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Introduction
The anatomy and biology of the basicranial complex and its relationships to the other cranial
complexes has long played a central role in functional and phylogenetic interpretations of the
hominin fossil record. Cranial traits frequently populate character lists in phylogenetic analyses
and are commonly described as comprising an anatomical or functional complex. Most often
these traits are treated as individual independent characters of equal phyletic value. Implicit in
such considerations, however, is the assumption that the genetic contribution to morphological
variation is high and equivalent across traits, and that phenotypic and genetic correlations
between traits, irrespective of their magnitude, introduce negligible confounding effects in
phylogenetic reconstruction (Hlusko, 2004).

While the ability to quantify and assess phenotypic variation in craniofacial variables has seen
significant advances in recent years, the extent to which genetic and nongenetic factors
influence this variation is typically not addressed. A key component to understanding the
influences environmental and genetic factors have on the evolution of the craniofacial complex
is a solid foundation of detailed knowledge of the genetic components underlying the
development of normal craniofacial variation in modern populations. The aim of the present
study is to elucidate fundamental aspects of the genetic architecture of normal variation in the
human craniofacial complex.

In the current context, genetic architecture refers to the characterization of: (1) the extent to
which variation in a trait is under genetic control, and (2) the degree to which two traits are
controlled by the same genes or set of genes. The first of these is the heritability (h2) of a trait,
and the second is the genetic correlation (ρG) between traits. Heritability estimates provide
important information regarding the potential evolutionary response of traits to selective forces
—the rate of evolutionary change being determined by the product of the heritability and the
selection coefficient (Lynch and Walsh, 1998). Genetic correlations provide a means for
quantifying the shared effects of genes on two or more traits. Genetic correlations have become
critical in understanding the phenotypic heterogeneity observed in many craniofacial
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syndromes (Cohen, 2002), and have significant implications for the evolution of the hominin
craniofacial complex.

Human cranial variation: evidence from family-based studies
Craniofacial morphometrics of archaeological or museum osteological collections have
provided the field of human evolution with a broad perspective of craniofacial variation. These
studies, however, cannot address issues of the genetic influence on trait variation, or covariation
between traits. In order to adequately approach such issues, a large number of individuals of
known biological relatedness is necessary. One such population is the Fels Longitudinal Study,
which includes over 3,000 individuals belonging to ~250 families. Participants of the Fels
Longitudinal Study have been the focus of numerous research articles including many that
have had significant anthropological and human evolutionary significance, such as several
papers detailing the growth and development of cranial structures (Young, 1956, 1957; Garn
et al., 1963; Lewis and Roche, 1972, 1974; Roche and Lewis, 1974, 1976; Roche et al.,
1977; Lewis et al., 1982, 1985; Ohtsuki et al., 1982a,b) and a classic paper investigating
ontogenetic changes in basicranial flexion (i.e., the saddle angle; Lewis and Roche, 1977). In
this report we seek to continue and extend the analysis of the Fels Longitudinal Study cranial
data by presenting the first quantitative genetic analysis of the cranial data available in the
archives.

Materials and methods
Study sample

Data for the current study are from the Fels Longitudinal Study, the largest and longest running
study of human growth and body composition change over the lifespan (Roche, 1992). This is
a randomly ascertained cohort in that participating families were not selected for any specific
feature or trait (including any craniofacial trait), and is, therefore, a study of normal variation
in such traits. Study participants generally live in or near southwest Ohio and were born
between 1929 and the present.

Craniofacial data were collected from lateral radiographs of 328 males and 279 females from
90 extended and nuclear families in the Fels Longitudinal Study (Lewis and Roche, 1977,
1988; Duren et al., 2003; Sherwood et al., 2003). All protocols were approved by the
Institutional Review Board of Wright State University, Dayton, OH, USA, and subjects
provided informed written consent to all procedures prior to participation.

Because the majority of individuals had serial data, the observation closest to the participant’s
18th birthday1 was chosen for analysis. Table 1 presents the age and sex distribution for the
sample. A minimum age was set at 13 years because by this age primary growth changes have
been achieved in the measures of the basicranium.

Lateral radiographs from participants were traced, and 10 craniometric points identified. Eight
linear and three angular measurements were taken based on these points (Fig. 1; Table 2) and
corrected for radiographic enlargement. The original craniofacial research program conducted
on the Fels Longitudinal Study focused primarily on basicranial measures, such as anterior and
posterior measures of basicranial length (sella-nasion and basion-sella respectively) and
measures of basicranial angulation. In addition to basicranial measures, three neurocranial
dimensions were collected. Neurocranial length was measured as the maximal anteroposterior
dimension and two measurements of cranial height, from sella to vertex, were measured—one

1During the history of the study, occasional efforts were made to bring in relatives of serial participants (e.g., grandparents, aunts, etc.)
for a single visit regardless of age. In these instances, that visit constituted the “observation closest to 18”, explaining the range of ages
seen in the current sample.
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to the ectocranial margin and one to the endocranial margin. A measure of cranial thickness
was calculated by subtracting these two cranial height measures.

