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Abstract

Efforts to understand the pathophysiology of bone fragility must focus on bone traits during

growth. We hypothesized that variance in individual trait ranking in the population distribu-

tion is established by genetic factors and is reflected in foetal trait ranking in early preg-

nancy, but intrauterine factors modify trait ranking in late pregnancy, followed by the

reinstating of this ranking during the first postnatal year. Thus, relations with paternal factors

are present in early pregnancy but are then lost and subsequently reinstated postnatal. We

recruited 399 healthy pregnant women aged 20–42 years from The Mercy Hospital for

Woman in Melbourne, Australia. Foetal femur length (FL) and knee-heel length (KHL) were

measured by ultrasound during gestation, and FL, KHL, body length and weight were mea-

sured in neonates, infants, and parents. The z-scores were calculated using Royston mod-

els. Pearson correlation was used to assess tracking and linear mixed models to test the

associations. Correlations between FL and KHL z-scores of the same trait at 20 and 30

weeks gestation, at birth, and at 12 and 24 months of age (r = 0.1–0.3) and of body length

and weight at birth, and 6, 12 and 24 months (r = 0.3–0.5) became more robust after 6–12

months (r = 0.4–0.8). FL and KHL z-scores at 20 weeks gestation accounted for 4–5% of

total variance, while FL, KHL, body length and weight z-scores at birth accounted for 13–

26% of total variance in the same traits at 24 months. Maternal FL and KHL were associated

with foetal FL and KHL at 20 and 30 weeks, but there were no such associations for paternal

FL and KHL with foetal traits during gestation. Both maternal and paternal traits were associ-

ated with infant traits. Tracking in traits is not established antenatal but is robustly estab-

lished at 6–12 months of age.

Introduction

Low birth weight and poor growth in infancy are associated with increased rates of chronic

disease and osteoporosis in adulthood [1–3]. Efforts to understand the pathophysiology of

bone fragility must focus not only on age-related bone loss but also on bone size attained
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during growth [4]. Genetic factors account for most of the variance in traits such as height and

bone dimensions in adulthood [5,6]. However, it is uncertain whether a trait is assigned its

individual ranking in the population distribution during intrauterine life or early infancy [7].

Most, but not all, studies suggest that adult dimensions are predicted by dimensions at birth

[8,9]. If this is correct, then genetic and environmental factors operating during intrauterine

life should predict dimensions both at birth and in adulthood. Several studies suggest other-

wise. Bjørnerem et al. reported little tracking during intrauterine life and that the ranking of

femur length in early gestation predicted only 10% of the variance in trait ranking at the end of

gestation [10]. In addition, Wang et al. reported that height at 6 months and weight at 12

months of age, but not at birth, predicted bone dimensions in females at 18 years of age [11].

The latter observations challenge the notion that tracking is well established during intrauter-

ine growth and favour the establishment of individual trait ranking in the population within

the first 6–12 months of postnatal life.

There are few longitudinal studies of antenatal and postnatal growth, and birth weight is

often used as a proxy for antenatal growth [7]. However, it does not provide information on

growth patterns during the stages of in utero growth. There is considerable evidence that the

velocity of foetal length and weight growth slows down from approximately 30–34 weeks ges-

tation [12]. Maternal constraints are the major non-genetic factor that determine foetal growth

at term 13]; such constraints include maternal and uteroplacental physiological factors that

limit foetal growth by limiting nutrient supply to the foetus and thus override the genetically

determined growth of the foetus [13]. This influence on foetal growth may be present in all

pregnancies but particularly influential in younger mothers, nulliparous women, those with

small maternal size, and those carrying multiple pregnancies [13]. This mechanism of reducing

the growth velocity allows a genetically large child to be delivered successfully, and foetal

growth that is held up during the end of pregnancy is often followed by catch-up growth after

delivery [12]. Rapid growth following a period of growth restriction illustrates the tendency to

return to the original growth path or trajectory if it has been altered by illness or other circum-

stances [12]. The weak correlation (0.3) between birth length and adult height but the strong

correlation (0.8) between length at 2 years of age and adult height reflect the maternal control

of new-born size [12,13]. That foal birth size followed maternal size in experiments crossing a

Shetland pony with a Shire horse suggests that growth of the offspring is limited by the mother

before birth and returns to its genetically determined trajectory after birth [14]. If maternal

constraints operate over the whole range of foetal sizes in humans and push growth off the

genetically determined path during late gestation, a correlation between a foetal trait z-score

during early gestation (20 weeks) should be lost during later gestation (30 weeks) and rein-

stated after birth. If so, robust correlations between trait ranking at 20 weeks gestation and the

same trait ranking at 6 to 12 months should be observed.

However, it is plausible that the ranking of a trait in adulthood is largely determined by

genetic factors, and this notion would be supported if trait ranking in the second trimester (20

weeks) does not predict trait ranking at birth (because of maternal constraint) but does predict

trait ranking at 6, 12 and 24 months. If this is the case, then an individual’s trait ranking in the

population distribution could be largely determined by genetic factors. If this is not the case,

then intrauterine and postnatal environmental factors could be more important in determin-

ing the variance in an individual’s trait ranking.

While the maternal influence on foetal growth is well known, the role of paternal factors in

foetal growth is not known [13]. Moreover, it is well documented that both parents’ propor-

tions predict postnatal growth, but the effects of maternal and paternal proportions on trait

tracking and variation in offspring antenatal growth traits are less clear [15,16].

Antenatal and postnatal bone traits
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The aims of this study were to determined femur length (FL) and knee-heel length (KHL)

prenatal (20 and 30 weeks gestation), at birth and postnatal (6, 12 and 24 months old) to inves-

tigate whether trait ranking in the second trimester and at birth predicts trait ranking of off-

spring and the contribution of parents to the variance in antenatal and postnatal trait ranking

of offspring. We hypothesized that the variance in individual trait ranking in the population

distribution is established by genetic factors, as reflected in foetal trait ranking in early preg-

nancy, but that intrauterine factors modify trait ranking in late pregnancy due to maternal

constraints, although it is reinstated during the first year of postnatal life. Thus, the relations

with paternal dimensions are present in early pregnancy, lost and then reinstated only after six

months of postnatal life.

