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Abstract

The Classical Twin Method (CTM) compares the similarity of monozygotic (MZ) twins with that of dizygotic (DZ) twins to
make inferences about the relative importance of genes and environment in the etiology of individual differences. The design
has been applied to thousands of traits across the biomedical, behavioral and social sciences and is arguably the most widely
used natural experiment known to science. The fundamental assumption of the CTM is that trait relevant environmental
covariation within MZ pairs is the same as that found within DZ pairs, so that zygosity differences in within-pair variance
must be due to genetic factors uncontaminated by the environment. This equal environments assumption (EEA) has been, and
still is hotly contested, and has been mentioned as a possible contributing factor to the missing heritability conundrum. In
this manuscript, we introduce a new model for testing the EEA, which we call the Augmented Classical Twin Design which
uses identity by descent (IBD) sharing between DZ twin pairs to estimate separate environmental variance components for
MZ and DZ twin pairs, and provides a test of whether these are equal. We show through simulation that given large samples
of DZ twin pairs, the model provides unbiased estimates of variance components and valid tests of the EEA under strong
assumptions (e.g. no epistatic variance, IBD sharing in DZ twins estimated accurately etc.) which may not hold in reality.
Sample sizes in excess of 50,000 DZ twin pairs with genome-wide genetic data are likely to be required in order to detect
substantial violations of the EEA with moderate power. Consequently, we recommend that the Augmented Classical Twin
Design only be applied to datasets with very large numbers of DZ twin pairs (> 50,000 DZ twin pairs), and given the strong
assumptions relating to the absence of epistatic variance, appropriate caution be exercised regarding interpretation of the
results.

Keywords Twin studies - Equal environment assumption - Heritability - Identity by descent

Edited by Elizabeth Prom-Wormley.

P< David M. Evans 4 Department of Psychiatry, Virginia Institute for Psychiatric

d.evansl @uq.edu.au and Behavioral Genetics, Virginia Commonwealth
University, Richmond, VA, USA

1 . . . . .
The University of Queensland Diamantina Institute, The 5 . . . . N .
University of Queensland, Level 7, 37 Kent St, Brisbane, MRC Integrative Epidemiology Unit, University of Bristol,

K Bristol, UK
Australia
6 . .

5 QIMR Berghofer Medical Research Institute, Brisbane, Tra‘nslla.tlonal Research Institute, Woolloongabba, QLD 4102,

Australia Australia

School of Biomedical Science, Institute of Health
and Biomedical Innovation, Faculty of Health, Queensland
University of Technology (QUT), Brisbane, Australia

Published online: 13 February 2021 @ Springer


http://orcid.org/0000-0003-0663-4621
http://crossmark.crossref.org/dialog/?doi=10.1007/s10519-021-10044-0&domain=pdf

Behavior Genetics

Introduction

The CTM design relies on the fundamental assump-
tion that trait relevant environmental covariation within
monozygotic (MZ) pairs is the same as that found within
dizygotic (DZ) pairs-so that zygosity differences in twin
covariances must be due to genetic factors and uncontami-
nated by the environment. This assumption is termed the
Equal Environment Assumption (EEA) (Evans and Martin
2000). However, several studies have shown that MZ twins
do, in fact, experience more similar environments than DZ
twins. As children this may take the form of being dressed
alike, sharing the same room, friends and classes (Loehlin
and Nichols 1976). Among adults, MZ twins may cohabit
more frequently or live nearer together, potentially increas-
ing their sharing of environmental factors. However, where
measures of environmental similarity have been made,
they rarely associate with pair similarities for outcome
traits of interest such as personality or psychiatric disor-
ders (Hettema et al. 1995; Kendler et al. 1993a, b; Loe-
hlin and Nichols 1976). Despite this lack of association
between measured treatment similarity and resemblance
for other traits, some still claim that the EEA has been vio-
lated, and that this may be why heritability estimates from
CTM studies appear to be larger than those estimated from
genomic data. This discrepancy-termed ‘missing heritabil-
ity’ (Maher 2008) is one reason that the EEA is one of the
most debated subjects within behavior genetics.

Several early studies set out to test the EEA and con-
cluded, at least for personality, cognitive and psychiatric
traits, that the assumption of equal environments seems to
stand up well to empirical testing (for reviews see Kendler
et al. (1993a, b) and Heath et al. (1989)). Two key observa-
tions resulted from early testing of the EEA, the first, that
differences in environments between MZ and DZ twins
pairs do not appear to bias twin studies and cause inflated
heritability estimates unless this greater similarity of expe-
rience is etiologically important for the trait under study
(Heath et al. 1989; Plomin et al. 1976). Second, the more
similar environments that MZ twins experience may in
fact be a result of them actively selecting or creating more
similar responses from their environment, in which case
their increased environmental similarity is a form of gene-
environment correlation and not a violation of the EEA
(Kendler et al. 1993a, b; Lytton 1977). Indeed the EEA
is only violated when MZ twins are passive recipients of
more similar environments than DZ twin pairs (Heath et al.
1989). It should also be noted that greater social inter-
action between MZ pairs than between DZ pairs would
(given that some genetic variation is present as well) lead
to greater total phenotypic variation in MZ than DZ pairs
(Eaves 1976). Substantial effects of this type would lead
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to poor fit of the usual ACE model, and would usually
be detected in preliminary analyses to test whether twins’
means and variances differ by zygosity. Again, empirical
evidence for such differences is scant; parental ratings of
their children’s activity levels is one example, though this
may be due to parents’ rating style differences rather than
to sibling interaction (Bartels et al. 2004).

One of the key questions arising from early studies’
testing of the EEA was whether increased environmen-
tal similarity led to an increased phenotypic concordance
between twins or whether excess environmental similarity
can be attributed to their genetic identity. For instance, more
similar twin pairs may choose to have more frequent social
contact, or, on the other hand, more frequent social contact
may lead to greater similarity — a question that could be
resolved using longitudinal data. Kendler et al. (1993a, b)
found that similarity of childhood environment or contact as
adults was unrelated to similarity in panic disorder between
twins while Posner et al. (1996) showed that attitude simi-
larity leads to contact and that similarity is both genetically
and environmentally based. Genetic predisposition to select
particular environments, with consequent greater MZ than
DZ environmental similarity, does not constitute a violation
of the EEA. Rather mechanisms, whereby an individual’s
(genetically influenced) phenotype impacts their environ-
ment, which then feeds back and influences aspects of that
same individual’s phenotype, underlie the concept of the
“Extended Phenotype” as described by Dawkins (1982).

