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Abstract

Background and Methods: Both the concept of ‘brain-sparing’ growth and associations between relative lower limb length,
childhood environment and adult disease risk are well established. Furthermore, tibia length is suggested to be particularly
plastic under conditions of environmental stress. The mechanisms responsible are uncertain, but three hypotheses may be
relevant. The ‘thrifty phenotype’ assumes that some components of growth are selectively sacrificed to preserve more
critical outcomes, like the brain. The ‘distal blood flow’ hypothesis assumes that blood nutrients decline with distance from
the heart, and hence may affect limbs in relation to basic body geometry. Temperature adaptation predicts a gradient of
decreased size along the limbs reflecting decreasing tissue temperature/blood flow. We examined these questions by
comparing the size of body segments among Peruvian children born and raised in differentially stressful environments. In
a cross-sectional sample of children aged 6 months to 14 years (n = 447) we measured head circumference, head-trunk
height, total upper and lower limb lengths, and zeugopod (ulna and tibia) and autopod (hand and foot) lengths.

Results: Highland children (exposed to greater stress) had significantly shorter limbs and zeugopod and autopod elements
than lowland children, while differences in head-trunk height were smaller. Zeugopod elements appeared most sensitive to
environmental conditions, as they were relatively shorter among highland children than their respective autopod elements.

Discussion: The results suggest that functional traits (hand, foot, and head) may be partially protected at the expense of the
tibia and ulna. The results do not fit the predictions of the distal blood flow and temperature adaptation models as
explanations for relative limb segment growth under stress conditions. Rather, our data support the extension of the thrifty
phenotype hypothesis to limb growth, and suggest that certain elements of limb growth may be sacrificed under tough
conditions to buffer more functional traits.
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Introduction

The environments occupied by contemporary human popula-

tions are characterised by a wide variety of ecological stresses,

including thermal load, altitude, dietary niche and disease load.

Developmental plasticity is suggested to be a key mechanism by

which organisms adjust to such environmental variability and has

been proposed to be a notable characteristic of humans, enabling

our species to colonise diverse environments with limited

technological assistance [1]. Nonetheless, variable growth plasticity

has been observed in many species. For example, brain-sparing

growth, whereby the growth of other organs or tissues is sacrificed

to protect the brain under conditions of environmental stress, is

a widely-accepted phenomenon in mammals in response to a range

of stressors including poor nutrition and hypoxia [2–5].

There is also evidence that total lower limb length is more

plastic than head-trunk height (commonly measured as sitting

height) among humans [6–8], but the reasons for this are unclear.

This heterogeneity in plasticity is relevant to health: a greater risk

of various chronic diseases, including cardiovascular disease,

hypertension, diabetes, obesity, liver dysfunction and dementia is

associated with shorter stature and with absolutely and relatively

shorter lower limbs, but is not associated with head-trunk height

[9–11] (though see [12–14]).

While only relative lower limb length is typically considered,

limb segments (stylopod: humerus or femur; zeugopod: ulna/
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radius or tibia/fibula; autopod: hand or foot) may also be

differentially sensitive to stress-related growth disruption. Previous

studies of human populations suggest that zeugopod elements may

be more sensitive than their respective stylopod elements, and the

tibia may be more sensitive than the ulna/radius. Within the limb,

it has been demonstrated that zeugopod elements are more

variable than stylopod elements, and the tibia more than the

radius [15–16]. Perhaps more pertinently for the present study,

which is concerned with relative limb segment variation in relation

to stress exposure, greater positive allometry relative to stature has

been demonstrated in lower than upper limb length, and strongest

of all in tibia length for archaeological and 19th–20th century

skeletal samples [16–17]. This does not necessarily equate to

greater environmental sensitivity, although this interpretation has

been proposed [17]. Studies of modern populations also suggest

that total lower limb length may be more sensitive than total upper

limb length [18–21], while the relative sensitivities of autopod

lengths are less well known (although see [11]). Therefore the

patterning of environmental sensitivity in different limb segments

remains to be thoroughly documented, and has implications for

understanding the nature of adaptive growth trade-offs under

stress conditions.

The reasons for the variable environmental sensitivity of

different anatomical regions are also unclear. Three hypotheses

may be relevant to explaining this heterogeneity in growth

plasticity, and so may help to further our understanding of the

underlying mechanisms and the basis of associations between body

proportions and disease risk.

First, the thrifty phenotype hypothesis [22] suggests that

individuals exposed to environmental stress pre- or post-natally

sacrifice the growth of certain organs or tissues (e.g. pancreas, liver

and skeletal muscle [23–24]) to protect organs whose function

would be more detrimentally influenced by impaired growth (e.g.

heart, brain). While it has been suggested that trade-offs in lower

limb length and head-trunk height are a stress response [25–26],

other limb proportions have not been explicitly investigated in

terms of this hypothesis. As stated above, it is widely accepted that

head (brain) size is most protected from the growth-reducing

effects of stress, but head-trunk height may be more protected than

limb length because the former houses major organs whose

function may be impaired by reduced growth [25]. Within the

limbs, the autopod (hands and feet) may be more protected from

stress exposure than the zeugopod elements to maintain the more

specialised functions of the former. There is currently no direct

evidence for this suggestion or for the extension of the thrifty

phenotype to autopod size. However, it has been proposed that the

need for the hand to perform fine manipulation and for the foot to

interact effectively with the ground during locomotion could

explain why their growth should be more strongly canalised, as

stronger natural selection on autopod elements might be expected

to ensure their effective function in behaviours that are funda-

mental to survival [27–29].

