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BACKGROUND: We analyzed the shared genetic background of extensive anthropometric measurements, determining body size
and morphology.

METHODS: Anthropometric measurements were taken for 15 traits from 1512 US twins at an average age of 11.7 years (Minnesota,
51% females) and for 20 traits at an average age of 14.8 years for males (N = 624) and 18.1 years for females (N = 505). Genetic twin
modeling was utilized to estimate the genetic correlations between these traits.

RESULTS: In mid to late adolescence, high genetic correlations were found within height-related traits and foot length (ra =
0.58-1.00) as well as within adiposity-related traits (ra = 0.70-0.96), except for skinfold thicknesses. Genetic correlations for
craniofacial measurements were smaller (r=0.26-0.80). However, almost all traits showed some genetic correlations with other
traits, most of which were at least moderate (ra > 0.30). Results from earlier assessments in early adolescence with fewer traits but a

larger sample size were largely similar. Genetic correlations between the initial and follow-up assessments were high (ra =
0.68-0.95), except for craniofacial traits, which showed somewhat lower correlations (r, = 0.40-0.87).
CONCLUSIONS: Shared genetic variation plays a significant role in human body size and morphology as well as their development

during adolescence.
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IMPACT:

INTRODUCTION

Anthropometric measurements are an essential part of child
health check-ups, as abnormal values can signal problems ranging
from inadequate nutrition’ to serious health conditions.? Under-
standing the genetic regulation of growth is important for
identifying environmental and medical issues that may hinder
healthy development. Extensive twin and genome-wide associa-
tion (GWA) studies have revealed significant associations of
genetic factors with height** and BMI variation.>® Additionally,
genetic influences have also been shown for other anthropo-
metric traits, such as waist’” and chest circumference,® skinfold
thicknesses,” and craniofacial measurements.'® The same genetic
factors largely influence height and BMI throughout childhood
and adolescence,'’ and the role of genetic factors has also been
demonstrated for the development of head'? and chest

There are clusters of anthropometric traits showing high genetic correlations.

The highest genetic correlations were found within height- and adiposity-related traits.

Nearly all anthropometric traits share some genetic variation.

Genetic factors importantly contribute to the growth of all traits during adolescence.
Pleiotropic effects are important for understanding the genetic regulation of human physique.

circumference.® While previous studies have highlighted the
importance of genetic factors in growth, most have focused on
height and BMI. Evidence for many anthropometric traits is still
lacking, particularly in terms of longitudinal change.

Despite extensive genetic research on anthropometric traits,
less is still known about their shared genetic background. Early
studies have identified correlation patterns among various
anthropometric traits,'> suggesting partially correlated genetic
components that affect different body parts. Later twin studies
have found genetic correlations between BMI and waist circum-
ference’” as well as skinfold thicknesses.'*'® Some genetically
informative studies have also explored genetic correlations among
a larger number of anthropometric traits. Studies using two-
generation family data from four populations (one from India and
three from Europe) found moderate genetic correlations between
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craniofacial measures'®'” and high genetic correlations between

adiposity-related measures.'® Additionally, a study of Portuguese
twins revealed very high genetic correlations between adiposity-
related measures.'® However, these studies also found weaker yet
still significant genetic correlations of adiposity-related measures
with height'®'® and craniofacial traits.'® Collectively, these studies
suggest that while there are clusters of anthropometric traits with
high genetic correlations, nearly all body parts share some genetic
variation.

A limitation in previous studies on genetic correlations among
anthropometric measures is that age variation may have affected
results, as partly different genetic factors affect human body parts
at different ages.'" Furthermore, these studies lack longitudinal
measures that would allow studying the role of genetic factors in
growth. In this study, we will present comprehensive analyses of
the genetic background of human body size and morphology
assessed using 20 anthropometric measures, using the twin
design. Additionally, we will analyze how genetic factors
contribute to the growth of 15 of these traits.

DATA AND METHODS

The study cohort was derived from the Minnesota Twin Family
Study (MTFS) as described previously.?® In summary, the cohort
consisted of same-sex twins born in the USA, Minnesota, between
1972 and 1984, identified through Minnesota state records.
Contact information was available for 1695 male and 1729 female
twins, and around 80% of these twins completed an in-person
intake assessment. The twins represented the Minnesota popula-
tion at the time, with 95% of them being non-Hispanic white and
the majority having Northern European ancestry.

