill 
et al.  2010 ). Screening using neural progenitors and differentiated neural cells (Han 
et al.  2009 ) has also been established. These test systems could be adapted for the 
screening of compounds for neurotoxic effects at different stages of neuronal dif-
ferentiation. However, in this fi eld one of the main aims is to establish human rele-
vant test systems which can predict the effect of a chemical on the function of 
neuronal networks measured by MEA techniques which can be applied to high 
throughput/content screening.   
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       Table 11.5    Markers used to discriminate between the different stages of renal development and 
expected markers of differentiated target  cells     

 Target cell  Expression  Additional characteristics 

 Development  Pluripotent 
stem cells 

 Nanog 16 (Silva et al.  2009 ), 
Oct4 (POU5F1) (Pan et al. 
 2002 ) 

 Highly proliferative, can 
differentiate into all 3 germ 
layers 

 Mesendoderm 
cells 

 Brachyury, Mixl1 (Lam et al. 
 2014 ) 

 Precursor of the 
intermediate mesoderm 

 Intermediate 
mesoderm (IM) 

 Pax2 a , Osr1 b , Lhx1 b  (Dressler 
 2009 ; Xia et al.  2013 ) 

 Precursor of the 
metanephric mesenchyme 
and ureteric bud 

 Metanephric 
mesenchyme 
(MM) 

 Six2, Sall1, Hox11, Eya1 
(Dressler  2009 ), Cited1/Cited 
2 (Boyle et al.  2007 ) 

 Glomerulus and tubular 
nephron progenitor 

 Ureteric bud 
(UB) 

 HoxB7, Gfra1, c-Ret (Xia 
et al.  2013 ), Cited4 

 Collecting duct progenitor 

 Differentiated  Podocyte cells  Synaptopodin (Faul et al. 
 2007 ) podocin (Boute et al. 
 2000 ; Roselli et al.  2002 ; 
Schwarz et al.  2001 ), nephrin 
(Holthofer et al.  1999 ; 
Holzman et al.  1999 ; Kestila 
et al.  1998 ; Ruotsalainen et al. 
 1999 ), podocalyxin (Horvat 
et al.  1986 ; Kerjaschki et al. 
 1984 ), CD2AP (Li et al.  2000 ; 
Shih et al.  2001 ) 

 Large cell body, 
interdigitated foot 
processes, VEGF and 
prostaglandin secretion 
(Jennings et al.  2003 ) 

 Proximal 
tubular cells 

 Aquaporin 1 (Nielsen et al. 
 2002 ), claudin 2 and 10 (Muto 
et al.  2010 ; Van Itallie et al. 
 2006 ; Wilmes et al.  2014 ), 
parathyroid hormone receptor 
1 (Stacey et al.  2014b ), 
organic cation transporter 2 
(SLC22A2), MATE1 
(SLC47A1) and MATE2-K 
(SLC47A2), organic anion 
transporter 1 (SLC22A6) and 
organic anion transporter 3 
(SLC22A8) (Motohashi et al. 
 2013 ), glutamyl transferase 
(GGT) (Glenner and Folk 
 1961 ) 

 Cobble stone morphology. 
PTH dependent cAMP 
induction, low to medium 
transepithelial electrical 
resistance (TEER), dome 
formation and paracellular 
water transport (Jennings 
et al.  2003 ; Wilmes et al. 
 2014 ) 

 Collecting duct 
cells 

 aquaporin 2, 3 and 4 (Nielsen 
et al.  2002 ), pendrin 
(SLC26A4) (Soleimani  2015 ) 

 AVP dependent cAMP 
induction, very high TEER 
(Jennings et al.  2003 ) 

  Please note these markers are not necessarily exclusive to the designated cell types, but they dis-
criminate from the other cell types in the table 
  a Some authors show that Pax2 expression persists into MM and UB stages 

  b Osr1 and Lhx1 also expressed in the lateral plate mesoderm  
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4.2.2     Development of Human Hepatic Models Derived from Pluripotent 
Stem Cells 

  Hepatocytes derived from pluripotent stem cells are generally foetal in their pheno-
type. One major additional problem in order to obtain well differentiated hepato-
cytes is the fact that freshly isolated hepatocytes rapidly dedifferentiate in most  in 
vitro  systems used and lose their ability to perform basic hepatocyte functions 
(Richert et al.  2006 ; Schwartz et al.  2014 ) (for typical hepatocyte markers see 
Table  11.5 ). The key differences between stem cell derived hepatocytes and adult 
human hepatocytes have hitherto limited the use of stem cells as a source for  in vitro  
modelling of liver responses. 

 Several different protocols have been used for the differentiation from stem cells 
to hepatocyte like cells. A key component is the differentiation of stem cells to 
DE-HEP cells using Activin A (Hay et al.  2008 ). However, most of these protocols do 
not provide cells with a useful phenotype. Some improved phenotype is obtained by 
using 3D systems for the differentiation process either in hollow fi bre bioreactors 
(Sivertsson et al.  2013 ) or in spheroids (Subramanian et al.  2014 ), where the expres-
sion of key genes encoding e.g. albumin production and drug metabolism is improved. 

 Toxicity assays have been performed using known hepato-toxins and high con-
tent image analysis based determination of toxicity (Sirenko et al.  2014 ) or ATP 
based toxicity assays (Ulvestad et al.  2013 ; Szkolnicka et al.  2014 ). The results 
show that in some cases the sensitivity for drug toxicity in these stem cell derived 
hepatocytes are not too far from those produced by primary hepatocytes cultivated 
for 48 h, but still they do not yet provide a robust model of drug induced  hepatotoxicity 
 in vivo  in man. To a certain extent the latter extrapolation cannot be possible unless 
systems are developed that can be used for assays of chronic drug toxicity, which  in 
vivo  often develops only after 4–12 weeks of development. Furthermore, it is impor-
tant to include immunologically relevant cells which can mimic the drug induced 
idiosyncratic reactions, which in many cases are dependent on the action of specifi c 
HLA class II antigens. Usually stem cell derived hepatocytes are stable only for a 
maximum of 2 weeks, hampering the use of such cells for chronic drug induced 
hepatotoxicity. However, using a 3D collagen matrix culture (3D clump cultures) 
CYP3A4 expression at rather relevant levels have been achieved for 75 days 
(Gieseck et al.  2014 ). The introduction of immune cells and non-parenchymal cells 
together with the stem cell derived hepatocytes into 3D  in vitro  systems would of 
course be very challenging. In addition, it would be valuable to use cells derived 
from patients susceptible to drug induced liver toxicity in comparison with unaf-
fected controls to highlight potential adverse effects in the liver  in vivo . However, 
because of the current limited knowledge about differentiation of stem cells into 
non parenchymal cells and the lack of a useful hepatocyte phenotype in models 
derived from hESC or hiPSC,, it is anticipated that such integrated systems will not 
be achieved in the near future. 

 A key issue in the fi eld of stem cell derived hepatocytes are conditions for better 
differentiation and 2D or 3D systems for cultivation of hepatocytes that prevent dedif-
ferentiation. Interesting approaches have been taken where iPSC derived hepatocyte 
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like cells have been co-cultured with endothelial cells and mesenchymal stem cells on 
a pre-solidifi ed matrix forming 3D spheroids (liver buds) in 2 days which are trans-
planted after 4 days into immunodefi cient mice. The resulting human liver tissue has 
been found to be highly vascularized with many hepatic functions, although bile ducts 
are lacking (Takebe et al.  2013 ,  2014 ). 

 Another interesting approach is the use of small molecules for differentiation of 
stem cells to hepatocytes and for proliferation of hepatocytes  in vitro  as discussed 
by Shan et al. ( 2013 ). This involves cultivating iPSCs on matrigel supported by 
conditioned media from primary mouse embryonic fi broblasts in the presence of 
Activin A and growth factors, where after the small molecules were added 21 days 
post cultivation for 9 days. The hepatocyte phenotype that these authors achieve is 
encouraging for hPSC-based hepatic models, with high expression of several true 
hepatic genes. It will be interesting to see if this or similar protocols can be success-
fully reproduced in other labs and further developed. 

 In conclusion, we currently have stem cell derived hepatocytes that are relatively 
fetal, undifferentiated and not yet of the phenotypic level that can replace human 
primary hepatocytes with respect to screening for effects such as drug induced hep-
atotoxicity. Two novel protocols do indeed generate promising liver  functionality   of 
such cells, but are complicated and labour intensive. We would also like to see these 
protocols reproduced in other labs. However, fi nding of novel key factors for the 
differentiation of immature cells into hepatocytes might play an important role for 
future development of the fi eld. An interesting aspect in this respect is the simple 
overexpression of HNF4α for differentiation of HepaRG cells to generate highly 
functional differentiated cells (Chen et al.  2014 ). Further identifi cation of key 
 transcription factors and other gene products necessary to activate in the right win-
dow of cell differentiation might take this fi eld into a new era.     

4.2.3     Development of Human Cardiac Models Derived from Pluripotent 
Stem Cells 

  Recently, the use of hiPSC-derived cardiomyocytes (hiPSC-CM) has increased tre-
mendously in the study of basic cardiac (disease) biology, to assess the effects of 
drugs on the heart (effi cacy), and to assess possible toxic chemical effects. Recently, 
Acimovic and colleagues published a review on the available human pluripotent 
stem cell-derived cardiomyocytes as research and therapeutic tools (Acimovic et al. 
 2014 ). In the following section, the available methods as described in their review 
are shortly discussed. 

 One of the fi rst protocols describing cardiomyocyte formation from pluripotent 
stem cells consists of a co-culture of hESC with mouse visceral-endoderm-like 
(END-2) cells (Mummery et al.  2003 ). END-2 cells secrete factors that have a direct 
effect on cardiomyocyte differentiation, such as bone morphogenetic factors (BMPs), 
nodal/Activin A, fi broblast growth factors (FGFs) and repressors of the canonical 
Wnt/β-catenin signalling pathway (Acimovic et al.  2014 ). Generally, the effi ciency 
to produce cardiomyocytes using this original protocol was quite low, but modifi ca-
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tions to serum- and insulin-free culture conditions, as well as addition of L-ascorbic 
acid increased the cardiomyocyte yield (Passier et al.  2005 ; Freund et al.  2010 ). 

 Cardiomyocytes can also be obtained by culturing stem cells as three dimensional 
cell aggregates called embryoid bodies (EBs). To increase the cardiomyocyte yield, 
specifi c growth factors and small molecules can be added. For example, short term 
BMP4 treatment can be added to promote mesoderm induction (Zhang et al.  2008 ) 
and also p38 mitogen activated protein kinase (MAPK) inhibition is used to increase 
the cardiomyocyte yield (Graichen et al.  2008 ). Further, the canonical Wnt/β-catenin 
signalling pathway has an important role in cardiomyocyte differentiation. For effi -
cient cardiomyocyte differentiation, this pathway should be activated in the early 
phase, but inhibited in a later phase of differentiation (Lian et al.  2012 ). Wnt signal-
ling inhibition increases the effi ciency of BMP4-directed cardiac differentiation 
(Ren et al.  2011 ). Also, application of the histone deacetylase inhibitor trichostatin 
A has been found to enhance EB-mediated cardiac differentiation (Lim et al.  2013 ). 

 Growth factors and small molecules are also applied in monolayer-based cardiac 
differentiation protocols. Like with EB-mediated cardiac differentiation, effi cient 
differentiation results can be obtained if with BMP4-directed cardiac differentiation 
Wnt signalling is activated in an early phase and inhibited in a late phase of differ-
entiation (Paige et al.  2010 ). Further improvements can be obtained when insulin is 
removed and FGF2 is added (Uosaki et al.  2011 ). However, it must be noted that 
different differentiation protocols result in different ratios of ventricular and atrial- 
like cardiomyocytes (Acimovic et al.  2014 ). 

 During the differentiation steps, signs of immaturity are clearly visible (e.g. 
expression of pluripotency and mesenchymal markers, such as stage-specifi c anti-
gen 1 (SSEA1) and mesoderm posterior 1 (MESP1) (Blin et al.  2010 ) or cardiac 
progenitor markers LIM, homeodomain transcription factor Isl1 (Cai et al.  2003 ) 
and homeobox protein Nkx-2.5 (Stanley et al.  2002 ). When maintained in culture 
for a long time, phenotypic features similar as those of adult cardiomyocytes can be 
found (Acimovic et al.  2014 ; Ivashchenko et al.  2013 ; Lee et al.  2011 ; Lundy et al. 
 2013 ). It also has been suggested that stimuli like electrical stimulation and mechan-
ical stretching improve maturity and functionality of stem-cell derived cardiomyo-
cytes (Nunes et al.  2013 ). 

 For a correct interpretation and reproducibility of experiments, it is of utmost 
importance that the stem-cell derived  cardiomyocytes   used are thoroughly charac-
terized. There are no published consensus guidelines for this, but Mordwinkin and 
colleagues recently published a list of criteria that could be used for stem-cell 
derived cardiomyocyte characterization (Mordwinkin et al.  2013 ). These are listed 
in Table  11.5 .   

4.2.4     Development of Human Keratinocyte Models Derived 
from Pluripotent Stem Cells 

 Human  keratinocytes and human   skin models are key to predicting skin irritation and 
may be valuable in predicting other toxic effects in skin. Currently, there are a num-
ber of  in vitro  systems that have regulatory acceptance but these are all derived from 
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primary tissue. The provision of cell lines that can expand indefi nitely and are 
capable of robustly and reliably producing stratifi ed epidermis  in vitro  would be of 
value to this area of testing. Pluripotent stem cells have been shown to be capable of 
generating dermis and express a range of biomarkers characteristic of the skin (Green 
et al.  2003 ; Guenou et al.  2009 ; Itoh et al.  2011 ). These markers include the keratins 
5, 10, and 14, as well as involucrin and fi laggrin, ITGA6, ITGB4, integrins α6 and 
β4, collagen VII and laminin 5 (Guenou et al.  2009 ; Laustriat et al.  2010 ; Dinella 
et al.  2014 ). The generation of 3D models of skin have also been reported (Petrova 
et al.  2014 ). Systems are also in development to construct micro- physiological skin 
models allowing the interactions between the skin and other organs to be studied 
(Guo et al.  2013 ). These systems are very promising areas of development but as with 
other cell types derived from PSCs, to date, they have yet to be developed into repro-
ducible differentiation protocols that can be used across a range of PSC lines.  

4.2.5     Development of Human “Mesenchymal” Models Derived 
from Pluripotent Stem Cells 

    Mesenchymal stromal cells (MSCs)   have the ability to differentiate into a number 
of cell types including adipocytes, chondrocytes, osteocytes and muscle. These cells 
have a great therapeutic potential due to their regenerative and immune- regulatory 
properties (Augello et al.  2010 ; Glenn and Whartenby  2014 ; Sutton and Bonfi eld 
 2014 ), they can also be isolated from a number of tissue sources and minimal crite-
ria to characterise bone marrow derived cell types has been established (Dominici 
et al.  2006 ). However, there is considerable confusion in the literature arising from 
poor reporting of MSC cultures and it is important to recognise that this is not one 
cell type but probably represents at least three fundamentally different groups. 
Primary human MSCs have also been investigated for use  in vitro , in acute toxicity 
testing and results from these studies indicate that MSCs could be a potential candi-
date cell type for use in basal cytotoxicity assays (Scanu et al.  2011 ). However, as 
with many primary cells, MSCs suffer from a number of issues including; source of 
starting tissue, availability of cells and batch to batch variability. These could poten-
tially be circumvented by using hPSCs to derive MSCs. Indeed there are a number 
of reports of the successful generation of MSCs from PSCs both in 2D and 3D 
systems (Hematti  2011 ; Chen et al.  2012 ; Li et al.  2013 ; TheinHan et al.  2013 ; Tang 
et al.  2014 ). Human pluripotent stem cell derived MSCs have been shown to be 
comparable to their bone marrow derived counterparts in radiosensitivity assays 
(Islam et al.  2015 ). The similarity between fi broblasts and mesenchymal cells is 
often debated and indeed there is a  school   of thought that suggests that these two 
cell types are identical (Haniffa et al.  2009 ; Hematti  2012 ). The use of fi broblasts, 
derived from human embryonic stem cells, as models for genotoxity has recently 
been explored (Vinoth et al.  2014 ) and the study revealed that these hPSC-derived 
fi broblasts were as sensitive to genotoxic challenge as other somatic cell types used 
in this assay, Again, as with other cell type specifi c models being established using 
PSCs, the robustness and reproducibility of this system is still a challenge but with 
time and effort these issues should be resolved.     

G.N. Stacey et al.



283

4.3     Development of New  In Vitro  Stem Cell-Based Cell Models 
for Toxicology 

  Clearly, a range of  in vitro  tissue cell types are achievable with increasingly better 
defi ned hPSC directed differentiation protocols under development. However, the 
stem cell community will need to clearly defi ne the use-cases where stem-cell based 
 in vitro  methods have an added value to other test systems or identify use-cases 
where none of the  in vitro  methods based on non-stem cell based systems can be 
used. An area of strong relevance to toxicology which is now advancing in terms of 
stem cell-derived models is neuronal 2D and 3D cultures and kidney-derived mod-
els. The following section draws on the toxicologically relevant exemplar of kidney 
to identify the kinds of scientifi c considerations needed to progress the early stage 
development of new stem cell based models. 

 The kidneys are vital organs which control the constituents of the blood and 
thereby regulate whole body homeostasis. Blood is continuously fi ltered in the 
glomerulus, passes into the renal tubule where essential substances such as sodium, 
glucose and amino acids are reabsorbed and waste products and excess substances 
are secreted. Due to the multitude of transporting and metabolising systems required 
to perform these tasks, cells of the kidney interact with a wide variety of chemicals 
entities. This, coupled with its ability to concentrate and metabolise compounds, 
makes it susceptible to injury by a wide variety of xenobiotics. The cells of the 
nephron exhibit a high degree of physiological, morphological and biochemical het-
erogeneity (Anonymous  1988 ; Kriz and Kaissling  2000 ). These properties deter-
mine site- specifi c sensitivities to xenobiotics. The cells of the glomerulus and the 
proximal tubule are the most frequently studied in the context of renal disease and 
toxicity due to their critical roles in fi ltration and reabsorption, respectively. Cultured 
renal cells, either primary cultures or immortalised cell, have been extensively 
employed in physiological and toxicological studies (Wilmes and Jennings  2014 ; 
Jennings et al.  2008 ,  2014 ; Dressler  2006 ). However, there is now a growing interest 
in the utilisation of stem cells to derive renal target cells, mostly for tissue engineer-
ing purposes. The use of stem cells is also very attractive for the fi eld of toxicology, 
not least due to the fact that cells can be derived from target populations. 

 The use of pluripotent stem cells to derive renal phenotypes, either from embry-
onic or somatic sources, brings new challenges. And the major challenge currently 
faced is the ability to acquire target cells with the desired phenotype. One strategy 
being pursued is to drive pluripotent stem cells through the critical stages in renal 
development. The kidney and gonads arise from the intermediate mesoderm which 
progress into the primary nephric duct consisting of the pronephros, mesonephros 
and metanephros (Sariola  2002 ). The permanent adult kidney derives from the lat-
ter. Within the metanephros the ureteric bud invades the surrounding metanephric 
mesenchyme and two-way signalling between these two tissues induces branched 
morphogenesis, leading to mature nephron development (Davies  2002 ). The ure-
teric bud will fi nally develop into the collecting duct, whereas the metanephric mes-
enchyme gives rise to both glomerulus and the cells of the renal tubule (Dressler 
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 2009 ). As pluripotent stem cells develop into multipotent lineages they lose the 
expression of critical pluripotent genes such as Nanog and Oct4 (or POU5F1 in 
humans). The loss of the expression of these genes is often used to demonstrate suc-
cessful progression to multipotent lineages. The intermediate mesoderm expresses 
factors such as Pax2, Osr1 and Lhx1, which may or may not be lost as differentia-
tion continues to metanephric mesenchyme and ureteric bud lineages (Xia et al. 
 2013 ; Takasato et al.  2014 ). Different protocols have been used to generate reason-
ably pure populations of intermediate mesoderm, including sequential addition of 
BMP4/FGF2, retinoic acid/activin A/BMP2 (Lam et al.  2014 ) or by activation of 
Wnt signaling with the small molecule agonist CHIR99021 (CHIR) to create 
brachyury and Mixl1 positive mesendoderm cells (Araoka et al.  2014 ; Narayanan 
et al.  2013 ). Several different mixes of developmental growth factors have been 
used to differentiate the intermediate mesoderm further into metanephric mesen-
chyme and ureteric bud cells and even to podocyte and proximal-like phenotypes 
(Song et al.  2012 ; Silva et al.  2009 ). A list of commonly used markers for each of 
the developmental stages and also markers and characteristics of the mature pheno-
types, which are present  in vivo  and maintained in primary culture and some cell 
lines are given in Table  11.5 . 

 While there has been great success in the derivation of target renal cells from 
pluripotent stem cells, there is still a great deal of work that needs to be done. For 
example, most of the protocols developed to-date give mixed populations of cells, 
in different differentiation states. Traditional strategies for  in vitro   toxicity   studies 
rely on relatively pure cultures of the target cell types. However, probably more 
troublesome is the lack of temporal phenotypic stability of the derived cells, which 
would be problematic for reproducibility and interpretation of chemical exposures. 
However, the fi eld is in its infancy and it is hoped that many of these challenges will 
be overcome in the near future. Table  11.5  gives examples of some to the key mark-
ers which may be useful in the development and control of stem cell-derived models 
of kidney tissue.    

5     General Acceptability Criteria of Stem Cell-Derived 
 In Vitro  Toxicology Assays 

  In order that  in vitro  toxicity methods based on stem cells-derived cell or tissue 
model (test system) can be considered reliable and relevant with global applicabil-
ity, they must be reliable and robust showing technical reproducibility between dif-
ferent experimental runs, operators, laboratories and source of equipment and 
reagents. A key component in assuring such reliability and standardisation of data 
outputs is the use of suitable positive and negative controls. The generation of clear 
and unambiguous data, and a clear defi ned concept on how to use the results in the 
context of hazard and risk assessment contexts are of high importance. For new  in 
vitro  toxicity methods based on stem cells as a test system, enough historical data 
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should be generated in the development phase to defi ne specifi c acceptance criteria 
for all elements of the  in vitro  method and a defi ned level of expected performance 
of the method or the specifi c measurements of interest. 

 In order to defi ne such stem-cell based phenotypic criteria the stem cells must 
have a specifi c functionality, which can be measured, whilst for stem cell-based 
molecular features a very well defi ned characteristics need to be identifi ed to estab-
lish specifi c acceptance criteria. Acceptance criteria related to the biological func-
tion of stem cell-derived models are used to qualify the stem cells for use in a 
specifi c  in vitro  toxicity method and have been based largely on marker phenotype 
as described in  Sect. 3  above. These can help to assure consistent performance of 
the stem cell-derived cell model based on monitoring activities carried out at spe-
cifi c points in preparation and use of the stem cell derived culture. However, the 
association between marker phenotype and predictability of toxicity with different 
compounds clearly requires validation and control of appropriate functional fea-
tures of the cellular model. Exemplars of these are also discussed above in  Sect. 3 . 
Such acceptance criteria may need to be specifi c to the stem cell line used or its 
genotype and also the intended application of the assay. However, for  in vitro  meth-
ods where different stem cell models may need to be used for the same application 
(e.g. read-out, multiple genotypes tested against the same compound), it is impor-
tant to defi ne performance standards that the different methods should comply with 
to enable the stem cell user community to compare results from different stem cell- 
based  in vitro  methods. 

 Regulatory acceptance and validation of new  in vitro  assays can be a time- 
consuming process and given the variety of new alternative  in vitro  methods now 
becoming available, a system of capturing early stage protocols and qualifi cation 
data is now being developed in a collaboration between the ToxBank consortium 
and the Joint Research Centre in Ispra (Stacey et al.  2014b ). Developing  in vitro  
methods to achieve regulatory acceptance usually follows a series of steps:

    (1)    method development (e.g. carried out in academic, industrial or regulatory 
environments)   

   (2)    method optimisation (e.g. carried out by the original developer, new users of a 
particular method, or by validation bodies)   

   (3)    method validation (with or without the involvement of validation bodies)   
   (4)    method acceptance (e.g. facilitated by the involvement of the Organisation of 

Economic Cooperation and Development, OECD, through the development of 
test guidelines)    

  Acceptance and performance criteria, covering all aspects of the test system and 
test method should be developed and optimised as early as possible to expedite the 
overall validation process. Validation is a pivotal step towards the  regulatory   accep-
tance and the international recognition of  in vitro  methods for a range of scientifi c 
purposes by a variety of end-users, as described in internationally accepted guid-
ance (OECD  2005 ), and throughout this book.   
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6     Establishment of Control Materials 

 The process of regulatory acceptance must include evaluation of the performance of 
novel  in vitro  toxicity methods and their comparison with established  in vitro  and  in 
vivo  toxicological methods. However, it is also important to control the essential 
components of the  in vitro  method including the exposure and purity of the test 
chemicals (test items), the  in vitro  biological models (test systems including any 
stem cell based test system), the analytical techniques used and the experimental 
design. Endpoint controls are increasingly PCR-based and it is likely that there will 
be a role for DNA or RNA-based reference materials to provide quantitative con-
trols for assuring suitability of cultures for use in toxicology assays. 

 Control compounds (positive controls)    whose mode of action and  in vitro  
response is well characterised are clearly important to demonstrate consistent func-
tionality of cell-based models and a number have been established in the ToxBank 
project and by EURL ECVAM at the European Commission Joint Research Centre. 
Such reference materials will be vital for international standardisation in develop-
ment of these assays and reference materials for analytical techniques will probably 
be an important infl uence in standardisation of stem cell–based toxicological assays 
in the long term. However, such control materials are highly specifi c to the cell type 
and induced mechanism of toxicity. Another useful approach for developers of  in 
vitro  stem cell or tissue-based methods for specifi c toxicological applications is to 
consult lists of commercially available chemicals that can be used to assess the per-
formance of their new developed methods. A range of sets of test compounds being 
established for different purposes can be found at   http://chelist.jrc.ec.europa.eu/    . 

 Control materials will clearly also be important for the control of safety testing 
for viral contaminants and numerous international reference materials for virus 
detection in certain products have already been established. For more information 
see   http://nibsc.org/    .  

7     Conclusions and Future Perspectives 

 Future toxicological applications in routine testing using stem cell or tissue test 
systems will be dependent on the ability to deliver consistency in their molecular 
and phenotypic functions. Another critical factor in their successful uptake in 
industry will be the availability of cell preparations which can be used directly in  in 
vitro  methods. This may involve more effi cient differentiation protocols and also 
new cryopreservation methods for differentiated cells and progenitor cultures. 
Careful attention to good cell culture practice in coordination with attention to reg-
ulatory and industry requirements will be critical. This will probably require the 
qualifi cation of initial cultures (prior to differentiation), using new phenotypic and/
or epigenetic screens to establish batch to batch consistency and maintenance of 
pluripotency. 
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  Complex systems   comprising multiple cell types that generate more sophisti-
cated and predictive data sets could be extremely valuable and are just beginning to 
be developed. Approaches have also been developed within the SEURAT-1 pro-
gramme using 3D culture to establish stable systems to study repeat dose and 
chronic drug effects and increased comparability with  in vivo  function. 

 The recent successes in direct differentiation to certain cell types outlined in 
this chapter provide future potential  in vitro  models with more effi cient differen-
tiation but these are still at a very early stage of research development. Major 
challenges remain regarding our ability to achieve suffi cient numbers of cells 
reproducibly for large scale assays and our ability to assure that the responses of 
culture models produced by artifi cial cell differentiation replicate those of cells 
created via natural pathways of cellular development and differentiation. However, 
new strategies and developments including bead-based combinatorial differentia-
tion (Tarunina et al.  2014 ; Efthymiou et al.  2014 ) are providing promising poten-
tial solutions. 

 The importance of technological developments and  systems biology   approaches 
for stem cell models of the future will also require progress in the following areas:

•    stem cell “omics” technologies and more readily accessible bioinformatics 
systems  

•   stem cell culture automation as well as high-throughput techniques to promote 
reproducibility and capacity for industry use  

•   development of stem cell cultures in systems biological approaches to generate 
information regarding toxicological pathways or the mode of action of test items 
of various kinds.  

•   establishment of the potential toxicological applications using iPSC and the 
donor concept (e.g. DILI project)  

•   use of stem cell-based  in vitro  methods for integrated testing strategies  
•   validated stem cell-based mechanistic tools targeting key events in adverse out-

come pathway, especially specifi c for human cells.  
•   the adverse outcome pathways (AOPs)    concept that has been designed to be used 

for human risk assessment. Therefore to be useful for regulatory purposes it has 
to demonstrated that the key events described in the AOP are relevant to human 
cells, and vice versa. For this reason the critical molecular mechanisms of toxic-
ity that are unique for human cells have to be studied using human models 
derived from hPSCs since the available human cells originated from cancer tis-
sue do not represent the physiological, normal human situation and have very 
limited application  

•   role of stem cell-based toxicological methods for future regulatory applications 
(mixtures, grouping of substances) in combination with profi ling methods such 
as omics etc.  

•   enhancing communication on progress in development of qualifi ed stem cell 
based assays    
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 It is hoped that stem cell and tissue-based  in vitro  models will increasingly help 
to elucidate critical toxicological questions and hopefully more elusive chronic 
toxic effects. Going forward, it will be important to continue identifying gaps and 
opportunities regarding the role of stem cell and tissue-based  in vitro  toxicological 
methods in assuring complementarity with other  in vitro  methods by exploiting the 
unique features of stem cells (especially of human origin) as a toxicological test 
systems. Much progress has been made in the development of stem cell-based neu-
ral cell models. However, key challenges remain for the development of accurate  in 
vitro  human cell-based models of  in vivo  tissue types including, muscle (especially 
cardiac tissue), liver and kidney. We have highlighted some advances in these areas 
but further work is required to provide accurate models of adult human tissue which 
can be generated reliably and effi ciently for use in the setting of routine industrial 
scale screening.      