Other studies made use of mistaken zygosity diagnosis to
test the EEA. If parents treat MZ twins more similarly than
DZ twins based on the preconceived notion that MZ twins
are more similar than DZ twins, then trait similarity should
be a function of perceived zygosity (Gunderson et al. 2006;
Scarr 1968). However, the results from several studies found
that misperceived zygosity by twin parents had no significant
influence on twin resemblance for several psychiatric disor-
ders (Kendler et al. 1993a, b, 1994). In fact, these identical
twins who are thought to be fraternal remain as concordant
as MZ twins raised by parents who treated them as identical
(Kendler et al. 1993a, b).

Researchers have continued to debate into the 21st cen-
tury whether or not the equal environment assumption is
valid (Conley et al. 2013; Felson 2014; Fosse et al. 2015;
Joseph 1998, 2014), leading to several new study designs to
directly test the EEA. These included advancements on the
stratification approach (where twin similarity is tested as a
function of cohabitation or amount of social contact) (Eaves
et al. 2003; Eriksson et al. 2006; LoParo and Waldman 2014)
and the misclassified twin design (Conley et al. 2013), mul-
tivariate data modelling (Derks et al. 2006), the Children
of Twins design (Koenig et al. 2010) and exploratory and
confirmatory factor analysis (Mitchell et al. 2007). Results
across approaches and datasets have generally supported the
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validity of the EEA for a range of traits including external-
izing disorders, political attitudes, cognitive and psychiat-
ric phenotypes. Some studies reported EEA violations in a
small percentage of variables tested. However, the authors
concluded that the violations’ impact on heritability esti-
mates was small and was unlikely to seriously invalidate
their results (Barnes et al. 2014; Felson 2014; Littvay 2012).

While all of the studies cited so far have tested the EEA
using environmental similarity between twin pairs after
birth, a remaining criticism of the EEA is the assumption
that the pre-natal environment of twins is equal. It has been
alleged that the circumstances of MZ twin gestation (par-
ticularly whether twins are mono- or di-chorionic) may
mean that some diseases are more common in MZ than DZ
twins (Martin et al. 1997; Phillips 1993). While early studies
showed no clear consensus in either direction (Christensen
et al. 1995; van den Oord et al. 1995), a 2016 study con-
cluded that the influence of the intrauterine prenatal environ-
ment on the MZ twin correlations is small and limited to a
few phenotypes (Van Beijsterveldt et al. 2016).

Lastly, recent advances in genotyping technologies and
methodologies have given rise to studies that lend weight to
the generalizability of estimates from twin studies when they
are extended to include non-twin participants. Early on, the
‘Virginia 30,000 studies, which included both twins and rel-
atives (parents, siblings, spouses and children) found that the
estimates of total genetic and environmental variances were
very similar to those estimates solely from twin data (Maes
et al. 1997; Truett et al. 1994). Furthermore, in a study
using only sibling pairs, Visscher et al (Visscher et al. 2006)
conducted an ‘assumption free’ estimation of heritability
using identity-by-descent to estimate phenotypic similarity
between sibling pairs. They found that the estimated herit-
ability for height was 0.8, consistent with that estimated by
previous twin studies using the CTM. In a genetic study of
cardiac conduction traits, Nolte et al. (2017) compared her-
itability estimates obtained using the classical twin design
with those obtained using genetic restricted maximum likeli-
hood (G-REML) analysis (Yang et al. 2011) of the same data
(Nolte et al. 2017). For the G-REML analyses, the authors
estimated genetic variance components using two genetic
relationship matrices- the first consisting of average genome-
wide identity by state between all pairwise combinations
of individuals in the dataset, and the second containing the
same information but setting the relevant matrix element to
zero for any pair of individuals who were not closely related
(i.e. those pairs of individuals with the genome-wide propor-
tion of alleles identical by state <5 %). Using this method,
the combined variance explained by both genetic relatedness
matrices divided by the phenotypic variance is equal to the
narrow sense heritability of the trait under study and impor-
tantly doesn’t depend on the EEA (Zaitlen et al. 2013). The
authors found that for most traits there was little difference

in heritability estimates between the classical twin design
and the G-REML analyses, which they interpreted as evi-
dence that the EEA was likely to hold for the majority of
these traits.

In the following manuscript we introduce a new method
to test the validity of the EEA under strong assumptions with
respect to trait etiology and the quality of genetic informa-
tion available for modeling the genomic similarity between
the DZ twin pairs (i.e. no epistatic variance, IBD sharing in
DZ twins estimated accurately etc.). Our model uses IBD
sharing in DZ twin pairs to estimate heritability and liberate
degrees of freedom for estimating separate variance compo-
nents for MZ and DZ twins. The model builds upon seminal
work by Peter Visscher and Nick Martin who were first to
estimate heritability in sibling pairs by modelling trait simi-
larity between sibling pairs as a function of genome-wide
IBD sharing (Visscher et al. 2006). The new model also has
an advantage over many previous methods of testing the
EEA in that no specific measures of environmental similarity
need to be quantified and correlated with twin similarity, as
all environmental factors relevant to the trait under study are
tested implicitly in the model. Better still, it quantifies and
controls for the effects of possible EEA failures.

