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7] Expand Drawing Tools
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e Click on one of the shapes in the Drawing
Markups section.

e Click on the proof at the relevant point and
draw the selected shape with the cursor.

the correct order

e To add a comment to the drawn shape,
right-click on shape and select Open
Pop-up Note.

e Type any text in the red box that
appears.
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Abstract

Variation in the shape of the human face and in stature is determined by complex interactions between
genetic and environmental influences. One such environmental influence is malnourishment, which can result
in growth faltering, usually diagnosed by means of comparing an individual’s stature with a set of age-
appropriate standards. These standards for stature, however, are typically ascertained in groups where people
are at low risk for growth faltering. Moreover, genetic differences among populations with respect to stature
are well established, further complicating the generalizability of stature-based diagnostic tools. In a large
sample of children aged 5-19 years, we obtained high-resolution genomic data, anthropometric measures and
3D facial images from individuals within and around the city of Mwanza, Tanzania. With genome-wide
complex trait analysis, we partitioned genetic and environmental variance for growth outcomes and facial
shape. We found that children with growth faltering have faces that look like those of older and taller
children, in a direction opposite to the expected allometric trajectory, and in ways predicted by the
environmental portion of covariance at the community and individual levels. The environmental variance for
facial shape varied subtly but significantly among communities, whereas genetic differences were minimal.
These results reveal that facial shape preserves information about exposure to undernourishment, with
important implications for refining assessments of nutritional status in children and the developmental-genetics
of craniofacial variation alike.
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Correspondence Introduction

Benedikt Hallgrimsson, Department of Cell Biology & Anatomy, Fac-

ulty of Medicine, University of Calgary, 3330 Hospital Drive NW, Cal- Phenotypic variation reflects the complex interplay of the
gary, T2N 4N1, AB, Canada. T: +1 403-220-3060; F: +1 403-210-3829; functions of many genes in an environmental context. The

£: bhallgrieucalgary.ca human face is no exception, as facial shape is the product

of complex interactions among inherited genetic effects
and environmental influences throughout individual life

*J.B.C. and M.F.M. are joint first authors.

Accepted for publication 24 October 2017

© 2017 Anatomical Society

CE: Shobana|
PE: Raja]. |

Dispatch: 9.11.17
No. of pages: 13

WILEY

12748
Manuscript No.

JOA
Journal Code

L)

‘el
o

(2



http://orcid.org/0000-0002-2885-8864
http://orcid.org/0000-0002-2885-8864
http://orcid.org/0000-0002-2885-8864
http://orcid.org/0000-0002-7242-342X
http://orcid.org/0000-0002-7242-342X
http://orcid.org/0000-0002-7242-342X
http://orcid.org/0000-0002-7192-9103
http://orcid.org/0000-0002-7192-9103
http://orcid.org/0000-0002-7192-9103

2 Facial shape manifestation of growth faltering, J. B. Cole et al.

histories. Human craniofacial shape varies with both age
(ontogenetic allometry) and size (static allometry; Vidars-
dottir & O Higgins, 2003). As with other phenotypic traits,
growth itself is also determined by the interaction between
genetic and environmental factors, with environmental fac-
tors, particularly undernutrition, causing growth faltering —
reduced growth relative to age (Bogin, 1999). Growth fal-
tering due to undernutrition has been associated with life-
time and even trans-generational health impacts, including
cognitive delay, metabolic diseases and immune dysfunc-
tion (Dewey & Begum, 2011), all of which influence health
and economic development (UNICEF, 2009). This is particu-
larly evident in developing countries, such as East African
countries, where 42% of children under 5 years old are con-
sidered to be malnourished (de Onis et al. 2013). While it is
well known that growth affects craniofacial shape, an
important question remains what effect growth faltering
has on craniofacial shape.

Growth faltering is assessed using international growth
standards relating stature to age, such as WHO growth
standards, developed using groups living under optimal
environmental conditions (Borghi et al. 2006). A problem
with these standards is that stature is heritable. Therefore,
it is possible for populations to differ from each other due
to genetic rather than environmental differences. Geo-
graphic variation has been documented in stature-influen-
cing genes in Europe (Turchin et al. 2012; Berg & Coop,
2014). Such differences can confound the use of interna-
tional growth standards to infer growth faltering in local
populations.

