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derived from animal tests, such as the guinea pig based tests 
described in OECD TG 406 (OECD, 1992) or the murine local 
lymph node assay (LLNA) described in OECD TG 429 (OECD, 
2002, 2010). 

However, animal welfare concerns and regulatory devel-
opments, e.g., the Cosmetics Regulation (EC, 2009) and 
the REACH legislation (EC, 2006), have driven efforts to 
move away from animal to non-animal testing. A number of 
non-animal test methods have been developed (Mehling et 
al., 2012; Reisinger et al., 2015), two of which, namely the 
direct peptide reactivity assay (DPRA) (Gerberick et al., 2004, 
2007) and the antioxidant response element - nuclear factor 
erythroid 2 (ARE-Nrf2) luciferase test methods covered by 
KeratinoSens™ (Natsch et al., 2011), have been validated by 
the European Centre for Validation of Alternative Methods 
(ECVAM; Italy) and are described in the OECD TG 442C and 

1  Introduction 

Skin sensitizers are substances that can lead to an allergic re-
sponse following skin contact (UNECE, 2011). An individual 
may be sensitized upon first contact. Subsequent contact can 
then provoke allergic contact dermatitis (ACD). It is estimated 
that ACD affects about 20% of the European and North Amer-
ican population at least once in their lifetime, although there is 
considerable variation of skin sensitization prevalence between 
different age-sex groups (Thyssen et al., 2007). 

Data on skin sensitization potential have to be provided for 
all substances produced or manufactured above one ton per 
year under the European chemicals legislation REACH, and for 
classification and labelling of substances under the European 
CLP regulation (ECHA, 2016). The assessment of a substance’s 
skin sensitization potential has been traditionally based on data 
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Analyses of the BR for non-animal test methods used for 
skin sensitization potential assessment have not been conduct-
ed before. The aim of this paper is, therefore, to examine the 
impact of technical and biological variability on the precision 
of selected non-animal test methods for skin sensitization po-
tential assessment. Moreover, we examine how the precision of 
the non-animal test methods and that of the animal test LLNA 
is affected by variations of the BR. For this purpose, we suggest 
an approach to quantify BRs for the non-animal test methods 
DPRA, LuSens, h-CLAT and for the LLNA, based on results 
obtained from a large number of experiments. 

The approach to quantify the BR, and the decision rules for 
applying the BR to the prediction models of individual test 
methods are described in Section 2. Results from quantifying 
the BR for each individual test method are presented in Section 
3.1. Borderline substances (i.e., substances that produced test 
results within the BR) detected in the experimental sets of in-
dividual test methods are shown in Section 3.2. In addition, we 
suggest a decision rule for applying the BR to a combination 
of the DPRA, LuSens and the h-CLAT in the 2-out-of-3 ITS. 
Section 3.3 shows borderline substances for the 2-out-of-3 ITS. 
Section 4 discusses the implications of considering the BR in 
non-animal test methods’ prediction models, the LLNA, and the 
2-out-of-3 ITS, respectively.

2  Materials and methods 

2.1  Test methods
The three non-animal test methods DPRA, LuSens and h-CLAT 
were developed to address the three key events of the AOP in or-
der to assess a substance’s skin sensitization potential. We com-
pared our findings to those of the LLNA, considered the in vivo 
reference test, in order to evaluate the precision of the methods. 
The number of substances used to quantify the BR was 42 for the 
DPRA, 26 for LuSens, 13 for h-CLAT and 22 for LLNA. The BR 
was quantified using results from a large number of experimental 
runs of each test method. Information about the substances used 
to determine the BR for each test method, the number of experi-
mental runs conducted and the substance concentrations used is 
provided in Appendix 1, Tables S1.1-S1.4 in the supplementary 
file at doi:10.14573/altex.1606271s. Where substance names 
could not be provided due to data confidentiality substances 
were numbered consecutively.

The experimental sets to which the BR concept was applied 
in order to identify borderline substances consisted of 199 sub-
stances for the DPRA, 79 for LuSens, 40 for h-CLAT and 22 
substances for LLNA, see Bauch et al. (2012) and Urbisch et 
al. (2015, 2016). The composition of these sets is presented in 
Appendix 3, Tables S3.1-S3.4 at doi:10.14573/altex.1606271s.

2.1.1  The Local Lymph Node Assay
The Local Lymph Node Assay (LLNA) became the “first 
choice” animal test for the assessment of skin sensitization po-
tential (Kimber et al., 1994). It is described in OECD TG 429, 
which was first published in 2002 and updated in 2010 (OECD, 

442D (OECD, 2015a,b). LuSens (Ramirez et al., 2014, 2016) 
also covers the ARE-Nrf2 luciferase test method and is cur-
rently undergoing validation. Another non-animal test method, 
the human cell line activation test (h-CLAT) (Ashikaga et al., 
2010, 2006; Sakaguchi et al., 2006, 2010) has recently been 
validated by ECVAM and is described in OECD TG 442E 
(OECD, 2016a). 

The sequential structure of molecular and cellular mech-
anisms causing ACD is represented by the “adverse outcome 
pathway” (AOP) for skin sensitization, consisting of eleven 
causally linked steps, four of which were defined to be essential 
and specific (“key events”) (OECD, 2012a,b). The DPRA, the 
ARE-Nrf2 test methods and the h-CLAT cover the first three 
key events of the skin sensitization AOP. 

For hazard classification purposes, i.e., for assessing skin 
sensitization potential, continuous data obtained from animal 
tests or from non-animal test methods are dichotomized into bi-
nary “positive”/“negative” information (Van der Schouw et al., 
1995; Hoffmann and Hartung, 2005). The prediction models 
used for the DPRA, LuSens and the h-CLAT are described in 
OECD TG 442C (OECD, 2015a), Ramirez et al. (2014, 2016), 
and in the OECD TG 442E (OECD, 2016a), respectively. Based 
on the threshold for classification, a test method’s accuracy, i.e., 
the percentage of true positive and true negative classifications, 
can be determined (see, for example, Yerushalmy, 1947; Coo-
per et al., 1979).

