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Abstract

van der Voet et al. (2011) describe statistical methodology that the European Food Safety Authority expects an
applicant to adopt when making a GM crop regulatory submission. Key to their proposed methodology is the
inclusion of reference varieties in the experimental design to provide a measure of natural variation amongst
commercially grown crops. While taking proper account of natural variation amongst commercial varieties in the
safety assessment of GM plants makes good sense, the methodology described by the authors is shown here to
be fundamentally flawed and consequently cannot be considered fit for purpose in its current form.

Background
As the authors mention, van der Voet et al (2011) [1] is
based on the European Food Safety Authority (EFSA)’s
“Scientific Opinion on Statistical considerations for the
safety evaluation of GMOs” [2] published on 1st February
2010. The latter is the most recent version of a series of
documents going back to June 2008 that detail the statisti-
cal methodology that EFSA expects an applicant to adopt
when making a GM crop regulatory submission. During
this period, EFSA has addressed some of the concerns that
applicants have conveyed to them about the proposed
methodology, but several of the most fundamental con-
cerns have not been addressed and are present in the
paper under discussion.

Key Concerns
Failure to take proper account of interactions in the
statistical model
In a typical study for which the methodology is being
proposed, replicated plots of GM plants, a conventional
comparator and a number of reference varieties are laid
out as a randomised complete block design at each of a
number of different sites. Given this design, and adopting

the term “Genotype” to represent the complete list of test
entries (i.e. GMO, conventional comparator and refer-
ence varieties), the basic linear mixed model structure is
as follows:

Yijk = Mean + Sitei + Blockij + Genotypek + SitexGenotypeik + eijk. (1)

where i, j and k are the indices for site, block within
site, and genotype respectively, Yijk is the observed
response at site i, block j for genotype k, SitexGenotypeik
is the interaction between site and genotype, and eijk is
residual plot error. To embrace the authors’ proposals it
is necessary to partition some of the above terms into
separate components but the basic structure still applies.
For example, and as the authors explain, Genotype is
separated into GenotypeGroup (a three-level fixed factor
distinguishing GMO, comparator and the group of refer-
ence varieties as a whole) and Genotype-within-Genoty-
peGroup (a random factor representing genetic variation
in the reference population). Partitioning the interaction
between site and genotype into the corresponding com-
ponents is the logical next step, supported by the argu-
ment that interaction with site may be different among
the test entries than among reference varieties.
Crucially, the authors choose not to include any interac-
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interactions from the model has led to fundamentally
flawed procedures.
To illustrate the importance of accounting for interac-

tions, we first focus on the test comparing GMO and
comparator means. By neglecting to include any terms
for interaction in their model, the difference test pro-
posed by the authors will always be based on an error
term that includes all potential sources of interaction, as
well as plot effects, with correspondingly large degrees of
freedom. The consequence of this is not the same in all
cases and instead depends on the relative sizes of the var-
ious sub-components of the site × genotype interaction.
For example, in the not unrealistic situation in which
both the site × test entry interaction and the site × refer-
ence variety interaction are non-zero and of broadly simi-
lar magnitude, the error term will be underestimated and
the associated degrees of freedom will be far too high. As
a consequence, the false positive error rate will tend to
be higher than the nominal rate indicated and the confi-
dence interval for the difference between means will be
too narrow. Certain other arrangements will result in the
proposed difference test being unduly conservative. In
fact, the only situation for which the proposed difference
test will behave as intended is when there are, in reality,
no interactions whatsoever with site.
To illustrate the effect of ignoring interactions on the

behaviour of the proposed difference test we conducted a
small simulation exercise, details of which are given in the
Methods section. For simplicity, data were generated
under the basic model structure in equation (1) with a sin-
gle component to represent the entire site × genotype
interaction. This implicitly assumes that the magnitude of
the site × test entry interaction is the same as the site ×
reference variety interaction, and while this may be a
somewhat special case, the example is sufficient to demon-
strate that, in general, the proposed methodology does not
perform as intended.
Within the general framework of the difference test,

taking proper account of the site × test entry interaction
is not difficult conceptually, nor would it be difficult to
implement in practice if the reference varieties were
simply omitted from the analysis. Within the authors’
specified framework, however, we have yet to find a way
of adapting their SAS code that will result in the right
degrees of freedom in all cases for even the most
straightforward of EFSA-inspired experimental designs
in which all test entries and reference varieties are
included at all locations. (A design, incidentally, that
would not be practicable on cost grounds). Conversely,
how to take proper account of interactions with site in
the authors’ proposed tests of equivalence is concep-
tually far less obvious but clearly no less important. For
example, should equivalence intervals reflect the fact
that reference varieties are likely to perform differently