Materials and methods

Subjects

Between July 2008 and June 2009, 399 healthy pregnant women aged 20–42 years with a single

normal foetus were recruited at their 20-week-gestation routine ultrasound scan at The Mercy

Hospital for Women in Melbourne, Australia (Fig 1). Among them, 43 were lost to follow-up,

356 were willing to have an additional ultrasound scan at 30 weeks gestation, and 345 of the

husbands or partners were willing to participate. After birth, 282 term new-borns were avail-

able for measurements, 194 were willing to come for measurements at 6 months, 163 were will-

ing to come at 12 months, and 200 were willing to come at 24 months. All participants gave

written informed consent. Mercy Health & Aged Care Human Research Ethics Committee

approved the study.

Methods

Gestation was determined based on the last menstrual period unless the gestational age based

on the first ultrasound measurement (crown-rump length (CRL) before 12 weeks or biparietal

diameter (BPD) at 12–20 weeks) differed by more than 7 days; in such cases, gestational age

was based on ultrasound assessments. Foetal growth was monitored using 2D ultrasound

assessments of FL and KHL at 2 occasions; at 20 (range 17–23) and 30 (range 27–34) weeks

gestation. Measurements were obtained by two experienced ultrasonographers using a Philips

IU22, Philips HDI-5000 or a Philips HDI-300 ultrasound machine. We excluded foetuses who

had major malformations detected by ultrasound scan or who were delivered preterm before

37 weeks gestation. A questionnaire included maternal lifestyle such as current smoking and

alcohol use, parity, and country of birth to classify their ethnicity. Of the 370 women who com-

pleted the questionnaires, 279 (75.4%) reported that they were Caucasians, while 24.6% were

of different multi-ethnic origins, mainly from Asian countries.

Following birth (1 to 7 days of age) and at 6, 12 and 24 months of age, the weight, crown-

heel length (CHL), KHL and FL were measured by two trained researchers. CHL was mea-

sured to the nearest 0.1 cm using a lengthboard (Ellard Instrumentation Ltd., Seattle, WA),

and KHL and FL were measured using a hand-held BK5 infant knemometer (Force Technol-

ogy, Brondby, Denmark) [17]. Birth weight was measured on regularly calibrated scales.

Parental standing height was measured to the nearest 0.1 cm using a Holtain stadiometer fixed

on the wall, and weight was measured to the nearest 0.1 kg by an electronic scale while they

were wearing light clothing without shoes at 30 weeks gestation. Parental body mass index

(BMI) was calculated as weight divided by height2 (kg/m2). FL was determined to the nearest

0.5 cm as the distance from the greater trochanter to the lateral condyle [18], and KHL was

measured to the nearest 0.1 cm using a hand-held knemometer.
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All variables were checked for normality by visual inspection of the histograms. We per-

formed non-response analysis and compared the characteristics of those with and without

measurements at 24 months of age. Royston models were fitted to foetal and infant growth

measurements to create z-scores for size measurements during growth [19]. Pearson correla-

tion was used to assess tracking between FL and KHL z-scores at 20 and 30 weeks of gestation,

at birth and at 6, 12 and 24 months and between body length and weight in neonates and

infants at 6, 12 and 24 months. Linear mixed models were used to explore the effect of foetal

FL and KHL at 20 weeks of gestation; neonatal FL, KHL, body length and weight; and parental

traits on the same traits in infants at 12 and 24 months of age. Maternal age, smoking (no vs.

yes), alcohol intake during gestation (no vs. yes), primiparous (no vs. yes), Caucasian ethnicity

(no vs. yes), parental weight and offspring sex were considered as covariates. The p-value for

entering variables was< 0.25, and that for deleting variables was> 0.15 [20]. Linear regression

Fig 1. Participating pregnant women and offspring who remained at each time point.

https://doi.org/10.1371/journal.pone.0203945.g001
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models were used to assess the variance in the outcome explained by each of the exposure vari-

ables by calculating the change in R2 before and after inclusion of each of the factors in the

models. The SAS software version 9.4 (SAS Institute, Inc, Cary, NC, USA) was used for data

analyses.

Results

Characteristics of the participants are shown in Table 1. The mean maternal age was 31.3

years, and 75.4% were of Caucasian ethnicity, 46.8% were primiparous and the mean paternal

age was 33.8 years. The offspring were measured twice in gestation, at a mean age of 19.9 and

30.5 weeks, as newborn and three times after birth at a mean age of 6.6, 14.4 and 28.0 months,

respectively. The weight-for-age, length-for-age and length-for-weight measurements showed

that the offspring in this study were growing healthy (Fig 2). In the non-response analysis,

mothers of offspring with measurements at 24 months of age more often were Caucasians

Table 1. Characteristics of the mothers, fathers and offspring during gestation and after birth.

n Mean (SD) Range n Mean (SD) Range

Parents Mothers Fathers

Age (years) 370 31.3 (4.5) 20–42 318 33.8 (5.7) 22–59

Height (cm) 370 164.3 (6.7) 145–188 345 177.7 (7.2) 158–199

Weight (kg) 370 76.9 (15.5) 46–140 345 86.9 (14.1) 48–131

Body mass index (kg/m2) 370 28.5 (5.2) 19–49 345 27.5 (4.1) 17–43

Femur length (cm) 370 41.3 (2.9) 34–49 344 43.5 (3.0) 36–55

Knee-heel length (cm) 370 51.1 (2.8) 41–61 344 55.5 (2.7) 47–64

Caucasian ethnicity, n (%) 370 279 (75.4)

Primiparous, n (%) 355 166 (46.8)

Smoking, n (%) 356 30 (8.4)

Alcohol, n (%) 354 74 (20.9)