8      Appendix 1: Ethics Criteria for Cell Lines Selection 
(hiPSCs and hESCs) 

 In order to establish that all cell lines were obtained from tissue that has been ethi-
cally sourced the researchers must be able to provide evidence for the following:

•    That fully informed consent was obtained and recorded for the donor tissue  
•   That consent permits the intended uses of the hPSC lines derived from the 

donor’s tissue  
•   That the donor’s identity was anonymised  
•   A validated copy of the original consent form (with donor details redacted) is 

available and/or a statement is available from a person authorised by the owner 
or derivation centre on the ethical provenance of the cell line including a contact 
that would facilitate confi rmation of the original consent without breaking donor 
anonymity.  

•   There should be a clear statement on any constraints applied by the donor on the 
use of derivatives from their cells/tissues.  

•   Cell lines are registered within the hESCreg database  
•   Copies of blank consent form (or an English translation) and any information 

provided to the donor are available.  
•   Evidence from the donation process that the donor was aware that:  
•   Derived lines may be exploited commercially but that donors would not receive 

personal fi nancial benefi t.  
•   The donors decision to donate tissue would not infl uence their personal treatment 

an there would be no feedback on data from the cell line derived from their tis-
sue. Derived hPSCs could be used for a wide range of purposes in different labo-
ratories and may be tested for genetic characteristics, microbiological 
contamination and other features of the cells.      
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    Chapter 12   
 Validation of Bioreactor and Human-on-a- 
Chip Devices for Chemical Safety Assessment                     

     Sofi a     P.     Rebelo    ,     Eva-Maria     Dehne     ,     Catarina     Brito    ,     Reyk     Horland    , 
    Paula     M.     Alves      and     Uwe     Marx   

    Abstract     Equipment and device qualifi cation and test assay validation in the fi eld 
of tissue engineered human organs for substance assessment remain formidable 
tasks with only a few successful examples so far. The hurdles seem to increase with 
the growing complexity of the biological systems, emulated by the respective mod-
els. Controlled single tissue or organ culture in bioreactors improves the organ- 
specifi c functions and maintains their phenotypic stability for longer periods of 
time. The reproducibility attained with bioreactor operations is,  per se , an advan-
tage for the validation of safety assessment. Regulatory agencies have gradually 
altered the validation concept from exhaustive “product” to rigorous and detailed 
process characterization, valuing reproducibility as a standard for validation. 
“Human-on-a-chip” technologies applying micro-physiological systems to the  in 
vitro  combination of miniaturized human organ equivalents into functional human 
micro-organisms are nowadays thought to be the most elaborate solution created to 
date. They target the replacement of the current most complex models—laboratory 
animals. Therefore, we provide here a road map towards the validation of such 
“human-on-a-chip” models and qualifi cation of their respective bioreactor and 
microchip equipment along a path currently used for the respective animal models.  
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1       Bioreactor Technologies for Chemical Safety Assessment 

1.1     Introduction 

 To effectively address the effects of chemical agents in humans, it is crucial that the 
 in vitro  models applied are physiologically relevant and representative of the com-
plexity observed  in vivo . Nevertheless, this complexity must be coupled with repro-
ducibility, control and automation for industrial and clinical applications, which can 
be attained with cultures in bioreactors. 

 Bioreactors (BRs) are devices engineered to support biological processes for mul-
tiple applications, ranging from the production of biopharmaceuticals to tissue engi-
neering. The key feature of these systems is the high level of control over the 
bioprocesses, which is achieved by on-line monitorization and automated regulation 
of environmental culture parameters, such as temperature, pH, partial pressure of oxy-
gen (pO 2 ), and nutrient and metabolite concentrations. Moreover, the dynamic condi-
tions offered by bioreactors ensure effi cient mass transfer in the culture vessel, which 
is a key factor to minimise oxygen and nutrient gradients and maintain a homogenous 
culture environment. The control, automation and effi cient mass transfer simplify the 
transition from bench-top bioreactors to larger scales, critical to meet industrial 
requirements. In addition to scalability, the low contamination risk of bioreactors pro-
vides a cost-effective solution for large-scale productions in the industry. 

 Bioreactors used in tissue engineering are developed to deliver a cell product that 
restores or improves organ-specifi c functions. For this purpose, the bioreactor and 
bioprocess should be designed to recreate the  in vivo  tissue architecture and micro-
environment.  Tissue recapitulation   often implies (1) the transition from two- 
dimensional (2D) to three-dimensional (3D) culture; (2) the recreation of the 
tissue-like cell-extracellular matrix (ECM) and cell-cell interactions—monotypic or 
heterotypic—and (3) the mimicking of hydrodynamic forces and the physiochemi-
cal environment (Martin et al.  2004 ; Griffi th and Swartz  2006 ; Fennema et al.  2013 ). 
Multiple bioreactor designs have been developed for organ-specifi c applications, 
suitable for sustaining 3D cultures, various cell types or ECM components. 
Moreover, the fl exibility of bioreactors enables the modulation of the culture param-
eters to attain precise control of a physiochemical microenvironment, e.g .  for the 
culture of stem cells (SCs) in hypoxic conditions as revised (Serra et al.  2012 ). 
Similarly, hydrodynamic parameters can be tuned for specifi c cellular requirements, 
such as mimicking the mass transport environment of the endothelial barrier that is 
favourable for the maintenance of primary hepatocyte cells  in vitro  (Lee et al.  2007 ). 
The effi cient  mass transfer   and pO 2  control provide oxygen diffusion through com-
pact 3D structures, preventing the formation of necrotic regions within the tissue 
and minimising gradients of soluble factors (Griffi th and Swartz  2006 ). 

 Another important aspect of bioreactors is their fl exibility towards the operation 
mode applied. Among the available operation modes—batch, fed-batch and perfu-
sion—the latest has been broadly applied in tissue engineering. In perfusion 
 operation mode, fresh medium is fed to a bioreactor containing cells that are retained 
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within the system, with gradual replacement of culture medium. In contrast to batch 
and fed-batch modes, perfusion allows the removal of the toxic metabolic by- 
products and the constant replenishment of nutrients and growth factors that con-
tribute to elicit specifi c functions. 

 Altogether, the bioreactor characteristics mentioned above are responsible for 
maintaining organ-specifi c properties which include cell integrity, morphology, bio-
chemical activity and biostability.  

1.2     Bioreactors for Toxicological Assessment 

1.2.1     Advantages of Bioreactors for Safety Assessment 

 The maintenance of organ-specifi c properties and phenotypic stability, as well as 
the reproducibility achieved by culture in controlled conditions, are major advan-
tages of using bioreactors to develop  in vitro  models for safety assessment. In bio-
reactor cultures, stable phenotypes are extended for long periods of time, opening 
the door to address relevant toxicity issues, such as repeated dose toxicity at sub- 
acute concentrations. This type of toxicity, which has always been studied using  in 
vivo  models, can now take advantage of the  in vitro  model systems to understand its 
subjacent molecular basis that might differ signifi cantly from the mechanisms 
involved in sub-chronic exposure to high doses (Slikker Jr. et al.  2004 ). 

 The scalability offered by bioreactors for drug-drug interactions provides the 
possibility of combining multiple compounds using the same donor material and 
culture conditions, comprising comprehensive amounts of data in a single bioreac-
tor run. For toxicological assessment, the  scalability   is often a synonym for paral-
lelization achieved by designing multiplexed formats. These may be coupled with 
high-throughput screening platforms or high-content screening tools to facilitate the 
phenotypic and analytical characterization of cells acting upon drug stimuli, critical 
to accelerate and strengthen pharmacological testing. 

 Another advantage of bioreactors applying dynamic conditions for drug testing 
is that cells are not exposed to a constant drug concentration, as occurs in static 
systems. This resembles more the  in vivo  processes of drug biotransformation in 
which the concentration of the drug constantly changes. Similarly, effi cient mass 
transfer is important for the diffusion of chemical compounds through the tissues, 
which is particularly relevant for 3D cultures.  

1.2.2     Existent Bioreactor Systems for Safety Assessment 

 Multiple bioreactor designs have been developed to support culture strategies for 
 organ-specifi c systems   and SCs, which are applicable for toxicological studies. Due 
to the central role of the liver in detoxifi cation, most bioreactor confi gurations have 
been developed for hepatic cultures and these also represent the most mature 
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technologies in terms of validation. Thus, the next section will cover the bioreactors 
developed for hepatic cultures and their validation status, taking into account that 
some formats can or have been adapted to other organ systems. 

   Perfused Monolayer Systems 

 The simplest formats of  bioreactors   are monolayer-based bioreactors applying per-
fusion operation modes. In the MultiChamber Modular Bioreactor (McMB), the 
collagen-coated polydimethylsiloxan wells support the primary cultures of human 
hepatocytes with constant perfusion. Expression of phase I, II and III enzymes was 
up-regulated when compared with static conditions and maintained for at least 2 
weeks in culture (Vinci et al.  2011 ), reinforcing the role of perfusion in human sys-
tems. Several formats applying the same principle and presenting several adapta-
tions are commercially available, such as Minucell (Xia et al.  2009 ), which includes 
a collagen overlay to minimise the effects of shear stress. Despite the improvements 
in comparison to static cultures and the simplicity of using 2D culture systems, 
these systems fail to recapitulate the tissue-specifi c architecture. In addition, there is 
typically no control of pO 2 , pH and temperature. Thus, perfused monolayer systems 
present an upgrade from static culture by incorporating dynamic fl ow, but are not 
bioreactors to full extent, with automated control and monitoring of culture 
parameters.  

   Hollow Fibres Bioreactors 

  Hollow fi bre bioreactors comprise an interwoven network of semipermeable mem-
branes which are perfused by medium and oxygen, aiming to resemble blood capil-
laries  in vivo . The cells are arranged in compact 3D structures in between the 
capillary systems. Applying this principle, a number of bioreactors were designed 
for clinical applications to support extracorporeal liver function in patients with 
liver failure. Two of these systems have been validated for pharmacological applica-
tions: the Modular Extracorporeal Liver System (MELS) developed by Gerlach’s 
research group (Gerlach et al.  1994 ), and the AMC bioreactor developed, by 
Chamuleau and co-workers (Flendrig et al.  1997 ). In the miniaturized format of the 
MELS bioreactor, scaled down to 2 mL, major drug metabolizing P450 enzymes 
were preserved up to 23 days in primary cultures of human hepatocytes in co- culture 
with non-parenchymal cells (Zeilinger et al.  2011 ). This design has been applied 
more recently for the differentiation of human pluripotent SC towards hepatocyte- 
like cells (Miki et al.  2011 ). The AMC bioreactor has been validated using the 
hepatic cell line HepaRG, which presented phase I and II drug  metabolism   and 
production of bile salts (Nibourg et al.  2013 ). A major drawback of these systems is 
the inaccessibility to the cell compartment throughout the culture time, not allowing 
phenotypic monitoring and cell sampling. Furthermore, hollow fi bre bioreactors fail 
to accurately control pH and pO 2  within the fi bres.   
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   Stirred-Tank Bioreactors 

    Stirred-tank bioreactors (STBs)   which have long been applied in industry for the 
production of biopharmaceuticals, may also be used for  in vitro  cell models for 
pharmacological testing. In STBs, cells are inoculated as cell suspension and the 
hydrodynamics of the bioreactor—determined by vessel and impeller type, and agi-
tation rate—is adjusted to elicit cell-cell contacts and promote aggregation into cell 
spheroids. Dynamic parameters need to be balanced to guarantee diffusion through 
the aggregates, preventing the formation of necrotic centres, while the shear stress 
is minimised. Spheroid culture of rat hepatocytes has long been reported, resulting 
in increased albumin production and phase I-II activity (Abu- Absi et al.  2002 ) and 
maintenance of hepatocyte polarisation (Miranda et al.  2009 ). More recently, pri-
mary cultures of human hepatocytes were maintained under physiological oxygen 
conditions and perfusion operation mode, extending culture viability and function-
ality for up to 3–4 weeks (Tostoes et al.  2012 ). Hepatocytes in this system present a 
functional phenotype displaying bile canalicular networks, phase I and II enzyme 
activities, and inducibility of CYP P450s. The use of biomaterials in STBs has also 
been addressed, by alginate microencapsulation of rat hepatocyte (Miranda et al. 
 2010 ; Tostoes et al.  2011 ) and HepaRG (Rebelo et al.  2015 ) cell spheroids, which 
represents a strategy to overcome eventual shear stress effects on stirred culture and 
to retain ECM and, eventually, soluble factors of the cellular microenvironment 
within a stirred culture. Importantly, STBs are compatible with sterile non-destruc-
tive sampling, allowing the characterization of cultured cells throughout the culture 
period. Although these systems are not suitable for performing high-throughput 
characterization during culture, STBs may be used as feeder systems to perform 
endpoint assays along the culture period in higher throughput platforms. As an alter-
native to  STBs  , the rotating wall vessel (RWV) bioreactors generate a dynamic 
laminar fl ow by rotating fl uid, which effectively reduces diffusion limitations with 
low shear stress. Few studies have been performed for hepatocytes (Schwarz et al. 
 1992 ; Mitteregger et al.  1999 ), but RWV bioreactors have been applied for other 
organ systems (Navran  2008 ).    

   Microbioreactors 

  The possibility of miniaturizing and multiplexing bioreactor formats for toxicologi-
cal assessment is a great advantage due to the minimisation of expensive culture and 
biological material and parallel testing of compounds of interest. A chance emerged 
at the beginning of this century, with the use of micro-electro mechanical systems 
(MEMS), for the development of dynamic micro-scale tissue culture devices, to min-
iaturise  in vitro  organs to the smallest possible scale. These systems are based on 
microchannels for the fl ow of media, and miniaturized cell culture compartments. 
Such systems support the replication of shear stress at physiological intracapillary or 
interstitial rates, which is mandatory in order to maintain stable protein and oxygen 
gradient-based microenvironments. What is the smallest possible degree of liver 

12 Validation of Bioreactor and Human-on-a-Chip Devices…



304

miniaturization on such chips? It is important to recognise that a paradigm of strin-
gent correlation between architecture and functionality applies to all levels of bio-
logical existence on Earth. These levels of increasing biological complexity have 
appeared progressively within the multi-million-year process of evolution. These 
developments were most probably triggered by slight changes in the external envi-
ronment which created the conditions for self-assembly to the next level of complex-
ity. Molecules, intracellular organelles, cells, organoids, organs and, fi nally, the 
individual organisms themselves, were thought to represent these levels for humans. 
The role and function of the organoid structures in man were underestimated for a 
long time. Today, however, it has been proven that almost all organs and systems are 
build up by multiple, identical, functionally self-reliant, structural units which per-
form the most prominent functions of the particular organ. It is important that these 
organoids are of very small dimensions, from several cell layers up to a few millime-
tres. In the liver, these smallest functional organoids are called liver lobuli, and are 
built up of a variety of cell types in a defi ned three dimensional arrangement. The 
multiplication of these structures within a given organ is nature’s risk management 
tool to prevent a total loss of functionality during partial organ damage. With regard 
to evolution, this concept has allowed organ size and shape to be easily adjusted to 
the needs of a given species—for example, the liver in mice and men—while follow-
ing nearly the same arrangement to build up single functional organoids. The advent 
of liver microsystems began with the single cell type culture of hepatocytes on chips 
(Powers et al.  2002 ; Leclerc et al.  2004 ; Ho et al.  2006 ; Lee et al.  2007 ; Toh et al. 
 2007 ,  2009 ; Carraro et al.  2008 ; Park et al.  2008 ; Goral et al.  2010 ). 

 Some high throughput multiwell systems, applying microfl uidics for somewhat 
complex  in vitro  models, have undergone validation for toxicological approaches. 
The Perfusion Array Liver System (PEARL), designed by Lee and co-workers to 
mimic the liver acinus, constitutes an innovative approach to design modular units 
with physiological relevance. With a design compatible with a 96-well plate, the 
system is composed of microunits of artifi cial liver acinus with an endothelial-like 
barrier, intended to simulate the mass transfer properties of the liver sinusoid. 
Primary cultures of human hepatocytes were maintained for 7 days in culture and 
were responsive to diclofenac toxicity at high concentrations (Lee et al.  2007 ). 
Khetani and Bhatia developed a multiwell system containing micropatterned struc-
tures of PDMS for the co-culture of fi broblasts and hepatocytes, which is compati-
ble with robotic fl uid handling and phenotypic screening tools. This co-culture 
system was validated for up to 6 weeks with maintenance of gene expression pro-
fi le, phase I/II metabolism, canalicular transport, secretion of liver-specifi c products 
and susceptibility to hepatotoxins (Khetani and Bhatia  2008 ). 

 Consequently, in a next step,  heterotypic   co-culture systems combining multiple 
crucial cell types into artifi cial functional units were able to more realistically mimic 
aspects of the liver lobulus (Kane et al.  2006 ; Hwa et al.  2007 ; Khetani and Bhatia 
 2008 ). Finally, none of the single liver organ equivalents currently used  in vitro  
emulate human liver lobules in a functionally and architecturally comparable man-
ner. The roadmap toward truly human liver-on-a-chip solutions is outlined in a 
recent review (Materne et al.  2013 ).   
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   Bioreactors for Non-hepatic Organ Systems 

  Although the liver is the organ on which most mature technology and validation has 
been performed, the advent of SCs has brought the development of protocols and 
culture strategies for the differentiation towards mature organ-specifi c systems, 
bringing new tools for toxicological assessment. Regarding the central nervous sys-
tem, the differentiation of SCs into mature neural cells as 3D aggregates has been 
performed using either stirred systems (Brito et al.  2012 ) or cellular microarray 
platforms (Meli et al.  2014 ) with successful outcomes concerning maturity of termi-
nally differentiated neuronal cells. For cardiac differentiation, a number of biopro-
cesses have been applied exploring 3D cell architecture, hydrodynamics and 
hypoxic conditions in bioreactors to deliver functional cardiomyocytes (Bauwens 
et al.  2005 ; Niebruegge et al.  2009 ; Correia et al.  2014 ). Nevertheless, most of the 
work has focused on the enhancement of the maturity of differentiated cell pheno-
types, with few toxicity studies performed so far. A few bioreactors have been 
developed for excretory toxicity, mostly based on aggregates of kidney cell lines in 
stirred systems, as reviewed in (Desrochers et al.  2014 ). Other cell models, such as 
gut (Cencic and Langerholc  2010 ), skin and eye (Vinardell and Mitjans  2008 ), have 
been cultured, mostly in non-controlled static systems. The role of the immune 
system in predicted toxic and immune response for safety assessment is critical. The 
fi rst dynamic bioreactor system emulating human immune response in functional 
artifi cial human lymph node cultures was developed by Giese et al. (Giese et al. 
 2006 ). The system has been qualifi ed and is used for repeated dose substance testing 
at industrial scale over weeks (Giese et al.  2010 ). Some drugs that appear safe in 
animal safety tests and early-phase clinical trials exhibit adverse reactions when 
exposed to larger populations, frequently through activation of infl ammatory signal-
ling pathways. These signalling pathways may infl uence toxicity mechanisms, 
modulating the response to the drug in an unpredicted manner. Synergistic effects 
between infl ammatory pathways and metabolic activation upon drug stimuli in 
hepatocytes have been described, leading to an increased loss of cell viability 
(Cosgrove et al.  2009 ; Kostadinova et al.  2013 ). Few bioreactors have incorporated 
the immune system cells in their confi guration, with the exception of studies in 
transwells applying perfusion, to unravel the regulation of lymphocyte traffi c 
through endothelial cells by hepatocytes (Edwards et al.  2005 ), but the existent 
designs might be adapted to incorporate an additional level of complexity. Static 
and dynamic systems modelling human immunogenicity and immunotoxicity  in 
vitro  were reviewed short time ago (Giese and Marx  2014 ). 

 Until recently a number of non-hepatic organ equivalents have also been estab-
lished at a smallest possible chip scale.  Chips   working with single cell type cultures, 
such as endothelial cells (Young and Simmons  2010 ), myoblasts (Gu et al.  2004 ), 
neurons (Rhee et al.  2005 ), and adipose cells (Nakayama et al.  2008 ), have evolved 
towards heterotypic co-culture systems of the lung alveolus (Huh et al.  2010 ), the 
small artery (Günther et al.  2010 ), the intestinal villus (Sato et al.  2009 ; Ootani et al. 
 2010 ; Lahar et al.  2011 ; Sung et al.  2011 ; Yu et al.  2012 ), the central nervous system 
columns (Park et al.  2009 ), and the bone-marrow unit (Cui et al.  2007 ).     
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1.3     Requirements for Validation of Single Organ/Tissue 
Bioreactors 

  While there is a good collection of data on the detoxifi cation metabolism for hepatic 
systems, it is still necessary either to adapt existent bioreactors or to perform further 
validation studies to collect more data on the toxicological performance for other 
organs. Despite the maturity of bioreactor technologies and the quantity of toxicologi-
cal data available for each cellular model, the validation is still impeded by the lack of 
standardization concerning culture processes, biomarkers and endpoints for functional 
evaluation. As overviewed in this chapter, controlled single tissue or organ culture in 
bioreactors improves the organ-specifi c functions and maintains the phenotypic sta-
bility for longer periods of time, independent of bioreactor size and architecture. The 
reproducibility attained with bioreactor operations is,  per se , an advantage for the vali-
dation of safety assessment. By establishing cultures in bioreactors, the entire culture 
process is fully characterized, with tracking of oxygen consumption, pH fl uctuations, 
shifts in metabolite concentration, etc. Regulatory agencies have gradually altered the 
validation concept from exhaustive “product” characterization to rigorous and detailed 
process characterization, valuing reproducibility as a standard for validation. From this 
perspective, establishing  in vitro  cell models and performing toxicological studies in 
bioreactors will be key for the validation of chemical safety assessment. 

 Nevertheless, harmonization of culture conditions in bioreactors is necessary 
to perform cross-comparison between different institutions. Several computer 
simulations and models have been developed for parameters such as pO 2  and 
hydrodynamics which are associated with the mass transfer properties of the bio-
reactor and may affect specifi c pathways or defi ne whether a chemical agent dif-
fuses through the tissue, as discussed by Salehi-Nik and co-authors (Salehi-Nik 
et al.  2013 ). With the support of these studies and the emergence of more model-
ling data, it will be possible to establish directives for bioprocess operation. In 
dynamic systems, it is also important to set the perfusion rates, as the enzymatic 
biotransformation of the drug is affected by the rates to which the compound is 
available at a given moment. Similarly, the media components, including growth 
factors, cytokines, inducers of enzyme activity applied to improve tissue specifi c 
functions during culture or to differentiate towards a specifi c lineage, must also be 
standardized for toxicity assessment. 

 The harmonization of cellular endpoints and biomarkers of cell differentiation/
functionality for  in vitro  culture also poses a complex effort, due to the range of 
culture strategies available (cell sources, co-cultures), as revised by Schroeder and 
co-authors (Schroeder et al.  2011 ). In addition, the defi nition of general guidelines 
for validation still require further development of on-line/non-invasive characteriza-
tion tools to address parameters such as cell integrity/viability, morphology and 
metabolic activity (Mendhe et al.  2012 ), so that comparison between several culture 
systems, different bioreactor confi gurations and  in vivo  data is possible indepen-
dently of sampling accessibility. 

 For long-term toxicity studies, it is crucial to establish time-points, doses 
and specifi c periods of exposure to chemical agents, which depend on the organ 
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substantially, pathway and group of chemicals studied. Importantly, it is mandatory 
that the data collected by  in vitro  culture in bioreactors is correlated to existent  in 
vivo  data and that the new standards generated for validation are based on this cor-
relation regarding levels of activity, rates of perfusion, doses, etc. The new standards 
generated for validation should not only encompass general features, such as basic 
integrity and metabolic activity, but should also be directed at specifi c modes of 
action for groups of chemicals. This implies that a combination of data from mul-
tiple tests is performed by the use of chemical categories/grouping using “Integrated 
Testing Strategies”, as has been proposed by experts in toxicology and gradually 
accepted by the regulatory agencies (Lilienblum et al.  2008 ; Hartung et al.  2013 ). 

 The signifi cant progress in bioreactor-based single organ modelling at ever 
decreasing scale “fi rst in history”  provides   a basis for organ integration into systems 
of true organismal complexity. Being developed in this way, such “human-on-a- 
chip” systems might mark a translational paradigm shift in safety and effi cacy 
assessment in the future, eventually enabling mode of action analysis and adverse 
outcome pathway assessment at a level currently reserved for animal testing and 
clinical trials in man. These novel “human-on-a-chip” strategies are overviewed in 
the next section of this chapter.    

2     Human-on-a-Chip Devices for Chemical Safety Assessment 

2.1     Introduction 

 Strategies to develop “human-on-a-chip” technologies are applying micro- 
physiological systems towards the  in vitro  combination of miniaturized human 
organ equivalents into functional human micro-organisms. These aim to replace 
systemic toxicity testing and effi cacy assessment of therapeutic agents, food addi-
tives, chemicals, or environmental pollutants in laboratory animals and might gen-
erate predictive data to humans  safety and effi cacy evaluation   prior to substance 
exposure to humans. Therefore, the technologies need to functionally represent 
normal and diseased human biology at the smallest possible scale at reproducible 
and viable operation under physiological or pathological conditions over long peri-
ods of time. If these are generated from the respective donor or patient tissue 
sources, they bear the capacity for the representation of normal and disease pheno-
types and population diversity. Finally, they are amenable to high-content screen-
ing due to their small size. Such “human-on-a-chip” technologies are at an early 
stage of development, but a prime top-down US initiative between DARPA 
(Defence Advanced Research Projects Agency), NIH (National Institutes of 
Health) and the FDA (Food and Drug Administration), with more than USD 140 
million investment into respective developments (  http://www.ncats.nih.gov/
research/reengineering/tissue-chip/funding/funding.html    ) and a number of signifi -
cant development investments in Europe, has initiated an irreversible process 
toward success in this area.  
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2.2     Historical Sketch (Toward Organismal Engineering) 

  Over the last hundred years, scientists have been trying to emulate human tissue archi-
tecture and microenvironment  in vitro  in order to gain mechanistic knowledge and to 
assist with the development of new medicines. Interestingly, as early as 1912, Alexis 
Carrel (Rockefeller Institute for Medical Research, New York) said “On the perma-
nent life of tissues outside of the organism” (Carrel  1912 ), that some  in vitro  “cultures 
could be maintained in active life for 50, 55 and even for 60 days”. These results 
demonstrated that the early death of tissues cultivated  in vitro  was preventable and 
“therefore that their permanent life was not impossible”. At that time, synthetic cell 
culture media, antibiotics, disposable tissue culture fl asks, aseptic techniques, and 
bioreactors were not available. About two decades later, an avian bone more than 
7 mm long and with clear signs of calcifi cation could be produced  in vitro  from 
embryonic cells (Fell and Robison  1929 ). Interestingly, some of the early human his-
totypic cultures, such as Dexter and Lajatha’s culture of human haematopoietic SCs 
on feeder layers, demonstrated the crucial importance of the interaction of different 
primary human cell types with each other to form human- like growth and functional-
ity (Dexter and Lajtha  1974 ). It took more than half a century to recognise that static 
tissue cultures in fl asks or petri dishes with media levels higher than 1.2 mm generate 
a non-physiological low level of oxygen supply for primary liver cells from humans 
and rodents (McLimans et al.  1968 ). It became obvious that true emulation of human 
biology  in vitro  needs to be established on primary human cells, carrying the geno-
typic information of their respective donors. Furthermore, embryonic SCs give rise to 
ectoderm, mesoderm and endoderm early in human embryonic development. Rapid 
pluripotent SC proliferation and cell differentiation into various tissues, which is 
induced by local microenvironments, continues from fertilization to beyond adoles-
cence, during which organs mature at different rates before functional homeostasis is 
reached. Should a xenobiotic cause organ or tissue damage, regenerative processes 
attempt to restore this homeostasis by the renewal of damaged tissue. Thus, biological 
substrates from the early development of human individuals might provide a valid cell 
source for the  in vitro  modelling of organ functionality and organ regeneration. Human 
embryonic SC technologies (Ben-David et al.  2012 ), and, more recently, induced plu-
ripotent SC technologies (Takahashi et al.  2007 ; Inoue et al.  2014 ) have provided 
nearly unlimited access to human tissues for the  in vitro  emulation of organs. First 
impressive results of human organoid self-assembly from embryonic SC sources are 
demonstrated in literature, for example, for the generation of miniaturized gut equiva-
lents (Spence et al.  2011 ) and human mini-brains (Lancaster et al.  2013 ). 

 In a next step, it has  become   clear that, in addition to effi cient oxygen and nutrient 
supply, a local microenvironment with appropriate mechanicochemical coupling 
achieved by regulating interstitial fl ow or applying external stresses is a crucial prereq-
uisite for mimicking the  in vivo  biology of individual organs at stable homeostasis over 
long periods (Griffi th and Swartz  2006 ). Finally,  in vitro -generated individual organs 
should be interconnected properly to represent the functionality of a human organism. 
First attempts to interconnect different cell types or tissues at a miniaturized chip scale 
through microchannels, applying microsystem technologies were reported in literature 
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(Hwan et al.  2009 ; Zhang et al.  2009 ; Sung et al.  2010 ; Imura et al.  2010 ). A long-term 
stable homeostasis between human 3D liver spheroids and skin biopsies on a chip were 
demonstrated recently (Wagner et al.  2013 ). In the human body, organs are intercon-
nected by a vascular network entirely lined by human endothelial cells, representing 
nature’s blood-tissue barrier. The endothelial cell layer communicates with the tissue 
and signals into the blood stream to recruit, for example, leucocytes into a region of local 
damage in the organism. Finally, a closed endothelial cell layer prevents blood cells 
from bleeding into tissue and clotting. Different approaches to establish human vascula-
ture  in vitro  at a mini- scale through the so-called BioVaSc technology (Mertsching et al. 
 2009 ; Schanz et al.  2010 ; Scheller et al.  2013 ) and at microscale on chips (Yeon et al. 
 2012 ; Kim et al.  2013 ; Schimek et al.  2013 ; Lee et al.  2014 ) have been published in the 
past. Summarizing the historical developments: After more than 100 years of  in vitro  
cell cultures, all technological prerequisites to emulate a human organism at miniature 
scale are in place. The question remains how many organs are necessary to achieve 
organismal complexity and how small can we go?   