All the radiographs were traced by a single individual. Reliability of measurements was
examined by calculating the difference in repeated measures of radiographs by a single or
multiple observers. Intra- and interobserver reliability for craniofacial studies based on the Fels
Longitudinal Study radiographs was high with differences averaging 0.10 and 0.12 mm,
respectively, for linear measures and 0.15 and 0.25 degrees for angular measures. (Lewis and
Roche, 1972, 1974, 1977, 1988; Lewis et al., 1985).

Narrow sense heritability, the proportion of phenotypic variance attributable to additive genetic
effects, was estimated for each measure using Sequential Oligogenic Linkage Analysis
Routines (SOLAR v2.1.2, available online at: http://www.sfbr.org/solar/; Almasy and
Blangero, 1998). SOLAR uses a maximum-likelihood variance components method that
incorporates all familial information for parameter estimation. The significance of heritability
estimates was tested by comparing the likelihoods of nested models using the likelihood ratio
test. Variables examined for covariate effects included age, sex, and their interactions. To
estimate the effects of these covariates on the study traits, each was screened in SOLAR by
comparing the likelihood of a model that included the covariate to the likelihood of a model
that excluded the covariate. Only the covariates significant at the p < 0.10 level were retained
in the final model for each craniofacial trait.

Bivariate quantitative genetic analyses were conducted to examine the nature of shared genetic
effects on different craniofacial traits. Using bivariate methods in the SOLAR analytic
platform, the phenotypic correlations between the two traits were partitioned into additive
genetic and random environmental components as given in equation 1:

[1]

where ρP is the phenotypic correlation, ρG is the genetic correlation, ρE is the environmental
correlation between trait pairs, and  and  are the heritabilities of trait 1 and trait 2,
respectively. Additive genetic correlations (ρG) can range from −1.0 to 1.0, where a value of
1.0 indicates complete positive pleiotropy (i.e., the same genes are affecting the two traits in
the same manner), a value of zero between the traits indicates that different genes influence
them, and a value of −1.0 indicates complete negative pleiotropy (i.e., genes acting to increase
the value of one trait decrease the trait value of the other). A genetic correlation significantly
different from both 0 and 1 (or −1) indicates incomplete pleiotropy, meaning that the two traits
are influenced to some extent by the same genes or sets of genes, but that each trait also has a
genetic basis unique from the other.

Results
Statistical power in quantitative genetic studies is not only influenced by sample size but also
by pedigree configuration. As noted, SOLAR uses all familial information for parameter
estimation by examining all relative pairings between individuals. Table 3 presents the relative
pairs in our sample, showing that there are a total of 2,293 relative pairings among the 607
individuals in the study sample. The ability to fully utilize the information in extended
pedigrees, as is available with the Fels Longitudinal Study, provides substantial power to detect
the genetic influence on variation of cranial traits.

Heritability estimates and their standard errors for craniofacial traits are presented in Table 4.
Heritabilities for all measurements were significant at the p < 0.001 level. Significant covariates
included age and sex for most traits. Heritability estimates for basicranial traits ranged from
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moderate (e.g., basion-sella; h2 = 0.34) to high (e.g., sella-nasion; h2 = 0.71). Heritability
estimates for neurocranial measures ranged from moderate (posterior–anterior; h2 = 0.45), to
high (sella-vertex; h2 = 0.65). Heritability estimates for angular measurements were moderate
to high, with basicranial flexion (basion-sella-nasion; h2 = 0.60) and the angle of facial
positioning sella-nasion-point A, (h2 = 0.54) being slightly more heritable than the angle from
nasion-sella-posterior nasal spine (h2 = 0.41).

Because each craniofacial measure was found to be significantly influenced by genetic factors,
a genetic correlation matrix was calculated in order to evaluate the nature of shared genetic
influences between traits. Table 5 presents the additive genetic correlation matrix for all
measures. All genetic correlations were significantly less than 1.0, with a number of trait pairs
showing complete genetic independence from each other (i.e., genetic correlation not
significantly different from zero). The genetic correlations between the remaining traits were
significantly different from both 1.0 and zero, indicating a state of incomplete pleiotropy; that
is, these traits are influenced by both shared and unique sets of genes. As not all traits were
genetically correlated with all other traits, it is possible to define correlation sets for each
measure. For example, measurement of the posterior base (basion-sella) was significantly
genetically correlated with three traits: basicranial flexion (basion-sella-nasion; ρG = −0.33),
total basicranial length (basion-nasion; ρG = 0.52), and facial positioning (sella-nasion-point
A; ρG = −0.37). Anterior basicranial length (sella-nasion), was significantly genetically
correlated with five traits: basion-nasion, (ρG = 0.84); sella-sphenoethmoidale, (ρG = 0.52);
posterior-anterior length, (ρG = 0.28); cranial thickness, (ρG = 0.31); and the angle nasion-sella-
posterior nasal spine, (ρG = −0.47). Correlation sets may overlap, to varying degrees, with
genetic correlation sets defined by the other traits. For instance, in the examples given, basion-
nasion is significantly genetically correlated with both posterior and anterior basicranial length.