at different locations? The way interactions are handled
will have a direct bearing on the various standard errors
and intervals that are central to the equivalence testing
procedures and hence on the outcome of such tests.
There are other aspects of the proposed tests of equiva-
lence that give cause for concern but it is impossible to
evaluate these properly until the issue of interactions
has been resolved.
We therefore fail to see how the proposed tests of dif-

ference and equivalence can be regarded as being fit for
purpose until the issue of interactions with site has been
adequately addressed, and our opinion is that this must
be clarified before any such methodology becomes a regu-
latory requirement. We also question the value of trying
to evaluate the statistical properties of the proposed
methodology prior to this, noting that the authors’ simu-
lation studies that purport to establish validity of their
methods were performed under a model that implicitly
assumes that all potential interactions are non-existent.
Whether a valid and workable solution that takes proper
account of interactions actually exists within the authors’
proposed framework is uncertain.
Whilst the authors make it clear that, in their opinion

“The primary objective for an average difference/equiva-
lence approach is neither the identification of possible
interactions nor per site (per year) evaluation,” this does
not in any way lessen the need to partition the sums of
squares and degrees of freedom in a way that is consis-
tent with the design structure. The fact that the authors
later choose to include site and interaction terms as fixed
effects to check for consistency over sites is largely irrele-
vant here in that it does not address the need to take
proper account of interactions in the main difference and
equivalence tests. This approach is also questionable
given that sites were originally specified as random
effects. Furthermore, the way in which interactions with
site are handled has the potential to impact on the suit-
ability of different experimental design options, which is
of particular concern to companies that are required to
implement the proposed methodology. While EFSA’s
Scientific Opinion document proposes that different
reference varieties can be grown at different sites, it is
currently unclear which of the possible design options
will allow the necessary statistics to be generated when
interactions between site and the various genotype sub-
groups are included in the model.
Irrespective of the specific technical concerns raised

above, we see the whole process as extremely convoluted
and by no means intuitive. With regard to the authors’
proposed equivalence tests, comparisons with traditional
equivalence testing are not very helpful in this respect
because, with a traditional equivalence test, the focus is on
whether the difference between two specific treatments is
less than some pre-specified amount whereas here the
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focus is on the difference between GMO and some
hypothetical population of non-GM varieties. This is dis-
cussed in more detail by Herman et al (2010) [3].

Other key concerns
Under the current proposals, the thresholds for the tests of
equivalence are entirely study-specific, being totally depen-
dent on the precise set of reference varieties that happened
to be included. This being the case, the situation could
easily arise in which two different submissions with very
similar profiles in terms of GMO, comparator, environ-
ments and levels of residual variation could result in very
different overall conclusions simply because the respective
sets of reference varieties led to very different sets of
equivalence limits. Yet this would clearly be inappropriate
because both sets of reference varieties are intended to
estimate exactly the same thing, i.e. the true spread of
responses amongst the entire population of non-GM vari-
eties with a history of safe use grown under identical
environments as the test entries. In practice, this problem
will be exacerbated by the fact that applicants’ access to a
diverse range of varieties is often restricted. The need for a
level playing field should surely be a key requirement of
any regulatory process, and the idea of establishing a com-
mon set of equivalence limits should be seriously consid-
ered, either based on historical data or, if necessary, based
on data from new studies set up specifically for this
purpose.
We see no scientific justification for changing the

Type I error rate associated with the difference test
from the customary 5% level to 10%, as proposed.

Conclusions
Taking proper account of natural variation amongst
commercial varieties in the safety assessment of GM
plants makes good sense, but unfortunately the metho-
dology described in van der Voet et al (2011) is seriously
flawed and cannot be considered fit for purpose in its
current form. Of immediate concern is the need to
address the issue of interactions with site. With regard to
the difference test, this is not a problem conceptually but
implementation remains a challenge currently. With
regard to the proposed tests of equivalence, the authors
need to firstly explain how they believe interactions
should be incorporated conceptually and then demon-
strate that this can actually be achieved in practice. Given
that the way in which interactions with site are handled
will likely impact on the suitability of different experi-
mental design options, absence of this information makes
trial planning difficult for those who are expected to
implement this methodology.
Even if the issues with interactions are resolved, the

suitability of the proposed methodology remains doubt-
ful given that the thresholds for the tests of equivalence

would still be entirely study-specific (i.e. similar compo-
sition results for a new GM crop could be considered
equivalent to the non-GM reference population in one
study, and non-equivalent in the next based on the arbi-
trary sets of reference varieties chosen).
The issues at stake here go far beyond academic inter-

est. They are central to the GM crop regulatory process
within the EU because EFSA has made clear that it now
expects applicants to adopt this methodology.

