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Abstract

Associations of height and head circumference with 1Q are well documented, but much less is
known about the association of 1Q with other anthropometric measures or the mechanisms
behind these associations. We therefore analyzed the associations between 1Q and several
anthropometric measures using a twin-study design. Twins born in Minnesota were assessed
at either age 11 (756 complete pairs) or 17 (626 complete pairs) and analyzed using genetic
modeling. Head circumference and height showed the most consistent positive associations
with 1Q, whereas more detailed anthropometric measures were not significantly better
predictors of 1Q. These associations were mainly due to common genetic factors. Our results
suggest that the same genetic factors have an effect on physical and cognitive development.
Head circumference and height capture information on children’s physical development,

which is partly associated also with cognitive development.
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Associations between cognitive function or intelligence (1Q) and different anthropometric
measures have long attracted scientific interest. Previous studies have shown that head
circumference is positively associated with childhood cognitive performance (Heinonen et al.
2008, Veena et al. 2009) and negatively with cognitive decline at old age (Lee et al. 2010).
Tall stature has been found to be associated with higher 1Q in childhood (Wheeler et al. 2004)
and adulthood (Humphreys et al. 1985, Teasdale et al. 1989, Tuvemo et al. 1999) as well as
with slower cognitive decline in old age (Abbott et al. 1998). Problems in physical
development can thus have negative effect on cognitive development. Much less is known,
however, about how measures of other body parts are associated with 1Q. Leg (Mak et al.
2006, Kim et al. 2003), knee (Huang et al. 2008) and arm length (Jeong et al. 2005) have
been found to be negatively associated with cognitive decline or risk of dementia at old age,
but few previous studies have analyzed how they are associated with 1Q at younger ages.
Since growth of different body parts may show different susceptibility to the effect of
environmental factors (Ali et al. 2000, Bogin et al. 2002), it is important to compare how they
are related to 1Q to find optimal anthropometric measures which would capture variation

relevant to the cognitive development as well.

The mechanisms behind the associations between anthropometric measures and 1Q are still
poorly understood, and may also vary between different anthropometric measures. Head
circumference can be an indicator of brain volume (Bartholomeusz et al. 2002), which is
further associated with 1Q (Lange et al. 2010). It has also been suggested that the association
of 1Q with height and its components, such as leg length, would reflect the effect of
environmental factors during childhood. This is an intriguing hypothesis since environmental
factors in childhood, such as malnutrition, are found to be associated both with 1Q (Yehuda et

al. 2006) and height (Silventoinen 2003). However, a previous Dutch twin study found that



the association between 1Q and height was explained by genetic factors, which suggests that
factors other than childhood environment, for example endocrinological mechanisms, are
behind this association (Silventoinen et al. 2006). The association between stature and 1Q is
also found in the tallest end of height distribution, suggesting that this association is not likely

to be generated only by inadequate childhood living conditions (Teasdale et al. 1991).

Since there are few studies comparing the associations of different anthropometric measures
with 1Q, we decided to investigate this question in twins during late childhood and late
adolescence. The twin-study design provided an opportunity to analyze how genetic and

environmental factors contribute to these associations.

Data and methods

The data are derived from the Minnesota Twin Family Study including monozygous (MZ)
and same-sex dizygous (DZ) twin pairs born in Minnesota (lacono et al. 1999, lacono &
McGue 2002). Twin births from 1972 to 1984 were identified from Minnesota state birth
records. Contact information was found for 91% of the families of these twins. Twins and
their families were invited to a day-long assessment in a laboratory located in Minneapolis
when the twins were approximately 11 (SD=0.43) or 17 (SD=0.46) years of age. Among
invited families, 17% refused to participate. Over 95% of participating families had
Caucasian heritage reflecting the ethnic composition in Minnesota in these birth cohorts. The
combined sample comprised measures on 1512 twin children at age 11 (760 females) and
1252 at age 17 (674 females) including 756 (485 MZ) and 626 (411 MZ) complete twin pairs,

respectively.



Full-scale 1Q, performance 1Q and verbal 1Q were measured using an abbreviated version of
the Wechsler Adult Intelligence Scale-Revised (WAIS-R) for 17-year olds or the Wechsler
Intelligence Scale for Children-Revised (WISC-R) for 11-year olds. The short forms
consisted of two Verbal subtests (Information and VVocabulary) and two Performance subtests
(Block Design and Picture Arrangement). Previous research has shown that 1Q estimated
from this abbreviated form correlates 0.94 with 1Q determined using all the Wechsler
subscales (Sattler 1974). The scaled scores were prorated to determine Full-Scale 1Q,
Performance 1Q and Verbal 1Q. Detailed anthropometric measures were also obtained using
the standardized protocol (Table 1). This protocol was administered by trained personnel
using a specially constructed steel chair designed to keep participant body parts straight and
fully extended as appropriate. 1Q and anthropometric measures were approximately normally
distributed. To take into account the effect of minor differences in the ages within each of the
two cohorts at the time of the examination, we adjusted the 1Q and anthropometric measures
for the exact age at the time of the measurement. This was done by computing regression
residuals with age as an independent variable in regression models separately for boys and
girls and using these residuals in the subsequent analyses. In the younger cohort (11 years)
age explained some of the variation in height measures (5.9-11.4% in boys and 7.4-13.8% in
girls) but a more minor part of the variation of 1Q (0.3-1.6% and 0.1-0.3%, respectively) and
craniological measures (0-4.4% and 0.1-4.1%, respectively) whereas in the older cohort (17
years) it explained less than 1% of the variation in all of these measures in males and females.

