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study question: Do birthweight (BW) and co-twin sex influence the age at menarche in twins?

summaryanswer: BW, but not co-twin sex, was associated with age at menarche in twins. However, BW was not associated with age at
menarche after controlling for genetics and shared rearing environment.

what is known already: Nutritional deprivation during critical developmental periods can trigger long-term effects on health. A small
size at birth has been associated with early age at menarche in singletons. However, the relative influence of genetics and environmental factors on
this association remains unresolved.

study design, size, duration: In total, 2505 twin pairs were included in this cohort study.

participants/materials, setting, methods: All participants were recruited from the Danish Twin Register. Data on the age
at menarche were collected by questionnaire and combined with data on BW, birth length (BL) and gestational age (GA) from the Danish Medical
Birth register. The BW for GA standard deviation score (BW-SDS) was calculated.

main results and the role of chance: BW-SDS [hazard ratio (HR) 0.96; 95% confidence interval (CI): 0.93–0.00], P ¼ 0.04],
but not BW, BL or GA (P ≥ 0.15), was positively associated with age at menarche in all twins after adjustment for zygosity and year of birth.
However, BW-SDS was not associated with menarcheal age within twin pairs (HR 1.01; 95% CI: 0.91–1.12, P ¼ 0.88). No differences were
found in the age at menarche or birth size between twin girls from same sex and twin girls from opposite-sex pregnancies. Heritability of menarch-
eal age and BW were estimated to be 0.61 (95% CI: 0.38–0.84) and 0.27 (95% CI: 0.18–0.38), respectively. Both BW and menarcheal age were
influenced by genetic and environmental factors.

limitations, reasons for caution: A limitation of this study is recall bias on the age at menarche. It is also not clear how these
results should be extrapolated to the non-twin population.

wider implications of the findings: lower BW for GA is associated with earlier age at menarche in twin girls. However, the lack
of within-pair differences in menarcheal age between even markedly BW-discordant twins indicates that this association is governed by environ-
mental or genetic factors shared by both twins. Thus, within-pair differences in intrauterine nutritional factors leading to discordant growth do not
seem to influence timing of menarche.

study funding/competing interest(s): The authors have nothing to declare. Departmental funds were used to support all
authors during the study period and preparation.

Key words: birthweight / menarche / twins / sex

Introduction
Nutritional deprivation during critical developmental periods can trigger
long-term effects on health (Gluckman et al., 2008). Epidemiological

studies have repeatedly shown that markers of nutritional restraint in
utero, such as low birthweight (BW) or relative thinness at birth, are asso-
ciated with increased risk of cardiovascular disease and type 2 diabetes in
adulthood (Barker et al., 1989, 1993). In twins, the prevalence of
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cardiovascular disease does not differ from the general population
(Vagero and Leon, 1994; Christensen et al., 2001). In addition, within-
pair differences in adult cardiovascular risk markers in BW discordant
monozygotic (MZ) twins have shown diverging results (Vagero and
Leon, 1994; Poulsen et al., 2009; Frost et al., 2012) indicating that
genetic and/or environmental confounding may partly explain the asso-
ciation between intrauterine growth restriction and cardiovascular risk.

Early age at menarche has been associated with an increase in the risk
of cardiovascular disease and type 2 diabetes in adulthood (Jacobsen
et al., 2009; Lakshman et al., 2009). In girls, intrauterine growth restric-
tion as well as low BW and relative thinness within the normal BW
range has all been associated with an earlier onset of puberty and menar-
che in most studies (Bhargavaet al., 1995; Ibanez et al., 2000; Adair, 2001;
Veening et al., 2004; Tam et al., 2006; Sloboda et al., 2007), although not
consistently (Maisonet et al., 2010). In addition, rapid infant growth and
weight gain (Ong et al., 2009) and childhood adiposity (Adair, 2001; Lee
et al., 2007) predict early pubertal timing independent of birth size.

Although the above literature indicates strong effects of both pre- and
post-natal environment on menarcheal age, birth size, infant and child-
hood growth and adiposity as well as the age at menarche are all
strong heritable traits (Kaprio et al., 1995; Kirk et al., 2001; Beardsall
et al., 2009; Demerath et al., 2007; Ong et al., 2009; Elks et al., 2010)
some of which may be influenced by common genes. Young maternal
age at menarche has been shown to predict lower BW (Scholl et al.,
1989), increased early post-natal growth and higher childhood BMI as
well as earlier menarcheal age in female offspring (Ong et al., 2007).
Thus, the association between BW, post-natal growth and pubertal
timing may be of partly genetic rather than solely of environmental
origin. However, the relative contribution of genetics and environment
to this relationship has never been tested in a suitable twin population.