Methods
Model Formulation

Our idea is to enhance the CTM by incorporating empiri-
cal genome-wide IBD sharing between DZ twins into the
model in order to detect possible violations of the EEA.
Variation in IBD sharing between DZ twin pairs alone can
be used to estimate narrow sense heritability (Visscher et al.
20006). Estimation in this context is achieved by modelling
DZ phenotypic pair similarity as a function of genome-wide
IBD sharing. The intuition is that, if a trait is genetically
influenced, then DZ pairs who share a greater proportion of
their genome IBD, should also be more phenotypically simi-
lar. Assuming that IBD sharing between randomly selected
DZ twin pairs is independent of the environment, estimates
of narrow sense heritability derived from DZ pairs alone
should be insensitive to violations of the EEA. This contrasts
with heritability estimates derived from the CTM where
increased environmental similarity in MZ pairs is expected
to increase their correlation relative to DZ pairs (and hence
mimic genetic effects). Thus, the inclusion of IBD informa-
tion from DZ twin pairs in the CTM to estimate additive
genetic contributions means that information from the twin
phenotypic variances, and MZ and DZ intra-pair covariances
can now be used to estimate additional parameters, including
(under certain assumptions described more in detail below)
whether the degree of environmental sharing differs between
MZ and DZ twin pairs. We call this modification to the CTM
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the “Augmented Classical Twin Design” (Fig. 1, Supple-
mentary Fig. 1).

In this article, we examine the performance of the Aug-
mented Classical Twin Design and its ability to detect viola-
tions of the EEA. In Fig. 1, twin phenotypes are modelled
as a function of latent additive genetic (A), common envi-
ronmental (C) and unique environmental (E) factors. Under
this model, and according to standard biometrical genetics
theory, the covariance between latent additive genetic factors
in MZ twins is fixed to V,, whilst the covariance between
latent additive genetic factors in DZ pairs is set to
7; X Vp, where 7, is defined as the estimated proportion of
alleles shared IBD across the genome for the ith DZ pair. 7
can be estimated empirically using genome-wide microsat-
ellite data or genome-wide SNP data from microarrays in
DZ twin pairs with or without parents. 7; can be estimated
using a variety of software programs, but importantly must
include contributions from the X chromosome as well as
the autosomes (i.e. since X chromosomal loci contribute to
heritability their effect must also be modelled) (Manichaikul

et al. 2010). The covariance between common environmen-
tal factors is fixed to V¢ \z and V¢ py across MZ and DZ
twin pairs respectively, and the correlation between unique
environmental factors is fixed to zero. Separate common
environmental (V¢ vz, V¢ pz) and unique environmental
variance components (Vg vz, Vg pz) are estimated in MZ
and DZ twins, with the constraint that the total environmen-
tal variance across MZ and DZ pairs is equal (i.e. V¢ 7
+ Vg mz = Ve pz + Vi pz)- A possible test of the EEA
assumption under this formulation is whether the magni-
tudes of the common and unique environmental variance
components can be equated across MZ and DZ twins (i.e.
Ve mz = Ve pz and Vg iz = Vg py). Note that this com-
parison involves a one degree of freedom test, given that the
model also constrains the total environmental variance to be
equal across MZ and DZ twin pairs.

Before proceeding, we note that an equivalent, although
perhaps more intuitively appealing formulation of this model
is displayed in the Supplementary Fig. 1. Under this model,
phenotypes are modelled as a function of a latent additive

Va Ve mz
MZ Twins: Va Ve mz Ve Mz Va Ve_uz Ve mz
A, C, E, A, C, E,
{ ' \ 11 Va+ Ve mz* Ve mz Va+t Ve mz
COVyy; = - - -
P, P, VatVemz VatVemzt Vewms
TV, Ve pz
Va+Vepr+Vepr,  TVa+Vep
covp, = n
TVa+Vep,  Va+Vepr+ Ve
DZ Twins: Va Ve bz Ve oz Va Ve pz Ve pz
Ay ¢, E, A, C; E,
1 1 1 1 1 1
Py P,

Fig.1 The Augmented Classical Twin Design. Phenotypes for each
twin (P, P,) are modelled as a function of latent additive genetic (A),
common environmental (C) and unique environmental (E) sources of
variation. The variance of each latent variable is estimated and the
path coefficients between the latent and observed variables are con-
strained to one. The additive genetic covariance between MZ twins is
estimated as V, whilst the additive genetic covariance between the ith
DZ twin pair is modelled as a function of their genome-wide propor-
tion of alleles IBD (7;) multiplied by the additive genetic variance.
Common environmental and unique environmental variables in MZ
and DZ twin pairs are allowed to have different variances with the
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constraint that the total environmental variance in MZ and DZ twins
is the same (i.e. Vo vz + Ve Mz = Ve pz + Vi pg)- The expected
phenotypic covariances under the full model for each zygosity are
displayed. Under this formulation, a test of the EEA is whether com-
mon and unique environmental variance components can be con-
strained equal across zygosities. We note that this model is essentially
the same as in Supplementary Fig. 1, but parameterized in a differ-
ent way. Note that the environmental correlation between MZ twins
and between\PZ twins can be estimated p(]))szt-hoc using the formulae:

_MZ ~ _ vC
and 7 p; =

~
T —_———— e ——
E_MZ ™ yC_MZ+VE MZ VC_DZ+VE_DZ
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genetic variable and a single latent environmental variable.
The correlation between latent additive genetic factors in
MZ twins is fixed to one, whilst the correlation between
latent additive genetic factors in DZ pairs is set to 7;,. The
variance of the latent environmental factor is estimated (V),
as well as the correlation between the environmental factors
in MZ (rg ) and DZ twin pairs (rz py). If all environmental
factors are unshared, then r 4, = 1z pz = 0. Conversely, in
the hypothetical (but impossible) situation that all environ-
mental factors were shared amongst twin pairs, then rg ,,, =
rg pz = 1. This parameterization is intuitively appealfng in
that violations of the EEA should manifest as different envi-
ronmental correlations between MZ and DZ twins (note that
most of the time we would expect excess MZ similarity i.e.
rg vz > Te_pz although this may not necessarily be the case
for all phenotypes e.g. perinatal phenotypes where unequal
blastocyst sharing may contribute to differences in MZ twin
pairs (Martin et al. 1997). Conversely, when the EEA is sat-
isfied, then we expect that rg 4, = g pz. It follows then,
that a possible test of the validity of the EEA is whether the
estimated correlation between latent environmental factors
is the same in MZ and DZ twins.

