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(Q)SAR models can be used to reduce animal testing as well as to minimise the testing costs.
In particular, classification models have been widely used for estimating endpoints with binary
activity. The aim of the present study was to develop and validate a classification-based
quantitative structure-activity relationship (QSAR) model for endocrine disruption, based on
interpretable mechanistic descriptors related to estrogenic gene activation. The model predicts
the presence or absence of estrogenic activity according to a pre-defined cut-off in activity as
determined in a recombinant yeast assay. The experimental data was obtained from the
literature. A two-descriptor classification model was developed that has the form of a decision
tree. The predictivity of the model was evaluated by using an external test set and by taking into
account the limitations associated with the applicability domain (AD) of the model. The AD
was determined as coverage of the model descriptor space. After removing the compounds
present in the training set and the compounds outside of the AD, the overall accuracy of
classification of the test chemicals was used to assess the predictivity of the model. In addition,
the model was shown to meet the OECD Principles for (Q)SAR Validation, making it
potentially useful for regulatory purposes.

Keywords: Quantitative structure-activity relationship (QSAR); Applicability domain (AD);
Relative estrogenic gene activation; Endocrine disruptor (ED); QSAR validation; Classification
model (CM)

1. Introduction

Endocrine disrupters (EDs) are chemicals that cause adverse environmental or human
health effects in healthy organisms or their offspring by altering the function of the
endocrine system. They include a large number of substances such as natural hormones,
environmental pollutants, antioxidants and metabolites, synthetically produced
chemicals, and industrial chemicals or their by-products [1]. Some EDs have the ability
to bind to estrogen receptors (ER), and are therefore thought to cause their effects
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in this way. In wildlife, EDs cause abnormalities and impaired reproductive
performance in some species, and they are also associated with changes in immunity,
behaviour, and skeletal deformities. In humans, EDs are suspected to be responsible for
changes in health patterns over recent decades, including declining sperm counts in
some geographical regions, increased numbers of male children born with genital
malformations, and certain types of cancer [2].

The environmental and human health impacts of endocrine disruption have
stimulated worldwide initiatives to understand and assess ED effects. In the early
90s, the US Environmental Protection Agency (EPA) initiated research in this field
[3–5]. In particular, the US EPA screening program uses a tiered approach for
determining whether a substance may have an effect in humans that is similar to an
effect produced by naturally occurring estrogen, androgen, or thyroid hormones [6].

In the European Union (EU), the European Commission adopted a community
strategy for endocrine disrupters in 1999 [6, 7]. This strategy established a number of
actions related to identification of substances, monitoring, research, international
co-ordination and communication to the public [8, 9]. Emphasis was placed on the need
to develop quick and effective risk management strategies, and the need for consistency
with the overall chemicals policy and legislation. The first progress report on the
implementation of this strategy was presented in 2001 [10]. The actions of the strategy
have contributed to the gathering of scientific data and to the identification of
substances for further assessment, to research and monitoring efforts, and to the
identification of specific exposure groups [11].

The European Commission and EU Member States participate in the OECD
(Organisation for Economic Co-operation and Development) Endocrine Disrupter
Testing and Assessment Task Force (EDTA TF), which was set up in 1998 with the goal
of developing agreed test methods for EDs for some environmental and human health
effects. In 2003, the OECD EDTA TF developed a conceptual framework for the
screening, testing and assessment of EDs [12], foreseeing the use of quantitative
structure-activity relationships (QSARs) and in vitro tests before using in vivo tests.
Subsequently, a QSAR Task Group of the Validation Management Group for Non-
Animal testing (VMG NA) was established [13]. This group has recognised the need
to define the physicochemical domains of chemical inventories of regulatory interest
within OECD Member Countries and to review the state-of-the-art in QSARs for
endocrine disruption, to provide the basis for evaluating the applicability of in silico
models for screening purposes [14].