Malnutrition, however, has general developmental
effects and multiple morphological consequences (Gonzalez
et al. 2011, 2016). A combination of multiple morphological
indicators may better identify individuals who were mal-
nourished during growth than using stature in isolation. If
undernutrition affects facial morphology in a predictable
way, then facial morphology in combination with stature or
other growth outcomes can be used to improve assessment
of undernutrition in children. If facial shape varies with
growth faltering, then shape deviations in the direction of
this effect relative to stature provide additional information
about growth status. Further, if facial shape varies in ways
that are not entirely bound to stature and the developmen-
tal processes that underlie this growth are perturbed by
undernutrition, facial morphology could provide a more
generally applicable set of indicators than stature alone.
Such a relationship would allow assessment of facial mor-
phology in relation to stature in bioarchaeological studies,
for which determination of nutrition is often a key concern
(Buikstra & Ubelaker, 1994).

To date, the relationship between growth faltering due
to undernutrition and craniofacial development and facial
shape has only been confirmed in mice (Gonzalez et al.
2016). In the present study, we explore the interaction of
growth faltering and facial shape in children from

northwestern Tanzania, a country with one of the highest
rates of stunting — growth outcomes that fall more than
two standard deviations below international growth stan-
dard — worldwide (Black et al. 2013; de Onis, 2013). Using
genomic data, growth outcomes and 3D facial images from
children aged 5-19 years, we tested the hypothesis that
growth faltering results in predictable facial shape effects
that are attributable to environmental rather than genetic
variation.

Materials and methods

Setting and study populations

We analysed cross-sectional data for height, weight, head circum-
ference (HC) and body mass index (BMI) in children from the
Mwanza region in Tanzania (Fig. 1). Between 2010 and 2014, we
obtained anthropometrics and 3D facial photogrammetry for 6300
children aged 5-19 years (Fig. 2) at 26 schools in the Mwanza Dis-
trict. We obtained genomic data for 3605 individuals using the Illu-
mina 2.5M+Exome SNP array. All three kinds of data were available
for 2978 children. Within this sample, we analysed the 5844 children
whose parents were both reported to belong to local Bantu-lan-
guage groups.

We obtained various indicators of environmental differences
among schools. These indicators were based on direct observation,
discussions with school principals and data from the Tanzanian gov-
ernment. These variables are described in Table 1.
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Investigators met with teachers and local leaders to explain the
research. Consent forms, in Swahili, were provided 2 days prior to
data collection. Ethics approval is by the University of Calgary
(CHREB ID: 23033 and 21741) and the Tanzania National Institute of
Medical Research (ID: HQ/R.8A/Nol and HQ/R.8A/V/ol 1.107).

This population does not exhibit significant genetic structure by
school with a median fixation index (Fsy) across pair-wise samples of
0.0005 (Cole et al. 2016). However, there is potential for environ-
mental variation among schools. With one exception, schools draw
students exclusively from their surrounding community. The only
exception is St Mary's, a private school that draws fairly high socioe-
conomic status students from across Mwanza. The communities
from which the schools draw range from urban to rural, and in eco-
nomic setting from wage-earners to subsistence farmers. While indi-
vidual family histories were not obtained, a study of mobility
patterns within the neighbouring Kagera regions shows that about
80% of families stayed within the same or neighbouring communi-
ties over a 13-year period before 2010 (Beegle et al. 2011).
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Fig. 2 Age and sex distribution of the study sample.
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Anthropometrics

Weight was measured with a medical scale (Beurer BG64), height
with a portable anthropometer (Seca 217), and HC with a measur-
ing tape taken to maximize circumference from the forehead to
the nuchal region above the ears. All measurements were repeated.
Participants were measured without shoes wearing light clothing.
Ages were self-reported.

3D facial imaging

Children were photographed using Creaform MegaCapturor
Il or Gemini white light 3D photogrammetry systems. Each
child was imaged twice at four angles. The best images were
reconstructed and assembled to produce a 3D facial surface.
Landmarks were obtained via automated landmarking as
described previously (Cole et al. 2016, 2017; Li et al. 2017).

Analysis of growth faltering

We used CDC growth standards (Dean et al. 2011) to calcu-
late sex-based stature-for-age and BMI-for-age z-scores to
assess growth of children 5-19 years old. CDC growth stan-
dards are intended to represent growth under close to ideal
conditions (Kuczmarski et al. 2002). The standards for chil-
dren aged 5-19 years are based primarily on US health sur-
vey data. For HC, z-scores were based on a US reference
(Rollins et al. 2010). This standard is based on a North Amer-
ican population of mixed ancestry (56% African American,
39% European), and provides a more conservative assess-
ment of faltering than previous standards (Roche et al.
1987). There are no growth standards for East African chil-
dren at close to optimal growth conditions.

For most analyses, we treat growth faltering as a continu-
ous variable as this preserves statistical power. Statistical

Table 1 Variables used to assess environmental differences among schools.

