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1  Brief introduction to eye irritation

the need for ocular irritancy testing became clear in the 
1930s, when an untested eyelash product containing p-phe-
nylene diamine was marketed in the US. Use of this and simi-
lar products led to sensitization of the external ocular struc-
tures, corneal ulceration, and vision loss (Wilhelmus, 2001). 
this in turn led to the passage of the United States Federal 
Food, Drug, and Cosmetic Act of 1938 that required materi-

als sold to customers to be safe. In response to the need for 
test methods to assess ocular safety, in vivo animal tests were 
developed and put into use. 

Although the rabbit was often used as the model in such 
testing, the methodology and species was not standardized 
until 1944, when FDA toxicologist J. H. Draize published a 
standard procedure for quantifying ocular injury (Draize et al., 
1944). the resulting eye irritation procedure, also known as 
the Draize test, generally involves applying 0.1ml or 0.1g of a 
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2. european Cosmetic, toiletry & Perfumery Association 
(COlIPA) study

3. Bundesgesundheitsamt / German Department of Research 
and technology (BGA/BMBF) study

4. Cosmetics, toiletry, and Fragrance Association (CtFA) 
study

5. Interagency Regulatory Alternatives Group (IRAG) study
6. Japanese Ministry of Health and Welfare / Japanese Cosmet-

ic Industry Association (MHW/JCIA) study
Although these efforts did not identify any single assay as a full 
replacement of the animal test, they helped to define and refine 
the validation process (Balls et al., 1999; Bruner et al., 1996; 
Spielmann and liebsch, 2001). they also led to discussion of 
the animal test and its reproducibility (Bruner et al., 1996; Prin-
sen, 2006), but regulatory use was not affected. 

In 2003 the eU Cosmetics Directive was amended for the 7th 
time (european Union, 2003; DG eNtR, 2008; Hartung, 2008; 
Zuang et al., 2008). this amendment banned the use of the 
Draize eye test in Europe for finished cosmetic products from 
September 2004 and for cosmetic ingredients from March 2009. 
the anticipation of this ban led to major activities coordinated 
by two european Commission services, i.e. DG enterprise and 
eCVAM (Hartung, 2008), especially compilation of an inven-
tory of available methods (eskes and Zuang, 2005). For eye 
irritation various assays including the CM were reviewed at a 
meeting coordinated by eCVAM in 2005 in order to identify 
the most promising tests for reducing and eventually replacing 
the animal test. Discussions at this meeting also led to the es-
tablishment of what is known as the Bottom-Up and top-Down 
Approach for eye irritation testing (Scott et al., 2010). 

the gathering of all available data made it possible for eC-
VAM to conduct retrospective validation activities for specified 
domains of applicability. A range of assays based on diverse 
mechanisms of action was evaluated (Hartung, 2007a). the 
objective of these exercises was to find specific ranges of irrita-
tion where a test could be considered valid, thereby providing 
an opportunity to combine one or more tests to cover the en-
tire range of irritation response (eskes et al., 2007; Scott et al., 
2010; Zuang et al., 2008). Notably, the effort was strongly co-
ordinated with eCVAM’s US counterpart ICCVAM/NICeAtM 
(the National toxicology Program Interagency Center for the 
evaluation of Alternative toxicological Methods (NICeAtM) 
and the Interagency Coordinating Committee on the Validation 
of Alternative Methods (ICCVAM), see http://iccvam.niehs.
nih.gov/methods/ocutox/ivocutox.htm). the application of this 
retrospective validation approach to the CM will be described 
following a brief review of the steps that led to the develop-
ment of the CM-based eye irritation test. 

3  Introduction to the history of the Cytosensor 
Microphysiometer

For many years, the prospect of finding a replacement method 
for the Draize eye test was considered the Holy Grail of al-
ternatives, much sought after but ever elusive. the quest led 

test substance to the eye of a restrained, conscious animal, for 
an exposure time of one to twenty-four hours. the animals are 
observed for up to 21 days for signs of corneal opacity, area 
of corneal opacity, iritis, conjunctival redness, edema, and 
discharge. Other effects, such as ulceration, hemorrhaging, 
cloudiness and vascularization are assessed in the tested eye. 
the test species is commonly an albino rabbit, though other 
species are used when required. the animals are humanely 
euthanized after testing is completed. the interested reader 
will find additional information on the historical aspects of the 
acute eye irritation test in several recent reviews (Parascan-
dola, 1991; Wilhelmus, 2001; Wilson-Sanders, 2008).