Fetuses 20 weeks 30 weeks

Gestational age (weeks) 399 19.9 17–23 356 30.5 27–34

Femur length (cm) 399 3.2 (0.2) 2.3–4.1 356 5.8 (0.3) 5.0–6.8

Knee heel length (cm) 387 5.7 (0.5) 4.2–7.2 353 9.9 (0.7) 8.2–12.1

Infants Neonates 6 months

Age 282 39.7 (1.2)a 37–42 194 6.6 (0.7)b 5.5–9.5

Body length (cm) 282 51.1 (2.1) 46–58 194 68.0 (2.9) 60–75

Body weight (kg) 282 3.5 (0.5) 2.3–4.8 194 8.1 (1.0) 5–11

Femur length (cm) 280 13.0 (0.9) 10–17 193 18.3 (1.0) 15–22

Knee heel length (cm) 282 12.8 (0.6) 11–15 194 17.7 (0.9) 15–21

12 months 24 months

Age (months) 163 14.4 (1.9) 11–19 200 28.0 (2.8) 20–34

Body length (cm) 163 78.5 (3.2) 72–87 200 91.4 (4.1) 81–100

Body weight (kg) 163 10.6 (1.2) 8–14 199 13.7 (1.7) 10–19

Femur length (cm) 163 22.1 (1.1) 19–25 200 26.4 (1.8) 23–32

Knee heel length (cm) 163 21.2 (1.2) 19–25 200 26.1 (1.5) 22–31

Parental proportions were measured at 30 weeks gestation. Information concerning maternal current smoking (no vs. yes), alcohol intake in the pregnancy (no vs. yes),

primiparous (no vs. yes) and Caucasian ethnicity (no vs. yes) was obtained through questionnaires.
aweeks
bmonths

https://doi.org/10.1371/journal.pone.0203945.t001
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(81.5% vs. 57.6%), were taller (165.1 vs. 163.3 cm) and had taller partners (178.6 vs. 176.6 cm)

(all p< 0.05), while their age, weight, parity and smoking were not different.

Correlations between FL z-scores at 20 weeks gestation with those at birth, 6, 12 and 24

months were between 0.1 and 0.3 (Table 2). Similar patterns were seen with KHL z-scores at

20 weeks gestation and later. The most robust correlations occurred after birth (ranging from

0.4 to 0.7, p< 0.001), particular after 6 months, and correlations in KHL z-scores between 6

and 12 months and between 12 and 24 months were approximately 0.7 (all p< 0.001). The

observations were similar for body length and body weight z-scores, with moderate correla-

tions between birth and 6, 12 and 24 months (ranging from 0.4 to 0.5) and strong correlations

between z-scores at 6 months and later (ranging from 0.7 to 0.8, all p< 0.001). Multi- vs. pri-

miparous pregnancies correlated with foetal KHL at 30 weeks gestation (r = 0.13, p = 0.018)

and at birth (r = 0.15, p = 0.011) but not with foetal FL. Maternal age, paternal age and ethnic-

ity were not correlated with foetal KHL or FL.

Maternal FL was associated with foetal FL at 20 and 30 weeks gestation (β = 0.14 [95% con-

fidence interval 0.04, 0.24] and β = 0.15 [0.05, 0.25]), but paternal FL was not (β = 0.02 [-0.08,

0.12] and β = 0.08 [-0.03, 0.19]) (Table 3). Similarly, maternal KHL was associated with foetal

KHL at 20 and 30 weeks gestation (β = 0.11 [0.01, 0.21] and β = 0.20 [0.06, 0.34]), but there

were no such associations for paternal KHL (β = 0.10 [0.00, 0.20] and β = 0.07 [-0.05, 0.19]).

The contribution of maternal FL to variance in foetal FL was 3% at 20 weeks and 2% at 30

weeks gestation. The contribution of maternal KHL to variance in foetal KHL was 1% at 20

weeks and 1% at 30 weeks gestation. There was no independent contribution of paternal traits

to the corresponding foetal traits during gestation.

Fig 2. Growth charts showing weight-for-age, length-for-age and length-for-weight for the offspring.

https://doi.org/10.1371/journal.pone.0203945.g002
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When the offspring were classified according to quartiles of FL and KHL at 20 weeks gesta-

tion (A), at 30 weeks gestation (B), and at birth (C) the resulting ranking of FL and KHL quar-

tiles converged and overlapped a lot (Fig 3). When classified according to quartiles of FL and

KHL at 6 months (D) the resulting ranking remained more distinct through 24 months. At 24

months, 31% of the offspring had FL in the same quartile as at 20 weeks gestation, 26% had FL

in the same quartile as at birth, and 36% had FL in the same quartile as at 6 months of age. At

24 months, 29% of the offspring had KHL in the same quartile as at 20 weeks gestation, 34%

had KHL in the same quartile as at birth, and 45% had KHL in the quartile as at 6 months.

The foetal FL z-score at 20 weeks gestation did not predict the infant FL z-score at 12

months (β = 0.05 [-0.11, 0.21]) but did predict the FL z-score at 24 months of age (β = 0.18

[0.04, 0.32]) (Table 4). The foetal KHL z-score at 20 weeks gestation predicted the infant KHL

z-score at 12 and 24 months (β = 0.19 [0.04, 0.34] and β = 0.17 [0.03, 0.31]). The neonatal FL,

KHL, body length and body weight z-scores predicted the z-scores of the same traits at 12 and

24 months of age. The estimates were for FL: β = 0.23 [0.07, 0.39] and β = 0.33 [0.19, 0.47];

KHL: β = 0.30 [0.16, 0.44] and β = 0.32 [0.19, 0.45]; body length: β = 0.42 [0.29, 0.55] and β =

0.39 [0.27, 0.51]; and body weight: β = 0.31 [0.18, 0.44] and β = 0.29 [0.17, 0.41], respectively.

Both maternal and paternal traits were associated with traits in infancy. The FL and KHL z-

Table 2. Correlation between same traits z-scores in offspring across gestation, birth and infancy and parental same traits.

