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Heterogeneity

When there is variability or diversity; elements are not uniform.

Univariate Analysis: 
• What are the contributions of genetic (additive or dominance) and 

environmental (shared or unique) factors to individual differences in a trait?

Heterogeneity:
• Are the contributions of genetic and environmental factors equal for different 

groups (such as sex, or country) or for different levels of a covariate (such as 
SES, urbanicity, environmental exposure, etc.) ?



Heterogeneity

Binary variables: multi-group approach
Continuous variables: moderation model 

Terminology depends on research question
• Moderation, confounding, gene-environment interaction (GxE)



Heterogeneity

• Differences in magnitude of effects (quantitative)
• Are the contributions of genetic and environmental factors different in two groups?

• Differences in nature of effects (qualitative)
• Are different genetic or environmental factors influencing the trait in two groups?

Comparison Concordant group membership Discordant group membership

sex MZ & DZ: MM & FF pairs DZ:  opposite sex pairs
country MZ & DZ: NL & USA pairs

environment MZ & DZ:  urban & rural pairs MZ & DZ:  1 urban/ 1 rural

age MZ & DZ:  young & old pairs
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GxE – heteroskedastic model
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GxE – heteroskedastic model 
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GxE – moderation
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Variance of A or/and E given the 
level of the moderator

Genetic effects or
environmental effects 

systematically vary with the 
level of M



Assumptions about moderator

• Moderator is a measured environmental variable
• Environmental measures display genetic variance 



Gene-environment interaction (GxE)

• Gene-environment interaction
• Genetic control of sensitivity to the environment
• Environmental control of gene expression

Classic examples:
• The heritability of depression in females depends on marital status (binary)
• Socio-economic status modifies the heritability of IQ (continuous)



Gene-environment correlation (rGE)

• Gene-environment correlation
• Genetic control of exposure to the environment
• Environmental control of gene frequency

Types:
• Passive: inherit both genes and childhood environment from parents
• Evocative/reactive: environment reacts to genotype of the child
• Active: genotype causes active behavior to search for an environment



If GxE or rGE ignored

If there is heterogeneity and it is ignored, estimates are biased

Biased parameter estimates
• A x C acts like A

• A x E acts like E

• Correlation A & C acts like C

• Correlation A & E acts like A

References to read:
Purcell S. (2002). Variance components models 
for gene-environment interaction in twin 
analysis. Twin research : the official journal of 
the International Society for Twin Studies, 5(6), 
554–571. 

Keller, M. C., & Coventry, W. L. (2005). 
Quantifying and addressing parameter 
indeterminacy in the classical twin design. Twin 
Research and Human Genetics, 8(3), 201-213.



Moderation vs. mediation

Moderation
• Moderation occurs when the 

strength or direction of the 
relationship between two 
variables depends on a third 
variable. 

Mediation
• Mediation occurs when the 

relationship between two 
variables is explained by a third 
variable.

Outcome

Predictor

Moderator

Outcome

Predictor

Mediator



Heterogeneity

Two in-depth examples:
1. Multigroup approach with a binary moderator: the sex-limitation 

model with 5 groups
2. Moderation model with a continuous moderator



G x E: multi-group approach, the sex-
limitation model

• Differences in magnitude of effects 
(quantitative sex differences)
• Are the contributions of genetic and 

environmental factors different in males 
and females?

• Differences in nature of effects 
(qualitative sex differences)
• Are different genetic or environmental 

factors influencing the trait in males and 
females?
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No sex differences Quantitative sex differences Qualitative sex differences
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The classical twin model
No Heterogeneity



Twin 1

E

VA / 
.5VA

Twin 2

AC CA E

VC

11 1 11 1

1

VE VC VA VA VC VE

μ μ

Twin 1 Twin 2

Twin 1 VA + VC + VE rZ*VA + VC

Twin 2 rZ*VA + VC VA + VC + VE

No Heterogeneity

rZ = 1 for MZ twins and 

.5 for DZ twins

Twin 1 Twin 2

Means μ μ



Non-scalar limitation model

• Multigroup approach: 4 groups
• Monozygotic females
• Monozygotic males
• Dizygotic females
• Dizygotic males

• No opposite-sex twins

• Differences in magnitude of effects (quantitative)
• Are the contributions of genetic and environmental factors different in two 

groups?

