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Abstract

This study explores power assumptions relating to extended pedigree designs (EPD) and classical
twin designs (CTD). We conducted statistical analyses to compare the power of the two designs
for examining neuroimaging phenotypes, varying heritability and varying whether shared
environmental variance is fixed or free. Results indicated that CTDs have more power to estimate
heritability, with the exception of one condition: in EPDs, the power increases relative to CTDs
when shared environmental variance contributes to sibling similarity only. We additionally show
that assuming a priori that shared environmental effects play no role in a phenotype—as is
commonly done in pedigree designs—can lead to substantially biased heritability estimates.
General results indicate that both CTDs and EPDs obtain quite precise heritability estimates.
Finally, we discuss methodological considerations relating to assumptions about age effects and
shared environment.
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Introduction

Almost 100 years after Fisher and Wright first conceptualized heritability, it remains central
to the examination of phenotypic variability (Visscher et al., 2008). The biometric modeling
approach to estimating heritability yields apparent consistency of estimates across classical
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twin designs (CTDs) and extended pedigree designs (EPDs). The CTD has traditionally been
considered optimal for estimating heritability (Neale & Cardon, 1992). However, the EPD
might be superior because it has: 1) greater potential for identification of quantitative trait
loci; 2) may have less confounding of genetic and shared environmental effects; and 3) may
have increased statistical power to detect heritability (Winkler et al., 2009; Glahn et al.,
2010). It is true that the large pedigree design can be advantageous when it comes to
locating quantitative trait loci (Blangero et al, 2003; Dolan et al., 1999), but the other two
points must be formally tested. Here we sought to formally test the second and third
hypotheses by comparing results under different assumptions in both the CTD and ETD.

1. General Methodological Considerations

It has been established that extending CTDs by combining them with additional data from
other family members increases the utility of the CTD (Neale & Cardon, 1992; Posthuma &
Boomsma, 2000; Truett et al., 1994; Keller et al., 2009). For example, extended twin designs
can help to differentiate the effects of shared environment vs. assortative mating and can
resolve confounds of gene-by-common environment interactions. EPDs that lack data from
twins, however, require assumptions that may be questionable (Kendler & Neale, 2009).

1.1. General Heritability Estimation—Heritability is the genetic variance divided by
the total (genetic + environmental) variance; therefore, to calculate heritability, one must be
able to separate the genetic and environmental variance components. In the CTD, variance
components are usually separated into those that reflect additive genetic (A), common or
shared environmental (C), and unique, individual-specific environmental (E) influences;
typically referred to as an ACE model. The standardized additive genetic variance (A) is the
heritability (Neale & Cardon, 1992). It is also worth noting that issues regarding heritability
estimates apply equally to the calculation of genetic correlations, going beyond the
heritability of individual variables and estimate the correlations between the genetic factors
influencing two different variables.

1.2. Assumption of Reduced Genetic and Shared Environmental Confounds in
Pedigree Designs—One assumption of the superiority of the EPD is that having multiple
households within a pedigree reduces confounds of genetic influences with shared
environmental influences. However, shared environment, proposed to result in similarity
between relatives, cannot simply be equated with one’s household environment. As noted by
Carey (Carey, 2003), factors within a family household are part of the statistical shared
environment only if they also make relatives similar. It is very possible for factors outside
the household (e.g., school quality) to make relatives similar. Similarly, factors within the
same household can make relatives different (e.g., differential treatment by parents, or the
effects of parental behavior on children differing from the impact of children’s behavior on
parents) (Coon & Carey, 1989). In these cases, the extra-household factors are common
environmental influences and the intra-household factors are unique environmental
influences.

In actual practice, the EPD has almost always been implemented with statistical models that
ignore C completely and include only the A and E variance components. Thus, most
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estimates of heritability in pedigree studies are based solely on AE models. In other words,
in that analytic strategy it is presumed a priori that C is zero. This approach can be
problematic if C is not close to zero.