At 30 weeks gestation At birth At 6 months At 12 months At 24 months Maternal Paternal

Femur Length

At 20 weeks gestation 0.49��� 0.31��� 0.18� 0.06 0.21�� 0.15�� 0.03

At 30 weeks gestation 0.27��� 0.24�� 0.12 0.36��� 0.13� 0.09

At birth 0.30��� 0.24�� 0.34��� 0.15� 0.03

At 6 months 0.43��� 0.41��� 0.04 0.05

At 12 months 0.46��� 0.13 0.11

At 24 months 0.15� 0.12

Knee Heel Length

Gestation wk 20 0.25��� 0.35��� 0.21�� 0.28��� 0.22�� 0.11� 0.09

Gestation wk 30 0.34��� 0.21�� 0.11 0.10 0.13� 0.12�

At birth 0.51��� 0.43��� 0.45��� 0.24��� 0.28���

At 6 months 0.68��� 0.61��� 0.26��� 0.25���

At 12 months 0.72��� 0.21�� 0.22��

At 24 months 0.26��� 0.32���

Body length

At birth 0.49��� 0.52��� 0.51��� 0.27��� 0.23���

At 6 months 0.82��� 0.74��� 0.22��� 0.28���

At 12 months 0.81��� 0.32��� 0.30���

At 24 months 0.37��� 0.33���

Body weight

At birth 0.36��� 0.37��� 0.38��� 0.31��� 0.10

At 6 months 0.74��� 0.66��� 0.27��� 0.15�

At 12 months 0.84��� 0.16� 0.08

At 24 months 0.30��� 0.24���

Values are Pearson correlation coefficients.

�p < 0.05

�� p < 0.01

��� p < 0.001

https://doi.org/10.1371/journal.pone.0203945.t002
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scores at 20 weeks gestation explained 4–5% of the variance in the ranking of the same trait at

24 months. The FL, KHL, body length and body weight z-scores at birth accounted for 13–

26% of the total variance in the z-score of the same trait at 24 months. The parental KHL, body

length and body weight accounted for 7–14% of the variance in the same traits at 24 months.

Discussion

Genetic factors determine most of the variance in height and bone dimensions in adulthood,

and tracking is well documented during childhood and adulthood [2,11]. However, trait rank-

ing in the first trimester only weakly predicted the ranking at birth [10,21]. We therefore

examined whether intrauterine factors obscure genetic variance until 6 months postnatal,

when the release of maternal constraints could restore the ranking achieved in early preg-

nancy. Specifically, we studied whether trait ranking in the second trimester predicts trait

ranking in the first 1–2 years of life. Contrary to the hypothesis, the results did not show that

ranking was established during gestation was lost and reinstated in the postnatal period.

Tracking in skeletal size was robustly established 6–12 months postnatal. Trait ranking at 20

weeks gestation and at birth predicted trait ranking in infancy and explained up to 5% and

26%, respectively, of variance at 2 years. We confirmed the maternal influence on these traits,

but there was no paternal influence on foetal dimensions during gestation. Dimensions of the

same trait in both parents affected infant dimensions.

There have been few longitudinal studies relating antenatal growth to postnatal growth

[7,22,23]. The work by Tanner suggests that maternal factors lead to a temporary reduction in

foetal growth velocity in late pregnancy, and a tendency to revert to the original early foetal

growth trajectory during the first 2 years of postnatal life in the context of sufficient nutrition

and good health [12]. They further suggests that the increase in foetal body length decreases

sharply after 30 weeks gestation, while the increase in foetal weight slows after 34 weeks gesta-

tion, constrained by placental nutrient flow and maternal pelvic size to enable successfully

delivery [13]. In contrast, Harvey et al. reported that postnatal skeletal size at 4 years of age was

more strongly associated with foetal dimensions and growth velocity in late pregnancy rather

than in early pregnancy [22]. Our results tend to agree with this finding, as we did not observe

any strong associations between foetal dimensions in early gestation and postnatal dimensions

at 1 or 2 years of age. The mothers of infants lost to follow-up at 24 months of age were less

often Caucasians in the current study. As the results differed little before and after adjustment

Table 3. Effect of parental femur length and knee heel length (exposure) on the same trait of offspring at 20 weeks and 30 weeks gestation (outcomes).

At 20 weeks gestation At 30 weeks gestation

Fetal femur length (FL)

Estimates (95% CI)a Estimates (95% CI)b Estimates (95% CI)a Estimates (95% CI)b

Maternal FL (SD) 0.14 (0.04, 0.24) 0.14 (0.02, 0.26) 0.15 (0.05, 0.25) 0.06 (-0.06, 0.18)

Paternal FL (SD) 0.02 (-0.08, 0.12) -0.02 (-0.14, 0.10) 0.08 (-0.03, 0.19) 0.07 (-0.05, 0.19)

Fetal knee heel length (KHL)

Maternal KHL (SD) 0.11 (0.01, 0.21) 0.09 (-0.03, 0.21) 0.14 (0.04, 0.24) 0.20 (0.06, 0.34)

Paternal KHL (SD) 0.10 (0.00, 0.20) 0.08 (-0.04, 0.20) 0.12 (0.01, 0.23) 0.07 (-0.05, 0.19)

Values are β-estimates (95% confidence interval (CI)) per standard deviation (SD) unit change in parental traits.

Estimates are presented aunadjusted and badjusted mutually for maternal and paternal same trait, maternal age, current smoking (no vs. yes), alcohol intake (no vs. yes),

primiparous (no vs. yes) and Caucasians vs. other ethnicity, maternal and paternal weight, fetal sex (male vs. female) in linear regression analysis, and the significant

results are shown in bold. We used p-value < 0.25 for entering variables and p-value > 0.15 for deleting variable.

https://doi.org/10.1371/journal.pone.0203945.t003
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for ethnicity included among covariates, this non-response is unlikely to have influenced the

results.

Ounsted et al. suggested that maternal constraints slow foetal growth, even in normal preg-

nancies [24]. They concluded that the effects of maternal constraints are small and could be

due to both genetic and environmental factors. Such effects were identified only in the lower

extreme of maternal size, whereas in the upper extreme, the lack of constraints allowed other

factors to determine more of the variance in foetal growth [24]. In contrast, Kuzawa et al.

found no evidence supporting the hypothesis that maternal and paternal birth weight were

stronger predictors of offspring birth weight when mothers were taller in a Philippines study

population [25]. They therefore suggested that maternal effect on foetal growth are present

across the whole range of maternal stature. Maternal constraint is not a well-defined term;

there is paucity in the knowledge of the mechanisms underlying maternal constraints, and it is

unknown whether such constraints operate across the whole range of foetal sizes, and the ges-

tational periods [13] and have clinical implications.