Quantitative 



Male 
twin 1

E

Vam / 
.5VAm

Male 
twin 2

AC CA E

VCm

11 1 11 1

1

VEm VCm VAm VAm VCm VEm

Female 
twin 1

E

Vaf / 
.5VAf

Female 
twin 2

AC CA E

VCf

11 1 11 1

1

VEf VCf VAf VAf VCf VEf

Female twin 1 Female twin 2

Female twin 1 VAf + VCf + VEf rZ*VAf + VCf

Female twin 2 rZ*VAf + VCf VAf + VCf + VEf

Male twin 1 Male twin 2

Male twin 1 VAm + VCm + VEm rZ*VAm + VCm

Male twin 2 rZ*VAm + VCm VAm + VCm + 
VEm

rZ = 1 
for MZ 
and .5 

for DZ 

Quantitative 

μ μ μ μ



General sex limitation model 
– option 1
To not only test for quantitative, but also qualitative sex differences
• Multigroup approach: 5 groups
• Method 1: With VA specific for one of the sexes, rg on .5

• Differences in magnitude of effects (quantitative)
• Are the contributions of genetic and environmental factors different in two 

groups?
• Differences in nature of effects (qualitative)
• Are different genetic or environmental factors influencing the trait in two 

groups?

Quantitative / 
Qualitative 



Female 
twin 1

E

.5VAfm

Male
twin 2

AC CA E

VCfm

11 1 11 1

1

VEf VCf VAf VAm VCm VEm

SA

1

VS

Quantitative / 
Qualitative 

Female Twin 1 Male Twin 2

Female Twin 1 VAf + VCf + Vef +VSaf VAf*.5*VAm + 
VCf*VCm

Male Twin 2 Vaf*.5*VAm + 
VCf*VCm VAm + VCm + VEm

μ μ



General sex limitation model 
– option 2
To not only test for quantitative, but also qualitative sex differences
• Multigroup approach: 5 groups
• Method 2: with rg freely estimated

Quantitative / 
Qualitative 



Female 
twin 1

E

.5*rg*VAfm

Male
twin 2

AC CA E

VCfm

11 1 11 1

1

VEf VCf VAf VAm VCm VEm

Quantitative / 
Qualitative 

Female Twin 1 Male Twin 2

Female Twin 1 VAf + VCf + VEf Vaf*.5*rg*VAm + 
VCf*VCm

Male Twin 2 Vaf*.5*rg*VAm + 
VCf*VCm VAm + VCm + VEm

μ μ



Female 
twin 1

E

.5VAfm

Male
twin 2

AC CA E

VCfm

11 1 11 1

1

VEf VCf VAf VAm VCm VEm

SA

1

VS

Quantitative / 
Qualitative 

Female Twin 1 Male Twin 2

Female Twin 1 VAf + VCf + Vef +VSaf VAf*.5*VAm + 
VCf*VCm

Male Twin 2 Vaf*.5*VAm + 
VCf*VCm VAm + VCm + VEm

μ μ



G x E: continuous variable, the moderation 
model



The classical twin model
No Heterogeneity



Twin 1

E

VA / 
.5VA

Twin 2

AC CA E

VC

11 1 11 1

1

VE VC VA VA VC VE

Twin 1 Twin 2

Twin 1 VA + VC + VE rZ*VA + VC

Twin 2 rZ*VA + VC VA + VC + VE

rZ = 1 for MZ twins and 

.5 for DZ twins

μ μ

No Heterogeneity



Twin 1

E

1 / .5

Twin 2

AC CA E

1

ce a ca e

1

1 1 1 1 1 1

Twin 1 Twin 2

Twin 1 a2+c2+e2 rZ*a2+c2

Twin 2 rZ*a2+c2 a2+c2+e2

rZ = 1 for MZ twins and 

.5 for DZ twins

μ μ

No Heterogeneity



Twin 1

E

1 / .5

Twin 2

AC CA E

1

c + β c * M

e + βe * M
a + βa * M

c + β c * M

a + βa * M
e + βe * M

1

1 1 1 1 1 1

Twin 1 Twin 2

Twin 1 (a+βa*M)2+(c+βc*M)2+(e+βe*M)2

Twin 2 rZ*(a+βa*M)2+(c+βc*M)2

rZ = 1 for MZ twins and 

.5 for DZ twins

μ + β1 * M μ + β1 * M

Purcell, 2002

G x E: the moderation model
Quantitative 



The moderation model in OpenMx

How do we test for GxE with a continuous moderator in OpenMx?