The experimental data obtained from a test method are, 
however, subject to biological and technical variability. Con-
sequently, repeated testing may result in discordant classifica-
tion results. This affects the precision of a test method, defined 
as the ability of a test method to deliver concordant results 
in repeated applications. The problem of intra- and inter-as-
say variability of in vitro methods has been observed earlier 
(Hothorn, 2002, 2003). Luechtefeld et al. (2016) pointed to a 
limited intra-assay reproducibility of skin sensitization poten-
tial and potency data.

This paper focuses on the intra-assay variability of test 
methods for skin sensitization potential assessment. Specifi-
cally, we analyze limitations with regard to the reproducibility 
of results when continuous dose-response data are transformed 
into “toxic”/“non-toxic” outcomes. Kolle et al. (2013), Hoff-
mann (2015), Dumont et al. (2016) and Dimitrov et al. (2016) 
analyzed the intra-assay variability of the LLNA. Kolle et al. 
(2013) showed that for those substances for which the estimat-
ed concentration (EC3) led to a stimulation index (SI) value 
which was relatively close to the threshold for classification 
(i.e., SI = 3), repeated testing resulted in positive and nega-
tive classifications of their skin sensitization potential. Kolle 
et al. (2013) defined a range around the classification thresh-
old of the LLNA, within which discordant outcomes can be 
expected, by determining coefficients of variation based on 
individual animal data. This range is called the “borderline 
range” (BR) (Kolle et al., 2013) or “grey zone” (Dimitrov et 
al., 2016). The percentage of substances that fall into the BR 
of a test method’s prediction model reflects how limited a test 
method’s precision is.
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442E (OECD, 2016a), the classification thresholds T for the 
h-CLAT are CD54 FI = 1.50 and CD86 FI = 2.00 at relative cell 
viabilities of at least 50%. As for the DPRA and LuSens, the 
method only addresses one key event of the skin sensitization 
AOP and should not be used in isolation to classify skin sensiti-
zation potential (ECHA, 2016).

2.1.5  The 2-out-of-3 ITS for characterizing 
skin sensitization potential
The 2-out-of-3 ITS (Bauch et al., 2012; Urbisch et al., 2015; 
OECD, 2016b,c; see also Sauer et al., 2016) is an integrated 
testing strategy for the assessment of skin sensitization po-
tential. According to this approach, 2 out of 3 concordant test 
results using the DPRA, ARE-NrF2 luciferase method, and the 
h-CLAT determine the prediction. The ARE-NrF2 luciferase 
method can be covered by LuSens or KeratinoSens™. The 
2-out-of-3 ITS addresses the first three consecutive key events 
of the AOP for skin sensitization and is a selected case study 
for integrated approaches to testing and assessment (IATA) (Ur-
bisch et al., 2015). Applying the BR concept to the 2-out-of-3 
ITS provides a measure for evaluating the performance of this 
specific IATA case. 

2.2  Approach to quantifying  
the borderline range (BR)
The first step in assessing a test method’s precision limit was to 
develop an approach to quantify the BR. The BR denotes the ar-
ea around the classification threshold for which a test method’s 
prediction model may deliver discordant results in repeated ap-
plications. For each test method considered, we derived the BR 
from the pooled standard deviation of a test method’s results, 
SDp (Eq. 1), pooled across substances i, and concentrations j 
(i.e., the dose in case of the LLNA). The notation used is ex-
plained in Table 1.

2002, 2010). In the LLNA, the proliferation of lymphocytes 
in auricular draining lymph nodes induced by test substances 
is quantified by comparing the mean proliferation in each test 
group to the mean proliferation in the vehicle treated control 
group. The ratio of the mean proliferation in each treated group 
to that in the concurrent vehicle control group, termed the stim-
ulation index (SI), is determined. The classification threshold  
T of the LLNA is SI = 3. If SI > 3 a substance is classified a skin 
sensitizer. 

2.1.2  The Direct Peptide Reactivity Assay
The Direct Peptide Reactivity Assay (DPRA) was developed by 
Gerberick et al. (2004, 2007). The DPRA has been formally val-
idated and the OECD Testing Guideline TG 442C  was adopted 
in 2015 (OECD, 2015a). In the DPRA, depletion of two model 
peptides containing a cysteine and a lysine residue, respectively, 
as a reactive nucleophilic center is measured after incubation 
with a test substance. The classification threshold T of the 
DPRA is the mean depletion of 6.38% of the two peptides com-
pared to the depletion in the reference controls (OECD, 2015a). 
If the mean lysine and cysteine peptide depletion is above this 
threshold, a test substance is considered to be peptide-reactive. 
According to OECD TG 442C, the DPRA can be used, together 
with complementary information, to discriminate sensitizers 
from non-sensitizers. Depending on the regulatory framework, a 
positive result of the DPRA can serve as standalone information 
for classifying substances into Category 1 for skin sensitization. 
However, as emphasized in the ECHA Guidance on Information 
Requirements and Chemical Safety Assessment Chapter R.4a 
(ECHA, 2016), the DPRA should not be used in isolation for 
identifying a skin sensitizer or non-sensitizer.

2.1.3  The ARE-Nrf2 luciferase method
The ARE-Nrf2 luciferase method utilizes the gene induction 
regulated by the antioxidant response element (ARE) in trans-
genic human keratinocyte cell lines. OECD TG 442D (OECD, 
2015b) was adopted in 2015. The ARE-Nrf2 luciferase method 
is covered by KeratinoSens™ (Natsch et al., 2011) and LuSens 
(Ramirez et al., 2014). The LuSens assay was used in this study. 
In ARE-Nrf2 luciferase methods, the keratinocyte activating 
potential is determined by measuring luciferase induction after 
treatment with a test substance relative to concurrent vehicle 
controls. The classification threshold T for LuSens is FI = 1.50, 
above which a substance is considered to have a keratinocyte 
activating potential. Similar to the DPRA, LuSens is not con-
sidered suitable for classifying substances as skin sensitizers or 
non-sensitizers if used in isolation (ECHA, 2016).