Second, the distal blood flow hypothesis was proposed in order

to explain the greater reduction in tibia length than head, trunk or

upper limb dimensions in foetuses exposed to prenatal hypoxia

through maternal smoking during pregnancy. It assumes that the

tibia is more affected by foetal hypoxia than other limb long bones,

head-trunk height, upper limb length or head size, because the

tibia is the last among these regions to receive oxygenated blood

due to the nature of the foetal circulation [19,30–31]. Relative

hand and foot lengths were not specifically considered in this

model as originally formulated. This hypothesis could potentially

be extended to include other nutrients and postnatal growth

patterns, and would predict a proximo-distal increase in environ-

mental sensitivity along the limb, with the lower limb being

affected more than the upper. However, empirical evidence for

this model is currently lacking [25].

A third possibility that must be considered is adaptation to cold,

since the impact of temperature adaptation on body size and

proportions has long been recognised in the form of Bergmann’s

and Allen’s ‘rules’ [32–33]. Allen’s rule predicts relatively shorter

extremities (e.g. limbs) in colder environments, and has been

shown to apply to a wide range of species including humans [34–

35]. However the mechanisms underlying such adaptations are

not well understood. Cold-induced vasoconstriction may play

a role in reducing nutrient delivery to the extremities, but

experimental work has also shown that cold temperatures directly

affect growth rates by modulating cartilage proliferation [36–37].

If temperature influences body proportions, a gradient of reduced

growth along each limb would be expected, in a similar manner to

that predicted under distal blood flow model. Thus these models

are mainly distinguished by details of their underlying mechanism:

temperature adaptation involves a more active mechanism of

reduced nutrient delivery through decreased peripheral blood

flow, in addition to any direct effects of temperature itself, while

the distal blood flow model invokes a more passive mechanism of

resource depletion with increasing distance from the heart.

The first aim of this study was to investigate heterogeneity in the

sensitivity of different regions of the body to childhood conditions

through the comparison of two populations with contrasting

burdens of ecological and environmental stress. We analysed total

upper and lower limb lengths, zeugopod and autopod lengths;

head-trunk height; and head circumference in highland (n = 200)

and lowland (n = 247) Peruvian children aged 6 months to 14

years, using cross-sectional anthropometric data (Figure 1). In

Peru, life in the Andean highlands is associated with a range of

environmental challenges including hypoxia, poorer nutrition and

healthcare access, poverty, and cold exposure [38–39]. Lowland

children also experience stress, particularly poverty, although the

overall stress load is markedly greater in rural highland

communities: multi-stress highland environments result in higher

rates of childhood stunting and wasting compared with the

lowlands [40]. The comparison of Peruvian highland and lowland

communities therefore offers an interesting context in which to

explore the role of developmental plasticity in accommodating

exposure to stress.

Given that the phenomenon of brain-sparing growth has been

widely demonstrated and accepted, we explored site differences in

the lengths of the limbs, limb segments and head-trunk height after

adjusting out the variance due to variation in head circumference.

This approach highlights variation in the size of distinct regions of

the body over and above that in head size, which is most

extensively but incompletely [41] protected from growth re-

striction. Data were analysed using ANCOVA performed in SPSS

17.0. Site differences in head circumference z score were tested

using ANCOVA, with sex and age included in the model. A

separate ANCOVA analysis was undertaken for each anthropo-

metric measure (dependent variables: total upper limb length, total

lower limb length, head-trunk height, and zeugopod and autopod

lengths for the upper and lower limbs). Head circumference and

age were entered as covariates, and site (highland or lowland) and

sex were entered as fixed factors. Tests for significant differences in

anthropometry between sites were performed using the Least

Significant Difference (LSD) test on the estimated marginal means

from which variance due to age and head circumference had been

removed.

Anthropometric variables were converted to z scores prior to

analysis using the LMS method (see Materials and Methods). Z
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scores are widely used in paediatric research in order to adjust data

for age effects so that characteristics can be compared across

a range of ages. They represent the position of an individual within

the frequency distribution for a given age in terms of standard

deviations from the mean. The use of z scores therefore takes into

account variation in body proportions at different ages, as well as

differences in the variability of different anthropometric dimen-

sions. All ANCOVA were performed on these z scores.

The second aim of this study was to consider which model

(thrifty phenotype, distal blood flow or temperature adaptation)

the results do not support. If the thrifty phenotype hypothesis

offered the most appropriate explanation, it was predicted that the

smallest population differences would be observed in head

circumference in line with the brain-sparing model, and that

when variance due to variation in head circumference had been

adjusted out, head-trunk height and autopod lengths would show

smaller population differences than total limb or zeugopod lengths,

since the growth of the former is hypothesised to be relatively more

protected from stress exposure to maintain function. In contrast, if

the distal blood flow model best accounted for the patterns

observed, a gradient of increasing population difference in limb or

limb segment length was predicted, and it was expected that the

upper limb would show smaller size differences between samples

than the lower limb. Similarly, temperature adaptation would

predict an increase in population differences from proximal to

distal along each limb, though perhaps without any difference

between upper and lower limb. Under all models, adjusting out

the variance due to head circumference z score, head-trunk height

Figure 1. Map of Peru showing location of study sites. Lima and Ayacucho Regions illustrated in white. Dark grey areas illustrate Lima
metropolitan area and Districts of Vinchos (south) and Santillana (north) in Ayacucho.
doi:10.1371/journal.pone.0051795.g001
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would be predicted to show the smallest differences between

samples, though the three theories would invoke different

physiological mechanisms.