All analyses were done independently within these two cohorts (11 and 17 years of age).

(Table 1)



The effect of genetic and environmental factors on 1Q and anthropometric measures was
estimated using biometrical models for twin data (Neale & Cardon 2003). Whereas MZ twins
are genetically identical, DZ twins share, on average, 50% of their segregating genes. On this
basis, four sources of variation interpreted as latent variance components in a structural
equation model can be defined: additive genetic variation (A), which is the sum of the main
effects of all alleles affecting the trait, genetic dominance variation (D) caused by interaction
between alleles at the same locus, environmental factors common to co-twins (C), and
environmental factors unique to each twin individual (E). Our data include only twins reared
together and therefore do not allow simultaneous modeling of genetic dominance and

common environmental effects.

First, univariate models for each measure at age 11 and 17 were fitted to test the assumptions
of twin models, find the best fitting model used for subsequent multivariate modeling and
compute the proportions of variation explained by genetic and environmental factors. The fit
of the models was tested by comparing the change of ¥?-goodness-of-fit statistics and degrees
of freedom between nested models (Ay2gegrees of freedom). The technical assumptions of twin
models, i.e. equal means and variances for MZ and DZ twins, were tested by comparing
genetic models to saturated models, which do not make these assumptions. In the saturated
models, means and variances were estimated for first and second MZ and DZ twins as well as
co-variances for MZ and DZ twins separately for males and females. Further, twin modeling
makes the assumptions of random mating and lack of gene-environment interactions. To
calculate the correlations between the 1Q and anthropometric measures, we computed
standardized regression estimates using the clustered samples option (svy) of the Stata
statistical package, version 10.1 for Windows. This allows us to take account of the clustered

sampling design, i.e. sampling twin pairs rather than non-related individuals, on standard



errors. All statistically significant correlations were further decomposed into genetic and
environmental correlations using bivariate Cholesky decomposition. We used 95%
confidence intervals to test the statistical significance of the parameter estimates. Genetic
modeling was carried out with the Mx statistical package, version 1.7.03, using the raw data

analysis option (Neale 2003).

Results

Table 2 presents descriptive statistics of the 1Q and anthropometric measures by sex and
zygosity. Anthropometric measures were very similar in boys and girls at age 11, but at age
17 boys were clearly taller than girls. No major sex differences were seen in the I1Q tests at

either age.

(Table 2)

We started the genetic modeling by testing the equality of means and standard deviations
between MZ and DZ pairs and selecting the best fitting model used in further analyses. DZ
correlations were larger than half of the MZ correlations suggesting the presence of common
environmental effects (Table 3). Thus we selected the additive genetic/ common
environmental/ specific environmental (ACE) model as the starting point for genetic
modeling. The fit of the ACE models did not differ significantly from the saturated models
(Ay?11=7.0-29.3, p=0.875-0.003) after we had corrected the conventional alpha level (p<0.05)
by Bonferroni correction of 26 tests (p<0.002). Further, no systematic differences were found
in means and standard deviations between MZ and DZ twins (Table 2). Common

environmental effects were found for all traits, but it was statistically significant for only



some of them (Ay?=0.5-23.6, p=0.77-0.0001). Because the non-significant common
environmental effects can also be because of lack of power, we decided to use the ACE
model in univariate modeling. Further we found that we were not able to equate the
parameter estimates in males and females for all traits (Ax%=0.5-18.9, p=0.93-0.0002). We

decided to treat boys and girls separately for all traits to make our analyses systematic.

(Table 3)

Standardized variance components of genetic and environmental factors for all 1Q and
anthropometric measures are presented in Table 4. At age 11, the genetic and common
environmental effects explained about equal portions of the variance in 1Q tests in boys and
girls. At age 17, however, the relative effects of genetic factors clearly increased and most of
the common environmental effects became statistically non-significant. The same pattern was
seen also in the anthropometric traits in boys. Especially for the cranial measures, the
common environmental effects were substantial at age 11, but they clearly decreased at age
17 and most of them became statistically non-significant. For the measures of height, the
common environmental effects were generally less important than for cranial measures and
generally statistically non-significant at age 11; at age 17 these effects largely disappeared.
Additive genetic factors were important for all traits in girls, and most of the common

environmental effects were statistically non-significant.

(Table 4)

Table 5 presents the phenotypic correlations between full-scale 1Q and the anthropometric

measures. Head circumference was consistently correlated with full-scale 1Q. The



correlations with the other cranial measures were smaller in size but mostly still statistically
significant. Height measures showed systematically weaker correlations with full-scale 1Q
when compared with cranial measures. Total height showed the strongest correlation but was
statistically significant only in boys. Other height measures showed significant correlations
with 1Q only in boys at age 11, whereas these correlations were close to zero at age 17 in
boys and at both ages in girls. The confidence intervals of the correlations were, however, so
wide that the differences between boys and girls were not statistically significant. The
correlations of anthropometric measures with performance 1Q and verbal 1Q were very close
to the correlations with full-scale 1Q (data not shown but are available from the

corresponding author).