2.3     Human-on-a-Chip Systems: The Concept 

 Nowadays, systemic single and repeated dose safety assessment, disease modelling, 
systemic testing, and effi cacy evaluation of substances are carried out on laboratory 
animals and in humans due to the lack of predictive alternatives. Relevant interna-
tional guidelines for chemical testing— OECD test guidelines   407, 408, 410–413, 
419, and 453—demand 28-day, 90-day and 12 month test durations, and oral, dermal 
and inhalation exposure routes in groups of 25–50 animals per substance for safety 
assessment. The toxicity testing of pharmaceuticals often adheres to approximately 
the same number and species of animal per drug candidate, and lasts from weeks to 
months, whilst safety testing in humans usually requires 60–100 healthy volunteers 
who are exposed over days and weeks. Notably, the use of animal disease models for 
the effi cacy evaluation of drug candidates has increased rapidly over the last decade. 
Once an animal model is accepted as a suitable representation of a specifi c human 
disease, substance testing is commonly carried out over weeks and months in groups 
of several hundred animals, similar to human patients in clinical phase 2 trials. A 
translational alternative to these tests and trials should ideally narrow down the phy-
logenetic distance between laboratory animals and human beings, and close the bio-
similarity gap between the current single “organ-on-a-chip” and human beings. 

 The defi nition of  spatial-temporal biological levels   is of outstanding importance 
for “human-on-a-chip” concepts, due to the biological fi delity of a human individ-
ual during their lifespan. It is evident in substance testing and disease modelling 
arenas, that prenatal development, childhood and adulthood, at gender level are dis-
crete phases of human biology in an individual’s lifespan. Considering the ever- 
increasing human lifespan, senescence is envisaged as a new category which can 
hardly be modelled using laboratory animals. In addition, the period of pregnancy 
is also a category to be considered. Current “human-on-a-chip” developments focus 
on the emulation of non-pregnant adulthood, as this time span has the largest 
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numeric relevance for safety and effi cacy testing. Steadily improving concepts 
towards the “human-on-a-chip” have been reviewed in literature (Huh et al.  2011 ; 
Shuler  2012 ; Marx et al.  2012 ; van de Stolpe and den Toonder  2013 ). The afore-
mentioned DARPA-NIH-FDA US initiative has postulated, that organs from the 
following ten systems should be interconnected in a biological manner to gain 
human organismal homeostasis  in vitro : circulatory, endocrine, gastrointestinal, 
immune, integumentary, musculoskeletal, nervous, reproductive, respiratory, and 
urinary. With regard to the scale of chip-based organisms, the fi rst approaches to 
calculate a biologically representative scale-down of human organs have been pub-
lished (Moraes et al.  2013 ; Wikswo et al.  2013 ). We have recently published a pos-
sible design of such a “human-on-a-chip” with a scaling mechanism, taking into 
account the organoid structure of each and every organ (Giese and Marx  2014 ).  

2.4     A Validation Roadmap for Upcoming “Human-on-a-Chip” 
Solutions 

 Once “human-on-a-chip” concepts turn into solutions capable of replacing systemic 
substance testing in animals, their qualifi cation and validation strategies should 
adhere to the latest standards of  qualifi cation and validation   and might be compared 
to those laboratory animal tests, which they aim to replace. There are two proce-
dural pathways aiming at the validation of a “human-on-a-chip” based test assay 
within the current regulatory landscape in US and Europe. 

 Firstly, if the “human-on-a-chip” based  model   aims to replace the animal model quali-
fi ed through the new US FDA validation strategy of Drug Development Tools (DDT), the 
validation programme should adhere to exactly the same criteria. The aforementioned 
FDA DDT Qualifi cation Programme involves a “fi t-for-purpose” qualifi cation. Once an 
animal model is qualifi ed for a specifi c context of use as a DTT, industry can use the tool 
for the qualifi ed purpose during product development, and FDA reviewers can be confi -
dent in applying the DDT without the underlying supporting data. Qualifi cation of an 
animal model according to this Animal Model Qualifi cation Programme of the FDA is 
voluntary (i.e. not required for product approval or licensure under the Animal Rule). The 
 qualifi cation   process is limited to animal models used for product approval under the 
Animal Rule. A qualifi ed model may be used for effi cacy testing in development pro-
grammes for multiple investigational drugs for the same disease or condition targeted. 
Such animal models are considered to be product-independent (i.e. not linked to a specifi c 
drug). The regulatory pathway above mentioned should apply equally to a “human-on-a-
chip” solution, replacing the respective animal model and, therefore, should be a possible 
and reliable road map leading towards fast and pragmatic validation. 

 Secondly, for the validation of “human-on-a-chip”  models   aiming to replace the 
animal models used in the aforementioned OECD guidelines in chemical safety 
assessment, the adherence to existing OECD Guidance Document on Validation of 
test methods for hazard assessment (OECD  2005 ), the EMA guideline on regulatory 
acceptance of 3R methods and qualifi cation of novel methodologies for drug devel-
opment (EMEA/CHMP/SAWP/72894/2008 Corr1), via the EMA Scientifi c Advice 
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Working Party (SAWP) and the recommendation of the ICH Safety Topic 
Recommendation Working Group could be instrumental. In other words, the follow-
ing validation principles should apply to validate a “human-on-a-chip” based assay, 
for example, to replace the current technical  guideline   OECD TG 410 on “Repeated 
Dose Dermal Toxicity: 21/28-day Study” in adult rat, rabbit or guinea pigs:

    1.    Bioreactor equipment operating the “human-on-a-chip” solutions should be 
qualifi ed according to standard IQ, OQ and PQ procedures (installation-, opera-
tion- and performance qualifi cation).   

   2.    Test design should address the endpoints covered by the existing test guidelines   
   3.    Representative groups of substances for validation should be used with prior co- 

ordination with the respective regulatory agency.    

  In addition, the validation process should consider the recommendations of the 
aforementioned sources. 

 As of today, a subsequent combination of the two validation pathways, as shown 
in Fig.  12.1 , seems to be the most  effi cient   road map toward validation of upcoming 
“human-on-a-chip” solutions.

  Fig. 12.1    A possible stepwise validation  roadmap   for upcoming human-on-a-chip solutions       
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    Chapter 13   
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    Abstract     In this chapter, we explain how Integrated Approaches to Testing and 
Assessment (IATA) offer a means of integrating and translating the data generated 
by toxicity testing methods, thereby serving as fl exible and suitable tools for toxico-
logical decision making in the twenty-fi rst century. In addition to traditional  in vitro  
and  in vivo  testing methods, IATA are increasingly incorporating newly developed 
 in vitro  systems and measurement technologies such as high throughput screening 
and high content imaging. Computational approaches are also being used in IATA 
development, both as a means of generating data (e.g. QSARs), interpreting data 
(bioinformatics and chemoinformatics), and as a means of integrating multiple 
sources of data (e.g. expert systems, bayesian models). Decision analytic methods 
derived from socioeconomic theory can also play a role in developing fl exible and 
optimal IATA solutions. Some of the challenges involved in the development, vali-
dation and implementation of IATA are also discussed.  
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1       Introduction 

 In order to realise the vision of Toxicology in the twenty-fi rst Century (NRC  2007 ), 
the regulatory assessment of chemical safety needs to move away from the use of 
“one-size-fi ts-all” and largely pre-defi ned batteries of standard toxicity tests and 
exposure studies towards the use of more-focused and hypothesis-driven approaches 
that are tailored to the characteristics and intended use of the chemical. Furthermore, 
this paradigm shift in toxicology implies a transformation of the current way of con-
ducting toxicity testing from a system based on phenotypic responses in animals 
towards the use of pathway-based approaches that capture our understanding of 
chemical distribution and fate (in the environment and biological organisms) and the 
physiological mechanisms underlying toxicity in exposed organisms. The move 
towards a more mechanistically-based risk assessment process implies a knowledge 
of the underlying toxicokinetic and toxicodynamic processes, the use of mechanistic 
data derived from high-throughput and high-content screening (HTS/HCS) assays in 
cell lines, cell cultures and/or tissue surrogates, combined with the application of a 
range of computational methods for data analysis and predictive modelling. 

 The integrated use of these different methodologies and data sources in a trans-
parent and scientifi cally sound manner represents a considerable intellectual and 
practical challenge, and many solutions have been proposed. These are typically 
referred to as Intelligent or Integrated Testing Strategies (ITS) or (more recently) 
Integrated Approaches to Testing and Assessment (IATA). While various  defi ni-
tions   have been proposed for these terms (Table  13.1 ), in this chapter we use the 

   Table 13.1     Defi nitions   of ITS and IATA in the scientifi c literature   

 Defi nition/explanation of ITS or IATA  Reference 

 “An integrated testing strategy is any approach to the evaluation of 
toxicity which serves to reduce, refi ne or replace an existing animal 
procedure, and which is based on the use of two or more of the following: 
physicochemical data,  in vitro  data, human data (for example, 
epidemiological, clinical case reports), animal data (where unavoidable), 
computational methods (such as quantitative structure-activity 
relationships [QSAR]) and biokinetic models.” 

 Blaauboer et al. 
( 1999 ) 

 “In the context of safety assessment, an Integrated Testing Strategy is a 
methodology which integrates information for toxicological evaluation 
from more than one source, thus facilitating decision-making. This should 
be achieved whilst taking into consideration the principles of the Three Rs 
(reduction, refi nement and replacement).” 

 Kinsner- 
Ovaskainen et al. 
( 2009 ) 

 “ITS can be described as combinations of test batteries covering relevant 
mechanistic steps and organised in a logical, hypothesis-driven decision 
scheme, which is required to make effi cient use of generated data and to 
gain a comprehensive information basis for making decisions regarding 
hazard or risk. We approach ITS from a system analysis perspective and 
understand them as decision support tools that synthesise information in a 
cumulative manner and that guide testing in such a way that information 
gain in a testing sequence is maximised. 

 Jaworska and 
Hoffma  nn ( 2010 ) 

(continued)

A.P. Worth and G. Patlewicz



319

term IATA to refer to any such approach. Possible applications of IATA include 
priority setting, hazard identifi cation/profi ling, hazard classifi cation and labelling, 
PBT and vPvB assessment, and risk assessment. The increasing use of IATA in the 
assessment of chemicals is expected to have numerous benefi ts, including the reduc-
tion, refi nement and replacement of animal testing, increased effi ciencies in testing 
and assessment, and the generation of more extensive and more reliable data that 
will inform the safe design of innovative chemical products and improve the protec-
tion of human health and the environment.

   In this chapter, we present a few examples of IATA to illustrate the breadth the 
IATA approach, and then discuss some of the key issues relating to the develop-
ment, validation and implementation of IATA in a regulatory setting.  

Table 13.1 (continued)

 Defi nition/explanation of ITS or IATA  Reference 

 This defi nition clearly separates ITS from tiered approaches in two ways. 
First, tiered approaches consider only the information generated in the last 
step for a decision … Secondly, in tiered testing strategies the sequence of 
tests is prescribed, albeit loosely, based on average biological relevance and 
is left to expert judgment. In contrast, our defi nition enables an integrated 
and systematic approach to guide testing such that the sequence is not 
necessarily prescribed ahead of time but is tailored to the chemical-specifi c 
situation. Depending on the already available information on a specifi c 
chemical the sequence might be adapted and optimised for meeting specifi c 
information targets” 

  

 “A tiered approach to data gathering, testing, and assessment that 
integrates different types of data (including physicochemical and other 
chemical properties as well as  in vitro  and  in vivo  toxicity data). When 
combined with estimates of exposure in an appropriate manner, the IATA 
provides predictions of risk. In an IATA, unsuitable substances are 
screened out early in the process. This reduces the number of substances 
that are subjected to the complete suite of regulatory tests. Plausible and 
testable hypotheses are formulated based on existing information and/or 
information derived from lower tier testing and only targeted testing is 
performed in the higher tiers. Failure to satisfy the toxicity requirements at 
a lower tier typically precludes further testing at a higher tier.” 

 Council of 
Canadian 
Academies ( 2012 ) 

 “In the context of safety assessment, an ITS is a methodology integrating 
information from several sources of toxicological evaluation allowing 
appropriate decision making.” 

 De Wever et al. 
( 2012 ) 

 “An integrated test strategy is an algorithm to combine (different) test 
result(s) and, possibly, non-test information (existing data,  in silico  
extrapolations from existing data or modeling) to give a combined test 
result. They often will have interim decision points at which further 
building blocks may be considered.” 

 Hartung et al. 
( 2013 ) 

 An OECD working defi nition (as of 2015) is “a structured approach used 
for hazard identifi cation (potential), hazard characterisation (potency) and/
or safety assessment (potential/potency and exposure) of a chemical or 
group of chemicals, which strategically integrates and weighs all relevant 
data to inform regulatory decisions regarding potential hazard and/or risk 
and/or the need for further targeted testing and therefore optimising and 
potentially reducing the number of tests that need to be conducted” 

 OECD ( 2015a ,  b , 
 c ) 
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2     Historical Perspective on IATA 

  Research on the development and evaluation of IATA has been published since the 
early 1990s. A pioneering example was the ECITTS project, which explored and 
illustrated the integration of biokinetic modelling with  in vitro  testing for the predic-
tion of systemic toxicity (Blaauboer et al.  1994 ; DeJongh et al.  1999 ). Building on 
this work, a Task Force established by the European Centre for the Validation of 
Alternative Methods (ECVAM; now the European Union Reference Laboratory for 
Alternatives to Animal Testing—EURL ECVAM) proposed some generic and 
endpoint- specifi c strategies for assessing systemic toxicity (Blaauboer et al.  1999 ). 
Subsequent efforts by EURL ECVAM focused on the development of tiered strate-
gies for local toxicity (skin and eye irritation/corrosion) as well as on the develop-
ment of a generic approach for evaluating these strategies (Worth et al.  1998 ; Worth 
and Fentem  1999 ; Worth  2000 ,  2004 ). 

 In 2001, the European Commission’s proposal for the REACH legislation 
stimulated widespread efforts in the EU aimed at developing and proposing 
IATA. A DEFRA-funded project resulted in proposed decision trees for all the 
major human health and environmental effects required under REACH (Grindon 
et al.  2008 ). Furthermore, several EU-funded research projects focused on the 
development of building blocks and testing strategies for REACH-relevant end-
points, as summarised in Table  13.2 . Around the same time, the European 
Commission’s Joint Research Centre coordinated the formulation of testing 
strategies for human health and environmental effects that ultimately became 
part of ECHA’s guidance on fulfi lling information requirements under REACH 
(ECHA  2012 ).

   More recently, in attempts to build IATA that are mechanistically-based, there 
has been increasing emphasis on the use of pathway-based approaches, such as 
toxicity pathways (TPs) and adverse outcome pathways (AOPs). The general prem-
ise of the these approaches is that a limited set of key (and measurable) events is 

   Table 13.2    EU-funded research projects that have contributed to the development of IATA   

 Project  Endpoint(s)  References 

 OSIRIS  Skin sensitisation, repeated-
dose toxicity, mutagenicity, 
carcinogenicity 

 Buist et al. ( 2013 ), Rorije 
et al. ( 2013 ), Vermeire et al. 
( 2013 ) and Tluczkiewicz 
et al. ( 2013 ) 

   http://www.ufz.de/osiris/     

 ReProTect  Reproductive and 
developmental toxicity 

 Marx-Stoelting et al. ( 2009 ) 
   http://www.reprotect.eu/      Piersma et al. ( 2013 ) 
 AcuteTox  Acute systemic toxicity  Clemedson et al. ( 2007 ) 
   http://www.acutetox.eu/     
 SensiTiv 
   http://www.sens-it-iv.eu/     

 Skin and respiratory 
sensitisation 

 Rovida and Roggen ( 2007 ) 

 ChemScreen  Reproductive and 
developmental toxicity 

 Piersma et al. ( 2013 ) 
   http://www.chemscreen.eu/     
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suffi cient for describing toxicological effects and predicting responses at multiple 
levels of biological organisation (cell, tissue/organ, organism, population). They are 
based on the assumption that a toxicant, after reaching and interacting with a bio-
logical target (in the molecular initiating event; MIE), initiates a cascade of events 
(intermediate effects) which may lead to an adverse outcome at the organism or 
population level. A TP refers to a normal cellular response pathway that, when suf-
fi ciently perturbed, is expected to result in adverse health effects (NRC  2007 ). An 
AOP refers to a sequence of events from the exposure of an individual or population 
to a chemical substance through a fi nal adverse (toxic) effect at the individual level 
(for human health) or population level (for ecotoxicological endpoints) (OECD 
 2013 ). It is important to appreciate that an AOP is a pragmatic simplifi cation of the 
biological complexity and is therefore generally depicted as a linear, unbranched 
pathway. However, it is recognised that, with the exception of highly specifi cally 
acting chemicals, most chemicals will perturb more than one AOP, so that AOP 
networks will ultimately be the functional unit of prediction for most chemically- 
induced adverse outcomes. 

 Another commonly used term is  mode of action (MoA)  , which is the sequence of 
key cellular and biochemical events (measurable parameters), starting with the 
interaction of an agent with the target cell, through functional and anatomical 
changes, resulting in cancer or other adverse health effects. The AOP concept is the 
most broadly applicable, encompassing the concepts of TP and MoA. 

 For practical purposes in chemical hazard and risk assessment, the application of 
the AOP approach means that a detailed molecular understanding of all possible 
molecular interactions and effects is not necessary, and that ultimately it may be 
suffi cient for decision making to predict the adverse outcome at organism and popu-
lation level from early (“upstream”) key events. Some researchers have even taken 
this concept a step further to propose a “region of safety” approach in which the 
most sensitive adverse apical effect is not known and not directly predicted, but 
disruption of important biological processes is measured and the dose response rela-
tionship characterised for use in a margin of exposure safety assessment (Thomas 
et al.  2013 ). 

 In addition to these major  initiatives  , various reviews and commentaries on IATA 
have been published (van Leeuwen et al.  2007 ; Ahlers et al.  2008 ; Schaafsma et al. 
 2009 ; Jaworska and Hoffmann  2010 ; Hartung et al.  2013 ; Patlewicz et al.  2013 ). 
For the most part, these focus on chemicals in their bulk form, but increasingly the 
IATA approach is being developed for the assessment of nanomaterials (Nel et al. 
 2013 ; Oomen et al.  2014 ; Stone et al.  2014 ).   

3     The Building Blocks of IATA 

  Since there is an almost limitless choice of building blocks for IATA, they tend to be 
described in terms of their methodological approach (QSAR, read-across,  in chem-
ico ,  in vitro , exposure-based waiving) or technology (e.g. HTS). More recently, and 
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in line with the AOP approach, the building blocks are also being described in terms 
of the key events they measure or compute, and the adverse outcomes they can be 
used to (partially) predict. 

 A QSAR model is mathematical relationship that (quantitatively) links chemical 
structure and physicochemical properties to a well-defi ned process, such as biologi-
cal activity or reactivity. Whereas QSARs were traditionally developed to model the 
adverse outcome directly, a new generation of QSARs are now being developed to 
model key events, and in particular the MIE. Read-across is a simpler method that 
predicts endpoint information for one chemical by using data for the same endpoint 
from another similar chemical (or group of chemicals, sometimes referred to as a 
chemical category). 

  In chemico  assays are cell-free experimental tests. They are usually developed to 
identify, and in some cases quantify, the intrinsic reactivity of substances. Most  in 
chemico  tests relevant to toxicity prediction have investigated the reaction of an 
electrophilic molecule (normally assumed to be toxicant) with a model nucleophile 
(representing a target on a biological macromolecule). Examples include the Direct 
Peptide Reactivity Assay (DPRA) (Gerberick et al.  2004 ,  2007 ), as well as direct 
reactivity with glutathione (Schultz et al.  2005 ). Such assays have found applica-
tions in the identifi cation of skin sensitisers and the prediction of excess acute toxic-
ity to aquatic organisms as shown by Aptula et al. ( 2006 ) and discussed in more 
detail elsewhere (Aptula and Roberts  2006 ; Roberts et al.  2008 ). These assays pro-
vide a means of measuring the MIE in cases where the chemicobiological interac-
tion consists of a covalent interaction between the toxicant and molecular target. 
This kind of MIE is important since it is relatively non-specifi c and is therefore 
potentially implicated in multiple toxicological endpoints. 

  In vitro  tests refer to a range of cell and tissue-based methods (primary cells, tis-
sues, or organs; cell lines; stem cells, and reconstructed tissue models). As a means 
of effecting the paradigm shift in toxicology, there is an increasing interest in the 
use of mechanistic endpoints that are measurable  in vitro , and also in the automation 
of  in vitro  test protocols by using high throughput screening (HTS) and high content 
imaging (HCI) technologies. Traditionally,  in vitro  tests have been used for hazard 
identifi cation or classifi cation and labelling through the use of a prediction model 
that translates the  in vitro  data into a prediction of hazard (Worth and Balls  2001 ). 
Increasingly, the quantitative data generated by  in vitro  tests (manual or automated) 
are being used not only for hazard identifi cation/classifi cation, but also as points of 
departure in risk assessment through the use of physiologically based kinetic (PBK) 
and dynamic (PBD) modelling (Blaauboer  2010 ; Thomas et al.  2013 ). PBK models 
are defi ned by differential mathematical equations describing the adsorption, distri-
bution, metabolism, and excretion of a specifi c chemical and/or its metabolite; PBD 
models connect the internal dose to the dose response relationship of the adverse 
dynamic effect. 

 One way of introducing effi ciencies and  maximising   the information gain in tox-
icity testing is to use exposure information in order to either conclude on the absence 
(unlikelihood) or presence (likelihood) of concern. These approaches are sometimes 
referred to as exposure-based triggering (EBT) and exposure-based waiving (EBW) 
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of testing. The principle behind any EBW is that there are situations when human or 
environmental exposures are so low or infrequent that there is a very low probability 
that the acquisition of additional effect information may lead to an improvement in 
the ability to manage risk (Vermeire et al.  2010 ). The concept of EBW is implicit in 
some regulatory frameworks; for example, REACH provides the possibility to waive 
the toxicity testing of a substance (e.g. for inhalational toxicity) based on scenarios 
developed in the exposure assessment (Rowbotham and Gibson  2011 ).   

4     Development of IATA 

  IATA represent a very diverse set of solutions for toxicological assessment and deci-
sion making. At one extreme, an IATA can be explicitly described and prescriptive, 
leaving little or no room for expert choices. At the other extreme, IATA can be 
loosely described and fl exible, allowing multiple options for the assessor. Some 
IATA are endpoint-specifi c, whereas others address multiple types of toxic effect. 
Some include exposure considerations, whereas others do not. Some include the 
option for animal testing, whereas others are animal-free. IATA can also differ in the 
extent to which they apply mechanistic reasoning and use mechanistically relevant 
data. Furthermore, IATA can have different starting points in terms of the data 
needed, and can be directly or indirectly linked to regulatory consequences. 

 For all these reasons, and this is a key consideration in both the development and 
validation of IATA, the optimal choice of IATA is highly context dependent, making 
a one-size-fi ts-all solution to a given problem diffi cult or impossible (depending on 
how the problem is formulated, and how costs are weighted against benefi ts). 

 There is little guidance on the development of IATA, despite the fact that the 
conceptual and methodological basis for these approaches has been evolving since 
the early 1990s. In the design of IATA, the distinction between the battery approach 
and the tiered (stepwise or sequential) testing approach has been discussed (Jaworska 
and Hoffmann  2010 ; Hartung et al.  2013 ). A test battery refers to a series of tests 
usually performed at the same time or in close sequence. Each test within the battery 
is designed to complement the other tests and generally to measure a different com-
ponent of a multi-factorial toxic effect. In a tiered approach on the other hand, 
results are obtained and collected in a stepwise manner, and the process stops when 
there is suffi cient information to reach a conclusion. A possible limitation in the 
tiered approach is that information from a given source tends to be used only once 
within each step. However, the broad concept of IATA as presented here can include 
both the battery and tiered approaches. It can even include a combination of the two 
approaches—in principle, a tiered approach could be designed in which multiple 
information sources are used in each tier, and re-used in subsequent tiers, in such a 
way that increasing and more accurate types of information are used in succession. 

 As described above, IATA can be composed of many types of component parts, 
each if which may have been developed and optimised for a different purpose. It is 
therefore necessary to integrate the component parts on a rational basis. At one 
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extreme, integration can be carried out “manually” for example by ordering several 
non-testing and testing approaches into a tiered testing and evaluation strategy. At 
the other extreme, mathematical and statistical algorithms can be used to optimise 
the use of data deriving from the component parts. Such integration tools include a 
wide range of machine learning approaches, including Bayesian statistics, Boolean 
statistics, regression modelling, principal components analysis, and neural net-
works. There are also intermediate solutions, for example an IATA could be designed 
“manually” as a tiered approach, but the prediction model applied at each tier is 
optimised by using machine learning methods. The mechanistic basis for such an 
IATA can be more or less apparent, for example, the tiers could follow the sequen-
tial order of the key events in an AOP, or they could simply make use of key events 
that are considered to be crucial and conserved across multiple AOPs related to the 
adverse outcome of interest. An interesting case concerns biologically-based mod-
els such as physiologically based biokinetic models (Gajewska et al.  2014 ) or sys-
tems biology models (Bhattacharya et al.  2012 ), which could also be regarded as a 
kind of IATA. In these models, the basic arrangement of the building blocks is based 
on the known architecture (physiology) of biological organisms, while mathemati-
cal algorithms are used to calibrate and simulate the spatiotemporal dynamics of 
molecular fl uxes and biological perturbations at multiple physiological levels (from 
intracellular molecular networks to whole organisms). 

 In general terms, the development of an IATA can be thought of as an optimisa-
tion problem, with one or more optimisation criteria that depend on the problem 
formulation. From a regulatory perspective, the most usual criteria considered are 
the ability of the IATA to generate relevant and reliable results, and to reduce or 
replace animal testing. From an industry perspective, additional criteria could 
include costs, time and likelihood of regulatory acceptance. It is likely that there 
will need to be trade-offs between some of these criteria—for example, the genera-
tion of more reliable and relevant data may require the use of more expensive test 
systems. Thus, different solutions will be more or less suitable depending on the 
decision-making context, which means that an IATA and its component parts need 
to be “fi t-for-purpose”. This is a principle that has implications for the assessment 
of IATA performance. 

 The capacity of an IATA to generate relevant results can be judged on the basis of 
three considerations: predictivity, mechanistic basis, and protectiveness. These cri-
teria are interlinked—in the absence of mechanistic understanding and 
mechanistically- based methods, confi dence in the results generated by an alternative 
method will be based essentially on statistically derived performance measures (pre-
dictivity). In the design of validation studies, this implies the need for an  extensive 
and heterogeneous test set of chemicals, which, in practice, is rarely available. 
However, with the advent of mechanistically-based  in vitro  methods, confi dence can 
additionally be derived from the use of IATA with a sound mechanistic rationale and 
well-characterised applicability domain. The strengths and limitations of individual 
components are less important than the performance of the IATA as a whole. In addi-
tion, the degree of protectiveness is also an important consideration—for example, 
it is known that the Cramer classifi cation scheme that is commonly used in the 
Threshold of Toxicological Concern (TTC) approach (see below) is not particularly 
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predictive of repeat dose toxicity (since it does not discriminate well between chem-
icals of high, medium and low concern), but the approach is accepted by some regu-
latory authorities since it is known to be health-protective against the vast majority 
of chemicals, when judiciously applied. 

 The implications of costs, including direct fi nancial costs, time to achieve regu-
latory acceptance, and animal welfare concerns can be factored into the design of 
IATA by using socioeconomic theory, and in particular approaches such as cost- 
benefi t analysis (CBA), cost-effectiveness analysis (CEA), and value of information 
(VOI) analysis. In these approaches, socioeconomic “effi ciency” increases if an 
equivalent degree of toxicological information on a chemical can be obtained with 
fewer monetary costs, in less time and with improved animal welfare (Gabbert and 
van Ierland  2010 ). VOI analysis has been applied to quantify the value of additional 
evidence from  in silico  methods in an IATA for skin sensitisation (Jaworska et al. 
 2010 ), and to determine effi cient combinations of tests in an IATA for mutagenicity 
(Gabbert and Weikard  2013 ). The latter study demonstrates that the optimal order 
of tests in a sequential testing strategy depends on multiple mutually dependent fac-
tors such as prior information about a chemical, the diagnostic performance of the 
tests, monetary costs and the expected consequences of  regulatory   decision-making. 
On this basis, the authors concluded that neither the selection nor the order of tests 
can be pre-defi ned. Instead, it is concluded that the optimal IATA should be devel-
oped for each chemical individually depending on the information that is already 
available and the remaining knowledge gaps. In another study (Norlen et al.  2014 ), 
CEA was used to explore the cost-effectiveness of different batteries of alternative 
methods for predicting acute oral toxicity based on a set of four QSAR models and 
one  in vitro  method. The results confi rmed that the  in silico  tools are more cost- 
effective than the  in vitro  test, but that batteries do not necessarily outperform single 
methods because additional information gains from the battery are easily out-
weighed by additional costs.   

5     Validation of IATA 

 The need to validate IATA, and in particular the choice of validation approach, has 
been discussed extensively (Kinsner-Ovaskainen et al.  2009 ,  2012 ; Hartung et al. 
 2013 ). There are three main issues concerning the practical validation of IATA: (a) 
the extent to which a given IATA can in principle be validated, given that it can be 
more or less well defi ned in terms of one or more pre-defi ned prediction models; (b) 
the scientifi c feasibility of the exercise, given that most available data have gener-
ally been used already in developing the IATA and its component parts; and (c) the 
nature and formality of the validation process. 

