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Abstract

A validation exercise of the hen’s egg test for micronucleus induction was finalised with a very 
good predictivity based on the analysis of micronuclei in peripheral erythrocytes of fertilised 
chicken eggs (Reisinger et al. The hen’s egg test for micronucleus-induction (HET-MN): validation 
data set. Mutagenesis, this issue). For transparency reasons this complementary publication 
provides further details on the assay especially as it was the first validation study in the field of 
genotoxicity testing involving the use of chicken eggs. Thus, the experimental protocol is described 
in detail and is complemented by a scoring atlas for microscopic analysis in blood cells. In addition, 
general characteristics of the test system, which is able to mirror the systemic availability of test 
compounds, are delineated: the test compound passes the egg membrane and is taken up by the 
blood vessels of the underlying chorioallantoic membrane. Subsequently, it is distributed by the 
circulating blood, metabolised by the developing liver and the yolk sac membrane and finally 
excreted into the allantois, a bladder equivalent. In specific, the suitability of the test system for 
genotoxicity testing is shown by, inter alia, a low background DNA damage in a comprehensive 
historical control database. In addition, the state-of-the-art statistical method used to evaluate 
obtained data is delineated. It combines laboratory-specific effect threshold with the Umbrella–
Williams test, a statistical model also of interest for other genotoxicity test methods.

Introduction

Three-dimensional test systems gain increasing importance as part 
of in vitro methods for toxicological safety assessment, e.g. refs 
(1,2). These approaches follow recommendations of international 
expert groups and regulatory agencies, e.g. refs (3–5), to address 
downsides observed with in vitro methods based on the fact that 
‘2D cultures have less than 1% of both cell density per volume and 
cell-to-cell contacts when compared to native tissues’ (6). In conse-
quence, cell function and physiology of 2D cell cultures as well as 

their response to external stimuli are limited to reflect the in vivo 
situation. This general description can be exemplified with the re-
duced metabolic capacity of 2D cell cultures, which is compensated 
in in vitro genotoxicity assays by adding an external metabolic 
activation system (usually rat liver S9 mix) to mimic liver metab-
olism. However, even the revised version of in vitro Organization 
for Economic Co-operation and Development (OECD) test guide-
line (TG) considers S9 mix as not appropriately mirroring the in 
vivo situation as it concedes several downsides (7–9). Preparation 
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of S9 mix implies a destruction of cell structures, resulting in re-
duced metabolic capacities with an imbalance towards the toxifying 
CYP450 phase-I system. Furthermore, S9 mix tends to cause strong 
cytotoxic effects, thus preventing longer incubation times, which 
may be required to identify certain genotoxicants. In addition, test 
systems for in vitro methods are often based on tumour cell lines, 
which lack normal cell cycle control.

In order to compensate for these disadvantages, single-organ 3D 
test systems have been developed, e.g. ref. (1), either as horizontally 
oriented systems to represent epithelial tissues or as spheroids to 
mirror solid organs. Whereas 3D tissues of the skin or the cornea 
have already gained regulatory acceptance (10–12), test methods 
based on spheroids are less advanced. For example, respective ap-
proaches face the problem of tissue heterogeneity as cells on the sur-
face differ from those inside the spheroids. This is supported by the 
fact that the cells are nourished by diffusion and the supply of those 
in the centre could be diffusion-limited (13). Even if several cell types 
are used to generate spheroids, the functional unit of solid organs 
such as the liver lobule is not represented (14–16).

Following these considerations, fertilised chicken eggs have been 
introduced into genotoxicity testing and were combined with a clas-
sical read-out parameter, i.e. the analysis of the micronucleus (MN) 
rate in peripheral nucleated erythrocytes, to develop the hen’s egg test 
for micronucleus induction, the HET-MN (17). As a major advantage 
the test mirrors the systemic availability of test compounds reflecting 
certain steps of Absorption, Distribution, Metabolism, Excretion 
(ADME): after a test compound is applied through a small hole in the 
eggshell, it is taken up by the inner shell membrane and the underlying 
highly vascularised chorioallantoic membrane (CAM). The test com-
pound is distributed via the vessel system and metabolised by the 
developing liver and the yolk sac membrane. Finally, the parent com-
pound and/or its metabolites are actively excreted into the allantois, a 
bladder equivalent, which is accessible for sampling.

The developing egg has a pronounced intrinsic metabolic cap-
acity, which may be considered as an adaptation to the autonomy of 
the developing egg, which lacks a protecting maternal organism (18). 
Several phase-I and phase-II biotransformation characteristics were 
reported for the developing egg, including various cytochrome P450 
enzymes and reactions such as glucuronidation, sulphation, acetyl-
ation and methylation, e.g. refs (19–27). In line with these findings, 
metabolic profiles of e.g. ethyl 4-hydroxybenzoate in the developing 
chicken eggs correlated to those in humans (26). In consequence, no 
S9 mix needs to be added to successfully characterise effects of pro-
mutagens with the HET-MN (17,28–31).

Further studies are underway to investigate the metabolic capacity 
specifically between Days 8 and 11 of egg development, the develop-
mental window, which is utilised for the HET-MN (K. Reisinger, per-
sonal communication). First results of those studies showed that the 
developing liver and the yolk sac membrane exhibit a high metabolic 
capacity. The latter also represents the major site of erythropoiesis at 
that early state of egg development (32–34). Thus, test compounds 
that enter the test system via fenestrated blood vessels of the CAM 
are metabolised in close vicinity to the repository of cells, which are 
used to analyse the chemical’s genotoxic potential. This means that a 
pre-systemic metabolic elimination of a toxic test compound, which 
is described for some orally administered drugs by the intestine/liver 
first-pass effect, is not expected. The sensitivity of the method is fur-
ther enhanced due to the fact that both the blood volume and the 
erythrocyte number per blood volume increase exponentially during 
this developmental window (35,36), while the spleen is not functional 
to be able to remove damaged erythrocytes (35,37).

For HET-MN studies, standardised specific-pathogen-free 
(SPF) chicken eggs are utilised, which are also used for influenza 
vaccine production. Suppliers enable a global availability (see 
Section Chicken eggs: supply and incubation) of the eggs and guar-
antee their stable genetic identity. The eggs that can easily be bred 
in respective incubators are used for experimental purposes exclu-
sively in the first half of egg development, during which the embry-
onic nervous system is not completely differentiated. In consequence, 
cerebral activities are only demonstrated in the second half (38–40). 
This premature physiological status is also acknowledged by legis-
lations around the globe as they do not consider assays such as the 
HET-MN as animal experiment. This applies e.g. to the EU, UK, 
Switzerland, the USA and New Zealand (41–45).