Thus, the issue of endocrine disruption is being addressed in multiple research and
policy initiatives. In the Commission’s legislative proposal for a new regulatory system
called REACH (Registration, Evaluation, and Authorisation of Chemicals), adopted
by the Commission in 2003 [15], EDs are covered by the authorisation procedure
for substances of very high concern, according to the precautionary principle. The
precautionary principle states that where there is uncertainty as to the existence or
extent of risks to human health, protective measures should be taken without having to
wait until the reality and the seriousness of those risks become apparent. EDs are also
being considered in discussions on data requirements and principles for risk assessment
of plant protection products [16]. While the current and proposed EU chemicals
legislation accounts for detrimental endocrine related effects on reproduction or specific
diseases, it does not use endocrine disruption as a required endpoint per se, but treats
endocrine disruption as a possible underlying mechanism of other effects of concern.
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Given the status of the science in this area, there is a need to establish the most relevant

endpoints for predicting endocrine disrupting effects, and a need to develop consensus

on how to use the data within regulatory frameworks [17].
Guidance on the use of (Q)SARs is provided in Annex IX of the proposed REACH

legislation. It states that (Q)SARs may be used to indicate the presence or absence of a

dangerous property if results are derived from a (Q)SAR model whose scientific validity

has been established, which is adequate for the purpose of classification and labelling

and risk assessment, and if adequate and reliable documentation of the method is

provided [18, 19].
Traditionally, the use of (Q)SARs for regulatory purposes has often been limited,

partly due to the lack of an accepted approach for the evaluation of scientific validity.

To overcome this barrier to acceptance, a number of initiatives were organised,

including a workshop organised by CEFIC/ICCA in Setubal (Portugal) in 2002 [20],

during which a number of requirements for the validity of (Q)SARs were proposed.

Based on this proposal and following an in-depth analysis, five principles for (Q)SAR

validation were subsequently adopted by the OECD Member Countries and the

European Commission in 2004 [21]. According to these principles, to facilitate the

consideration of a (Q)SAR model for regulatory purposes, it should be associated

with: (1) a defined endpoint; (2) an unambiguous algorithm; (3) a defined domain of

applicability; (4) appropriate measures of goodness-of-fit, robustness and predictivity;

and (5) a mechanistic interpretation, if possible. These principles provide a useful

conceptual framework for assessing the validity of (Q)SARs, but practical guidance on

how to apply the principles is also needed [22]. Preliminary guidance has been proposed

by the European Chemicals Bureau [23], and is being developed by the OECD ad hoc

Group on (Q)SARs.
The mechanisms might include receptor binding, altered post-receptor activation,

altered steroidgenesis, perturbation of hormone storage, release and elimination

[24, 25]. The receptor binding assays quantify directly (or as a result of competitive

interaction) the ability of chemicals to bind to estrogen and androgen receptors, while

the transcriptional activation (TA) assays as used in this study detect a stimulation of a

reporter gene as a result of receptor activation. Thus, the relationship between chemical

structure and biological activity determined in a TA assay appears less obvious

compared to the binding assay. However, it is easier to trace in comparison to the

steroidgenesis assays or in vivo studies, where multiple mechanisms can be involved in

the affection of the complex hormonal system of mammals. A number of approaches

have been used to develop (Q)SARs for estrogenicity, including Automatic Docking

models (ADAM) [26], Comparative Molecular Field Analysis (CoMFA) [27, 28],

classical QSAR and Hologram QSAR (HQSAR) [29], the Common Reactivity Pattern

(COREPA) approach [30], Molecular Quantum Similarity Analysis (MQSA) [31], and

Decision Forests (DF) [32].
In a previous study, we developed a classification model (CM) for estrogenic activity

and evaluated its compliance with the OECD Principles for the validation of (Q)SARs

[14]. To assess predictivity with chemicals that had not been used for model

development, we split the whole data set of 117 chemicals in two subsets. The larger

subset (approximately 90% of all chemicals) was used for model development, whereas

the smaller subset (the remaining 10%) was used for external validation. Although this

strategy for splitting the data is widely used in predictivity assessments by external
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validation, it reduces the number of chemicals used in the modelling which may lead to
a loss of information.

