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Abstract

Aim: To assess the heterogeneity of gross motor milestone achievement ages between the sexes and among study sites
participating in the WHO Multicentre Growth Reference Study (MGRS). Merhods: Six gross motor milestones (sitting
without support, hands-and-knees crawling, standing with assistance, walking with assistance, standing alone, and walking
alone) were assessed longitudinally in five of the six MGRS sites, namely Ghana, India, Norway, Oman and the USA.
Testing was started at 4 mo of age and performed monthly until 12 mo, and bimonthly thereafter until all milestones were
achieved or the child reached 24 mo of age. Four approaches were used to assess heterogeneity of the ages of milestone
achievement on the basis of sex or study site. Results: No significant, consistent differences in milestone achievement ages
were detected between boys and girls, nor were any site—sex interactions noted. However, some differences among sites
were observed. The contribution of inter-site heterogeneity to the total variance was <5% for those milestones with the
least heterogeneous ages of achievement (hands-and-knees crawling, standing alone, and walking alone) and nearly 15% for
those with the most heterogeneous ages of achievement (sitting without support, standing with assistance, and walking with
assistance).

Conclusion: Inter-site differences, most likely due to culture-specific care behaviours, reflect normal development among
healthy populations across the wide range of cultures and environments included in the MGRS. These analyses support the
appropriateness of pooling data from all sites and for both sexes for the purpose of developing an international standard for
gross motor development.
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Introduction rationale, design and protocol for the MGRS have

The WHO Multicentre Growth Reference Study be;r;fescnbzd 1n. deta;l essewhc;r;l[ll,\i]c.}RS. that it
(MGRS) was designed to provide a description of I ;Zem;l dunlq;le cature o ¢ eh : d:S att
the physical growth and gross motor development in included children irom many of the world's major

healthy infants and children throughout the world. regi'ons: Brazil (South America), Ghana (Aﬁjica),
Previous efforts to develop growth references relied on India (Asia), Norway (Europe), Oman (the Middle

data collected from infants and young children “free East) and the USA (Norm Amerlca): Thls design
from disease” who were representative of defined feature tested the assertion that growth in infancy and
geographical areas. When appropriately carried out, early childhood is very similar among diverse ethnic
such studies provide accurate snapshots of how 8roups when conditions that favour growth are
children grow and/or develop in a particular time met [1]. The MGRS %150 'off'ere.d an opportunity to
and place. The MGRS, however, adopted a prescrip- assess the heterogeneity/similarity in gross motor
tive approach designed to describe how children development across distinct cultures and environ-
should grow independently of time and place. In so ments.

doing, it defined health not only as the absence of Undoubtedly, MGRS participants from diverse
disease but also as the adoption of healthy practices sites differed genetically; however, it is unlikely
known to promote health, e.g. breastfeeding. The that functions and traits such as motor development
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and linear growth, which reflect the coordinated
expression of multiple genes, differ substantially
and systematically among large populations living
in healthy environments. At the population level,
it is likely that environmental disparities such as
those seen in developing countries influence
phenotypic expressions of multigenic functions and
traits to a greater extent than genetic differences
do [3].

The literature provides only a limited basis on
which to directly evaluate how these views relate to
motor development. A number of studies have con-
sidered relationships between general nutritional or
specific nutrient status [4—9], feeding mode in early
infancy [10,11], and specific disease states or condi-
tions [12,13] and motor development. Some have
examined differences in motor development among
diverse cultural or ethnic groups in healthy and
unhealthy states [14—18]. These interests are not
new. For example, Garcia-Coll [19] reviewed early
papers that evaluated potential actiologies of the
putative motoric precocity of African American in-
fants and infants of African descent in developing and
developed countries [19-23]. Clearly, there are sig-
nificant difficulties associated with isolating biological
from caretaker socio-economic and attitudinal/beha-
vioural influences. Complexities such as these thus
make it difficult to interpret results of evaluations of
the role that ethnicity and culture play in motor
development [19,24].