We note, that although these alternative parameterizations
may look different on the surface, they are in fact equivalent
formulations of the same underlying model. Indeed, the cor-
relation between latent environmental factors in MZ and DZ
twin pairs can be estimated post-hoc in the model displayed
in Fig. 1 using the following equations which relate these
quantities to the estimated variance components:

~ Ve vz

EMz= = =< — @))]
Ve vz + Ve vz

~ ﬂ\lc DZ

Epz =~ — 2

However, in this manuscript we only present results for
the model displayed in Fig. 1. This is because we found it to
have superior estimation properties to the alternative formu-
lation (Supplementary Fig. 1) in our simulated data. Briefly,
the model in Fig. 1 permits negative variance components
whereas the other model forces variances to be positive
which can result in estimation difficulties in some situations.

Finally, we build intuition for why parameters in the Aug-
mented Classical Twin Design are identified. Information
on estimating the additive genetic variance component pre-
dominantly comes from differences in DZ pair similarity as
a function of their genome-wide IBD sharing. Given that V,
is identified, it is then possible to uniquely resolve V¢ p; and
Vg pz from the DZ variance and covariance respectively. In
MZ twins, the difference between the MZ covariance and
trait variance is sufficient to identify Vg . Given that V,

is already identified, it follows that V¢ \;, can be identi-
fied from the difference between the MZ covariance and V,,.
Thus, it follows that all parameters are identified, and the
model as a whole is identified.

Simulations Investigating Power and Type |
Error

In order to investigate the properties of the Augmented Clas-
sical Twin Design we conducted a series of simulations.
Phenotypic values for the ith twin pair (P;, P,;) were gen-
erated as a function of additive genetic and environmental
variables:

P ,=axA;+exEy;.

Py, =axA,; + exE,;.

Additive genetic variables (A;, A,) were drawn from a
bivariate normal distribution with mean zero and variance
one in which the correlation was set to one in the case of
MZ twin pairs and 7, for the ith DZ twin pair (see below).
Environmental variables (E;, E,) were drawn from a second,
independent, bivariate normal distribution with mean zero
and variance one where the correlation was set to rg ,, in
the case of MZ twin pairs and rg _p in the case of DZ twin
pairs. The genome-wide proportion of alleles shared IBD
in DZ twin pairs was modelled by sampling from a random
normal distribution with mean=0.5 and standard devia-
tion=0.039. These parameter values represent asymptotic
values derived from quantitative genetics theory, although
empirical estimates of these quantities obtained from real
studies involving genome-wide panels of microsatellite
markers show remarkable concordance with the theo-
retical expectations (Visscher et al. 2006). Given that the
information content of dense genome-wide SNP microar-
rays is greater than traditional microsatellite panels (John
et al. 2004), we would expect that 7 estimates derived from
genome-wide SNP data would yield similar distributions.
Trait heritability was varied across simulations by modifying
the value of the path coefficients a and e so that the additive
genetic variance (V, = a?), and environmental variance (V
= ¢) also changed with the constraint that V, + Vg = 1.

We initially investigated four combinations of sample size
(20,000 MZ and 20,000 DZ pairs; 20,000 MZ and 50,000
DZ pairs; 50,000 MZ and 20,000 DZ pairs; 50,000 MZ and
50,000 DZ pairs) and three conditions corresponding to
traits with low, moderate or high heritability (V, = 0.2, Vg
=0.8; V, =0.5, Vg =0.5; V, =0.8, Vg = 0.2). Within each
of these twelve conditions, we varied the variance explained
by common and unique environmental sources of variation
in MZ and DZ twin pairs, with the constraint that Vi 7
was always > V¢ p7. Following our initial simulations which
suggested that results might be relatively insensitive to the
number of MZ twin pairs in the analysis, we investigated
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three additional conditions related to sample size (i.e. 20,000
DZ pairs along with either 100 MZ pairs, 1,000 MZ pairs or
10,000 MZ pairs).

We fitted the full model to the simulated data. In all cases
variance components were estimated without constraining
their values to be positive. We also fitted a nested sub-model
where the environmental variance components were con-
strained equal between MZ and DZ twins (i.e. V¢ yz =
Ve pzand Vg 7z = Vg py). The difference in fit between full
and nested sub-models was evaluated against a chi-square
distribution with one degree of freedom. We performed
1,000 replicates for each condition and calculated mean
parameter estimates, standard errors, and Type I error rates/
power across the replicates. All simulations were conducted
in R statistical software using the software package OpenMx
(Neale et al. 2016). An example script detailing our simula-
tions is included in the Supplementary Materials.

Extension to Include Genetic Dominance

Under our framework, information on potential violations of
the EEA is obtained from the difference between the esti-
mate of the additive genetic variance obtained by modelling
IBD sharing between DZ twin pairs and that obtained from
the MZ and DZ intra-pair correlations. Increased similarity
of MZ twins due to EEA violations are expected to result in
higher heritability estimates from the CTM than those from
studies using IBD sharing in DZ twin pairs. Any process that
makes MZ twins more similar to each other than DZ twins,
would be expected to produce evidence for violation of the
EEA. Such processes would include (but are not limited to)
genetic non-additivity due to dominance and/or epistasis. We
were therefore interested in how the presence of genetic non-
additivity might adversely affect the Augmented Classical
Twin Design, and whether we could assuage its influence by
modelling it appropriately in our framework.

We therefore included a genetic dominance variance com-
ponent (Fig. 2). Our parameterization is exactly the same
as previously, except for the additional dominance variance
component. Under this formulation, the covariance between
dominance genetic factors is set to V, in MZ twins, and
P2 X Vpin DZ twin pairs, where p, ; is the estimated coef-
ficient of dominance variance, defined as the estimated pro-
portion of the genome in which the ith DZ pair shares both
alleles IBD. It has been shown previously that the power to
detect genetic dominance is low using methods that involve
IBD sharing between sibling pairs, in part because 7; and p, ;
are highly correlated, and therefore so are estimates of V,
and Vp, (Dominicus et al. 2006; Visscher et al. 2006). How-
ever, under our model, even though the power to resolve V,
and V may be low, it is possible that the total genetic vari-
ance (i.e. V, + Vp) may be estimated relatively precisely,
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in which case there may still be power to reject violations
of the EEA.