 The fi rst issue relates to the fact that only in rare cases does an IATA take the 
form of an unambiguous algorithm with well-defi ned inputs that are consistently 
translated into well-defi ned outputs. In such cases, the IATA can in principle be vali-
dated. In most cases, however, the “translational steps” within IATA are not com-
pletely and unambiguously defi ned, and multiple choices can be made by the user. 
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Thus, in this situation, only certain elements of the IATA (recently called “defi ned 
approaches”) can be meaningfully validated, even though possible outcomes of 
applying of entire IATA can be simulated. 

 The second issue relates to the practical diffi culty that even though an IATA can 
be associated with one or more unambiguous algorithms that are in principle “vali-
datable”, it is likely that most if not all of the available experimental data have been 
exhausted in discovering and optimising the underlying models. In particular, the 
availability of animal or human data for assessing the predictivity of adverse out-
comes is likely to be limited. In addition, it is widely recognised that IATA need to 
be fl exible, and therefore capable of evolving over time as new methods are devel-
oped, data generated, and experience gained. This begs the questions as to how 
much an IATA would need to change before a new validation or simulation exercise 
would be necessary. 

 The third issue concerns the formality and institutional character of the valida-
tion process. While validation is necessarily a scientifi c exercise, at one extreme it 
can be nothing more than this, resulting in a publication that should ideally have 
undergone some degree of independent peer review, while at the other extreme it 
can be an institutionalised process in which conclusions and/or offi cial positions 
on the scientifi c validity of a method are taken by a committee and/or institution. 
The need to formalise and institutionalise the validation process is linked to the 
intended applications of the assessment method and the possible consequences of 
its use (in particular on public health, environmental safety, industrial competitive-
ness).  In vitro  toxicity tests that are intended to be used as replacements of animal 
studies in the regulatory assessment of chemicals typically undergo formal valida-
tion by a validation body such as EURL ECVAM, or one of its partners of the 
International Cooperation on Alternative Test Methods (ICATM), before being 
considered for regulatory acceptance (e.g. as an EU test method and/or OECD test 
guideline). In contrast, QSAR models are not subject to an offi cial validation or 
adoption process, since they are typically developed and applied for various pur-
poses in the safety assessment of chemicals, but not for the replacement of required 
animal toxicity tests (Worth  2010 ). The validation of  in vitro  tests and QSARs is 
further discussed in Chaps.   4     (Zuang et al.) and   6     (Patlewicz et al.), respectively. 
The validation of mechanistically based ( in vitro ) assays is further discussed in 
Chap.   8     (Andersen et al.). 

5.1     Emerging Principles for the Evaluation of IATA 

 While there are different views  concerning   the practical validation of IATA, it is 
possible to identify a number of general principles that are broadly accepted as 
useful or essential when assessing the scientifi c robustness and applicability of 
IATA. 

 A project carried out under the auspices of the OECD Task Force for Hazard 
Assessment (TFHA) has developed guidance on the assessment of Defi ned 
Approaches to be used within IATA, including general evaluation principles and a 
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reporting format to describe Defi ned Approaches in a transparent and systematic 
manner, according to the principles (OECD  2016 ). These  principles   refer to the 
need to:

    (a)    defi ne the endpoint being assessed;   
   (b)    defi ne the purpose/application;   
   (c)    describe the underlying rationale;   
   (d)    describe the individual information sources used and how they are integrated to 

derive the fi nal prediction;   
   (e)    describe the predictive capacity, limitations and known uncertainties associated 

with the application of the approach.    

  The endpoint assessed refers to the property or toxicological effect that is gener-
ally used for decision making, for example in a traditional test guideline. Typically, 
this is the adverse outcome at the individual or population level. 

 The purpose refers to the intended application of the Defi ned Approach. In the 
regulatory setting, possible applications include priority setting, hazard identifi ca-
tion/profi ling, hazard classifi cation and labelling, PBT and vPvB assessment, and 
risk assessment. In the industry setting, screening candidate chemicals and drugs 
would be an additional application. 

 The rationale according to which the Defi ned Approach    is constructed should 
include an explanation of why particular component methods were chosen, and why 
they were combined in a certain way, in order to be fi t for purpose. In the case of a 
mechanistically based approach, the choice of component methods and their method 
of integration should make reference to available knowledge on relevant AOPs. The 
component methods should also be described according to a consistent reporting 
format. For example, QSAR models can be summarised in terms of the QSAR 
Model Reporting Format (QMRF) as described in Chap.   6     (Patlewicz et al.), and 
efforts under the auspices of the OECD have resulted in guidance for how to char-
acterise and document non-test guideline  in vitro  methods including high through-
put screening and high content information assays (OECD  2014a ). 

 In relation to the predictive performance of the Defi ned Approach, it is important 
to take into account the reliability of any reference test against which predictions are 
being compared. In particular, the variability of the animal test places an upper limit 
on the expected performance of any prediction model designed to predict the animal 
data or a (regulatory) classifi cation based on such data (Worth and Cronin  2001 ; 
Hoffmann et al.  2010 ).  

5.2     Proposed Stepwise Approach to Evaluation of IATA 

  Depending on the ultimate decision an IATA might be applied towards and the extent 
to which this is underpinned by mechanistic understanding such as that captured 
within an AOP, development of scientifi c confi dence in the  in vitro  test methods and 
their associated prediction models is essential to assure that the use of this new kind 
of knowledge for decision making is both scientifi cally credible and relevant. 
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 An alternative, albeit similar, framework to evaluating mechanistically based 
IATA has been proposed by Cox et al. known as the Scientifi c Confi dence Framework 
(Cox et al.  2014 ; Becker et al.  2014 ). This is a hybridization of the two validation 
frameworks, the Institute of Medicine (IOM) framework (IOM  2010 ) and the OECD 
Validation principles (OECD  2007 ) that were both described and adapted for HT/
HC assays by Patlewicz et al. ( 2013 ). The Scientifi c Confi dence Framework con-
tains three inter-related elements, Analytical Validation, Qualifi cation and 
Utilization, which collectively enable systematic, transparent, and objective evalua-
tion and documentation of the scientifi c confi dence of  in vitro  test methods, their 
prediction models and their associated AOPs. Table  13.3  outlines how these ele-
ments would be characterised for the test methods and their prediction models.

   A way of factoring AOPs into the  Scientifi c   Confi dence Framework was pro-
posed by Patlewicz et al. ( 2015 ) and is presented in Table  13.4 . This provides a 
systematic approach to the construction and evaluation of AOPs as well as AOP- 
based IATA. Weight of evidence (WoE) evaluations are important in the develop-
ment, analysis and application of AOPs, and these can be most readily accomplished 
by adapting the WoE procedures developed and employed in evaluating mode of 
action (Meek et al.  2014 ). Such evaluations will provide a measure of the maturity 
or completeness of the AOP which will in turn dictate the types of regulatory pur-
poses that the AOP can be applied to and therefore the type of IATA that can be 

   Table 13.3    The major components of the scientifi c confi dence framework for prediction models 
from  in vitro  test methods   

 Analytical 
validation 

 For each  in vitro  test method, there should be a defi ned mechanistic 
endpoint (e.g., the intermediate or key event in the mode of action or 
AOP), a defi ned chemical domain of applicability, documentation of assay 
performance characteristics (reliability, sensitivity, and specifi city) and 
transparent data sets (to enable independent verifi cation). 

 Qualifi cation  This is an assessment of the prediction models derived from the  in vitro  
screening assays. A defi ned algorithm for each prediction model is needed 
to ensure transparency. Appropriate measures of goodness-of-fi t, 
robustness and predictivity of the prediction model need to be presented. 
Some prediction models may be quantitative, others may be qualitative. 
Known limitations of each prediction model should also be summarised. 
Prediction models should be characterised in suffi cient detail to facilitate 
review, reconstruction and independent verifi cation of results. 

 Utilization  This is a contextual and weight-of-evidence analysis on the (qualitative or 
quantitative) use of the prediction model for a given, specifi c purpose. 
This includes summarising results of the Analytical Validation and 
Qualifi cation steps, defi ning the intended purpose of the prediction model 
and documenting/justifying applications, based on weight of evidence, 
where there is suffi cient scientifi c confi dence to support the use of the 
prediction model. The types of uses that the prediction models could be 
applied for include, but are not limited to: (1) priority setting, where the 
model is used to identify priority substances that will go on to more 
detailed evaluation; (2) screening level assessment of a biomarker, where 
the model is used as a surrogate data point for a biochemical endpoint or a 
biomarker; (3) integrated testing strategy, where the model is used to 
describe/predict a hazard property in lieu of conducting a traditional 
animal toxicity study or (4) to predict an adverse outcome 
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constructed. Once an AOP has either been developed or identifi ed, the next step is 
to map available test methods or  in silico  approaches such as QSARs to the 
AOP. This will help identify what practical tools can form the basis of an IATA. An 
IATA can therefore be considered as the roadmap to practically exploit the AOP by 
guiding the identifi cation of relevant existing information for a given chemical or 
group of chemicals and targeting the generation of new information from appropri-
ate test and non-test methods. The extent to which new information may need to be 
generated will depend on two factors, the quality of the information already avail-
able and more importantly its adequacy for the particular purpose of interest. Each 
test method, non-testing approach and associated prediction models need to be 
characterised and qualifi ed to inform on the context of use. The steps form the basis 
of deriving an IATA toolbox from identifying what information needs to be gathered 
or generated for each of the elements within the IATA, and how the new information 
synthesised can be passed back into refi ning and improving the associated AOP. 

6         Examples of IATA 

 In this section, we provide several examples of IATA to illustrate some of the simi-
larities and differences between IATA. These IATA are summarised in Table  13.5 .

   IATA for  skin irritation and corrosion   represent tiered assessment approaches that 
were among the fi rst IATA to be accepted by regulatory bodies. They are also rela-
tively limited in terms of the endpoints predicted, and relatively well-defi ned in terms 
of how the component parts are combined and used. Many of these components are 

   Table 13.4    Steps for incorporating the scientifi c confi dence framework for prediction models 
from  in vitro  test methods into adverse outcome pathways   

 Step 1  Develop the AOP 
 Step 2  Develop new (or map existing) specifi c assays or  in silico  methods (such as 

QSARs) to key events within the AOP 
 Step 3  Conduct (or document) Analytical Validation of each assay 
 Step 4  Develop new (or map existing) models that predict a specifi c key event from one or 

more precursor key events (The input data for the prediction models comes from 
the assays described in Steps 2 and 3 above) 

 Step 5  Conduct (or document) Qualifi cation of the prediction models 
 Step 6  Utilization: defi ning and documenting where there is suffi cient scientifi c 

confi dence to use one or more AOP-based prediction models for a specifi c purpose 
(e.g., priority setting, chemical category formation, integrated testing, predicting  in 
vivo  responses, etc.) 

 Step 7  For regulatory acceptance and use, processes need to be agreed upon and utilised to 
ensure robust and transparent review and determination of fi t-for-purpose uses of 
AOPs. This should include dissemination of all necessary datasets, model 
parameters, algorithms, etc. to enable stakeholder review and comment, fully 
independent verifi cation and independent scientifi c peer review. Whilst these 
processes have yet to be defi ned globally, in time, these should evolve to enable 
credible and transparent use of AOPs with suffi cient scientifi c confi dence by all 
stakeholders 
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offi cially accepted physicochemical and  in vitro  tests. These IATA are already used 
for the purposes of hazard identifi cation and for classifi cation and labelling. 

 The mechanistic basis of  skin sensitisation   is relatively mature and has most 
recently been summarised in the AOP as published by the OECD (OECD  2012 ). 
As a consequence, there have been many efforts to outline what an IATA may 
represent for skin sensitisation. For the early key events (haptenation, keratino-
cyte and dendritic cell activation), relevant  in chemico  or  in vitro  tests have been 
formally validated and have either undergone or are currently undergoing the pro-
cess of regulatory acceptance. OECD Test Guidelines have been published for 
two tests which characterise the haptenation and keratinocyte activation (OECD 
 2015b ,  c ). In the case of other key events (T cell activation and proliferation),  in 
vitro  tests are either lacking or not yet validated. A number of IATA for skin sen-
sitisation have been proposed representing different kinds of assessment 
approaches, including tiered approaches (Nukada et al.  2013 ) and mathematical 
models based on Bayesian networks (Jaworska et al.  2013 ; Roberts and Patlewicz 
 2014 ) as well as IATA which exploit existing information from non-testing 
approaches (OECD  2014b ; Patlewicz et al.  2014 ). These IATA are also being 
characterised as the basis for OECD guidance on the evaluation and application 
of IATA for skin sensitisation. In addition to their use in-house within industry, it 
is expected that some of these IATA will  eventually be accepted by regulatory 
authorities for the purposes of hazard identifi cation, classifi cation and labelling, 
and in some cases potency (risk) assessment. 

 The  Threshold of Toxicological Concern (TTC)      approach is an example of a 
relatively fi xed IATA based on the use of a decision tree that includes consideration 
of multiple endpoints (genotoxicity, carcinogenicity, neurotoxicity, and repeat-dose 
toxicities from different animal studies) and that depends on the availability of reli-
able exposure information (by the oral route). The TTC approach, by combining 
hazard (potency) information with exposure information, is potentially useful not 
only for the risk-based prioritisation of testing, but also for (preliminary or screen-
ing level) risk assessment. The approach is broadly accepted by the scientifi c com-
munity; however it has met with differing degrees of acceptance depending on the 
sector and  intended      use, i.e. whether it is applied to the assessment of chemicals in 
food or consumer products, industrial chemicals, residues of active ingredients in 
pesticide and biocide formulations, etc. (Dewhurst and Renwick  2013 ). 

   Table 13.5    Different kinds of IATA   

 Application(s)  Endpoint(s)  References 

 Prioritisation of testing  Endocrine activity/disruption  Willett et al. ( 2011 ) 
 Hazard identifi cation  Skin sensitisation  Nukada et al. ( 2013 ) 
 Classifi cation and Labelling  Skin irritation and corrosion  OECD ( 2002 ), ECHA 

( 2012 ) and UN ( 2013 )  Skin sensitisation 
 Potency assessment  Skin sensitisation  Maxwell et al. ( 2014 ) 
 Risk assessment  Repeat dose toxicity/TTC 

approach 
 Cramer et al. ( 1978 ) 
and EFSA ( 2012 ) 
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6.1     Skin Irritation and Corrosion 

 For both skin corrosion and  irritation  , a number of different testing and non-
testing methods are available in addition to the traditional  in vivo  test (Draize 
rabbit test). Many of the available  in vitro  methods have undergone formal 
 validation procedures and are internationally recognized (OECD Test Guidelines). 
IATA for skin corrosion and irritation have been published by regulatory bodies, 
including the OECD ( 2002 ), ECHA ( 2012 ) and the United Nations ( 2013 ). These 
provide guidance on how to combine information on physicochemical properties 
and QSARs with information from  in vitro  methods, the  in vivo  test and, where 
available, existing human information to support decisions on classifi cation and 
labelling. 

 As an illustrative example, OECD Test Guideline 404 on the traditional Draize 
animal test (OECD  2002 ) contains a supplement which provides a “Testing and 
evaluation strategy for dermal irritation/corrosion”. This supplement outlines a pos-
sible “Testing and Evaluation Strategy for Dermal Irritation/Corrosion”, which was 
fi rst proposed at an OECD workshop in 1996 and subsequently evaluated in relation 
to its ability to classify skin corrosives (Worth et al.  1998 ) and irritants (Hoffmann 
et al.  2010 ). 

 The strategy is based on the use of three main data sources: (a) available informa-
tion as well structural and physicochemical data; (b) validated and accepted  in 
vitro / ex vivo  tests for skin corrosion and irritation; and (c) animal testing (i.e. tradi-
tional Draize rabbit test), if necessary. More specifi cally, it is a sequential approach 
containing eight steps that can be grouped according to the three data sources, as 
illustrated in Table  13.6 .

   Table 13.6    Stepwise testing and  evaluation   strategy for skin irritation and corrosion   

 Step  Description  Information source 

 1  Consideration of existing human or animal data 
with regard to skin corrosion/irritation 

 Available information 
(human or animal data and 
structural and 
physicochemical information) 

 2  Structure-Activity Relationship (SAR) data with 
regard to skin corrosion/irritation 

 3  Use of pH measurements: extreme pH (≤2 or ≥11.5) 
suggests corrosive properties 

 4  Systemic toxicity data via the dermal route (can also 
be considered before steps 2 and 3) 

 5  Validated and accepted  in vitro  or  ex vivo  test for 
skin corrosion 

  In vitro  tests 

 6  Validated and accepted  in vitro  or  ex vivo  test for 
skin irritation 

 7  TG404 test using one animal to test for corrosive 
effects 

  In vivo  rabbit test 

 8  If not corrosive in step 7, testing using one or two 
animals to assess whether substance is corrosive or 
irritant or not 
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6.2        Skin Sensitisation 

 As has been noted above, the  mechanistic   understanding surrounding skin sensi-
tisation is suffi ciently mature which has stimulated and resulted in the develop-
ment of methods and approaches which characterise a number of the key events 
within the AOP. At the same time there is also a wealth of knowledge that has 
been derived from many  in silico  investigations. The latter have been reviewed 
elsewhere in more detail (Roberts and Patlewicz  2009 ; Roberts et al.  2008 ). As 
part of the AOP work programme and in particular the development of the OECD 
Toolbox (as described in Chap.   6    ), the AOP for skin sensitisation recently pub-
lished by OECD was encoded and implemented into the OECD Toolbox to facili-
tate a read-across to be derived for a chemical of interest using the knowledge and 
data for the different key events (OECD  2014a ,  b ). This implementation can be 
likened to a type of IATA that focuses solely on existing data and other non-test-
ing approaches and marks a step change in terms of how read-across and other 
QSAR information can be applied. It also illustrates the sorts of QSARs that could 
be derived in future i.e., instead of predicting the apical endpoint or ultimate 
adverse outcome (AO), QSARs would be developed to model individual KEs. In 
the OECD implementation of the AOP for skin sensitisation, a set of so-named 
profi lers were developed which encoded available knowledge derived for sub-
stances that had been tested in assays that  characterised   each of the KEs. These 
profi lers are not necessarily direct predictors of the KEs or AOs but serve to pro-
vide a mechanistic basis for grouping chemicals to enable read-across. Profi lers 
exist which encode known SAR information for chemicals tested in traditional  in 
vivo  methods such as the LLNA and GPMT as well as hypothetical SARs based 
on organic chemistry reaction principles (Aptula and Roberts  2006 ). These spe-
cifi c profi lers are called the Protein Binding alerts by OASIS and OECD and until 
recently presented the only means of grouping chemicals within the Toolbox to 
read-across for  in vivo  sensitisation. There are also profi lers for lysine and cyste-
ine depletion based on data generated on chemicals tested in the DRPA as well as 
profi lers for chemicals tested in the KeratinoSens™ assay (Emter et al.  2010 ), the 
human Cell Line Activation Test (h-CLAT) (Sakaguchi et al.  2007 ) and Myeloid 
U937 Skin Sensitisation Test (MUSST) (Python et al.  2007 ). A user starts by pro-
fi ling their chemicals on the basis of protein binding alerts. If alerts are identifi ed, 
then a stepwise approach of gathering data for each of the different events and 
investigating the feasibility of deriving a read-across prediction is evaluated. 
Specifi c thresholds to pass from one KE to the next have been encoded into the 
AOP implementation to help in the interpretation of the novel data. Depending on 
the decision being made and the availability of experimental data for the related 
analogues at each step of the IATA and the chemical under consideration, suffi -
cient scientifi c confi dence may have been reached at the MIE, alternatively other 
KEs may need to be considered into the evaluation. Figure  13.1  outlines the 
organisation of information within the Toolbox for the AOP.
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6.3        The Threshold of Toxicological Concern (TTC) Approach 

 The  Threshold of Toxicological Concern (TTC)      concept is based the fundamental 
principle that toxicity is related to the dose and duration of exposure. It is based on 
empirical evidence that for non-cancer effects, there are thresholds below which 
toxicity does not occur, whereas for cancer effects, the likelihood of tumours is zero 
to very small at very low exposure levels. Thus, for chemicals of unknown toxicity, 
human exposure thresholds can be established below which there is a low probabil-
ity of adverse effects on health. Accordingly, a range of human exposure thresholds 
(TTC values) have been developed for both cancer and non-cancer endpoints, on 
the basis of data from extensive toxicological testing in animals (Hennes  2012 ). 

 The combined and stepwise use of TTC values, which may be termed the TTC 
approach, can be used to assess substances of unknown toxicity present at low levels 
in the diet or consumer products. Application of the TTC approach requires only 
knowledge of the chemical structure of the substance concerned and reliable infor-
mation on human exposure. The extent to which the TTC is accepted depends on the 
regulatory application and context. In general, the approach is better accepted for 
the assessment of non-intentionally added substances, such as contaminants, reac-
tion byproducts, and metabolites, for which experimental toxicity data are not avail-
able and consumer exposure is low, compared to the TTC threshold. 

 For the assessment of genotoxic carcinogens, a practical approach has been pro-
posed for assessment of genotoxic carcinogens based on a TTC value of 0.15 μg/
person/day, whereas non-genotoxic carcinogens may be assessed using higher TTC 
values. 

  Fig. 13.1    Adverse outcome  pathway   for skin sensitisation in the OECD QSAR Toolbox       
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 For the assessment of non-cancer endpoints, the Cramer decision tree is probably 
the most commonly used approach for classifying and ranking chemicals on the 
basis of their oral toxicity. It was proposed by Cramer and colleagues in 1978 
(Cramer et al.  1978 ) as a priority setting tool and as a means of making expert judg-
ments in food chemical safety assessment more transparent, explicit and rational, 
and thus more reproducible and trustworthy. The criteria they proposed for the three 
structural classes as shown in Table  13.7 .

   Cramer et al. ( 1978 ) based their  decision      tree on a series of 33 questions relating 
mostly to chemical structure, but natural occurrence in food and in the body are also 
taken into consideration. 

 Subsequently, Munro and colleagues (Munro et al.  1996 ) proposed the associa-
tion between Cramer classes I, II and III and human exposure thresholds for non- 
cancer endpoints of 1800, 540 and 90 μg/person/day, respectively. More recently, in 
order to address all types of populations, it has been considered that the thresholds 
should be expressed in μg/kg body weight (bw)/day. Based on the (historical) 
assumption of a 60 kg adult, the corresponding thresholds for Cramer classes I, II and 
III are 30, 9, and 1.5 μg/kg bw/day. This includes a separate TTC value (18 μg/per-
son/day or 0.3 μg/kg bw/day) for organophosphate and carbamate neurotoxicants. 

 Taking into account these historical developments, along with some widely 
accepted exclusion categories of chemicals for which the TTC approach is not con-
sidered applicable, EFSA subsequently published a generic scheme for the applica-
tion of the TTC approach (EFSA  2012 ). In this Chapter, the TTC approach as 
represented by the EFSA decision tree (Fig.  13.2 ) is regarded as an IATA—one that 
integrates the use of exposure (dietary intake) information with predictions of geno-
toxicity, carcinogenicity, neurotoxicity, and repeat dose toxicity.

   It is worth noting that the Cramer  scheme      was proposed in the late 1970s, before 
the development of what is now understood by the TTC approach and before the 
advent of computer-based tools for interpreting chemical structure and applying 
structure-activity relationships. Since the original publication, the Cramer 
 classifi cation scheme has been implemented into freely available software tools 
such as Toxtree (Patlewicz et al.  2014 ; Lapenna and Worth  2011 ) (  http://toxtree.

   Table 13.7    Cramer classifi cation scheme and associated TTC values   

 Cramer 
class  Description  TTC value (μg/kg bw/day) 

 Class I  Substances with simple chemical structures and for 
which effi cient modes of metabolism exist, suggesting 
a low order of oral toxicity 

 1800 μg/person/day 
 30 μg/kg bw/day 

 Class II  Substances which possess structures that are less 
innocuous than class I substances, but do not contain 
structural features suggestive of toxicity like those 
substances in class III 

 540 μg/person/day 
 9 μg/kg bw/day 

 Class III  Substances with chemical structures that permit no 
strong initial presumption of safety or may even suggest 
signifi cant toxicity or have reactive functional groups 

 90 μg/person/day 
 1.5 μg/kg bw/day 
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sourceforge.net/index.html    ) and the OECD QSAR Toolbox (  http://www.qsartool-
box.org/    ). Moreover, there have been various proposals in the scientifi c literature to 
refi ne the TTC approach (Tluczkiewicz et al.  2011 ; Kalkhof et al.  2012 ). This is 
therefore an example of an IATA which is evolving and being adapted for use in 
different sectors (e.g. food, cosmetics, pesticides, chemicals).  

6.4     Identifi cation of Endocrine Active Substances 

 With a view to identifying substances with the potential to  interact   with components 
of the endocrine system and, then, for substances with such potential, to identify 
dose response of adverse effects for risk assessment, the U.S. Environmental 
Protection Agency (EPA) launched an Endocrine Disruptor Screening Program 
(EDSP) in 2009. The EDSP utilizes a two-tiered approach. The Tier 1 battery con-
sists of fi ve  in vitro  and six  in vivo  assays that are intended to determine the potential 
of a chemical to interact with the estrogen (E), androgen (A), or thyroid (T) hor-
mone pathways. Tier 2 is proposed to consist of multigenerational reproductive and 
developmental toxicity tests in several species and is intended to determine whether 
a chemical can cause adverse effects resulting from E, A, or T modulation. EDSP 

Is the substance a member of an 
exclusion category? *

Is there a structural alert for 
genotoxicity
(including metabolites)?

Exposure > 0.3 μg/kg bw/day? ***

Is substance an OP/Carbamate?

Exposure > 1.5 μg/kg bw/day? ***

Is substance in Cramer Class II or III?

Exposure
> 0.0025 μg/kg bw/day? 

Substance
requires non-TTC approach

(toxicity data, read-across etc.)

Low probability of
health effect

**

Low probability of
health effect

**

Exposure > 30 μg/kg bw/day? ***

No

No

No

Yes

No

Yes

No

Yes

Yes

Yes

Yes

Yes

*** If exposure only short duration
→ consider margin between human 

exposure & TTC value

** If exposure of infants < 6 months
is in range of TTC  

→ consider if TTC is applicable

No

No

No
Yes

* Exclusion categories
high potency carcinogens; inorganic substances; metals 
and organometallics; proteins; steroids; substances 
known/predicted to bioaccumulate; insoluble 
nanomaterials; radioactive substances; mixtures.

Does the substance have a known structure and 
are exposure data available?

Yes

No TTC approach cannot 
be applied

  Fig. 13.2    Generic scheme for the application of the TTC approach (reproduced with permission 
from EFSA  2012 )       
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Tier 2 is not a battery—the specifi c Tier 2 tests required will be determined by a 
weight of evidence evaluation (  http://www.regulations.
gov/#!documentDetail;D=EPA-HQ-OPPT-2010-0877-0021    ). 

 Since the Tier 1 battery, as originally  proposed  , is expensive and time consuming 
and not suitable for screening thousands of chemicals (Willett et al.  2011 ), efforts 
are underway to develop more a cost effi cient process based on  in silico  data (from 
QSARs and Expert Systems) and HTS screening data (Reif et al.  2010 ; Thomas 
et al.  2012 ; Rotroff et al.  2013 ; Cox et al.  2014 ).   

7     Conclusions 

 The ongoing paradigm shift in toxicology from an approach in which the assess-
ment and risk management of chemicals is based primarily on a pre- defi ned set of 
standard and offi cially accepted  in vivo  studies to fl exible, scientifi cally- justifi ed 
combinations (IATA) of primarily non-standard studies poses a number of intellec-
tual and practical challenges. These challenges include the need to: (a) develop and 
systemically represent knowledge of the key biokinetic and biodynamic events 
involved in chemically-induced toxicity; (b) develop computational models and test 
systems and IATA capable of computing or measuring these key properties and 
effects; (c) design IATA that integrate such computational models and test systems 
in a credible and practical way; and (d) generate suffi cient evidence to convince 
regulators, product stewards, and other decision makers that a given IATA is fi t for 
its intended purpose. 

 In developing integrated approaches for regulatory decision making, it is useful to 
distinguish between activities aimed primarily at knowledge generation and capture; 
the development and validation of models,  in vitro  tests and IATA; and their applica-
tion in (regulatory) decision making. That said, there is inevitably an interplay 
between these three activity streams (Fig.  13.3 ). For example, AOP development 
should be regarded as an ongoing process, based on the evolving knowledge of key 
events and their interrelationships with each other and adverse outcomes of interest. 
Even partial knowledge of the AOP(s) underlying a given adverse outcome may be 
suffi cient to motivate the design of mechanistically-based IATA, which should then 
be applied in order to gain practical experience. This experience will likely lead to 
refi nements of the IATA, for example to incorporate new components that expand the 
biological and chemical applicability domains, or to recalibrate prediction models 
for improved accuracy of prediction. At the same time, the practical application of 
IATA should enable important knowledge gaps to be pinpointed, thereby setting the 
scene for the development of tailor-made and test systems that target key mecha-
nisms of toxicological action. Within this iterative cycle, validation of the component 
parts is a key consideration, but the overriding principle is the IATA as a whole that 
should be fi t for purpose, and from this perspective, multiple and different solutions 
could be equivalent. The role of AOPs in informing the development of IATA for 
regulatory purposes is further discussed by Tollefsen et al. ( 2014 ).
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   The constantly shifting landscape of IATA, based not only on evolving knowl-
edge and technologies, but on different preferences for data integration, clearly 
poses a challenge for regulatory acceptance, which has traditionally been based on 
the adoption of relatively fi xed solutions such as test guidelines. Documenting and 
communicating scientifi c confi dence in IATA is therefore key. To address this chal-
lenge, more fl exible approaches to validation and acceptance are needed. A step in 
this direction has already been taken by the OECD, which through its TFHA, is 
developing non-prescriptive guidance on the evaluation of Defi ned Approaches to 
be used within IATA. If this model proves successful, it could be expanded to estab-
lish an international forum for exchanging experience on IATA, thereby facilitating, 
to the extent possible, the development of harmonised approaches.    
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    Abstract     The development and validation of scientifi c alternatives to animal 
testing is important not only from an ethical perspective (implementation of 3Rs), 
but also to improve safety assessment decision making with the use of mechanistic 
information of higher relevance to humans. To be effective in these efforts, it is 
however imperative that validation centres, industry, regulatory bodies, academia 
and other interested parties ensure a strong international cooperation, cross-sector 
collaboration and intense communication in the design, execution, and peer review 
of validation studies. Such an approach is critical to achieve harmonized and more 
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transparent approaches to method validation, peer-review and recommendation, 
which will ultimately expedite the international acceptance of valid alternative 
methods or strategies by regulatory authorities and their implementation and use by 
stakeholders. It also allows achieving greater effi ciency and effectiveness by avoid-
ing duplication of effort and leveraging limited resources. In view of achieving 
these goals, the International Cooperation on Alternative Test Methods (ICATM) 
was established in 2009 by validation centres from Europe, USA, Canada and 
Japan. ICATM was later joined by Korea in 2011 and currently also counts with 
Brazil and China as observers. This chapter describes the existing differences across 
world regions and major efforts carried out for achieving consistent international 
cooperation and harmonization in the validation and adoption of alternative 
approaches to animal testing.  