Although the literature includes a discussion of
differences in motor development between boys and
girls [16,18,25,26], findings are inconsistent in that
either no differences are found between boys and
girls, or boys are observed to be either more delayed
or at risk of being delayed when faced with various
forms of stress. Apparently, no study has evaluated
potential interactions among sex, ethnicity and cul-
tural background when assessing motor development
in young children.

The aim of this paper is to assess the heterogeneity
between the sexes and among MGRS study sites of
gross motor milestone achievement ages. Analyses are
carried out to evaluate the need for distinct standards
for boys and girls and the appropriateness of pooling
observations from all MGRS sites that performed
motor development assessments.

Methods
General study design

The rationale, planning, design and methods of the
MGRS, including its motor development component
and site-specific protocol implementation, have been
described in detail elsewhere [1,2,27].
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Six distinct gross motor milestones were assessed:
sitting without support, hands-and-knees crawling,
standing with assistance, walking with assistance,
standing alone, and walking alone. These were
selected because they are considered universal,
fundamental to the acquisition of self-sufficient loco-
motion, and simple to test and evaluate. These
milestones were assessed longitudinally beginning at
4 mo of age on all children enrolled in the longitudinal
sample in five of the six MGRS sites, namely Ghana,
India, Norway, Oman and the USA. Motor develop-
ment was not assessed in Brazil because most of
that site’s longitudinal sample was older than 4 mo
when motor development was added to the MGRS
protocol.

Using standardized testing procedures and criteria,
study staff performed monthly assessments until 12
mo of age and bimonthly assessments thereafter until
all milestones were achieved or the child reached 24
mo of age. No fixed milestone sequence was assumed
and all milestones were assessed at each visit. Training
and standardization procedures and data collection
protocols, described in detail elsewhere [27,28], were
similar among sites.

Sample used for analyses

Analyses of differences between the sexes or among
sites in age of motor milestone achievement were
based on the same sample of children included in
assessments of inter-site heterogeneity in linear
growth [29]. In the five study sites where motor
development was assessed, 1433 children were en-
rolled in the MGRS longitudinal component. Because
of missing data, 149 (10%) of these children were not
included in the assessment of inter-site heterogeneity
for linear growth. Of the children (n =1284) included
in the linear growth assessment, 75 (5%) did not
participate in the MGRS motor development assess-
ment component.

Variable numbers of motor milestone assessments
by trained MGRS personnel were available for in-
dividual children in the remaining sample (7 =1209,
85%). This was mainly the result of late initiation of
this MGRS component at the Norwegian and Gha-
naian sites due to funding constraints, which meant
that some children were too old to participate fully in
motor assessments.

Statistical analyses

Estimation of ages of motor milestone achievement. The
MGRS design [2] did not permit the determination of
exact ages of milestone achievement because subjects
were not supervised daily by trained staff. “True” ages
of milestone achievement were linked to intervals
between visits by staff documenting the first observed
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achievements of specific milestones and the most
recent previous visit. Specific ages of achievement
within those designated intervals were assigned ran-
domly based on the assumption that achievement ages
were distributed uniformly between scheduled visits.
Detailed descriptions of the uses of fieldworker
observations and caretaker reports of achievement
ages are described in a companion paper in this
supplement [30].

Evaluation of heterogeneity of milestone achievement ages
berween the sexes and among the MGRS sites. Two
model-based approaches were used to characterize
inter-site and inter-sex heterogeneity of the ages of
milestone achievement.

A within-subject design ANOVA was used to assess
proportional contributions of sex and site, both as
main effects, to the total observed variation in ages of
achievement of motor milestones and to evaluate site-
sex interactions [31].

Another model-based approach applied a three-
level variance components model (level 1: milestone
indicator; level 2: individual child; and level 3: site).
This model treated milestone achievement ages as
successive occasions, assumed that achievement ages
equalled fixed effects, and allowed for random per-
turbation on the normal scale [32]. To account for
inter-level heterogeneity, a random effect was assigned
to each clustering level. The percentages of the total
variance attributable to each clustering level were
calculated as fractions of the total variance [32,33].
Log-likelihood ratio was used to test the significance
of sources of heterogeneity [32].