The initial anthropometric assessment was conducted when the
children had a mean age of 11.7 years (ranging from 10.7 to 12.8
years) and included 1512 twin children (51% girls), comprising 252
male MZ, 233 female MZ, 124 male DZ, and 147 female DZ
complete twin pairs. Measurements of 15 anthropometric traits
were conducted following a specific measurement protocol
(Supplementary Table S1): four measurements of body height
(height, sitting height, knee height, and buttock-knee height), the
length of both feet, five measures of the head (head circumfer-
ence, head breadth, face height, and two measures of head
length), weight, arm circumference, and waist circumference both
relaxed and sucking. Additionally, we calculated body mass index
(BMI) by dividing weight in kilograms by the square of height in
meters (kg/m?). Due to the skewed distributions of weight, BMI,
and waist circumference, we used the logarithmic transformation
to normalize them. Furthermore, we adjusted the traits for the
exact age separately for boys and girls, as the age effect was
statistically significant for nearly all measures (Supplementary
Table S2).

The follow-up assessment was conducted for 624 males with an
average age of 14.8 years old (ranging from 13.6 to 16.9 years) and
for 508 females with an average age of 18.1 years old (ranging
from 16.6 to 20.3 years), including 207 male MZ, 161 female MZ,
104 male DZ and 93 female DZ complete pairs. The follow-up
assessment included all measures from the initial assessment, as
well as three breadth measurements (shoulder, wrist, and hip) and
two skinfold measures (biceps and triceps) (Supplementary
Table S1). Weight, BMI, waist circumference, and skinfold
measurements were normalized using logarithmic transformation
due to skewed distributions. Nearly all anthropometric traits
showed a strong age effect in males but not in females because of
their older age at the time of follow-up assessment (Supplemen-
tary Table S2). However, to ensure systematic results, we adjusted
all traits for age. The age adjustments were made by calculating
regression residuals using exact age as an independent variable
separately in the initial and follow-up assessments and in
males and females. Additionally, we conducted a factor analysis
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separately for both assessments and sexes using the principal
factor estimator and Varimax rotation to analyze the underlying
correlation structure. These analyses and all descriptive results
were performed using Stata/MP 18.0 for Windows.

Twin modeling was used to analyze the role of genetic factors in
the variation and co-variation of anthropometric traits.>' This
technique is based on the principle that while MZ twins are
virtually genetically identical at the gene sequence level, DZ twins
share, on average, half of their segregating genes, like ordinary
siblings. Since the correlation structure between co-twins is
known, it is possible to decompose trait variance into genetic
and environmental components. Additive genetic variance (A;
correlation 1 within MZ and 0.5 within DZ pairs) includes the
effects of all loci influencing the trait. Shared environmental
variance (C; correlation 1 within both MZ and DZ pairs)
encompasses the effects of all environmental factors that make
co-twins similar. Unique environmental variation (E; correlation 0
within both MZ and DZ twins) includes the effects of all
environmental factors that make co-twins dissimilar, including
measurement error.

Based on co-twin correlations (Supplementary Table S3), we
selected the additive genetic/shared environment/unique envir-
onment (ACE) model as our baseline model. Model fit statistics are
presented in Supplementary Table S4. To test the assumptions of
twin modeling, we compared the ACE model to the saturated
model, which estimates all possible mean, variance, and
covariance statistics without assumptions. The ACE models
showed satisfactory fit: 11 traits had poorer fit compared to the
saturated model at a conventional p-value of 0.05 and four traits
(head breadth, face height, and BMI in the initial assessment and
head breadth in the follow-up assessments) at a Bonferroni
corrected significance level (p<0.001 using 37 tests). Shared
environmental factors were statistically significant for 14 traits at a
p-value of 0.05, and for four traits at the Bonferroni corrected
significance level (p < 0.001). Given that most traits exhibited sex
differences, we stratified the models by sex.