Variable

Description

Coding for CAT PCA

Local economy

Location

Water source

Health care facility

Distance to health
centre
Proportion
attending
secondary school

Based on interviews with teachers and the principal, we
classified the local economy as agricultural, wage or small-
business, and mixed

We classified schools as urban, peri-urban or rural. Schools
within the city of Mwanza were coded as urban. Schools in
the outer suburbs were coded as ‘peri-urban’, while schools in
rural villages were coded as ‘rural’

We classified water sources by ‘lake’ or ‘well’ depending on
where communities mainly obtain water

We classified communities as ‘hospital’, ‘health centre’ and
‘dispensary’ based on the type of health care facility most
accessible

This numeric variable captures the distance to the nearest
health care facility in km

This numeric variable is the proportion of students progressing
from Form 6 to secondary school. This statistic is published for
each school annually

Agriculture, small business and wage labour
were coded as three separate binary (0,1)
variables

This factor is completely concordant with
‘local economy’, and so we collapsed these
variables

Coded as binary (0.1)

Coded as 0 = dispensary, 1 = health centre, 3 =
hospital

Treated as numeric

Treated as numeric

PCA, principal components analysis.

© 2017 Anatomical Society
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Fig. 3 Boxplots for each growth outcome by school. Variation in all growth outcomes varies significantly across schools.

Table 2 Analyses of variance by school and sex for all growth out-

comes.

Variable Effect df MS F P-value

Height School 25 9.6 92 <1x10'®
Sex 1 8064 8023 <1x10'®
School x Sex 25 1.69  1.68 0.02

Weight School 25 811 1247 <1x 10"
Sex 1 5005 7697 <1x10'®
School x Sex 25 0.96 1.47 0.06

BMI School 25 525 815 <1x10°'®
Sex 1 249 3867 53x10 "
School x Sex 25 0.68 1.06 0.38

HC School 25 1636 815 <1x10°'®
Sex 1 7.1 7.12  0.005
School x Sex 25 1.17 1.2 0.16

Growth PC1  School 25 2921 1508 <1x 10°'®
Sex 1 1545 79.77 <1x10°'®
School x Sex 25 3.01 1.58

BMI, body mass index; HC,

component.

head circumference; PC, principal

analyses were performed in R (www.r-project.org). Individu-
als with z-scores + 5 were identified as outliers. Given the
non-linear relationship between z-scores and age, we nor-
malized to age using a polynomial fit.

To obtain an overall measure of growth faltering, we per-
formed principal components analysis (PCA) of the z-score
data for height, weight and HC. The first component (PC1),
which explains 81% of the variation among these three
growth variables, was used as a summary measure of
growth outcomes.

To determine whether variation in growth outcomes
among school is associated with differences in the local
environments, we associated variation in the first PC1 of
growth outcomes with variation in available environmental

variables. These variables are not intended to provide a
complete explanation of the causes of variation in growth
faltering among the communities included in this study.
However, they can provide evidence that there is environ-
mental variation among the communities that correlates
with growth outcomes. Here, we performed an analysis of
variance for the first PC of growth outcomes by all environ-
mental variables and their interactions. Further, we anal-
ysed the full set of environmental indicators using the
approach of Filmer & Pritchett (2001) in which the categori-
cal variables are broken down into binary alternatives, rep-
resented as Os and 1s, and then subjected to a PCA. Using
mean values by school, we then examined the correlation
between the first PC of growth outcomes and the first PC
of the environmental variables. In this test, school rather
than the individual is the unit of analysis.

Analysis of facial shape

We used geometric morphometric methods to determine
the relationship between growth outcomes and facial
shape. Landmark data were first corrected for reconstruc-
tion artefacts and differences between cameras. To quantify
the association of growth variables to craniofacial shape,
we used multiple multivariate regressions in R (Geomorph;
Adams et al. 2014). To compare groups with or without
covariates, we used linear models as implemented in Geo-
morph in R (Adams et al. 2014). Sex was included as a factor
in all analyses as there are small but significant differences
among male and female children of all ages (Rosas & Bastir,
2002; Bulygina et al. 2006).

Calculation of environmental variance

We determined genotypic values and environmental
deviations for facial shape using genome-wide complex

© 2017 Anatomical Society
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Table 3 The mean height-for-age and BMI-for-age z-scores based on the CDC growth standards, after adjustment for age variation, for each

school in the study.