2  The development of alternatives for the in vivo 
eye irritation test and early validation efforts

Over the years, there have been many criticisms of the Draize 
test, one of the most frequent being its use of animals. this 
concern provided the impetus for activists, academics, regu-
latory authorities and industrial scientists to find alternative 
methodologies that will provide reliable safety data without the 
need for in vivo tests. the need for alternative eye irritation 
tests has been particularly important to businesses that develop 
products requiring comprehensive safety testing before mar-
keting to consumers who want products that are not tested in 
animals. the drive to eliminate animal testing has been particu-
larly keen for companies that develop and market cosmetic and 
other types of personal care products. 

It is not surprising therefore that the cosmetics and consumer 
products industries have invested heavily in the development 
and validation of non-animal replacements for the eye irrita-
tion test. Significant contributions by the industry include 1) re-
search that led to the development of several novel non-animal 
tests, 2) involvement in validation studies from the mid-1990s, 
3) sponsorship of key workshops where important develop-
ments were shared across the research community, 4) the con-
duct of basic mechanistic research supporting the development 
of trustworthy tests, and 5) data sharing. It is also important to 
note that other organizations have contributed significantly to 
the development effort. Academic institutions such as the Center 
for Alternatives to Animal testing (CAAt, the Johns Hopkins 
University, http://caat.jhsph.edu/) and Fund for the Replace-
ment of Animals in Medical experiments (FRAMe, Univer-
sity of Nottingham, UK) developed fundamental concepts and 
structural frameworks around which reliable tests could be 
developed. Government- and regulatory agency-sponsored or-
ganizations, such as the Interagency Coordinating Committee 
for the Validation of Alternative Methods (ICCVAM, USA), 
the German Bundesgesundheitsamt (ZeBet-BGA), and the 
european Center for the Validation of Alternative Methods 
(eCVAM, european Commission, http://ecvam.jrc.ec.europa.
eu/), provided guidance on regulatory needs, developed practi-
cal validation processes and oversaw the effective execution of 
several key validation studies including: 
1. European Commission / Home Office (EC/HO) study
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zation, the Institute for In Vitro Sciences, Inc. (IIVS, http://
www.iivs.org/), which continued to work with the CM, espe-
cially for its capacity to differentiate degrees of mildness for 
cosmetic and personal care products, generally water-soluble 
surfactants and their formulations. P&G have remained a driv-
ing user of this method, and others, specifically L’Oréal and 
the Institute for In Vitro Sciences (IIVS), have also utilized 
the technology.

4  Validation of the CM for eye irritation testing

As noted above, the CM was included in some of the six major 
validation studies for eye irritation alternatives conducted from 
1991-1997 including the european Commission / British Home 
Office (ECHO) study (Balls et al., 1995), a major study by the 
US Cosmetics, toiletries and Fragrances Association (CtFA) 
(Bagley et al., 1992), and a study sponsored by the european 
Cosmetics trade Association, Colipa (Brantom et al., 1997). 
Neither the CM nor any other of the methods evaluated were 
shown capable of fully replacing the animal test. 

essentially no new validation studies were undertaken un-
til thomas Hartung took over at the european Centre for the 
Validation of Alternative Methods (eCVAM) in 2002. Hartung 
opened validation to the principles of retrospective meta-analy-
sis and weight-of-evidence approaches through the application 
of concepts from evidence-based medicine.