2.1.4  The human Cell Line Activation Test 
The human Cell Line Activation Test (h-CLAT) (Ashikaga et 
al., 2006, 2010; Sakaguchi et al., 2006, 2010) determines the 
dendritic cell activating potential by measuring the induction of 
the expression of the cell surface markers CD54 and CD86 after 
treatment with a test substance relative to concurrent vehicle 
controls in immortalized human monocytic leukemia THP-1 
cells as surrogate dendritic cells. As indicated in OECD TG 

Tab. 1: Notation for calculating the pooled standard  
deviation SDp of experimental results per substance and 
concentration (dose in case of the LLNA)

Notation	 Explanation

T	 Classification threshold in a test method’s  
	 prediction model

i	 Substance (i=1, …, n)

j 	 Concentration tested per substance i  
	 (j=1, …, ki)

ri,j	 Number of replicates per substance i and  
	 concentration j 

l	 Replicate per substance i and concentration j  
	 (l=1, …, ri,j)

yi,j,l 	 Test result of substance i, concentration j and  
	 replicate l

yi,j	 Arithmetic mean of test results for substance i and  
	 concentration j
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Table 2. Note that the BR approach suggested in this paper goes 
beyond that described by Kolle et al. (2013), who calculated the 
BR only for the LLNA based on individual animal data.

In case of the DPRA, the BR was quantified using results 
from repeatedly testing 42 substances with different substance 
concentrations. The tests were conducted in a GLP-certified lab-
oratory of BASF SE, yielding 446 individual results including 
the positive control (see Appendix 1, Tab. S1.1 at doi:10.14573/
altex.1606271s). The cysteine and lysine depletion per sub-
stance and concentration were randomly paired. For each pair, 
we determined the mean peptide depletion rate (MPD) per sub-
stance and concentration. The ranges of test results considered 
for calculating the SDp are presented in Table 2. For each SDp, 
the corresponding BR was determined according to Equation 3. 

The BR in the LuSens prediction model was calculated using 
test results from repeatedly testing 26 substances, including the 
positive and negative control, yielding 2206 individual results 
covering different concentrations per substance (see Appendix 
1, Tab. S1.2 at doi:10.14573/altex.1606271s). Again, experi-
ments were conducted in a GLP-certified laboratory of BASF 
SE (using the Multimode Reader TriStar2 luminometer from 
Berthold Technologies, Germany), using a luciferase FI = 1.50 
as classification threshold T. Based on the available dataset the 
SDp was calculated for defined ranges of test results (Tab. 2). 
Only test substance concentrations with at least 70% relative 
viability were included in the analysis. The BR corresponding 
to each SDp was determined according to Equation 3.

The BR around the classification threshold of the h-CLAT was 
calculated using test results from 13 substances tested during 
routine (in house) test applications, yielding 528 individual 
measurements covering different substances and concentrations 

We use the pooled standard deviation SDp to define the BR 
around a prediction model’s classification threshold T:

	 (1)

Thus, it is assumed that the BR is symmetric around the clas-
sification threshold. For a given test method, the SDp of exper-
imental results retrieved from testing different substances and 
concentrations is calculated as follows:

(2)

where σ 2
i,j is the variance of results for substance i and concen-

tration j. The standard deviation per substance i and concentra-
tion j is given by: 

(3)

which acknowledges that different replicates can be generated 
for a certain concentration. A numerical example illustrating 
the approach described above is presented in Appendix 2 at 
doi:10.14573/altex.1606271s. We consider the part of the distri-
bution of test results that is close to the classification threshold 
T to be most relevant to determine the BR according to Equation 
1. Therefore, we use SDp values from pre-defined ranges of test 
results around the threshold. As it cannot be determined ex ante 
how broad or narrow a range should be, we conducted a sen-
sitivity analysis considering different ranges. In this way, we 
gain insight into the relationship between the size of the BR and 
the number of borderline substances. The ranges are shown in 

Tab. 2: Number of substances, individual results, and range of test results used for determining the pooled standard deviation 
SDp around the classification threshold T in the prediction model of the test methods

Test method	 Number of substances	 T	 Range of test results	 Number of individual 
	 tested (n)		  around T used for	 results from testing 
			   calculating SDp	 n substances  
				    (with ki concentrations  
				    per substance)

DPRA	 42	 Mean lysine and cysteine	 MPD ≤ 20%	 238 
		  depletion (%); T = 6.38%	 MPD ≤ 13%	 210 
			   3.38% ≤ MPD ≤ 9.38%	 76

LuSens	 26	 FI = 1.5	 FI ≤ 5	 508 
			   FI ≤ 3	 491

h-CLAT	 13	 CD54 FI = 2	 FI CD54 ≤3	 513 
			   FI CD54 ≤ 5	 473

		  CD86 FI =1.5	 FI CD86 ≤3	 474 
			   FI CD86 ≤ 5	 403

LLNA	 22	 SI = 3	 0≤ SI ≤ 6	 381 
			   1 ≤ SI ≤ 5	 270 
			   2 ≤ SI ≤ 4	 96 
			   2.5 ≤ SI ≤ 3.5	 39

T, classification threshold; SI, stimulation index; FI, fold induction; CD54/CD86, cell surface marker expression; MPD, mean peptide depletion; 
see Appendix 1 at doi:10.14573/altex.1606271s for list of substances in the substances sets used for quantifying the borderline range (BR).
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In case of the h-CLAT, at least one of the test results of either 
the CD54 expression or the CD86 expression from at least one 
of the runs in an experiment has to fall into the BR for the ex-
perimental result to be borderline. Hence, the conclusion on the 
overall result of the experiment (positive, negative) is based on 
results from just one concentration. 