(Table 5)

Finally we decomposed all statistically significant correlations between full-scale 1Q and the
anthropometric measures using a bivariate Cholesky decomposition. We first tested common
environmental correlations and found that they were not statistically significant when using
the Bonferroni corrected alpha level (Ax?1=0-8.3, p=1-0.004), and thus we decided to drop
common environmental correlations from all of the models. We also dropped additive genetic
or specific environmental correlations if they were not statistically significant. We found that
common genetic factors explained a large portion of the observed phenotypic correlations
(Table 6). Specific environmental correlations were also found for some of the traits, but they

explained a smaller part of the phenotypic correlations than additive genetic factors.

(Table 6)



Discussion

Consistent with previous studies from Asian American (Rushton 1997), Finnish (Heinonen et
al. 2008) and Indian populations (Veena et al. 2009), we found that head circumference was
correlated with 1Q. It is possible that these associations partly reflect the effect of brain
volume known to be correlated with head circumference (Bartholomeusz et al. 2002).
However, detailed measures of gray matter, temporal white matter and frontal white matter
volumes in a previous study were only slightly more strongly correlated with 1Q than found
in this study for head circumference (Lange et al. 2010). Since head circumference is only
moderately correlated with brain volume, it is likely that its correlation with 1Q also reflects

factors other than those involved in brain volume.

Height also correlated with 1Q, as has been found in several previous studies (Wheeler et al.
2004, Humphreys et al. 1985, Teasdale et al. 1989, Tuvemo et al. 1999). However in our
study, height was only weakly associated with 1Q in girls at 11 years of age and the
correlation was weaker than between head circumference and 1Q in boys and girls. The lack
of correlation between height and IQ in girls may be because many of the girls had already
initiated puberty by this age (Euling et al. 2008), and differences in the timing and tempo of
puberty may have attenuated this association. Somewhat surprisingly, 1Q showed a stronger
association with total height than with the length of different body parts. There is some
evidence that secular increases in height in a population owe more to growth in limb than
trunk length, suggesting that limb length is more sensitive to environmental influence (Ali et
al. 2000, Bogin et al. 2002). Further, leg length has been found to better predict risk of
cardiovascular diseases than trunk length (Gunnell et al. 1998). Our results suggest that total

height captures information on the physical development of a child relevant to the
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development of cognitive abilities and leg length or other components of body height are not
better indicators of this variation. However the correlations between anthropometric measures
and 1Q were generally low suggesting that the major part of cognitive development is

independent of physical development.

The twin-study design gave us an opportunity to analyze factors behind the observed
associations between 1Q and anthropometric measures. We found evidence that these
associations were mainly of genetic origin. The exception was head circumference, where we
found some evidence on the role of common environmental factors on this correlation. The
role of common genetic effects are supported by previous Dutch twin studies, which found
that the association of 1Q with brain volume (Posthuma et al. 2002) and height (Silventoinen
et al. 2006) were explained by genetic factors. Common hormonal pathways, such as
secretion of growth hormone, between physical and cognitive development is a possible
explanation for these results. The clinical syndrome of growth hormone deficiency is
associated both with short stature and mental retardation (van Dam et al. 2005), but it is
unknown whether there is an association between cognitive development and the secretion of
growth hormone within the normal variation of growth hormone levels. Our results, however,
do not exclude the possibility that environmental factors could also be involved in this
association since there may be genetically-based differences in susceptibility to the effects of

environmental stressors between children.

In addition to genetic factors, common environmental factors also had some effect on 1Q and
anthropometric measures at age 11, but most of these effects decreased and became
statistically non-significant at age 17. A diminishing effect of environmental factors from

childhood to adulthood is well known for 1Q (Plomin & Spinath 2004). A shared
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environmental effect on height has been found in childhood (Silventoinen et al. 2007) and a
small effect also in adulthood (Silventoinen et al. 2003). It is noteworthy that separating
common environmental effects from genetic effects needs large twin data sets (Visscher
2004, Visscher et al. 2008), and thus if the most parsimonious model is used these effects
would be eliminated in many cases if the data set is not very large. Since confidence intervals
for common environmental effects were wide in this study, no firm conclusions could be
drawn. Our results, however, suggest that common environment may not be insignificant for
IQ and anthropometrical traits even in adolescence. However because of the wide confidence
intervals, we cannot exclude the possibility that common environmental effects in this study
might be attributable to sample error. Large twin data sets or meta-analyses would be needed

to analyze this question in detail.