the next step was to use this approach to determine if an 
in vitro test could provide reliable information for safety as-
sessments across the entire range of ocular irritancy responses. 
Concurrently, an advancement to the historic approach to vali-
dation gained consensus at a 2005 eCVAM Workshop led by 
laurie Scott, a seconded expert to eCVAM from the Procter 
& Gamble, Co. that resulted in the identification of the Bot-
tom-Up and top-Down Approach to eye Irritation (Scott et al., 
2010). this approach introduced novel concepts to validation 
allowing methods to be assessed and validated for unique ap-
plicability and severity range. the analysis began with a re-
view of the most promising assays for eye irritation. Based on 
guidance from the eCVAM eye Irritation task Force and other 
sources (eskes et al., 2005, 2007; Scott et al., 2010; Zuang et 
al., 2008), eCVAM chose to assess the utility of the CM meth-
odology, along with three other cell function and cytotoxicity 
methods, as a replacement for the eye irritation test. Valérie 
Zuang and Chantra eskes at eCVAM were appointed leaders 
of the retrospective analysis. 

this retrospective analysis was conducted by gathering and 
combining CM data from multiple prior studies in order to ana-
lyze them statistically using the modular approach (Hartung et 
al., 2004) and weight-of-evidence validation principles (Balls 
et al., 2006), and evaluation in accordance with the Bottom-up 
and top-Down approach (Scott et al., 2010).the 2.5-year long 
retrospective validation effort allowed a compilation and analy-
sis of all available data on the CM. the results were reported in 
a Background Review Document created by IIVS (available at 
http://ecvam.jrc.ec.europa.eu/) under a contract from eCVAM. 

a start-up company, Molecular Devices (Menlo Park, CA, 
USA), to consider the application of their novel CM technol-
ogy for use in toxicity testing. they had published a paper in 
Science (McConnell et al., 1992) describing a technology that 
allowed the automated measurement of cellular metabolism 
in living cells. CAAt director Alan Goldberg, working with 
them as a consultant, guided the company to address alterna-
tives to eye irritation. Alan Goldberg and researchers at Mo-
lecular Devices conducted a small pilot study that delivered 
promising results. With these findings in hand he forged a con-
tact between Molecular Devices and the Procter & Gamble 
Company (P&G) that led to a collaboration establishing the 
first industrial laboratory to apply this instrumentation to the 
evaluation of eye toxicity. 

the CM (Hafner, 2000) is based on the measurement of small 
changes in cellular metabolism reflected by extracellular release 
of acidic byproducts of energy metabolism. energy metabolism 
in living cells is tightly coupled to cellular AtP usage and extra-
cellular proton release. this means that events perturbing cel-
lular AtP metabolism, such as receptor activation and initiation 
of signal transduction, will rapidly result in a change in the re-
lease rate of protons that can be measured in the culture medium 
surrounding cells. As the extrusion of protons is a very general 
indicator of cellular response to a broad range of perturbations, 
this endpoint can be used to assess the influence of chemicals 
on cells without prior knowledge of the corresponding signaling 
pathways. Extracellular acidification is measured in the CM us-
ing Molecular Device’s proprietary technology called the light-
addressable potentiometric sensor (lAPS).

In the early stages of the method’s development P&G’s leon 
Bruner and Ron Parker met with developers of the Cytosen-
sor Microphysiometer, Harden McConnell, Jack Owicki, and 
Wally Parce at Molecular Devices. they established a collab-
orative project to test a set of model eye irritants. Results from 
this pilot study appeared promising, leading P&G to bring a 
prototype instrument in-house for further investigations. More 
studies then followed which were published in 1991 (Bruner 
et al., 1991; Bruner and Parker, 1991). Following publication 
of these results, procedures were implemented within P&G to 
begin evaluating compatible test substances using the in vitro 
procedure instead of the rabbit-based eye irritation test. 

At that time P&G also recognized that in order for an in vitro 
test to eventually become broadly accepted as a replacement 
for a traditional animal test, it would have to be commercially 
available to toxicologists from many companies and the regula-
tory community. In order to address this need, P&G approached 
Rodger Curren, head of a newly established in vitro toxicology 
division at Microbiological Associates (MA), and arrangements 
were made to transfer the technology from P&G to MA. Over 
the next few years the two companies worked together to refine 
test protocols and develop a larger database. Current standard-
ized protocols are available from the INVIttOx database (pro-
tocol 97 and 102, http://ecvam-dbalm.jrc.ec.europa.eu/). 