We also evaluated the magnitude of differences in
ages of achievement of specific milestones between
the sexes and among sites by calculating differences
between the pooled mean age of achievement and the
means for either sex or single sites as fractions of the
pooled mean’s standard deviation, i.e.

Y,

Y )
“sp CPW

where Y, is the mean for site A or sex A, Y is the
pooled mean, and SD is the standard deviation of the
respective age of achievement corresponding to the
pooled sample.

Site-specific and all-site average differences (in
days) between boys’ and girls’ ages of achievement
for each milestone were also calculated, and two-
sample z-tests were performed to assess site- and
milestone-specific differences in motor milestone
achievement ages between boys and girls.

Lastly, the impact of inter-site heterogeneity was
assessed further by evaluating the impact of excluding
individual sites on percentile estimates. Differences
were calculated between the 1st, 50th and 99th
percentiles corresponding to “all-site” pooled values
and the values calculated when single sites were
individually omitted. Normalized differences were
expressed as fractions of the standard deviations of
the all-site pooled means.

Statistical significance was assigned to comparisons
with p-values <0.05.

Results

Statistically significant differences in milestone
achievement ages were not detected between boys
and girls, nor were significant site-sex interactions
noted (Table I) when a within-subject design ANOVA
was applied. Figure 1 summarizes site-specific and
overall differences in the ages of motor milestone
achievement between boys and girls.

Two-sample z-tests assessing site- and motor mile-
stone-specific differences between boys’ and girls’
ages of achievement detected statistically significant
differences in five of 30 comparisons (Table II),
namely sitting without support in India, walking
with assistance in the USA, standing alone in
Oman, and walking alone in Ghana and Oman. For
all sites, statistically significant differences in the ages
of achievement between boys and girls were detected
for sitting without support (mean difference <5 d
earlier for girls) and standing alone (mean difference
of approximately 7 d earlier for girls).

Table I. Analysis of variance comparing the effect of sex, site and their interaction on milestone achievement ages.

Source of variation Partial sum of squares

Degrees of freedom

p-value (prob >F) Proportion of variance (%)

Among subjects:

Site 1119 723.3 4 0.0000 2.61

Sex 8626.0 1 0.2756 0.02

Interaction (site, sex) 50 649.9 4 0.1374 0.12

Residual (inter-subject) 8 686 429.2 1,198 20.22
Within subjects:

Milestone 26 262 996.5 5 0.0000 61.12

Residual (intra-subject) 6 101 140.7 5,771 14.20
Total 42 970 018 6,983 100.00
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Figure 1. Average ages of gross motor milestone achievement in boys and girls.

Sitting without support exhibited the statistically
most significant difference (p =0.0125) in ages of
achievement between boys and girls when all sites
were pooled. Figure 2 illustrates the cumulative
frequencies of the ages of achievement of sitting
without support for boys and girls separately.

Small, though statistically significant, differences
were observed among sites (sites accounted for
2.6% of the observed variance in Table I). Table
III characterizes heterogeneity, by milestone, in
the ages of milestone achievement. Ages of achieve-
ment for sitting without support demonstrated the
greatest heterogeneity among sites. The least
heterogeneity was observed for hands-and-knees

crawling, standing alone and walking alone. P-values
of log-likelihood ratio testing the significance
of variance components due to site heterogeneity
were <0.05. With the exception of standing
alone (p =0.0298), no evidence of heterogeneity due
to sex, and no interaction of site and sex, were
observed.

Estimates of the proportion of the total variance
contributed by inter-site heterogeneity and inter-
individual differences are summarized in Table IV.
Inter-site heterogeneity contributed the least to the
total variance (8.3%). Table IV also summarizes the
contributions of inter-site heterogeneity to total
variance when milestones with the greatest and

Table II. P-values of the two-sample z-tests on the equality of means between boys and girls.