Methods
Simulation to investigate properties of the difference test
when site × genotype interaction is taken into account
In keeping with van der Voet et al. (2011), data were
considered on the log scale. For simplicity, data were
generated under the basic model structure in equation

(1) with a single component, σ 2
SitexGenotype , to represent

the entire site × genotype interaction. Values of the
other parameters of the model were identical to those in
van der Voet et al. (2011), with the exception of μGMO

where a different spacing was used (i.e. μGMO = 0, 0.02,
0.05, 0.07, 0.1, ..., 0.25) to better display the power
curves in question. Results were generated for three

levels of interaction. The first case, σ 2
SitexGenotype = 0 , is

equivalent to the situation assumed by van der Voet
et al. (2011) to generate the power curve of the differ-

ence test in their Figure Two. Values of σ 2
SitexGenotype in

the second and third cases are based on a survey of pro-
prietary compositional data for non-GM varieties from
trials on three crops (corn, soybean and canola) with at
least 70 analytes per crop, leading us to set the interac-
tion variance to be either half the size of the genotype
variance for simulation case 2, or equal to the genotype
variance for case 3. The statistical analysis and differ-
ence test performed on each of the 1000 data sets gen-
erated for each set of parameter values followed the
method exactly as proposed by van der Voet et al.
(2011). Results are presented in Figure 1.
Empirical estimates of power for the zero-interaction

case agree closely with values for the difference test read
from Figure Two in van der Voet et al. (2011). In the
presence of a site × genotype interaction, however,
results are markedly different. Most importantly, in the
null situation where μGMO = μControl, the rejection rate
(i.e. false positive error rate) of the difference test is
unacceptably high. For tests of significance at the nom-
inal 0.1 level, the estimated rejection rates ± standard
error are 0.29 ± 0.014 and 0.36 ± 0.015, when

σ 2
SitexGenotype is 0.5x and 1x the magnitude of σ 2

Genotype ,

respectively. In practice, the actual false positive error
rate would depend on the relative sizes of the various
sub-components of site × genotype interaction.
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Response
By Hilko van der Voet, Joe N. Perry, Billy Amzal, Clau-
dia Paoletti
Emails: Hilko van der Voet, hilko.vandervoet@wur.nl;

Joe N Perry, joe.perry@rothamsted.ac.uk; Billy Amzal,
Billy.Amzal@la-ser.com; Claudia Paoletti, Claudia.PAO-
LETTI@efsa.europa.eu
The comments of Ward et al. on our paper (1) illustrate

the importance of taking account of natural variability to
an appropriate safety assessment for a GM plant. In our
response, we will first focus on areas of agreement, then
areas of disagreement, and end with issues requiring clari-
fication or further development. We will not discuss
experimental design here, as our paper was restricted to a
model for statistical analysis, and explicitly excluded a dis-
cussion or definite proposals for experimental design
(1, see p.2).

Areas of agreement
Ward et al. agree with us that “taking proper account of
natural variation amongst commercial varieties (geno-
types) in the safety assessment of GM plants makes good
sense”. Ward et al. do not express any explicit disagree-
ment with the general form of statistical modelling, using
linear mixed models for appropriately transformed out-
comes, where the GM genotype is compared to appropri-
ate comparator and reference varieties. The approach
taken by van der Voet et al. (1), that partitions differences
between the GM plant, comparator and reference vari-
eties (i.e. the overall genotype variation) into separate

components, differs from previous statistical assessment
methods in which the variance component between
reference varieties was not estimated (e.g. [4-6]). We
agree with Ward et al.’s statement that “partitioning the
interaction between site and genotype into the corre-
sponding components is the logical next step, supported
by the argument that interaction with site may be differ-
ent among the test entries than among reference
varieties”.
van der Voet et al. (1) is based on the longer EFSA