Other companies, for example L’Oréal, also began to pub-
lish data from the use of the instrument (Catroux et al., 1993). 
In 1997 Rodger Curren and others created a non-profit organi-
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ceeded to Peer Review by the ECVAM Scientific Advisory 
Committee, eSAC. the eSAC review was encouragingly 
positive. the eSAC not only accepted the VMG recommen-
dations on the usefulness of the CM for the identification of 
severe eye irritants for water-soluble substances and mixtures 
in general, it also concluded positively on the usefulness of 
the CM for the identification of non-irritant water-soluble 
surfactants and water-soluble surfactant-containing mixtures 
(Box 1). eSAC also recommended that non water-soluble 
solids, suspensions or viscous material must be evaluated for 

the analysis of the CM data showed that when the CM assay 
identified a surfactant or a surfactant-based mixture as being 
non-irritant, there was a high probability that the same mate-
rial would be identified as a non-irritant by the Draize test. 
The analysis also showed that when the CM assay identified a 
water-soluble material or mixture as a severe irritant there was 
a high probability that the same material would be a severe ir-
ritant in the Draize test. 

these results led to recommendations from the eCVAM 
Validation Management Group, following which, the CM pro-

According to this framework the entire range of irritancy may 
be resolved by arranging tests in a tiered strategy that may be op-
erated from either end: to detect first severe irritants and resolve 
absence of irritancy (“top-Down Approach”) or to proceed in-
versely, starting with the identification of non-irritants first (“Bot-
tom-Up Approach”). Mild irritancy will be resolved in a last tier 
in both approaches.

To evaluate the scientific validity of possible building blocks of 
such a test strategy and to assess their possible placement within a 
Bottom-Up and top-Down Approach, eCVAM has undertaken a 
retrospective validation study of four cell-based in vitro methods.
the test methods evaluated were:
a. Cytosensor Microphysiometer (INVIttOx Protocols 97 and 

102 modified)2
b. Fluorescein leakage (INVIttOx Protocols 71, 82, 86 

and120);
c. Neutral Red Release (INVIttOx Protocol 54 and PReDIS-

AFe™);
d. Red Blood Cell haemolysis (INVIttOx Protocols 37 and 

99),
the four test methods, including ten protocol variations, were 
subjected to independent, expert review with respect to their use 
to either 
a) initiate a Bottom-Up Approach, for consideration for regula-

tory use to identify non irritants (EU: ‘Non Classified’; GSH: 
‘No Category’; ePA: ‘Category IV’) from all other classes as 
part of a tiered testing strategy, or 

b) to initiate a top-Down Approach, to identify ocular corrosives 
and severe irritants (eU R41, GHS ‘Category 1’, and ePA 
‘Category I’) from all other classes as part of a tiered testing 
strategy.

In the absence of internationally agreed performance criteria for 
either approach, the PRP of the eSAC applied the following cri-
teria:
– any test used to initiate a top-Down Approach must balance 

specificity and sensitivity to correctly identify a substantial 
proportion of severe irritants, with a false positive rate that 
would not lead to the over-classification of an unreasonable 
number of materials of lower ocular irritancy potential – an 

Box 1

ESAC Statement of validity for the Cytosensor/
Microphysiometer (extract)
(ecvam.jrc.it/publication/eSAC31_CBA_eye-
irritation_20091005.pdf)

European Commission
Joint Research Centre
Institute for Health and Consumer Protection
In vitro methods Unit
European Centre for the Validation of Alternative 
Methods (ECVAM)

Statement on the Scientific validity of cytotoxicity/
cell function based in vitro assays for eye irritation 
testing
At its 31st meeting, held on 7 and 8 July, 2009 at the european 
Centre for the Validation of Alternative Methods (eCVAM), 
Ispra, Italy, the non-Commission members of the eCVAM Sci-
entific Advisory Committee (ESAC) unanimously endorsed the 
following statement:
the replacement of traditional animal-based test methods by al-
ternative ones should ideally be obtained by one-to-one replace-
ments: to keep the testing regime simple and economical one sin-
gle alternative method should, wherever feasible, be sufficient to 
generate data of equal or better quality than the traditional test.