Results

Tables S1,S2,S3,S4 give summary statistics for anthropometric

measures by age group and differences in raw measurements,

percentages and z scores. Lowland children are larger than

highland children in all dimensions, with absolute differences

increasing from the youngest age group until 10 years. Head

circumference shows the smallest population differences as

expected, although ANCOVA results indicate a significantly

greater head circumference by 0.852 z scores in lowland children

compared with highland children (p,0.001). This finding is

consistent with evidence that the brain-sparing effect may be

incomplete [41] and previous reports of reduced head circumfer-

ence at altitude [42–43].

The ANCOVA results confirm that even when adjusting out

variance due to head circumference z score and age, significant

differences remain between groups in head-trunk height and limb

length z scores (Table 1). Site differences in mean length z scores,

adjusting out the variance due to head circumference z score and

age, are significant (p,0.001 in each case).

Figure 2 illustrates the difference in anthropometry z scores

between highland and lowland sites, adjusting out the variance due

to head circumference z score and age. It demonstrates that the

differences in head-trunk height are substantially smaller than in

any of the limb measurements. Differences in total upper and

lower limb lengths between sites are similar in magnitude. It is

notable that site differences in autopod (hand or foot) length are

greater than in head-trunk height, but smaller than in total limb or

zeugopod lengths.

In each analysis, age and sex terms were not significant,

suggesting that the observed patterns do not vary significantly by

age. This is partly expected as z scores adjust for age and sex, but if

the differences in the relationship between head circumference

and z scores had varied with age, this should have been detectable

in the analysis. The results therefore indicate that the patterns

observed here apply across the range of ages studied (0.5–14

years).

Discussion

There is clear variation in the magnitude of differences between

highland and lowland Peruvian children in the size of distinct

regions of the body. Adjusting out the variance due to head

circumference z score and age, differences in head-trunk height

were markedly smaller than differences in limb or limb segment

lengths. In both limbs, site contrasts were smaller in the autopod

(hand or foot) than in total limb or zeugopod (ulna and tibia)

lengths, and differences in zeugopod length were slightly greater

than in total limb length. Observed differences were similar in

both the upper and lower limbs and in their homologous segments.

These site differences did not show any significant influence of age

or sex.

The results do not support the distal blood flow or temperature

adaptation models. The similarity in site differences in total limb

or limb segment lengths between the upper and lower limb, and

the smaller differences in autopod lengths compared with total

limb or zeugopod lengths refute the distal blood flow hypothesis,

which predicts greater differences in total lower than total upper

limb length, and greater differences in autopod than zeugopod

length. Differences in ambient temperature are also unlikely to

account for the pattern of results. Similar to the distal blood flow

hypothesis, a response to cold exposure was predicted to result in

a proximo-distal gradient of increasing length reduction from

stylopod to autopod, but this was not observed in our data.

Like many previous studies, the results support the phenomenon

of brain-sparing growth under conditions of stress. Furthermore,

the data suggest the selective protection of certain anatomical

regions (primarily head-trunk height and autopod lengths) over

others (e.g. zeugopod length), supporting the extension of the

thrifty phenotype hypothesis to limb proportions, particularly with

reference to autopod size. This hypothesis would suggest that

head-trunk height, and to a lesser extent autopod (hand or foot)

length, may be protected compared with zeugopod or total limb

lengths for functional reasons, although this interpretation remains

hypothetical until we are able to understand better the mechan-

isms underlying the patterns observed here.

We suggest that site differences in body proportions reflect

differential overall exposure to environmental stress. The highland

population is more deprived in terms of socioeconomic position

and access to education and healthcare, and suffers greater

exposure to poor nutrition, hypoxia and cold than the lowland

population. Elucidating the relative influences of these various

Table 1. Results of ANCOVA analyses for site differences in length z scores, including head circumference z score and age as
covariates in the model.

Anthropometry Z score

Lowland-highland
difference in estimated
marginal mean p value for term in ANCOVA Adjusted r2

age sex Head circ. z score Site

Head-trunk height 0.67 0.2 0.9 ,0.001 ,0.001 0.414

Total upper limb length 1.23 0.3 0.7 ,0.001 ,0.001 0.567

Total lower limb length 1.21 0.07 0.6 ,0.001 ,0.001 0.494

Ulna length 1.27 0.4 0.8 ,0.001 ,0.001 0.578

Tibia length 1.33 0.3 0.8 ,0.001 ,0.001 0.586

Hand length 1.07 0.8 0.8 ,0.001 ,0.001 0.468

Foot length 1.00 0.5 1.0 ,0.001 ,0.001 0.478

Bold text indicates significant p values for terms in the model. Head circ. = head circumference.
doi:10.1371/journal.pone.0051795.t001
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stressors was not possible in the current dataset due to the high

inter-correlation between potential explanatory factors. This

would require comparison of sites with greater overlap in their

socioeconomic, nutritional and health characteristics. Further-

more, environmental stressors like hypoxia and nutrition may have

different effects on growth and interact to affect final body size and

proportions [44], adding complexity to the relationship between

stress exposure and differential growth of body components.

It is also considered unlikely that genetic differences between

populations explain the results, although this remains to be

explicitly tested. Most Peruvians demonstrate predominantly

native South American ancestry with a degree of European

admixture [45–46], but there is relatively little published in-

formation on the genetic composition of Peruvian populations.