reportpublished in 2010 (2). EFSA (2) makes clear in
two separate sections that analysis “should allow for the
possibility of checking for possible site-specific effects,
i.e. genotype × site interactions” and that details should
be given of the “results of any [such] test of interaction
between the test materials and sites”. We agree with
Ward et al. that it is necessary to take “proper account
of interactions in the statistical model”, and that there is
a “need to address the issue of interactions with site”.
Whereas our paper did not focus primarily on the issue
of interaction, in the Discussion section we referred to
individual (site) equivalence as an alternative to average
equivalence, and stated that “In the linear mixed model
approach the genotype by environment interaction
would have to be estimated”. Also, while restricting the
main analysis in the paper to a model without interac-
tion, we gave a simple example of how “the site by gen-
otype interaction can be investigated” and reported 8
out of 53 analytes to have a significant (p < 0.05) geno-
type by environment interaction (1, p. 19). The code for
this analysis was published as supplementary material
(available at http://www.efsa.europa.eu/en/scdocs/doc/
1250ax2.pdf) to the longer report (2) on which the
paper was based. We also agree that “the way interac-
tions are handled will have a direct bearing on the var-
ious standard errors and intervals that are central to the
equivalence testing procedures and hence on the out-
come of such tests” and that the interaction term should
be partitioned into sub-contrasts “in a way that is con-
sistent with the design structure”. However, we did not
specify how subsequent tests of equivalence should be
performed if interactions were found, because this
requires careful consideration, in general and on a case-
by-case basis (see below).
We also agree that interaction will have a different

effect on interpretation depending on which specific con-
trasts are significant, as Ward et al. stated: “interaction
with site may be different among the test entries than
among reference varieties.” Hence, it is unsurprising that,
by analogy with the simulations in our paper, Ward et al.
show that when there is actually a single overall interac-
tion variance component present, the false positive rate
of the difference test from a model without interaction
will be too high and the power of the test diminishes.

Figure 1 Estimated power of the difference test assuming
different levels of site × genotype interaction: (a) no interaction,
consistent with van der Voet et al. (2011), (b) interaction variance
set to be half the size of the genotype variance, (c) interaction
variance set to be equal to the genotype variance.
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Such a result is expected because the structure of the
simulated data differs from that of the model used for
analysis.

Areas of disagreement
Ward et al. present two key concerns, on which we do
not agree. Below we respond to each of these concerns.

Interactions in the statistical model
Ward et al. state that the issue of interaction with site
“must be clarified before (their italics) any such metho-
dology [using tests of difference and equivalence]
becomes a regulatory requirement”. Their critique is that
the role of interactions in equivalence testing used for
GM plant risk assessment is not yet fully elaborated.
First, this critique is misdirected because we acknowl-
edged this same fact already in our paper, e.g. where we
wrote (1): “However, the consequences for safety assess-
ment are still unclear, for example would it be possible to
declare a GMO equivalent in some environments and
not in others?”. Therefore, the approach in our paper
should be considered as a system within which both sim-
ple and more complex analyses may be explored. The
provision of a difference test, used traditionally, remains;
the addition of an equivalence test provides a robust fra-
mework to allow for a proper quantification of natural
variation.
Second, adding interactions to the linear mixed model

is technically not complex, and we have presented results
from a simple model with interaction in our paper. But
exactly how to interpret equivalence in the presence of
significant interaction requires careful consideration, in
general and on a case-by-case basis. It depends for exam-
ple upon the question whether the investigators are seek-
ing to show equivalence regionally or across all sites, the
design of the experiment, the degree to which sites and
reference varieties are orthogonal in the design, the form
of the statistical mixed model and the variation expressed
by the components of the interaction. We therefore do
not agree with Ward et al. that proposals for handling
difference and equivalence tests, setting equivalence lim-
its based on observed natural variation, and displaying
the combined results in a graphical form should be
deferred “until the issue of interactions has been
resolved”.
Ward et al., referring to Herman et al. [3], reject the

derivation of our proposed equivalence test claiming that
“with a traditional equivalence test, the focus is on
whether the difference between two specific treatments is
less than some pre-specified amount whereas here the
focus is on the difference between GMO and some
hypothetical population [our italics] of non-GM vari-
eties”. Indeed. it was exactly this change of focus that led
us to construct a linear mixed model in which the

variance within the population of non-GM varieties (Vg)
is included explicitly in the baseline variation when set-
ting equivalence limits (see for example equations 3b and
3d in our paper, for a simple balanced case). In this way,
we modified the traditional equivalence test for cases
where the reference is a population, rather than a simple
treatment. (It may be that Ward et al. have partly been
misled in their judgment by an error in our paper which
unfortunately occurred outside our control during the
final phase of publishing. We corrected this almost
immediately by a comment which accompanies the paper
on the BMC Biotechnology website, but take the opportu-
nity to reproduce it here again, officially: “In the section
Methods, subsection Linear mixed models, there is a
numbered list summarizing the appropriate calculations
for performing the difference and equivalence tests.
Under numbers 2 and 4 in this list, the first argument of
the lsd function in the equations for the confidence limits
should be GR instead of GC.” (1, p. 16)).
The choice for treating site as a random or fixed effect

was deliberately left open in the Methods section of the
paper (1, p 15, “depending on the details of the experimen-
tal design”) and reflects the flexibility emphasised and
described also in EFSA (2). For the specific example we
chose to consider site as a random factor. However, we
fitted an interaction model involving site as a fixed factor,
for the purpose of presenting tables with site-specific
means. We did this in GenStat, but it should also be no
problem in other statistical packages. This formulation
produced the intended division of degrees of freedom,
with 3 df for the genotype × environment interaction of
two genotypes (GMO and comparator) and 4 sites. In any
event, the resulting Wald statistic for the interaction is the
same, whether site is taken random or fixed.