Sitting without Hands-and-knees Standing with Walking with Standing Walking
Site support crawling assistance assistance alone alone
Ghana 0.4665 0.9614 0.4885 0.6831 0.1377 0.0376*
India 0.0423% 0.7579 0.5608 0.1582 0.6988 0.1304
Norway 0.1730 0.5437 0.7861 0.4570 0.6073 0.2865
Oman 0.1781 0.1303 0.0798 0.2089 0.0008* 0.0371*
USA 0.7591 0.7860 0.4326 0.0348* 0.7718 0.8135
Total 0.0125% 0.2254 0.3900 0.3184 0.0297* 0.0654

*Statistically significant (p <0.05).
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Figure 2. Cumulative frequency of motor achievement of sitting without support for boys and girls.

least heterogeneity were grouped. The contribution of
inter-site heterogeneity to the total variance was
<5% for those milestones with the least heteroge-
neous ages of achievement (hands-and-knees
crawling, standing alone, and walking alone) and
nearly 15% for those with the most heterogeneous
ages of achievement (sitting without support, standing
with assistance, and walking with assistance).
P-values of log-likelihood ratios testing the signifi-
cance of variance components due to site heteroge-
neity were <0.05. No evidence of heterogeneity due
to sex or significant interaction of site and sex was
observed.

Site-specific mean achievement ages and pooled
means are presented in Table V. Normalized differ-
ences (expressed as fractions of the standard deviation
of the pooled means) between site-specific means
and the pooled mean varied by milestone. The
Ghanaian sample exhibited the earliest mean ages of

achievement for sitting without support (—0.82),
standing with assistance (—0.49), walking with
assistance (—0.43) and walking alone (—0.19).
Normalized differences for all other sites with mean
ages of achievement below the all-site pooled mean
ranged from —0.17 to —0.05.

The Norwegian sample exhibited the latest mean
ages of achievement for all six milestones (Table V).
Normalized differences for all other sites with mean
ages of achievement greater than the all-site pooled
mean varied from 0.01 to 0.29.

Table VI summarizes the impact of eliminating
single sites on the mean, 1st, 50th and 99th age
of achievement percentiles. The impact of site elim-
ination was assessed by comparing the “single-site
elimination” values with “all-site” pooled values.
Excluding the Ghanaian site increased the remaining
site pooled mean (and corresponding percentiles) for
sitting without support, standing with assistance,

Table III. Variance components two-level model comparing site heterogeneity by milestone.

Milestone Variance component”  Estimate  Standard error (estimate)  p-value  Proportion of variance (%)
Sitting without support Var(Site) 438.4 279.5 <0.000 34.8
Var(Error) 823.1 33.6 65.2
Hands-and-knees crawling Var(Site) 87.1 61.7 <0.000 3.5
Var(Error) 2382.1 99.1 96.5
Standing with assistance Var(Site) 255.8 166.1 <0.000 13.9
Var(Error) 1584.8 64.6 86.1
Walking with assistance Var(Site) 289.5 188.5 <0.000 12.8
Var(Error) 1976.8 80.8 87.2
Standing alone Var(Site) 177.2 120.4 <0.000 5.5
Var(Error) 3042.3 125.1 94.5
Walking alone Var(Site) 123.1 85.5 <0.000 4.3
Var(Error) 2776.4 114.4 95.7

#«Site” as a random effect.



walking with assistance and walking alone by 9, 7, 6
and 3 d, respectively. Excluding Norway decreased
the remaining site pooled mean for all six milestones
by 5, 4, 5, 7, 6 and 5 d, respectively. As absolute
values, these differences represent less than 0.3 of
the pooled mean’s SD for all estimated differences.
Of the 30 “single-site exclusion” means calculated for
all milestones, 23 differed from the pooled mean by
<0.1 of the all-site pooled mean’s SD; six were
between 0.1 and 0.2, and one was between 0.2 and
0.3.

Discussion

These findings support the conclusion that MGRS
gross motor development data from female and male
infants and toddlers should be pooled for the purpose
of constructing standards. The statistical insignifi-
cance of sex as a source of variability in the ages of
milestone achievement that is documented in Tables
I, IIT and IV is underscored by Figure 2.