In order to investigate the effect of genetic dominance on
the Augmented Classical Twin Design, we simulated 20,000
MZ and 20,000 DZ twin pairs. Trait values were simulated
as previously described, except for the additional variance
component due to genetic dominance (D):

Pl,=axA;+dxD,;+exE,;.

P2, =axA,; +dxD,; + exE,.

We simulated conditions where additive genetic factors
were responsible for 40 % of the trait variance (V, = a* =
0.4), dominance genetic factors were responsible for 10 % of
the trait variance (Vp = d*> =0.1), and common and/or envi-
ronmental factors the remaining 50 % of the variance. For
each DZ twin pair, the genome-wide proportion of alleles
IBD and the genome-wide coefficient of dominance were

sampled from a bivariate normal distribution with
0.039* 0.00153

0.

m= [0.25 0.00153 0.0442
(correlation between 7 and p = 0.89). These quantities are
based on theoretical estimates of IBD sharing between sib-
lings (Visscher et al. 2006). We analysed fifteen different
combinations of common and unique environmental vari-
ances in the MZ and DZ twins subject to the constraint that
Ve mz was always > V¢ p7).

and covariance matrix X =

Results
Bias and Type | Error Rates

Mean parameter estimates, Type I error rates, and statisti-
cal power for the simulated conditions that don’t involve
genetic dominance are displayed in Supplementary Table 1.
The quantities Vy, Ve vz Ve pzs Vi Mz and Vg py were
estimated with little bias when the full model was fitted to
the data. This implies that even in situations where the EEA
is violated, the Augmented Classical Twin Design returns
asymptotically unbiased estimates of trait heritability and
variance components, provided that strong assumptions
including no genotype-environment covariance, no assorta-
tive mating, no GxE interaction, no epistasis, and bivariate
normality have not been violated. Nevertheless, there was
still substantial sampling variability in the estimated vari-
ance components across sample replicates (i.e. V, V¢ vz,
V¢ pz» and Vg p, although not Vg ), consistent with the
low power to estimate heritability using IBD information in
sibling pairs alone (Visscher et al. 2006), and highlighting
the fact that very large numbers of DZ twins are required
in order to produce precise variance component estimates.
We also examined post-hoc estimates of rg 3, and g p,
calculated using estimates of the variance components via
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Va

MZ Twins:

VC_DZ Ve nz Vepz Vepz
DZ Twins:

Fig.2 Extension of the Augmented Classical Twin Design to Include
Genetic Dominance. Phenotypes for each twin (P, P,) are modelled
as a function of latent additive genetic (A), dominance genetic (D),
common environmental (C) and unique environmental (E) sources
of variation. The variance of each latent variable is estimated and the
path coefficients between the latent and observed variables are con-
strained to one. The additive genetic covariance between MZ twins
is estimated as V, whilst the additive genetic covariance between the
ith DZ twin pair is modelled as a function of their estimated genome-
wide proportion of alleles IBD (i;) multiplied by the additive genetic
variance. The dominance genetic covariance between MZ twins is

Egs. 1 and 2. In general, estimates of rz 3, and rp p, were
downward biased (75, often more so). The magnitude of
the bias was often less for simulated conditions where V,
was low, V¢ 7 and V¢ 7 were high, and the number of DZ
twin pairs was high. Indeed for many of the conditions where
the simulated heritability was high (V, = 0.8) and for a few
where the simulated heritability was moderate (V, = 0.5),
estimates of rg 4, and rg p, were unstable. These conditions
involved replicates where patterns of IBD sharing amongst
the DZ twins implied very high estimates of the additive
genetic variance (i.e. close to one). This resulted in nega-
tive estimates of V¢ 7 (or V¢ p7) in order to be compatible
with the observed phenotypic covariance between MZ (or
DZ) twin pairs. When the estimated unique environmental
component was of similar magnitude (but opposite direc-
tion), the denominator in the formula for r ., and rp p, (see
Egs. 1 and 2) was close to zero, resulting in highly unsta-
ble estimates. Replicates exhibiting these features were rare
for simulations where heritability was moderate (V, = 0.5;
<1 % of replicates) but more common when heritability was

P, Cove = VA+VD+VC_MZ+ VE_MZ VA+VD+VC_MZ
" VA+VD+VC7MZ VA+VD+VC7MZ+VE7MZ

COVp, =

VatVotVe wirtVe vz TV +PVp+Ve o7
Vp+ f’zVD*'Vc_Dz VatVo+Ve vztVe wz

P,

estimated as V|, whilst the dominance genetic covariance between the
ith DZ twin pair is modelled as a function of the estimated proportion
of the genome in which they share both alleles IBD (p, ;) multiplied
by the dominance genetic variance. Common environmental and
unique environmental variables in MZ and DZ twin pairs are allowed
to have different variances with the constraint that the total environ-
mental variance in MZ and DZ twins is the same (i.e. V¢ vz + Vg vz
= V¢ bz + Vi pz)- The expected phenotypic covariances under the
full model for each zygosity are displayed. Under this formulation, a
test of the EEA is whether common and unique environmental vari-
ance components can be constrained equal across zygosities

high (V, = 0.8; up to ~ 10 % of replicates depending on the
condition) in some cases badly skewing average values of
the correlation estimates across simulations. Increasing the
number of DZ pairs in the analysis by an order of magnitude
mitigated this problem (i.e. because the additive genetic var-
iance could be estimated more precisely and so estimates of
the common environmental variance components were less
likely to be negative- data not shown). Importantly though,
Type I error rates for the test of the EEA were appropri-
ate across all conditions, including those where post-hoc
estimates of ry > and ry p, were biased (Supplementary
Tables 1 and 2).