Height Weight HC BMI Growth PC1
N School Mean St. Dev. Mean St. Dev. Mean St. Dev. Mean St. Dev. Mean St. Dev.
154 Bukaga 0.05 0.92 0.02 0.70 0.48 0.86 0.38 0.69 —0.75 1.17
394 Bulale —-0.11 1.04 -0.13 0.74 0.57 0.91 0.23 0.67 —0.93 1.32
168 Igogwe -0.16 1.1 -0.13 0.86 —0.06 0.96 0.35 0.68 -1.25 1.28
266 Kahama -0.17 0.97 —0.05 0.73 -0.02 0.92 0.44 0.71 -1.07 1.21
178 Kanindo -0.13 0.98 —0.05 0.76 0.53 0.97 0.37 0.72 -0.84 1.28
241 Lukobe —0.33 0.97 -0.23 0.71 0.24 1.03 0.31 0.66 —1.22 1.20
205 Lwahima —-0.21 1.04 -0.25 0.70 0.38 0.96 0.12 0.64 —-1.15 1.31
279 Masemele —0.34 1.02 -0.18 0.75 0.15 0.83 0.39 0.67 -1.26 1.29
89 Ngasaro 0.25 0.95 0.41 1.03 0.76 1.00 0.85 1.17 -0.18 1.48
168 Nyamadoke 0.18 1.12 0.14 0.97 0.41 1.18 0.48 0.94 -0.43 1.44
669 Nyamhongoro —0.24 0.97 -0.17 0.74 0.22 0.98 0.28 0.68 —1.02 1.19
294 Nyasubi 0.34 0.90 0.34 0.87 0.78 0.98 0.64 0.94 -0.24 1.35
515 Sahwa -0.17 1.01 -0.14 0.77 0.32 0.99 0.26 0.73 -1.11 1.31
124 Buhongwa 0.28 0.91 0.19 0.82 0.77 0.94 0.48 0.85 —0.48 1.34
141 Bulola —0.06 1.05 -0.04 0.80 0.28 0.84 0.31 0.75 -0.79 1.32
338 Buswelu —0.04 1.16 0.05 0.99 0.30 0.97 0.48 0.91 -0.74 1.55
549 Ibanda —0.08 1.07 —0.01 0.88 0.76 1.02 0.39 0.85 -0.76 1.47
48 Kishili 0.23 0.91 0.13 0.66 0.62 0.92 0.40 0.61 —0.60 1.26
232 Luchelele —0.06 0.97 —0.05 0.74 0.59 0.95 0.34 0.84 —0.88 1.34
80 Nyamalamgo 0.21 1.06 0.24 0.93 0.99 1.16 0.53 0.69 -0.39 1.51
96 Nyegezi —0.03 0.91 0.08 0.83 0.60 0.80 0.56 1.00 —0.63 1.29
232 Shamaliwa 0.08 0.93 0.17 0.81 0.54 0.98 0.57 0.92 —0.52 1.30
259 Tambuka_reli —0.21 1.00 -0.13 0.76 0.79 0.96 0.36 0.78 —0.98 1.29
379 Bugando —0.02 1.05 0.07 0.87 0.62 0.91 0.51 0.96 -0.71 1.39
322 Mlimani 0.25 0.95 0.14 0.85 0.45 1.08 0.31 0.88 -0.42 1.42
21 Nyanza 0.43 0.80 0.62 1.28 1.37 1.07 1.04 1.57 0.27 1.76
119 St Mary'’s 0.80 1.15 0.91 1.45 1.31 1.15 0.91 1.37 0.75 1.93

Schools are organized by location. For each school, we list the mean and standard deviation for z-scores for height-for-age and BMI-

for-age.

BMI, body mass index; HC, head circumference; PC, principal component.

Table 4 Analysis of variance on school means for Growth Outcome
PC1 by School environmental factors.

Sum Mean F-
Factor df Sq. Sq. value Pr(>F)
Local economy 2 2.09633 1.04817 6.4131 0.007442
Water source 2 0.14954 0.07477 0.4575 0.639667
Health care 2 0.09414 0.04707 0.288 0.752987
infrastructure
Local economy by 1 0.4248 0.4248 2.5991 0.123409
water source
Local economy by 1 0.17611 0.17611 1.0775 0.312278
health care
Water source by 1 0.02275 0.02275 0.1392 0.713225
health care
Residuals 19 3.10537 0.16344

trait analysis (GCTA; Yang et al. 2011). With imputation,
16 million SNPs were used to calculate two genetic rela-
tionship matrices (GRMs). Using best linear unbiased
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prediction to estimate the corresponding variance com-
ponents, the first matrix captures genetic effects of all
typed and imputed SNPs, while the second captures
genetic effects among close relatives. The sum of the
two variance components represents an estimate of nar-
row sense heritability and was used to estimate geno-
typic values. The environmental deviation is the
difference between the phenotypic and genotypic val-
ues.

For the facial landmarks, we symmetrized the landmark
data and estimated the genetic variances and covariances
between the pair-wise landmark combinations using the
two GRMs. This results in pair-wise estimates of the
genetic variances and covariance by x-, y- and z-coordinate
of each landmark. These matrices were then used to calcu-
late principal components and principal component scores
for each individual as well as the full set of genotypic val-
ues and environmental deviations for each landmark coor-
dinate.
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Fig. 4 Scatterplot for school means for principal component (PC)1 of
school environmental variables against PC1 of growth outcomes.
Points are colour-coded by local economy type, and the size of each
point depicts the sample size at each school. The relationship is signifi-
cant (r=—-0.76, P< 1 x 107°).