An example from some neuroimaging data illustrates this point. In a univariate ACE model,
heritability (A) for right rostral middle frontal gyrus surface area was estimated at .28 (95%
confidence interval [CI]: .14; .59), shared environmental influences (C) were estimated at .

29 (.00; .47), and unique environmental influences (E) were estimated at .43 (.34; .53). The
95% Cls were very wide for A and C, and C was nonsignificant. In the AE model, in which
C is dropped, the heritability estimate jumps to .57 with a much narrower 95% ClI (.46; .67).

Two key points should be readily apparent from this example. First, if one began with this
AE model and ignored the C component of variance entirely, the result would give the
illusion that the proportion of genetic variance is essentially double what we would consider
to be the less biased estimate obtained from the ACE model. Because the E estimates were
virtually unchanged, it can be seen that the shared environmental variance has essentially
been added to the genetic variance. Dropping C resulted in a substantial narrowing of the
confidence interval for A, which also means that A will more often be significant than it
would in an ACE model. Second, we cannot know in advance what the shared
environmental effects will be for any given phenotype in any particular sample or dataset.
The heritability estimate changed substantially in our example, but if C were near zero the
heritability estimate in the univariate analysis would, in most cases, change very little.

Therefore, it is not possible to know whether a particular heritability estimate is substantially
biased without first considering the full ACE models. Given the limitations of using
household as a proxy for common environmental influences and the frequent omission of the
C component of variance in pedigree studies, we think it is more accurate to say that the
EPD provide estimates of “familiality” rather than heritability (Kendler & Neale, 2009). A
method that enables one to separate shared environmental from genetic and unique
environmental influences (e.g., the CTD or adoption study instead of nuclear families) is
crucial for determining accurate estimates of heritability with confidence.

This issue is particularly important for those phenotypes about which the extent of shared
environmental influences is relatively unknown (for example functional, as opposed to
structural, neuroimaging phenotypes), and for those phenotypes that have been shown to
have significant C effects (e.g., social attitudes, educational attainment, musical ability,
substance use initiation) (Heath et al., 1985; Eaves et al., 1999; Heath et al, 1993; Kendler et
al., 1999; Schork & Schork, 1993; Williams & Blangero, 1999). In those cases, heritability
estimates based on modeling extended pedigree data without a C component may be
seriously biased.

1.3. Assumption about the Statistical Power of Twin versus Pedigree Designs
—Other things being equal, statistical power to detect quantitative trait loci (QTL) increases
as pedigree size increases (Glahn et a., 2010; Schork & Schork, 1993; Williams & Blanger,
1999). Consequently, the sibling-pair design has the lowest power to detect QTL among
pedigree studies. It could be argued that the same logic applies to heritability estimates.
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However, this assertion ignores the fact that the nature of the genetic relationships and the
amount of useful information are very different in twin and sibling-pair studies. Non-twin
and dizygotic twin siblings share, on average, 50% of their genes, but MZ twins share 100%
of their genes. Therefore, the CTD adds substantial power to determine heritability because
it is unique in being able to include comparisons of 100% versus 50% of shared genes.

Extended pedigrees include pairs of first-degree relatives who share 50% of their genes,
pairs of second-degree relatives who share 25% of their genes, and so on. For example, first
cousins (third-degree relatives) share approximately 12.5% of their genes. Therefore, their
maximum genetic similarity is r=.125. Second cousins (fourth-degree) relatives share
approximately 6.25% of their genes, and the difference between third- and fourth-degree
relatives is only 6.25%. Power to detect a significant difference between small correlations
is limited. In this case, correlations for a 100% additive genetic trait would be .125 and .
0625. To have power to detect heritability of 50%, one would need approximately 100 times
as many participants as would be needed in a classical twin design, because the difference in
allele sharing between the two types of pairs would be 50% for twin versus 6.25% for first
versus second cousins.