The aim of the current study was to develop a classification model for estrogenic
activity by using the training set of 117 chemicals that was used in the previous
study [14] and to validate it with a real external test set obtained recently from the
literature.

2. Methods and results

2.1 Datasets and estrogenic activity

2.1.1 Training set. The training set was derived from an experimentally measured set
of an assorted group of 117 aromatic compounds published by Schultz et al. [33],
including bisphenols, benzophenones, flavonoids, biphenyls, phenols, and other
aromatic chemicals.

For these chemicals, the in vitro Glaxo Wellcome-derived Saccharomyces cerevisiae
recombinant yeast assay [34] had been performed following the protocol of Schultz
et al. [35]. This assay is used to express the �-human Estrogen Receptor (hER�) gene,
and has a 0.08 nM detection limit for 17�-estradiol and a 10000-fold responsiveness.

The estrogenic compounds interacting with the receptor transcribe the genes and
produce �-galactosidase, the activity which is measured colorimetrically. The endpoint
determined for each compound is the concentration eliciting 50% of the activity of
the positive control 17�-estradiol (EC50), expressed in molar units. The relative
gene expression of each test chemical was calculated by dividing the EC50 value of
17�-estradiol by the EC50 of the test chemical and multiplied by 100. For modelling
purposes, experimental data were classified as active (A) or inactive (I), as reported
previously [31]. Those compounds that reached LC50 (lethal concentration) without
triggering release of �-galactosidase, detected as a no colour change compared
to the untreated control, are called inactive. The chemical names, CAS numbers,
binary-converted experimentally observed activities, and activities predicted by the
classification model are given in table 1.

2.1.2 Test set. An independent external test set was taken from a dataset published by
Nishihara et al. [36]. The original test set consisted of more than 500 commercially
available chemicals obtained from different sources, of which 64 compounds were
evaluated as positive. The dataset consists of natural substances, medicines, pesticides,
and industrial chemicals (including PCBs, PCDFs, PAHs, phenols, benzenes,
phthalates, adipates), and thus covers a wide range of chemical classes, representing
a broad degree of structural diversity.

The compounds had been evaluated by using an in vitro reporter gene
expression assay in yeast cells with high repeatability and sensitivity, based on the
ligand-dependent interaction of two proteins, a hormone receptor (ER�) and a
coactivator (TIF2), where the hormonal activity is detected by the �-galactosidase
activity [37].

The results were expressed as the 10% of the relative effective concentration
(REC10), that is, the concentration of the test chemical showing 10% of the agonist
activity of the optimum concentration of 17�-estradiol. When the activity of the test
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substance was higher than REC10 within the concentrations tested, the chemical was
classified as positive (active), and when it was classified as negative, the highest tested
dose was indicated (inactive).

2.2 Data screening

Prior to the analysis, data screening techniques were applied to the original test set to
assess the quality of the input. After removing redundant chemicals present twice with
different synonyms, compounds for which it was not possible to retrieve the structure,
and compounds for which it was not possible to calculate the descriptors, 470
compounds were left. In addition, any chemicals present both in the training and the
test set (28 chemicals) were removed. After extracting the compounds out of
the applicability domain of the classification model, as illustrated in a following
section, the final test set consisted of 343 compounds, shown in table 2.

The 28 overlapping compounds in the training set and the original test set were used
to compare the classifications obtained by the two tests. In this comparison,
22 compounds showed a coherent activity, i.e. they were consistently classified by
both assays, namely 17-�-estradiol, 4,40-thiodiphenol, bis (4-hydroxyphenyl)methane,
bisphenol A, 4,40-dihydroxybenzophenone, benzophenone, genistein, naringenin,
daidzein, flavone, 4,40-biphenyldiol, 4-hydroxybiphenyl, biphenyl, 4-(tert-octyl)phenol,
butyl-4-hydroxybenzoate, 4-(tert-pentyl)phenol, 4-n-pentylphenol, ethyl-4-hydroxy-
benzoate, 4-propylphenol, phenol, toluene, and chlorobenzene. In contrast, six
compounds (bis(4-hydroxyphenyl)sulphone, biochanin A, phloretin, 2-hydroxybiphe-
nyl, 4-octylphenol, and 4-methylphenol) were classified as active in the training set, and
as inactive in the test set. This is due to the higher sensitivity of the method performed
by Schultz et al. [35] compared to that of Nishihara et al. [36]. The correlation
between experimental binding affinity and gene expression for the overlapping
chemicals in the training and test set was about 80%. Thus, it was assumed that the
factors (model parameters) driving ER binding and gene expression are the same
or strongly related.