Twin modeling makes certain assumptions, and if they are violated it should be taken into
account when interpreting the results. First random mating is assumed because non-random
mating can generate a genetic correlation between spouses and thus increase the genetic
correlation of DZ twins more than the 0.5 value assumed in twin models. This further inflates
the estimates of common environmental variance. There is clear evidence for assortative
mating both for height (Silventoinen et al. 2003) and 1Q (Reynolds et al. 1996), and thus it
may have contributed to common environmental variance in this study. However, it is
noteworthy that a common environmental effect is usually not found for height (Silventoinen
et al. 2003) or 1Q (Silventoinen et al. 2006) in adulthood suggesting that this effect cannot be
very strong. Second, in our study, genetic and environmental effects on the phenotype were
modeled as independent effects. If gene-environment interaction exists, it would be modeled
as part of an additive genetic effect if the environmental exposure is shared by the co-twins or

as part of specific environment if the exposure affects only one co-twin. Thus we cannot rule
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out that the genetic component in our study may partly reflect, for example, different genetic
susceptibility of DZ twins interacting with childhood living conditions. Testing this
hypothesis would require direct measures of environmental exposure, which would allow

disentangling gene-environment interactions from pure genetic effects.

Our data have strengths but also limitations. Our main strength is detailed anthropometric
measures at two ages allowing for a comparison of how age affects the associations of
anthropometric measures with 1Q. Further, since we have information on twins, we can
analyze potential mechanisms behind these associations. A weakness is that even though our
sample size was relatively large, especially when taking into account the very detailed
anthropometric measurement protocol and 1Q tests, we still had somewhat limited power
mainly because of two reasons. First, we needed to treat boys and girls separately because of
statistically significant differences in some of the traits; further the different timings of
puberty may have otherwise confused our analyses. Secondly, since we found moderate
common environmental effects for many traits, we decided not to drop these effects from
univariate genetic models, even when they were generally statistically non-significant. This
led to wider confidence intervals not only for common environmental effects but also for
additive genetic effects. However, the point estimates are probably less biased because if the
AE model would have been used, all common environmental variation would have been
modeled as part of additive genetic variation and thus have been artificially inflated. It is also
noteworthy that inadequate power to separate additive genetic and common environmental
effects is a general problem in many other twin data sets as well (Hopper 2000). Also the
power to detect these effects can be increased by multivariate analyses and they thus could be

the next step in these analyses.
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To conclude, head circumference and total height showed stronger associations with 1Q than
anthropometric measures focused on specific body parts. We found some evidence that these
associations were mainly genetic origin, which may indicate the role of endocrinological
factors or genetically based susceptibility to environmental stressors shared by family
members. Head circumference and height are both easy to measure and capture important
information on child development which has some relevance also to the development of
cognitive abilities, even when physical and cognitive developments are mainly independent.
These measures are already part of the protocol of health check-up in many countries, and our
results suggest that inclusion of more detailed anthropometric measurements may not be

necessary.

Acknowledgements

Supported by U.S. Public Health Services grants # AA09367 & DA005147. KS works in the

Academy of Finland Centre of Excellence in Complex Disease Genetics.

14



References

Abbott, R.D., White, L.R., Ross, G.W., Petrovitch, H., Masaki, K.H., Snowdon, D.A. &
Curb, J.D. 1998, "Height as a marker of childhood development and late-life cognitive
function: the Honolulu-Asia Aging Study", Pediatrics, vol. 102, pp. 602-609.

Ali, M.A., Uetake, T. & Ohtsuki, F. 2000, "Secular changes in relative leg length in post-war
Japan”, American Journal of Human Biology, vol. 12, pp. 405-416.

Bartholomeusz, H.H., Courchesne, E. & Karns, C.M. 2002, "Relationship between head
circumference and brain volume in healthy normal toddlers, children, and adults",
Neuropediatrics, vol. 33, pp. 239-241.

Bogin, B., Smith, P., Orden, A.B., Varela Silva, M.l. & Loucky, J. 2002, "Rapid change in
height and body proportions of Maya American children™, American Journal of Human
Biology, vol. 14, pp. 753-761.

Euling, S.Y., Herman-Giddens, M.E., Lee, P.A., Selevan, S.G., Juul, A., Sorensen, T.1I.,
Dunkel, L., Himes, J.H., Teilmann, G. & Swan, S.H. 2008, "Examination of US puberty-
timing data from 1940 to 1994 for secular trends: panel findings", Pediatrics, , pp. S172-
91.

Gunnell, D.J., Davey Smith, G., Frankel, S., Nanchahal, K., Braddon, F.E., Pemberton, J. &
Peters, T.J. 1998, "Childhood leg length and adult mortality: follow up of the Carnegie
(Boyd Orr) Survey of Diet and Health in Pre-war Britain", Journal of Epidemiology and
Community Health, vol. 52, pp. 142-152.

Heinonen, K., Raikkonen, K., Pesonen, A.K., Kajantie, E., Andersson, S., Eriksson, J.G.,
Niemeld, A., Vartia, T., Peltola, J. & Lano, A. 2008, "Prenatal and postnatal growth and
cognitive abilities at 56 months of age: a longitudinal study of infants born at term",
Pediatrics, vol. 121, pp. e1325-33.

Hopper, J.L. 2000, "Why ‘common environmental effects’ are so uncommon in the literature”
in Advantages in Twin and Sib-pair Analysis, eds. T.D. Spector, H. Snieder & A.J.
MacGregor, Greenwich Medical Media Ltd., London, pp. 151-165.