Statistical Power

Interestingly, the power to detect violations of the EEA was
relatively insensitive to the number of MZ twin pairs in the
analysis for the range of conditions that we examined. This
is highlighted in Fig. 3, which shows that even relatively few
MZ twins (e.g. 100 MZ pairs) produced almost the same
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power as much larger numbers. The number of DZ twin
pairs is the more critical consideration. Figure 4 illustrates
the effect of modifying the environmental similarity in MZ
and DZ twins on Type I error rates and statistical power.
To assist in interpretation, we present these results showing
the two equivalent ways of thinking about environmental

sharing (i.e. showing V¢ 7 and V¢ p; or alternatively and
equivalently, showing rg 4, and rg p7). Unsurprisingly
power to detect violations of the EEA increases with increas-
ing number of DZ twin pairs, increasing difference between
rg yz and rg pz, and increasing proportion of the variance
due to V.
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Fig. 3 Effect of modifying the environmental similarity between MZ
and DZ twins on Type I error rates and statistical power for different
numbers of MZ twins. We simulated phenotypic values for twin pairs
as a function of additive genetic (V,) and environmental (Vi) vari-
ables with varying environmental similarities for varying numbers of
MZ pairs and a fixed number of 20,000 DZ pairs (1,000 rounds of
simulation for each condition). Power to detect violations of the equal
environment assumption (EEA) was estimated by comparing the

model fits between the constrained model (V¢ vz = V¢ pz) and the
unconstrained model and counting the proportion of replicates where
this achieved significance (p<0.05). To assist in interpretability of
the results we label the x-axis using both the proportion of shared
environmental variance for MZ (V¢ ) and DZ twins (V¢ py), and
also (equivalently), the environmental correlations between MZ and
DZ twins (7g yz» 7 pz)
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Fig.4 Effect of modifying the environmental similarity between
MZ and DZ twins on Type I error rates and statistical power. We
simulated phenotypic values for twin pairs as a function of additive
genetic (V,) and environmental (Vi) variables with varying environ-
mental similarities for four combinations of sample size (1000 rounds
of simulation for each condition). Power to detect violations of the
equal environment assumption (EEA) was estimated by compar-
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ing the model fits between the constrained model (V¢ vz = Ve py)
and the unconstrained model and counting the proportion of repli-
cates where this achieved significance (p<0.05). To assist in inter-
pretability of the results we label the x-axis using both the propor-
tion of shared environmental variance for MZ (V¢ yz) and DZ twins
(V¢ pz)» and also (equivalently), the posthoc environmental correla-
tions between MZ and DZ twins (7 47, 7 py)
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In interpreting these simulations, it is useful to consider
how they relate to the proportion of variance explained by
genetic factors that would have been estimated had an ordi-
nary ACE/ADE model been fitted to the data instead (i.e.
and would therefore contribute to missing heritability if the
ordinary ACE/ADE model was used incorrectly to estimate
trait heritability). We can examine this by subtracting the
proportion of genetic variance expected under a reduced
ACE (or ADE) model from the true simulated values. Let Vp
represent the phenotypic variance, COV,,, the phenotypic
covariance between MZ pairs, and COVyy, the phenotypic
covariance between DZ pairs. Under the reduced model, and
when the COVy;, <=2 x COVp, (as would be expected for
a trait with A C and E variance components), the estimated
additive genetic variance has expectation:

E(V,)=2COVy, - 2COVy,, =2(V, + Ve yip) - 2(4V4 +
Vepz)=Va+2Ve mz—2Ve pz

The difference in the proportion of variance explained by
genetic factors can then be calculated as:

E<VA> ~Va _ 2Vemz=2Vepy
Vs v,

When the COV), > 2 X COV,, (consistent with an ADE
model, as long as COVy;, <=4 X COVyp,):
E(V,)=4COVy,, — COVyy, = 4(%2V, + Ve py) — (V4 +
Ve mz)=Va+4Ve pz = Ve vz
and:

E(/VD) =2(COVyz —2COVpy)=2[V, + V¢ iz — 2(2V,
+ Ve p2)1=2Ve vz =4V pz-

The difference in the proportion of variance explained by
genetic factors can then be calculated as:

E(f/A> +EWV,) -V,
Ve

We calculated this quantity for all the models we have
run and included it in the last columns of Supplementary
Tables 1 and 2. Figure 5 shows power to detect violations
of the EEA as a function of this difference for a representa-
tive selection of the conditions we have examined. Figure 5
shows that very large numbers of DZ pairs (i.e. > 50,000)
will be required to detect violations of the EEA assumption
that explain low absolute differences in the proportion of
genetic variance between the models (i.e. 10 % of the miss-
ing heritability) with moderate power.

The Effect of Genetic Dominance

As predicted, the inclusion of genetic dominance increased
MZ intra-pair similarity relative to DZ intra-pair similarity
and resulted in increased type I error, and biased estimates
for variance components V,, V¢ pz and Vg p; (Ve 7z and
Vg wmz were unbiased in the simulations we examined) and
post-hoc estimates of the MZ and DZ environmental corre-
lations (Supplementary Table 3). Specifically, average esti-
mates of V, were inflated relative to its expected value by
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Missing heritability

Fig.5 Power to detect violations of the equal environment assump-
tion as a function of missing heritability. Missing heritability is
defined as the difference between the additive genetic variance esti-
mated in the Classic Twin Model and that estimated in the Aug-
mented Classic Twin Design. In this figure, missing heritabilities
were calculated from simulations of phenotypic values for twin pairs

with additive genetic variance (V,) of 0.5, varying environmental
correlation between MZ pairs (rg \z = 0, 0.2, 0.4, 0.6, and 0.8) and
a fixed environmental correlation of 0 between DZ pairs (r p,, = 0),
resulting in respective missing heritabilities of 0, 0.1, 0.2, 0.3, and
0.4. Power was estimated in the simulations using two combinations
of sample size
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a quantity equal to the amount of genetic dominance simu-
lated, V¢ pz was underestimated, and Vg p, overestimated.
Interestingly, fitting a dominance term in the model was
sufficient to account for bias in estimates of variance com-
ponents under the conditions that we examined, although
power to detect violations of the EEA was reduced relative
to similar situations where dominance did not affect the trait
(Fig. 6).

Discussion

We have shown that it is possible using genome-wide IBD
sharing to model the environmental correlation between MZ
and DZ twin pairs and subsequently conduct valid tests of
the EEA assumption using an Augmented Classical Twin
Design (provided certain strong assumptions regarding trait
etiology are met - see below). Our model extends seminal
work by Visscher and colleagues who were the first to use
empirical genome-wide IBD sharing in sibling pairs to esti-
mate heritability (Visscher et al. 2006). Our contribution is
to realize that the addition of genome-wide IBD information
to the CTM allows investigators to estimate different envi-
ronmental components of variance for MZ and DZ twins and
use this information to formally test the EEA.