With the use of definition variables

Definition variables

• Variables that may vary per subject/pair and are not dependent variables 
(diamond in path diagrams)
• Model main effects of covariates on means (moderator)
• Residual variance can be partioned into ACE
• But also ACE as a function of the moderator



1

Twin 1 Twin 2

Twin 1 a2+c2+e2 rZ*a2+c2

Twin 2 rZ*a2+c2 a2+c2+e2

rZ = 1 for MZ twins and 

.5 for DZ twins

Twin 1 Twin 2

Means μ + 
β(agei)

μ + 
β(agei)
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age age

β



Twin 1 Twin 2

Twin 1 (a+aI*agei)2+c2+e2 rZ*(a+aI*agei)2+c2

Twin 2 rZ*(a+aI*agei)2+c2 (a+aI*agei)2+c2+e2

rZ = 1 for MZ twins and 

.5 for DZ twins

Twin 1 Twin 2

Means μ + 
β(agei)

μ + 
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μ μ

age age

β

aIaI



Twin 1 Twin 2

Twin 1 (a+aI*agei)2+c2+e2 rZ*(a+aI*agei)2+c2

Twin 2 rZ*(a+aI*agei)2+c2 (a+aI*agei)2+c2+e2

rZ = 1 for MZ twins and 

.5 for DZ twins

Twin 1 Twin 2

Means μ + 
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μ + 
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=
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Twin 1

E
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1
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1

1 1 1 1 1 1
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age age

β
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Twin 1 Twin 2

Twin 1 (a+aI*agei)2+c2+e2 rZ*(a+aI*agei)2+c2

Twin 2 rZ*(a+aI*agei)2+c2 (a+aI*agei)2+c2+e2

rZ = 1 for MZ twins and 

.5 for DZ twins

Twin 1 Twin 2

Means μ + 
β(agei)

μ + 
β(agei)

rZ*(a+aI*agei) (a+aI*agei)
=
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Twin 1 Twin 2

Twin 1 (a+aI*agei)2+c2+e2 rZ*(a+aI*agei)2+c2

Twin 2 rZ*(a+aI*agei)2+c2 (a+aI*agei)2+c2+e2

rZ = 1 for MZ twins and 

.5 for DZ twins

Twin 1 Twin 2

Means μ + 
β(agei)

μ + 
β(agei)

rZ*(a+aI*agei) (a+aI*agei)
=
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Twin 1 Twin 2

Twin 1 (a+aI*agei)2+c2+e2 rZ*(a+aI*agei)2+c2

Twin 2 rZ*(a+aI*agei)2+c2 (a+aI*agei)2+c2+e2

rZ = 1 for MZ twins and 

.5 for DZ twins

Twin 1 Twin 2

Means μ + 
β(agei)

μ + 
β(agei)

rZ*(a+aI*agei) (a+aI*agei)
= 

rZ*a*a +
rZ*a*aI *age +

rZ * aI *age * a  +
rZ * aI *age * aI *age  
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1
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Twin 1 Twin 2

Twin 1 (a+aI*agei)2+(c+cI*agei)2+(e+eI*agei)2

Twin 2 rZ*(a+aI*agei)2+(c+cI*agei)2

rZ = 1 for MZ twins and 

.5 for DZ twins

Twin 1 Twin 2

Means μ + 
β(agei)

μ + 
β(agei)

Twin 1

E

1 / .5

Twin 2

AC CA E

1

ce a ca e

1

1 1 1 1 1 1

μ μ

age age

β

aIaI
cI cIeI eI



age = M
β = β1

aI = βa

cI = βc

eI = βe

Twin 1

E

1 / .5

Twin 2

AC CA E
c + β c * M

e + βe * M
a + βa * M

c + β c * M

a + βa * M
e + βe * M

1

1 1 1 1 1 1

μ + β1 * M μ + β1 * M
Twin 1

E

1 / .5

Twin 2

AC CA E

1

ce a ca e

1

1 1 1 1 1 1

μ μ

age age

β

aIaI
cI cIeI eI



G x E: moderation model - extensions

• The moderator can be the same or different 
between twins of a pair
• The moderator can also interact with C and E 
• Moderators may also have non-linear properties
• May show quantitative interactions, but can also 

test qualitative differences (only if the moderator 
differs between twin member)
• A moderator could be correlated with genetic 

effects on the trait, which allows to test for GxE in 
the presence of rGE (also in bivariate setting)

References to read:
Purcell S. (2002). Variance components models 
for gene-environment interaction in twin 
analysis. Twin research : the official journal of 
the International Society for Twin Studies, 5(6), 
554–571. 

van der Sluis, S., Posthuma, D. & Dolan, C.V. A 
Note on False Positives and Power in G × E 
Modelling of Twin Data. Behav Genet 42, 170–
186 (2012). 



Practical 

• Sex limitation model: 5 group ADE (multigroup approach for binary 
variable)

• Moderation model, age-moderated ADE estimates (for continuous 
variable)

• In your Rstudio copy my files into your own directory
• system("cp -R 
/faculty/laura/2024/Day_2/practical_sex_limitation_G
xE/* ./ ")