  Keywords     International cooperation   •   Harmonization   •   ICATM   •   Validation   
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  Abbreviations 

   AM    Alternative method   
  ANVISA    Brazil National Sanitary Agency   
  BraCVAM    Brazilian Center for Validation of Alternative Methods   
  BSRC    Biological Safety Research Center   
  CDC    Centre for Disease Control and Prevention   
  CFDA    China Food Drug Administration   
  CIQ    China Inspection and Quarantine Bureaux   
  CONCEA    Brazilian National Council of the Control of Animal 

Experimentation (Conselho Nacional de Controle da 
Experimentação Animal)   

  ESAC    EURL ECVAM Scientifi c Advisory Committee   
  ESTAF    EURL ECVAM Stakeholder Forum   
  EU-NETVAL    European Union Network of Laboratories for the Validation of 

Alternative Methods   
  EURL ECVAM    European Union Reference Laboratory for Alternatives to 

Animal Testing   
  GLP    Good Laboratory Practice   
  HC    Health Canada   
  ICATM    International Cooperation on Alternative Test Methods   
  ICCR    International Cooperation on Cosmetics Regulation   
  ICCVAM    U.S. Interagency Coordinating Committee on the Validation of 

Alternative Methods   
  ICH    International Conference on Harmonization of Technical 

Requirements for Registration of Pharmaceuticals for Human 
Use   

  JaCVAM    Japanese Center for the Validation of Alternative Methods   
  JRC    European Commission Joint Research Centre   
  KoCVAM    Korean Center for the Validation of Alternative Methods   
  MAD    Mutual Acceptance of Data   
  MFDS    Ministry of Food and Drug Safety   
  MHLW    Ministry of Health, Labour and Welfare   
  MoC    Memorandum of Cooperation   
  MoST    Chinese Ministry of Science and Technology   
  NC    National Coordinator for the OECD Test Guidelines Programme   
  NICEATM    U.S. National Toxicology Program Interagency Center for the 

Evaluation of Alternative Toxicological Methods   
  NIEHS    National Institute of Environmental Health Sciences   
  NIFDS    National Institute of Food and Drug Safety Evaluation   
  NIHS    National Institute of Health Sciences   
  NTP    National Toxicology Program   
  OECD    Organisation for Economic Cooperation and Development   
  PARERE    EURL ECVAM Network for Preliminary Assessment of 

Regulatory Relevance   
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  REACH    Registration, Evaluation, Authorisation and Restriction of 
Chemicals   

  RENAMA    Brazilian National Network of Alternative Methods (Rede 
Nacional de Métodos Alternativos)   

  SACATM    Scientifi c Advisory Committee on Alternative Toxicological 
Methods   

  SPSF    Standard Project Submission Form   
  TG    Test Guideline   
  TGP    Test Guidelines Programme   
  TPF    Test Pre-submission Form   
  TST    Test Submission Template   
  VMG    Validation Management Group (means the same as VMT)   
  VMT    Validation Management Team (means the same as VMG)   
  WNT    Working Group of the National Coordinators for the Test 

Guidelines Programme   

1         Introduction 

 Extensive efforts have been carried out during the last 20 years in order to develop, 
validate and implement reduction, refi nement, and replacement alternative methods 
(AMs) to animal testing. Although progress has been made, international harmoni-
zation and standardization is one of the key endeavours to remove regulatory and 
possible trade barriers for the protection of consumers whilst ensuring the develop-
ment and implementation of scientifi cally-based decision-making side-by-side with 
animal welfare considerations. 

 In the European Union, the Cosmetics Regulation prohibits animal testing (test-
ing ban) on fi nished cosmetic products (since 2004) and cosmetic ingredients (since 
2009), as well as the marketing (marketing ban) of fi nished cosmetic products tested 
on animals or containing ingredients which were tested on animals within or outside 
the European Union (complete marketing ban implemented in 2013) (European 
Commission  2009 ). In addition, the European chemicals regulation (REACH) calls 
for the use of AMs and requires for example, that in vitro   testing is carried out for 
eye and skin irritation for substances marketed in volumes between 1 and 10 t/year. 
It also defi nes general rules for adaptation to the standard regimen, which comprise 
the use of AMs (European Commission  2006 ). Here again, such provisions apply 
not only to manufactured but also imported substance in quantities of 1 ton or more 
per year (European Commission  2006 ). As a consequence, the use of internationally 
accepted alternative methods to animal testing is important not only to comply with 
geographical regulatory requests, but also in order to favour international industrial 
commerce. 

 However, the acceptance of AMs can depend on various factors including 
national regulatory requirements, test method purposes, their uses and applicability. 
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In Europe, the Directive on the protection of laboratory animals for experimental 
and other scientifi c purposes originally adopted in 1986 stated that “An (animal) 
experiment shall not be performed if another scientifi cally satisfactory method of 
obtaining the result sought, not entailing the use of an animal, is reasonably and 
practicably available” (Directive 86/609/EEC; European Commission  1986 ). As 
such, for an AM to be regulatory accepted, it was considered critical to demonstrate 
that the method is scientifi cally satisfactory, i.e., valid, for the purpose intended. 
The scientifi c validation of AMs has since gained international acceptance, and rep-
resents nowadays a generally recognized requirement for the regulatory acceptance 
of a test method for safety assessment purposes. This is usually conducted through 
a validation process by where the scientifi c validity of a test method can be 
demonstrated. 

 Although having different format requests, the data requirements for establishing 
the scientifi c validity of an AM are similar across different regions of the world and 
follow internationally agreed principles of validation (Stokes et al.  2002 ; ICCVAM 
 2003 ; Hartung et al.  2004 ; OECD  2005 ). However, experience has shown that there 
can be room for variation in the evaluation of the scientifi c validity of an AM 
depending on e.g., the regulatory framework as well as on the background and expe-
rience of the bodies carrying out the evaluations. For example, different rates of 
over- and under-predictions may be considered acceptable depending upon the con-
text and foreseeable uses of the assays. Similarly, regarding the regulatory accep-
tance of AMs different approaches may exist in different world regions. In the 
European Union for example, the existence of a legislation on animal welfare 
requirements (European Commission  1986 ,  2010 ) and the fact that its validation 
body is part of the European Commission, the central body responsible for propos-
ing new and revised legislation, scientifi c valid AMs have usually been included 
into the European legislation. In the United States, legislation is handled indepen-
dently by specifi c regulatory agencies, so that the acceptance of AMs may depend 
on the specifi c needs of each regulatory agency and the specifi cities of their regu-
lated products (Stokes et al.  2002 ). Furthermore, the current mechanisms and pro-
cedures for regulatory acceptance across the world may differ also depending on the 
uses and purposes of the  test methods   (cosmetics, chemicals, pesticides, drugs), 
including:

•    The recognition/tolerance by (control) authorities that manufacturers routinely 
use alternative approaches in their in-house safety assessments;  

•   The acceptance of scientifi cally valid safety alternative approaches as part of 
safety reviews by authoritative review bodies; and  

•   The formal recommendation/obligation to use certain validated AMs in the reg-
istration of chemicals.    

 As a consequence, international collaboration is critical to favour harmonized 
acceptance and validation of AMs. In addition, international harmonization can pro-
mote standardized criteria for the safety assessment and protection of consumers in 
different geographical locations, and can help in providing transparent criteria for 
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the design and optimization of newly developed methods for predicting adverse 
effects for regulatory purposes, and accelerate validation of AMs. 

 For this reason, the International Cooperation on Alternative Test Methods 
(ICATM) has been established in 2009 by validation centres from Europe, USA, 
Canada and Japan, later joined by Korea. This establishment followed a recommen-
dation made by the International Cooperation on Cosmetics Regulation, with the 
aim to strengthen collaboration and communication in the design, execution and 
peer review of validation studies. The existing differences across world regions and 
major efforts carried out for the cooperation and international harmonization of the 
validation of AMs will be described in this chapter.  

2     Creation and Purpose of the International Cooperation 
on Alternative Methods (ICATM) 

  The International Cooperation on Cosmetics Regulation (ICCR), an international 
group of cosmetics regulatory authorities consisting of the European Commission’s 
Directorate General for Internal Market, Industry, Entrepreneurship and SMEs (DG 
GROW), the U.S. Food and Drug Administration (FDA), the Ministry of Health, 
Labour and Welfare of Japan, Health Canada and, since 2014, the Brazil National 
Sanitary Agency (ANVISA), met for the fi rst time on 26–28 September 2007. 
During this fi rst meeting, the ICCR recognized the importance of replacing, reduc-
ing, and refi ning (less pain and distress) animal testing (3Rs) and recommended the 
enhancement of international collaboration and communication in the design, exe-
cution, and peer review of validation studies on AMs. To this end, the ICCR invited 
four validation organizations coordinating validation studies and test method evalu-
ations in the ICCR member countries to propose options to increase international 
cooperation, namely (1) the European Centre for the Validation of Alternative 
Methods (ECVAM), (2) the U.S. National Toxicology Program Interagency Center 
for the Evaluation of Alternative Toxicological Methods (NICEATM) and the 
U.S. Interagency Coordinating Committee on the Validation of Alternative Methods 
(ICCVAM), (3) the Japanese Center for the Validation of Alternative Methods 
(JaCVAM), and (iv) the Environmental Health Science and Research Bureau within 
Health Canada. These validation organizations agreed that a framework was needed 
and, in response to ICCR, developed the International Cooperation on Alternative 
Methods (ICATM) to facilitate increased and consistent international cooperation, 
coordination, and communication on AMs. The ICATM framework was formally 
established on the 27th of April 2009 through the signature of a Memorandum of 
Cooperation (MoC) by representatives of these four international organizations. On 
the 8th of March 2011, a fi fth partner organization, the Korean Center for the 
Validation of Alternative Methods, joined the ICATM and an updated MoC was 
signed by all partners. 
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 Through the MoC, ICATM partners agreed to promote consistent and enhanced 
voluntary international cooperation, coordination, and communication on 3R 
approaches in order to:

    1.    Ensure the optimal design and conduct of validation studies that will support 
national and international regulatory decisions on the usefulness and limitations 
of AMs proposed for regulatory testing;   

   2.    Ensure high quality and consistent independent scientifi c peer reviews of AMs 
that incorporate transparency and the opportunity for stakeholder involvement;   

   3.    Enhance the likelihood of development of harmonized recommendations by 
national validation organizations on the usefulness and limitations of AMs pro-
posed for regulatory testing;   

   4.    Achieve greater effi ciency and effectiveness by avoiding duplication of effort 
and leveraging limited resources;   

   5.    Support the timely international adoption of AMs;   
   6.    Ensure that new alternative test methods/strategies adopted for regulatory use 

will provide equivalent or improved protection for people, animals, and the envi-
ronment, while replacing, reducing, or refi ning (causing less pain and distress) 
animal use where scientifi cally feasible.     

 Thus, the ICATM  collaboration   addresses four critical areas of cooperation: test 
method validation studies, independent peer review of the validation studies, devel-
opment of formal and harmonized recommendations, and communication to stake-
holders in order to ensure worldwide regulatory acceptance of alternative methods 
and strategies. 

 Collaborations among ICATM partners have existed and have steadily increased 
for more than a decade. Prior to ICATM, however, coordination of interactions 
occurred on an  ad hoc  informal basis only. Since the establishment of ICATM, all 
partners meet once a year in order to reinforce their cooperation, address further the 
terms and practicalities of this collaboration and present updates on their activities.   

3     Mapping of ICATM Partner Organizations’ Functioning: 
Mandate, Legislative Context, Drivers, Structure 
and Workfl ow 

3.1     The European Union Reference Laboratory 
for Alternatives to Animal Testing (EURL ECVAM) 

 The European Commission’s fi rst initiative focusing on the validation of alternative 
approaches to animal testing started in 1991, with the creation of ECVAM. ECVAM 
was originally established following a Communication from the European 
Commission to the Council and the European Parliament in October 1991 (European 
Commission  1991 ), pointing to Article 23 of former Directive 86/609/EEC. This 
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Article required the Commission and the Member States to actively support the 
development, validation and acceptance of AMs which could reduce, refi ne or 
replace the use of  laboratory animals      and would provide the same level of informa-
tion as that obtained in experiments using animals. This was followed by the formal 
establishment in 2011 of the European Union Reference Laboratory for Alternatives 
to Animal Testing (EURL ECVAM) due to the increasing need for new methods to 
be developed, validated and regulatory accepted in the European Union. EURL 
ECVAM’s legal basis is laid out in Directive 2010/63/EU on the protection of ani-
mals used for scientifi c purposes. Under this Directive, EURL ECVAM’s mandate 
has been broadened to cover the entire life cycle of AMs, i.e. from development 
over validation to regulatory acceptance, international recognition and proper scien-
tifi c use. The main duties and  tasks      of EURL ECVAM are:

•    To co-ordinate and promote the development and use of alternatives including in 
the areas of basic and applied research and regulatory testing;  

•   To co-ordinate the validation of alternative approaches at EU level;  
•   To act as a focal point for the exchange of information on the development of 

alternative approaches;  
•   To set up, maintain and manage public databases and information systems on 

alternative approaches and their state of development; and  
•   To promote dialogue between legislators, regulators, and all relevant stakehold-

ers, in particular, industry, biomedical scientists, consumer organizations and 
animal-welfare groups, with a view to the development, validation, regulatory 
acceptance, international recognition, and application of alternative approaches.    

 EURL ECVAM is an integral part of the Joint Research Centre of the European 
Commission. EURL ECVAM is embedded in the Chemicals Safety and Alternative 
Methods Unit of the JRC. The JRC has extensive activities supporting the develop-
ment and implementation of European Union chemicals policy. EURL ECVAM’s 
main focus is on advancing safety assessment science using AMs to support regula-
tory decision making. EURL ECVAM comprises about 65 staff divided in three 
competence groups focusing on Assay Validation, Predictive toxicology, and 
Toxicity Pathways. EURL ECVAM also operates an in vitro Good Laboratory 
Practice (GLP) test facility and a High Throughput Screening (HTS) facility. The 
current work of  EURL ECVAM      is associated with fi ve main themes:

•    Combined exposures and chemical mixtures  
•   Integrated Approaches to Testing and Assessment (IATA)  
•   Endocrine disruptors  
•   Information systems supporting safety assessment and advancement of AMs  
•   Standardization and international harmonization of AMs    

 EURL ECVAM has a long tradition in the validation of methods which reduce, 
refi ne or replace the use of animals for safety assessment and effi cacy/potency test-
ing of chemicals, biologicals and vaccines. Validation is a key step towards the regu-
latory acceptance and use of a test method. The EURL ECVAM validation process 
allows for consistency in the execution of all EURL  ECVAM      validation studies and 
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comprises four key steps: (1) the assessment of a test method submission, (2) the 
planning and conduct of a validation study, (3) the independent scientifi c peer- 
review of the validation study and its conclusions and (4) the development of an 
ECVAM Recommendation on the validity status of the test method (Fig.  14.1 ). 
During this process, EU regulatory experts (PARERE), stakeholders (ESTAF), 
ICATM partners, the test method submitters and even the public are consulted at 
key stages (see below for more details),       so that their views but also their technical 
and scientifi c input are taken into account to the extent possible. More detailed 
information on the validation process can be found in Chap.   4     of this book.

   Research laboratories can submit AMs that they have developed to EURL 
ECVAM for scientifi c validation. Finalized validation studies performed by indus-
try or other stakeholders can also be submitted to EURL ECVAM for evaluation and 
eventual scientifi c peer review by EURL ECVAM’s Scientifi c Advisory Committee 
(ESAC) (see:   https://eurl-ecvam.jrc.ec.europa.eu/about-ecvam/scientifi c-advice- 
stakeholders-networks/ecvam-scientifi c-advisory-committee-esac    ). The spontane-
ous submission process itself follows a two-step procedure, starting with a fi rst 
concise “pre-submission” that may be followed by a more extensive “complete sub-
mission” upon a positive assessment of the pre-submission by EURL ECVAM. In 
the fi rst step of the submission process, method developers are required to complete 
a  Test Pre-submission Form (TPF)        , which allows EURL ECVAM to perform a pre-
liminary assessment of the status of development, optimization and/or validation of 
the test method, its relevance for a human health(-related) or environmental effect, 
and its potential impact on the 3Rs (replacement, reduction, refi nement of animal 

  Fig. 14.1    The EURL ECVAM  validation      workfl ow. The process ( blue ) comprises four key steps. 
Interactions with stakeholders (PARERE and ESTAF), ICATM and EU-NETVAL laboratories are 
indicated to the  left  of the process. Key output documents on the  right        
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testing). Already during this preliminary assessment phase, EURL ECVAM may 
consult its Advisory Structure, e.g. ESAC, the EURL ECVAM Stakeholder Forum 
(ESTAF) (see:   https://eurl-ecvam.jrc.ec.europa.eu/about-ecvam/scientifi c-advice- 
stakeholders-networks/estaf-ecvam-stakeholder-forum    ), the EURL ECVAM’s 
Network for  P reliminary  A ssessment of  RE gulatory  RE levance (PARERE) (see: 
  https://eurl-ecvam.jrc.ec.europa.eu/about-ecvam/scientifi c-advice-stakeholders- 
networks/parere    ) and ICATM partners, in view of collecting input on possible sci-
entifi c issues and on the potential prioritization of the test method considering its 
regulatory and stakeholder relevance (Fig.  14.1 ). After successful conclusion of this 
fi rst step, including a positive review of the TPF by EURL ECVAM, the test submit-
ter is formally invited to complete a detailed   Test Submission Template (TST). 
Complete submissions can only be submitted after formal invitation by EURL 
ECVAM and must be based on the EURL ECVAM TST. The complete submission 
allows EURL ECVAM to do a comprehensive evaluation of the submitted method 
and to take a fi nal decision on whether the submitted test method qualifi es for enter-
ing validation and at which stage of the EURL ECVAM validation process it may 
enter. The structure of the TST follows the EURL ECVAM modular approach that 
includes seven validation modules, i.e. (1) test defi nition, (2) within-laboratory 
reproducibility, (3) transferability, (4) between laboratory reproducibility, (5) pre-
dictive capacity, (6) applicability domain, and (7) performance standards. The  TST      
thus allows for a comprehensive description of the test method’s status with respect 
to its development, optimization and/or validation. The information submitted in the 
TST also allows making decisions on the prioritization of the test method, which is 
generally done in close dialogue with the EURL ECVAM Advisory Structure and 
ICATM (Fig.  14.1 ). Ideally, test submissions are assessed in the context of EURL 
ECVAM strategy papers that were, or are being defi ned in various toxicological 
areas such as e.g. skin sensitization, genotoxicity, acute systemic toxicity, fi sh toxic-
ity and toxicokinetics (see:   https://eurl-ecvam.jrc.ec.europa.eu/eurl-ecvam-strategy- 
papers    ). In defi ning these strategy documents, EURL ECVAM aims to be transparent 
and explicit about the formulation of strategic aims and associated objectives, and 
to be as inclusive as possible in taking into account the views and suggestions of 
various stakeholders and ICATM partners.   

 Beside the normal test submission process mentioned above, EURL ECVAM 
may also launch public calls for in vitro method nominations in areas identifi ed as 
of regulatory priority and where in vitro methods may have been suffi ciently devel-
oped and optimized to enter the EURL ECVAM validation workfl ow. 

 Prioritized test methods may enter a validation study coordinated by EURL 
ECVAM in order to assess their  reliability and relevance      for a particular purpose. 
Validation studies (i.e. multi-laboratory trials) coordinated by EURL ECVAM are 
performed, where possible, with laboratories of the European Union Network of 
Laboratories for the Validation of Alternative Methods (EU-NETVAL). 
EU-NETVAL was created by EURL ECVAM to address provisions in Directive 
2010/63/EU whereby Member States of the European Union are requested to con-
tribute to the validation of AMs. Currently there are a total of 37 members of 
EU-NETVAL, selected against pre-defi ned eligibility criteria (including 36 test 
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facilities from EU Member States plus the European Commission’s own  in vitro  
GLP test facility operated by EURL ECVAM, which coordinates the network). In 
agreement with EURL ECVAM validation principles and those outlined in Guidance 
Document No. 34 of the Organisation for Economic Co-operation and Development 
(OECD  2005 ), an international and independent  Validation Management Group 
(VMG)   is set up by EURL ECVAM for each validation study to oversee all aspects 
of the study. ICATM partners may propose VMG members and may participate 
themselves in the VMG as observers to provide scientifi c, technical and regulatory 
input. More detailed information on the design and conduct of a multi-laboratory 
validation trial and EU-NETVAL can be found in Chap.   5     of this book. 

 EURL ECVAM also organizes and coordinates the scientifi c peer review of vali-
dation studies conducted or evaluated by EURL ECVAM. Completed validation 
studies undergo independent scientifi c peer review by the EURL ECVAM Scientifi c 
Advisory Committee (ESAC). Specialized  Working Groups (WGs)         of the ESAC 
are set up on an  ad hoc  basis to prepare ESAC peer reviews and document their 
fi ndings in “ESAC WG Reports”. WGs are typically composed of ESAC members 
and external scientists nominated by ESAC, EURL ECVAM and ICATM partners. 
The output of ESAC consists in “ESAC Opinions” which summarize the scientifi c 
advice given to EURL ECVAM. 

   At the end of the validation process, EURL ECVAM issues a Recommendation 
on the test method (see:   https://eurl-ecvam.jrc.ec.europa.eu/eurl-ecvam- 
recommendations    ). The aim of a EURL ECVAM Recommendation is to:

    1.    Provide EURL ECVAM’s views on the validity status of the test method in ques-
tion, its mechanistic relevance, performance, limitations and applicability taking 
into account the ESAC Opinion, EURL ECVAM’s own evaluation and other 
relevant information;   

   2.    Advise on possible regulatory applicability and proper scientifi c use of the test 
method;   

   3.    Suggest possible follow-up activities in view of addressing knowledge gaps.    

  During the development of its  Recommendations     , EURL ECVAM consults 
PARERE, ESTAF, other Commission services and its international validation part-
ner organizations of ICATM (Fig.  14.1 ). EURL ECVAM also invites comments 
from the general public and, if applicable, from the test method submitters before 
fi nalising its Recommendations and publishing them on its website.   

 Following adequate validation demonstrating the usefulness and limitations of a 
test method/approach, it may be considered for adoption by regulatory authorities. 
Many of the AMs evaluated and/or validated by EURL ECVAM have been taken up 
into EU law and in international programmes, such as the Test Guidelines Programme 
(TGP) of the Organisation for Economic Co-operation and Development (OECD). 
Often, EURL ECVAM takes an active role in this process of regulatory acceptance 
by taking leadership in the drafting of new or updated Test Guidelines and/or 
Guidance Documents. 

 Of key importance is also the dissemination of information across  stakeholders     . 
EURL ECVAM takes an active role in promoting the dissemination of information 
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on the development and validation of alternative methods and approaches, their 
application in industry and their acceptance by regulators. A tracking system of 
AMs towards regulatory acceptance provides an overview of all test methods that 
were submitted to EURL ECVAM for validation and/or peer review from 2008 up 
to now (see:   http://ihcp.jrc.ec.europa.eu/our_labs/eurl-ecvam/test-submission    ). 
This tracking system is currently under revision to add information on the validation 
and regulatory acceptance process of submitted test methods.  

3.2     The U.S. Interagency Coordinating Committee 
on the Validation of Alternative Methods (ICCVAM) 
and the U.S. National Toxicology Program Interagency 
Center for the Evaluation of Alternative Toxicological 
Methods (NICEATM) 

 ICCVAM was fi rst established as an   ad hoc  committee   in 1994 in response to a 
mandate to the Director of the National Institutes of Health (NIH) under the NIH 
Revitalization Act of 1993 (Public Law 103-43, Sec. 205, pp. 25–27; accessible at: 
  http://history.nih.gov/research/downloads/PL103-43.pdf    ). Later in 1997, ICCVAM 
was designated as a standing committee by the National Institute of Environmental 
Health Sciences (NIEHS). In 2000, the ICCVAM Authorization Act (Public Law 
106-545, 42 USC 285l-5; accessible at:   http://history.nih.gov/research/downloads/
PL106-545.pdf    ) established ICCVAM as a permanent interagency committee of the 
NIEHS under NICEATM. NICEATM was established in 1998 and is funded by 
NIEHS through the  National Toxicology Program (NTP)     . The NIEHS is one of the 
27 institutes composing the NIH. NICEATM provides scientifi c and operational 
support for ICCVAM. 

 ICCVAM is composed of representatives from 7  U.S. Federal regulatory agen-
cies   (Consumer Product Safety Commission, Department of Agriculture, 
Department of the Interior, Department of Transportation, Environmental Protection 
Agency, Food and Drug Administration, and Occupational Safety and Health 
Administration) and 8 U.S. Federal research agencies (Agency for Toxic Substances 
and Disease Registry, National Institute for Occupational Safety and Health, 
National Cancer Institute, National Institute of Environmental Health Sciences, 
National Library of Medicine, National Institutes of Health, Department of Defence, 
and Department of Energy) that require, use, generate or disseminate toxicological 
and safety testing information. ICCVAM’s mission is to “ facilitate development, 
validation, and regulatory acceptance of new and revised regulatory test methods 
that reduce, refi ne, and replace the use of animals in testing while maintaining and 
promoting scientifi c quality and the protection of human health, animal health, and 
the environment. ” The ICCVAM  Authorization Act of 2000   formally established the 
mandate of ICCVAM, defi ning its purposes as follows:

•    To increase the effi ciency and effectiveness of U.S. Federal agency test method 
review;  
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•   To eliminate unnecessary duplicative efforts and share experiences between 
U.S. Federal agencies;  

•   To optimize utilization of scientifi c expertise outside the U.S. Federal 
Government;  

•   To ensure that new and revised test methods are validated to meet the needs of 
U.S. Federal agencies; and  

•   To reduce, refi ne, or replace the use of animals in testing, where feasible.    

 The ICCVAM Authorization Act of 2000 also directs ICCVAM to carry out the 
following duties:

    1.    Review and evaluate new or revised or alternative test methods… that may be 
acceptable for specifi c regulatory uses, including [those]… of interagency 
interest.   

   2.    Facilitate appropriate interagency and international harmonization of acute or 
chronic toxicological test protocols that encourage the reduction, refi nement, or 
replacement of animal test methods.   

   3.    Facilitate and provide guidance on the development of validation criteria, valida-
tion studies and processes for new or revised or alternative test methods and help 
facilitate the acceptance [and awareness] of such scientifi cally valid test meth-
ods… by Federal agencies and other stakeholders.   

   4.    Submit ICCVAM test  recommendations   for the test method reviewed by 
ICCVAM…to each appropriate Federal agency…   

   5.    Consider for review and evaluation, petitions received from the public that (A) 
identify a specifi c regulation, recommendation, or guideline regarding a regula-
tory mandate; and (B) recommend new or revised or alternative test methods and 
provide valid scientifi c evidence of the potential of the test method.   

   6.    Make available to the public fi nal ICCVAM test recommendations to appropriate 
Federal agencies and the responses from the agencies regarding such 
recommendations.   

   7.    Prepare [biennial] reports to be made available to the public on [ICCVAM] prog-
ress under this Act.     

 Finally, the ICCVAM Authorization  Act   established a standing NTP Scientifi c 
Advisory Committee, now designated the Scientifi c Advisory Committee on 
Alternative Toxicological Methods (SACATM), to advise ICCVAM and NICEATM 
regarding ICCVAM activities. SACATM members are appointed by the NIEHS 
Director and include stakeholders from regulated industries, animal protection orga-
nizations, academia, U.S. state or international regulatory bodies, and companies or 
organizations that develop, market, or use test methods. ICCVAM members who 
represent the 15 ICCVAM agencies serve as non-voting SACATM members. 

 ICCVAM relies on stakeholders to carry out AM research, development, and 
validation, providing guidance to test method developers where needed/requested. 
As such, ICCVAM does not carry out validation studies on behalf of test method 
developers but evaluates alternative toxicological test methods nominated/submit-
ted by  stakeholders   and reviews validation data, organizes expert peer reviews of 
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promising methods, and makes recommendations on the use of reviewed test meth-
ods to appropriate U.S. Federal agencies. ICCVAM therefore welcomes nomina-
tions/submissions of innovative test methods or approaches that may be acceptable 
for specifi c regulatory use and that align with ICCVAM member agency needs and 
priorities. Submissions/nominations accepted for review by ICCVAM will gener-
ally need to be supported by at least one federal agency, which takes the role of 
‘sponsor’ for the proposed project, thereby ensuring that work done by ICCVAM is 
aligned with the needs of the agencies. ICCVAM is responsible for determining the 
relevance and priority of  test method   nominations/submissions, whereas NICEATM 
facilitates their scientifi c review by making use of its competencies in validation 
study design, computational toxicology, chemoinformatics, data  management   and 
data analysis. 