However, in the case of eye irritation it is currently generally 
accepted that, in the foreseeable future, no single in vitro eye ir-
ritation test will be able to replace the in vivo Draize eye test to 
predict across the full range of irritation for different chemical 
classes. However, strategic combinations of several alternative 
test methods within a (tiered) testing strategy may be able to re-
place the Draize eye test.

A possible conceptual framework for such a (tiered) testing 
strategy has been developed within an eCVAM workshop (Ref. 
1). the framework is based on alternative eye irritation methods 
that vary in their capacity to detect either severe irritant substanc-
es (eU R41; GHS ‘Category 1’) or substances considered non-
irritant (EU ‘Non-Classified’; GHS ‘No Category’).
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eye irritancy potential in other complementary in vitro test 
methods. This was the first time that an in vitro test had been 
considered accurate enough to accept its identification of a 
non-irritant, since previously in vitro methods had only been 
accepted to label a material as an irritant. Although the appli-
cability domain for the CM is limited, the outcome represents 
a major breakthrough. This is the first time an assay has been 
endorsed as scientifically valid for the identification of non- 
irritant substances based on a retrospective weight-of-evi-
dence evaluation. In addition, formal validation of the CM for 

the identification of both non-irritants and severe eye irritants 
allows its use in either a bottom-up or a top-down approach 
for eye irritation testing (Scott et al., 2010). 

It is important to note that the CM test method cannot be 
considered a full-replacement method on its own because of 
misclassifications in the middle range of irritancy, i.e. irrita-
tion levels between severe or corrosive on one end, and non-
irritating on the other. In this area there is a high false positive 
rate (non-irritants identified as irritants) and false negative 
rate (severe irritants identified as less than severe irritants). 

over-classification rate (false positives) of <10% was consid-
ered acceptable

– any test used to initiate a Bottom-Up Approach should ideally 
give no false negatives with respect to human safety, and no 
false negative should be produced by high moderate or severe 
irritants.

Following independent eSAC peer review of this retrospective 
validation study and considering the potential test strategies in 
which the tests may be used, the eSAC concluded the following:

1. Cytosensor Microphysiometer Test Method
the Cytosensor Microphysiometer test method can be used for 
two of the three EU and GHS classification categories used for 
the endpoint of ocular irritation:

A. the Cytosensor Microphysiometer test method (INVIT-
TOX Protocol 102 modified) is considered to have been scien-
tifically validated and to be ready for consideration for regulatory 
use as an initial step within a Top-Down Approach to identify 
ocular corrosives and severe irritants (eU R41, GHS Category 
1, and ePA Category I) from all other classes for the chemical 
applicability domain of water-soluble chemicals (substances and 
mixtures).

B. Furthermore, the Cytosensor Microphysiometer test method 
(INVITTOX Protocol 102 modified) is considered to have been 
scientifically validated and to be ready for consideration for regu-
latory use as an initial step within a Bottom-Up Approach to 
identify non-irritants (eU:NC; GHS: NC; ePA: cat IV) from all 
other classes only for water-soluble surfactants and water-soluble 
surfactant-containing mixtures.

C. On the basis of a thorough evaluation of the data compiled 
in the course of the eCVAM validation study, the eSAC con-
cludes that the Cytosensor Microphysiometer test method does 
NOt correctly identify moderate and mild ocular irritants (eU: 
R36; GHS: Cat 2A/B; 85 ePA: Cat II/III). therefore, the test 
method can only be employed to make decisions on two of the 
three categories of the eye irritation classification scheme (see 

A and B). Consequently, eSAC does NOt recommend this test 
method as a full replacement method. It should be noted in this 
context that the Top-Down and Bottom-Up Approach foresees 
the theoretical possibility of a default mild/moderate categoriza-
tion (e.g. eU R36 or GHS Cat 2) of all those substances neither 
identified as ocular corrosives and severe irritants (see A) nor as 
“nonEUROPEAN COMMISSION classified” substances (see B) 
in the first two tiers of the strategy. However, the test method’s 
high false negative rate (9-55%) when initiating a top-down ap-
proach and high false positive rate (50-69%) when initiating a 
bottom-up approach exclude the possibility to use the method for 
default categorization. the test methods can thus not be consid-
ered a full-replacement method on its own using the top-Down 
and Bottom-Up approach.