Thus, with greatly extended pedigrees, the gain from having increased numbers of
participants diminishes substantially as increasingly distant relatives are included. On the
other hand, the number of effective pairs does increase with larger pedigrees, so ideally one
would pursue pedigrees with, for example, large sibships, half-sibships and large numbers of
first cousins. However, such constellations of relatives may be infrequent in the population.

To test whether EPDs are less confounding of genetic and shared environmental effects than
CTDs, and which design has greater statistical power to detect heritability, we used the
Classic Mx statistical software package to compute simulations (Neale et al., 2004). We
began with the proportion of 70% A and 30% E (this is a reasonable estimate for
neuroimaging data of global brain measures; cf. Kremen et al., 2010). We then additionally
used a proportion of 50% A to examine power in the context of lower estimates. Power
calculations were based on a simulated sample size of 486 twins (243 pairs) with an almost
50:50 split between MZ and DZ twins (122 MZ and 121 DZ pairs, respectively), and a
simulated sample of pedigrees with 486 individuals. The total N of 486 was based on the N
from an existing pedigree study, shortly to be described. This comparison is a conservative
test of the CTD, because we treated all pairs of relatives in the pedigree data as if they were
independent. Treating relative pairs as independent artificially increases the power of the
EPD, because the many pairs of relatives are clearly not independent.

Large extended pedigree studies are rare. Here we refer to two such studies to provide some
example of the proportion of different types of relatives: one with N=486 (Glahn et al.,
2010) and one with N=397 (Souto et al., 2000). There were 18% and 30% first-degree
relatives, 18% and 34% second-degree relatives, 27% and 26% third-degree relatives, 24%
and 9% fourth-degree relatives, and 12% and 2% fifth- or sixth-degree relatives®. Thus,
first- and second-degree relatives comprised 36% of one sample and 64% of the other. In

INumbers do not total to 100% due to rounding error.
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our simulated sample, we used 20% first-degree relatives and 80% second- through sixth-
degree relatives.

Power Calculations: We represented the CTD and the EPD as structural equation models.
These methods have been described in detail elsewhere (Martin & Eaves, 1977; Satorra &
Saris, 1985; van der Sluis et al., 2008) and Mx code is provided in Supplement 1. Briefly,
statistical power calculations for structural equation models may be obtained by: i)
simulating data based on a ‘true world’ model; ii) fitting both the true world and the false
model to these data; iii) using twice the difference in log-likelihood between these two
models (Ax?) as a non-centrality parameter; and iv) calculating the probability of rejecting
the null hypothesis given a non-centrality parameter of this magnitude.

If we assume that C=0, as is most often done in EPDs, the non-centrality parameter to test
the hypothesis that A is also zero may be compared between the CTD and extended pedigree
scenarios. For these twin data, the non-centrality parameter is 97.16 compared with 62.63
for the pedigree data. In other words, there is a larger Ay? value for the CTD than there is for
the pedigree design when one fits the false model of A=0. The larger 2 value translates into
greater statistical power. Here, we examined models constraining C and also allowing C to
cause covariance among the pedigree relationships. Specifically, we used two variations of
C parameterization: one in which C causes covariance among siblings only, and one in
which C causes covariance between i) siblings, ii) parents and iii) their children and spouses.

The left half of Table I shows that, when C is constrained to 0, the sample sizes required to
achieve a given level of statistical power are always smaller for the CTD in comparison with
the EPD. If C is free to cause covariance (i.e., it is included in the statistical model) the Ay?2
value for the twin data is 19.19, and it is 16.24 for the pedigree data. This suggests that the
CTD is still more powerful when C is allowed to cause covariance. The right half of Table |
shows the sample sizes required to achieve a given level of statistical power when C is
allowed to cause covariance. When C is allowed to cause covariance, power to detect
heritability is substantially reduced for both designs. The power advantage for the CTD over
the EPD is reduced, but the Ay? value is still higher for the twin data. We also used a
proportion of 50% A to calculate power in the context of lower-than-typical heritability
estimates for brain measures, with similar results (Table 11). These findings support the
notion twin designs are generally more powerful than pedigree designs for detecting
heritability.