Study-dependent limits of equivalence
Ward et al. consider the use of study-specific equivalence
limits as doubtful. An alternative is to have equivalence
limits fixed before the study. Equivalence testing using
fixed equivalence limits was indeed used by Oberdoerfer
et al. [7]. However, Hothorn and Oberdoerfer [8] later
described this fixed value method as rigid and not reflect-
ing the difference in variability between analytes, and
stated (p. 131) that “In practice, the best approach is the
definition of component-specific safety ranges propor-
tional to the component-specific variance of the non-
transgenic concurrent control grown in the same field
trials”. Ward et al. prefer “a common set of equivalence
limits, either based on historical data or, if necessary,
based on data from new studies set up specifically for
this purpose.” Firstly, historic data such as that in the
ILSI database, to which they refer, give no information
concerning natural variation, or the design of the experi-
ments from which values are derived, or the possible
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correlations between endpoints. Furthermore, no statisti-
cal use of the data is possible because there is no infor-
mation in the database that allows the separation of
environmental from genotypic variation. And, whilst we
agree with Ward et al. that treatment effects may vary
across sites, the logical consequence of this is that only
data obtained concurrently from reference varieties ran-
domized in the same experiment as the test genotypes
can supply the requisite baseline data for comparison of
the GM genotype that accounts for natural variation
between sites. The Ward et al. position is therefore logi-
cally inconsistent with the agreed need to take “proper
account of natural variation amongst commercial vari-
eties and test materials”. Secondly, if it is unnecessary to
include reference varieties concurrently in the same
experiment, as Ward et al. imply, why is it the case that,
for at least the last ten years, reference varieties have
been included in experiments for compositional trials
(see, for example, [9-11] for a review)? Thirdly, the
approach cited by Ward et al. of Herman et al. [3] is
unacceptable: it fails to identify environmental variation
or to separate it from genotypic variation, and would
make it easier to prove equivalence between genotypes in
small datasets.
We disagree with the claim of Ward et al. concerning

different overall conclusions for GM plants with similar
profiles. It is a fundamental tenet of statistical theory that
different outcomes occur under replication of the experi-
ment, just by chance. However, this alone provides no
support to their claim, unless supplemented by additional
evidence, which they fail to provide. We think that equiva-
lence limits should be based on the best data available,
derived from specific experiments designed to provide the
appropriate information. If such studies are done with suf-
ficient scientific rigour, the inevitable statistical fluctua-
tions are not an objection for a proper use of study-
specific limits.
In summary, we do not agree with Ward et al. that the

methodology described in our paper is either “flawed” or
“unfit for purpose”.

Areas requiring clarification or further
development
In line with EFSA (2), in our paper the “focus is on easily
understood cases” but in which it is implicit that “the sta-
tistical approaches presented ... should be adapted in
more complex situations”. However, in such complex
situations there remains the issue concerning how to
interpret equivalence tests if interactions are found. The
implementation of the proposed approach over time will
allow a robust evaluation of the applicability of our meth-
odology to the full range of cases where significant geno-
type × environment interactions are found. Specifically,
this will result in the development of the interpretation

of equivalence tests in such cases. Indeed, it might well
prove illuminating to present and compare analyses
based on models including and excluding genotype ×
environment interactions. This would in effect encom-
pass a form of sensitivity analysis that would answer
some of the issues of robustness raised by Ward et al.
Our paper raised a related issue: namely, “would it be

possible to declare a GMO equivalent in some environ-
ments and not in others?” This might certainly be a rea-
sonable conclusion to draw from analyses in which
significant interactions are demonstrated. One possibility
for further analysis might be to perform the difference
and equivalence tests separately for subdivisions of the
sites such that no large interaction is found within each
subdivision.
We miss in the comments of Ward et al. any construc-

tive proposal for how to perform the safety assessment.
Criticising an approach is sometimes useful, but much
could be learned by trying to integrate the good aspects
of different points of view. Further collaboration between
statisticians and scientists confronted with these issues
would be very helpful to further progress the science
behind GMO risk assessment.
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