Huang, T.L., Carlson, M.C., Fitzpatrick, A.L., Kuller, L.H., Fried, L.P. & Zandi, P.P. 2008,
"Knee height and arm span: a reflection of early life environment and risk of dementia”,
Neurology, vol. 70, pp. 1818-1826.

Humphreys, L.G., Davey, T.C. & Park, R.K. 1985, "Longitudinal correlation analysis of
standing height and intelligence", Child Development, vol. 56, pp. 1465-1478.

lacono, W.G., Carlson, S.R., Taylor, J., ElKins, 1.J. & McGue, M. 1999, "Behavioral
disinhibition and the development of substance-use disorders: findings from the Minnesota
Twin Family Study", Development and Psychopathology, vol. 11, pp. 869-900.

lacono, W.G. & McGue, M. 2002, "Minnesota Twin Family Study”, Twin Research, vol. 5,
pp. 482-487.

15



Jeong, S.K., Kim, J.M., Kweon, S.S., Shin, M.H., Seo, M\W. & Kim, Y.H. 2005, "Does arm
length indicate cognitive and functional reserve?”, International Journal of Geriatric
Psychiatry, vol. 20, pp. 406-412.

Kim, J.M., Stewart, R., Shin, 1.S. & Yoon, J.S. 2003, "Limb length and dementia in an older
Korean population”, Journal of Neurology, Neurosurgery, and Psychiatry, vol. 74, pp.
427-432.

Lange, N., Froimowitz, M.P., Bigler, E.D., Lainhart, J.E. & Brain Development Cooperative
Group 2010, "Associations between 1Q, total and regional brain volumes, and demography
in a large normative sample of healthy children and adolescents”, Developmental
Neuropsychology, vol. 35, pp. 296-317.

Lee, K.S., Eom, J.S., Cheong, H.K., Oh, B.H. & Hong, C.H. 2010, "Effects of head
circumference and metabolic syndrome on cognitive decline™, Gerontology, vol. 56, pp.
32-38.

Mak, Z., Kim, J.M. & Stewart, R. 2006, "Leg length, cognitive impairment and cognitive
decline in an African-Caribbean population”, International Journal of Geriatric
Psychiatry, vol. 21, pp. 266-272.

Neale, M.C. 2003, Mx: Statistical Modeling, Box 710 MCV, Richmond, VA 23298:
Department of Psychiatry.

Neale, M.C. & Cardon, L.R. 2003, Methodology for Genetic Studies of Twins and Families,
Dordrecht: Kluver Academic Publisher.

Plomin, R. & Spinath, F.M. 2004, "Intelligence: genetics, genes, and genomics"”, Journal of
personality and social psychology, vol. 86, pp. 112-129.

Posthuma, D., De Geus, E.J., Baare, W.F., Hulshoff Pol, H.E., Kahn, R.S. & Boomsma, D.I.
2002, "The association between brain volume and intelligence is of genetic origin™, Nature
Neuroscience, vol. 5, pp. 83-84.

Reynolds, C.A., Baker, L.A. & Pedersen, N.L. 1996, "Models of spouse similarity:
applications to fluid ability measured in twins and their spouses”, Behavior Genetics, vol.
26, pp. 279-292.

Rushton, J.P. 1997, "Cranial size and 1Q in Asian Americans from birth ro age seven"”,
Intelligence, vol. 25, pp. 7-20.

Sattler, J.M. 1974, Assessment of Children, W. B. Saunders Company, Philadelphia.

Silventoinen, K. 2003, "Determinants of variation in adult body height", Journal of Biosocial
Science, vol. 35, pp. 263-285.

Silventoinen, K., Bartels, M., Posthuma, D., Estourgie- van Burk, G.F., Willemsen, G., van
Beijsterveldt, T.C.E.M. & Boomsma, D.l. 2007, "Genetic regulation of growth in height
and weight from three to 12 years of age: a longitudinal study of Dutch twin children”,
Twin Research, vol. 10, pp. 354-363.

16



Silventoinen, K., Kaprio, J., Lahelma, E., Viken, R.J. & Rose, R.J. 2003, "Assortative mating
by body height and BMI: Finnish twins and their spouses”, American Journal of Human
Biology, vol. 15, pp. 620-627.

Silventoinen, K., Posthuma, D., van Beijsterveldt, T., Bartels, M. & Boomsma, D.l. 2006,
"Genetic contributions to the association between height and intelligence: Evidence from
Dutch twin data from childhood to middle age", Genes, Brain, and Behavior, vol. 5, pp.
585-595.

Silventoinen, K., Sammalisto, S., Perola, M., Boomsma, D.l., Cornes, B.K., Davis, C.,
Dunkel, L., De Lange, M., Harris, J.R., Hjelmborg, J.V., Luciano, M., Martin, N.G.,
Mortensen, J., Nistico, L., Pedersen, N.L., Skytthe, A., Spector, T.D., Stazi, M.A.,
Willemsen, G. & Kaprio, J. 2003, "Heritability of adult body height: a comparative study
of twin cohorts in eight countries", Twin Research, vol. 6, pp. 399-408.