Based on the intrinsic characteristics of SPF chicken eggs, the 
HET-MN underwent a thorough development phase in one labora-
tory (17,28–30) before the method was transferred to and further 
optimised together with another laboratory. Taken together, 21 
chemicals, comprising different genotoxic modes of action and dif-
ferent chemicals classes, were tested and all correctly predicted in the 
two laboratories (46,31). Subsequently, the performance of the assay 
was further investigated in a validation exercise with 34 chemicals 
being tested double-blinded in three laboratories, i.e. according to 
OECD recommendations (47). The results on predictivity and repro-
ducibility are reported in Reisinger et al. (46).

Here we provide information on the HET-MN to further sup-
port the growing confidence in the assay. A  detailed description 
of the protocol used in the validation exercise is given—together 
with recommendations for regulatory testing—including a detailed 
image atlas for cellular and nuclear damage analysis in the chicken 
blood cells. Further, the general suitability of the test system for 
genotoxicity testing is substantiated by an extensive data set of his-
torical controls, from which lab-specific acceptance criteria and 
thresholds for a positive call were derived. Finally, the validation 
data set was used for an evaluation of the two prediction models 
concluding in a recommendation of a final model to be used for 
future HET-MN studies.

With providing this essential information, we intend to support 
the transfer of the assay to interested laboratories and to finally sup-
port the regulatory acceptance of the assay.

Materials and methods

The following sections reflect the detailed protocol used during the 
validation exercise; a short version of the protocol was recently pub-
lished (48). Based on the thorough method optimisation and trans-
ferability phase no changes, but some amendments needed to be 
introduced after the study. For regulatory testing certain steps can be 
omitted, as indicated below.

Chemicals
Chemicals were obtained from local suppliers: ethanol (>99.5%; 
e.g. Sigma-Aldrich), dimethyl sulphoxide (DMSO, >99.9%; e.g. 
Sigma-Aldrich), May-Gruenwald solution (eosine/methylene blue 
solution; Merck, Germany), Giemsa solution (azur eosine/methy-
lene blue solution; Merck, Germany), citric acid monohydrate 
(e.g. Sigma-Aldrich), xylol (e.g. Sigma-Aldrich) and mounting me-
dium (e.g. DePex, Serva) while cyclophosphamide monohydrate 
(99%; molecular weight: 279.1  g/mol; Sigma-Aldrich) and iso-
propyl myristate (IPM, >98%; Sigma-Aldrich) were distributed 
among laboratories during the validation process to maximise 
harmonisation.
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Chicken eggs: supply and incubation
Fertilised White Leghorn chicken eggs of SPF quality were used for 
the HET-MN validation. SPF eggs can be obtained e.g. from VALO 
Biomedia (www.valobiomedia.com) or Charles River (www.criver.
com/products-services/avian-vaccine-services/spf-eggs), which to-
gether ensure a global availability of these standardised eggs (ex-
cept for Africa). In the present validation project mainly eggs from 
VALO Biomedia (Osterholz-Scharmbeck, Germany) were used. In 
the rare cases when eggs from Charles River were used, no differ-
ence in the experimental outcome was observed (data not shown). 
For standardisation, only eggs within the weight range of 65 ± 4 g 
on Day 8 of development were used. More eggs than necessary for 
the experiments were ordered to account for a possible 20% loss 
due to damage, non-fertilised eggs or those with weights outside the 
acceptance range (for calculation of egg demand per experiment see 
also Section Main experiments with dosing regime).

The eggs were delivered within 1 day after egg deposition. Upon 
delivery they were stored at 4–8°C for a maximum of 4 days. Prior 
to an incubation at 37.5 ± 0.5°C and a humidity of ~70% (40–80%), 
eggs were kept at room temperature for a minimum of 2 h before 
being inspected for integrity. In the incubator, they were positioned 
horizontally on trays and automatically rotated (3 ± 1 h intervals) 
to simulate natural incubation conditions (Figure 1; incubator e.g. 
Ehret breeder). After 8  days of incubation in the breeder, i.e. on 
Day 8 of egg development (1 day was consistent with an incubation 
period of 24 h), fertilisation and viability were checked by candling 
of eggs (Figure 1). Only eggs with weights within the acceptance 
range and with a normal vascularisation were randomised and allo-
cated to control and dose groups.

Study design
The investigation of the genotoxic potential with the HET-MN fol-
lows the design of standard in vitro genotoxicity assays comprising 
(i) a solubility study, a recommended (ii) pre-test, (iii) a dose range-
finding experiment and for validation purposes (iv) at least two valid 
main experiments. For regulatory testing, laboratories may finalise 
testing after a valid and positive first experiment.

Solubility study
First priority, deionised water (aqua DI; standard 300 µl/egg, max-
imum 1500 µl) and IPM (50 µl/egg) were used to solubilise chemicals 
as they proved best compatibility with the test system and did not 
interfere with respective test compounds. Ethanol (10%, v/v; 100 µl/
egg) and DMSO (1% or 10%, v/v; 300 µl/egg or 100 µl/egg) were 
of second priority.

In case additional solvents are intended to be used, a historical 
control data set should be established to demonstrate the same low 
MN rate as that obtained with the recommended ones.

A maximum of 100 mg/egg (weight: 65 ± 4 g) of test compound 
is applied for HET-MN studies, which corresponds to the top dose 
in the mammalian in vivo MN test, i.e. 2000 mg/kg body weight (7). 
The maximum dose for less soluble test compounds was determined 
by supplying additional small volumes of the solvent. Solubility 
was inspected visually and could be supported by warming or 
ultrasonification of the test compound. The application of the test 
compound in the solubilised form was the first choice. In rare cases 
of hardly soluble test compounds, homogeneous suspensions or 
emulsions can be applied (see ref. (46)), which could result in the 
precipitation of the test compound on the inner shell membrane. So 
far, the authors observed that precipitations did not interfere with 
the integrity of the test system and had therefore no negative impact 

on the experimental outcome (please note that for a valid experi-
ment bioavailability of the test compound in the egg needs to be 
proven). In addition, it was demonstrated that chicken eggs tolerate 
an exposure to chemical solutions with pH values within a broad 
range between pH 2 and 12 (49).