Growth restriction can be identified early and late during gestation using ultrasound. Foetal

FL in the first trimester, predicts antenatal and postnatal length, but the associations are stron-

ger before birth than after birth [21]. Smaller foetal CRL in the first trimester led to compensa-

tory accelerated postnatal growth, so there was no longer any association between foetal

growth restriction and growth parameters at 24 months of age [21]. Foetal FL in the second

and third trimester, is positively associated with body length/height in infancy and childhood

[22,26,27]. Infants with smaller gains in length and weight in the third trimester have higher

peak height and weight velocities after birth, but associations with catch-up growth in infancy

Fig 3. Offspring are classified according to quartiles of femur length (FL) and knee heel length (KHL) z-scores at 20 weeks gestation (A), at 30 weeks gestation (B), at birth

(C) and at 6 months of age (D), and the resulting z-scores ranking is shown through 24 months of age. The antenatal period is marked in grey. Q1 = quartile 1 (solid line),

Q2 = quartile 2, Q3 = quartile 3 and Q4 = quartile 4 (dashed lines).

https://doi.org/10.1371/journal.pone.0203945.g003
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are weak [27,28]. However, not all studies have reported that foetal growth restriction is fol-

lowed by catch-up growth [29]. Interestingly, Harvey et al. reported that the relationship

between growth parameters early in pregnancy are more strongly associated with bone param-

eters at 4 years, while growth parameters late in pregnancy are associated with bone traits

more strongly at birth and less robustly at 4 years [30]. These previous results somewhat sup-

ported the hypothesis that maternal constraints can operate in late pregnancy, thus temporar-

ily disturbing the genetically determined ranking of individuals with respect to size established

in early pregnancy, and that this rank ordering will return in infancy. Taken together, the

results indicate that the importance of antenatal and postnatal growth on health in childhood

and adulthood is not clear.

Cooper et al. reported positive associations between birth size and bone mass and fracture

risk in later life [8,31–33]. However, most of these associations were rather weak, and to the

best of our knowledge, the variance in bone mass explained by birth size was not reported in

these studies. Still, even small changes in trajectory of growth may change the ranking of the

trait in adulthood [31]. In the current study, a small proportion (4–5%) of the individual rank-

ing in FL and KHL at 2 years of age was explained by trait ranking at 20 weeks gestation, while

ranking at birth explained 13–26% of the variance in trait ranking in infancy. While trait rank-

ing during gestation and at birth correlated weakly or modestly with ranking in infancy, we

found that strong correlations emerged for all traits after 6 months of age. This finding is in

Table 4. Effect of offspring femur length and knee heel length z-scores in 20 weeks gestation and at birth, and parental same traits on subsequent offspring traits z-

scores at 6 months, 12 months and 24 months of age.

Overall Gestation wk 30 At birth At 6 months At 12 months At 24 months

Femur length (FL) β (95% CI) β (95% CI) β (95% CI) β (95% CI) β (95% CI) β (95% CI)

FL gestation wk 20 0.46 (0.34, 0.58) 0.29 (0.17, 0.41) 0.13 (-0.01, 0.27) 0.05 (-0.11, 0.21) 0.18 (0.04, 0.32)

Maternal FL (SD) 0.04 (-0.04, 0.12)

Paternal FL (SD) 0.07 (-0.01, 0.15)

Neonatal FL at birth 0.27 (0.11, 0.43) 0.23 (0.07, 0.39) 0.33 (0.19, 0.47)

Maternal FL (SD) 0.05 (-0.02, 0.17)

Paternal FL (SD) 0.03 (-0.09, 0.15)

Knee heel length (KHL)

KHL gestation wk 20 0.19 (0.08, 0.30) 0.28 (0.16, 0.40) 0.14 (0.00, 0.28) 0.19 (0.03, 0.35) 0.17 (0.03, 0.31)

Maternal KHL (SD) 0.15 (0.07, 0.23)

Paternal KHL (SD) 0.17 (0.09, 0.25)

Neonatal KHL at birth 0.33 (0.19, 0.47) 0.30 (0.16, 0.44) 0.32 (0.19, 0.45)

Maternal KHL (SD) 0.21 (0.11, 0.32)

Paternal KHL (SD) 0.07 (-0.07, 0.21)

Body length

Neonatal birth length 0.39 (0.27, 0.51) 0.42 (0.29, 0.55) 0.39 (0.27, 0.51)

Maternal height (SD) 0.11 (-0.01, 0.23)

Paternal height (SD) 0.21 (0.09, 0.33)

Body weight

Neonatal birth weight 0.22 (0.10, 0.34) 0.31 (0.18, 0.44) 0.29 (0.17, 0.41)

Maternal weight (SD) 0.18 (0.08, 0.28)

Paternal weight(SD) 0.06 (-0.05, 0.17)

Values are β-estimates (95% confidence interval (CI)) per z-score change in offspring traits and per standard deviation (SD) change in parental same traits adjusted for

maternal age, current smoking (no vs. yes), alcohol intake (no vs. yes), primiparous (yes vs. no), Caucasian ethnicity (no vs. yes), parental weight, and offspring sex using

mixed models. Set p-value < 0.25 for entering variables and p-value > 0.15 for deleting variable.

https://doi.org/10.1371/journal.pone.0203945.t004
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agreement with that reported by Wang et al., who reported that tracking in bone traits is estab-

lished at 6 months postnatal, but not at birth [11]. They suggested that this could be partly the

result of the release from maternal constraints, which permits expression of maternal, paternal

and individual genetic factors during postnatal life [11], but we could not confirm this in the

current study.