Teasdale, T.W., Owen, D.R. & Sgrensen, T.l.A. 1991, "Intelligence and educational level in
adult males at the extremes of stature™, Human Biology, vol. 63, pp. 19-30.

Teasdale, T.W., Sgrensen, T.l.LA. & Owen, D.R. 1989, "Fall in association of height with
intelligence and educational level”, BMJ, vol. 298, pp. 1292-1293.

Tuvemo, T., Jonsson, B. & Persson, I. 1999, "Intellectual and physical performance and
morbidity in relation to height in a cohort of 18-year-old Swedish conscripts", Hormone
Research, vol. 52, pp. 186-191.

van Dam, P.S., de Winter, C.F., de Vries, R., van der Grond, J., Drent, M.L., Lijffijt, M.,
Kenemans, J.L., Aleman, A., de Haan, E.H. & Koppeschaar, H.P. 2005, "Childhood-onset
growth hormone deficiency, cognitive function and brain N-acetylaspartate™,
Psychoneuroendocrinology, vol. 30, pp. 357-363.

Veena, S.R., Krishnaveni, G.V., Wills, A.K., Kurpad, A.V., Muthayya, S., Hill, J.C., Karat,
S.C., Nagarajaiah, K.K., Fall, C.H. & Srinivasan, K. 2009, "Association of birthweight and
head circumference at birth to cognitive performance in 9-10 year old children in South
India: prospective birth cohort study", Pediatric Research, .

Visscher, P.M. 2004, "Power of the classical twin design revisited", Twin Research, vol. 7,
pp. 505-512.

Visscher, P.M., Gordon, S. & Neale, M.C. 2008, "Power of the classical twin design
revisited: Il detection of common environmental variance”, Twin Research and Human
Genetics, vol. 11, pp. 48-54.

Wheeler, P.G., Bresnahan, K., Shephard, B.A., Lau, J. & Balk, E.M. 2004, "Short stature and
functional impairment: a systematic review", Archives of Pediatrics & Adolescent
Medicine, vol. 158, pp. 236-243.

Yehuda, S., Rabinovitz, S. & Mostofsky, D.l. 2006, "Nutritional deficiencies in learning and

cognition”, Journal of Pediatric Gastroenterology and Nutrition, vol. 43 Suppl 3, pp. S22-
5.

17



18



Table 1. Measurement protocol of anthropometric traits.

Trait Measurement protocol
Craniological measures
Head circumference Metal tape was run around head immediately above eyebrows and ears

Face height Measured from tip of chin to top of head using anthropometer

Head length 1 Maximum distance from the nasion to the back of the head measured using anthropometer
Head length 2 Maximum distance from the bottom of the nasion to the inion measured using anthropometer
Head breadth Maximum breadth in the transverse plane measured using spreading calipers

Height measures

Total height Measured using anthropometer with participant standing heels together and stretching upward to the fullest extent
Sitting height Measured from the bottom of the buttock to the top of the head using anthropometer and adding 1 cm
Buttock-knee height Measured from the back of the chair to the front of the knee using anthropometer

Knee height Measured from the bottom of the heel to the top of the leg with the thigh horizontal and adding 1 cm

Foot length Mean of foot length measured from the back of the heel to the front of the big toe
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Table 2. Means and standard deviations (SD) of 1Q and anthropometric (cm) measures at 11 and 17 years of age in boys and girls by zygosity.

Boys 11 years Girls 11 years Boys 17 years Girls 17 years
MZ DZ MZ DZ MZ DZ MZ Dz

mean SD mean SD meanSD  mean SD meanSD  mean SD mean SD mean SD
Intelligence measures
Full-scale 1Q 105 14 104 14 102 14 105 15 104 14 102 13 97 14 97 14
Performance 1Q 108 15 107 15 107 16 109 17 109 17 107 17 102 17 102 17
Verbal 1Q 102 14 101 14 97 13 100 13 9 14 98 13 94 13 94 13
Craniological measures
Head circumference 54 17 54 18 54 18 54 17 57 15 57 16 55 16 55 17
Face height 21 1.2 21 09 20 12 20 10 23 12 23 10 21 09 21 1.0
Head length 1 19 0.7 19 0.7 18 08 18 0.8 20 07 20 08 19 08 19 0.8
Head length 2 17 09 17 0.8 16 10 16 10 18 09 18 08 17 09 17 08
Head breadth 14 0.6 14 0.6 14 05 14 05 15 06 15 06 14 05 14 05
Height measures
Total height 149 7.1 150 6.7 151 73 151 7.3 177 6.7 177 6.4 164 6.0 164 6.0
Sitting height 77 3.6 77 3.3 78 41 78 4.2 97 66 97 6.4 87 35 87 4.2
Buttock-knee length 52 3.2 52 3.2 53 38 53 35 62 41 62 4.0 58 29 58 2.8
Knee height 47 2.9 47 2.8 47 2.8 47 238 54 28 54 27 50 26 50 35
Foot length 23 14 23 14 22 13 23 13 26 29 26 13 23 12 23 1.2
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Table 3. Within-pair intra-class correlations for 1Q and anthropometric measures by sex and
zygosity at 11 and 17 years of age.