Peru has a long history of European migration beginning in the

16th century, and migration of Chinese and Japanese populations

in the 19th and 20th centuries is most notable in coastal towns and

cities including the capital Lima [47]. However, ethnic data (which

might shed some light on this issue) are not routinely collected in

the census [47–48], and there is little indication of how ancestry

varies regionally. Thorough genetic estimates of admixture are

also sparse. Studies using ancestry informative markers (AIMS)

have reported levels of Native American markers of over 90%

among male residents of Cerro de Pasco in the Peruvian highlands

and mean admixture rates of 10% (range 1–64%) in the offspring

of highland migrants to Lima [49–52]. In Bolivia (a close

geographic neighbour to Peru with aspects of shared migration

history) women of purported Andean ancestry in La Paz

(highlands) and Santa Cruz (lowlands) demonstrate a similarly

high level of Native American Ancestry (mean 80%) [53].

A small degree of genetic difference may exist between the study

populations, and given known differences in body proportion

between some major world populations [54], this could potentially

affect the results. Differences have been most clearly documented

between populations of African or Australian ancestry compared

with those of European or Asian ancestry (Native American

groups being considered most similar to the latter) [55–57], but

overall genetic differences probably account for a small proportion

of variation (,3.6%) in relative sitting height (head-trunk height

relative to stature) among world populations [25,57]. Unfortu-

nately, there is little indication in the literature as to the extent of

any genetic effects on the body proportions of Andeans (or any

populations for that matter), and correlations between ancestry,

socioeconomic position and altitude make the specific impact of

genetic ancestry difficult to detect. Comparisons of Andean

populations with international standards or reference datasets for

body size and proportions encounter similar problems of

correlated differences in genetics and socioeconomic conditions

between Andean and reference populations.

One study that attempted to determine genetic and altitude

effects on relative head-trunk height and lower limb length among

Bolivian children was unable to make clear inferences regarding

the impact of genetic factors for this reason [55]. While genetic

markers (e.g. AIMs) were not measured, among relatively high

SES urban children, Spanish surnames were not significantly

associated with relative sitting height (proportionally longer head-

trunk height compared with lower limb length). A significant

association between at least one parent being born in Bolivia and

high relatively sitting height was reported, but there was no

significant association between body proportions and having both

parents born in Bolivia compared with at least on parent born in

Bolivia. Another study in northern Chile that used surnames as

a proxy for ancestry reported inconsistent results concerning

relative sitting height and lower limb length [58–60].

In general, the limited data available and migration history

suggests that highland populations tend to show a lower level of

European and other admixture, although many residents of shanty

towns such as Pampas de San Juan de Miraflores are migrants or

the recent descendants of migrants from the Andean highlands

[48]. The available genetic evidence suggests a degree of

Figure 2. Site differences in estimated marginal means for length z scores from the ANCOVA analyses, demonstrating greater
contrasts in total limb and zeugopod lengths, intermediate differences in autopod lengths, and the smallest site differences in
head-trunk height.
doi:10.1371/journal.pone.0051795.g002

Trade-Offs in Limb Proportions among Peruvians

PLOS ONE | www.plosone.org 5 December 2012 | Volume 7 | Issue 12 | e51795



admixture is probable in both study populations, but that both

populations are likely to be predominantly indigenous South

American in origin. While any differences in admixture levels

cannot currently be quantified they most likely exert relatively

minor influence on the results in light of a likely relatively low level

of admixture and the fact that Asian and European populations

are not thought to differ greatly in terms of lower limb/trunk

proportions [57], although this is an important area for future

investigation.

The detailed physiological basis of the relationship between

relatively shorter lower limbs and elevated risk of adult chronic

disease is still emerging, but it has been suggested that the early

growth environment may influence both body proportions and

metabolic characteristics which subsequently impact on chronic

disease risk. For example, a number of studies suggest that

relatively shorter lower limbs act an index of metabolic capacity,

and mothers who are shorter, and especially those with relatively

shorter lower limbs, show a reduced tolerance of obesity and

a greater propensity to develop gestational diabetes [61–62].

It should be noted that not all studies report an association

between relative total lower limb length and childhood exposure to

stress or adult disease risk [63–65]. This could reflect differential

response rates of pubertal timing and early growth to environ-

mental improvement [66] or in some cases variability in study

design, and requires additional investigation. Our study could not

consider whether observed differences in body proportions were

maintained into adulthood, or whether later catch-up growth may

have modified earlier patterns. A prolonged growth period with

a slow, reduced adolescent growth spurt has been documented in

highland Andean [67–69] and other populations [70–72] exposed

to nutritional and other stress. While differences in pubertal timing

and variable body proportions during puberty may have existed

between the highland and lowland populations included in this

study, the same pattern of site differences was observed across the

age groups included, pubertal children comprised only a small

proportion of the dataset, and analysis of the data excluding

children aged over 9 years did not alter the patterns observed (data

not shown).

The present study was unable to address whether differences in

body proportions exist from birth, although the results indicated

differences from 6 months of age onwards. Data on body

proportions in Andean neonates [43,73] are sparse and provide

contradictory results. Previous studies of inter-population differ-

ences in relative lower limb length at birth [4,74–75] have

generally suffered from a lack of statistical testing and correction

for potentially confounding factors, and it should also be recalled

that both maternal nutrition and genetic factors could contribute

to any patterns observed among newborns.

The pattern of growth restriction described here could reflect

the growth rate of different tissues at the time of stress exposure

(i.e. variation in the timing of critical growth periods among organs

[76]), or may be an active response with an adaptive, functional

basis that prioritises growth in certain anatomical components.

Both scenarios were proposed by Barker and colleagues as

potential mechanisms underlying the thrifty phenotype hypothesis

[22–23], but the present study was unable to address this question

directly. It is often assumed that total lower limb length is more

sensitive to early childhood growth disruption than head-trunk

height due to the faster postnatal growth rate of the former [77–

78]. As adult brain size is achieved by around age 6 years, head

circumference may appear to be spared in the current analysis

because it is exposed to stress for a shorter period than total limb

length and head-trunk height, which grow far more rapidly and for

longer after birth [54].