Prenatal androgen excess may programme reproductive and
metabolic functions in females (Padmanabhan et al., 2006). Effects on
fetal development and subsequent behaviour indicative of increased
masculinization have been reported in girls from opposite-sex twin
pregnancies (Luke et al., 2005). Studies in rodents have shown delayed
maturation, reduced sexual attractiveness to males and shorter repro-
ductive lifespans in females developing adjacent to males (Ryan and
Vandenbergh, 2002). In humans, reduced reproductive fitness in
females from male–female twin pairs has been reported (Lummaa
et al., 2007). However, these findings have not been replicated
(Christensen et al., 1998; Medland et al., 2008). In parallel with the
results in rodents, later age at menarche has been reported in females
from opposite-sex dizygotic (DZ) compared with same-sex DZ twin
pairs (Kaprio et al., 1995).

The aim of the present study was to evaluate the influence of (i) BW
and (ii) co-twin sex on age at menarche in a large cohort of healthy
twin girls.

Methods and Materials

Subjects
All participants were recruited from The Danish Twin Register. This twin
population has previously been described in detail (Kyvik et al., 1995). In
1994 a questionnaire survey, including questions on the age at menarche
(in years and months), zygosity and medical history, was conducted
among all known twins born in Denmark from 1953 to 1982. In total,

29 433 twins returned a questionnaire, corresponding to a response
rate of 86.2% (or 73% of the total Danish twin population). From the
Danish Medical Birth Registry, data were available on sex, birth order,
birth length (BL), BW and gestational age (GA). In the present study
we selected the twin pairs born in the period from 1973 to 1982, corre-
sponding to the period with complete ascertainment of twin pairs born in
Denmark. In addition, data on GA was registered in the Danish Medical
Registry from 1973 onwards. In total, 2505 twin pairs aged 12.0–22.0
were included: 733 female MZ, 625 were female dizygotic (SSDZ) and
1147 opposite-sex dizygotic (OSDZ) twin pairs. Data were unavailable
on age at menarche in 115 (27 MZ, 27 SSDZ and 59 OSDZ) twin girls.
All twins were reared with their respective twin sister or brother. No
participants had a known prior or current medical history that could in-
fluence pubertal timing. Sex-specific BW standard deviation scores
(BW-SDS) adjusted for GA were calculated according to the twin BW
reference by Glinianaia et al. (2000).

Statistics
Descriptive characteristics are presented as medians and 2.5th and
97.5th percentiles. For the non-censored data, Mann–Whitney
U-tests were used for non-parametric comparisons between groups
and Spearman Rho tests were used for non-parametric correlations.

Approximately 10% of the girls were pre-menarcheal when the ques-
tionnaire survey was carried out. We therefore considered the timing of
menarche as right-censored survival data. The regression modelling was
done using marginal Cox’s regression survival models with cluster-
corrected estimates of the standard errors giving estimates of the
effect on the population level. The Cox’s regression model was validated
for possible interactions among covariates and proportional hazards as-
sumption.

To describe the correlations within twins, weused random effects sur-
vival models. We considered the two-stage modelling with Cox’s mar-
ginals (Glidden, 2000; Martinussen and Scheike, 2006) using the
timereg package of R. These results were consistent with those based
on standard frailty modelling. The fitted model therefore had the same
marginal models for both MZ and DZ twins, which was also validated
by formal statistical tests. The first cohort had almost no censorings
and the observed correlation within this cohort was also fully consistent
with the model-based estimates. The variance of the random effects
described the correlation present in the survival times. We compared
the correlation for MZ and DZ twins by a statistical comparison of
these variances. As a consequence of the fitted survival model, we com-
puted the model-based estimates of the Pearson’s correlations for MZ
and DZ twins, respectively. These correlations for MZ and DZ twins
were converted into the amount of variation due to genes assuming an
underlying additive structure of the different sources of variation by
the following formula:

s 2(X) = s 2(a) + s 2(c) + s 2(e),

with s2(X ) denoting the total variation, s2(a) the shared genetic vari-
ation, s2(c) the shared environmental variation and s2(e) the non-
shared environmental variation. The correlation among MZ twins was
assumed to be:

s 2(a) + s 2(c)
s 2(X)
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and the correlation among DZ twins was assumed to be

(1/2)s 2(a) + s 2(c)
s 2(X) .