11 years 17 years
Boys Girls Boys Girls
MZ Dz MZ DZ MzZ Dz Mz Dz
Full scale 1Q 0.73 0.57 0.78 0.56 0.80 0.51 0.79 0.48
Performance 1Q 0.56 0.39 0.67 0.45 0.62 0.31 0.58 0.40
Verbal 1Q 0.78 0.54 0.74 0.56 0.83 047 0.82 0.56
Head circumference  0.84 0.68 0.86 0.42 0.83 0.35 0.86 0.56
Face height 0.70 041 0.62 0.32 0.63 041 057 0.27
Head length 1 0.66 0.49 0.78 0.43 0.53 0.30 0.77 0.46
Head length 2 0.81 0.50 0.82 0.58 0.79 0.64 0.80 0.60
Head breadth 0.83 0.46 0.85 0.53 0.90 0.44 0.84 0.55
Total height 0.93 0.52 0.93 0.59 0.89 0.44 0.92 0.56
Sitting height 0.87 0.44 0.90 0.38 0.92 0.69 0.88 0.60
Buttock-knee height 0.82 0.65 0.86 0.53 0.82 0.35 0.84 043
Knee height 0.93 0.53 0.90 0.55 0.93 0.46 091 0.55
Foot length 0.93 0.50 0.89 0.55 091 0.50 091 0.39
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Table 4. Relative variance component estimates with 95% confidence intervals (CI) for 1Q and anthropometric measures by sex.

11 years of age
Intelligence measures
Full scale 1Q
Performance 1Q
Verbal 1Q

Craniological measures
Head circumference
Face height

Head length 1

Head length 2

Head breadth

Height measures
Total height

Sitting height
Buttock-knee height
Knee height

Foot length

17 years of age
Intelligence measures
Full scale 1Q
Performance 1Q
Verbal 1Q

Additive genetic

factors

a2

0.35
0.36
0.47

0.39
0.30
0.33
0.53
0.44

0.78
0.75
0.39
0.79
0.85

0.53
0.62
0.62

95%

0.14-0.61
0.07-0.63
0.26-0.74

0.23-0.58
0.04-0.64
0.08-0.63
0.31-0.81
0.29-0.65

0.57-0.94
0.52-0.88
0.22-0.61
0.59-0.94
0.63-0.94

0.29-0.82
0.27-0.69
0.37-0.84

Boys
Common
environment

CZ

0.38
0.20
0.30

0.46
0.37
0.33
0.26
0.44

0.15
0.11
0.44
0.13
0.08

0.26
0.00
0.19

95% ClI

0.13-0.57
0.00-0.46
0.04-0.50

0.27-0.61
0.03-0.61
0.04-0.55
0.00-0.48
0.24-0.59

0.00-0.36
0.00-0.34
0.22-0.60
0.00-0.34
0.00-0.30

0.00-0.50
0.00-0.32
0.00-0.44

Specific
environment

eZ

0.27
0.43
0.23

0.15
0.34
0.34
0.21
0.11

0.07
0.14
0.17
0.07
0.07

0.20
0.38
0.19

95% ClI

0.22-0.33
0.36-0.52
0.18-0.28

0.12-0.19
0.28-0.40
0.28-0.42
0.17-0.25
0.09-0.14

0.05-0.09
0.11-0.17
0.14-0.21
0.06-0.09
0.06-0.09

0.16-0.26
0.31-0.48
0.15-0.23
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Additive genetic