To the best of our knowledge, this is the first study of antenatal and postnatal growth of FL and

KHL to include measurements of the same traits in both parents. Both maternal and paternal pro-

portions are known to influence offspring proportions during postnatal growth [15]. This study

confirms an effect of both parents on the same trait ranking in KHL, body length and body weight

at 2 years, and this effect explained 7–14% of the total variance. Maternal, but not paternal, pro-

portions predicted foetal proportions during gestation. Paternal data, which would only contrib-

ute to genetic influences on growth, may serve as a type of negative control. In a Norwegian study

of more than 67,000 births, the correlation between maternal-offspring birth weight (r = 0.226)

was stronger than the paternal-offspring birth weight (r = 0.126) [34]. Still, the causes for the

stronger maternal than paternal contribution to birth outcomes are not well understood. Environ-

mental, physiological, cultural, genetic or epigenetic factors can be difficult to separate, while false

paternity are expected to play a small role [25]. This needs further research.

The strength of this study is the standardized research setting for obtaining measurements

of both parents and offspring rather than using self-reported measurements of height and

weight. However, there are some limitations to our study. The best way to assess age in the pre-

natal period, based on the first day of the last menstrual period, is prone to error because the

interval from menstruation to fertilization varies from 8 to 20 days [12]. Although antenatal

measurements were obtained by experienced ultrasonographers, and knemometer measure-

ments are considered highly accurate, postnatal FL measurements are less accurate and influ-

enced by the amount of subcutaneous adipose tissue at the bottom. Measurement errors may

dilute true associations and lead to an underestimation of the effects, and the results must

therefore be interpreted with caution. Another limitation is the lack of information on life-

styles, nutrition and food intake, which may influence postnatal growth and explain some of

the variance in bone traits.

In conclusion, there was a small effect of foetal traits in the second and third trimesters and a

larger effect of neonatal traits on traits at 2 years of age. These findings did not confirm our

hypothesis that ranking is established early during antenatal growth, lost as a result of maternal

constraints and reinstated during postnatal growth, thus ranking must be established later. Mater-

nal, not paternal, influences were apparent during gestation, but both maternal and paternal

parameters influenced the traits at 2 years of age as previously shown. Additional longitudinal

studies of antenatal and postnatal growth are needed to obtain a better understanding of maternal

constraints, the mechanism behind this phenomenon, and the long-term effects on offspring.

Greater knowledge of the biological determinants of variation in foetal growth may be advanta-

geous for decision-making regarding the need for intervention in clinical practice.

Supporting information

S1 Dataset.

(SAS7BDAT)

Acknowledgments

We thank the mothers and fathers who gave their time, Professor Susan Walker and a team of

dedicated research nurses and ancillary staff for their assistance, particularly Braidy Davies,

Antenatal and postnatal bone traits

PLOS ONE | https://doi.org/10.1371/journal.pone.0203945 September 17, 2018 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203945.s001
https://doi.org/10.1371/journal.pone.0203945


Nafissa Akhounova at The Mercy Hospital for Women, and Kylie King at The Austin Health,

Melbourne, Australia. We thank Tom Wilsgaard at UiT The Arctic University of Norway,

Tromsø, Norway for help with statistical analysis. We have received assistance from Cam-

bridge Language Editing Service.

Author Contributions

Conceptualization: Lise Skåren, Åshild Bjørnerem.

Data curation: Xiaofang Wang, Åshild Bjørnerem.

Formal analysis: Åshild Bjørnerem.

Funding acquisition: Åshild Bjørnerem.

Investigation: Xiaofang Wang, Åshild Bjørnerem.

Methodology: Xiaofang Wang, Åshild Bjørnerem.

Project administration: Xiaofang Wang, Åshild Bjørnerem.

Resources: Xiaofang Wang, Åshild Bjørnerem.

Software: Xiaofang Wang, Åshild Bjørnerem.

Supervision: Xiaofang Wang, Åshild Bjørnerem.

Validation: Xiaofang Wang, Åshild Bjørnerem.

Visualization: Åshild Bjørnerem.

Writing – original draft: Lise Skåren, Xiaofang Wang, Åshild Bjørnerem.

Writing – review & editing: Lise Skåren, Xiaofang Wang, Åshild Bjørnerem.

References
1. Barker DJ, Gluckman PD, Godfrey KM, Harding JE, Owens JA, Robinson JS. Fetal nutrition and cardio-

vascular disease in adult life. Lancet. 1993; 341: 938–941. PMID: 8096277

2. Barker DJ, Osmond C, Forsen TJ, Kajantie E, Eriksson JG. Trajectories of growth among children who

have coronary events as adults. N Engl J Med. 2005; 353: 1802–1809. https://doi.org/10.1056/

NEJMoa044160 PMID: 16251536

3. Gluckman PD, Hanson MA, Cooper C, Thornburg KL. Effect of in utero and early-life conditions on adult

health and disease. N Engl J Med. 2008; 359: 61–73. https://doi.org/10.1056/NEJMra0708473 PMID:

18596274

4. Seeman E, Delmas PD. Bone quality—the material and structural basis of bone strength and fragility. N

Engl J Med. 2006; 354: 2250–2261. https://doi.org/10.1056/NEJMra053077 PMID: 16723616

5. Pocock NA, Eisman JA, Hopper JL, Yeates MG, Sambrook PN, Eberl S. Genetic determinants of bone

mass in adults. A twin study. J Clin Invest. 1987; 80: 706–710. https://doi.org/10.1172/JCI113125

PMID: 3624485

6. BjørneremÅ, Bui M, Wang X, Ghasem-Zadeh A, Hopper JL, Zebaze R et al. Genetic and environmental

variances of bone microarchitecture and bone remodeling markers: a twin study. J Bone Miner Res.