To provide some initial insight into the relationship between

growth rate and sensitivity to stress, a cross-sectional estimate of

the annual growth rates of different anatomical regions was

calculated from the present dataset using the median measure-

ments at different ages generated by the LMS model. Figure 3

shows that the pattern of estimated growth rates in different body

components does not reflect variation in their sensitivity to growth

disruption, since the feet are growing fast in infancy but do not

appear to be especially sensitive to stress at this time. These data

offer preliminary evidence that differential sensitivity of limb

segments to environmental stress is not merely a function of

relative growth rate. However, alternative explanations are that

a relationship between growth rate and sensitivity to growth

disruption is established through stress exposure at an earlier age

than that included in the present study, or that there are more

active mechanisms which alter nutrient provision to different

organs under stress conditions.

Studies using animal models suggest that active redirection of

blood flow towards the brain and away from the peripheral

circulation in response to hypoxia and poor nutrition may account

for the brain-sparing effect [5,79–82]. Nonetheless, our results

suggest that circulatory effects do not fully explain altered patterns

of size in different parts of the body under stress conditions.

Detailed investigation of the relationship between the timing of

stress exposure and the pattern of altered growth is needed to

clarify the relationship between variation in growth rate, the

timing of stress exposure, and growth disruption.

The results presented here in relation to head-trunk height and

total limb, zeugopod and autopod lengths do not support the distal

blood flow or temperature adaptation models. However, the

thrifty phenotype hypothesis offers a more ‘ultimate’ explanation

for the observed pattern, while the distal blood flow model

represents a more ‘proximate’ explanation for observed patterns of

body proportions. The two may not be mutually exclusive,

particularly for example if the stylopod and zeugopod are

compared. The study did not explore differences in stylopod

length, and future work might suggest the operation of elements of

both models in determining stylopod, zeugopod and autopod

proportions.

Whilst our data suggest the differential sensitivity of specific

body regions to environmental perturbations of growth, they also

indicate that data on body proportions could be used more

extensively to assess growth disturbance. The tibia showed the

greatest population differences, supporting the use of its length (or

knee height) as a particularly sensitive environmental marker [83],

and our results also suggest that the ulna is almost equally sensitive

to environmental stress. Given their ease of measurement and

freedom from the influence of body fatness (in contrast with

estimated total lower limb length [44,83]), tibia and ulna lengths

may be particularly informative indicators of childhood environ-

ment for future studies.

In summary, our data suggest heterogeneity in the sensitivity of

different anatomical regions to stress exposure during growth.

Adjusting out the variance due to head circumference, lengths of

the zeugopod (ulna and tibia) show greatest differences between

sites and so may be most sensitive to stress, while autopod (hand

and foot) lengths show smaller differences and so may be relatively

protected. Similarly head-trunk height and especially head

circumference also appear to be relatively protected from the

impacts of stress exposure on growth compared with the limbs.

The results do not support the distal blood flow model or

temperature adaptation, and therefore support the thrifty pheno-

type hypothesis, suggesting that this hypothesis could be extended

to explain trade-offs in relative limb growth. We suggest ulna
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length may, like tibia length, offer an additional marker of early-

life stress exposure in this population. Further work is required to

establish the extent to which different environmental factors affect

body proportions and whether our findings extend to other

populations.

Materials and Methods

Ethics Statement
Participation was voluntary and the study was conducted

according to accepted international ethical standards for research

involving human subjects (Declaration of Helsinki) [84]. The study

was approved by the Institutional Ethics Committee of the

Universidad Peruana Cayetano Heredia (Lima, Peru), and by the

Ayacucho Region Health Directorate (Dirección Régional de

Salud Ayacucho, DIRESA). Written informed consent was

obtained from a parent (or legal guardian) by signature or

fingerprint where parents were not literate, after the study had

been explained in full to them and to the participant in age-

appropriate terms. Participants aged 6 years or over also gave their

assent, either in written or verbal form where not literate.

Study Sample
The lowland study population was from the peri-urban

community of Pampas de San Juan de Miraflores in Lima

(latitude 212.0, longitude 277.0), a well-established but un-

planned settlement of generally low socioeconomic status [85–86].

The highland populations were from various small, relatively

isolated rural agropastoral communities in the Vinchos and

Santillana Districts of Ayacucho Region located at 3,100–

4,400 m altitude (latitude 213.2, longitude 274.2 for Ayacucho

city, Figure 1). A convenience sample of 447 children aged

between 6 months and 14 years were selected focusing on children

of the following ages in years (range for each group indicated in

brackets): 1 (0.5–2), 2 (2–3.5), 4 (3.5–4.5), 6 (5.5–6.5), 8 (7.5–8.5),

10 (9.5–10.5), 14 (13.5–14.5). Date of birth was confirmed from

official birth or identification documents, or school records. Only

one child per household was included who was born and raised in

the study region and was known not to be suffering from any

chronic medical condition that might affect their growth (aside

from chronic general nutritional problems).