factors

3.2

0.49
0.45
0.39

0.84
0.41
0.67
0.48
0.73

0.71
0.91
0.73
0.72
0.62

0.63
0.41
0.48

95% CI

0.30-0.73
0.20-0.71
0.19-0.63

0.61-0.88
0.10-0.65
0.43-0.81
0.29-0.71
0.53-0.89

0.54-0.93
0.79-0.93
0.53-0.89
0.53-0.91
0.43-0.86

0.39-0.82
0.11-0.66
0.28-0.75

Girls
Common
environment

C2

0.29
0.22
0.36

0.01
0.17
0.11
0.34
0.14

0.22
0.00
0.14
0.18
0.26

0.16
0.17
0.33

95% CI

0.06-0.47
0.00-0.44
0.13-0.54

0.00-0.24
0.00-0.45
0.00-0.34
0.11-0.52
0.00-0.33

0.00-0.40
0.00-0.11
0.00-0.34
0.00-0.37
0.02-0.45

0.00-0.39
0.00-0.44
0.07-0.53

Specific
environment

eZ

0.22
0.33
0.25

0.15
0.42
0.23
0.18
0.13

0.07
0.09
0.13
0.10
0.12

0.21
0.41
0.19

95% ClI

0.18-0.27
0.27-0.41
0.21-0.31

0.12-0.15
0.35-0.50
0.18-0.28
0.15-0.23
0.11-0.17

0.05-0.08
0.07-0.11
0.10-0.16
0.08-0.12
0.10-0.15

0.17-0.26
0.34-0.50
0.15-0.23



Craniological measures
Head circumference
Face height

Head length 1

Head length 2

Head breadth

Height measures
Total height

Sitting height
Buttock-knee height
Knee height

Foot length

0.83
0.29
0.65
0.27
0.88

0.89
0.44
0.82
0.93
0.87

0.67-0.87
0.00-0.65
0.39-0.82
0.08-0.52
0.62-0.91

0.63-0.91
0.28-0.69
0.65-0.86
0.69-0.95
0.63-0.93

0.00
0.31
0.12
0.51
0.01

0.00
0.48
0.00
0.00
0.04

0.00-0.16
0.00-0.59
0.00-0.38
0.27-0.69
0.00-0.27

0.00-0.26
0.25-0.63
0.00-0.16
0.00-0.24
0.00-0.28

0.17
0.40
0.22
0.22
0.11

0.11
0.09
0.18
0.07
0.09

0.13-0.21
0.32-0.49
0.18-0.28
0.17-0.27
0.09-0.14

0.09-0.14
0.07-0.11
0.14-0.23
0.06-0.09
0.07-0.11
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0.68
0.58
0.49
0.33
0.68

0.72
0.58
0.82
0.68
0.90

0.47-0.89
0.32-0.66
0.26-0.78
0.14-0.58
0.46-0.87

0.52-0.93
0.39-0.82
0.56-0.87
0.47-0.91
0.73-0.92

0.19
0.00
0.30
0.46
0.17

0.20
0.31
0.02
0.23
0.00

0.00-0.40
0.00-0.23
0.01-0.51
0.22-0.64
0.00-0.39

0.00-0.40
0.06-0.49
0.00-0.27
0.00-0.43
0.00-0.18

0.13
0.42
0.21
0.21
0.15

0.08
0.12
0.17
0.10
0.10

0.10-0.16
0.34-0.52
0.17-0.26
0.17-0.26
0.12-0.19

0.07-0.10
0.09-0.15
0.13-0.21
0.08-0.12
0.08-0.12



Table 5. Phenotypic correlations between full-scale 1Q and anthropometric measures with
95% confidence intervals (CI) in boys and girls.

11 years of age 17 years of age
Boys Girls Boys Girls
r 95%Cl r 95% CI r 95%Cl r 95%

Cl
Craniological measures
Head circumference  0.21 0.09-0.33 0.13 0.04-0.22 0.17 0.06-0.27 0.14 0.05-0.23

Face height 0.07 -0.02-0.15 0.04 -0.04-0.12  -0.05 -0.15-0.05 -0.02 -0.10-0.07
Head length 1 0.09 0.00-0.18 0.19 0.10-0.27 0.15 0.05-0.24 0.19 0.09-0.28
Head length 2 0.16 0.07-0.24 0.13 0.05-0.21 0.09 0.00-0.19 0.08 -0.01-0.17
Head breadth 0.10 0.00-0.19 0.16 0.07-0.25 0.11 0.01-0.21 0.05 -0.04-0.14
Height measures

Total height 0.13 0.05-0.21 0.03 -0.06-0.11  0.10 0.00-0.20 0.07 -0.01-0.15
Sitting height 0.08 -0.01-0.16 0.01 -0.08-0.09  -0.03 -0.07-0.01 0.05 -0.04-0.13
Buttock-knee height  0.13 0.06-0.20 0.00 -0.07-0.07  0.02 -0.10-0.15 0.00 -0.09-0.08
Knee height 0.14 0.04-0.22 0.00 -0.09-0.09  0.13 0.02-0.23 0.06 -0.01-0.13
Foot length 0.09 0.01-0.17 0.01 -0.08-0.10 0.01 -0.07-0.09 0.07 -0.01-0.16
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Table 6. Decomposition of statistically significant correlations between anthropometric traits
and full-scale 1Q into additive genetic and specific environmental factors.*

Additive genetic correlation Specific environmental correlation
r 95% Cl % explained r 95% Cl % explained

Boys 11 years of age
Craniological measures

Head circumference  0.32 0.14-0.50 78 0.21 0.09-0.33 22
Head length 1 0.20 -0.03-0.51 100 -

Head length 2 0.38 0.17-0.65 100 -

Head breadth 0.26 0.06-0.51 100 -

Height measures

Total height 0.19 0.03-0.37 77 0.22 0.10-0.34 23
Buttock-knee height  0.34 0.13-0.62 100 -

Knee height 0.24 0.09-0.43 100 -

Foot length 0.17 0.01-0.36 77 0.19 0.07-0.32 23

Girls 11 years of age
Craniological measures
Head circumference  0.28 0.13-0.46 100 -

Head length 1 0.34 0.20-0.53 100 -
Head length 2 0.27 0.10-0.46 100 -
Head breadth 0.22 0.08-0.38 84 0.15 0.02-0.27 16

Boys 17 years of age
Craniological measures
Head circumference  0.25 0.10-0.42 100 -

Head length 1 0.24 0.08-0.43 100 -
Head length 2 0.26 0.02-0.58 100 -
Head breadth 0.15 0.01-0.32 100 -
Height measures

Total height 0.14 0.00-0.30 100 -
Knee height 0.16 0.03-0.31 100 -

Girls 17 years of age

Craniological measures

Head circumference  0.17 0.04-0.30 100 -
Head length 1 0.25 0.11-0.41 100 -

LACE models without common environmental correlations were used for all traits.
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