Although these recommendations are based on the evaluation 
of data sets obtained using specific hard- and software, it is an-
ticipated that other Cytosensor Microphysiometer equipment and 
software may become available with either equivalent or better 
performance and will need to be efficiently validated. Depending 
on the similarity of new equipment with respect to the validated 
one, this may be performed as a Similar Method Validation (‘me-
too’) or an Update Validation. eSAC therefore recommends the 
development of Performance Standards for the Cytosensor Mi-
crophysiometer test method.

the current chemical applicability domain is limited: whilst in 
some cases this might be increased by expanding the data set of 
studied compounds, the test method is not amenable to testing 
non-water soluble solids, suspensions, or viscous materials.
[…]

Joachim Kreysa
Head of Unit
In vitro methods Unit
european Centre for the Validation 
of Alternative Methods

Ispra, 10th July 2009
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1996), and a well-defined management structure were added as 
essential elements of the validation process. In 1995/1996 the 
ECVAM validation procedure was officially accepted by EU 
Member States and at the international level by the US regula-
tory agencies and the OeCD. the improved validation concept 
was immediately introduced into ongoing validation studies 
and, in fact, the in vitro phototoxicity test was the first to suc-
cessfully complete validation using these procedures.

this prospective design is still the default for the validation 
of any novel method. However, increasingly needs for adapting 
and making the process more flexible were voiced in the fol-
lowing years. Coming from the field of clinical pharmacology, 
thomas Hartung as head of eCVAM brought in a new concept 
to the validation of alternative methods, i.e. to combine data 
from different studies - like a meta-analysis in clinical medi-
cine (Hunt, 1997). the challenge is how to combine studies that 
were designed by different people, in different places at differ-
ent times (Hartung, 2009). The opportunity, identified and then 
formalized in the modular approach to test validation (Hartung 
et al., 2004), was the introduction of retrospective validation. 
By putting forward the modular approach to validation, several 
amendments were introduced:
– The validation needs were defined as modules that can be 

filled independently by making use of existing data (retro-
spective analysis) or new prospective studies as well as com-
binations of both.

– the separation of the reproducibility and the relevance mod-
ule allowed future consideration of new, lean designs of stud-
ies: while a ring trial is required to establish reproducibility 
requiring usually only a few substances, the broader testing 
of test substances for comparison with a reference test can be 
done in single laboratories.

– The test definition was made into a module of its own, ac-
knowledging that definition of test SOP, prediction model 
and purpose is a key element of the validation process.

– the concept of applicability domains was adapted from in 
silico approaches, i.e. every test requires a clear statement on 
which test substances its validity has been established for.

– Performance standards were introduced to allow catch-up 
validation of similar methods with a lighter validation pro-
gram.

the idea of retrospective validation was simple: Most tests en-
tering validation have already been in use for a while – why not 
take into account all this information rather than start validation 
studies from scratch as if nothing were known? the term “ret-
rospective” should distinguish this approach from prospective, 
new studies, borrowing terms from epidemiology and clinical 
study designs. the approach of retrospective validation has 
since 2004 been applied to areas such as eye irritation and has 
now led to the successful identification of a first method, the 
CM, to identify not only severe eye irritants but also substances 
not labeled as irritants. Noteworthy, the modular approach in-
troduced also the concept of applicability domain, which has 
been much more strongly developed in the field of (Q)SAR 
and is less used in the field of in vitro toxicity testing. In the 
end the applicability domain concept has allowed the CM to be 

this does not interfere with its use to identify the extremes 
in either the Top-Down (for positive identification of severe 
irritants) or Bottom-Up approach (positive identification of 
non-irritant, i.e. not-classified materials). If one considers that 
ca. 80% of newly registered substances represent non-labeled 
substances, and ca. 15% represent severe eye irritants (Scott 
et al., 2010), the use of the CM in a top-Down or Bottom-Up 
approach could overall allow for a significant decrease in ani-
mal testing for eye irritation. 