2.3 Computational methods

2.3.1 Molecular structures. For the training set, molecular structure details can be
obtained from the literature [31]. For the test set, CAS numbers were retrieved from the
published chemical names [36], and then SMILES were obtained by using EPISUITE
[38]. In cases were no CAS numbers were available, the SMILES were compiled from
the molecular structures drawn in TSAR [39].

2.3.2 Calculation of descriptors. The same descriptors found to be useful in the
modelling part of the training set [14] were also calculated for the test set. Both the
logarithm of the octanol-water partition coefficient (logKOW), and the number of
hydrogen bond donor groups (nHdon) were calculated by using the TSAR software
package for Windows [39]. However, for some molecules in the test set it was not
possible to obtain estimated logKOW values. In such cases, the EPISUITE software was
used to fill in the missing values [38]. Since these programs are based on different
algorithms for the logKOW calculation, where calculated values from both programs
were available, estimated values from TSAR were compared to those obtained
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with EPISUITE. A correlation coefficient of 89% was calculated for the relationship
between the logKOW values generated by the two methods.

2.3.3 Classification model. The classification model was developed by using Formal
Inference-based Recursive Modelling (FIRM) analysis as implemented in the TSAR
software [39]. FIRM is a form of decision tree analysis able to model nonlinear
relationships where a large set of data is split into subgroups based on relevant
descriptors [40]. This process continues until there is no further meaningful way to split
the nodes. Nodes which mainly contain active compounds point to molecular structures
associated with activity, whereas the path leading to a node of inactive cases is
indicative of non-active or inhibitory structural features. Although the method itself
incorporates a variable selection procedure that allows multivariate splitting, in this
study univariate splitting was performed on the basis of our previous experience in
modelling a part of the current training set. More sophisticated probabilistic
classification methods for modelling complex ligand-receptor interactions are also
available. They are based on the simultaneous analysis of different parameters for each
chemical using, for example, Bayesian trees [41].

The result of the FIRM analysis is a tree diagram or dendrogram that describes the
splitting of the data set into smaller and more homogeneous subsets according to the
predictor variables. The structure of the dendrogram shows which variables are
important to explain the dependent variable. The decision diagram can also be used as
a method of prediction for new chemicals with an unknown dependent variable.
Following a path down the tree, the independent variables classify the new chemical
into a terminal node. The mean of the response in that node can be used as the
prediction.

In the tree diagram, each node is drawn as a box with text detailing the name and
values/range of predictor variable, the number of data points in the node, mean,
standard deviation and standard error of the response. For nodes which can be split
further, the name of the predictor variable by which it is split and the statistical
significance (p-value) is reported. A cut-off value of 0.5 was applied. Chemicals falling
in a terminal node with mean response higher than 0.5 were classified as positive
(active). Chemicals falling in a terminal node with mean response lower than 0.5 were
classified as negative (inactive). In this study, a maximum bin number of 10 for
continuous splitting was allowed. The p-value for merging was 0.05 and for splitting
it was 0.06 (the default TSAR values). Any p-value below 0.05 indicates a statistically
significant split.

The binary classification model using mechanistically interpretable descriptors for the
training set of 117 chemicals has been developed to predict the presence or absence
of activity. The classification tree is depicted in figure 1.