Second, we established a decision rule that allows concluding 
on the overall test result across runs. This was necessary be-
cause the testing protocols for LuSens and the h-CLAT require 
conducting two or more runs in order to classify a substance ac-
cording to the results. In case of LuSens, a complete experiment 

(see Appendix 1, Tab. S1.3 at doi:10.14573/altex.1606271s). 
The SDp was quantified for defined ranges of fold inductions 
(FI) of CD54 and CD86 expressions documented in Table 2, 
and for substance concentrations with at least 50% relative 
viability. The BR corresponding to each SDp was calculated 
according to Equation 3.

The BR of the LLNA was quantified using test results obtained 
from the 22 performance standard (PS) substances (ICCVAM, 
2009) that were repeatedly tested according to GLP, yielding 
479 test results for substances tested at different concentrations 
(see Appendix 1, Tab. S1.4 at doi:10.14573/altex.1606271s). 
Like for the non-animal test methods, the SDp was determined 
for different data ranges (Tab. 2). 

2.3  Decision rules for identifying borderline 
substances in experimental sets  
tested with individual non-animal methods
The BR, determined according to the approach described in 
Section 2.2, can be applied to experimental sets of substanc-
es tested with non-animal methods. The aim is to detect those 
substances for which results fall within the BR and, hence, for 
which a clear-cut classification is not possible with sufficient 
confidence. 

Depending on the prediction model of the individual non-an-
imal methods, the application of the BR differed. In case of 
the DPRA, substances were defined as borderline if the mean 
depletion rate was within the BR (see also Tab. 6 in Section 3.1). 

As described in Ramirez et al. (2014), the prediction model 
of LuSens requires that two consecutive concentrations per run 
reveal results above the classification threshold in order to clas-
sify the test substance as positive. For LuSens, therefore, we 
first established decision rules for determining the result across 
all concentrations considered in a run. As illustrated in Table 3, 
for a given BR around the classification threshold of the LuSens 
prediction model, the outcome of a run was concluded to be 
positive if all results were above the upper margin of the BR. 
If the first concentration (denoted x in Tab. 3) gave a negative 
result and the next concentration (x+1) was either borderline or 
negative, it was concluded that the overall test outcome of the 
run was negative. If LuSens revealed a borderline result for a 
certain concentration x and the next concentration (x+1) was 
borderline or positive, the substance was considered borderline.

Tab. 3: Decision rule for concluding on the overall test result of LuSens from two consecutive concentrations in a run

	 Concentration x	 Concentration (x+1)	 Overall test result 

Non-animal test method results	 N	 N	 N

	 P	 P	 P

	 B	 B	 B

	 N	 B	 N

	 B	 P	 B

N, negative test result, indicating that a substance has no keratinocyte activating potential; P, positive test results, indicating that a substance 
has keratinocyte activating potential; B, substances with test results within the borderline range (BR)

Tab. 4: Decision rules for LuSens and h-CLAT to conclude  
on the overall test result from repeated runsa

Combinations of dichotomized	 Overall conclusion 
results from repeated runs

N, N	 N

P, P	 P

B, B	 B

B, P, P	 P

B, N, N	 N

B, B, N	 B

B, B, P	 B

N, P, B	 B

N, N, B, B	 B

P, P, B, B	 B

N, N, P, B	 B

P, P, N, B	 P

N, P, B, B	 B

a Combinations do not imply a defined order of results;
N, negative test result, i.e., a substance does not have keratinocyte 

(LuSens) or dendritic cell (h-CLAT) activating potential;
P,	positive test result, i.e., a substance has keratinocyte (LuSens)  

or dendritic cell (h-CLAT) activating potential;
B,	test result falls within the borderline range (BR) determined for 

either LuSens or h-CLAT.
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may also be borderline/ambiguous (or negative or positive). 
The 2-out-of-3 ITS assigns equal weight to each test method. 
The order of results of the individual methods does not matter. 
Consequently, one test method yielding a borderline/ambiguous 
result will not change the overall result of the 2-out-of-3 ITS if 
the other two methods provide concordant – negative or positive 

consists of two independent runs (each of which covers differ-
ent concentrations, see Ramirez et al. (2014)). If the results from 
two runs are discordant, a third run has to be conducted and 
the conclusion on a substance’s skin sensitization potential is 
based on the majority outcome. Similarly, a test substance is 
tested in the h-CLAT in two independent runs. If the results are 
discordant, another run has to be performed (OECD, 2016a). 
Acknowledging that dichotomized test results can be positive, 
negative or borderline, adopting a final conclusion on a sub-
stance’s sensitization potential may take up to four runs. The 
corresponding decision rules are shown in Table 4.

2.4  Decision rules for identifying borderline 
substances tested with the 2-out-of-3 ITS
The BR of the prediction models of individual non-animal test 
methods changes the possible outcomes of each method to 
negative, positive, or borderline. Since test results of borderline 
substances can (by definition) not unambiguously be denoted 
as positive or negative, these results cannot be compared with 
results from a reference animal test in order to conclude whether 
the test result is FP (i.e., erroneously classified as positive) or 
FN (i.e., erroneously classified as negative). 

The skin sensitization potential, however, is assessed by a 
combination of the results of non-animal test methods address-
ing different steps of the AOP (Jaworska, 2016; Kleinstreuer et 
al., 2016; Strickland et al., 2016). One of the simplest, yet suc-
cessful, ways to do this, is the 2-out-of-3 ITS (Bauch et al., 2012; 
Urbisch et al., 2015). The 2-out-of-3 ITS uses dichotomized 
results of individual non-animal test methods (i.e., positive or 
negative). If a borderline/ambiguous outcome of an individu-
al test method is considered in the 2-out-of-3 ITS, the overall 
conclusion on the skin sensitization potential of a test substance 

Tab. 5: Decision rules to conclude on the overall result using 
the 2-out-of-3 ITS when considering borderline substances in 
individual non-animal testing methods

Dichotomized result from non-animal	 Overall conclusion  
test methods A/B/Ca

N, N, N	 N

N, N, B	 N

N, B, B	 B

N, B, P	 B

P, P, P	 P

P, P, B	 P

B, B, B	 B

a A/B/C does not imply a sequential order of testing in  
the 2-out-of-3 ITS;

N,	 negative test result, i.e., substance does not have a peptide   
reactivity (DPRA), keratinocyte activating (LuSens) or dendritic 
cell activating (h-CLAT) potential;

P,	positive test result, i.e., substance has peptide reactivity (DPRA), 
keratinocyte activating (LuSens) or dendritic cell activating 
(h-CLAT) potential; 

B,	test result falls within the borderline range (BR) of the DPRA, 
LuSens or the h-CLAT prediction model.