2015; 30: 519–527. https://doi.org/10.1002/jbmr.2365 PMID: 25407438

7. Norris T, Cameron N. Investigating the relationship between prenatal growth and postnatal outcomes: a

systematic review of the literature. J Dev Orig Health Dis. 2013; 4: 434–441. https://doi.org/10.1017/

S2040174413000251 PMID: 24924223

8. Cooper C, Westlake S, Harvey N, Javaid K, Dennison E, Hanson M. Review: developmental origins of

osteoporotic fracture. Osteoporos Int. 2006; 17: 337–347. https://doi.org/10.1007/s00198-005-2039-5

PMID: 16331359

9. Cooper C, Harvey N, Javaid K, Hanson M, Dennison E. Growth and bone development. Nestle Nutr

Workshop Ser Pediatr Program. 2008; 61: 53–68. https://doi.org/10.1159/0000113170 PMID:

18196944

Antenatal and postnatal bone traits

PLOS ONE | https://doi.org/10.1371/journal.pone.0203945 September 17, 2018 12 / 14

http://www.ncbi.nlm.nih.gov/pubmed/8096277
https://doi.org/10.1056/NEJMoa044160
https://doi.org/10.1056/NEJMoa044160
http://www.ncbi.nlm.nih.gov/pubmed/16251536
https://doi.org/10.1056/NEJMra0708473
http://www.ncbi.nlm.nih.gov/pubmed/18596274
https://doi.org/10.1056/NEJMra053077
http://www.ncbi.nlm.nih.gov/pubmed/16723616
https://doi.org/10.1172/JCI113125
http://www.ncbi.nlm.nih.gov/pubmed/3624485
https://doi.org/10.1002/jbmr.2365
http://www.ncbi.nlm.nih.gov/pubmed/25407438
https://doi.org/10.1017/S2040174413000251
https://doi.org/10.1017/S2040174413000251
http://www.ncbi.nlm.nih.gov/pubmed/24924223
https://doi.org/10.1007/s00198-005-2039-5
http://www.ncbi.nlm.nih.gov/pubmed/16331359
https://doi.org/10.1159/0000113170
http://www.ncbi.nlm.nih.gov/pubmed/18196944
https://doi.org/10.1371/journal.pone.0203945


10. BjørneremÅ, Johnsen SL, Nguyen TV, Kiserud T, Seeman E. The shifting trajectory of growth in femur

length during gestation. J Bone Miner Res. 2010; 25: 1029–1033. https://doi.org/10.1359/jbmr.091107

PMID: 19929433

11. Wang Q, Alen M, Lyytikainen A, Xu L, Tylavski FA, Kujala UM et al. Familial resemblance and diversity

in bone mass and strength in the population are established during the first year of postnatal life. J Bone

Miner Res. 2010; 25:.1512–1520. https://doi.org/10.1002/jbmr.45 PMID: 20200961

12. Tanner JM. Foetus Into Man, 2nd edn. Castlemead. Hertfordshire, 1989.

13. Gluckman PD, Hanson MA. Maternal constraint of fetal growth and its consequences. Semin Fetal Neo-

natal Med. 2004; 9: 419–425. https://doi.org/10.1016/j.siny.2004.03.001 PMID: 15691778

14. Walton A, Hammond J. The maternal effects on growth and conformation in Shire horse-Shetland Pony

crosses. Proc R Soc Lond B. 1938; 135: 311–35.

15. Griffiths LJ, Dezateux C, Cole TJ. Differential parental weight and height contributions to offspring birth-

weight and weight gain in infancy. Int J Epidemiol. 2007; 36: 104–107. https://doi.org/10.1093/ije/dyl210

PMID: 16984935

16. Hindmarsh PC, Geary MP, Rodeck CH, Kingdom JC, Cole TJ. Factors predicting ante- and postnatal

growth. Pediatr Res. 2008; 63: 99–102. https://doi.org/10.1203/PDR.0b013e31815b8e8f PMID:

18043501

17. Morley R, Carlin JB, Pasco JA, Wark JD. Maternal 25-hydroxyvitamin D and parathyroid hormone con-

centrations and offspring birth size. J Clin Endocrinol Metab. 2006; 91: 906–912. https://doi.org/10.

1210/jc.2005-1479 PMID: 16352684

18. Bradney M, Karlsson MK, Duan Y, Stuckey S, Bass S, Seeman E. Heterogeneity in the growth of the

axial and appendicular skeleton in boys: implications for the pathogenesis of bone fragility in men. J

Bone Miner Res. 2000; 15: 1871–1878. https://doi.org/10.1359/jbmr.2000.15.10.1871 PMID: 11028438

19. Royston P, Wright EM. How to construct ’normal ranges’ for fetal variables. Ultrasound Obstet Gynecol.

1998; 11: 30–38. https://doi.org/10.1046/j.1469-0705.1998.11010030.x PMID: 9511193

20. Sun GW, Shook TL, Kay GL. Inappropriate use of bivariable analysis to screen risk factors for use in

multivariable analysis. J Clin Epidemiol. 1996; 49: 907–916. PMID: 8699212

21. Mook-Kanamori DO, Steegers EA, Eilers PH, Raat H, Hofman A, Jaddoe VW. Risk factors and out-

comes associated with first-trimester fetal growth restriction. JAMA. 2010; 303: 527–534. https://doi.

org/10.1001/jama.2010.78 PMID: 20145229

22. Harvey NC, Mahon PA, Robinson SM, Nisbet CE, Javaid MK, Crozier SR et al. Different indices of fetal

growth predict bone size and volumetric density at 4 years of age. J Bone Miner Res. 2010; 25: 920–

927. https://doi.org/10.1359/jbmr.091022 PMID: 20437610

23. Harvey NC, Cole ZA, Crozier SR, Ntani G, Mahon PA, Robinson SM et al. Fetal and infant growth pre-

dict hip geometry at 6 y old: findings from the Southampton Women’s Survey. Pediatr Res. 2013; 74:

450–456. https://doi.org/10.1038/pr.2013.119 PMID: 23857297

24. Ounsted M, Scott A, Ounsted C. Transmission through the female line of a mechanism constraining

human fetal growth. Int J Epidemiol. 2008; 37: 245–250. https://doi.org/10.1093/ije/dyn008 PMID:

18276631

25. Kuzawa CW, Eisenberg DT. Intergenerational predictors of birth weight in the Philippines: correlations

with mother’s and father’s birth weight and test of maternal constraint. PLoS One. 2012; 7: e40905.