It should be noted that this retrospective validation was un-
dertaken even though Molecular Devices no longer manufac-
tures or sells the instrument. However, it was ascertained be-
fore the evaluation began, that the CM construction plan is still 
available in the public domain, allowing its use by any interest-
ed party. Additionally, there are other instruments that operate 
on similar principles, which are now commercially available. 
If these other instruments are shown to be sufficiently similar 
to the validated CM system, a catch-up validation study could 
be used to demonstrate validity for testing similar domains of 
substances and irritancy ranges. A catch-up validation study 
is an abridged process for methods using similar instruments, 
software, and scientific principles. It requires agreed perform-
ance standards to confirm similarity. The new test method is 
required to provide similar or better accuracy and reliability 
compared to the existing validated method. 

5  Evolution and history of validation concepts and 
their impact on the outcome and validation status 
of eye irritation methods

The field of eye irritation has been at the core of validation 
of alternative methods over more than two decades. Initially, 
a straight forward ring trial of novel methods comparing with 
historical data for broad chemical classes and all severity 
ranges was used as the default. the design was later termed 
“prospective”, borrowing from terminology in epidemiology, 
since all data originate from experiments after the start of the 
validation exercise. Such design allows most control over the 
quality and composition of data and reduces many selection 
biases. As no scientific approach or regulatory guidelines ex-
isted for the experimental validation of in vitro toxicity tests, in 
1990 a validation workshop with eminent scientists from both 
the eU and US sponsored by CAAt and eRGAtt (european 
Research Group for Alternatives in toxicity testing) agreed in 
Amden, Switzerland on a simple definition of the validation 
process (Balls et al., 1990; Spielmann and liebsch, 2001). Sev-
eral international validation studies – especially in the field of 
eye irritation as described above – failed to identify one as-
say as a full replacement for the Draize eye test, although they 
were conducted according to these recommendations. taking 
into account the lessons learned from this experience, a second 
validation workshop was held by eCVAM in Amden in 1994 
(Balls et al., 1995) to develop a more precisely defined valida-
tion concept. Pre-validation (Curren et al., 1995), the develop-
ment of biostatistically defined prediction models (Bruner et al., 
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The acceptance of the CM method as a first building block 
of a tiered testing strategy can now be expanded in two ways: 
the applicability domain of the CM might be expanded by 
providing additional evidence of valid results. this could be 
done either with the existing CM equipment, which is still 
used for toxicity testing, or with new equipment designed to 
measure cellular responses similar to those measured by the 
CM and which has been validated in a catch-up study. the 
second way forward is to populate the array of validated as-
says for eye irritation further in order to combine them with 
the CM in integrated testing strategies. Here still missing are 
other methods to compose and validate testing strategies sys-
tematically. 

the limitations of the in vivo test as a reference standard, 
especially in the middle range of mild/moderate irritants 
(Bruner et al., 1996; Prinsen, 2006), remain a key challenge in 
the field. It is probable that an inclusion of the animal test in 
previous validation studies would likely have shown that the 
test is no better at reproducing itself than the in vitro alterna-
tives (Bruner et al., 1996). Statistical approaches like latent 
class analysis (http://www.john-uebersax.com/) might offer 
some opportunities to validate new methods without compar-
ing to the “gold (reference) standard” of the Draize test, but 
the regulatory acceptability of such approaches is not clear.

Furthermore, the field has not seen many contributions from 
the in silico field. These and other novel information-rich tech-
nologies, with the appropriate integration as systems toxicol-
ogy (Hartung and leist, 2008), might represent a way forward 
for eye toxicology in the 21st century.