This figure shows that the initial group of 117 chemicals was split in three nodes,
according to the value of the more important predictor variable, i.e. nHdon. The
significance level of the split was measured by its p-value (2.18E10�13), which is far
below 0.05. Whereas the first node, corresponding to inactive compounds, was not split
further, the other two nodes were both subdivided in two terminal nodes on the basis
of the second predictor variable, logKOW. For the latter two nodes, the compounds
falling into the lower range of logKOW (1.44� logKOW� 1.76 for nHdon¼ 1, and
0.28� logKOW� 1.75 for nHdon� 2) were classified as inactive. The summary statistics
are also displayed in figure 1.
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2.4 Applicability domain characterisation

The applicability domain (AD) was taken into account in order to consider the scope
and limitations of the model, i.e. the range of chemical structures for which the model is
considered to be applicable [42]. The model domain can be represented by ranges of
molecular descriptors for training set compounds, that is, the descriptor space of the
training set. More precisely, the AD could be determined as an optimum prediction

Response: Binary Activity
117 of 117 samples: 100%
Mean response: 0.69 
Std Dev: 0.46 Std Err: 0.04
Split by: nHdon 
p-value: 2.18e-013 

nHdon: 0 
20 of 117 samples: 17%
Mean response: 0.05 
Std Dev: 0.22 Std Err: 0.05

nHdon: 1 
59 of 117 samples: 50%
Mean response: 0.90 
Std Dev: 0.30 Std Err: 0.04
Split by: log Kow
p-value: 1.44e-005 

1.44 � log Kow � 1.76

1.83 � log Kow � 5.52

0.28 � log Kow � 1.75

1.87 � log Kow � 5.42

4 of 59 samples: 6%
Mean response: 0.25 
Std Dev: 0.50 Std Err: 0.25

55 of 59 samples: 93%
Mean response: 0.95 
Std Dev: 0.23 Std Err: 0.03

nHdon: 2, 3, 4, 5
38 of 117 samples: 32%
Mean response: 0.71 
Std Dev: 0.46 Std Err: 0.07

Split by: log Kow
p-value: 6.57e-04 

7 of 38 samples: 18%
Mean response: 0.14 
Std Dev: 0.38 Std Err: 0.14

31 of 38 samples: 81%
Mean response: 0.84 
Std Dev: 0.37 Std Err: 0.07

Figure 1. Classification model developed for prediction of estrogenic activity.
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space [43]. This approach assesses the population density of chemicals within the
training set to determine a probability density function.

The coverage of the training set in the model descriptor space was defined by using
ranges of individual descriptors [14]. Within this statistically based method, the data
distribution is assumed to be normal. Some limitations of this approach are that interior
empty spaces are not detected and there is no correction for correlations between
descriptors. It is assumed that interpolated estimates are more reliable than
extrapolated ones. An interpolation region in one-dimensional descriptor space is the
interval between the minimum and the maximum values of the training data set. In
general, in an n-dimensional space, the interpolation region is an n-dimensional hyper-
rectangle with sides parallel to the coordinate axes. In this study, a two-dimensional
descriptor space is considered; thus, the minimum and maximum descriptor values
define a rectangle in one plane.

In order to apply the range approach, the distributions of descriptors for both the
training and test set were examined.

2.4.1 logKOW. It can be observed from figure 2 that the logKOW distribution for both
the training and the test set is approximately normal. However, the minimum and
maximum values for the chemicals in the test set are different from those of the training
set. Thus, a large number of the test compounds lie in the extrapolation region of the
model.