 To optimize utilization of resources and avoid duplication of effort, ICCVAM 
coordinates test method evaluation activities with ICATM partner organizations. 
International collaboration is also facilitated through ICCVAM agency participation 
in the OECD TGP. The U.S. National Coordinator for the OECD TGP (NC) has 
become an  ad hoc  member of ICCVAM in 2013 and uses the Committee as an inter-
face both to provide frequent updates to federal agencies on topics of international 
interest, thus increasing agency awareness of international 3R efforts, and to gather 
feedback on those activities for the OECD. Broader engagement with the scientifi c 
community and stakeholders is achieved through focused workshops, webinars and 
face-to-face forums. 

 Both ICCVAM and NICEATM were reorganized in 2013. The vision for the 
2013 reorganization of ICCVAM is described on the NTP website (see:   http://ntp.
niehs.nih.gov/pubhealth/evalatm/iccvam/mission-and-vision/index.html    ), and in 
the  draft document      issued by ICCVAM, “A New Vision and Direction for ICCVAM” 
(see:   http://ntp.niehs.nih.gov/ntp/about_ntp/sacatm/2013/september/iccvamnewvi-
sion_aug2013_508.pdf    ). This document presents ICCVAM’s (1) areas of priority 
and scientifi c focus for immediate resource investment, (2) plans to improve com-
munications with stakeholders and the public, and (3) interest in exploring new 
paradigms for the validation and utilization of alternative toxicological methods. 
NICEATM’s mandate was also updated in 2013, and now includes other NTP activ-
ities, e.g., supporting NTP’s participation in the interagency Tox21 initiative, in 
addition to its original purpose as the scientifi c and operational support for ICCVAM.  

3.3     Health Canada 

   There are signifi cant differences between  Health Canada (HC)   and the other ICATM 
partners. HC is not at ‘arms-length’ from regulatory bodies like the other ICATM 
partners because HC is a regulatory body itself. It has broad responsibilities as a 
regulator of foods, biologics, consumer products, medical devices, natural health 
products, pesticides, pharmaceuticals, and chemical substances. HC is made up of 
12 Branches, Offi ces and Bureaux as well as four Agencies. Branches involved in 

J. Barroso et al.

http://ntp.niehs.nih.gov/pubhealth/evalatm/iccvam/mission-and-vision/index.html
http://ntp.niehs.nih.gov/pubhealth/evalatm/iccvam/mission-and-vision/index.html
http://ntp.niehs.nih.gov/ntp/about_ntp/sacatm/2013/september/iccvamnewvision_aug2013_508.pdf
http://ntp.niehs.nih.gov/ntp/about_ntp/sacatm/2013/september/iccvamnewvision_aug2013_508.pdf


357

regulation of potentially harmful exposures include the Healthy Environments and 
Consumer Safety Branch, the Health Products and Food Branch, and the Pest 
Management Regulatory Agency. HC’s Environmental Health Science and Research 
Bureau coordinates Canada’s participation in ICATM. 

 Unlike the other ICATM partners, Canada does not have a national validation 
centre or a specifi c legislative mandate to work on 3Rs. As such, HC does not initi-
ate any validation work or receive nominations of AMs for evaluation, but may 
‘sponsor’ such work in collaboration with an ICATM partner. Priorities are drawn 
from national regulatory needs, international commitments and future scientifi c 
directions, overlaid with domestic expertise and existing partnerships. HC also has 
limited institutional expertise with peer reviews and therefore, does not lead inter-
national peer reviews of AMs/validation studies like some of the other ICATM part-
ners do. Even though there is no formal programme on AMs or a validation body in 
Canada, HC does contribute to research and method development, to validation 
lab-work including international collaborative studies, to validation management 
committees, to international peer reviews (by providing experts as members of a 
peer review panel), and to the OECD TGP in the area of alternatives. The primary 
interest is to ensure that new alternative methods or strategies offer equivalent or 
better protection of human health while respecting the 3Rs. HC is also a permanent 
member of the Canadian Council on Animal Care, which oversees the ethical use of 
animals in science in Canada. 

 In terms of test method  recommendations  , HC works mostly via the OECD TGP 
to disseminate information on acceptable AMs. The Canadian OECD TGP National 
Coordinator is from HC. 

 HC will continue contributing expertise to the validation of AMs. Where there 
are opportunities to participate and adequate resources, HC will contribute to the 
design, management and conduct of validation studies, to peer reviews of validated 
AMs and to the development of recommendations on their suitability and 
limitations.    

3.4     The Japanese Center for the Validation of Alternative 
Methods (JaCVAM) 

 JaCVAM was established by the Ministry of Health, Labour and Welfare (MHLW) 
in November 2005 as a part of the National Institute of Health Sciences (NIHS)’s 
Division of Pharmacology at the Biological Safety Research Center (BSRC). 
JaCVAM is charged with the following  roles      and responsibilities: (1) to promote the 
use of AMs to animal testing in regulatory studies in Japan, thereby replacing, 
reducing, or refi ning (the 3Rs) the use of animals wherever possible while meeting 
the responsibility of the BSRC to ensure the protection of the general public by 
assessing the safety of chemicals and other materials, as stipulated in the regulations 
of the NIHS; (2) to ensure new methods originated in Japan are validated, peer 
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reviewed, accepted by regulatory agencies, and made internationally compatible; 
and (3) to establish guidelines for new alternative experimental methods through 
international collaboration. To accomplish this, JaCVAM assesses the utility, limita-
tions, and suitability for use in regulatory studies of AMs for determining the safety 
of chemicals and other materials and also performs validation studies when neces-
sary. In addition, JaCVAM cooperates and  collaborates      with similar organizations in 
related fi elds, both in Japan and internationally. The Regulation on the Foundation 
of JaCVAM of May 1, 2007 (accessible at:   http://www.jacvam.jp/fi les/regula-
tions120813.pdf    ) establishes JaCVAM’s Rules of Operation. 

 The framework for the validation, peer review and regulatory acceptance of AMs 
in Japan is summarized in Fig.  14.2 . JaCVAM is organized around a JaCVAM 
Steering Committee composed of the NIHS Director General, the BSRC Director 
(chairperson) and other BSRC division representatives, a representative from the 
MHLW, a representative from the  Pharmaceuticals and Medical Devices Agency     , 
and the head of the Section for the Evaluation of Novel Methods in the Division of 
Pharmacology of the BSR. The JaCVAM Steering Committee deliberates on the 
selection/acceptance of novel and modifi ed methods for study by JaCVAM, based 
on documentation submitted by a test method developer/proposer. If required, the 
Steering Committee proposes the organization of a validation study and commis-
sions a new Validation Management Team (VMT), appointing its chairperson. 

  Fig. 14.2    Framework for validation, peer  review      and regulatory acceptance of AMs in Japan       
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Other members of the VMT are selected in consultation with ICATM partners. If 
necessary, the Steering Committee also fi nalizes budgetary and manpower alloca-
tions necessary to implement evaluation and determine the scientifi c validity of the 
methods selected for study. Validation Management Teams are responsible for plan-
ning and implementing validation processes. In addition, Validation Management 
Teams deliberate on results obtained from validation processes and prepare valida-
tion reports that include recommended protocols for submission to the Steering 
Committee. A Peer Review Panel is also commissioned by the Steering Committee 
each time a test method is submitted for consideration, and consists of experts on 
the safety of chemical substances and statistical analysis, who were not involved in 
the development or validation of the test method under consideration. After the 
Steering Committee appoints a chairperson, additional panel members are named 
by the chairperson in consultation with the secretariat and the ICATM partners. Peer 
Review Panels evaluate test methods under consideration from a scientifi c and inde-
pendent point of view, and prepare draft evaluation reports. When necessary, a Peer 
Review Panel can propose implementation of additional validation work and rec-
ommends topics of interest for the validation. After deliberating on the results of a 
validation study of an AM, the  Peer Review Panel issues      a report to the Steering 
Committee.

   An  Editorial Committee      is also commissioned by the JaCVAM Steering 
Committee each time a test method is submitted for consideration, and consists of 
domestic experts on the safety of chemical substances and statistical analysis, who 
were not involved in the development or validation of the test method under consid-
eration. After the Steering Committee appoints a chairperson, additional panel 
members are named by the chairperson in consultation with the JaCVAM Secretariat 
and the ICATM partners. The Editorial Committee is responsible for preparing a 
Japanese evaluation report based on the validation reports, peer review report and 
other background information, which is submitted to a Regulatory Acceptance 
Board for examination. The Regulatory Acceptance Board examines the reports as 
mentioned above in order to deliberate on the scientifi c validity, regulatory utility, 
and potential for acceptance by society in general of the test method under consid-
eration, after which it issues a fi nal report that undergoes public commenting. The 
Regulatory Acceptance Board consists of representatives of NIHS, experts of AMs, 
toxicologists, representatives recommended by industry groups, biostatisticians, 
and regulatory offi cers. Once fi nalized, the report from the Regulatory Acceptance 
Board is submitted to the JaCVAM Steering Committee for fi nal deliberation. The 
Steering Committee is responsible for establishing the offi cial policy of JaCVAM 
regarding test methods judged to be suitable for regulatory studies, and issues docu-
mentation of the results of these activities, which are then submitted to relevant 
agencies at the MHLW and/or other ministries as well as made available to the 
public. 

 All of JaCVAM activities are overseen by an  Advisory Council      composed of the 
NIHS Director General (chairperson), the BSRC Director, administrators from rel-
evant governmental agencies, experts on animal welfare, representatives from 
related academic societies, and industry representatives, as well as other persons 
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judged necessary by the chairperson. The Advisory Council receives reports from 
the Steering Committee once or more each year, on which it deliberates and for 
which it provides advice. 

 Japan is a member of the OECD, and therefore “accepts” the use of  OECD      Test 
Guidelines for regulatory testing purposes. Japan has several NCs represented in the 
OECD Working Group of the National Coordinators for the Test Guidelines 
Programme (WNT), coming different ministries, namely the MHLW, the Ministry 
of Economy, Trade and Industry (METI), the Ministry of Agriculture, Forestry and 
Fisheries (MAFF), the Ministry of the Environment (MOE) and the Ministry of 
Foreign Affairs (MOFA). They aim at developing harmonized consensus views in 
Japan on specifi c test methods and promoting their adoption at OECD level. New 
project proposals (SPSFs—Standard Project Submission Forms) and new draft TGs 
on AMs proposed by JaCVAM/MHLW need to be agreed by all NCs before submis-
sion to the OECD (Fig.  14.3 ). ICATM partners are also consulted on every new 
Japanese proposal to the OECD for adoption of new AMs.

   To promote the 3Rs in Japan, the director of JaCVAM collects information about 
the 3Rs from Japan and abroad and broadcasts this information through scientifi c 
societies, web sites, publications, and symposia. Additionally, JaCVAM distributes 
publications that summarize JaCVAM’s activities to the relating organizations. To 
facilitate the conduct of its activities, JaCVAM also cooperates with several scien-

  Fig. 14.3    Framework for the validation and international regulatory acceptance of AMs       
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tifi c organizations such as the Japanese Society for Alternatives to Animal 
Experiments (JSAAE)       (Fig.  14.4 ). The JSAAE, founded in 1989, is an academic 
research organization with the purpose “to promote research, development, educa-
tion, and studies related to animal welfare and alternatives to animal experiments, 
disseminating the results of these activities.” JaCVAM and the JSAAE have also 
provided important leadership in the establishment of AMs in other Asian countries. 
They collaborated with Korea in launching of the Korean Center for the Validation 
of Alternative Methods (KoCVAM).

   The English version of the JaCVAM website, launched in August 2009, provides 
stakeholders outside of Japan with easier access to their activities. The site provides 
details on the organization of JaCVAM, and describes the committees and groups 
that participate in advising JaCVAM and in the review of AMs in Japan. The 
“Update on JaCVAM” section of the offi cial JaCVAM website (see:   http://www.
jacvam.jp/en_effort/index.html    ) provides a table that describes the validation/peer 
review/regulatory acceptance status of different AMs that are undergoing, or have 
undergone, evaluation by JaCVAM. Ongoing validation studies coordinated by 
JaCVAM are: the SIRC-CVS assay, the Vitrigel-EIT and a “me too” reconstructed 
human cornea-like epithelium (LabCyte CORNEA model) for eye irritation testing; 
the IL-8 Luc assay for predicting skin sensitization; and a stably transfected tran-
scriptional activation (STTA) antagonist assay for androgen disruptor screening 
(AR-EcoScreen). The latter is being supported by the OECD “Validation 
Management Group—Non Animal” and is foreseen to be included into a 
Performance-Based Test Guideline (PBTG) together with the AR-CALUX test 
method currently being validated by EURL ECVAM.  

  Fig. 14.4     International      cooperation of JaCVAM       
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3.5     The Korean Center for the Validation of Alternative 
Methods (KoCVAM) 

 KoCVAM was founded by the Korea Food and Drug Administration (KFDA) in 
November 2009 and is hosted by the Toxicological Screening and Testing Division 
within the Toxicological Evaluation and Research Department of the  National 
Institute of Food and Drug Safety Evaluation (NIFDS)        . In March 2013, the KFDA 
was restructured and elevated to ministry status as the Ministry of Food and Drug 
Safety (MFDS). The MFDS oversees the NIFDS and is responsible for protecting 
the public health by assuring the safety of foods, drugs, biologics, cosmetics, and 
medical devices in the Republic of Korea. The MFDS has several  regulations      in 
these areas that relate to AMs, namely:

•     Cosmetics : Regulation on evaluation of functional cosmetics (2013.12.31), 
which accepts AMs for cosmetics safety evaluation;  

•    Drugs : Guidance on Nonclinical Safety Studies for the Conduct of Human 
Clinical Trials and Marketing Authorization for Pharmaceuticals (2012.06.29) 
and Guideline on Photosafety evaluation of Pharmaceuticals (2014.10.24), 
which both refl ect the 3R principles (Replacement, Reduction, Refi nement);  

•    Medical devices : Standards for biological safety evaluation of medical devices 
(2014.4.24), which accepts the Local Lymph Node Assay and  in vitro    skin irrita-
tion tests using reconstructed human epidermis for safety evaluation of medical 
devices.    

 KoCVAM was established based on the Korean Laboratory Animal Act of March 
2008, which states in Article 5 (6) that the “establishment of policies and their 
execution on the development and approval of alternative test methods” is the duty 
of the minister of MFDS. KoCVAM was therefore established with the following 
mission:

•    To support policies on development and approval of alternative methods to ani-
mal testing;  

•   To manage the overall process of validating AMs, conducting peer reviews, pro-
viding recommendations to regulatory authorities, and proposing test guidelines 
on validated AMs;  

•   To promote cooperation and joint research on AMs with domestic and interna-
tional organizations;  

•   To disseminate AMs in Korea by providing educational programs and holding 
workshops.    

 KoCVAM seeks to institutionalize AMs through various activities, to build coop-
erative relationships with both  domestic and foreign organizations      and to review 
and validate proposed alternatives. KoCVAM also intends to keenly respond to 
these global trends by globally promoting AMs developed by Korean organizations. 
On this basis, KoCVAM’s main activities focus on the coordination of validation 
studies on AMs, the implementation in Korea of internationally validated AMs, the 
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development and recommendation of international test guidelines, and the dissemi-
nation of  AMs      in and out of Korea. 

 The KoCVAM’s  validation workfl ow      can be summarized into the following con-
secutive steps:

    1.     Test method developer/proposer : Submission to KoCVAM of a candidate 
AM and validation study proposal;   

   2.     KoCVAM : Review of the proposed AM, decision whether or not to initiate a 
validation study on the proposed method, and establishment of an  ad-hoc  
Validation Management Team (VMT), including experts in chemistry and 
biostatistics;   

   3.     VMT : Drafting of a project plan for the validation study, establishment of test 
chemicals and biostatistics teams, selection of test chemicals (proposed by test 
chemicals team), approval of participating laboratories and approval of the test 
method’s protocol/SOP;   

   4.     Lead laboratory : Transfer of the proposed test method to the participating 
laboratories and fi nalization of the test method’s protocol/SOP (if required);   

   5.     KoCVAM : Distribution of coded test chemicals to the participating 
laboratories;   

   6.     Participating laboratories : Profi ciency testing of coded test chemicals fol-
lowed by intra- and inter-laboratory validation (assessment of reproducibility 
and predictive capacity) conducted by the lead laboratory and other participat-
ing laboratories;   

   7.     KoCVAM : Collection of data and QA audit on data and study documentation;   
   8.     Bio-statistics team : analyses and evaluation of the data and drafting of a statis-

tics report;   
   9.     VMT : Preparation of a validation study report (the VMT can propose an addi-

tional study if found necessary);   
   10.     KoCVAM : Establishment of a Peer Review Panel;   
   11.     Peer Review Panel : Peer review of the study on the basis of the validation 

study report and preparation of a peer review report (the Peer Review Panel can 
propose an additional study if found necessary);   

   12.     KoCVAM : Evaluation of the peer review report, decision whether or not to 
propose the method for regulatory use and organization of an  ad-hoc  Regulatory 
Recommendation Team;   

   13.     Regulatory Recommendation Team : Provide recommendations based on the 
peer review report;   

   14.     KoCVAM : Recommendation of the test method to regulatory authorities.    

  Korea also participates in several international validation studies and  peer- 
reviews      coordinated by ICATM partners (Table  14.1 ). The process usually starts 
with an ICATM organization making a formal request to KoCVAM for Korean 
experts and/or laboratories to join an international validation study or peer-review 
 panel     . KoCVAM then notifi es relevant national academic institutions, research 
institutes, GLP facilities, CRO or other laboratories and requests for applications. 
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All applications are reviewed by KoCVAM to assess the qualifi cations of the 
expert(s) or lab(s) and the selected ones are then nominated/recommended to the 
ICATM partner.

   Korea joined the OECD in 1996. Since its establishment, KoCVAM has con-
stantly adopted OECD TGs in Korea so that AMs can be widely used by academia 
and industry in the safety evaluation of cosmetics. Indeed,  KoCVAM      directly sup-
ports the implementation and application of accepted OECD TGs in the area of 
cosmetics. This is achieved by fi rst optimizing the test guideline and its implemen-
tation in a laboratory by conducting the test at KoCVAM. KoCVAM then prepares 
a draft national test guideline, solicits public comments, and fi nally makes a recom-
mendation to regulatory authorities. KoCVAM is thus playing a leading role in pro-
moting regulatory use of AMs in Korea. The evaluation and acceptance of the new 
test guideline is done by the Cosmetics Evaluation Division of MFDS. In Korea, 11 
AMs are offi cially accepted by the MFDS from OECD alternative TGs (Table  14.2 ).

   Table 14.1    Participation of  KoCVAM/Korean      experts/Korean laboratories in international 
validation studies and peer-reviews of AMs   

 Leading organization  Endpoint  Test method  KoCVAM activities 

 NICEATM/ICCVAM  Endocrine 
disrupter 
screening 

 CertiChem 
MCF-7 cell 
proliferation assay 

 Validation study 

 BG1Luc Estrogen 
Receptor 
Transactivation assay 

 Peer Review Panel 

 –  Reference chemicals 
international working 
group 

 Ocular toxicity  Short Time 
Exposure assay 

 Peer Review Panel 

 EURL ECVAM  Skin sensitization  KeratinoSens, 
DPRA and h-CLAT 

 Peer Review Panel 

 JaCVAM  Genotoxicity   In vitro  Comet assay  Validation study, VMT 
 Ocular toxicity  SIRC cytotoxicity 

test 
 Validation study, Peer 
Review Panel 

 Vitrigel-EIT method  VMT 
 Phototoxicity  ROS assay  VMT, Peer Review 

Panel 
 Skin sensitization  IL-8 reporter gene 

assay 
 VMT, Peer Review 
Panel 

 Vitrigel-SST method  VMT 
 Teratogenicity  Hand1-Luc EST 

assay 
 VMT 

 NC3Rs  Inhalation toxicity  Fixed concentration 
procedure for acute 
inhalation study 

 Collaborative study 

 EDQM  Biological test   In vitro  acellular 
pertussis vaccine 
assay 

 Collaborative study 
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   Korea has a very active (science) policy towards AMs for chemical testing and is 
spending considerable funding on test  method      development and validation. The 
budget over the last 7 years amounts to 8.5 million US dollars, with funding going 
signifi cantly up since 2013 (1.6 million in 2013, 2.2 million in 2014 and 2.2 million 
in 2015). Currently, KoCVAM is validating fi ve test methods: two “me too” skin 
irritation test methods (the MCTT KeraSkin and the Tego Neoderm-ED); a 
 non- radioactive LLNA based on fl ow cytometry (BrdU) for skin sensitization test-
ing (using the Performance Standards of OECD TG 429); a method using infl am-
matory mediators (IL1a and IL6) for predicting skin sensitization; and a reconstructed 
human cornea-like epithelium (MCTT HCE model) for eye irritation testing. Several 
facilities within Korea are conducting AMs and participating in validation studies 
forming a national network of validation laboratories, including MFDS/NIFDS, the 
Korean Testing and Research Institute (KTR), the Seoul National University 
Hospital Biomedical Research Institute, the AMOREPACIFIC R&D center, the 
Biotoxtech Co. and the Catholic University of Daegu GLP center.  

3.6     Points in Common and Differences Between the Different 
ICATM Organizations 

 Table  14.3  summarises the points in common and the differences between the dif-
ferent  international organizations   that are currently members of ICATM and that 
were described in the previous paragraphs.

   Table 14.2    MFDS acceptance for  cosmetics        

 Test method  International acceptance 
 National 
acceptance 

  In vitro  3T3 NRU phototoxicity test  OECD TG 432 (2004)  2007 
 Skin sensitization: Local Lymph 
Node Assay 

 OECD TG 429 (2007)  2007 

 Acute oral toxicity—Fixed 
Dose Procedure 

 OECD TG 420 (2002)  2008 

 Acute oral toxicity—Acute Toxic 
Class Method 

 OECD TG 423 (2002)  2008 

 Skin absorption:  in vitro  method  OECD TG 428 (2004)  2009 
 Bovine Corneal Opacity and 
Permeability test method 

 OECD TG 437 (2009)  2011
2014 (revision) 

 Skin sensitization: Local Lymph 
Node Assay: DA 

 OECD TG 442A (2010)  2013 

 Skin sensitization: Local Lymph Node 
Assay: BrdU-ELISA 

 OECD TG 442B (2010)  2013 

  In vitro  skin irritation: Reconstructed 
human Epidermis test method 

 OECD TG 439 (2010)  2014 

 Isolated Chicken Eye test method  OECD TG 438 (2009)  2015 
 Acute oral toxicity—Up-and-Down 
Procedure (UDP) 

 OECD TG 425 (2008)  2015 

14 International Harmonization and Cooperation in the Validation of Alternative…
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4         Recent Developments in Countries with Observer Status 
at ICATM 

 Two countries, namely Brazil and China, have currently an observer status at 
ICATM with the intention of becoming full members in the near future. This section 
will briefl y describe recent developments in AMs in Brazil and China focusing on 
training, validation and implementation in legislation over the last few years. 

4.1     Brazil 

  The idea to create a Brazilian Center for Validation of Alternative Methods 
(BraCVAM) arose during a round table discussions at the I EMALT (Brazilian 
Meeting on Alternative Methods to Animal Use for Regulatory Purposes) (Presgrave 
and Bhogal  2005 ). Later, BraCVAM’s creation was embraced by researchers from 
academia, industry and regulatory bodies and an embryonic format of structure was 
proposed (Presgrave  2008 ; Eskes et al.  2009 ; Presgrave et al.  2010 ). 

 After a long period without a specifi c law about animal experimentation, in 2008, 
Brazil published the Law 11,794 that regulates the use of laboratory animals in 
experimentation and education. Two important actions were implemented: (1) the 
creation of the National Council of the Control of Animal Experimentation 
(CONCEA—Conselho Nacional de Controle da Experimentação Animal); and (2) 
that all institutions that use animals for experimentation or education are obliged to 
have an Ethics Committee on Animal Use (CEUA—Comissão de Ética no Uso de 
Animais) (Cardoso and Presgrave  2010 ; Brasil  2008 ). Laws 11,794/2008 and 
9605/98 (Law against environmental crimes) state that when an AM is available, it 
must to be used and the original methods are not allowed to be performed. 

 Besides BraCVAM and CONCEA, Brazil counts on the National Network of 
Alternative Methods (RENAMA—Rede Nacional de Métodos Alternativos) to con-
duct the process of validation. In general, BraCVAM identifi es the need of validat-
ing a method, organizes the peer-review process and recommends the scientifi c 
validity of an assay to CONCEA; laboratories from RENAMA execute the assays; 
and CONCEA becomes the method offi cial in Brazil. 

 The validation process in Brazil follows the OECD Guidance Document No. 34 
(OECD  2005 ). BraCVAM aims to interact and collaborate with Brazilian and inter-
national partners, such as participating at the ICATM. 

 In 2014, as one of the fi rst important acts, BraCVAM indicated 17 already scien-
tifi cally validated and internationally accepted test methods to CONCEA for their 
offi cial acceptance in Brazil. These methods were those that cover skin corrosion/
irritation (OECD TGs 430, 431, 435 and 439), serious eye damage/eye irritation 
(TGs 437, 438, 460), phototoxicity (TG 432), skin permeation/absorption (TG 428), 
skin sensitization (TGs 429, 442A and 442B), acute toxicity (TGs 129, 420, 423 and 
425) and genotoxicity (TG 487). 
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 In 2015, the fi rst  Brazilian   validation study was initiated, funded by the Brazilian 
Ministry of Science, Technology and Innovation (MCTI—Ministério da Ciência, 
Tecnologia e Inovação) and aiming at the validation of HET-CAM (Hen’s Egg 
Test—Chorion-Allantoic Membrane). It counts on international experts as part of 
the Management Group and mainly aims, besides validating HET-CAM, to get 
hands-on experience of the validation process.   

4.2     China 

 Chinese regulations for the toxicity testing of chemicals still rely primarily on tradi-
tional animal testing methods. Many of these regulations were established prior to 
2000 and to date,  in vitro  OECD Test Guideline (TG) methods have not been 
adopted into many Chinese  chemical related regulations   as alternatives to using 
animal tests. Some alternatives, such as Quantitative Structure Activity Relationships 
(QSAR) and read-across may be used when chemicals of interest are not amenable 
to animal testing. 

 In 1997, four Chinese ministries (i.e., the Chinese Ministry of Science and 
Technology (MoST), Agriculture, Health and Food Drug) proposed the fi rst devel-
opment plan for AMs in China linked to the 3Rs principles of laboratory animal 
sciences (MoST of P. R. China  1997 ). Further effort was evident in an animal wel-
fare science policy issued by MoST in 2001 as well as the inclusion of China as an 
observer within a number of international programmes related to AMs (e.g. the 
OECD TGP, ICATM). A particular focus within these discussions was raising 
awareness of AMs and their application within Chinese authority laboratories (e.g. 
China Food Drug Administration (CFDA), China Inspection and Quarantine 
Bureaux (CIQ), Centre for Disease Control and Prevention (CDC)). 

 The last few years have seen signifi cant progress in both the science and evalua-
tion of AMs (i.e. in the application of  in vitro    OECD TG methods) in China. 
Knowledge and capability development in the use of AMs across many of the 
authority laboratories have been greatly improved following many years’ domestic 
efforts led by a few Chinese pioneer scientists in the fi eld as well as rising interna-
tional support from foreign governments, companies and NGOs across the globe 
(Curren and Jones  2012 ). Moreover,  scientifi c initiatives   within China to develop 
new approaches to integrate existing AMs (Yang et al.  2010 ) and to initiate research 
activities aligned with the ‘Toxicity Testing in the Twenty-First Century’ vision 
(National Research Council  2007 ) have been growing steadily across many aca-
demic, research institute and regulatory laboratories, following an increase in gov-
ernment funding in these areas from both the National Natural Science foundation 
of China and the Key Science Programmes of MoST. 

 As well as increased uptake and awareness of AMs, regulatory changes have also 
taken place in China which will reduce the overall numbers of animals used for 
safety testing. For example, from July 2014, domestically manufactured “non- 
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special” cosmetics, such as shampoo, soap, and some skin care products, can be 
marketed without mandatory product testing in animals, where safety information 
based on risk assessment is acceptable (CFDA  2011 ,  2014 ). 

4.2.1     Status of Training and Acceptance of OECD Test Guidelines 
on Alternative Methods 

  China has been recognized as a key partner by the OECD since May 2007, though 
as yet China is not an OECD member country. The current regulatory climate in 
China essentially requires that validated test methods and competent domestic labo-
ratories be in place before acceptance of non-animal tests can be accomplished. 
OECD TG methods (e.g. those for skin irritation, phototoxicity and eye irritation) 
provide an optimal starting point for non-OECD member countries. Indeed, over the 
last 8 years, Chinese scientists at some leading regulatory labs (e.g. Guangdong 
(GD)-CDC, GD-CIQ) have devoted signifi cant effort to the evaluation of these TG 
methods in their local labs (see those evaluated AMs in Table  14.4 ).

   Chinese laboratory capability for development in this area has been reinforced 
with interaction from many external stakeholders, including foreign governments, 
NGOs, trade associations and multinational consumer goods companies through 
numerous dialogues and scientifi c meetings in the past few years (e.g. see Table 
 14.5  for major events). Given the wide awareness of TG methods and acceptance of 
their scientifi c robustness amongst a large proportion of the scientifi c community 
and regulatory bodies in China, the remaining challenge for regulatory adoption of 
a TG method is to develop domestic laboratories trained in these methods across 
national and provincial levels with direct responsibility for the notifi cation, registra-
tion and post market surveillance of chemicals/cosmetics products. This would 
require intensive hands-on training, development of documentation tools (Standard 
Operating Procedures (SOPs), protocols, etc.), availability of reagents, equipment 
and test substrates as well as guidance on interpretation of the resulting non-animal 
data. A number of recent training events (see Table  14.4 ) illustrate the considerable 
effort from multiple stakeholders in this area. Since 2014, Chinese regulatory bod-
ies have been accelerating their engagement with international stakeholders. For 
example, in May of 2014, the National Institute for Food and Drug Control (NIFDC, 
Beijing, a division of CFDA), signed a memorandum of understanding with 
US-based Institute for  In Vitro  Sciences (IIVS) to focus on hands-on training of 
national and provincial regulators to help accelerate the adoption of  in vitro  meth-
ods in China.