Tab. 6: Ranges of test results considered for quantifying the SDp, SDp and the BR in the prediction models 
 of the non-animal test methods DPRA, LuSens and h-CLAT, and of the animal test LLNAa

Test method	 Range of test results around T	 Pooled standard deviation (SDp)	 Borderline range (BR) 
	 considered for calculating the SDp	

DPRA	 MPD ≤ 20%	 5.03%	 MPD = {1.35%, 11.41%} 
	 MPD ≤ 13%	 3.49%	 MPD = {2.89%, 9.87%} 
	 3.38% ≤ MPD ≤ 9.38%	 1.52%	 MPD = {4.86%, 7.9%}

LuSens	 FI ≤ 5	 0.244	 FI = {1.26, 1.74} 
	 FI ≤ 3	 0.229	 FI = {1.27, 1.73}

h-CLAT	 CD54 FI ≤3	 0.190	 CD54 FI = {1.81, 2.19} 
	 CD86 FI ≤3	 0.260	 CD86 FI = {1.24, 1.76}

	 CD54 FI ≤ 5	 0.255	 CD54 FI = {1.74, 2.26} 
	 CD86 FI ≤ 5	 0.301	 CD86 FI = {1.2, 1.81}

LLNA	 0≤ SI ≤ 6	 0.709	 SI = {2.20, 3.71} 
	 1 ≤ SI ≤ 5	 0.639	 SI = {2.36, 3.64} 
	 2 ≤ SI ≤ 4	 0.498	 SI = {2.5, 3.5} 
	 2.5 ≤ SI ≤ 3.5	 0.353	 SI = {2.65, 3.53}

SI, stimulation index; FI, fold induction; CD54/CD86, cell surface marker expression; MPD, mean peptide depletion rate 
a See Appendix 1, Tables S1.1-S1.4 at doi:10.14573/altex.1606271s for list of substances included in the sets for calculating the BR.  
Source: own calculations
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3.2  Identification of borderline substances  
in experimental sets tested with  
the DPRA, LuSens, h-CLAT and LLNA
Substances for which test results fell within the BRs of the test 
methods’ prediction models are listed in Table 7. Obviously, an 
increase in the BR referring to a certain prediction model caused 
the number of borderline results to increase. Depending on the 
size of the BR, we found the number of borderline substanc-
es to be between 20 and 57 (of 199) in case of the DPRA. Of 
the 79 substances tested with LuSens, 4 and 5 were considered 
borderline. Regarding the h-CLAT, the number of borderline 
substances varied between 8 and 10 (of 40), and in case of the 
LLNA, the number of substances considered borderline varied 
between 5 and 7 (of 22). A detailed list of all substances consid-
ered borderline under different BRs is presented in Appendix 3 
at doi:10.14573/altex.1606271s.

Table 8 presents a list of substances considered borderline 
for each BR listed in Table 7. With regard to the largest BR 
considered for the DPRA (i.e., mean depletion between 1.35% 
and 11.41%), 11 of the 57 substances considered borderline 
were positive in the LLNA. Regarding the smallest BR con-
sidered, 9 of the 20 substances in the set tested with the DPRA 
revealed negative and 11 positive test results in the LLNA. 
Of these, one substance (salicylic acid) was also considered 
borderline in the LLNA (see Tab. 8). As illustrated in Figure 
1, most substances considered borderline were non-sensitizers 
in the LLNA.

– results. But, if test results of two non-animal test methods fall 
into the BR of their prediction models, the overall outcome is 
considered borderline. Likewise, the overall conclusion on the 
result of the 2-out-of-3 ITS is borderline if the three methods 
yielded positive, negative and borderline/ambiguous results, 
respectively. Table 5 lists the overall outcome of the 2-out-of-3 
ITS depending on the results of the prediction models of the 
individual non-animal test methods.

3  Results 

3.1  Quantification of the borderline range 
(BR) for the DPRA, LuSens, h-CLAT and LLNA
Table 6 shows for each test method the ranges of test results 
used for calculating the SDp, the corresponding SDp and the 
retrieved BR values of the test methods’ prediction models. 

If a substance is tested with any of the test methods shown 
in Table 2, and if the result falls within the BR of its prediction 
model, a clear-cut conclusion about the substance’s response in 
this test method is not possible with sufficient confidence. If, 
for instance, the BR: SI = {2.89%, 9.87%} is selected for the 
DPRA prediction model and a substance reveals a mean peptide 
depletion within this range, the result can neither be concluded 
to be negative nor to be positive. Instead, such test result would 
have to be qualified as “borderline” because the result is likely 
to vary in repeated runs.