2.4.2 nHdon. The distribution of the number of hydrogen bond (HB) donors is close to
normal for the training set but for the test set shows a heavy tailing towards the lower
values of this descriptor (figure 3). Thus, for the whole data set, the distribution is
heavily left-skewed and sharp. This distribution reflects the fact that many chemicals
from the test set were inactive and do not have potential HB donor groups. Besides,
it can be noted that a larger number of chemicals with more than four nHdon are present
in the test set compared to the training set.

log Kow

14.010.57.03.50.0−7.0 −3.5−10.5

Set
Test
Training

Figure 2. Dotplot of logKOW for both the training and the validation test set.
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One chemical in the training set (morin) was considered to be out of the AD due to
the outlying values of both descriptors (logKOW¼ 0.28, and nHdon¼ 5). A test chemical
is considered to be out of the domain if at least one descriptor is out of the range defined
by the descriptors of the training set. For the test set, 96 chemicals out of the logKOW

range were eliminated (36 compounds with logKOW values between 5.52 and 14.65, and
60 compounds with logKOW between 0.85 and �11.70). In addition, 7 compounds with
nHdon values higher than 4 were extracted from the test set. The ranges of the individual
descriptors for the training and test set chemicals are indicated in table 3.

The scatterplot in figure 4 shows the coverage of the test set (empty circles) and the
training set classification model (empty squares), visualised in the logKOW/nHdon plane.
The solid triangle indicates a chemical excluded from the training set for definition of
the AD (morin), whereas the X’s represent the test set chemicals out of the AD
(99 chemicals). Figure 5 shows the coverage of the training set and part of the test
set considered in the domain of the classification model, in the logKOW/nHdon plane.

2.5 Performance of the model: Goodness of fit, robustness and predictivity

The evaluation of the performance of a CM can be assessed in terms of the Cooper
statistics [44, 45]. The goodness-of-fit Cooper statistics for a CM can be defined

nHdon

0 1 2 3 4 5 6 7 8 18

Set
Test
Training

Figure 3. Dotplot of nHdon for both the training and the validation test set.

Table 3. Ranges of the descriptors used in the classification model for estrogenicity.

Training set Test set

Range Minimum Maximum # cmpds out AD Minimum Maximum # cmpds out AD

logKOW (TSAR) 0.2796 5.5186 �11.70 14.65
logKOW (TSAR) AD 0.8484 5.5186 1 0.8484 5.5186 96
N. HB Donors 0 5 0 18
N. HB Donors AD 0 4 1 0 4 7
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according to the results in the contingency matrix [46], where the rows represent the
classification according to the reference reporter gene assay, and the columns represent
the predicted classes assigned by the CM. The main diagonal represents the chemicals
correctly classified into each class, while the non-diagonal cells represent the

log Kow

9

8

7

6

5

4

3

2

1

0

−5 0 5 10

AD
Test
Test: out ofAD
Training
Training: out ofAD

n H
do

n

Figure 4. Scatterplot showing the coverage of the external test set (empty circles) and the training set
classification model (empty squares), visualised in the logKOW/nHdon plane. The solid triangle indicates the
chemical excluded from the training set for definition of the AD (morin), whereas the ex-es represent the test
set chemicals out of the AD. Three compounds (fenbutatin oxide, chlorhexidine gluconate, and EDTA) were
excluded from the graph due to their extreme values for either logKOW or nHdon.

Set
Test
Training

5

4

3

2

1

0

0 1 2 3 4 5 6

log Kow

n H
do

n

Figure 5. Scatterplot showing the overlap between the training set chemicals and those chemicals from the
test set that were considered in the AD of the classification model according to the selected method (ranges
in the descriptor space).
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misclassifications. The last column reports the number of objects belonging to each
class, whereas the last row reports the total number of objects assigned to each class
according to the CM.

Cooper statistics express the ability of a CM to detect known active compounds
(sensitivity), non-active compounds (specificity), and all chemicals in general
(concordance or accuracy). The false positive and false negative rates can be calculated
from the specificity and sensitivity, respectively. The positive and negative classification
rates focus more on the effect of individual chemicals, since they are conditional
probabilities. Thus, the positive classification rate is the probability that a chemical
classified as active is really active, while the negative classification rate gives the
probability that a chemical classified as inactive chemical is really inactive.

The robustness of the model was assessed by introducing a systematic perturbation
in the training set. A 10-fold leave-many-out (LMO) cross-validation procedure with
random selection of 10% chemicals of the training set excluded during each run was
performed. The proportion of active (n¼ 8) and inactive chemicals (n¼ 4) was kept
proportional to the original training test proportions for each run.