Our simulations show that the power of the Augmented
Classical Twin Design to detect violations of the EEA
depends mostly on the number of DZ pairs in the analysis,
and is largely insensitive to the number of MZ twin pairs. To

100% V,=0.4
80%

60%

0.05)

40%

(o

20%

Power to detect violations of EEA

0 D/O

understand this result intuitively, note first that information
on Vg comes from the difference between the overall
trait variance and the MZ covariance. It is well known that
there is high power to estimate this component, even when
there is only a very small number of MZ twin pairs (Martin
et al. 1978). In contrast, power to resolve V, comes primar-
ily from the correlation between IBD sharing and trait simi-
larity in DZ twin pairs. Therefore, the most important factor
in estimating V, is the total number of DZ twin pairs. When
V, and Vi 7 are estimated well, it implies that V¢ i, will
also tend to be estimated well. Likewise, large numbers of
DZ pairs are also essential to ensure that V¢ p; and Vg py
are estimated with precision (Visscher et al. 2006). In other
words, except for Vg , (which requires only a relatively
small number of MZ twin pairs to be estimated precisely),
the other parameters require large numbers of DZ pairs to be
estimated well. The corollary is that the EEA can be tested
using the Augmented Classical Twin Design using relatively
few MZ twin pairs and many genotyped DZ twin pairs.
Violation of the EEA, in the direction of increased MZ
similarity, is expected to lead to inflated estimates of herit-
ability, and may be one of the explanations for the “miss-
ing heritability” phenomenon (Maher 2008; Manolio et al.
2009). The conditions that we have examined via simulation
translate to relatively large differences between the heritabil-
ity estimated from the CTM and the true heritability (Fig. 5).
Indeed, we have shown that in many instances a large sample
consisting of 50,000 DZ pairs provides only moderate power
to detect relatively large violations of the EEA and missing
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Fig. 6 Effect of modifying the size of the MZ and DZ environmental
correlations on Type I error rates and statistical power to detect viola-
tions of the equal environment assumption when genetic dominance
contributes to trait variability. We simulated phenotypic values for
twin pairs as a function of additive genetic (V,), dominance genetic
(Vp), and environmental (Vi) variables with varying environmental
correlation between MZ pairs (1 yz) and between DZ pairs (15 py)
for 20,000 MZ and 20,000 DZ pa_irs and each 1,000 rounds of simu-
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lation. Power to detect violations of the equal environment assump-
tion (EEA) were estimated by comparing the model fits between the
constrained model (V¢ vz = Ve pz) and the unconstrained model
and counting the proportion of replicates where this achieved signifi-
cance (p<0.05). To assist in interpretability of the results we label
the x-axis using both the proportion of shared environmental variance
for MZ (V¢ yz) and DZ twins (V¢ py), and also (equivalently), the
environmental correlations between MZ and DZ twins (P 47, 7z pz)
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heritability. It is unclear how common such extreme viola-
tions of the EEA might be in reality. For example, in the
case of height, there is little deviation between heritability as
estimated using the CTM and heritability as estimated from
IBD sharing between sibling pairs (Hemani et al. 2013),
although it might be expected a priori that a trait like adult
height is unlikely to be greatly affected by violations of the
EEA, or by genotype by age interactions since it varies little
once adulthood is achieved. For other traits like BMI, the
discrepancy between estimates of heritability using these
different designs is greater, although such large differences
may also be a consequence of age dependent gene expres-
sion, decreasing the concordance between sibling pairs. For
psychological traits and those primarily of interest to behav-
ior geneticists, the magnitude of violation of the EEA may
be greater, although evidence for substantial violations of the
EEA using a range of alternative methods is sparse (Evans
and Martin 2000; Kendler et al. 1993a, b). The implication,
however, is that the power to detect anything other than large
violations of the EEA using the Augmented Classical Twin
Design is likely to be limited given the current size of twin
registries around the world.

We have also shown that it is possible to perform a valid
test of the EEA whilst allowing for potential confounding
through genetic dominance at the cost of a relatively small
decrement to statistical power. This contrasts with the well-
known low power of IBD-based tests of genetic dominance,
which suffer because of the high correlation between the
additive and dominance components of variance (Visscher
et al. 2006). The difference is because, although we have low
power to resolve genetic components of variance into addi-
tive or dominance sources of variation, there is still power
to estimate the total variance due to genetic sources of vari-
ation, which is the more important consideration when the
focus is on estimating the variance due to the environment
and the MZ and DZ environmental correlations.

Whilst we were able to examine the effect of genetic
dominance on the Augmented Classical Twin Design and
subsequently correct for its undesirable effects by including
the estimated genome-wide coefficient of dominance vari-
ance (p,) in our model for DZ twin pairs, we did not exam-
ine the effects of genetic epistasis on our model. We expect
that failure to model genetic epistasis would have effects
similar to those of failure to model genetic dominance on
our results. Epistasis-interactions between different genomic
loci-would increase similarity amongst MZ twin pairs rela-
tive to DZ twin pairs, inducing spurious evidence for viola-
tion of the EEA. However, epistatic variance is much more
difficult to model in terms of IBD sharing between DZ twin
pairs than genetic dominance. There is also no practical limit
to the number of loci involved in the epistatic interaction,
nor the nature of it (e.g. a two locus interaction includes
possible additive x additive, additive X dominant, dominant

X additive, and dominant X dominant terms, a three locus
interaction even more possibilities, and so on and so forth).
It remains to be seen how common epistatic variance is in
human populations, however, to date there is only limited
empirical evidence that it makes a substantial contribution
to variation in complex human traits and diseases (Evans
et al. 2011; Genetic Analysis of Psoriasis et al. 2010; Heath
et al. 1984). Additionally, estimates of variance associated
with higher order interaction terms may correlate substan-
tially with those for additive and/or dominance sharing, so
it is possible that additive and dominance variance compo-
nents already capture some of this additional unmodelled
variation.