   China has also established several national standards and industrial standards 
(see Table  14.6 ) relating to TG methods issued by the Standardization Administration 
of China (SAC) in public under the General Administration of Quality Supervision, 
Inspection and Quarantine (AQSIQ)—a governing authority of all local CIQs across 
provinces in charge of entry-exit commodity inspection, certifi cation and accredita-
tion, standardization. 
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    Table 14.4    Selected major events of training and evaluation of OECD TG methods or selected 
other methods in China between 2008 and 2015   

 Date  Methods  Organizers  Evaluation/Training 

 Mar. 2008  3T3 Neutral Red Uptake (NRU) 
Phototoxicity Test (OECD 432) 
(Yang et al.  2009  b ) 

 GD-CDC  Evaluation (5 labs) 

 Jan. 2010  Eye Irritation Tests (i.e., Hen’s 
Egg-Chorioallantoic 
Membrane (HET- CAM), 
Fluorescein Leakage 
Assay (FLT) (OECD 460), 
Chorioallantoic Membrane-
Trypan Blue Staining (CAM-
TBS)); Acute Oral Toxicity Tests 
(i.e., Acute Toxic Class Method 
(OECD 423), Fixed Dose 
Procedure (OECD 420), 
Up-And-Down Procedure 
(OECD 425)) a ; Transcutaneous 
Electrical Resistance Test (TER) 
(OECD 430); Skin Sensitization: 
Local Lymph Node Assay 
(LLNA) (OECD 429) a  (Yang 
et al.  2009a ,  2010 ) 

 GD-CDC and 
China Ministry 
of Health 

 Evaluation and 
Pre-evaluation (5 labs) 

 13th–14th 
Apr. 2011 

 HET-CAM  GD-CDC  Training (15 labs) 

 Dec. 2011  3T3 NRU Phototoxicity Assay 
for cosmetic ingredients 

 CFDA  Evaluation and Training 
(5 labs) 

 Apr. 2012  Chorioallantoic Membrane 
Vascular Assay (CAMVA), 
Bovine Corneal Opacity and 
Permeability (BCOP, OECD 437) 
and EpiSkin for Skin Irritation 
(OECD 439) 

 GD-CDC  Training (18 labs) 

 June 2012  CAMVA and BCOP  GD-CIQ and 
MB Research 
Labs (U.S.) 

 Training (11 labs) 

 23rd–25th 
Oct. 2012 

 BCOP, 3T3 NRU Phototoxicity 
Test 

 Beijing 
Technology and 
Business 
University 
(BTBU) and 
IIVS 

 Training 

 18th–22nd 
Mar. 2013 

 BCOP, CAMVA, EpiSkin for 
Skin Irritation (OECD TG439), 
3T3 NRU Phototoxicity Test 

 IIVS, GD-CIQ, 
L’Oréal 

 Training 

(continued)
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Table 14.4 (continued)

 Date  Methods  Organizers  Evaluation/Training 

 May 
2012–June 
2013 

 EpiSkin  Beijing CIQ, 
Shanghai-CIQ, 
GD-CIQ, 
L’Oréal China 

 Training and evaluation 
(5 labs) 

 23rd–27th 
Sept. 2013 

 BCOP, CAMVA and Tecskin for 
Skin Irritation 

 NIFDC and 
IIVS 

 Training 

 Nov. 2014  BCOP, CAMVA and Tecskin for 
Skin Irritation 

 NIFDC and 
IIVS 

 Training 

 7th–11th Apr. 
2015 

 BCOP, CAMVA, EpiSkin, In 
vitro Reconstructed Skin 
Micronucleus Test 

 GD-CIQ, SUN 
YAT-SEN 
University 

 Training 

   a Not non-animal methods, but tests which give 3R benefi ts of refi nement and reduction, compared 
to standard animal tests  

   Table 14.5    Selected major meetings in China on AMs between 2011 and 2015   

 Time  Meeting  Organizers 

 14th–15th 
Mar. 2011 

 Toxicity Testing in the Twenty-First Century 
Symposium, Shanghai 

 Unilever 

 10th–12th 
Apr. 2011 

 The First International Symposium on Cosmetics—
Alternatives to Animal Experimentation for 
Cosmetics, Beijing 

 Beijing Technology 
and Business 
University; CFDA 

 14th–15th 
Apr. 2011 

 International Symposium on Technology and 
Application of Alternatives to Animal Testing, 
Guangzhou 

 GD-CDC 

 Nov. 2011  International Workshop on Validation and 
Application of 3T3 NRU Test in China, Guangzhou 

 GD-CDC 

 24th–25th 
June 2013 

 Workshop on non-animal approaches to cosmetics 
safety, Shanghai 

 Unilever and 
Shanghai-FDA 

 13th–15th 
Nov. 2013 

 “The Future of Toxicology: Twenty-First Century 
Safety Sciences”—continuing education 
programme at the 6th C-SOT congress, Guangzhou 

 C-SOT, GD-CDC and 
Unilever 

 13th–14th 
Oct. 2014 

 Workshop on Mitochondrial Toxicity and 
Pathway- Based Chemical Safety Assessment—
An inaugural symposium of the Society of 
Toxicological Alternatives and Translational 
Toxicology, CSOT, Beijing 

 C-SOT and Unilever 

 20th Mar. 
2015 

 Joint Workshop on Safety Assessment of Cosmetics, 
Beijing 

 European 
Commission, UK 
Government and CFDA 

 8th–10th 
Apr. 2015 

 Workshop of Cosmetic Risk Assessment and 
Alternatives to Animal Testing, Guangzhou 

 GD-CDC, C-SOT and 
Unilever 
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   Table 14.6    Major  national   and industrial standards of AMs issued by SAC (see Chinese 
governmental website:   http://cx.spsp.gov.cn/    )   

 ID of standards  Name 

  GB (Guo Biao—national standards) for chemicals  
 GB/T 21827-2008  Skin allergy test—local lymph node testing a  
 GB/T 21769-2008  In vitro 3T3 NRU phototoxicity test 
 GB/T 21757-2008  Acute oral toxicity—acute toxic class method a  
 GB/T 21804-2008  Acute oral toxicity—fi xed dose procedure a  
 GB/T 21826-2008  Acute oral toxicity: up-and-down procedure a  
 GB/T 27829-2011  In vitro membrane barrier test method for skin corrosion 
 GB/T 27830-2011  In vitro human skin model for skin corrosion 
  Professional standards for entry exit inspection and quarantine under AQSIQ  
 SN/T 2285-2009  Cosmetics—GLP for in vitro alternative tests 
 SN/T 2328-2009  Cosmetics—acute toxicity of keratinocyte cytotoxicity test 
 SN/T 2329-2009  Cosmetics—ocular corrosive and irritant HET-CAM test 
 SN/T 2330-2009  Cosmetics—embryotoxicity and developmental toxicity test: EST 

(mice embryonic stem cells) test 
 SN/T 3715-2013  Cosmetics—developmental toxicity test: WEC (whole embryo culture) 

test 
 SN/T 3824-2014  Cosmetics of phototoxicity: combined RBC (red blood cell) test 
 SN/T 3899-2014  Cosmetics—GLP for in vitro alternative tests: cell culture and sample 

preparation 
 SN/T 3898-2014  Cosmetics—validation procedures for in vitro alternative tests of 

cosmetics 
 SN/T 3882-2014  Chemicals—skin sensitization of chemicals: LLNA (local lymph node 

assay) for Brdu-ELISA a  

   a Not non-animal methods, but tests which give 3R benefi ts of refi nement and reduction compared 
to standard animal tests  

4.2.2        New Investment in the Twenty-First Century Safety Sciences 

  Whilst non-animal alternatives and OECD guidelines exist for several toxicity end-
points, there are still important human safety endpoints for which no validated alter-
native approaches exist (Adler et al.  2011 ). In 2007, the U.S. National Research 
Council’s publication ‘Toxicity Testing in the Twenty-First Century: A Vision and 
a Strategy’ (National Research Council  2007 ) outlined an approach to safety assess-
ment that “could transform toxicity testing from a system based on whole-animal 
testing to one founded primarily on  in vitro  methods that evaluate changes in bio-
logic processes using cells, cell lines, or cellular components, preferably of human 
origin”. Chinese scientists are increasingly part of the global research effort to turn 
this vision into a reality (e.g. website:   http://tt21c.org/site/symposium.html    ). 
Increasing research investment from a number of government funding bodies has 
been focussed in this area. It was estimated that over 50-million RMB was invested 
from 2010 to 2014 years on the R&D of AMs and an additional ten million RMB on 
investigating toxicity mechanisms of chemicals and predictive toxicology in 2014 
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alone. There are currently a number of ongoing toxicity pathway-based research 
programmes across institutes, universities and industries. For example, a research 
collaboration on mitochondrial toxicity pathways between the Chinese Academy of 
Military Medical Sciences (AMMS), Unilever and the Hamner Institutes for Health 
Sciences (U.S.) has now started to generate promising fi ndings assessing adverse 
effects without the use of animals (Guo et al.  2013 ; Yuan et al.  2016 ). Additional 
initiatives that are focused on mechanistic-based safety decisions without recourse 
to animal tests include work at the Beijing Proteome Research Centre exploring 
kinase sensors for stress pathways, and cutting-edge research using  in silico  
approaches to predict ligand-receptor interactions at the Research Centre for Eco- 
Environmental Sciences, part of the Chinese Academy of Sciences and a State Key 
Laboratory. These research initiatives exemplify the willingness of top Chinese 
researchers, from different and diverse disciplines, to engage on the big challenges 
faced in non-animal approaches for systemic toxicology; applying world-class tech-
nological resources to these challenges within China. Increasingly the same Chinese 
researchers, regulators and policy-makers are being asked to contribute to and help 
shape international programmes addressing non-animal approaches, such as play-
ing a part in the EU Horizon 2020 proposals. 

 To facilitate the exchange of  research   experience in this area, two new scientifi c 
societies were established in China in 2014: the Chinese Society of Toxicological 
Alternatives and Translational Toxicology (TATT) under the China Society of 
Toxicology (C-SOT) and the Society of Toxicity Testing and Alternatives (STTA) 
under the Chinese Environmental Mutagen Society (CEMS). The establishment of 
both societies marked another milestone in China’s commitment to the development 
of non-animal approach for assuring safety. Both societies will provide useful sci-
entifi c platforms with a focus on drawing together both domestic and international 
efforts to promote the new safety science as well as to facilitate acceptance of this 
new science in potential regulations of the future. Furthermore, key educational 
initiatives promoting non-animal approaches have begun in China, including a 
‘Talent Development’ programme at the School of Public Health, Peking University 
and a number of summer training programmes in academia (e.g. Fudan University 
and AMMS).   

4.2.3     Challenges Ahead and Future Opportunities 

  Despite the progress mentioned above, there are still many challenges remaining for 
China (and indeed for the rest of the world) in fully embedding non-animal 
approaches for assuring safety. Increased laboratory capability development for 
conducting AMs is still required for many regions of China who have less experi-
ence with these techniques. Likewise, many domestic companies within China also 
lack expertise in applying AMs to chemical safety in the context of risk assessments 
for consumer safety. Animal testing remains the principal approach demanded for 
toxicity testing in chemical regulations. In current cosmetics regulations, for exam-
ple, animal testing on “special” cosmetics and imported cosmetics is still a 
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mandatory requirement. Likewise, for a new chemical to be used in China, animal 
data must be provided to the Ministry of Environmental Protection according to the 
Chinese new chemical substance notifi cation. 

 Recent progress has shown China’s  willingness   to embark on the same journey 
regarding the use of non-animal approaches for the assurance of safety to that which 
many scientists and regulators are currently engaged with worldwide. We believe 
that China will continue on this journey driven by several different factors: (1) a 
drive to harness advances in science and technology for Chinese innovation; (2) 
world-wide regulatory changes including animal testing bans in cosmetics regula-
tions across the globe (e.g. EU, Israel, New Zealand and India); (3) China’s desire 
to embrace a global economy and a rising awareness of animal welfare and fi nally; 
(4) ongoing economic reform within China with an increased emphasis on markets 
playing a ‘decisive’ role in the economy. Given that since 2013, China has become 
the world’s second-largest economy and the second only to the United States in 
research and development (R&D) spending (Ni  2015 ), we have many reasons to 
believe that China may become an important player in the global community devel-
oping new non-animal approaches and applying AMs in regulations.     

5     Strengthening International Harmonization 
and Cooperation on the Validation and Acceptance 
of Alternative Methods 

 The ICATM partners and observers are continuously discussing ways to improve har-
monization and strengthen their collaboration on the validation and acceptance of 
AMs. Several steps have been taken to avoid duplication, increase effi ciency in the 
validation of AMs and to have a greater impact in their acceptance. Important efforts 
have been and continue to be made to approximate several aspects of test method vali-
dation in the different regions in order to facilitate cross-border acceptance of valida-
tion study outputs and outcomes and increase global acceptance of validated 
approaches. The following sections describe several aspects of test method validation 
and acceptance for which increased harmonization/collaboration across ICATM orga-
nizations has been/is being discussed and implemented, including test method selec-
tion/prioritization, conducting validation studies, setting-up and using validation 
laboratory networks, conducting peer-reviews, issuing test method recommendations, 
disseminating information on AMs, and supporting international acceptance. 

5.1     Test Method Selection/Prioritization 

  The ICATM organizations have agreed to harmonize the criteria used for selection 
and prioritization of submitted test methods for validation/peer-review, such as:
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•     Regulatory impact/relevance  (top-down evaluation considering regulatory needs/
gaps);  

•    Scientifi c value  (bottom-up evaluation considering the scientifi c/mechanistic 
merits of the method);  

•    Budget/Cost ;  
•    Availability ;  
•    Impact on 3Rs , although this criterion is of higher importance in Europe than in 

other regions due to legislative requirements.    

 The ICATM partners have also committed to better informing each other and 
stakeholders/regulators on method prioritization, e.g., by using, to the extent possi-
ble, a common communication and dissemination platform (see Sect.  5.6  below). 

 Moreover, in addition to continue allowing spontaneous submissions of test 
methods by developers, the ICATM partners agreed that it would be useful to pro-
mote a system to communicate needs/gaps to method developers and to organize 
common calls on specifi c toxicological areas to cover those needs/gaps. For exam-
ple, in 2014 EURL ECVAM announced a call on  in vitro  methods for estimating 
human hepatic metabolic clearance/stability in view of  identifying   methods that can 
contribute to the development of harmonized standards and associated international 
toxicokinetics test guidelines. This type of call facilitates the identifi cation of suit-
able methods addressing existing needs as well as their selection/prioritization for 
eventual evaluation/validation, where required. The implementation of an evalua-
tion/validation process at ICATM level of prioritized methods could then follow two 
different routes, i.e., leadership by one ICATM partner of a specifi c area or full 
collaboration in a specifi c area by all interested partners.   

5.2     Conducting Validation Studies 

  The ICATM organizations usually collaborate actively in the conduct of interna-
tional validation studies coordinated by one of the partners. Indeed, all include in 
their validation processes the requirement to offi cially request from the other part-
ners the nomination of experts to serve in  ad-hoc  VMGs/VMTs. Depending on the 
required expertise, ICATM partners may actually participate in VMGs as active 
members. However, the possibility of having liaisons from ICATM serving as 
observers in VMGs is also offered to facilitate collaboration and fl ow of information 
without active participation. Due to resource limitations, participation as liaisons 
for consultation only on critical aspects is often preferable to full VMG membership 
since liaisons are usually involved in all discussions at the discretion of the 
VMG. Agreed aspects to cover in VMGs include: prior experience in the coordina-
tion of validation studies, understanding of regulatory requirements (regulators/
toxicologists), expertise in the area at stake, technical knowledge in the methodol-
ogy at stake, knowledge in biostatistics, and (computational) chemistry expertise. 
The early establishment of VMGs and its involvement on all aspects of the study is 
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advisable and therefore early collaboration between ICATM organizations in set-
ting- up VMGs is of key importance. 

 Several key elements of a validation study can hugely benefi t from an active col-
laboration between different validation bodies during a validation study. Indeed, 
wider consultation on key aspects during a validation study could facilitate study 
progress and conclusion. The most critical points are: (1) tackling technical aspects, 
e.g., evaluation of SOPs; (2) test chemicals selection; (3) selecting participating 
laboratories, and (4) validation study design and data analysis. Test method proto-
cols/SOPs may be shared between ICATM partners and observers for scientifi c 
commenting before embarking on a multi-laboratory trial. EURL ECVAM goes 
further and actually transfers the method to its own GLP laboratory before initiating 
the validation study in order to assess if the SOP is well described and suffi ciently 
developed. These steps decrease the probability of failure of a validation study and 
help to avoid entering a validation study with an underdeveloped test method. 
Ultimately, they increase the effi ciency of the validation of AMs with regard to both 
time and resources spent. 

 The collaboration on test chemicals selection is usually done in the context of 
validation studies at the level of VMGs/Chemicals Selection Groups. The members 
of ICATM have nevertheless agreed that it would be extremely useful to collaborate 
out of the context of a validation study in the development of reference databases for 
different key areas. As such, several databases have been or are currently being 
developed, namely for: skin sensitization, genotoxicity, serious eye damage/eye irri-
tation, endocrine disruption, and acute oral and dermal toxicity. An active collabo-
ration in the selection of chemicals for validation studies brings several important 
benefi ts, such as the selection of the best possible chemicals for a given study (based 
on reference data and chemical properties), coverage to the extent possible of vari-
ous classifi cation systems of importance to the different ICATM regions (although 
ultimately it may be advantageous and critical to work under the same classifi cation 
system, e.g. UN GHS), and the selection of the same chemical sets in multiple vali-
dation studies to facilitate downstream data integration activities. The involvement 
and collaboration of multiple ICATM organizations in validation studies also facili-
tates the selection of participating laboratories from different countries/continents, 
thus rendering the study more international and its conclusions more easily accept-
able across regions. Finally, harmonization in the design of validation studies and in 
the statistical analysis of the generated data is also desirable to simplify and expe-
dite the peer-review and regulatory acceptance of validated AMs. 

 Nowadays, an increasing number of validation studies are being conducted 
externally to validation bodies and being submitted to ICATM organizations for 
evaluation and eventual peer-review. This may boost the number of AMs undergo-
ing validation, which is certainly positive; however, validation studies are highly 
complex endeavours with regard to both scientifi c and logistical aspects. A proper 
conduct and management of the study is crucial to its success. It is therefore impor-
tant that stakeholders engaging on validation studies of AMs with the intention of 
having them proposed for regulatory use have a thorough understanding of good 
validation practice. Having this in mind, the ICATM partners agreed that it would 
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be important to create guidance on the validation of AMs to support the practice of 
external validation studies and facilitate proper study planning and conduct. EURL 
ECVAM has recently  initiated   the drafting of such guidance in collaboration with 
the other ICATM organizations and its advisory networks.   

5.3     Validation Laboratory Networks 

 The establishment and use of validation  laboratory   networks can increase the vali-
dation capacity of a country or region due to increased available resources. Such 
networks also facilitate higher standardization across laboratories, increasing the 
quality and potential for success of multi-laboratory validation trials. EURL 
ECVAM established the European Union Network of Laboratories for the Validation 
of Alternative Methods (EU-NETVAL) in response to the provisions of the European 
Union Directive 2010/63/EU, which requests that EU Member States assist the 
European Commission in the validation of AMs. While setting up EU-NETVAL, 
EURL ECVAM developed a set of eligibility criteria that need to be met by any 
laboratory that wishes to become a member. These criteria guarantee the quality and 
suitability of all laboratories participating in validation studies coordinated by 
EURL ECVAM. Terms of Reference for EU-NETVAL have also been developed. 
They detail the legislative anchor, the establishment of the network and the mainte-
nance of its membership, the tasks of the members of the network and of EURL 
ECVAM in support of validation studies, the allocation of tasks to members, and the 
fi nancing of network activities. The EU-NETVAL eligibility criteria and ToR have 
been shared with the other ICATM partners and observers and may therefore be 
used to support the selection of appropriate laboratories for participation in valida-
tion studies outside of EU. KoCVAM and BraCVAM have also established their 
own networks of validation laboratories (called RENAMA in Brazil). Mooving for-
ward, ICATM may wish to maximize the utility of the available resources and cre-
ate an ICATM network of validation laboratories on the basis of the existing regional 
networks that could be used by all members for validation purposes and/or for test-
ing adequacy of SOPs before initiation of a validation study.  

5.4     Conducting Peer Reviews 

  Independent peer reviews of AMs and their validation are necessary before the 
methods are considered for regulatory acceptance (e.g., as an OECD TG). They are 
conducted to verify that the validation study was properly conducted, to perform a 
scientifi c review of the results and conclusions of the study, and to develop a scien-
tifi c independent view to support a validation body in taking a position and 
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formulating recommendations on the AM to regulators and stakeholders. Four 
ICATM partners currently organize and conduct independent peer reviews (count-
ing on external expertise), namely EURL ECVAM, ICCVAM, JaCVAM and 
KoCVAM. Health Canada does not conduct its own peer reviews but accepts the 
outcomes of those organized by others if they are conducted rigorously and inde-
pendently. In the past, the peer-review processes of the different partners were sig-
nifi cantly different, leading to the need to conduct shadow peer-reviews of methods 
already peer reviewed by another partner. The ICATM partners have however made 
signifi cant efforts to harmonize their peer-review processes. Some small differences 
still exist, but for the majority, the processes are very similar. Existing differences 
are mostly on the requirements for the composition of peer review panels. While all 
ICATM organizations have similar requirements in terms of expertise coverage, all 
allow for nomination of experts by other ICATM partners and none objects the use 
of experts from academia, only ICCVAM includes interest groups (industry, NGOs 
and regulators) in all their peer-review panels and has to achieve gender balance and 
wide geographic distribution of the panellists to the extent possible. EURL  ECVAM  , 
for example, organises a pure scientifi c review, generally without stakeholder 
involvement, which is rather done at the level of developing a recommendation. 
Nevertheless, stakeholders may sometimes serve in peer-review panels due to the 
need for specifi c expertise. Thus, today, there are no longer fundamental issues to 
impede the ICATM organizations using each other’s peer review outputs to inform 
the development of recommendations.   

5.5     Test Method Recommendations 

 All of the validation bodies that are members of ICATM issue offi cial public 
recommendations/ statements   on AMs at the end of their validation process in 
order to communicate the outcome of the validation study/peer-review and facil-
itate the regulatory acceptance of the AM. Health Canada is slightly different in 
this respect since, being a regulatory authority, the acceptance of a given method 
follows an internal process without the need for an own recommendation. On 
this basis, the ICATM partners and observers have a clear desire to work towards 
the development of “Harmonized Recommendations”, which should include the 
necessary information to suit the needs of all regional and international regula-
tory contexts. Currently, the ICATM organizations already consult each other 
during the drafting of their recommendations to include all relevant regional 
information, but this may be further strengthened in the future by agreeing on a 
common structure that would make test method recommendations more global 
and useful to all parties.  
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5.6      Dissemination and Communication 

  In a recent ICATM meeting, all partners expressed a mutual interest to better dis-
seminate to stakeholders and the public updated information on alternative methods 
being evaluated and considered for regulatory use. To date, each partner has been 
using its own approach to communicate to the public the progress made in the area 
of alternatives to animal testing. EURL ECVAM maintains three related systems, 
namely the Tracking System of Alternative methods towards Regulatory acceptance 
(TSAR), the DataBase service on ALternative Methods to animal experimentation 
(DB-ALM) and the (Q)SAR Model database. TSAR is a tool that provides a trans-
parent view on the status of AMs as they progress from purely scientifi c protocols 
submitted for validation to being actively used in a regulatory context. This tracking 
system intends to cover all steps, from the initial submission for validation until 
fi nal adoption by inclusion in the EU legislation and/or international guidelines (e.g. 
OECD, ICH). The DB-ALM is a public, factual database service that provides eval-
uated information on development and applications of advanced and alternative 
methods to animal experimentation in biomedical sciences and toxicology, both in 
research and for regulatory purposes. EURL ECVAM also disseminates information 
through its advisory, regulatory and stakeholder networks (ESAC, PARERE and 
ESTAF, respectively), through dedicated workshops and through the publication of 
early status reports (see:   https://eurl-ecvam.jrc.ec.europa.eu/eurl-ecvam- status-
reports    ). ICCAVM also disseminates information through workshops, through its 
dedicated website, through the issuing of biennial progress reports and by maintain-
ing curated databases that are made available to the public (e.g., database on  in vivo  
data on endocrine disruption, NICEATM LLNA database,  in vivo  acute oral and 
dermal toxicity data). JaCVAM tracks the validation/peer  review/regulatory accep-
tance status of different AMs that are undergoing, or have undergone, evaluation by 
JaCVAM through its website. KoCVAM organizes activities on education and dis-
semination of alternative methods. Health Canada does not have any specifi c infor-
mation systems promoting regulatory acceptance of alternative methods. 

 On this basis, the ICATM partners and observers agreed that there is potential for 
better harmonization and for improvement in the way information is disseminated 
to the public. A joint communication strategy and the use of a single platform by all 
partners could facilitate achieving these goals and would also allow for an objective 
presence of ICATM on the web. The ICATM organizations are thus currently 
exploring the possibility of using a common tool for communication and dissemina-
tion of information on AMs, which will serve two main objectives:

•     Facilitate communication within ICATM  on new developments, to increase col-
laboration and effectiveness, and avoid duplication;  

•    Improve communication to stakeholders and regulators  on new developments 
and collaborations at ICATM level.    

 It was agreed to pursue a major  overhaul   of TSAR, led by EURL ECVAM but 
with input from ICATM partners, with the intention of increasing and adapting its 
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functionality to make it the common ICATM dissemination/communication plat-
form. The new TSAR is expected to be publically released towards the end of 2016.   

5.7     International Programmes and Regulatory Acceptance 

  The ICATM partners and observers have extensively addressed opportunities for 
sustained cooperation with regard to their involvement in international regulatory 
programmes such as the OECD, the ICCR, and the International Conference on 
Harmonization of Technical Requirements for Registration of Pharmaceuticals for 
Human Use (ICH)   . This includes getting reciprocally informed whenever possible 
on submissions of new project proposals (e.g., for the development of a new OECD 
Test Guideline or Guidance Document) in order to foster mutual support, enhance 
synergies and avoid unnecessary duplication. It should however be noted that the 
ICATM organizations may not necessarily be aware of all incoming SPSFs that are 
submitted to the OECD by the NCs from their country/region, because the NCs are 
in several cases outside of ICATM. The exceptions are Health Canada, whose 
Director is also the Canadian NC, and EURL ECVAM since the European 
Commission NC is also located at the JRC. As such, EURL ECVAM knows of all 
SPSFs submitted by the European Commission NC, but this is many times not the 
case with SPSFs submitted to the OECD by NCs from the EU Member States. 
EURL ECVAM therefore uses the PARERE network to inform and get informed of 
SPSFs being prepared by ICATM and EU Member States on health and environ-
mental safety assessment (including both  in vitro  and  in vivo  methods). ICCVAM 
has also taken steps to improve its awareness of all U.S. OECD activities with the 
U.S. NC becoming an  ad hoc  member of ICCVAM in 2013. Where SPSFs are 
known to an ICATM organization, there is the commitment to exchange information 
with the other partners and observers ahead of the offi cial submission to the 
OECD. Further consultation usually occurs before the SPSFs are discussed/
approved by the WNT in April each year. 

 ICATM has also communicated its interest to engage with the “Joint 
Committee for Medicinal Products for Veterinary Use (CVMP)/Committee for 
Medicinal Products for Human Use (CHMP)  Ad-hoc  Expert Group on the 
Application of the 3Rs in Regulatory Testing of Medicinal Products” (JEG 3Rs) 
and to support the development by the JEG 3Rs of an European Medicines 
Agency (EMA) Guideline on Regulatory Acceptance of 3R (Replacement, 
Reduction, Refi nement) Testing Approaches (see:   http://www.ema.europa.eu/
docs/en_GB/document_library/Scientifi c_guideline/2014/10/WC500174977.
pdf    ). In fact, EURL ECVAM maintains an observer status at the JEG 3Rs with 
the purpose of providing expertise and support to the group on matters related 
to the 3Rs, avoiding duplication across sectors and facilitating consideration of 
methods evaluated by ICATM partners by ICH and vice versa. At the same time, 
the JEG 3Rs coordinates EMA responses to requests from EURL ECVAM to 
PARERE on potential regulatory relevance of AMs.    
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6     Concluding Remarks 

 Alternative approaches to animal testing are gaining momentum as more and more 
test methods achieve worldwide acceptance thanks in large part to the efforts of 
international collaborations such as ICATM and OECD and the commitment of 
validation bodies around the world (EURL ECVAM, ICCVAM, JaCVAM, KoCVAM 
and BraCVAM). The regulatory adoption of the 3Rs principles across the world and 
the adoption of harmonized principles of validation are critical to ensure that differ-
ent countries and sectors approach the questions related to human safety assessment 
in a harmonized and standardized manner. 

 These approaches are relevant to a wide range of stakeholders involved in the 
development, validation, and evaluation of data generated by alternative methods 
including scientists from academia, industry, validation bodies and regulatory agen-
cies. Implementation of internationally harmonized standards permits as such to 
strive, in a joint effort, towards limiting animal testing while establishing 
scientifi cally- driven decision-making approaches for the safety assessment of 
chemicals and protection of consumers. 