This view is justified despite sporadic statistically
significant differences in the ages of motor milestone
achievement between boys and girls when two-sample
t-tests were applied (Table II). These differences were
small, i.e. 7 d or less, and inconsistent. Also, they
should be interpreted cautiously given that the study’s
large sample size and the large number of two-sample
t-tests performed increase the possibility of alpha
errors. As reported in other studies [25,26], girls in
the MGRS tended to achieve milestones at earlier
ages than did boys. The tendency of girls to achieve
motor milestones earlier than boys observed in Figure
1 is of interest from a developmental perspective;
however, the magnitude of observed differences is too
small to justify sex-specific norms.

The absence of any site—sex interaction is also
reassuring. Its absence discounts the possibility
that boys and girls were treated differentially in
diverse sites in a manner that operated across sites
to obscure sex-based differences. The paucity of other
information evaluating differences in gross motor
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development between male and female infants and
toddlers raised in diverse cultural settings and envir-
onments makes this finding particularly valuable to
the construction of an international standard. These
findings also support the view that any disparities
between boys and girls in gross motor development
likely reflect dissimilarities in care practices and/or
other factors, which is to say that it is unlikely they are
due to physiological sex-based differences.

These analyses found statistically significant inter-
site differences in the ages of motor milestone
achievement. This finding is generally consistent
with another WHO collaborative study designed
to develop and standardize culturally appropriate
scales of psychosocial development [18]. That
study included a wide array of developmental assess-
ments. Although specific tests of inter-site differences
were not included in the cited reference, tabulated
information documents homogeneity in ages of
achievement among some milestones but not among
others. These findings suggest that environmental
diversity may have accounted for the lack of homo-
geneity across all measures, which is consistent with
observations made by others. For example, Lima et al.
[25] reported that environments influence mental and
motor development to a much greater degree than do
biological factors (e.g. birthweight).

Analyses summarized in Table I indicate that sites
contributed <3% of the variability observed in the
MGRS. This estimate merits close examination. The
variability and error introduced by the random point
determination of ages of milestone achievement and
the likelihood of uneven susceptibility of different
milestones to caretaker influences (discussed further
below) may have decreased the proportional contri-
bution of inter-site differences. The most important
challenge presented by statistically significant inter-
site differences and considerations of the determi-
nants of variability is assessing their implications for
the purpose of constructing an international standard.
Three aspects of the analyses addressed this point.
The first assessed the magnitude of differences among

Table IV. Variance components three-level model comparing site heterogeneity by milestones combined.

Milestones grouped Variance component ® Estimate Standard error (estimate) p-value Proportion of variance (%)
All six milestones Var(Site) 192.4 125.0 <0.000 8.3
Var(Child) 1067.3 50.9 <0.000 46.1
Var(Error) 1057.6 19.4 45.6
Sitting without support, Var(Site) 248.7 159.9 <0.000 14.5
standing with assistance, Var(Child) 690.7 39.5 <0.000 40.1
walking with assistance Var(Error) 781.6 22.5 45.4
Hands-and-knees crawling, Var(Site) 129.6 87.5 <0.000 4.5
standing alone, walking alone Var(Child) 1701.9 85.1 <0.000 59.1
Var(Error) 1046.6 31.0 36.4

#“Site” as a random effect.
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Table V. Site-specific and “all-site” achievement ages (in days) by milestone.