7  Conclusions

More than 25 years of collaboration between various partners 
has led to the first validated method to identify non-irritant 
substances for the eye, albeit for a limited applicability do-
main. Remarkably, the Cytosensor Microphysiometer was a 
high-tech product at its time, commercialized by a university 
spin-off company. It was not originally developed to serve as 
an alternative method, but with the advice from a competence 
center in the field of alternatives this avenue was chosen. Ma-
jor efforts especially by the cosmetic and consumer product 
industries conveyed the endurance to follow this approach. No-
tably, the product itself was discontinued some years ago, but 
the equipment/construction plans were made publicly avail-
able, a prerequisite for the validation. the overall duration of 
development, optimization and validation is one reason for the 
need for continued public funding and coordinated programs 
for alternatives.

the retrospective use of existing data, combining various 
studies, has again proven to be a powerful approach to extract-
ing information from existing results. A consequent further de-
velopment of such meta-analysis is urgently required, i.e. the 
development of processes, statistical tools, weighing scores, 
procedures and piloting examples. this represents a key contri-
bution to evidence-based toxicology.

considered valid for a very limited area of chemical substances 
or, the other way around, has restricted the use area of validity 
for the CM for the time being. 

Validation is a continuously evolving field (Hoffmann and 
Hartung, 2006; Hartung, 2007b), shaped by accumulating ex-
periences and emerging technologies. Frequently, barriers are 
encountered (Ahr et al., 2008), but this has regularly prompt-
ed adaptive responses, such as for intellectual property rights 
(linge and Hartung, 2007), in silico methods (Hartung et al., 
2004) or genomics approaches (Corvi et al., 2007). A key chal-
lenge is the point of reference, i.e. comparison to a gold (refer-
ence) standard. two workshops addressed this area (Balls et 
al., 2006; Hoffmann et al., 2008), but without formal adapta-
tions of new practices so far. The first workshop in 2004 (Balls 
et al., 2006) defined the principles of weight-of-evidence ap-
proaches to validation, where data could be analyzed and com-
bined retrospectively. In conjunction, practical questions and 
approaches to advance the regulatory acceptance and use of 
in vitro methods validated for limited domains of applicability 
were developed during an eCVAM workshop in 2005 (Scott 
et al., 2010). the third workshop (Hoffmann et al., 2008) ad-
dressed the point of comparison in validation, i.e. what con-
stitutes a good reference point. the eye irritation area would 
represent a key example to review the point of reference for 
validation, given the limitations of the Draize test as discussed 
earlier. Some efforts to have the low Volume eye test (lVet) 
recognized as such a novel point of reference have been of lim-
ited success.

Over the last few years, discussion has moved in all areas of 
health hazards toward integrated testing strategies. It is both 
recognized that current (animal) tests require complementary 
approaches and that very few novel methods will individually 
replace our test needs one for one. Again, the area of topical 
toxicity was most advanced here already when the test guid-
ance for ReACH was developed and an integrated test strategy 
could be agreed upon. Going further, an eCVAM workshop 
held in 2005 (Scott et al., 2010) developed guidance for the in-
tegration of various alternative approaches for eye irritation in 
a Top-Down approach (identifying severe irritants first) and a 
Bottom-Up approach (identifying non-irritants first). Notewor-
thy, the eSAC statement sees a role for CM for both strategies 
in this testing approach. 

6  Future needs and opportunities

the retrospective analysis of eye irritation methods has not 
yet fully leveraged the concept and principles of meta-analysis 
(Hartung, 2009), i.e. combining all available data and identify-
ing influential variables. Instead, a core set of data produced 
according to a consensus protocol was distilled, which often 
left far too few data to identify applicability domains. Such 
analysis also needs weighing of data, e.g. as prepared for by 
developing a scoring tool for the quality of toxicological data 
(Schneider et al., 2009). The data-rich field of eye irritation 
could once again serve as a forerunner here.
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the broadening of the applicability domain and the addi-
tion of further methods in testing strategies is still needed and 
currently ongoing (Zuang et al., 2010; Freeman et al., 2010). 
However, the proof of principle that biotechnology approaches 
can replace rabbits in identifying non-irritant substances to the 
eye has been delivered. It might still be regarded by some to 
be only a small step in the quest to finally overcome the Draize 
rabbit eye test, but it is a big step for every rabbit spared… 
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