Pre-test
This short-time test was used to define the dose range for the sub-
sequent dose range-finding experiment, especially for well soluble 
test compounds. For this purpose, a limited number of eggs, e.g. 
two per dose group, was exposed to a limited number of doses, e.g. 
the highest soluble dose and several dilutions, for 0.5 h up to 48 h 
(starting on Day 8; controls are not applied). It should be noted that 
residues of the applied solution may still be visible on the egg mem-
brane as the penetration rate of aqua DI is ~0.5 h for 300 µl and ~1 h 
for 1 ml, whereas ~6 h were observed for 50 µl IPM.

Dose range-finding experiment
The dose range-finding experiment was designed to define the max-
imum dose for the main experiments, which could be limited by (i) 
the solubility, if it is <100 mg/egg or (ii) the chemical’s general tox-
icity (see Section Validity of experiments). For well soluble test com-
pounds logarithmic dose spacing is recommended to cover a wide 
dose range, whereas for less soluble ones a closer spacing might be 
more appropriate. Eggs were exposed on Day 8 of egg development 
and viability was determined on Day 11 at the end of the experi-
ment. The laboratories also prepared slides to investigate the MN 
rate in the dose range-finding experiment. In case it meets all validity 
criteria (see Section Validity of experiments), it can be accepted as 
main experiment.

Main experiments with dosing regime
Main experiments comprised a solvent control (SC), a positive con-
trol (PC) and at least three doses of the test compound. As the re-
commended solvents did not interfere with the low background 
DNA damage of untreated eggs, negative controls were omitted. 
Cyclophosphamide (CP; 0.05 mg CP/egg in aqua DI) was used as PC 
to induce a moderate increase in MN rate without causing remark-
able general toxicity.

At the end of experiments each control or dose group of valid 
experiments needed to be represented by six viable eggs to be sub-
jected to the analysis of MN frequency. The number of eggs allocated 
to a dose or control group at the beginning of the experiment was 
determined by the expected viability of eggs at the end of the experi-
ment considering the pre-defined minimum viability of ≥40% for 
valid dose groups. So, for control and dose groups of known low 
toxicity 8–10 eggs were used, whereas 15–18 eggs were allocated 
to dose groups of high or unknown toxicity. It is recommended to 
select doses that result in high, intermediate and low viability levels.

Eggs received a single dose on Day 8 of egg development. Blood 
samples were then taken on Day 11 of egg development, precisely 
before Day 10.75 (for time schedule please refer to ref. (31)). After 
validation a recommendation was added to the protocol to further 
investigate negative studies in which only low doses of the test com-
pound, i.e. ≤1 mg/egg, could be investigated due to strong toxicity. 
Respective follow-up experiments start on Day 9 of egg develop-
ment, i.e. the test compound is applied 24 h later than in the standard 
procedure while sampling remains on Day 11 (see ref. (46)).

For validation purposes, at least two main experiments were 
performed to obtain information on the intra-laboratory reproduci-
bility. For regulatory testing, a study can already be finalised after a 
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clear positive call in the first main experiment. In case a second main 
experiment is performed, the dose spacing is usually modified by 
using a tighter spacing, depending on the outcome of the first main 
experiment.

Protocol
Treatment
On Day 8 of egg development, the eggs were candled to check 
their viability and to mark the air cell. Intact eggs with normal 

development were randomised and allocated to dose and control 
groups. By using curved forceps, a small hole was inserted into the 
eggshell at the blunt end where the air cell is located. The freshly pre-
pared dosing solution was applied through the hole onto the inner 
shell membrane using a pipette. The applied solution was distributed 
homogeneously across the membrane by slightly tilting the egg while 
rotating the egg back and forth along its longitudinal axis. Finally, 
the hole was covered with adhesive tape and the incubation con-
tinued with the egg positioned in an up-right position until blood 
sampling on Day 11 of egg development. During validation the eggs 

Fig. 1.  Overview of HET-MN protocol. (1) Eggs are incubated horizontally during the first days of egg development. (2) On developmental Day 8, eggs are 
candled to mark the position of the air cell and to identify normally developed eggs, which are subjected to experiments. (3) First, a hole is made in the eggshell 
at the blunt end where the air cell is located (see blue marking). (4) Afterwards, the test compound is applied through the hole onto the inner shell membrane. 
(5) The hole is covered with an adhesive tape and (6) the eggs are again placed into the incubator in an up-right position. (7) At the end of the treatment period, 
eggs are opened widely using curved forceps. (8) Warm physiological saline is applied to the inner shell membrane (9) before it is peeled off the chorioallantoic 
membrane. (10) Subsequently, the first big blood vessel is identified and (11) pulled out to be positioned over a plastic strip. It is incised and (12) the first oozing 
blood is discarded (13) before 3–5 µl are sampled and spread on a slide. (14) Slides are stained and randomised (15) before the microscopic analysis of (16) 
MNs in the erythrocytes, which account for ~95% of the cells at that time of embryonic development (52). For details on the protocol, see Section Materials and 
methods.
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were additionally checked for viability on Days 9 and 10; for routine 
testing candling on Days 8 and 11 is regarded as sufficient (Figure 1).

Sampling
On Day 11 of development, eggs were candled and inspected for 
integrity. Six viable eggs per group were opened widely around 
the small hole used for application with curved forceps without 
damaging the inner shell membrane. Any remains of the test com-
pound on the inner shell membrane or other peculiarities were re-
corded and the inner shell membrane was rinsed at least twice with 
warm (25°C) physiological saline. The liquid film could remain on 
the membrane for several minutes to wet the inner eggshell mem-
brane, which could then be easily peeled away from the CAM using 
curved forceps without damaging the CAM vessels. A small incision 
(~1 cm long) in a weakly vascularised region of the CAM gave ac-
cess to the one big blood vessel, i.e. Arteria umbilicalis. A loop of the 
vessel was pulled out and positioned on a plastic strip (e.g. pH strip) 
lying across the rim of the opened eggshell. The vessel was punctured 
using microscissors. The initial oozing blood accumulating on the 
plastic strip was discarded, while the later blood was sampled from 
the vessel opening using a pipette. A sample of 3–5 µl was spread on 
one (unprepared) glass slide. Three slides were prepared per egg; one 
was used for the analysis, two served as back-up (Figure 1).