Tab. 7: Number and percentage of borderline substances in the experimental sets tested with the DPRA,  
LuSens, h-CLAT and LLNAa

Test method	 Number of	 Borderline range	 Number	 Borderline	 Borderline 		
	 substances	 (BR) 	 (percentage) 	 substances	 substances 
	 in the set		  of borderline 	 tested positive	 tested negative 
			   substances	 in the LLNA	 in the LLNA

DPRA	 199	 MPD = {1.35, 11.41}	 57 (28%)	 11	 46 
		  MPD = {2.89, 9.87}	 35 (17%)	 10	 25 
		  MPD = {4.86, 7.9}	 20 (10%)	 8	 12

LuSens	 79	 FI = {1.26, 1.74}	 6 (7%)	 5	 1 
		  FI = {1.27, 1.73}	 5 (6%)	 4	 1

h-CLAT	 40	 CD54 FI = {1.81, 2.19}	 8 (20%)	 8	 0 
		  CD86 FI = {1.24, 1.76}			   0

		  CD54 FI = {1.74, 2.26}	 10 (25%)	 10	 0 
		  CD86 FI = {1.2, 1.81}			   0

LLNA	 22	 SI = {2.20, 3.71}	 7 (27%)	 3	 4 
		  SI = {2.36, 3.64}	 7 (27%)	 3	 4 
		  SI = {2.5, 3.5}	 6 (23%	 2	 4 
		  SI = {2.65, 3.53}	 6 (23%)	 2	 4

BR, borderline range; SI, stimulation index; FI, fold induction; CD54/CD86, cell surface marker expression; MPD, mean peptide depletion rate
a See Appendix 3, Tables S3.1-S3.4 at doi:10.14573/altex.1606271s for list of substances in the experimental sets to which the BR approach 
was applied. 
Source: own calculations
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Tab. 8: Substances with borderline results in the DPRA, LuSens, h-CLAT or LLNA with each substance’s sensitization  
potential and potency class according to the reference test

Test method	 Borderline substancesa	 Reference test	 Sensitization potentialb,c	 Potency class 
			   according to reference test	 (based on LLNA)b

DPRA	 Salicylic acidc	 LLNA	 N	 Non-sensitizer

	 α-Hexyl cinnamic aldehydec	 LLNA	 P	 Weak / Moderate

	 Geraniol	 LLNA	 P	 Non-sensitizer

	 Benzyl alcohol	 LLNA	 N	 Non-sensitizer

	 Tween 80	 LLNA	 N	 Moderate

	 3-Dimethylamino propylamine	 LLNA	 P	 Weak

	 Cis-6-Nonenal	 LLNA	 P	 Non-sensitizer

	 Ethyl vanillin	 LLNA	 N	 Weak

	 Undecylenic acid	 LLNA	 P	 Moderate

	 2-methoxy-4-methylphenol	 LLNA	 P	 Non-sensitizer

	 Ethyl benzoylacetate	 LLNA	 N	 Moderate

	 Dihydroeugenol	 LLNA	 P	 Weak

	 N,N-Diethyl-m-toluanimde	 LLNA	 N	 Non-sensitizer

	 Penicillin G	 LLNA	 P	 Weak

	 d,l-Citronellol	 LLNA	 P	 Weak

	 Pentachlorophenol	 LLNA	 P	 Weak

	 p-tert-Butyl-alpha-ethyl hydrocinnamal (Lilial)	 LLNA	 P	 Weak

	 1-Bromobutane	 LLNA	 N	 Non-sensitizer

	 Fumaric acid	 LLNA	 N	 Non-sensitizer

	 Glucose	 LLNA	 N	 Non-sensitizer

	 Sulfanilic acid	 LLNA	 N	 Non-sensitizer

	 Isopropyl myristate a	 LLNA	 N	 Weak

	 p-Aminobenzoic acid	 LLNA	 N	 Non-sensitizer

	 Tartaric acid	 LLNA	 N	 Non-sensitizer

	 Zinc sulfate	 LLNA	 N	 Non-sensitizer

	 Dioctyl ether	 LLNA	 N	 Non-sensitizer

	 2,2-Azobis phenol	 LLNA	 N	 Weak

	 Benzaldehyde	 LLNA	 N	 Non-sensitizer

	 Farnesal	 LLNA	 N	 Weak

	 3-Aminophenol	 LLNA	 N	 Weak

	 (+/-) Linalool	 LLNA	 N	 Moderate

	 Diethylenetriamine	 LLNA	 N	 Moderate

	 Octanoic acid, 4-methyl-2-pentylbutyl ester	 LLNA	 N	 Non-sensitizer

	 R(+)-Limonene	 LLNA	 P	 Weak

	 Ethylenediamine free base	 LLNA	 P	 Moderate

	 Vanillin	 LLNA	 N	 Non-sensitizer

	 Cyclamen aldehyde	 LLNA	 P	 Weak

	 Benzalkonium chloride	 LLNA	 N	 Non-sensitizer

	 Lactic acid	 LLNA	 N	 Non-sensitizer

	 Octanenitrile	 LLNA	 N	 Non-sensitizer

	 Undec-10-enal	 LLNA	 N	 Moderate
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	 Benzyl benzoate	 LLNA	 N	 Weak

	 Methyl 4-hydroxybenzoate (Methylparaben)	 LLNA	 N	 Non-sensitizer

	 Butylbenzylphthalate	 LLNA	 N	 Non-sensitizer

	 4-Hydroxybenzoic acid	 LLNA	 N	 Non-sensitizer

	 Sulfanilamide	 LLNA	 N	 Non-sensitizer

	 Cocamidopropyl betaine	 LLNA	 N	 Non-sensitizer

	 Benzene,1-methoxy-4-methyl-2-nitro	 LLNA	 N	 Non-sensitizer 
	 (4-Methyl-2-nitroanisole)	

	 Squaric acid diethyl ester	 LLNA	 N	 Strong

	 Clofibrate (Ethyl (2-(4-chlorophenoxy)-2-	 LLNA	 N	 Non-sensitizer 
	 methylpropanoate)			 

	 α-Amyl cinnamic aldehyde	 LLNA	 N	 Weak

	 Streptomycin sulfate	 LLNA	 N	 Non-sensitizer

	 α-iso-Methylionone	 LLNA	 N	 Weak

	 Carbonic acid, dioctyl ester	 LLNA	 N	 Non-sensitizer

	 Hexyl salicylate	 LLNA	 N	 Strong

	 Benzyl cinnamate	 LLNA	 N	 Weak

	 Benzyl salicylate	 LLNA	 N	 Moderate

LuSens	 1-Butanol	 LLNA	 N	 Non-sensitizer

	 Benzoyl peroxide	 LLNA	 P	 Weak

	 4-Allylanisole	 LLNA	 P	 Weak

	 1,2-Dibromo-2,4-dicyanobutane	 LLNA	 P	 Strong 
	 (MDGN, Methyldibromo glutaronitrile)	