Discussion and conclusion
Craniofacial traits serve as the primary characters used in taxonomic assessment of fossil
hominins. A full understanding of the sources of variation in such traits is essential for accurate
phylogenetic reconstructions. Quantitative genetic approaches provide insight into the most
evolutionarily salient of those sources—the extent to which trait variation is genetically
influenced and the extent to which covariation of traits is due to the shared effects of genes.

We have demonstrated that all cranial traits examined in the current study are significantly
heritable. Previous quantitative genetic studies have examined the craniofacial complex in
humans (Byard et al., 1984, 1985a,b) and in non human primates (e.g., Cheverud and Buikstra,
1981a,b, 1982; Cheverud, 1982) and similarly found significant heritability of craniofacial
traits. Standard errors were typically large for these studies and a percentage of heritability
estimates were found to be insignificant. A likely factor in this was a reliance on less powerful
study designs (i.e., mother-offspring or sibling designs). The current study is the first
examination of the genetic architecture of the human cranium utilizing an extended pedigree
design. Some pedigrees in the Fels Longitudinal Study include several hundred individuals
spanning three generations or more. This configuration means that related individuals come
from a variety of households and locales. This reduces possible effects of shared environments
on traits (often a confounding factor in mother-offspring or sibling designs), thus yielding more
accurate and reliable h2 and ρG estimates.

Genetic correlation analyses in the current study reveal that several traits share a common
genetic basis while other traits show genetic independence from one another. It would be
reasonable to assume that traits from an isolated region, such as the basicranium, would
demonstrate significant levels of pleiotropy as indicated by significant genetic correlations
between traits. The pattern of genetic correlations, however, presents a mosaic. Rather than
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identifying a common pattern of genetic correlations among basicranial traits, each trait is
represented by a unique set of significant genetic correlations with a subset of traits. Ideally,
traits are used in phylogenetic analyses as a surrogate for the underlying genetic architecture
influencing variation and covariation in the traits of interest. The problems associated with the
use of intercorrelated traits in phylogenetic analyses have frequently been discussed (e.g.,
Trinkaus, 1990; Hlusko, 2004). While there are multiple potential sources for intercorrelations,
the use of genetically correlated traits may bias phylogenetic assessments by effectively
reducing the genetic signal being analyzed.

Application to the fossil record
Characterizing trait variation is the cornerstone of phylogenetic analyses. Quantitative genetic
analyses provide a unique opportunity to examine the genetic influences on variance of and
covariance between traits. As many interpretations of the fossil record are based on analyses
of comparative skeletal material from extant primates available in museum collections, it is
reasonable to scrutinize the composition of those collections. Many of the specimens in
museum collections represent multiple members from individual social groups and, depending
upon mating patterns and transfer systems, will include individuals with close genetic
relationships. It is clear from the results presented here that samples consisting of kin-groups
affect estimates of population variation, especially from small samples. Therefore, samples
from museum collections may contain a substantial bias, potentially influencing application to
and interpretations of the fossil record. For traits with high heritability, measures of phenotypic
variation are expected to be reduced within closely related individuals compared to variation
between unrelated individuals. Similarly, analyses using correlation techniques (including
techniques such as principal components analysis) will be biased by inflated estimates of
correlation coefficients, if the relationships between individuals are not considered. Finally,
analyses utilizing percentages of presence/absence in nonmetric traits, such as cuspal variations
in teeth or cranial features such as emissary foramina or occipital/marginal sinus systems, may
also be heavily biased if these traits are heritable.

In large collections it may be possible to reduce biases by enlarging the number of individuals
used in analyses. Unless specific information regarding the details of specimen collection exist,
however, it may not be possible to guarantee the familial independence of any sample. In the
case of rare species where only small numbers of individuals are available, it may be assumed
that only a single, or at most a few, family group(s) is(are) represented. For instance, in
Albrecht’s (1982) inventory of primate skeletal material available in museum collections, there
are 18 and 19 genera represented by 15 or fewer specimens in the American Museum of Natural
History and National History of Natural Museum, respectively (two collections frequently used
by researchers). Given the biases that may arise from use of such samples, it is important to
consider the underlying relationship structure of the sample if possible, and acknowledge the
potential bias.
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Fig. 1.
Linear (A) and angular (B) measures taken from human radiographs. Angle A = Ba-S-N; angle
B = N-S-PNS; angle C = S-N-A.
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Table 1
Sex and age distribution of the study sample

n Age (years)

Average (SD) Minimum Maximum

Males 328 27.86 (15.21) >13 73.2
Females 279 32.64 (15.25) >13 75.5
Total 607 28.41 (15.23) >13 75.5
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Table 3
Relative pairings represented among 607 individuals from 90 families with lateral cranial radiographs

Relationship Degree of relationship n

Identical siblings 5
Parent-offspring 1st 608
Siblings 360
Grandparent-grandchild 2nd 141
Avuncular 317
Half-siblings 43
Grand avuncular 3rd 49
Half avuncular 4
1st cousins 356
1st cousins, once removed 193
1st cousins, twice removed 5th 3
2nd cousins 157
2nd cousins, once removed 6th 31
3rd cousins 7th 26
Total 2,293
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