Slide staining
Slides were air-dried overnight and subjected to a modified 
Pappenheim staining procedure: On a staining rack slides were 
covered for 3  min with 0.4  ml filtered May-Gruenwald solution. 
After adding 0.8 ml disodium citrate buffer (0.1 M; pH 5.2) for not 
longer than 5 min the solution was removed after a metallic gleam 
became visible. Then slides were thoroughly rinsed with aqua DI. 
Subsequently, 2 ml Giemsa working solution [3.8 ml filtered Giemsa 
solution mixed with 36 ml disodium citrate buffer (0.1 M; pH 5.2) 
for 18 slides] was applied for 20 min. The slides were thoroughly 
rinsed with aqua DI for 10 min, which also enabled a swelling of 
cells, and then air-dried. The last two steps can optionally be per-
formed in staining dishes. Finally, slides were incubated in xylol 
for 20 min and mounted with cover slips using a quick-hardening 
mounting medium for microscopy.

Slide analysis
Before analysis, slides were randomised and coded to prevent 
operator bias. Analysis was harmonised among laboratories taking 
published standards into consideration (32,50,51). Using 100× ob-
jective with immersion oil, 1000 cells per egg (i.e. 1000 cells per slide) 
were analysed for the presence of MNs in more than 20 different re-
gions of interest, in which the cells were well spread (see Figures 1 
and 2). MNs were only considered for determining the genotoxic 
damage if they appeared in polychromatic and normochromatic 
erythrocytes (PCE and NCE, see below). Their appearance in other 
cell types or the occurrence of other cellular and nuclear effects was 
recorded and considered as alert parameters. To facilitate a transfer 
of the assay, an overview of the blood cell types, guidance on MN 
evaluation including a description of other cellular and nuclear ab-
errations is given below.

Cell types
Erythrocytes represent the vast majority of blood cells on Day 11 of 
egg development. Two different lineages can be observed, i.e. primi-
tive and definitive erythrocytes, which are subdivided in different 

maturation stages. The processes during maturation apply to both 
lineages and are linked to an increasing haemoglobin concentration 
in the cytoplasm mediating a stronger affinity to acidic (eosinophilic) 
stains. In parallel, the affinity to basophilic stains declines due to a 
decrease in mRNAs and ribosomes in the cytoplasm. This causes the 
normochromatic appearance (52).

Definitive erythrocytes
Between Day 8 and Day 11 both blood volume and the erythrocyte 
number increase exponentially (35,36), the latter being mainly rep-
resented by definitive erythrocytes: They start to appear on Day 5 
in the blood with a life span of 5–6 days (36). Between Day 8 and 
Day 11 they are mainly recruited from blood islands dispersed in the 
yolk sac membrane, which are surrounded by epithelial cells, which 
possess the metabolic capacity (33,34). This makes the egg at this de-
velopmental stage a high proliferative and very sensitive test system.

Several maturation stages of definite erythrocytes can be ob-
served during slide analysis (32,51,52). (i) Erythroblasts, immature 
cells, appear only sporadically, having a greater size than all other 
blood cells. They have an irregular but mainly round cell shape with 
a large nucleus containing loosely packed chromatin (Supplementary 
Figure S1D–F). (ii) PCE are subdivided into early (Supplementary 
Figure S1G–I), middle (Supplementary Figure S1J–L) and late cells 
(Supplementary Figure S1M–O). During PCE maturation, the cell 
shape changes from round to oval and the nucleus evolves to a more 
compact structure. (iii) NCE represent the mature type of the defini-
tive erythrocytes. They are oval shaped and normally have a round, 
centrally located (pyknotic) nucleus and show a smaller nucleus-to-
cytoplasm ratio compared to PCE (Supplementary Figure S1S–U). 
PCE and NCE are the cells to be analysed for the presence of MNs.

Primitive erythrocytes
Prior to the occurrence of PCE and NCE, primitive erythrocytes (E1; 
Supplementary Figure S1A–C) develop from 36 h until Day 7 of egg 
development with a life span of 8 days (17,36). In consequence, only 
mature non-dividing primitive erythrocytes exist between Days 8 and 
11 (32), which are therefore not considered for MN analysis. They 
can be distinguished from definitive erythrocytes by a larger and 
rounder shape and the smaller nucleus-to-cytoplasm ratio (36,52).

Fig. 2.  Typical cell-type profile for erythrocytes on Day 11 of incubation. The 
selected region of interest shows different types of blood cells normally 
appearing on Day 11: (1) NCE, (1*) NCE with MN, (2) PCE and (3) E1. (Olympus 
light microscope, 100× objective, immersion oil.)
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Additional cell types
In rare cases thrombocytes and granular leukocytes can be ob-
served (Supplementary Figure S1V–X) (36,51,52). The cytoplasm 
of the granular leukocytes shown here has a pale blue colour and 
may contain brightly red granules. The cells can widely vary in size 
with an irregular shape and possess a segmented nucleus (51,52). 
Thrombocytes can occur alone or sticking together in groups and are 
identified by their small size.

Criteria for scoring MNs
PCE and NCE were analysed regarding the presence of MNs ac-
cording to published standards (17,50,53). A MN was identified 
based on its three-dimensionality and similarity to the main cell 
nucleus in terms of morphology, staining characteristics and tex-
ture. The size of a MN did not exceed one-third of the cell nucleus’ 
size from which it was clearly separated, and the MNs were round 
to oval shaped (52). Cells with MNs were not further differen-
tiated in respect to the number of MNs per cell (Supplementary 
Figure S2).

Alert parameters
Beside the appearance of MNs, other nuclear or cellular effects can 
be observed, which may possibly be related to the bioavailability 
of test compounds. Those effects were recorded as alert parameters 
(31,52) but were not taken into account during evaluation and to 
describe the genotoxic damage of a test compound. They are briefly 

described in the supplementing data to complete the blood picture 
description (Supplementary Figure S3).

Evaluation of data
Two read-out parameters are generated with HET-MN experiments: 
egg viability and MN frequency. The viability (%) in a dose or con-
trol group was calculated based on the number of viable eggs at the 
end of the experiment on Day 11 in comparison to the number on 
Day 8 (Figure 3A–D). To calculate the MN frequency (‰), 1000 
cells (sum of PCE and NCE only) per egg (i.e. in total 6000 cells of 
six eggs per group) were analysed for the presence of MNs (Figure 
3E–H). This experimental design used (i.e. six eggs per dose group, 
scoring of 1000 cells per egg) was confirmed (54).