	 Imidazolidinyl urea	 LLNA	 P	 Weak

h-CLAT	 4-phenylenediaminec	 LLNA	 P	 Strong

	 Phenyl benzoatec	 LLNA	 P	 Weak

	 Ethylene diaminec	 LLNA	 P	 Moderate

	 Aniline	 LLNA	 P	 Weak

	 Farnesal	 LLNA	 P	 Weak

	 Methyldibromo glutaronitrilec	 LLNA	 P	 Strong

	 p-Benzoquinone	 LLNA	 P	 Extreme

	 Propyl gallatec	 LLNA	 P	 Strong

	 Citral	 LLNA	 P	 Moderate

	 Cobalt chloride	 LLNA	 P	 Strong

LLNA	 Salicylic acidc	 human	 N	 Non-sensitizer

	 Methyl salicylatec	 human	 N	 Non-sensitizer

	 Chlorobenzenec	 human	 N	 Non-sensitizer

	 Nickel chloridec	 human	 N	 Non-sensitizer

	 Phenyl benzoatec	 human	 P	 Weak

	 Methyl methacrylatec	 human	 P	 Weak

	 MCI/MI	 human	 P	 Extreme

a Substances considered borderline when applying the largest BR considered for each test method (see also Table 6).
b Prediction based on (Urbisch et al., 2015); human data were extracted from (Basketter et al., 2014).
c N, negative; P, positive

  

Test method	 Borderline substancesa	 Reference test	 Sensitization potentialb,c	 Potency class 
			   according to reference test	 (based on LLNA)b
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In case of LuSens, doubling the data range for calculating the 
SDp increased the BR only marginally. 4 of the 5 substances 
for which positive test results were within the BRs of LuSens 
revealed positive but non-borderline results in the LLNA. Of 
these, one was a non-sensitizer, 3 substances were weak, and 
one was a moderate sensitizer (see Tab. 8 and Appendix 3 at 
doi:10.14573/altex.1606271s). Within the BRs of the h-CLAT 
all substances considered borderline were positive and also sen-
sitizers in the LLNA. Three substances were weak sensitizers. 
Of these, one substance (phenyl benzoate) was also in the BR of 
the prediction model of the LLNA. Two substances in the BRs 
of the h-CLAT were moderate, three strong and one an extreme 
sensitizer, respectively.

Of the borderline substances in the experimental set of the 
LLNA, two (i.e., phenyl benzoate, methyl methacrylate) are 
weak sensitizers and four (i.e., salicylic acid, methyl salicylate, 
chlorobenzene, nickel chloride) are non-sensitizers (Tab. 4). 
One substance (MCI/MI) was an extreme sensitizer. Most sub-
stances identified as borderline in the LLNA are also discussed 
in Kolle et al. (2013). For the smallest BR considered, i.e., BR = 
{2.5 ≤ SI ≤ 3.5}, our analysis revealed an equivalent percentage 
of borderline chemicals (23%) compared to Kolle et al. (2013). 

Fig. 1: Number of substances 
considered borderline and their 
potency classes (non-sensitizer, weak, 
moderate, strong) according to  
LLNA results for different BRs in  
the DPRA prediction model
X-axis: BRs considered for the DPRA 
(MPD in %); Y-axis: Number of borderline 
substances.
Source: Own calculations based on results 
documented in Table 8

Increasing the range around the classification threshold that is 
used for calculating the SDp and, in turn, the BR (i.e., BR = 
{2.34 ≤ SI ≤ 3.63}), phenyl benzoate also becomes a borderline 
substance, causing the percentage of substances falling in the 
BR of the LLNA to be slightly higher (27%) compared to Kolle 
et al. (2013) (23%). Note, however, that Kolle et al. (2013) de-
termined the BR by calculating coefficients of variation based 
on individual animal data instead of pooled animal data.

3.3  Identifying borderline substances in the 
experimental set tested with the 2-out-of-3 ITS
As shown in Table 9, we found four of 40 (10%) of the sub-
stances tested with the 2-out-of-3 ITS to be borderline. This 
result was robust for all combinations of BRs considered in 
the prediction models of individual non-animal test methods. 
A complete list of ITS results, including results for borderline 
substances, is included in Appendix 3 at doi:10.14573/altex. 
1606271s. All substances were positive in the LLNA. Of these, 
one is a weak, one a moderate and two substances are strong 
sensitizers according to LLNA potency classes. One substance 
(phenyl benzoate) considered borderline in the 2-out-of-3 ITS 
was also borderline in the LLNA.

Tab 9: Borderline substances in the experimental set tested with the 2-out-of-3 ITS

Borderline substances 	 Sensitization potentiala according to	 Potency class (according to the LLNA) 
	 LLNA or human data

Phenyl benzoate	 P	 Weak

Ethylene diamine	 P	 Moderate

Methyldibromo glutaronitrile 	 P	 Strong

Propyl gallate	 P	 Strong

a Prediction based on (Urbisch et al., 2015).
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the substance’s skin sensitization potential. Furthermore, con-
cordant test results with the expression of cell surface markers 
CD54 or CD86 from at least two runs within the same exper-
iment are required to conclude on a positive or negative test 
result (OECD, 2016a). Hence, compared to LuSens, the pre-
diction model of the h-CLAT is less conservative. This may 
explain the slightly higher percentage of borderline results in 
the substance set tested with the h-CLAT (20% and 25%, see 
Tab. 7). All borderline substances in the experimental set of the 
h-CLAT were sensitizers. 