Using univariate models, we initially calculated the proportions
of variation explained by additive genetic factors (a?) - i.e., (narrow
sense) heritability estimates — as well as shared environmental (c?)
and unique environmental factors (e?). Subsequently, we utilized
Cholesky decomposition, a model-free method to decompose all
variation and covariation in the data into uncorrelated latent
factors.>? This method was used to decompose the covariation
between the anthropometric measures into genetic and environ-
mental covariances. Standardizing these covariances provides
estimates of additive genetic and unique environmental correla-
tions. Since all traits showed some evidence of shared environ-
mental variance, we utilized the ACE model even when shared
environmental components were not statistically significant.
However, in bivariate models, we initially estimated the additive
genetic correlations using the AE model and then confirmed them
using the ACE model. This approach was used because the shared
environmental correlations could not be accurately calculated due
to the small size of shared environmental variation. The genetic
twin modeling was conducted using the OpenMx package,
version 3.0.2, of R statistical software. The parameters were
estimated using the linear structural equations methodology and
utilizing the maximum likelihood estimator.?®

RESULTS

Table 1 presents the descriptive statistics for the anthropometric
traits in the initial and follow-up assessments. Growth was
observed in all traits between the assessments. The relative
growth was lowest for the head-related traits (2-3%) and highest
for the adiposity-related traits (weight, BMI, arm circumference,
and waist circumference; 15-49%). In the initial assessment, the
measures were roughly similar in boys and girls. In the follow-up
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Table 1. Descriptive statistics of age and anthropometric traits in the initial and follow-up assessments by sex.

Initial assessment Follow-up assessment

Male Female Male Female

mean SD mean SD mean SD mean SD
Age years 11.7 0.39 11.7 0.46 14.8 0.49 18.3 0.71
Height cm 149 7.02 151 7.31 170 7.85 166 6.4
Sitting height cm 771 3.48 78.2 4.12 86.8 4.47 87.1 3.25
Knee height cm 46.7 2.84 46.8 2.77 529 2.85 50.5 2.63
Buttock-knee length cm 51.7 3.23 527 3.44 59.1 334 584 2.94
Foot length left cm 23.0 1.42 225 1.31 25.7 1.38 235 1.25
Foot length right cm 23.1 1.38 225 1.32 257 1.37 23.6 1.25
Head circumference cm 54.1 1.62 54.1 1.75 55.9 1.68 55.5 1.75
Head breadth cm 14.4 0.48 14.3 0.50 14.9 0.53 14.6 0.52
Face height cm 20.7 1.09 20.0 1.12 21.8 1.07 20.8 1.03
Head length 1 cm 18.6 0.70 18.3 0.81 19.0 0.84 18.8 0.82
Head length 2cm 16.8 0.86 16.4 0.95 17.3 0.95 17.2 0.84
Weight kg 413 9.53 445 11.26 61.7 13.03 65.2 14.73
BMI kg/m? 18.4 3.22 19.4 3.73 21.2 3.58 23.7 491
Arm circumference cm 21.8 2.88 22.6 3.24 259 3.29 26.6 3.67
Waist circ. relaxed cm 65.7 9.00 67.2 9.74 76.2 9.17 785 11.28
Waist circ. sucking cm 60.6 8.87 62.6 9.90 71.1 9.69 73.2 11.31
Shoulder breadth cm NA NA NA NA 33.8 3.07 34.2 2.88
Wrist breadth cm NA NA NA NA 5.56 0.33 5.18 0.33
Hip breadth cm NA NA NA NA 304 3.03 343 3.17
Biceps skinfold mm NA NA NA NA 8.19 5.93 11.73 6.71
Triceps skinfold mm NA NA NA NA 13.3 8.30 20.1 7.89

assessments, the values are not comparable due to the age
difference.

Table 2 presents the relative variance components of genetic
and environmental factors. Additive genetic factors explained a
significant proportion of the variation in all anthropometric traits,
with heritability estimates generally lower for craniofacial traits (a*
ranged between 0.21 and 0.85) compared to the other traits (a’
ranged between 0.23 and 0.90). Shared environmental factors also
contributed to the variation in most traits (c? ranged between 0.00
and 0.63), although the shared environmental variances were not
statistically significant for many traits. There were no consistent
differences in the heritability estimates between males and
females. In general, shared environmental factors explained more
and additive genetic factors less of the trait variation in the follow-
up than in the initial assessment.