Data processing
To prepare the statistical evaluation of data, individual MN counts 
(per 1000 cells per egg) were subjected to a Freeman–Tukey (FT) 
root transformation (55) to ensure variance homogeneity across 
dose groups (54) and to address a statistically important point 
arising from the presence of over-dispersed near-to-zero counts in 
the SC and in dose groups in the absence of genotoxic effects. The 
FT-transformed value z was calculated from an individual MN count 
x as

z =
√
x+

√
x+ 1

Fig. 3.  Read-out parameters of the HET-MN assay. Example data for three substances from three laboratories showing the egg viability, the MN rate and the PCE/
NCE ratio in relation to the treatment, including a SC, three-to-four dose groups, and a PC. The number of eggs used to determine the egg viability is indicated. 
The raw data (six samples per group) are shown for the MN rate and the PCE/NCE ratio. Note. The PCE/NCE ratio is calculated as the quotient r = [percentage of 
polychromatic erythrocytes]/[percentage of normochromatic erythrocytes (including E1)] (31).
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The FT transformation is directly applied to the count raw data, i.e. 
before group means are calculated.

Validity of experiments
The validity of experiments as a prerequisite for statistical evaluation 
was determined on the following four criteria. (i) The experiment 
followed the pre-defined experimental design, i.e. SC, PC and at least 
three dose groups of the test compound, with six eggs per group and 
1000 cells scored per egg. (ii) The viability of control groups and 

three dose groups on Day 11 should be ≥40% (Figure 4A). (iii) For 
the FT-transformed MN frequency, the mean of the concurrent SC 
(mcSC) should be equal to or lower than the mean of the historical SC 
(mhSC) plus two times of standard deviation (sdhSC) (mcSC ≤ mhSC + 2 
sdhSC; Table 1 and Supplementary Table S1; Figure 4A–C). The mean 
of the concurrent PC (mcPC) needed to be equal to or higher than 
the mean of the historical positive control (mhPC) minus two times 
the standard deviation (sdhPC) (mcPC ≥ mhPC – 2 sdhPC; Table 1 and 
Supplementary Table S1; Figure 4A–C). (iv) The bioavailability of 

Fig. 4.  Acceptance and statistical evaluation of test results. Upper row: FT-transformed MN rate (large open circles; left axis) and egg viability (triangles; right 
axis) in relation to the treatment, including a SC, several dose levels and a PC. Filled triangles indicate viabilities below 40%. MN data are given as mean ± 
standard deviation. Dotted horizontal lines refer to the MN rate and indicate the upper acceptance limit for the SC, the threshold for a positive call and the lower 
acceptance limit for the PC. MN data were tested for an increase above the threshold (Th) and for a linear trend using the JT test (prediction model 1, PM1). MN 
data were also analysed using the UW procedure (PM2). Finally, the result of the expert judgement (EJ) is indicated. For each test, a positive outcome is indicated 
by a crossed check box. The filled (individual or linked) circles at the bottom indicate single or pooled dose groups for which the UW test indicated a statistically 
significant increase. Lower row: P-values obtained by the one-sided UW test for the comparison of single and pooled dose groups with the SC. Grey colour is 
used for P-values > 0.05. The smallest significant P-value is shown in bold-face type.

Table 1.  Descriptive statistics of the historical control data for the MN rate

Set no. Data from Solvent control (SC) Positive control (PC)

(mhSC ± sdhSC) (mhPC ± sdhPC)

Lab A Lab B Lab C Lab A Lab B Lab C

I Transfer phases 1 + 2 1.65 ± 0.37 1.84 ± 0.33 1.49 ± 0.38 6.58 ± 0.94 5.42 ± 0.96 5.89 ± 0.92
(20) (26) (19) (15) (14) (14)

II Transfer phase 2 and validation phase 1 1.65 ± 0.39 1.73 ± 0.30 1.71 ± 0.25 6.40 ± 1.41 5.08 ± 0.55 5.63 ± 1.01
(23) (20) (24) (23) (12) (19)

III Transfer phases 1 + 2 and validation phases 1–4 1.67 ± 0.35 1.81 ± 0.38 1.60 ± 0.28 6.45 ± 1.20 5.30 ± 0.91 5.68 ± 0.79
(52) (70) (76) (51) (50) (68)

Data are given as mean ± standard deviation (FT-transformed scale) with the sample size given in parentheses.
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the test compound was either demonstrated by a dose-dependent de-
crease in viability or by an increase in MN frequency (Figure 4A–C). 
In the absence of these indicative effects, it is recommended to take 
samples from e.g. blood and/or allantoic fluid to prove the bioavail-
ability of the parent compound, either directly or from the presence 
of possible metabolites (17,35,56).

Following the approach of Wolf et al. (30), historical control data 
for the PCE/NCE ratio, i.e. the ratio of polychromatic (immature) 
erythrocytes to normochromatic (mature) cells reflecting prolifer-
ation, were collected during the validation study (Supplementary 
Figure S4) to support the establishment of the HET-MN in other 
laboratories. The mean levels of the historical SC and PC differed 
somewhat between laboratories (Supplementary Figure S4). The 
testing of more than 30 compounds showed the PCE/NCE ratio to be 
very stable, and only merely changing even under dosing conditions 
leading to strong general toxicity (Figure 3I–L), thus confirming pre-
vious results of Wolf, Greywe and colleagues (17,29–31,52). Since 
this parameter turned out to be largely insensitive to the different 
treatments, the PCE/NCE ratio was considered as not sufficiently 
sensitive and therefore not being appropriate to monitor the bio-
availability of test compounds. The evaluation therefore focussed 
on egg viability and MN frequency, which proved to be sensitive in 
terms of general toxicity and genotoxic damage, and thus sufficient 
for demonstrating bioavailability.

Statistical analysis of experiments
The data of valid experiments were analysed by two prediction 
models. The first prediction model (PM1) checked the exceedance of 
a pre-defined threshold; i.e. the mean of the historical negative control 
(mhSC) plus four times the standard deviation (sdhSC) (Supplementary 
Table S1). In addition, the Jonckheere–Terpstra (JT) test was used to 
check for a dose-dependent, monotone increase at a significance level 
of 0.025 (Figure 4). The latter is of special relevance in case of mod-
erate increases, which do not exceed the pre-defined threshold. The 
outcome of PM1 was positive if the threshold was exceeded and/or 
if the JT test indicated a statistically significant increase (Figure 4C: 
JT test with P-value of 0.0004). PM1 was adopted from Greywe 
et  al. (31) with three modifications: The model was applied to 
FT-transformed (instead of untransformed) data, the threshold was 
based on taking four (instead of three) times the standard deviation 
and the JT test used a significance level of 0.025 (instead of 0.05). 
The latter two modifications were implemented during the transfer 
phase to further reduce the number of misclassifications.