https://doi.org/10.1371/journal.pone.0040905 PMID: 22848409

26. Cacciari E, Salardi S, David C, Tassinari D, Dalla Casa C, Pilu GL et al. Is statural growth predictable in

utero? Follow-up from the second trimester of gestation to the 8th year of life. J Pediatr Endocrinol

Metab. 2000; 13: 381–386. PMID: 10776992

27. Mook-Kanamori DO, Durmus B, Sovio U, Hofman A, Raat H, Steegers EAP et al. Fetal and infant

growth and the risk of obesity during early childhood: the Generation R Study. Eur J Endocrinol. 2011;

165: 623–630. https://doi.org/10.1530/EJE-11-0067 PMID: 21775498

28. Larsen T, Greisen G, Petersen S. Intrauterine growth correlation to postnatal growth—influence of risk

factors and complications in pregnancy. Early Hum Dev. 1997; 47: 157–165. PMID: 9039965

29. Beltrand J, Nicolescu R, Kaguelidou F, Verkauskiene R, Sibony O, Chevenne D et al. Catch-up growth

following fetal growth restriction promotes rapid restoration of fat mass but without metabolic conse-

quences at one year of age. PLoS One. 2009; 4: e5343. https://doi.org/10.1371/journal.pone.0005343

PMID: 19381307

30. Harvey NC, Mahon PA, Kim M, Cole ZA, Robinson SM, Javaid MK et al. Intrauterine growth and postna-

tal skeletal development: findings from the Southampton Women’s Survey. Paediatr Perinat Epidemiol.

2012; 26: 34–44. https://doi.org/10.1111/j.1365-3016.2011.01237.x PMID: 22150706

Antenatal and postnatal bone traits

PLOS ONE | https://doi.org/10.1371/journal.pone.0203945 September 17, 2018 13 / 14

https://doi.org/10.1359/jbmr.091107
http://www.ncbi.nlm.nih.gov/pubmed/19929433
https://doi.org/10.1002/jbmr.45
http://www.ncbi.nlm.nih.gov/pubmed/20200961
https://doi.org/10.1016/j.siny.2004.03.001
http://www.ncbi.nlm.nih.gov/pubmed/15691778
https://doi.org/10.1093/ije/dyl210
http://www.ncbi.nlm.nih.gov/pubmed/16984935
https://doi.org/10.1203/PDR.0b013e31815b8e8f
http://www.ncbi.nlm.nih.gov/pubmed/18043501
https://doi.org/10.1210/jc.2005-1479
https://doi.org/10.1210/jc.2005-1479
http://www.ncbi.nlm.nih.gov/pubmed/16352684
https://doi.org/10.1359/jbmr.2000.15.10.1871
http://www.ncbi.nlm.nih.gov/pubmed/11028438
https://doi.org/10.1046/j.1469-0705.1998.11010030.x
http://www.ncbi.nlm.nih.gov/pubmed/9511193
http://www.ncbi.nlm.nih.gov/pubmed/8699212
https://doi.org/10.1001/jama.2010.78
https://doi.org/10.1001/jama.2010.78
http://www.ncbi.nlm.nih.gov/pubmed/20145229
https://doi.org/10.1359/jbmr.091022
http://www.ncbi.nlm.nih.gov/pubmed/20437610
https://doi.org/10.1038/pr.2013.119
http://www.ncbi.nlm.nih.gov/pubmed/23857297
https://doi.org/10.1093/ije/dyn008
http://www.ncbi.nlm.nih.gov/pubmed/18276631
https://doi.org/10.1371/journal.pone.0040905
http://www.ncbi.nlm.nih.gov/pubmed/22848409
http://www.ncbi.nlm.nih.gov/pubmed/10776992
https://doi.org/10.1530/EJE-11-0067
http://www.ncbi.nlm.nih.gov/pubmed/21775498
http://www.ncbi.nlm.nih.gov/pubmed/9039965
https://doi.org/10.1371/journal.pone.0005343
http://www.ncbi.nlm.nih.gov/pubmed/19381307
https://doi.org/10.1111/j.1365-3016.2011.01237.x
http://www.ncbi.nlm.nih.gov/pubmed/22150706
https://doi.org/10.1371/journal.pone.0203945


31. Cooper C, Eriksson JG, Forsen T, Osmond C, Tuomilehto J, Barker DJ. Maternal height, childhood

growth and risk of hip fracture in later life: a longitudinal study. Osteoporos Int. 2001; 12: 623–629.

https://doi.org/10.1007/s001980170061 PMID: 11580075

32. Javaid MK, Cooper C. Prenatal and childhood influences on osteoporosis. Best Pract Res Clin Endocri-

nol Metab. 2002; 16: 349–367. https://doi.org/10.1053/beem.2002.0199 PMID: 12064897

33. Dennison EM, Syddall HE, Sayer AA, Gilbody HJ, Cooper C. Birth weight and weight at 1 year are inde-

pendent determinants of bone mass in the seventh decade: the Hertfordshire cohort study. Pediatr Res.

2005; 57: 582–586. https://doi.org/10.1203/01.PDR.0000155754.67821.CA PMID: 15695596

34. Magnus P, Gjessing HK, Skrondal A, Skjaerven R. Paternal contribution to birth weight. J Epidemiol

Community Health. 2001; 55: 873–877. https://doi.org/10.1136/jech.55.12.873 PMID: 11707480

Antenatal and postnatal bone traits

PLOS ONE | https://doi.org/10.1371/journal.pone.0203945 September 17, 2018 14 / 14

https://doi.org/10.1007/s001980170061
http://www.ncbi.nlm.nih.gov/pubmed/11580075
https://doi.org/10.1053/beem.2002.0199
http://www.ncbi.nlm.nih.gov/pubmed/12064897
https://doi.org/10.1203/01.PDR.0000155754.67821.CA
http://www.ncbi.nlm.nih.gov/pubmed/15695596
https://doi.org/10.1136/jech.55.12.873
http://www.ncbi.nlm.nih.gov/pubmed/11707480
https://doi.org/10.1371/journal.pone.0203945