After completing the univariate analyses, we proceeded to
analyze the mutual correlations between the traits in the initial
assessment. Factor analysis revealed three factors in both males
and females: the first factor reflected linear traits (height-related
traits and foot-length), the second factor reflected volume traits
(BMI, arm circumference, and waist circumference), and the third
factor reflected craniofacial traits (the factor analyses available in
Supplementary Table S5, the trait correlations in Supplementary
Fig. S1, and their 95% Cls in Supplementary Table S6). However,
all traits showed some loading on all three factors. Next, we
decomposed the trait correlations into genetic and unique
environmental correlations. Figure 1 presents the additive genetic
correlations for boys (upper diagonal matrix) and girls (lower
diagonal matrix) (95% Cls are available in Supplementary Table S7).
Two clusters of genetic correlations were identified: the compo-
nents of height and foot length exhibited high genetic correla-
tions (ra = 0.69-1.00), as did the adiposity-related traits
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(ra = 0.85-0.98). However, most of the genetic correlations were
moderate (r,>0.30) indicating that all traits shared some genetic
variation. Since these correlations may be influenced by shared
environmental factors, we recalculated them allowing shared
environmental correlations (Supplementary Table S8). However,
the changes were generally modest, and, in some cases, the
correlations increased. Shared environmental correlations could
not be reliably estimated, and 95% Cls were very broad, ranging
for many trait pairs from —1.00 to 1.00 (Supplementary Table S9).
We also identified the unique environmental correlations between
the traits, but they were lower than the additive genetic
correlations (Supplementary Fig. S2; 95% confidence intervals
are presented in Supplementary Table S10).

We repeated the analyses using the more comprehensive
anthropometric measurements available in the follow-up assess-
ment. Generally, the results aligned with those from the initial
assessment. In the factor analysis, we identified three factors in
both males and females: the first factor reflected volume traits, the
second factor reflected linear traits, and the third factor reflected
craniofacial traits (the factor analysis is available in Supplementary
Table S11, the trait correlation in Supplementary Fig. S3, and their
95% Cls in Supplementary Table S12). Figure 2 presents the
additive genetic correlations for boys (upper diagonal matrix) and
girls (lower diagonal matrix) (95% Cls are presented in Supple-
mentary Table S13). We observed clusters of genetic correlations
within the height-related traits and foot-length (r, = 0.58-1.00)
and adiposity-related traits (r, = 0.70-0.96). However, skinfold
thicknesses exhibited only moderate genetic correlations with the
adiposity-related traits (ra = 0.26-0.50), and the correlations with
other traits were close to zero. Craniofacial traits showed
somewhat weaker mutual correlations (r, = 0.26-0.80), and they
also had moderate genetic correlations (rp = 0.30) with height-
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related and adiposity-related traits. When we estimated the
additive genetic correlations while allowing for shared environ-
mental correlations, the changes were generally modest and in
some cases the correlations increased (Supplementary Table S14).
In alignment with the initial assessment, the shared environmental
correlations could not be reliably estimated (Supplementary
Table S15). Unique environmental correlations were lower than
additive genetic correlations (Supplementary Fig. S4; 95%
confidence intervals are presented in Supplementary Table S16).

Finally, we examined the correlations of anthropometric traits
between the initial and follow-up assessments (Table 3). The trait
correlations ranged from 0.34 to 0.90. Correlations for face height
and length were lower than for other traits, but no systematic
differences were observed otherwise. Additive genetic correla-
tions were consistently higher, while unique environmental
correlations were lower than the trait correlations.