Results

Variation among communities

We compared growth outcomes among schools. School age
compositions varied (anova, df = 26/6504, F = 32, P < 2 x
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Table 5 manova table for analysis of facial shape variation among
schools.

Effect df MS R? F Z P-value
School 24 0.009 0.017 4.2 4.0 < 0.0001
Sex 1 0.092 0.008 441 243 < 0.0001
Age 1 0333 0.028 160.1 30.8 < 0.0001
School x Age 24 0.003 0.007 1.6 1.6 < 0.0001
School x Sex 24 0.002 0.005 1.1 1.1 0.19
Total 5524

107 "8), so we normalized to age using a three-term polyno-
mial fit. All growth outcome variables varied significantly
among schools (P<2 x 10~'%; Fig. 3; Tables 2 and 3).

To determine whether variation in growth outcomes
among schools related to differences in environmental con-
ditions among schools, we performed an anova for growth
outcomes by the factors listed in Table 1. These results, in
Table 4, show that average growth outcomes by school vary
significantly by local economy (wage, mixed or agriculture)
or setting (urban, peri-urban and rural). These two variables
correlate perfectly across schools and so could not be disen-
tangled. To investigate this further, we converted the envi-
ronmental variables as described in Table 1 and performed
a categorical PCA to reduce the environmental variables.
PC1 is driven largely by scholastic outcomes, while PC2 is dri-
ven by distance to water source and distance to health cen-
tre. PC1 correlates significantly with all growth outcomes.

(b) Matrix correlations differences among
communities

Genetic 08
distance 0.04 0.04 -0.04
F
(FsT) i
04
Growth
outcomes 0.07 0.61 02
0
Gepgraphm 0.05 -02
distance
-04
-06
Facial
shape -08
-1

Fig. 5 Analysis of genetic distances among school. (a) Histogram of F°" values for pair-wise distances between schools. (b) Matrix correlations for
pair-wise genetic distances, differences in growth outcomes, geographic distances and mean differences in facial shape. Only the matrices of
growth outcome and facial shape distances are significantly associated (P < 0.001, Mantel’s permutation test, 999 iterations).
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Figure 4 shows the relationship between the school envi-
ronment PC1 and growth outcome PC1. These results indi-
cate that there are environmental differences among
schools that plausibly relate to variation in growth
outcomes.

Facial shape manifestation of growth faltering, J. B. Cole et al. 7

Genetic differences among schools, as measured by
Fst, are shown in Fig. 5a. The differences are very small,
averaging 0.00045. As determined by the Mantel’s per-
mutation test, genetic distances among schools are
uncorrelated with either geographic distance ( =
0.0016, P = 0.51) or differences in growth outcomes (&

Table 6 manova table for analysis of shape correlates of growth, age = 0.0012, P = 0.82; Fig. 5b). These results strongly
and size. suggest the absence of geographically patterned

genetic variation among the communities included in
Variable df MS R? F z Prob. the study.

Facial shape varies subtly but significantly among

Ag? ) 1 041 0031 1840 261 <0.001 schools, as determined by wmanova considering age, sex
Facial size 1 033 0.025 149.7 259 <0.001 L. i 4 i
Height (cm) 1 008 0006 346 201 <0.001 and their interactions with school (Table 5). These differ-
Growth PC1 1 018 0014 816 248 <0.001 ences in facial shape among schools do not correlate
Sex 1 010 0.008 454 22.0 < 0.001 with genetic distance. However, the differences in facial
Age x Growth 1 0.02 0.001 6.6 59 <0.001 shape do correlate strongly with differences in growth
PC1 outcomes among communities (R = 0.61, P < 0.001, Man-
Sex x Growth 1001 0.000 20 18 00328 tel test; Fig. 5b). Subtle differences in facial shape
Pcl among the children of different communities thus corre-
Total 5524

PC, principal component.

(a) Morphs corresponding to the partial facial shape
effects of growth outcome variables.

late strongly with differences in growth outcomes but
not with genetic distance.