Methods
Stature and head-trunk height (sitting height) were measured to

the nearest mm following standard protocols with participants

dressed in light clothes without shoes [87–89]. For children below

2 years of age, recumbent length and crown-rump length were

measured rather than stature and sitting height respectively using

a Rollameter (Raven Equipment Ltd., Dunmow, UK) as is

standard practice [90]. In participants over 2 years of age, stature

was measured with a Seca Leicester Height Measure following

standard procedures [87–88]. Total lower limb length was

calculated by subtracting head-trunk height from stature (or

recumbent length in those aged less than 2 years). Humerus length

was measured from the lateral border of the acromion to the

inferior extent of the olecranon (elbow flexed at 90 degrees), while

ulna length was taken from the olecranon to the head of the styloid

process [87]. Humerus and ulna lengths were summed to give total

upper limb length. Hand length was measured with palm upwards,

fingers and palm fully extended and hand flat. The measurement

was made from the level of the ulna styloid to the greatest

extension of the middle finger perpendicular to the long axis of the

hand [87]. Tibia length was measured from the medial tibial

plateau to the end of the medial malleolus and foot length was

Figure 3. Cross-sectional estimate of percent annual growth rate of limb segments and head-trunk height by age. Growth rates
calculated from LMS model median values for 3 months either side of age stated for female participants. ‘% annual growth rate’ refers to the
estimated percentage increase in raw measurements over a year based on the median measurement at the start of the 6 month period over which
the rate is calculated. Male data demonstrate the same pattern (not shown). Measurements are lengths, apart from ‘head circ.’ which is head
circumference.
doi:10.1371/journal.pone.0051795.g003
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measured as the maximum length parallel to the long axis of the

foot with the participant seated and the foot resting lightly on the

ground [91]. All limb segment lengths were measured with large

sliding callipers to the nearest mm. Head circumference was

measured to the nearest mm with a non-stretch, flexible 10 mm-

wide measuring tape (Chasmors, London, UK) following standard

procedures [87–89]. One observer (EP) took all measurements.

Anthropometric variables were converted to z scores for the

combined highland and lowland dataset according by the LMS

method [92–93] using LMS Chartmaker Light version 2.43 [94].

This converts anthropometric measurements to their relative

position in the data distribution for their sex and age, and thus

allows pooling of data from children of different ages in analyses.

Briefly, the LMS method employs a penalised maximum likeli-

hood method to fit smoothed centile curves to reference data on

measurements in relation to a covariate such as age. The method

summarises the changing distribution of the data in relation to the

covariate by fitting smoothed curves to the skewness (using Box-

Cox transformation, l or L), the median (m or M) coefficient of

variation (s or S) as cubic splines by non-linear regression, thus

producing overall smoothed reference centiles [94]. The extent of

smoothing necessary is expressed as equivalent degrees of freedom

[92–94]. This method has been widely applied in the construction

of growth reference centiles for stature, body mass and other

measurements [95–98].

Differences between the two sites in the size of different

anthropometric measurements were tested using ANCOVA of the

z scores as described in the Introduction. ANCOVA was selected

rather than MANCOVA since the dependent variables violate

assumptions regarding multicollinearity required for MANCOVA

[99]. This is unsurprising since they are closely related and some

measurements are components of others (e.g. zeugopod length is

part of total limb length). For the ANCOVA, homogeneity of

variances was tested using Levene’s statistic, and found to be

significant only for tibia length z score (p = 0.04). A recommended

solution to the problem of significant heterogeneity of variances in

ANCOVA is to apply a more conservative definition of statistical

significance (e.g. p = 0.025 rather than 0.05) in the analyses [99],

but as all site differences were significant at p,0.001 this has no

effect on the interpretation of the results. We also ensured that

data met requirements for a normal distribution, linearity,

homogeneity of regression and multicollinearity prior to analysis

following Tabachnick and Fidell [99]. Statistical analyses were

conducted using SPSS 17.0 for Windows.
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de Estadı́stica y Informática (INEI) and ICF Macro/MEASURE DHS.

A v a i l a b l e : h t t p : / / w w w . m e a s u r e d h s . c o m / p u b s / p u b _ d e t a i l s .

cfm?id = 1006&srchTp = home. Accessed 2011 May 17.

41. Antonow-Schlorke I, Schwab M, Cox LA, Li C, Stuchlik K, et al. (2011)

Vulnerability of the fetal primate brain to moderate reduction in maternal global
nutrient availability. PNAS 108: 3011–3016.

42. Krampl E, Lees C, Bland JM, Espinoza Dorado J, Moscoso G, et al. (2000) Fetal

biometry at 4300 m compared to sea level in Peru. Ultrasound Obstet Gynecol

16: 9–18.

43. McClung J (1969) Effects of High Altitude on Human Birth: Observations on

Mothers, Placentas, and the Newborn in Two Peruvian Populations. Cam-

bridge, MA: Harvard University Press.

44. Bailey SM, Xu J, Feng JH, Hu X, Zhang C, et al. (2007) Tradeoffs between

oxygen and energy in tibial growth at high altitude. American Journal of Human
Biology 19: 662–668.

45. Bigham AW, Kiyamu M, León-Velarde F, Parra EJ, Rivera-Ch M, et al. (2008)

Angiotensin-converting enzyme genotype and arterial oxygen saturation at high

altitude in Peruvian Quechua. High Alt Med Biol 9: 167–178.

46. Sanchez E, Webb RD, Rasmussen A, Kelly JA, Riba L, et al. (2010) Genetically

determined amerindian ancestry correlates with increased frequency of risk

alleles for systemic lupus erythematosus. Arthritis Rheum 62: 3722–3729.

47. Lausent-Herrera I (2009) Tusans (Tusheng) and the changing Chinese
community in Peru. Journal of Chinese Overseas 5: 115–152.

48. Miranda JJ (2009) The effect on cardiovascular risk factors of migration from

rural to urban areas in Peru. PhD Thesis: London School of Hygiene and

Tropical Medicine.