4.2  Precision of the 2-out-of-3 ITS
Following Jowsey et al. (2006), Basketter and Kimber (2009), 
Reisinger et al. (2015) and ECHA (2016), a single test meth-
od cannot be used to predict skin sensitization potential as a 
stand-alone method. The 2-out-of-3 ITS has been suggested as 
a suitable approach for the overall assessment of the skin sensi-
tization potential as it is based on the results of three individual 
test methods (Urbisch et al., 2015). Applying the BR concept to 
the 2-out-of-3 ITS (Urbisch et al., 2015) revealed four borderline 
substances in a set of 40 (10%), which is lower than that of the 
LLNA (27%). The number of borderline substances identified 
remained constant for all BRs applied to the individual non-ani-
mal test methods (see Tab. S3.5 in Appendix 3 at doi:10.14573/
altex.1606271s). Our results, therefore, may indicate that the 
precision of the 2-out-of-3 ITS is higher compared to the LLNA. 
Again, this result has to be treated with care because the exper-
imental set of the LLNA differed from that of the non-animal 
test methods used in the 2-out-of-3 ITS. Notwithstanding, the 
majority rule applied in the 2-out-of-3 ITS reduces the influ-
ence of borderline substances on the overall conclusion about a 
substance’s skin sensitization potential for all cases where two 
of the three methods provide concordant results. This, in turn, 
increases the overall precision of the 2-out-of-3 ITS compared to 
the precision of the individual non-animal test methods.

4.3  Implications of the BR approach for 
evaluating a test method’s precision
The share of substances considered borderline in an experimen-
tal set depends on the size of the BR, which, in turn, depends 
on the precision of the experimental method, the specification 
of the classification threshold, and on the data range around the 
threshold used for quantifying the BR. We find that the number 
and the percentage of test results that fall in the BR is higher 
(lower) the larger (smaller) the BR. 

The BR in a test method’s prediction model defines a range 
in which conclusions on substances’ skin sensitization potential 
cannot be drawn with sufficient confidence. Hence, for sub-
stances for which test results fall into the BR, the test result is 
inconclusive. Furthermore, our results illustrate that the number 
of substances for which classifications can be made is smaller 
the broader the BR. This points to a trade-off between a test 
method’s precision (i.e., after removing results that fall in the 
BR) and the number of substances in the set for which a test 
method is able to deliver decisive information. So far, normative 

4  Discussion 

4.1  Identification of borderline substances 
and implications of the BR for assessing 
substances’ skin sensitization potential
The BR defines the area around a prediction model’s classifi-
cation threshold within which repeated testing will more likely 
show discordant results. That is, within the BR a test method 
is not precise and conclusions about a borderline substance’s 
skin sensitization potential cannot be adopted with sufficient 
confidence. This limited precision is caused by technical and 
biological variability. If a substance yields test results falling 
into the BR, further testing with other available test methods is 
required to allow for unanimous discrimination between a posi-
tive and a negative test outcome. The probability of a substance 
with unknown properties generating a borderline result depends 
on the size of the BR and the distribution of test results. The 
latter, in turn, depends on the composition of the experimen-
tal set of substances. Conclusions regarding the probability of 
a substance to generate a borderline result are, therefore, only 
possible for a particular BR and assuming a representative set 
of substances.

In this study, we quantified the BR for prediction models of 
three non-animal test methods, their combination in a 2-out-of-3 
ITS, and the animal test method LLNA. The BR was derived 
from the SDp around the individual test methods’ classification 
threshold. We considered different BRs in order to gain insight 
into the relationship between the size of the BR and the num-
ber of substances for which results fall into this range and for 
which, consequently, a clear-cut conclusion on their skin sensi-
tization potential cannot be adopted with sufficient confidence. 
Based on the BRs considered and the experimental sets used in 
our analysis, the percentage of substances considered borderline 
in the DPRA, LuSens and h-CLAT was between 6% and 28% 
(Tab. 7). We find that 23%-27% of the performance standard 
(PS) substances tested with the LLNA fall into its BR. This val-
ue is higher than that obtained from the variability assessment 
in Hoffmann (2015), which may be because Hoffmann (2015) 
determined the BR from EC3 values and our analysis was based 
on SI values. 

For the DPRA, the percentage of substances identified as 
borderline varied between 10% and 28%. LuSens has a strin-
gent prediction model because two consecutive concentrations 
in each run, and two or more runs, must show concordant re-
sults in order to arrive at a final conclusion about a substance’s 
skin sensitization potential (Ramirez et al., 2014, 2016). There-
fore, applying the BR approach to LuSens required two steps 
to identify borderline substances (i.e., identifying borderline 
substances within a run and across runs, see Tab. 3 and 4). 
The stringent prediction model may be a reason why LuSens 
revealed a relatively small percentage of borderline substances 
(6% and 7%, depending on the size of the BR, see Tab. 7). 
The prediction model of the h-CLAT (Ashikaga et al., 2010; 
Sakaguchi et al., 2010) does not require concordant test results 
in consecutive concentrations of the same run to conclude on 
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for continuous endpoints deserves further attention in order to 
provide complementary insights into a test methods’ precision 
regarding potency assessment (Slob, 2016).

Another important issue for further research and discussion is 
how to deal with borderline test results in a regulatory context. 
One possible option could be to define borderline outcomes 
per default as positive results. However, this would imply that 
the upper part of the BR is factually ignored. Alternatively, 
one could require additional testing with other (non-animal) 
methods and would thus advocate for redundant test method 
options. Decision-theoretic approaches such the Bayesian 
value-of-information approach introduced in Leontaridou et 
al. (2016) can help to determine the optimal follow-up test 
in a systematic and transparent way. Finally, the question 
how borderline substances impact test methods’ predictive 
performance deserves further attention. Since for borderline 
substances the overall conclusion on their hazardous potential 
remains inconclusive, they cannot contribute unambiguously 
to the evaluation of a test method’s accuracy. Ignoring a sub-
stance’s test result being borderline will thus cause over- or 
underestimation errors of, for example, a test method’s sensi-
tivity or specificity. Exploring the size and direction of these 
errors for different non-animal test methods and analyzing 
the influence of the size and composition of experimental sets 
on the number of borderline substances detected will provide 
complementary insights into the implications of intra-assay 
variability for comparative evaluations of test methods’ pre-
dictive performance.
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