 Such efforts are of great value to ensure a global understanding of the importance 
of progressing the protection of human beings and environmental species, side-by- 
side with the development and implementation of scientifi cally-based decision- 
making as well as the replacement, reduction and refi nement of animal testing, 
whenever possible. The several international cooperation bodies that exist today 
such as the ICATM and the OECD allow for collaborative efforts in validating and 
adopting alternative methods, and it is hoped that new countries and other areas of 
safety assessment can join these initiatives so that international harmonization 
increases steadily and in parallel with the global demands.     
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    Chapter 15   
 Evolving the Principles and Practice 
of Validation for New Alternative 
Approaches to Toxicity Testing                     

     Maurice     Whelan      and     Chantra     Eskes   

    Abstract     Validation is essential for the translation of newly developed alternative 
approaches to animal testing into tools and solutions suitable for regulatory applica-
tions. Formal approaches to validation have emerged over the past 20 years or so 
and although they have helped greatly to progress the fi eld, it is essential that the 
principles and practice underpinning validation continue to evolve to keep pace with 
scientifi c progress. The modular approach to validation should be exploited to 
encourage more innovation and fl exibility in study design and to increase effi ciency 
in fi lling data gaps. With the focus now on integrated approaches to testing and 
assessment that are based on toxicological knowledge captured as adverse outcome 
pathways, and which incorporate the latest  in vitro  and computational methods, 
validation needs to adapt to ensure it adds value rather than hinders progress. 
Validation needs to be pursued both at the method level, to characterise the perfor-
mance of  in vitro  methods in relation their ability to detect any association of a 
chemical with a particular pathway or key toxicological event, and at the method-
ological level, to assess how integrated approaches can predict toxicological end-
points relevant for regulatory decision making. To facilitate this, more emphasis 
needs to be given to the development of performance standards that can be applied 
to classes of methods and integrated approaches that provide similar information. 
Moreover, the challenge of selecting the right reference chemicals to support valida-
tion needs to be addressed more systematically, consistently and in a manner that 
better refl ects the state of the science. Above all however, validation requires true 
partnership between the development and user communities of alternative methods 
and the appropriate investment of resources.  
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   Validation is intrinsic to scientifi c endeavour where there is desire to apply knowledge. 
It is an important pursuit in many different fi elds of science and engineering and thus 
has numerous defi nitions that are conceptually consistent but vary somewhat in ter-
minology and emphasis. Such semantic differences are often important since they 
refl ect the context of validation within a particular community. Within the domain of 
toxicity testing for safety assessment of chemical substances, the Organisation for 
Economic Co-operation and Development ( OECD)      defi nes validation to be “the pro-
cess by which the reliability and relevance of a particular approach, method, process 
or assessment is established for a defi ned purpose” (OECD  2005 ). Although origi-
nally proposed over 20 years ago (Balls et al.  1990 ), this defi nition is still appropriate 
and useful with regard to the validation of new ways to evaluate and predict toxicity 
based on the rational combination of  in vitro , computational and other alternative 
methods. In essence though, validation of new methods is about demonstrating their 
credibility in order to gain acceptance by the relevant parties who ultimately depend 
on the toxicological information derived from them. 

 We can view validation as an essential step in the translation of knowledge and 
associated methodology from a  development community   to a user community. A 
development community consists of scientifi c and technical experts who use their 
knowledge and technology to produce new methods and processes, whereas a user 
community consists of experts knowledgeable in problem defi nition who are look-
ing for solutions to apply in their domain. The developer and user communities 
differ in the way they think and work, but both have an equally important stake in 
the validation process. The developers need validation to demonstrate the utility of 
what they have produced, and the users need validation to understand if they can 
trust what the developers are offering. Therefore the correct framing and design of 
a validation study relies on input from both communities, a fact that unfortunately 
is not always the case. In this respect there has been a tendency for the development 
community to undertake validation studies without suffi cient prior engagement of 
the user community, only to fi nd that the outcome fails to impress. Adding to this 
however, the regulatory user community has often been reluctant or has found it 
diffi cult to defi ne and articulate their expectations of a validation study  a priori , 
tending to only realise what they consider appropriate or not after the event. Going 
forward, more proactive and effective cooperation is needed to properly defi ne vali-
dation frameworks and individual studies to ensure that the time and resources 
invested in validation yield the maximum benefi t to all concerned. 

 Assembling the evidence during a validation study to demonstrate the reliability 
and relevance of a method or approach can be tackled in different ways. As proposed 
by the then European Centre for the Validation of Alternative Methods (ECVAM), 
now the EU Reference Laboratory for Alternatives to Animal Testing (EURL 
ECVAM), validation can be conceptually portrayed as being modular in nature 
(Hartung et al.  2004 ), where the necessary information on test defi nition, transfer-
ability, within and between laboratory reproducibility, predictive capacity, applica-
bility domain and proposed performance standards can be gathered somewhat 
independently, and can combine retrospective analysis of existing information with 
the prospective generation of new data, as appropriate. This modular approach pro-
motes consistency in the type and organisation of information that should be gathered 
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through validation but offers fl exibility in the design of studies to suit specifi c 
circumstances. Although the  modular concept   has been around for many years, it has 
yet to be fully exploited since most validation studies conducted have followed a 
more traditional sequential process i.e. test defi nition—transferability—reproduc-
ibility—predictivity—performance standards. However this is changing. For exam-
ple, exploiting robotic  High Throughput Screening (HTS) technology   for  in vitro  
method validation gives the possibility to generate data on large sets of reference 
chemicals in order to understand predictive capacity, before embarking on a multi-
laboratory ring trial to assess transferability and reproducibility. In addition,  HTS   can 
also be employed as a follow-up to a validation study to further assess method per-
formance (Bouhifd et al.  2012 ). In this respect, the ToxCast (Judson et al.  2014 ) and 
Tox21 (Huang et al.  2016 ) programmes in the USA have proven invaluable in iden-
tifying relevant assays with predictive value, and those lacking it. Moreover, these 
programmes have shown that validation with respect to modules on transferability 
and between laboratory reproducibility may not be required if the intention is to 
produce data with assays and systems that for one reason or another are not intended 
for widespread use by third parties in their own laboratories, or envisioned for devel-
opment into standard test guidelines recognised across different regulatory jurisdic-
tions (Judson et al.  2013 ). Restricting validation to the modules of test defi nition, 
within laboratory reproducibility and predictive capacity does not necessarily limit 
the regulatory applicability of the data produced, as clearly illustrated by the commit-
ment of the US Environmental Protection Agency within its Endocrine Disrupter 
Screening Program to use the predictions derived from a battery of  in vitro  assays 
and associated computational models to satisfy information requirements in lieu of 
data derived from conventional animal tests, with respect to the screening of chemi-
cals for their potential to disrupt an endocrine pathway (Browne et al.  2015 ). 

 Another example of how the modular approach to validation can be better 
exploited in the future concerns the evolution of the concept of performance stan-
dards for  in vitro  methods. Performance standards are usually proposed for a vali-
dated method in cases where other technically similar methods are expected to 
appear which produce equivalent information on the same endpoint (sometimes 
referred to as “me too” methods). In the context of the  OECD test guidelines   pro-
gramme for the testing of chemicals, performance standards comprise (i) essential 
test method components that defi ne technical similarity (ii) reference chemicals for 
which the relevant toxicological property is known and (iii) performance targets with 
respect to reproducibility and accuracy of prediction. The proposal of performance 
standards is usually motivated by the desire to encourage innovation in the develop-
ment and use of alternative methods for regulatory purposes while at the same time 
avoiding potential commercial monopolies. Thus performance standards facilitate 
the development of a test guideline based on a method that incorporates proprietary 
elements, including those protected by formal intellectual property rights. If a devel-
oper can demonstrate through a “catch-up” validation study that their method com-
plies with the minimum performance standards derived from the validated reference 
method(s), then their method can be deemed to be equally valid and thus suitable for 
potential inclusion in the associated (performance based) test guideline. 
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 As we embrace the progressive change from observational to predictive 
toxicology,  in vitro  methods and their associated performance standards should also 
be seen in a new light.  Integrated Approaches to Testing and Assessment (IATA)   are 
emerging that rationally exploit toxicological knowledge to weight and combine 
various types of information, including  in vitro  data, in order to draw a conclusion 
on the potential hazard or risk of a chemical (OECD  2014a ,  2016 ). Since a particu-
lar piece of mechanistic or hazard information can often be obtained from different 
 in vitro  methods, the emphasis within IATA is shifting towards prescribing what 
type of information is required for an assessment, rather than what actual methods 
should be used to generate the information. Practically speaking therefore, in rela-
tion to their potential utilisation within  IATA  ,  in vitro  methods can be considered as 
belonging to the same class if they produce equivalent mechanistic or hazard infor-
mation. In this context then, performance standards may be associated in some 
cases with a class of methods rather a single method. 

 A good example of a well-defi ned class of  in vitro  methods comprises  Estrogen 
Receptor Transactivation Assays (ERTA)  , covered by OECD Test Guideline 455 
(OECD  2012a ). The mechanistic information produced by this  ERTA   class relates to 
the potential of a chemical to interfere (agonism/antagonism) with the nuclear recep-
tor mediated estrogen signalling pathway, while the primary technical attribute defi n-
ing the class is a test system based on a genetically engineered gene- reporter cell line 
capable of generating a luminescent signal in response to the activation of the path-
way. The associated performance standards (OECD  2012b ) specify how a method 
should respond (positive/negative) to selected reference chemicals (i.e. accuracy of 
response) and what level of reproducibility should be attainable. How broad or nar-
row the mechanistic and technical domains of a certain class should be defi ned is 
diffi cult to say without particular context, and thus can often be arrived at through 
quite arbitrary and pragmatic reasoning. However both domains are obviously 
related in that as the mechanistic information derived from a method class becomes 
more specifi c, the technical attributes that defi ne the class are likely to be more spe-
cifi c too. In the case of  ERTA   for example, initially a test system based on mamma-
lian cells was proposed as a defi ning technical attribute of the class (i.e. an “essential 
test method component” in OECD terminology), but this was later relaxed to include 
cells from other species when it was acknowledge that similar mechanistic informa-
tion could be derived from methods utilising bacteria (Arnold et al.  1996 ). 

 As a consequence of the increasing importance of standards to provide a valida-
tion framework for   in vitro  methods  , the primary output of formal validation studies 
should change from being a single validated method to validated standards appli-
cable to multiple methods within a class. These standards can then be used by vari-
ous parties in various contexts, with the appropriate degree of formality, to 
characterise their method in order to compare it to similar methods in its class and 
to demonstrate its fi tness for a particular purpose, assuming the performance 
requirements are known. Of course the development and validation of standards 
cannot be purely a theoretical exercise and requires the generation of data using  in 
vitro  methods representative of the class of interest. An important by-product of the 
validation process therefore will be a set of methods validated against the standards. 
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This approach is in fact being actively pursued by EURL ECVAM. The fi rst 
validation study to be conceived and designed along these lines is being conducted 
within the context of an OECD project to produce a set of validated methods and 
associated performance standards for a class of  Androgen Receptor Transactivation 
Assays (ARTA)   suitable for testing chemicals for their potential to interfere with the 
AR signalling pathway, and which are intended to eventually form the basis of a 
new Performance Based Test Guideline (PBTG) for  ARTA   that can be applied 
throughout OECD member countries. A second study being undertaken by EURL 
ECVAM aims to develop standards for a class of methods that provides information 
on  in vitro  human metabolic clearance, essential in the understanding and predica-
tion of the toxicokinetic profi le of a chemical  in vivo . A comprehensive review of 
methods described in the literature together with a public survey to fi nd unpublished 
methods helped to identify 11 similar methods falling into the class. A meta- analysis 
of these methods revealed the salient technical attributes or components that could 
be used to defi ne the class and has highlighted a range of functional parameters that 
should be characterised through validation. This has then led to the proposal of 
reference chemicals and associated experimental procedures that could be used for 
prospective method validation. The study is now entering the laboratory phase to 
practically evaluate the proposed standards and protocols using clearance methods 
representative of the class. Ultimately the intention is to propose a comprehensive 
set of validation standards for this class of  in vitro  clearance methods that will guide 
(i) reporting (i.e. indicate how a method should be properly described), (ii) which 
reference chemicals to use (i.e. to experimentally characterise a method and to eval-
uate its performance), and (iii) how to actually use the reference chemicals (i.e. 
provide operating procedures  that   instruct on how to actually conduct the experi-
mental assessment of a method). 

 The concepts, principles and defi nitions underpinning IATA are still being dis-
cussed and will likely evolve further in the years ahead. However, one important 
premise recently put forward by the OECD is the distinction between IATA and 
what is termed, “ Defi ned Approaches”   (DA)    to testing and assessment (OECD 
 2016 ). In essence, IATA deliver an assessment conclusion typically through weight- 
of- evidence reasoning and thus inevitably include an element of subjective (non- 
formalised) expert judgement, whereas DA are rule-based (formalised) approaches 
that generate predictions intended to be used within IATA. The draft OECD guid-
ance document on the reporting of DA to be used within IATA (OECD  2016 ) 
includes a detailed reporting template for DA, composed of sections for describing 
elements such as: the  in vitro  or computational methods used to generate the pri-
mary data; the algorithm or data interpretation procedure devised to predict the toxi-
cological effect of concern; the reference chemicals used to develop and evaluate 
the global performance of the approach; estimates of its predictive capacity based 
on a set of reference chemicals; the strengths and limitations of the approach; and 
descriptions of the sources of uncertainty associated with the toxicity prediction. 

 A number of conclusions and recommendations regarding the validation of integrated 
approaches have been put forward by ECVAM and the EPAA, the European Partnership 
for Alternative Approaches to Animal Testing (Kinsner-Ovaskainen et al.  2012 ). Although 
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the term, “ Integrated Testing Strategies (ITS)”   was used then to refer to all types of 
integrated approaches, it was recognised that one needs to essentially differentiate 
between rule-based ITS and judgement-based  ITS   when considering validation. Like 
judgement-based ITS, an IATA does not lend itself to validation in the traditional sense. 
An IATA developed and applied to satisfy a particular regulatory information require-
ment for a chemical can only be really deemed valid or acceptable by the regulatory body 
to which the IATA is submitted. This is exemplifi ed by an IATA based primarily on a 
read-across prediction used to address an information requirement under the European 
Union’s REACH legislation (REACH  2006 ), where the reasoning used is very much 
case-specifi c and thus cannot be validated  a priori  in a generic manner. Instead, the 
European Chemicals Agency (ECHA) may decide to apply its Read Across Assessment 
Framework (RAAF  2015 ) to systematically evaluate such an IATA to ensure the expecta-
tions of the Agency are met in terms of quality, thoroughness and credibility. 

 On the other hand, when considering a  DA   that predicts a toxicological property 
of a chemical that could be used within an IATA, conducting some degree of valida-
tion of the DA  a priori  using a set of reference chemicals is usually feasible and 
indeed desirable in order to understand its general predictive performance, possi-
ble limitations and likely applicability domain. Although such validation cannot 
refl ect all potential use-cases of the DA and does not guarantee its acceptance by a 
particular regulatory body, it does help considerably in building confi dence and 
encouraging uptake by end-users and regulatory authorities. Recently the OECD 
Task Force for Hazard Assessment identifi ed a number of different DA for predict-
ing the potential skin sensitisation hazard of a  chemical   and contributors have now 
incorporated them into the newly proposed reporting template. This makes it more 
straightforward to contrast and compare different approaches in light of their poten-
tial regulatory application. The expectation is that no particular DA will likely dom-
inate as the best option for all situations, but instead each one will have different 
attributes that a prospective user will consider in order to decide if it is suitable or 
not for their particular needs. The outcome of this OECD activity also provides a 
good basis to explore the possibility of defi ning performance standards for this class 
of DA, since one can imagine that systematic comparison of all the case studies will 
indicate, for example, what set of reference chemicals would be optimal for assess-
ing various aspects of predictive performance of any new DA that might be pro-
posed in the future. Another case that would support the idea of developing 
performance standards for DA is the HTS screening approach for endocrine disrupt-
ers recently proposed by the US EPA (Judson et al.  2015 ). It predicts interference of 
a chemical with the estrogen signalling pathway and is based on a battery of  in vitro  
assays combined with a rule-based data interpretation procedure (computational 
prediction model). Thus it can be appropriately described as a DA. Performance 
standards already exist for ERTA (OECD  2012b ) but unfortunately they are too 
restrictive in their current form to be applied to this DA. This is because although 
ERTA and the DA predict more or less the same effect (i.e. interference with the 
estrogen signalling pathway), the DA has a much broader technical basis (i.e. a bat-
tery of HTS assays which use a variety of measurement technologies) than ERTA 
(i.e. a single  in vitro  method) that is obviously not foreseen in the essential test 
method components of the current ERTA performance standards. 
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 Validation therefore can and should be pursued for both methods  and   DA. At the 
method level, the emphasis should be on the defi nition of performance standards 
that can be used to validate  in vitro  methods belonging to a particular class. The 
standards should allow the thorough assessment of the experimental reliability of an 
 in vitro  method and its relevance in terms of being able to determine any association 
of a chemical with a particular toxicological pathway, mode of action or hazard 
effect. The outcome of the validation should also identify the operational boundar-
ies and technical limitations of a method (class) including the types of chemicals 
that can be tested. A description of the method and the results obtained from the 
validation study should be reported appropriately, for example by following the 
OECD guidance on describing non-guideline  in vitro  methods (OECD  2014b ), and 
made public, for example via DB-ALM, the EURL ECVAM database on alternative 
methods (  http://ecvam-dbalm.jrc.ec.europa.eu    ). Validation of a DA on the other 
hand should focus on assessing its overall capacity to provide information on a toxi-
cological endpoint of regulatory concern and on characterising the uncertainties 
associated with the underlying assumptions and predictions. The emergence of per-
formance standards targeted at the validation of DA will no doubt be useful in this 
respect. As mentioned above, a comprehensive and harmonised description of a DA 
and its validation should be provided using the new OECD guidance and reporting 
template (OECD  2016 ). Ideally, completed templates should be made publically 
available via a suitable on-line repository, such as the DB-ALM when its planned 
extension to accommodate DA is complete. 

 A central consideration in the validation of either methods  or   DA is the selection of 
suitable reference chemicals. This is typically very challenging and has signifi cant 
consequences for the execution and potential outcome of any validation study. It has 
been approached practically and scientifi cally in different ways for different studies 
(Brown  2002 ; Eskes et al.  2007 ; Casati et al.  2009 ; Pazos et al.  2010 ; Jennings et al. 
 2014 ) since each study has its own particular context and scope and to-date no general 
framework or guidance on chemical selection has been put forward. Notwithstanding 
this, chemicals are usually selected based on a variety of attributes such as: toxicologi-
cal properties; chemical class or structural features; physicochemical properties; prod-
uct or sectorial use; availability; and cost. If we consider each of these attributes as 
representing a single dimension in a multidimensional “chemical space”, then we can 
view chemical selection as a process to optimally sample this space in a way that the 
subset of reference chemicals chosen adequately represents the greater population of 
chemicals occupying the space. Naturally, as the number of attributes to be considered 
increases and their individual range expands, then more chemicals have to be included 
in the reference set to be able to cover the whole space. Operationally, sampling of the 
defi ned chemical space is infl uenced heavily by practical issues including the fact that 
in reality chemicals do not uniformly and continuously cover chemical space and the 
number of chemicals that can be actually tested in a study depends very much on the 
time and resources available. 

  Retrospective analysis   of how chemical selection has been made for different vali-
dation studies shows that the type and range of attributes selected differ quite consid-
erably, as does the priority given to each. In certain cases, a clear and well described 
rationale underpinning the choice and prioritisation of attributes and the design of the 
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selection process has been lacking prior to the commencement of a study, with the 
consequence that the selection of reference chemicals required explanation and often 
some defence after the study was completed. In other cases, expectations from the 
user community have been unrealistic due perhaps to a lack of awareness of the prac-
tical barriers encountered in selecting chemicals, so that also then some debate about 
the chemical selection was necessary after the completion of the study. Thus there is 
a clear need for the elaboration of a conceptual framework for chemical selection 
supported by enhanced exchanges between the developer and user communities. 
Ideally the framework should also be complemented by practical guidance to increase 
effi ciency, consistency, and awareness of the selection process across studies of vari-
ous types. Although the overall approach to chemical selection should be the same 
for validation studies addressing both methods and DA, the basis for chemical selec-
tion and thus the attributes chosen will likely differ. In the case of validation of meth-
ods, emphasis is more on selecting chemicals which probe the technical and 
biological characteristics of a method, such as exploring the potential for experimen-
tal artefacts or interference to produce a false reading, or assessing how sensitive and 
specifi c the response of a cellular test system is to the toxicological mechanisms it is 
intended to detect. On the other hand, validation of DA or individual methods that 
aim at predicting a regulatory hazard endpoint requires the selection of chemicals 
that have a known toxicological hazard profi le defi ned in regulatory terms (e.g. haz-
ard classifi cation following the UN’s Globally Harmonised System) in order to dem-
onstrate its likely predictive performance in a particular regulatory context. It is 
imperative that the chemical selection process is designed to be as inclusive as pos-
sible to ensure suffi cient consultation with appropriate experts. In general, the selec-
tion of chemicals for the validation of individual methods should involve assay 
specialists and toxicologists knowledgeable in the scientifi c and technical aspects of 
the class of  in vitro  method being validated and the toxicological pathways con-
cerned. On the other hand, chemical selection for the validation of DA or individual 
methods that aim at predicting a specifi c hazard endpoint should engage regulatory 
toxicologists and risk assessors who are familiar with regulatory information require-
ments and current approaches to satisfying them. Tackling chemical selection in this 
more systematic, consultative and transparent manner will increase the relevance and 
impact of  validation   studies and will lead to the establishment of recognised chemi-
cal validation standards that can be reutilised for methods and DA, as illustrated by 
some recent initiatives by EURL ECVAM (Kirkland et al.  2016 ) and NICETAM 
(Kleinstreuer et al.  2016 ). 

 The identifi cation and characterisation of sources of uncertainty associated with 
methods that test for the toxicological hazard of chemicals is recognised as being 
fundamentally important to ensure a robust and reliable risk assessment that is 
accepted by risk managers and stakeholders. Extensive guidance has been developed 
by international bodies (WHO  2014 ) and agencies (EFSA  2015 ) which describe 
 uncertainty analysis   in great detail and which provide practical tools and examples to 
support the process. Not surprisingly, the focus to date regarding hazard has been on 
sources of uncertainty associated with animal tests, such as: extrapolating from early 
to late effects; determining points of departure in a dose–response experiment; 
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deducing effects at low doses from observations made at high doses; accounting for 
differences in physiology between species; and estimating inter- species variability 
(WHO  2014 ). Expression of sources of uncertainty and their potential impact on a 
hazard assessment can be qualitative or quantitative, with the latter type of informa-
tion being more desirable in order to formulate the output of a risk assessment in 
probabilistic terms. Uncertainty analysis can also be approached by fi rst considering 
sources of uncertainty related to the inputs of an assessment (i.e. the sources of pri-
mary data and the methods used to generate them) followed by examination of the 
procedure or algorithm employed to combine the inputs to produce a conclusion or 
prediction (EFSA  2015 ). Such a framework could be easily adapted for the system-
atic analysis of the uncertainty associated with new predictive toxicology approaches 
that integrate  in vitro  and computational methods. Moreover, the design of validation 
studies should include provision for generating and reporting the necessary informa-
tion and data needed to support a thorough uncertainty analysis to facilitate the even-
tual uptake and use of predictive approaches in the regulatory domain. 

 In any discussion about the validation of new approaches in the context of  human 
safety assessment   there is usually an elephant hanging around at the back of the 
room wanting to raise the issue of the relevance of using animal data as a reference 
or benchmark. It is a diffi cult subject to broach and often raises quite different views 
and opinions depending on who is in the room at the time. It is a fact that in the EU 
at least, regulatory frameworks for managing the risk that chemicals may pose to 
human health and the environment rely heavily on generic risk considerations based 
on toxicological hazard classifi cation, as prescribed for example by the Classifi cation, 
Labelling and Packaging Regulation (CLP  2008 ). Chemicals can be classifi ed for a 
wide variety of toxicological hazards such as eye or skin corrosion and irritation, 
skin sensitisation, acute oral toxicity, chronic specifi c target organ toxicity, repro-
ductive toxicity and carcinogenicity. Classifi cation in some of the more hazardous 
classes can result in a chemical being automatically subject to various risk manage-
ment provisions in downstream sectorial legislation ranging from requirements for 
specifi c labelling to inform consumers about the hazard, to restricted or even pro-
hibited use of the chemical in certain products and for certain uses. Regarding 
human health, the majority of hazard classes are defi ned with respect to effects 
measured in conventional animal studies, these being rodent studies for the most 
part. As a consequence, most of the currently available standardised and reliable 
reference data come from animal studies usually carried out to satisfy regulatory 
information requirements. Thus validation studies have typically made use of this 
data to assess how good an alternative method is in predicting hazard classifi cation, 
taking the established animal-derived hazard classifi cations of the reference chemi-
cals used in the study as the benchmark. This paradigm is not unreasonable but its 
relevance depends considerably on a number of factors. The fi rst is the actual reli-
ability of the animal data. Many investigations have shown that animal data for even 
for the same chemical and (guideline) test can be highly variable. This variability 
can often lead to uncertainty in classifi cation which is poorly characterised and 
rarely taken into account in generating performance statistics for the validated 
method. Another factor on which the traditional paradigm hinges is the actual relevance 
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of the alternative method to the animal test used to classify the reference chemical. 
In the case where the toxicological mechanisms and effects underpinning the end-
point measured in the animal test are captured by the alternative test method then it 
is reasonable to expect that good correlation is at least possible between the classi-
fi cations derived from both tests. However, with the development of novel human-
based biological test systems (e.g. derived from induced pluripotent stem cells), 
novel alternative methods may prove to be a better surrogate for the human situation 
than an established animal test. In this case, discordance of classifi cation is to be 
expected between the human-like alternative method and the reference animal test, 
especially when the relevant toxicological mode-of-action is not actually captured 
by the animal model. This issue is not typically accounted for in the traditional vali-
dation paradigm, and is  often   compounded by a lack of mechanistic information and 
suitable human hazard data on the reference chemicals used. 

 This issue of choosing the right reference or benchmark  datasets   to be used for 
validation is a tractable problem if approached with the same scientifi c thinking that 
is at the heart of new approaches to toxicity testing. For the defi nition of standards 
to be used in the validation of  in vitro  methods, the reference data that really matter 
with respect to characterising the predictive utility of a method are those that mech-
anistically relate or associate a reference chemical to the toxicity pathways and key 
events that the method is expected to model. This association can be qualitative, in 
terms of expected positive or negative outcomes, or quantitative in terms of potency 
of effect or concentration-response. Thus the actual animal-derived hazard classifi -
cation data for the reference chemicals are for the most part irrelevant in such a vali-
dation context, as are the data describing their sectorial or product use. However it 
could well be that although animal data are not used directly as the validation refer-
ence, they could provide information to determine the modes of action of the refer-
ence chemicals, assuming they were the same in humans. In addition to mechanistic 
toxicological data on reference chemicals, data associating reference chemicals 
with technical aspects of performance are also useful and necessary to characterise 
a method in terms of potential limitations in testing certain types or classes of chem-
icals. For example, such limitations could be due to the possibility of chemicals 
with certain physicochemical or optical properties to interfere with the detection 
assay or technique employed by the method. When considering appropriate refer-
ence datasets for the validation of DA or methods that aim at predicting a hazard 
endpoint, the focus shifts to using data that associate a reference chemical with api-
cal health effects that are related to the endpoint of concern. In this case of course 
the hazard classifi cation of reference chemicals based on animal tests and the rele-
vant regulatory frameworks (GHS  2015 ) should be considered. However, this needs 
to be complemented with other important data that help portray a more comprehen-
sive hazard profi le of the reference chemicals in order to ensure that the validation 
exercise leads to a proper and comprehensive characterisation of performance. 
Obviously any available data on reported toxicological effects in humans that might 
be relevant to the endpoint should be included, as should biokinetics data and infor-
mation on the toxicity of structurally similar analogues. Ultimately, expressing the 
validity of the approach for a particular purpose will not be simplistic in terms, but 
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instead will be a multifaceted judgement arrived at through the  weighting   of 
multiple streams of evidence and accounting for all the relevant sources of variabil-
ity and uncertainty associated both with the approach being validated and the refer-
ence data that it is being compared to. 

 As outlined here, it is imperative that the principles and practice of validation are 
continuously examined to ensure that they evolve appropriately to keep pace with the 
development of new alternative approaches to toxicity testing. In addition however, 
the actual process of validation must be carefully considered as well, to make certain 
that it is fl exible, effi cient and makes the best use of available resources. How valida-
tion might be approached needs be considered more frequently and systematically by 
test developers in the early phases of  research and development   (R&D). Likewise, 
user communities need to be clearer about their anticipated requirements and desired 
performance. In terms of investment and planning, validation of a method or DA 
should be seen by all stakeholders as being as important as the R&D that produced 
it. To facilitate this, parties undertaking validation need access to dedicated fi nancing 
to run their studies. Other practical support is also required such as guidance on 
aspects of validation, lists of recommended reference chemicals and associated data-
bases, and input and advice from validation experts where needed. The level of for-
mality adopted in a validation study should be adequate to ensure objectivity, rigour 
and credibility but has to be appropriate to the aims of the study and should not 
unduly burden the process. Developers and users should seek to cooperate with each 
other in setting up validation studies, sharing knowhow and establishing working 
standards. In this context, academic societies, trade associations and other networks 
with a stake in promoting alternative approaches to animal testing have an important 
contribution to make by providing their members with the support and facilitation 
they require. Of course validation bodies such as  EURL ECVAM   and its partners in 
the International Cooperation on Alternative Test Methods (ICATM) must continue 
to play a central role as hubs for regional and international coordination and knowl-
edge sharing, providers of practical support and guidance, and as champions in pro-
gressing new approaches towards regulatory use. Only working together can we 
build a dynamic international  validation community that is committed to accelerate 
the translation of a new generation of scientifi cally advanced alternative methods 
into modern toxicology practice.    
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