49. Brutsaert TD, Parra EJ, Shriver MD, Gamboa A, Palacios JA, et al. (2003)

Spanish genetic admixture is associated with larger VO2 max decrement from

sea level to 4,338 m in Peruvian Quechua. J Appl Physiol 95: 519–528.

50. Brutsaert TD, Parra E, Shriver M, Gamboa A, Palacios JA, et al. (2004) Effects

of birthplace and individual genetic admixture on lung volume and exercise
phenotypes of Peruvian Quechua. Am J Phys Anthropol 123: 390–398.

51. Brutsaert TD, Parra EJ, Shriver MD, Gamboa A, Rivera-Ch M, et al. (2005)
Ancestry explains the blunted ventilatory response to sustained hypoxia and

lower exercise ventilation of Quechua altitude natives. Am J Physiol Regul Integ

Comp Physiol 289: R225–R234.

52. Mao X, Bigham AW, Mei R, Gutierrez G, Weiss KM, et al. (2007) A

genomewide admixture mapping panel for Hispanic/Latino populations.
Am J Hum Genet 80: 1171–1178.

53. Zamudio S, Wu Y, Ietta F, Rolfo A, Cross A, et al. (2007) Human placental

hypoxia-inducible factor-1alpha expression correlates with clinical outcomes in
chronic hypoxia in vivo. Am J Pathol 170: 2171–2179.

54. Eveleth PB, Tanner JM (1990) Worldwide Variation in Human Growth.
Cambridge: Cambridge University Press.

55. Stinson S (2009) Nutritional, developmental, and genetic influences on relative

sitting height at high altitude. Am J Hum Biol 21: 606–613.

56. Feldesman MR, Fountain RL (1996) ’’Race’’ specificity and the femur/stature

ratio. Am J Phys Anthropol 100: 207–224.

57. Bogin B, Kapell M, Silva MIV, Orden B, Smith PK, et al. (2001) How genetic
are human body proportions? In: Dasgupta P, Hauspie R, editors. Perspectives

in Human Growth, Development and Maturation: Global Tributes to SR Das,
the Pioneering Indian Auxologist. New York: Kluwer Academic Publishers.

205–221.

58. Mueller WH, Murillo F, Palamino H, Badzioch M, Chakraborty R, et al. (1980)
The Aymara of western Bolivia: V. Growth and development in an hypoxic

environment. Hum Biol 52: 529–546.

59. Palomino H, Mueller WH, Schull WJ (1978) Altitude, heredity and body

proportions in northern Chile. Am J Phys Anthropol 50: 39–50.

60. Mueller WH, Schull VN, Schull WJ, Soto P, Rothhammer F (1978) A
multinational Andean genetic and health program: growth and development in

an hypoxic environment. Ann Hum Biol 5: 329–352.

61. Wells JCK (2012) Obesity as malnutrition: The role of capitalism in the obesity

global epidemic. Am J Hum Biol 24: 261–276.

62. Wells JCK (2011) The thrifty phenotype: An adaptation in growth or
metabolism? Am J Hum Biol 23: 65–75.

63. Webb E, Kuh D, Peasey A, Pajak A, Malyutina S, et al. (2008) Childhood

socioeconomic circumstances and adult height and leg length in central and
eastern Europe. J Epidemiol Community Health 62: 351–357.

64. Schooling CM, Jiang CQ, Heys M, Zhang WS, Adab P, et al. (2008) Are height
and leg length universal markers of childhood conditions? The Guangzhou

Biobank cohort study. J Epidemiol Community Health 62: 607–614.

65. Kinra S, Rameshwar Sarma K, Hards M, Davey Smith G, Ben-Shlomo Y
(2011) Is relative leg length a biomarker of childhood nutrition? Long-term

follow-up of the Hyderabad Nutrition Trial. Int J Epidemiol 40: 1022–1029.

66. Schooling CM, Jiang CQ, Heys M, Zhang WS, Lao XQ, et al. (2008) Is leg

length a biomarker of childhood conditions in older Chinese women? The

Guangzhou Biobank Cohort Study. J Epidemiol Community Health 62: 160–
166.

67. Frisancho AR (1976) Growth and morphology at high altitude. In: Baker PT,
Little MA, editors. Man in the Andes: A Multidisciplinary Study of High

Altitude Quechua. Stroudsburg, Pennsylvania: Dowden, Hutchinson and Ross,

Inc. 180–207.

68. Greksa LP (2006) Growth and development of Andean high altitude residents.

High Alt Med Biol 7: 116–124.

69. Freyre EA, Ortiz MV (1988) The effect of altitude on adolescent growth and

development. J Adolesc Health Care 9: 144–149.

70. Coly AN, Milet J, Diallo A, Ndiaye T, Benefice E, et al. (2006) Preschool
stunting, adolescent migration, catch-up growth, and adult height in young

Senegalese men and women of rural origin. J Nutr 136: 2412–2420.

71. Steckel RH (1987) Growth depression and recovery: the remarkable case of
American slaves. Ann Hum Biol 14: 111–132.

72. Satyanarayana K, Radhaiah G, Mohan KR, Thimmayamma BVS, Rao N, et
al. (1989) The adolescent growth spurt of height among rural Indian boys in

relation to childhood nutritional background: An 18 year longitudinal study.

Ann Hum Biol 16: 289–300.

73. Haas JD, Baker PT, Hunt EE Jr (1977) The effects of high altitude on body size

and composition of the newborn infant in Southern Peru. Hum Biol 49: 611–
628.