The model predictivity, i.e. ability to predict the response for new chemicals with
unknown responses, was evaluated by using compounds that were not used in the
model development. The statistical parameters used to evaluate the goodness-of-
prediction are the same ones used for evaluating goodness-of-fit, i.e. the model
capability to fit the data of the training set. The performance of the model is
summarised in table 4.

The Cooper statistics based on the training set indicated an accuracy of 90.6% and a
high value of sensitivity (96.3%). However, the specificity (77.8%) was lower than the
sensitivity. To assess the robustness, the model was developed again ten times with the
same descriptors for the smaller number of chemicals and the activities of the excluded
ones were predicted. This trial led to a 95.9% correct prediction of active compounds
and a 78.1% correct prediction of inactive compounds, which is comparable to the
classification performance of the original model. Finally, the predictive power of the
model was evaluated by using the independent external test set. Predictions were done
only for those chemicals that were within the model AD, defined as coverage in the
model descriptor space. Based on this test set, the accuracy is slightly lower (70.9%)
than for the training set, due to decreases in both sensitivity (84.1%) and specificity
(68.9%). Regarding the goodness-of-fit parameters, it should be noted that the
classification accuracy usually assumes a balance between the positives and negative

Table 4. Cooper statistics of the classification model for the training set chemicals, for the averaged results
from the leave-many-out cross-validation, and for the external test set.

Cooper statistic
Training set

classification model
Leave-many-out
cross-validation

Validation
test set

Sensitivity 78/81 (96.30%) 70/73 (95.89%) 37/44 (84.09%)
Specificity 28/36 (77.78%) 25/32 (78.13%) 206/299 (68.90%)
Accuracy or concordance 106/117 (90.60%) 100/105 (90.48%) 243/343 (70.85%)
False positive rate 8/36 (22.22%) 7/32 (21.88%) 93/299 (31.10%)
False negative rate 3/81 (3.70%) 3/73 (4.11%) 7/44 (15.91%)
Positive predictivity 78/86 (90.70%) 70/77 (90.91%) 37/130 (28.46%)
Negative predictivity 28/31 (90.32%) 25/28 (89.29%) 206/213 (96.71%)
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cases. If the number of negative cases exceeds the number of positive ones, it is expected
that there will be higher percentage of correctly predicted active than correctly predicted
inactive chemicals.

3. Discussion

(Q)SARs are being increasingly used as tools for the prediction of environmental and
human health endpoints. However, to be acceptable for decision making and regulatory
purposes, questions concerning their reliability are likely to be raised. For quantitative
regression models, the application of the OECD principles for (Q)SAR validation has
been well illustrated [47, 48], while guidance on their application to classification-based
models is still scarce. The aim of this work was to develop and validate a classification
model, emphasising its internal performance and external predictivity, thereby
illustrating the application of the OECD validation principles to a CM.

The CM developed in this study was evaluated according to the five OECD Principles
for (Q)SAR validation and the observations are summarised below.

According to the first OECD principle, a (Q)SAR should be associated with a defined
endpoint. Although there is no general agreement on the most meaningful endpoint to
predict estrogenicity, commonly used approaches consist of the study of ligand-receptor
binding interactions or ligand-induced gene activation [25]. Although the use of a
different protocol to measure the endpoint could be questioned, the paucity of publicly
available data and the high concordance in the binary prediction of estrogenic potential
lend support to this approach. It has been noted in comparative studies [49] that these
assays show slight differences. The former is more sensitive than the latter. This
difference was also observed in the present study and could explain partially the lower
accuracy of the CM for the chemicals in the test set compared to the training set.

The unambiguity of the Formal Inference-based Recursive Modelling (FIRM)
algorithm used to derive the classification model was addressed by showing the explicit
dendrogram which illustrates the decision rules for the splitting of chemicals into active
and inactive. This model is transparent and reproducible.