Regardless, it is critically important that the reader appre-
ciates that our design relies on strong assumptions for its
validity. Specifically, any unmodelled factor that increases
MZ relative to DZ similarity will increase estimates of rg 3/,
relative to rg p,, and result in “evidence” that the EEA has
been violated, regardless of whether this is true in reality.
Factors that increase MZ relative to DZ similarity include
epistasis as discussed above, but also imperfections in
the quality of genetic information used for modelling the
genomic similarity between the DZ twin pairs. Measure-
ment error in IBD calculations between DZ pairs will result
in underestimation of the additive genetic variance in the
DZ twin pairs and could also result in spurious evidence for
violation of the EEA. We therefore counsel extreme caution
when applying and interpreting the results of the Augmented
Classical Twin Design, as significant reductions in model fit
may reflect factors other than violations of the EEA if the
strong assumptions underlying the model are not satisfied
in reality.

It is interesting to speculate whether the power of the
Augmented Classical Twin Design could be further
improved by including non-twin sibling pairs in the analy-
sis (and estimating separate common environmental and
unique environmental variance components for this type of
relationship, with the constraint that the total environmental
variance is the same as in the twin pairs). We expect that the
inclusion of non-twin siblings would assist in more precisely
estimating the additive genetic and dominance genetic vari-
ance components and consequently would increase power
to detect differences in the degree of common environmen-
tal sharing between MZ and DZ twin pairs. This consid-
eration is important because we have shown that power to
detect violations of EEA is low unless tens of thousands
of genotyped DZ pairs are available for analysis. However,
twin cohorts/consortia of this size do not exist currently,
whereas there are already very large samples of genome-
wide genotyped sibling pairs that are available e.g. as part of
the Within Families Consortium (Brumpton et al. 2020). The
inclusion of sibling pairs in the Augmented Classical Twin
Design is likely appropriate for traits that exhibit marked
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stability over time, such as adult height. However, caution is
required for traits that exhibit more marked temporal varia-
tion. Longitudinal twin studies show that many traits exhibit
age-dependent expression of genes (Boomsma and Molenaar
1987). In this situation, the inclusion of non-twin siblings
(who by definition are of different ages) may artificially
lower estimates of the additive genetic variance, and hence
produce spurious evidence for violations of the EEA using
this model. Indeed age-dependent gene expression may be
one reason why heritability estimates derived using IBD
sharing in sibling pairs are lower than those obtained from
the CTM for traits such as body mass index (Hemani et al.
2013). Nevertheless, it may be possible to model (and test
for the existence of) some varieties of gene X age interaction
by e.g. including age as a moderator variable in the model
(Purcell 2002). We also note that even in the absence of non-
twin siblings, it is important that the samples of MZ and DZ
pairs in the Augmented Classical Twin Design are matched
in terms of age to deal with similar concerns regarding the
presence of gene X age interaction.

One of the criticisms levelled at methods designed to
detect violations of the EEA is that many do not distinguish
between whether twins’ more similar treatment is a conse-
quence of their actively eliciting (or locating) more similar
responses from their environment, or whether they are just
passive recipients of more similar environments. In the for-
mer case, the increased environmental similarity that MZ
twins experience is not a violation of the EEA, but rather a
form of gene-environment covariance, since the environment
that twins find themselves in is a function of their genotype.
Since environmental similarity due to gene-environmental
correlation is a function of IBD sharing in DZ twins, this
excess similarity should also contribute to estimates of the
additive genetic variance in the Augmented Classical Twin
Design. In contrast, if environmental similarity is a passive
process and not a consequence of twins’ genetic similarity,
then environmental similarity will not be correlated with
IBD sharing between DZ twin pairs, and will be reflected by
different values of the MZ and DZ estimated environmental
variance components. In other words, the Augmented Clas-
sical Twin Design should be able to distinguish between
active and passive genotype-environment covariance.

Another important consideration is whether to include
opposite sex twin pairs in the Augmented Classical Twin
Design. If the genetic architecture of the trait under
examination differs between males and females, then the
inclusion of opposite sex DZ pairs will lower estimates
of heritability and in turn provide spurious evidence for
violation of the EEA. For this reason, we suggest that only
same-sex DZ pairs be used in the Augmented Classical
Twin Design, unless there is compelling evidence that the
genetic etiology of the trait in males and females is the
same. Likewise, it is important that users of the model
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include X chromosome sharing in genome-wide IBD cal-
culations. We make the additional assumption that genetic
polymorphisms on the Y chromosome and mitochondria
do not make substantial contributions to trait variance.

The Augmented Classical Twin Design could be
extended in several ways, most obviously to the multi-
variate case. Violations of the EEA potentially bias esti-
mates of both genetic variance and the genetic covariance
between traits, and consequently the estimated source and
structure of the genetic and environmental covariance in
structural equation models of twin pairs. Modelling dif-
ferent intra-pair environmental correlations (both within
and across traits) for MZ and DZ twin pairs would be one
way of estimating and controlling for bias in the analysis
of covariance between traits. Another possibility would be
to extend the model to binary and ordinal data. It would
be a relatively simple matter to model affection status
using thresholds and a normal underlying distribution of
liability. We predict, however, that many more genotyped
DZ twin pairs (perhaps 10 X or more, (Neale and Kendler
1995)) will be required to achieve levels of power similar
to those for quantitative traits, and so practical application
of this model may not be realistic in the near future.

In conclusion, we have presented an extension to the
CTM called the Augmented Classical Twin Design which
uses IBD sharing between DZ twin pairs to estimate differ-
ent common and unique environmental variance components
for MZ and DZ twins. It provides a statistical test of whether
these variance components can be equated across zygosities
and information on whether the EEA assumption holds for
the trait of interest. We show through simulation that this
model provides unbiased estimates of variance components
and valid tests of the EEA under strong assumptions relat-
ing to trait etiology which may not be satisfied in real data.

Supplementary Information The online version of this article (https://
doi.org/10.1007/s10519-021-10044-0) contains supplementary mate-
rial, which is available to authorized users.
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