(b) Partial regression scores plotted  (€) Proportions of total variance in facial shape
against growth variables.

explained by growth variables.
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Fig. 6 The relationship between growth faltering and facial shape. (a) 3D morphs corresponding to the partial regression scores for age, facial
size, height for age, and growth faltering. Note that the slope for facial shape on age is negative and so the morphs are reversed so as to corre-
spond to others in the columns. (b) Partial regression scores plotted for each growth variable. All growth variables are significantly related to facial
shape as determined by multiple multivariate regression and permutation test as described by Collyer et al. (2015) (P < 0.001 with 1000 iterations).
(c) The proportions of the total variance for facial shape explained by the model and by each growth variable. (d) Directions and magnitudes of
correlations among the partial regression scores. The direction of facial shape variation for height-for-age is opposite to that of the other variables.
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Growth faltering and craniofacial shape

We tested the individual-level relationship between growth
faltering and craniofacial shape using geometric morpho-
metric analysis of 3D facial shape images. Specifically, we fit
a multiple multivariate regression model using the procD.Im

Faltering and height Faltering and age

Growth fallsnng

GFDWlh PC1 erth PC1

Fig. 7 lllustration of how facial shape relates to variation in stature
and age. This schematic is based on the relationships shown in Fig. 5.

3
@
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T
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(a) Morphs for environmental PC 1 and 3

290

Negative Positive

009

Positive

Negative

™
>

Growth faltering Normal growth

(c) Mean differences in environmental PC3 and PC4 by growth

faltering group

function in R (Geomorph; Adams et al. 2014). Our model
considered age, facial size (centroid size), height, faltering
(PC1 of z-scores), sex, and the interactions between all vari-
ables and age. All effects were significant at P < 0.001 based
on the permutation test described by Collyer et al. (2015)
(Table 6). These results show that growth faltering, or
growth relative to age, independently relates to facial
shape.

To determine the specific facial shape effects related to
growth faltering, we obtained partial regression scores for
each variable from this same linear model (Drake & Klingen-
berg, 2008). The facial shape variation that corresponds to
each partial regression is shown in Fig. 6a. The full model
explains 8.4% of the total variance in facial shape. From this
total, 3% is due to age, 2.5% to facial size, 1% to height
and 1.4% to growth faltering (growth PC1; Fig. 5c).

The partial regression scores for age, facial size and
growth faltering correlate positively with each other, but
negatively with the partial regression scores for stature
(Fig. 6d). This can be seen in the facial shape morphs in
Fig. 6a. The implication is that faltering produces variation
that falls along both ontogenetic and static allometry, but

(b) Regression of growth PC1 on environmental variation in

facial shape
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Fig. 8 Environmental variance for facial shape and growth faltering. (a) 3D morphs for environmental principal components (PCs) 1 and 3. (b)
Regression of growth faltering (growth PC1) on the mean-centred environmental residual landmark data. (c) Means for environmental PCs3 and 4
by growth faltering group. (d) School means for PC3 and PC4 against school means for growth PC1.
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Table 7 wanova table for comparison of environmental variation in facial shape across schools.

Effect df SS MS R? F Z P-value
School 18 0.015 0.00084 0.008 1.605 1.593 < 0.0001
Sex 1 0.000 0.00001 0.000 0.013 0.012 1
School x Sex 18 0.009 0.00050 0.005 0.953 0.953 0.6118
Residuals 3433 1.787 0.00052

Total 3470 1.811

Sex had been removed as an effect prior to the GCTA, so its main effect is expected to be 0.

5983885885 1
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Fig. 9 Visualization of correlations between environmental and
genetic principal components (PCs).

in opposite directions. Children with faltering have faces
that correspond to expected facial shapes of taller and
older children (Fig. 7).

Environmental vs. genetic variance

We partitioned facial shape variation using GCTA into envi-
ronmental and additive genetic components. We obtained
the environmental variation in facial shape by centring the
environmental deviations on the mean landmark configura-
tion. Figure 8a shows morphs of PC1 and PC3 for facial
shape based on these data. School accounts for a small but
significant amount of variation in the environmental com-
ponent of facial shape (Table 7). We then tested the
hypothesis that faltering correlates with environmental vari-
ation in facial shape at the individual level, by regressing
growth PC1 on the environmental residual landmark data.
Here, we tested both the individual effects of growth PC1
and also its partial effects when age, height, centroid size
and weight are considered (Fig. 8b). Environmental
variation in facial shape correlates significantly with falter-
ing at P < 0.0001 (Procrustes manova with 10 000 random
permutations).

To examine the relationship between genetic and envi-
ronmental covariance structure, we obtained the matrix of
correlations among all genetic and environmental PCs

© 2017 Anatomical Society

(Fig. 9), as well as the matrix correlation between the envi-
ronmental and genetic variance-covariance matrices. The
matrix correlation is 0.584 (P < 0.001, Mantel's test with
1000 permutations). The first 10 environmental PCs all show
some level of correlation with genetic PCs (Table 8), con-
firming the positive association of genetic and environmen-
tal covariance structure.