The second prediction model (PM2) used the one-sided Umbrella–
Williams (UW) test, which is able to detect additional types of dose–
response curves as it compares single as well as pooled dose groups 
against the SC (significance level: 0.05) (Figure 4) (54). Specifically, 
the UW test integrates a test for any increase in individual treatment 
levels (Dunnett procedure) with a test for an increasing trend against 
the control (standard Williams procedure) that is additionally pro-
tected against downturn effects at high doses. The outcome of PM2 
was positive if at least one of the individual comparisons signalised 
a statistically significant increase (Figure 4).

The statistical analysis was carried out in the statistical com-
puting environment R (57) by use of the R packages multcomp (58) 
and coin (59). The R package lattice (60) was used to generate the 
graphical figures.

Criteria for a positive call for experiments and studies
HET-MN data were fed into a prediction model to obtain a stat-
istically based decision about the test outcome (positive or nega-
tive). The validation exercise used two prediction models (PM1 and 

PM2) in an attempt to identify the model with the best predictive 
performance. The statistically based test outcome was then sub-
jected to an expert judgement, which took the biological relevance 
of effects into account. Specifically, the expert judgement checked 
whether the observed MN frequency increased above the historical 
control range, whether the increase showed a dose dependency and 
whether the effect occurred without critical reduction in viability 
(Figure 4). That means that the expert judgement could overrule 
the prediction-model decision if the response was not biologically 
relevant.

A positive call in the first experiment needed to be confirmed 
in a second experiment by demonstrating the reproducibility of 
the effect. A  confirmatory result made the final call for the entire 
study positive. Specific criteria were established for dealing with dis-
cordant experiments. For example, a positive call in the first experi-
ment was sufficient to consider the entire study as positive even if 
the second experiment was negative. A  specific case is that of an 
increase (statistically significant and/or above threshold) in a single 
dose group without dose dependency. Such an experiment would be 
generally judged as not biologically relevant. However, if this effect 
is reproducible in the second experiment, the final call for the study 
would be positive.

Criteria for negative test results
A test result was considered negative if the experiment was valid, 
the criteria for a positive test result were not fulfilled and the bio-
availability of the test compound was shown. That means that the 
dose groups did not show a biologically relevant increase in MN 
frequency across different experiments.

A negative result has to be critically scrutinised if at least one 
of the following alert parameters applies (31,52): anaemic effects, 
necrotic alterations or sealing effects of the CAM, test compound 
residues on the egg membrane, an increase of E1 (i.e. primitive 
erythrocytes), an increased proportion of cells in metaphase or a 
higher frequency of nuclear defects (e.g. budding, binucleated or 
multi-nucleated cells, nuclear aberration).

In case the obtained data did not provide sufficient information 
for a final call, the study was considered equivocal and a follow-up 
testing was required.

Results and discussion

Following the development of the HET-MN as an assay in 
genotoxicity testing by using the MN frequency as read-out par-
ameter (17,28–30), an inter-laboratory trial was subsequently con-
ducted to confirm the initial results (31). The obtained data were 
promising and triggered the further investigation of the HET-MN 
in a validation study with three participating laboratories. As this 
was the first validation study in the field of genotoxicity applying 
chicken eggs the performance of the test system is elucidated in the 
following. The results of the validation study are presented else-
where (see ref. (46)).

Historical control data sets
After the first inter-laboratory trial the HET-MN was transferred to 
two test-naïve laboratories prior to the validation exercise. During 
the first transfer phase SC and PC were tested for implementing the 
assay in each laboratory. The second transfer phase included a first 
analysis of three test compounds shared blinded (data not shown). 
Afterwards more than 30 test compounds were being tested double-
blinded in three laboratories (see ref. (46)). All valid data sets were 
collected for establishing a historical control data set.
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During the transfer phases and the initial validation phase (val-
idation phase 1), 7,12-dimethylbenz[a]antracene (DMBA) had been 
used as PC (0.04 mg DMBA in 50 µl IPM/egg) in experiments with 
test compounds formulated in IPM (Supplementary Table S1). In 
two out of three participating laboratories the viability of DMBA-
treated control eggs was notably reduced (in exceptional cases to 
40%) in comparison to CP-treated control eggs (data not shown; 
see ref. (46)). Because of these viability issues, and since the use of 
the same solvent for both PC and test compounds is not requested 
in genotoxicity testing, DMBA was excluded as PC during the later 
validation phase 1.  In the following phases of the validation exer-
cise only CP served as PC and remains the recommended PC (see 
Section Main experiments with dosing regime).

The historical SC mainly relies on data generated with aqua DI and 
IPM. These solvents are recommended with first priority for HET-MN 
experiments whereas methanol, acetone and pure DMSO turned out 
to be unsuitable as they induced local effects and/or could be toxic 
at higher concentrations (see also refs (17,30,46)). The use of diluted 
DMSO and ethanol is still advised (see Section Solubility study), but 
these SC data are not included in the historical SC data set due to the 
limited number of samples obtained during the validation exercise.

Figure 5 summarises the historical data for mean MN frequen-
cies in the PC (only CP) and SC (only aqua DI, IPM and ethanol) as 
obtained by the three participating laboratories during the transfer 
and validation phases. For a given set of historical control data, the 
overall means of the historical SC (mhSC) and the historical PC (mhPC) 
as well as the corresponding standard deviations (sdhSC, sdhPC) were 
calculated. Table 1 provides the descriptive statistics for two sets of 
historical control data from different study phases (Set No. I and II, 
blue-shaded and orange-shaded 2-sigma range in Figure 5) and for 
the final set after finishing the validation exercise (Set No. III, not 
coloured in Figure 5), which includes all data for SC and PC.

The data of Set No. I  (blue-shaded areas in Figure 5) were 
obtained in the transfer phases 1 and 2, and data of Set No. II 
(orange-shaded areas in Figure 5) in transfer phase 2 and validation 
phase 1. There was some overlap in the data of both sets, and con-
sequently in the blue-shaded and orange-shaded areas in Figure 5, 
because the data from transfer phase 2 were included in both Set No. 
I and Set No. II. Set No. III comprised the data from all phases (up 
to validation phase 4). The sample size is lower for the PC since data 

obtained with DMBA (instead of CP) were excluded. Additionally, 
the sample size of Set No. III for Lab A is lower than those for the 
other laboratories because Lab A did not participate in the valid-
ation phase 4.