n Mean SD Diff. in SD n Mean SD Diff. in SD
Sitting without support Hands-and-knees crawling
Pooled estimate 1139 183.3 334 0.00 Pooled estimate 1128 260.0 50.4 0.00
Estimate for Ghana 280 156.0 24.1 —0.82 Estimate for Ghana 261 2557 51.7 —0.09
Estimate for India 262 193.1 29.0 0.29 Estimate for India 244 261.1 533 0.02
Estimate for Norway 173 210.8 30.8 0.82 Estimate for Norway 203 278.8 48.8 0.37
Estimate for Oman 258 187.1 29.2 0.12 Estimate for Oman 255 253.9 49.1 —0.12
Estimate for USA 166 179.1 28.3 —0.12 Estimate for USA 165 251.3 41.9 —0.17
Standing with assistance Walking with assistance
Pooled estimate 1169 230.5 42.6 0.00 Pooled estimate 1185 281.1 47.3 0.00
Estimate for Ghana 280 209.8 39.9 —0.49 Estimate for Ghana 278 260.9 39.3 —0.43
Estimate for India 262 227.8 38.3 —0.06 Estimate for India 262 278.6 429 —0.05
Estimate for Norway 203 2545 45.7 0.56 Estimate for Norway 224 311.9 50.1 0.65
Estimate for Oman 258 234.0 36.2 0.08 Estimate for Oman 255 2774 43.1 —0.08
Estimate for USA 166 235.0 41.4 0.11 Estimate for USA 166 283.3 47.8 0.05
Standing alone Walking alone
Pooled estimate 1182 335.6 564 0.00 Pooled estimate 1182 369.3 53.6 0.00
Estimate for Ghana 268 330.5 51.2 —0.09 Estimate for Ghana 266 359.2 52.8 —0.19
Estimate for India 262 3274 552 —0.14 Estimate for India 261 369.7 50.1 0.01
Estimate for Norway 231 361.3 55.1 0.46 Estimate for Norway 236 389.3 55.1 0.37
Estimate for Oman 255 325.8 56.6 —0.17 Estimate for Oman 255 363.3 53.1 —0.11
Estimate for USA 166 335.9 57.7 0.01 Estimate for USA 164 365.4 52.0 —0.07

sites. As noted in the results section, the largest
deviations from all-site pooled values were observed
for Ghana and Norway. Those deviations were large
in several instances, but neither Ghana nor Norway
consistently accounted for the largest deviations
(Table V).

Other analyses examined the consequences of
specific single-site elimination on the resulting pooled
means and selected percentiles. The greatest impact
was observed when either Ghana or Norway was
excluded from the sample. However, the exclusion of
either country did not result consistently in the largest
deviations from all-site pooled values. Also, as sum-
marized in Table VI, the exclusion of any single site
seldom resulted in normalized differences greater
than 0.2 SD between corresponding means and the
1st, 50th and 99th centile values. Normalized differ-
ences most often were below 0.1 SD.

The contributions of inter-site differences to the
total variability of specific milestones were also
examined. Among the statistically significant sources
of variation, sites contributed least to the variability in
ages of achievement for hands-and-knees crawling
(3.5%), standing alone (5.5%) and walking alone
(4.3%). The most marked contribution to total
variability by inter-site differences was observed for
sitting without support (35%). Inter-site contribu-
tions to the total variability were intermediate in
magnitude for the milestones standing with assistance
(13.9%) and walking with assistance (12.8%).

Among the inferences that may be drawn from
these differences is that developmental domains
governing milestone achievement are influenced sig-

nificantly by environmental and/or genetic factors
specific to individual sites. Theories of motor devel-
opment and skill acquisition and of genetic controls of
development [34—37] make it unlikely that genetic
factors linked to ethnicity determine the ability to sit
without support to a greater extent than they do
hands-and-knees crawling. The involvement of multi-
ple gene networks seems unavoidable in the orches-
tration of anatomical, cognitive and other changes
linked to development [38]. Thus, environmental
influences appear to provide the more parsimonious
explanation for observed differences. The two most
relevant potential environmental influences relate to
distinct gestational and/or perinatal conditions among
participants and/or childcare practices in the various
sites. It seems unlikely that unspecified gestational
and/or perinatal site-specific conditions carry over
only to the “earliest” motor milestone that was
examined, but such possibilities cannot be discounted
based on data collected by this study.

Although neither genetic nor environmental
influences can be discounted completely as explana-
tions for observed inter-site differences, inconsisten-
cies within and among sites (e.g. children in
Ghana did not always demonstrate the earliest ages
of achievement for all milestones) and field
observations suggest that childcare practices likely
explain observed inter-site differences. As indicated
earlier, inter-site differences were greatest between
Ghana and Norway. Field reports indicate that
Ghanaian caretakers commonly engaged in practices
consistent with the training of infants so as to
accelerate their achievement of motor milestones.
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Table VI. Comparisons of achievement ages (days) by milestones when all sites are pooled and when single sites are excluded.