To determine the components of environmental facial
shape variation affected by growth faltering, we regressed
environmental PCs for facial shape on faltering (Table 9),
which showed that PCs 1, 3 and 4 vary significantly with fal-
tering when age and sex are considered. Dividing the sam-
ple into four categories based on level of faltering showed
that PC3 and PC4, in particular, vary significantly among
growth faltering categories (Fig. 7c). Remarkably, the mean
values for these components of environmental facial shape
variation in each of the 14 schools correlate very strongly
with the mean growth outcomes of the schools for which
full genomic and growth data were available. Together,
environmental PC3 and PC4 explain about half the variation
in growth outcomes among these schools (Fig. 7d). These
results suggest that variation in growth outcomes among
schools is predominantly environmental in origin and not
due to genetic relatedness of the children in schools. This is
consistent with the overall low level of genetic differentia-
tion among schools.

Discussion

This analysis of the relationship between growth faltering
and facial shape in Tanzanian schoolchildren reveals a
unique and quantifiable axis of facial shape variation that
results from environmental rather than genetic variation.
The degree of growth faltering varies among schools. Fur-
ther, schools vary in environmental factors that plausibly
relate to variation in growth faltering. We quantified facial
shape variation that corresponds to age, facial size, height
and faltering, and found that they explain over 8% of the
total facial shape variance. The facial shape effects of falter-
ing correlate positively with age (ontogenetic allometry),
but negatively with height (static allometry). This means
that individuals with growth faltering have facial shapes
that correspond to those expected in older, but taller chil-
dren (Fig. 7). Specifically, in terms of ontogenetic allometry,



10 Facial shape manifestation of growth faltering, J. B. Cole et al.

B Table 8 anova tables for analysis of school variation with age fitted to three-term polynomial function.

df Sum Sq. Mean Sq. F-value Pr (> F)

Growth PC1
School 26 994.7 38.26 21.2418 < 2e-16
Sex 1 157.1 157.07 87.215 < 2e-16
Poly(age) 3 11315 377.17 209.4233 < 2e-16
School : Sex 26 59.1 2.27 1.2618 0.1685
Residuals 6340 11 418.2 1.8

Height
School 26 4541 17.47 17.279 < 2e-16*
Sex 1 123.2 123.25 121.928 < 2e-16*
Poly(age) 3 983.4 327.80 324.288 < 2e-16*
School : Sex 26 37.4 1.44 1.423 0.07538
Residuals 6497 6567.4 1.01

Weight
School 26 370.2 14.237 20.4632 < 2e-16*
Sex 1 76.9 76.916 110.5559 < 2e-16*
Poly(age) 3 482.2 160.748 231.051 < 2e-16*
School : Sex 26 24.9 0.959 1.3786 0.0952
Residuals 6499 4521.5 0.696

HC
School 26 567.5 21.828 23.7374 < 2.20E-16
Sex 1 20.5 20.527 22.3225 23.57E-07
Poly(age) 3 166.1 55.359 60.2030 < 2.20E-16
School : Sex 26 34.9 1.342 1.4589 0.06202
Residuals 6099 5608.3 0.92

BMI
School 26 176 6.770 10.3213 < 2.20E-16
Sex 1 40.1 40.127 61.1711 66.60E-17
Poly(age, 3) 3 128.2 42.721 65.1259 < 2.20E-16
School : Sex 26 23.2 0.89 1.3574 0.1061
Residuals 6492 4258.6 0.656

BMI, body mass index; HC, head circumference; PC, principal component.

Table 9 Multiple linear regression of growth faltering on environmen-
tal PCs.

Effect Estimate Std. err t Prob.
Model -0.9 0.13 -7 <1x 10"
PC1 6.6 2.22 3.0 0.0030

PC2 1.56 2.51 0.6 0.53523
PC3 —41.7 3.08 —~13.5 <2 x 107"
PC4 -16.8 3.93 —-43 <2x10°°
PC5 23 4.56 0.5 0.61896
Age 0.1 0.01 -8.7 <2x 107"
Sex 1.5 0.20 7.5 <8x 10"
Age x Sex ~0.2 0.02 -9.9 <2x 107"

PC, principal component.

faltering dissociates the growth trajectories for stature and
facial shape such that individuals with faltering have the
expected faces of individuals that are further along the
ontogenetic trajectory for facial shape. In terms of static
allometry, it shifts the expected facial shapes relative to sta-
ture downwards.