The descriptive statistics of the historical control data for the SC 
and PC (Table 1) were used to derive acceptance criteria and effect 
thresholds for the different study phases (Figure 5, Supplementary 
Table S1). The acceptance criteria comprised the upper limit for the 
concurrent SC and the lower limit for the concurrent PC (visualised 
as blue-shaded and orange-shaded areas in Figure 5). For example, 
Set II determined the lab-specific upper limit for the SC at 2.33 for 
Lab B (Supplementary Table S1) that is equivalent with the upper 
border of the lower orange-shaded area in Figure 5. The acceptance 
criteria and threshold for a treatment-related increase are also pre-
sented in the example data in Figure 4.

Figure 5 indicates that across the different study phases, the ac-
ceptance criteria and thresholds as derived from the historical SC 
and PC were generally quite stable but are influenced by the sample 
size. The range of the acceptance criterion for PC was clearly separ-
ated from the low background MN frequency of the SC. In Lab B, 
e.g. the acceptance criterion for SC at 2.33 in Set No. II was lower 
than in Set No. I  and Set No. III (2.50 and 2.57; Supplementary 
Table S1) due to the smaller variation of SC data as indicated by the 
orange-shaded 2-sigma range. Differences of Set No. I and Set No. 
II may also be caused by initial training and learning effects during 
the transfer phase. Lab-specific differences in acceptance criteria and 
thresholds, being consistent across the study phases, support the de-
cision for deriving lab-specific rather than general criteria, as recom-
mended in OECD TG 487 (8).

The acceptance criteria and thresholds of Set No. I were applied 
to the evaluation of test compounds in transfer phase 2 and valid-
ation phase 1. Those of Set No. II were applied in validation phases 
2–4, the main part of the validation study regarding the number of 
analysed test compounds in Lab B and Lab C (Supplementary Table 
S1). Based on the acceptance criteria the experiments were evaluated 
in order to determine their validity (see Section Validity of experi-
ments). In case, e.g. the effect in the PC was not large enough to 
exceed the acceptance limit, the experiment had to be repeated. The 
evaluation of experiments during the validation phases 1–4 is pre-
sented and discussed in Reisinger et al. (46).

Fig. 5.  Historical control data for the MN rate. Diamond and circle symbols represent the means of the PC and SC of individual runs as obtained by the three 
participating laboratories. Data are shown as FT-transformed values. The blue-shaded and orange-shaded areas indicate two-sigma ranges (i.e. mean ± 2 SD) for 
two subsets of historical control data, which were used to establish acceptance and threshold criteria for the different phases of the validation.
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The final data set, i.e. Set No. III, consists of all historical data 
for mean MN frequencies in the SC (only aqua DI, IPM and ethanol) 
and PC (only CP) during the transfer and validation phases. The 
data include a range of possible sources of variation such as seasonal 
effects on the test system (higher temperature during egg delivery in 
summer), change of the egg supplier or the training of new evalu-
ators. Hence, as a final result the Set No. III of the validation study 
with three laboratories can be used as guidance for future HET-MN 
studies.

Evaluation of the two prediction models used
The HET-MN validation used two prediction models in an at-
tempt to identify the model with the best predictive performance. 
The first prediction model (PM1) checked the HET-MN data for 
the exceedance of a pre-defined threshold (derived from historical 
SC data) and for a dose-dependent increase by using the JT test. 
The second prediction model (PM2) used the one-sided UW test to 
compare single as well as pooled dose groups against the concurrent 
SC (54). The UW procedure integrates a test for any increase in indi-
vidual dose groups with a test for an increasing trend against the SC 
that is additionally protected against downturn effects at high doses.

In the HET-MN validation, 34 test compounds were tested in 
123 experiments (for results and detailed discussion, please refer to 

Reisinger et  al. (46)). They comprised 16 true positives (TPs), 11 
misleading positives (MPs) and 7 true negatives (TNs). For 107 
experiments (of 30 test compounds), the two integral procedures 
of PM1 and the UW procedure of PM2 gave concordant results, 
meaning that the respective outcomes were either all negative (77 
experiments) or all positive (32 experiments). Discordant outcomes 
were obtained for 14 cases, comprising 13 experiments with TPs 
and 1 experiment with a MP. There was no case involving TNs. The 
overrepresentation of TPs among the experiments with discordant 
outcomes indicates a differential sensitivity of the three procedures 
in detecting certain TP test compounds. The experiments with dis-
cordant outcomes (Figure 6) were used to critically evaluate the 
procedures implemented in PM1 and PM2 in order to arrive at a 
recommendation on the best prediction model.

Several classes of response patterns/profiles were identified to be 
associated with discordant outcomes among the three procedures. 
This included sub-threshold increases as well as non-linear increases 
with, e.g. plateau shapes or umbrella-like profiles (Figure 6). Another 
cause for a discordant outcome was experiments where the response 
in the SC was above the acceptance range.

Sub-threshold increases were detected by the JT test (part of 
PM1) and/or the UW test (PM2) (Figure 6A–H). Almost all of these 
response patterns occurred in experiments with TPs. This suggests a 