n Mean SD  Diff. in SD P1 Diff. in SD P50 Diff. in SD P99 Diff. in SD
Sitting without support
Pooled estimate 1139 183.3 33.4 0.00 121.2 0.00 181.0 0.00 270.0 0.00
Excluding Ghana 859 192.2 31.1 0.27 127.3 0.18 190.2 0.28 282.9 0.39
Excluding India 877 180.3 34.1 —0.09 117.1 —0.12 177.4 —0.11 270.9 0.03
Excluding Norway 966 178.3 314 —0.15 118.9 —0.07 176.8 —0.12 265.4 —0.14
Excluding Oman 881 182.2 345 —0.03 117.1 —0.12 179.6 —0.04 268.5 —0.04
Excluding USA 973 184.0 34.2 0.02 122.8 0.05 181.6 0.02 274.6 0.14
Hands-and-knees crawling
Pooled estimate 1128 260.0 50.4 0.00 169.4 0.00 254.2 0.00 410.4 0.00
Excluding Ghana 867 261.3 50.0 0.03 170.0 0.01 255.6 0.03 409.9 —0.01
Excluding India 884 259.7 49.6 —0.01 167.7 —0.03 254.4 0.00 415.2 0.10
Excluding Norway 925 255.8 49.9 —0.08 165.4 —0.08 251.1 —0.06 405.1 —0.11
Excluding Oman 873 261.7 50.7 0.04 167.7 —0.03 255.5 0.03 415.2 0.10
Excluding USA 963 261.5 51.6 0.03 170.0 0.01 255.3 0.02 417.1 0.13
Standing with assistance
Pooled estimate 1169 230.5 42.6 0.00 153.1 0.00 227.0 0.00 351.5 0.00
Excluding Ghana 889 237.0 41.3 0.15 156.0 0.07 233.8 0.16 357.2 0.13
Excluding India 907 231.3 43.7 0.02 153.1 0.00 228.6 0.04 353.6 0.05
Excluding Norway 966 225.5 40.1 —0.12 150.2 —0.07 224.0 —0.07 340.9 —0.25
Excluding Oman 911 229.5 44.2 —0.02 150.2 —0.07 2255 —0.04 353.6 0.05
Excluding USA 1003 229.8 42.7 —0.02 153.8 0.02 226.5 —0.01 351.5 0.00
Walking with assistance
Pooled estimate 1185 281.1 47.3 0.00 190.6 0.00 275.4 0.00 423.7 0.00
Excluding Ghana 907 287.3 47.8 0.13 195.0 0.09 281.8 0.14 426.0 0.05
Excluding India 923 281.8 485 0.02 190.6 0.00 276.1 0.01 424.6 0.02
Excluding Norway 961 273.9 43.6 —0.15 189.8 —0.02 269.6 —0.12 406.1 —0.37
Excluding Oman 930 282.1 484 0.02 190.7 0.00 275.5 0.00 424.6 0.02
Excluding USA 1019 280.8 47.2 —0.01 190.6 0.00 275.1 —0.01 420.6 —0.06
Standing alone
Pooled estimate 1182 335.6 56.4 0.00 230.7 0.00 329.9 0.00 491.0 0.00
Excluding Ghana 914 337.1 57.8 0.03 230.7 0.00 331.2 0.02 491.0 0.00
Excluding India 920 337.9 56.6 0.04 233.9 0.06 333.2 0.06 491.0 0.00
Excluding Norway 951 329.3 54.9 —0.11 221.6 —0.16 323.7 —0.11 486.0 —0.09
Excluding Oman 927 338.3 56.1 0.05 230.7 0.00 333.2 0.06 487.7 —0.06
Excluding USA 1016 335.5 56.2 0.00 232.3 0.03 329.7 0.00 491.0 0.00
Walking alone
Pooled estimate 1182 369.3 53.6 0.00 256.8 0.00 361.2 0.00 517.0 0.00
Excluding Ghana 916 372.2 535 0.05 264.7 0.15 363.5 0.04 515.0 —0.04
Excluding India 921 369.2 54.6 0.00 256.7 0.00 360.1 —0.02 521.0 0.07
Excluding Norway 946 364.3 52.1 —0.09 255.8 —0.02 357.5 —0.07 513.6 —0.06
Excluding Oman 927 370.9 53.7 0.03 256.8 0.00 363.8 0.05 515.0 —0.04
Excluding USA 1018 369.9 53.9 0.01 257.1 0.01 361.9 0.01 517.0 0.00
For example, Ghanaian mothers often propped in- “interference”. However, this explanation merits