DISCUSSION

In this comprehensive study of human body size and morphology,
we observed that genetic factors explained a major proportion of
the variation in 21 anthropometric traits. For height and BMI, the
heritability estimates were high, showing that between 62% to 82%
of the variation is explained by genetic differences. However, shared
environmental factors also explained a portion of the variation in
nearly all anthropometric traits. There was also some evidence that
the proportion of shared environmental variation increased from
the initial to the follow-up assessment. This result is different than
what was found in large-scale twin studies on height®> and BMI
suggesting that shared environmental variation tends to decrease
from childhood to adolescence. However, there is a lack of studies
on other anthropometric measures at different ages, and the Cls of
shared environmental variance in our study were wide. Differentiat-
ing between shared environmental factors and genetic factors
requires considerable statistical power,>* often leading to the
neglect of shared environmental factors in genetic twin studies.
These results suggest that shared environmental factors can affect
the variation of anthropometric traits along with genetic factors and
should be better recognized in future studies. Interestingly, the
heritability estimates for craniofacial traits were consistently lower
compared to height- and adiposity-related traits, suggesting that
environmental factors unique to individuals may play a role in
shaping facial features. Previous studies using pedigree data have
reported heritability estimates for craniofacial measures at a
similar level to those in our study.'®*® However, measurement
error is also included in unique environmental variation, which
can explain the lower heritability of these traits.

For 16 of these 21 traits, we had longitudinal measures that
allowed us to examine factors related to growth over adolescence,
from about 11 years onward. As expected, there was substantial
growth for height- and adiposity-related traits, but minimal
growth for craniofacial traits, reflecting the normal physical
development of children during adolescence.?® Genetic correla-
tions for height- and adiposity-related traits were high, indicating
that a large proportion of the genetic factors affecting these traits
during puberty are the same. These genetic correlations were very
similar to those found for height and BMI during adolescence in a
previous large-scale twin study that pooled data from several twin
cohorts.'" For craniofacial traits, the genetic correlations were
lower than for other traits, suggesting that partly different sets of
genetic factors begin to shape the head during adolescence.
These results indicate that the genetic regulation of different parts
of the body can vary over the course of aging. However, it is
noteworthy that there can be more measurement error in
craniofacial than in other measurements, which can also lead to
lower genetic correlations.

We identified three clusters of genetic correlations. Firstly,
height-related measures and the length of both feet exhibited
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Fig. 1
initial assessment. B breadth, C circumference, H height, L length.

high genetic correlations. Large GWA studies’”” and whole-
genome studies?® have identified numerous genes associated
with height. Genes contributing to skeletal growth and the
development of cartilage and connective tissues are enriched in
these studies. Building on such genetic findings, studies using
immortalized chondrogenic murine cell lines demonstrated that
genes associated with height are expressed highly in growth plate
chondrocytes.>’?° Our findings suggest that partly the same
genetic factors regulate the ossification of long bones and feet
bones. The second cluster encompassed adiposity-related traits,
which have also shown high genetic correlations in previous
pedigree'® and twin studies.'® Evidence from GWA, twin, and
epidemiological studies supports the idea that eating behavior
plays a significant role in mediating the influences of genetic
factors on BMI.3® Therefore, nutrition probably influences these
genetic correlations. However, unlike previous studies,'®'® our
study found only moderate genetic correlations between skinfold
thicknesses and BMI/waist circumference. A previous GWA study
indicated that genetic variants linked to body fat distribution are
associated with lipid metabolism and adipose tissue regulation.?'
It is possible that these genetic effects are more pronounced in
adolescence, leading to decreased genetic correlations in our
data. The third cluster involved craniofacial traits, but the genetic
correlations among them were weaker compared to height- and
adiposity-related traits. The genetic complexity of craniofacial
traits was also highlighted in a recent GWA study.*? These results
are expected given the intricate nature of the head, which
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Additive genetic correlations of anthropometric traits in males (upper diagonal matrix) and females (lower diagonal matrix) in the

comprises both soft and bone tissues likely influenced by distinct
genetic factors.

In addition to these clusters of genetic correlations, we found
that nearly all traits showed some shared genetic variation, as
seen in previous studies. The genetic correlations were generally
higher than the trait correlations, indicating that mainly genetic
factors are behind the anthropometric correlations. These results
are not surprising, as pleiotropy is very common in human traits.>
However, there can be several mechanisms behind pleiotropic
effects,> and we can only speculate on which factors explain
them in our study. Since all body parts are formed by the same
tissues, the underlying shared genetic mechanisms that regulate
the growth and development of bone, adipose, and muscle tissues
can explain genetic correlations between even distinct body parts
such as craniofacial and adiposity-related traits. These genetic
correlations may have a background in embryonic development
when different body parts develop from the same embryonic
structures.®® It is also possible that the postnatal environment,
especially nutrition, can affect different traits and explain these
genetic correlations.® This is evident for adiposity-related traits
but may also explain correlations between height- and adiposity-
related traits. Disentangling these different mechanisms requires
different study designs, such as combining detailed measures of
potential environmental factors with longitudinal anthropometric
measures.