74. Brooke OG, Wood C, Butters F (1984) The body proportions for small-for-dates

infants. Early Hum Dev 10: 85–94.

75. Fok TF, Hon KL, Ng PC, Wong E, So HK, et al. (2006) Limbs anthropometry

of singleton Chinese newborns of 28–42 weeks’ gestation. Neonatology 89: 25–
34.

76. Stockard CR (1921) Developmental rate and structural expression: An

experimental study of twins, ‘double monsters’ and single deformities, and the
interaction among embryonic organs during their origin and development.

Am J Anat 28: 115–277.

77. Frisancho AR (2007) Relative leg length as a biological marker to trace the

developmental history of individuals and populations: growth delay and

increased body fat. Am J Hum Biol 19: 703–710.

78. Martorell R, Malina RM, Castillo RO, Mendoza FS, Pawson IG (1988) Body

proportions in three ethnic groups: children and youths 2–17 years in NHANES
II and HHANES. Hum Biol 60: 205–222.

79. Mulder ALM, van Golde JC, Prinzen FW, Blanco CE (1998) Cardiac output

distribution in response to hypoxia in the chick embryo in the second half of the
incubation time. J Physiol 508: 281–287.

Trade-Offs in Limb Proportions among Peruvians

PLOS ONE | www.plosone.org 9 December 2012 | Volume 7 | Issue 12 | e51795



80. Giussani DA, Thakor AS, Frulio R, Gazzolo D (2005) Acute hypoxia increases

S100b protein in association with blood flow redistribution away from peripheral
circulations in fetal sheep. Pediatr Res 58: 179–184.

81. Williams SJ, Campbell ME, McMillen IC, Davidge ST (2005) Differential effects

of maternal hypoxia or nutrient restriction on carotid and femoral vascular
function in neonatal rats. Am J Physiol Regul Integr Comp Physiol 288: R360–

R367.
82. Burrage DM, Braddick L, Cleal JK, Costello P, Noakes DE, et al. (2009) The

late gestation fetal cardiovascular response to hypoglycaemia is modified by prior

peri-implantation undernutrition in sheep. J Physiol 587: 611–624.
83. Bogin B, Varela-Silva MI (2008) Fatness biases the use of estimated leg length as

an epidemiological marker for adults in the NHANES III sample. Int J Epidemiol
37: 201–209.

84. World Medical Association (2008) WMA Declaration of Helsinki - Ethical
Principles for Medical Research Involving Human Subjects. World Medical

Association. Available: http://www.wma.net/en/30publications/10policies/

b3/. Accessed 2011 May 3.
85. Miranda JJ, Gilman R, Garcia H, Smeeth L (2009) The effect on cardiovascular

risk factors of migration from rural to urban areas in Peru: PERU MIGRANT
Study. BMC Cardiovasc Disord 9: 23.

86. Miranda JJ, Gilman RH, Smeeth L (2011) Differences in cardiovascular risk

factors in rural, urban and rural-to-urban migrants in Peru. Heart 97: 787–796.
87. Lohman TG, Roche AF, Martorell R, editors (1988) Anthropometric

Standardization Reference Manual. Champaign, Illinois: Human Kinetics
Books.

88. Frisancho AR (2008) Anthropometric Standards: An Interactive Nutritional
Reference of Body Size and Body Composition for Children and Adults. Ann

Arbor: University of Michigan Press.

89. Tanner JM, Hiernaux J, Jarman S (1969) Anthropometry. In: Weiner JS, Lourie
JA, editors. Human Biology: A Guide to Field Methods. London: Blackwell.

90. WHO Multicentre Growth Reference Study Group (2006) WHO Child Growth

Standards: Length/height-for-age, weight-for-age, weight-for-length, weight-for-

height and body mass index-for-age: Methods and development. Geneva: World

Health Organization.

91. Cameron N (2004) Measuring growth. In: Hauspie RC, Cameron N, Molinari

L, editors. Methods in Human Growth Research. Cambridge: Cambridge

University Press. 68–107.

92. Cole TJ (1990) The LMS method for constructing normalized growth standards.

Eur J Clin Nutr 44: 45–60.

93. Cole TJ, Green PJ (1992) Smoothing reference centile curves: The lms method

and penalized likelihood. Statistics in Medicine 11: 1305–1319.

94. Pan H, Cole TJ (2010) LMSchartmaker, a program to construct growth

references using the LMS method. Version 2.43. Available: http://www.

healthforallchildren.co.uk/.

95. Cole TJ, Bellizzi MC, Flegal KM, Dietz WH (2000) Establishing a standard

definition for child overweight and obesity worldwide: international survey. BMJ

320: 1240.

96. Stanojevic S, Wade A, Cole TJ, Lum S, Custovic A, et al. (2009) Spirometry

Centile Charts for Young Caucasian Children: The Asthma UK Collaborative

Initiative. Am J Respir Crit Care Med 180: 547–552.

97. Flegal KM, Wei R, Ogden CL, Freedman DS, Johnson CL, et al. (2009)

Characterizing extreme values of body mass index–for-age by using the 2000

Centers for Disease Control and Prevention growth charts. Am J Clin Nutr 90:

1314–1320.

98. McCarthy HD, Cole TJ, Fry T, Jebb SA, Prentice AM (2006) Body fat reference

curves for children. Int J Obes 30: 598–602

99. Tabachnick BG, Fidell LS (2007) Using Multivariate Statistics. Boston, MA:

Pearson/Allyn & Bacon.

Trade-Offs in Limb Proportions among Peruvians

PLOS ONE | www.plosone.org 10 December 2012 | Volume 7 | Issue 12 | e51795