fants in a variety of ways to assist the infant’s
assumption of an upright sitting position. Norwe-
gians, on the other hand, were encouraged
by paediatric care norms not to push children to
perform but to rely on a child’s spontaneous interest
and development, e.g. allowing infants to achieve
an upright sitting position without assistance or
prompting. The greater homogeneity in ages of
achievement for milestones that require the
most coordinated movements and control, namely
hands-and-knees crawling and standing and walking
alone, thus may be the least amenable to trainer

further investigation.

Although the origins of inter-site heterogeneity in
the ages of milestone achievement and differences in
the degree of heterogeneity in the ages of achievement
among the six milestones remain unclear, the im-
plications of these analyses for the purposes of the
MGRS appear straightforward. The ranges of ob-
served ages of achievement amply document the
variability of normal development in diverse cultural
and environmental settings. Thus, given the health
and environmental advantages inherent in the MGRS
sample, pooling observations from all five sites
appears to be the most appropriate manner to reflect
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the range of normal development. This and other
considerations led to the formulation of “windows of
achievement” for specific milestones [30] that reflect
the range of ages of achievement of motor milestones
observed in the MGRS population. For reasons
described in a companion paper in this supplement
[30], these “windows” were estimated conservatively
(as bounded by the 1st to 99th percentile age interval
for individual milestone achievement).

Lastly, consideration is given to the relative con-
tributions of inter-site and inter-individual differences
to the total variability in ages of milestone achieve-
ment. The detailed evaluations of the roles of inter-
site and inter-individual differences summarized in
Tables III and IV are particularly informative. Clearly,
the heterogeneity in ages of milestone achievement
differs markedly among milestones (Table III). We
suggest that milestones with the most homogeneous
ages of achievement are likely to provide the most
robust assessments of inherent inter-site differences,
i.e. those that are least influenced by -caretaker
behaviours. Partitioning of variability for milestones
with the most homogenous ages of achievement
(hands-and-knees crawling, standing alone, and walk-
ing alone) attributes approximately 4% of the total
variability to site differences and approximately 60%
to inter-individual differences. The remaining 36% is
ascribed to other sources of variation and random
error, a proportion likely to be inflated by the random
point method of determining ages of achievement and
the inability to partition out a reasonable estimate of
intra-individual variability. The 15-fold difference in
the proportional contributions of inter-site and inter-
individual differences are consistent with estimates of
human genetic variability across and within popula-
tions. Population genomic analyses suggest that 85 to
90% of genetic variation resides within populations,
whereas approximately 10 to 15% resides among
populations [38]. The likely multigenic control of
motor development suggests that variability between
and within populations should be distributed simi-
larly.

In summary, since these analyses found only small
and sporadic differences in ages of achievement of
gross motor milestones due to sex, we conclude they
are of no practical relevance to the construction of
gross motor development standards. Similarly, no
significant site—sex interactions were observed. Sig-
nificant differences among sites, however, were ob-
served. Inter-site differences most likely reflect factors
related to culture-specific care behaviours, but the
aetiology of those differences cannot be discerned
adequately from these analyses. Most importantly,
however, these differences reflect the range of normal
development among healthy populations across the
relatively wide range of cultures and environments
included in the MGRS, and they provide a useful

basis for assessing motor development in populations.
Lastly, the relative contributions of between- and
within-site variability to the total variability across all
six milestones are consistent with the relative con-
tributions of those sources of variability to the total
variability in child length discussed in a companion
paper in this supplement [29]. These analyses support
the appropriateness of pooling data from all sites for
the purposes of developing an international standard
for the six motor development milestones assessed by
the MGRS.
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