But how does faltering result in a face that resembles
those of taller but older children? Previous work in animal
models has shown that brain size is less affected by nutri-
tional stress than either somatic or facial growth, altering
the ratio of brain to facial size (Gonzalez et al. 2016). This is
evident in human data as well (Baker et al. 2010). An indi-
vidual that has z-scores below 2 standard deviations of
growth standards for both stature and HC will have a brain
that is 10% larger relative to stature than an individual
whose z-score is 2 standard deviations above the mean. The
surprising result from our analysis is that growth faltering
produces variation in the opposite direction of this overall
trend. Our analyses showed that children with faltering
have relatively higher, narrower and more prognathic faces.
This finding suggests that the developmental trajectories
for somatic growth and the face are partially dissociated by
growth faltering.

Our present study and results are subject to the limita-
tion that, as birth registration and hospital birth rates
are low in Tanzania (16% and 41%, respectively), partic-
ularly in the poorest communities, all ages in our sample
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are self-reported. Errors in self-reported age can be both
random and biased. Random variation would decrease
the estimate of the facial shape correlated with growth
faltering as well as the genetic component of growth
relative to age. The heritability of stature in our sample
is 0.48 (Cole et al. 2017), which is low compared with
that estimated from North American or European popu-
lations, which range from 0.6 to 0.9 (Mueller, 1976), but
is fairly similar to estimates from other Sub-Saharan Afri-
can populations (0.58; Roberts et al. 1978). Increased
environmental variance due to variation in growth falter-
ing will reduce heritabilities, but random error in the
age estimates will reduce it further. To the extent that
there is random variation in age in our sample, this will bias
against rejecting the null hypothesis that growth faltering
and facial shape are unrelated as it will introduce noise into
the analysis, making it more difficult to detect the effect of
faltering. Self-reported ages can result in bias if the children
in the sample are older or younger than reported, on aver-
age. In our sample this would likely bias towards older self-
reported age compared with actual age. A study of social
determinants of school-attendance in north-western Tanza-
nia document strong social biases that decrease or delay
school attendance, such as the need to pay tuition, supply
uniforms and materials, and the need for children to per-
form agricultural and household work (Burke & Beegle,
2004). Therefore, it is unlikely that many children will be
sent to school at an earlier age than required by law. If this
bias exists in our sample, it would lead to underestimates of
the degree of growth faltering and this would also bias
against finding the results we have reported here.

The results of our study show that the covariance struc-
tures of the environmental deviations and genotypic values
are fairly similar. This is consistent with Cheverud's conjec-
ture that genetic and environmental effects tend to produce
phenotypic effects via the same developmental processes
(Cheverud, 1982). For example, if genetic and environmental
factors both influence the growth of cartilage, then varia-
tion in cartilage growth, whether of genetic or environmen-
tal origin, might result in a similar pattern of covariation.
Our finding that growth faltering acts along the shape tra-
jectories that define both static and ontogenetic allometry,
but in the opposite direction, is consistent with this.

This finding also underscores the complex role that size
and scaling plays as a determinant of morphological varia-
tion. Allometric variation is a frequently reported pattern
of morphological variation, but its mechanistic basis is
poorly understood. Brain size and chondrocranial growth
account for significant proportions of craniofacial shape
variation in both humans and mice (Martinez-Abadias et al.
2012). Brain and chondrocranial size relate allometrically
but differently to both body size and facial size in most ver-
tebrates (Strait, 1999; Hallgrimsson et al. 2007; Marcucio
et al. 2011; Marugan-Lobdn et al. 2016), and both factors
affect craniofacial shape (Boughner etal. 2008;
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Hallgrimsson et al. 2009; Marcucio et al. 2011). These scal-
ing relationships predict that taller individuals tend to have
smaller brains relative to facial size and stature. Our results
point strongly toward variation in the relative growth of
the brain and chondrocranium as the mechanistic basis for
allometric variation in facial shape. The differential scaling
of central mechanisms that drive variation in complex struc-
tures such as the craniofacial skeleton is likely to be a gen-
eral developmental explanation for allometry in complex
traits.

Our finding that growth faltering alters the allometric
relationship between facial shape and stature has several
practical implications. The skeletal remains of past popu-
lations are key sources of information about health,
including nutritional status (Larsen, 2002). Surface facial
shape from 3D imaging and underlying skeletal morphol-
ogy are very highly correlated (Young et al. 2016). Our
results suggest that differences in face-stature allometry
across time or among related groups may provide evi-
dence for differences related to growth faltering. For
population health, our finding that growth faltering
affects the facial morphology in a predictable way sug-
gests it is possible to use the facial shape in relation to
stature to improve assessment of health status and mal-
nutrition in children when compared with the use of
stature alone. Our approach is non-invasive and we have
automated phenotypic assessment to allow rapid collec-
tion of large datasets (Li et al. 2017). Individual growth
outcomes have complex determinants. The novel dimen-
sion of automated facial shape assessment is thus very
likely to improve the resolution and reliability of assess-
ment of growth faltering from anthropometric data.
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