Fig. 6.  Experiments with discordant prediction-model outcomes. The FT-transformed MN rate (circles; left axis) and the egg viability (triangles; right axis) are 
given in relation to the different treatments. Filled triangles indicate viabilities below 40%. MN data are given as mean ± standard deviation and as raw data 
(small cross symbols). Dotted horizontal lines refer to the MN rate and indicate the upper acceptance limit for the negative control (SC), the threshold for a 
positive call and the lower acceptance limit for the PC. MN data were tested for an increase above the threshold (Th) and for a linear trend using the JT test 
(prediction model 1, PM1). MN data were also analysed using the UW procedure (PM2). Finally, the result of the expert judgement (EJ) is indicated. For each test, 
a positive outcome is indicated by a crossed check box. Filled (individual or linked) circles above the x-axis indicate single or pooled-dose groups for which PM2 
indicated a statistically significant increase; circles with a black outline indicate single or pooled dose groups with the smallest significant P value.
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certain insensitivity of the threshold procedure being the other part 
of PM1. This PM1 threshold is a stringent one, implying a very low 
probability for an exceedance by chance. It was calculated from his-
torical SC data from the mean plus four times the standard devi-
ation. The decision to base the threshold on four times the standard 
deviation, instead of three times (see ref. (31)), was made at a very 
early stage of the validation exercise in an attempt to reduce the 
false-positive rate. Indeed, the probability to generate a ‘false alarm’, 
by exceeding the 4-sigma threshold by chance, is very low. For a nor-
mally distributed response variable and an experimental design with 
four dose groups, the probability of threshold exceedance by at least 
one dose group is 0.0001. False-positive rate reduction is usually 
gained at the expense of reduced sensitivity. For PM1, however, the 
reduced sensitivity of the threshold procedure turned out to be com-
pensated by inclusion of the JT trend test, which was able to recog-
nise sub-threshold increases (Figure 6A and B). It is to be noted that 
also the UW test could serve this compensatory function if combined 
with the threshold procedure. There were two cases, where the posi-
tive outcome of the JT trend test was overruled by expert judgement 
as the sub-threshold increase was only slight and not reproducible in 
follow-up experiments (Figure 6G and H).

In experiments with sub-threshold increases involving TP com-
pounds, the UW test showed comparable linear trend detection and 
additionally recognised umbrella-like profiles, which the JT trend 
test failed to detect (Figure 6C). The UW test also recognised sub-
threshold increases in single dose groups, which were overruled by 
expert judgement as being not biologically relevant due to the lack of 
dose dependency (Figures 6D–F). This concerned experiments with 
TPs and a MP.

There were two experiments with above-threshold increases 
where the UW test failed to detect an increase in the dose groups 
(Figure 6I and J). This was because of an elevated MN frequency in 
the SC against which the response in the dose groups is compared 
to. In both cases, the response in the SC was above the acceptance 
range. The experiments were nevertheless considered valid with ref-
erence to recommendations given in OECD TG 489 (9) (please refer 
to Reisinger et al. (46)).

In four experiments with plateau-shaped increases above the 
threshold, the JT test outcome was negative (Figure 6K–N). This 
failure is to be expected since the JT test is only able to detect near-
to-linear increases. The UW test flagged all responses. It seems 
surprising that the JT test was unable to even detect the extreme 
increase above the SC in case of Etoposide (Figure 6N). However, 
this behaviour results from the fact the JT test is a non-parametric 
procedure that uses the ranks of the data rather than the data them-
selves. As a consequence, the extreme quantitative differences be-
tween the responses in the treatment groups and the SC are shrunk 
to rank differences.

To summarise, the procedures implemented in PM1 and PM2 
have certain weaknesses and strengths. The chosen trigger level of 
the threshold procedure implicates a certain insensitivity, which, 
however, is compensated in PM1 by combining the threshold pro-
cedure with the JT trend test. The JT test is able to detect near-to-
linear increases but it fails in case of plateau shapes or umbrella-like 
profiles, which can have a biological relevance. As a non-parametric, 
rank-based test, it also fails to detect the extreme increase above the 
SC. The UW test of PM2 exhibits valuable diagnostic properties to 
detect increases in individual doses, a monotone trend or a trend 
up to a peak point. Increases in individual dose groups relative to 
the concurrent SC could be a source of overprediction. However, 

spurious responses such as in the lowest or intermediate dose group 
would then be overruled by a well-founded expert judgement, which 
takes the biological relevance into account. Information on the his-
torical SC range is essential for assessing the biological relevance.

Against the background of the identified weaknesses and 
strengths, the question arises which of the two prediction models 
is to be recommended for future HET-MN studies. The above crit-
ical evaluation, however, suggests a third option, which is a revised 
prediction model that combines the threshold procedure with the 
UW test. By benefiting from the superior trend detection capabil-
ities of the UW test, the proposed prediction model is able to detect 
TP compounds, which induce shallow and/or non-linear increases 
in MN frequency. And by benefiting from threshold mechanism, the 
proposed prediction model is able to put statistically significant, sub-
threshold increases in individual dose groups into the perspective of 
biological relevance.

Conclusions

During the last years the HET-MN was developed and performed 
in different laboratories with the focus on evaluating the general 
performance characteristics and the predictivity of this assay. These 
initial studies showed a good intra- and inter-laboratory reproduci-
bility as well as promising results concerning the predictivity. Within 
the scope of the validation exercise the strengths and weaknesses of 
the HET-MN were further evaluated and discussed.

The fertilised chicken egg is a highly complex biological system, 
which is assumed to be physiologically closer to the in vivo situ-
ation than the 2D cell systems, which are classically used in in vitro 
genotoxicity testing. The reflection of particular steps of ADME and 
the intrinsic metabolic capacity of the developing egg are the major 
advantages in comparison to classical cell culture systems.

Since the chicken egg as biological system can show variations 
between laboratories like other test systems used for in vitro 
genotoxicity assays, lab-specific acceptance criteria and thresholds 
are recommended over general criteria, which is in line with pro-
visions in OECD TG 487 (8). For the historical control database 
and, thus, for the threshold for a treatment-related increase (derived 
from historical SC data), the sample size and the biological variation 
within the selected database are decisive.

Two prediction models were thoroughly evaluated for the best 
predictive performance within the scope of the validation exercise. 
The first prediction model (PM1) combined a threshold procedure 
with the JT test for dose-dependent increases. The second predic-
tion model (PM2) used the one-sided UW test to compare single 
and pooled dose groups against the concurrent SC; this procedure 
integrates a test for any increase in individual dose groups with a test 
for an increasing trend against the SC that is additionally protected 
against downturn effects at high doses, a feature of umbrella-like 
profiles. The evaluation identified a weakness in PM1 in respect to 
the identification of TP compounds with shallow and/or non-linear 
increases in MN frequency. As a result of this critical evaluation, a 
revised prediction model is suggested that combines the threshold 
procedure with the UW test. By benefiting from the superior trend 
detection capabilities of the UW test, the proposed prediction 
model is able to detect TP compounds, which induce shallow and/
or non-linear increases in MN frequency. And by benefiting from 
threshold mechanism, the proposed prediction model is able to put 
statistically significant, sub-threshold increases in individual dose 
groups into the perspective of biological relevance.
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The open communication of the detailed protocol and the histor-
ical control data as well as the publication of the validation results 
may support the regulatory acceptance of the HET-MN.

Supplementary data

Supplementary data are available at Mutagenesis Online.
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