In the primary model for the pedigree data, we assumed that C applied to both sibling and
parent-offspring cases. If we assumed that C applied only to siblings in the EPD, its power
to detect heritability would then be greater than that of the CTD. In that case, the Ax? value
was 37.54 in comparison to the value of 19.19 for the twin data. Although these values may
indicate that the EPD has greater power when C only affects sibling pairs, it must be noted
that the EPD has been specified as 1966 independent pairs of relatives, whereas the
pedigrees actually comprise only 486 individuals. Thus in this scenario, the power of the
EPD is artificially inflated, and more accurate power estimation would require specification
of the particular configurations of pedigrees.
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Conclusion

The primary conclusion to be drawn from these power calculations is that under most
scenarios, the CTD has greater power to estimate heritability than the EPD. Our comparison
was a conservative test of the CTD, because we artificially increased the power of the
pedigree design by treating pairs of relatives as if they were independent. The one situation
in which power was greater in the EPD was under the assumption that shared environmental
variance contributes to sibling similarity only.

Thus, our power calculations do lead to the conclusion that there would be less confounding
of common environmental factors in the EPD, but this conclusion is only true given a key
assumption that common environmental influences contribute only to sibling resemblances
and not to other pairs of relatives. This is especially true in the examples provided where the
EPD contained a relatively small proportion of siblings (10-15%), while CPDs consist
entirely of siblings. This assumption is of questionable validity for certain traits, such as
those with parent-child environmental transmission (e.g., alcohol consumption (Kendler et
al., 1994)), or household factors such as diet.

In practice, heritability estimates in non-twin extended pedigree studies have most often
been based on the assumption that C=0. The CTD has its most substantial power advantage
over the EPD under this assumption. Furthermore, if one assumed that C=0 at the outset,
then the optimal MZ:DZ ratio in the CTD would be to recruit MZ twins only (Visscher,
2004). If C=0, then the environmental variance is simply estimated as 1 minus the MZ twin
correlation (Dolan et al., 1999). Given this assumption, including MZ twins only (or at least
a greater proportion of them) would further increase the power of the CTD to detect
heritability.

Both designs have their strengths. The CTD can be advantageous with respect to age and
cohort confounds. When twins are assessed at the same time, they are both the same age and
from the same cohort. Thus both age and cohort effects do not affect their similarity. When
either age x genotype or cohort x genotype interactions are present, simultaneous
assessments of siblings will underestimate the effects of genotype or the shared
environment, or both. For certain phenotypes, such as substance use, there is clear evidence
of reduced resemblance between siblings the greater their difference in age (Verhulst et al
2014).

On the other hand, an assumption of the CTD is that twins are representative of the general
population. Although this appears to be the case for many phenotypes studied to date
(Martin et al., 1997) it is not guaranteed for all phenotypes, and should be tested as a matter
of routine. A further, frequently questioned, concern is the equal environment assumption
(EEA) in CTDs. Although there is general empirical support for the EEA (Kendler et al.,
1993; Loehlin & Nichols 1976), data to test it should be gathered in every new study and
tested for every phenotype. To do this is relatively straightforward, by regressing intrapair
phenotype differences on measures of similarity of environment.

In the present article, we found that the power of the extended pedigree design was greater
when C is shared only by sib pairs as opposed to all members of nuclear families. In the
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examples provided, the EPD contains a relatively small proportion of siblings (10-15%). By
contrast, CPDs are entirely composed of siblings.

The analysis of sex-limitation can be less informative in a twin study than a study of, for
example, siblings and half-siblings reared together. From a design perspective, MZ twins
only occur as same-sex pairs, which means that only one form of the reduced across-sex
correlation (ra or rc) can be parameterized. Since both siblings and half-siblings can occur
in opposite-sex form, it is possible to fit a model that allows both variance components to be
attenuated due to sex-limitation, through ra and rc.