Since we found evidence of shared environmental factors,
we also studied the shared environmental correlations between
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Fig.2 Additive genetic correlations of anthropometric traits in males (upper diagonal matrix) and females (lower diagonal matrix) in the
follow-up assessments. B breadth, C circumference, H height, L length, SF skinfold.

the traits. However, we found that the shared environmental
variance components were too low to reliably estimate these
correlations. Therefore, we cannot determine if there are
environmental factors shared by co-twins that affect different
anthropometric traits. We calculated all genetic correlations while
also accounting for shared environmental influences, but this had
a modest effect on the magnitude of genetic correlations, and in
some cases, they even increased. This supports the conclusion
that the genetic correlations reflect a shared genetic background
between the traits rather than unspecified familial effects
combining shared genetic and environmental influences.

Our study has strengths and limitations. We have detailed
anthropometric measurements in genetically informative data
allowing us to analyze the genetics of body morphology in detail.
Additionally, we had longitudinal data for several traits, which
enabled us to analyze how genetic factors impact growth during
adolescence. Our dataset was not large enough to simultaneously
estimate genetic and shared environmental effects with sufficient
power. However, we confirmed that shared environmental factors
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had minimal impact on genetic correlations. Our main limitation is
the lack of dual-energy X-ray absorptiometry (DEXA) or computer
tomography measurements, which would have allowed us to
directly measure body composition. Likewise, magnetic resonance
imaging (MRI) could be used to assess, for example, the bony
structure of the skull. This information would have been valuable in
analyzing the extent to which different anthropometric traits share
common genetic variance with body composition measures. The
population of Minnesota during the data collection period was
ethnically homogeneous. It is likely that in more heterogeneous
populations, heritability estimates would be lower compared to this
study, due to a larger shared environmental variation.

In conclusion, we found that shared genetic factors broadly
affect the body size and morphology of humans. Clusters of high
genetic correlations were identified for height- and adiposity-
related traits, but most of the traits shared some genetic variation.
Genetic factors also largely explained the correlations of these
traits over adolescence. Pleiotropic effects are important for
understanding the genetic regulation of human physique.
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Table 3. Trait correlations and additive genetic and unique environmental correlations between the anthropometric traits in initial and follow-up

assessments by sex.

Trait correlation

r 95% CI
L uL

Males

Height 0.87 0.85 0.89
Sitting height 0.79 0.76 0.82
Knee height 0.80 0.77 0.83
Buttock-knee length 0.79 0.76 0.82
Foot length left 0.81 0.78 0.84
Foot length right 0.82 0.79 0.84
Head circumference 0.75 0.71 0.78
Head breadth 0.87 0.85 0.89
Face height 0.48 041 0.54
Head length 1 0.65 0.60 0.69
Head length 2 0.45 0.38 0.51
Weight 091 0.90 0.92
BMI 0.90 0.89 0.92
Arm circumference 0.82 0.79 0.84
Waist circ. relaxed 0.80 0.77 0.83
Waist circ. sucking 0.75 0.72 0.79
Females

Height 0.71 0.66 0.75
Sitting height 0.68 0.63 0.73
Knee height 0.70 0.65 0.74
Buttock-knee length 0.66 0.61 0.71
Foot length left 0.82 0.79 0.84
Foot length right 0.81 0.78 0.84
Head circumference 0.72 0.67 0.76
Head breadth 0.83 0.80 0.85
Face height 0.49 0.42 0.56
Head length 1 0.51 0.44 0.57
Head length 2 0.34 0.26 0.42
Weight 0.78 0.74 0.81
BMI 0.79 0.76 0.82
Arm circumference 0.70 0.65 0.74
Waist circ. relaxed 0.66 0.60 0.70
Waist circ. sucking 0.62 0.56 0.67
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