The domain of applicability was defined in terms of the ranges of individual
descriptors considered to be relevant for the endpoint. The range method is the simplest
method for defining the coverage of the training and the test sets. Even if the chemicals
from the both sets have the same coverage, there is no guarantee that all structural
features in the test set were known from the training set. In this study, the structural
similarity in terms of functional groups and their spatial orientation was omitted but
its consideration could improve the assessment of predictivity.

The performance of the model was evaluated in several steps to fulfil the fourth
OECD principle. The goodness-of-fit of the model was evaluated by using Cooper
statistics derived from the training set. The robustness was assessed by LMO validation
performed several times to minimise the error from the random selection of the
excluded groups of chemicals. Finally, the predictive power was checked by applying
the model to an external test set. According to the defined domain of applicability, the
test set chemicals considered to be out of the AD were excluded from the test set to
avoid unreliable extrapolations. Predictions were made only for those chemicals within
the domain defined by the selected method. In general, the acceptance criteria for a CM
should be defined taking into account the quality of the predictor and response data
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as well as the purpose of the model. For stand-alone classification models, the Cooper
statistics should be significantly greater than 50%. This requirement is clearly met for
the CM.

Taking into account the results for the external test set, it was observed that the
relatively high sensitivity (84.1%) is associated with a high false positive rate (31.1%).
The CM is good at identifying known active compounds, but this is at the expense
of over-classifying known inactive compounds. Besides, given a fixed sensitivity and
specificity, the positive and negative classification values also vary according to the
prevalence or proportion of chemicals in the population. Thus, the positive predictivity
(28.5%) is much lower than the negative predictivity (96.7%). The overall accuracy
is influenced by the performance on the bigger class.

In order to evaluate the relative importance of the results, they were compared to the
scenario characterised by the absence of a model. This means that all the objects are
assigned to the class most represented among the ones compared (in the present case,
the inactive class). The value for this reference condition, called no-model, is unique and
independent of the classification method adopted, and in this case was 12.8%. As the
goodness-of-fit was far better than the no-model scenario, the CM can be regarded
as statistically significant

Finally, the mechanistic interpretation of the model corroborates the hypothesis
for the gene expression mechanism. Two descriptors with clear physical meaning (the
logarithm of the octanol-water partition coefficient – logKOW, and the number of
hydrogen bond donor groups – nHdon) were selected by using the FIRM approach. The
logKOW descriptor accounts for hydrophobicity, which was found to be an important
predictor of estrogenic activity in a number of studies [50]. The nHdon accounts for the
number of electron-donating groups, which could be correlated with the number of
phenol groups in the molecule. These descriptors used to derive the model clearly
corroborate the empirical findings according to which the hydrophobicity and the
presence of phenolic groups play a central role in determining the estrogenic activity.

In a further phase, a more sophisticated and context related model could be derived
by using three-dimensional descriptors, which are considered to be significant for
modelling receptor mediated endpoints. In addition, the validation of the model with an
external test set based on the same endpoint would be valuable. It would be also
interesting to study the performance of the model on the external validation set at
different activity thresholds. However, although this approach could be used to analyse
differences in experimental protocols in more depth, it was not considered in this study
due to the lack of numerical activity values for some compounds.

4. Conclusions

This paper provides an example of iterative model development and external validation
by using additional experimental data. The model was developed by using a data set
which was previously split to allow external validation. The new model was also
evaluated according to the OECD principles for (Q)SAR validation.

The transparent and interpretable classification model for predicting the presence
or absence of estrogenic activity was based on only two descriptors that have a clear
physico-chemical meaning. The descriptors were selected empirically based on previous
experience. The type of descriptors used and the form of the classification tree allowed
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mechanistic interpretation of the model developed in this study. The model
demonstrated robustness in LMO validation, and a good predictivity of an external
set of chemicals. One drawback of the external validation is the fact that although well
defined, the training and test set chemicals are based on slightly different endpoints.
Nevertheless, the overall accuracy of prediction for the external test set clearly
demonstrated that the model predicts much better than the chance (no-model
situation).
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