Several additional analyses could further inform this research. First, the examination of
gender distribution between designs is an important step. Also, testing more pedigree
structures would further our understanding of the strengths and weaknesses of various
pedigree designs in relation to twin studies.

Heritability remains an important construct. Maximally explaining heritability in a genome-
wide association study (GWAS) is important, but heritability has also been referred to as the
“dark matter” of the GWAS—we know it is there, but we have often been unable to “find” it
(Manolio et al., 2009). Very large sample sizes are required to estimate heritability using
restricted maximum likelihood estimation approaches in samples of unrelated individuals,
and these estimates, to date, have been inconsistent with estimates from traditional twin and
pedigree designs. Imprecise phenotypes are one important rate-limiting factor in GWAS
designs. Overall, the degree of dissimilarity of estimates between genome-wide and family
analyses has been unpredictable, and this issue is still unresolved. Studies of height, for
example, provide more plausible heritability estimates using CTDs than using genome-wide
complex trait analysis, or GCTA (Lango Allen et al., 2010; Yang et al., 2010; Visscher et
al., 2010). We believe the CTD remains the initial method of choice for obtaining the most
precise estimates of heritability as well as for determining optimal phenotype definitions.
More precise heritability coefficients improve the accuracy of genetic correlations between
traits, with obvious utility, e.g., in the analysis of MRI data (Chen et al., 2013).

Evidence suggests that twin-pedigree designs can offer the best of both worlds (Truett et al.,
1994; Maes et al., 2009; Keller et al., 2010). Most significantly, it is important to avoid
assuming that shared environmental factors play no role in a phenotype. We are not
suggesting that models that exclude C (e.g., AE models) are not valid. Indeed, we frequently
utilize such models ourselves. Rather, the point is that although certain traits might a priori
be thought to be unaffected by environmental factors shared within families, it is optimal to
proceed by first acquiring empirical evidence that they do not contribute to individual
differences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table |

Power to detect 70% heritability at the .05 significance level in twin and extended pedigree designs (based on
n=486)"

70% A, C=0T | 70% A, C freeto varyF

Twin |Pedigree| Twin |Pedigree

Power | Total n8 | Total n8 | Total n8 | Total n8

.25 5 8 24 28

.50 14 21 69 81

.75 27 42 137 161
.80 31 48 157 186
.90 43 67 217 257
.95 54 84 275 324
.99 79 123 400 472

*
122 MZ pairs and 121 DZ pairs for the twin data; 486 individuals for the pedigree data analyzed as 1966 independent pairs.
TThese calculations are based on the assumption that common environmental factors do not account for any variance in the phenotype.

¢These calculations are based on the assumption that common environmental factors may account for variance in the phenotype and are free to
vary.
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§Approximate total n required for rejecting the null hypothesis of zero heritability.
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Table Il

Power to detect 50% heritability at the .05 significance level in twin and extended pedigree designs (based on
n=486)"

50% A, C=0T | 50% A, C freeto varyF

Twin |Pedigree| Twin |Pedigree

Power | Total n8 | Total n8 | Total n8 | Total n8

.25 11 12 75 107
.50 31 35 222 319
.75 62 70 442 635
.80 71 80 508 730
.90 98 111 703 1011
.95 124 140 889 1277
.99 181 204 1295 1861

*
122 MZ pairs and 121 DZ pairs for the twin data; 486 individuals for the pedigree data analyzed as 1966 independent pairs.
TThese calculations are based on the assumption that common environmental factors do not account for any variance in the phenotype.

¢These calculations are based on the assumption that common environmental factors may account for variance in the phenotype and are free to
vary.
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§Approximate total n required for rejecting the null hypothesis of zero heritability.
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