Note that this is based on the assumptions that the shared (s2(c)) and the
non-shared environmental effects (s2(e)) are the same within MZ and
DZ twin pairs, respectively. To test if the genetic component is 0, we
tested if the underlying random effects of the DZ and MZ twins were
the same, thus performing a test that is not on the boundary of the par-
ameter space. Similarly, to test if the shared environmental effect was 0,
we made a formal test for the ratio of the two correlations being 1/2,
again performing a test that is not on the boundary of the parameter
space.

The genetic variance was thus estimated as twice the differences in the
Pearson’s correlations for the MZ and DZ twins. This estimate is valid for
both an ACE and AE decomposition of variances that were both consist-
ent with the data. In addition, similar conclusions were obtained by using
an inverse probability of censoring weighted approach directly on the
observed data using standard variance component modelling. Consider-
ing only the non-censored part of the menarche data also lead to similar
results, but this reduced the data considerably by only including the birth
years prior to 1977. These analyses were done using the mets package of
R. The decomposition of BW into genetic and shared environmental
effects was done using standard variance component modelling using
the mets package of R.

The paired analyses were done fitting Cox’s regression models
stratified on twin pair (Holt and Prentice, 1974). This approach leads
to subject-specific regression effects. One difficulty for the paired ana-
lyses is the potential correlation in the predictors that may lead to very
low power.

The age at menarche was subject to digit preference leading to an
overestimation of the underlying random effects and subsequent

estimates of correlation. To deal with the digit preference, when asses-
sing the correlation, random noise was added assuming that the true age
of menarche occurred up to plus minus half a year within the observa-
tions that were reported in whole years. We tried various procedures
for this and the results were robust for the choices made. In addition,
the right censoring of the data, most pronounced in the last cohorts,
also led to severe overestimation of the correlation between twins if
ignored. Standard errors for the correlations and heritability were
obtained by a bootstrap procedure.

Ethics
The study was approved by the local ethical committee (# VF 95/300
MC) and was conducted in accordance with the Second Helsinki Declar-
ation. All participants or their parents gave written informed consent.

Results
General characteristics of the twins are shown in Table I. GA was nega-
tively (r ¼ 20.152, P , 0.001) and BW-SDS positively (r ¼ 0.126, P ,

0.001) associated with year of birth in all twin girls. No significant effect of
birth year was found for BW or BL. The median within-pair difference in
BW-SDS was 0.65 [95% confidence interval (CI): 0.0–2.59] in all twin
pairs. The within-pair differences in BW-SDS were significantly smaller
in MZ twins (0.60; 95% CI: 0.0–2.39) compared with both DZ
female–female (0.66; 95% CI: 0.0–3.04) and DZ male–female (0.70;
95% CI: 0.08–2.60) twin pairs (both P , 0.001). The within-pair correl-
ation for BW was significantly higher in MZ (r ¼ 0.75; 95% CI: 0.71–
0.78) than in DZ twin girls (r ¼ 0.64; 95% CI: 0.59–0.69, P , 0.001)
(Fig. 1). The results of the ACE model on BW are shown in Table II.
Both the additive genetic and the shared and non-shared environmental
variance components were significant for BW (both P , 0.0001).

The age at menarche was not significantly different between MZ,
SSDZ and OSDZ twin girls, respectively (Table I). There was a significant

.............................................................................................................................................................................................

Table I Descriptive characteristics on 2505 twin pairs.

SSMZ twins SSDZ twins OSDZ twins

Girls Girls Girls/boys

Twin-pairs (n) 733 625 1147

Twins (n) 1466 1250 1147/1147

Post-menarche (n) 1242 1014 957/—

Pre-menarche (n) 176 191 137/—

Missing data (n) 48 45 53/—

Age at examination (years) 17.4 (12.4; 21.8) 16.9 (12.3; 21.7) 17.4 (12.3; 21.8)

Menarche ,12 years (%) 9.4 10.5 11.5/—

Age at menarche (years) 13.2 (11.0; 15.9) 13.0 (11.0; 16.0) 13.2 (11.0; 15.8)/—

BW (g) 2400 (1375; 3375)a,b 2625 (1375; 3600) 2625 (1625/3625)/2750 (1625/3625)

BL (cm) 48.0 (40.0; 52.0)a,b 48.0 (41.0; 53.0) 48.0 (41.0; 53.0)/49.0 (42.0; 54.0)

GA (weeks) 38.0 (32.0; 40.0)a,b 38.0 (32.0; 40.0)b 39.0 (33.0; 40.0)

BW (SD) 20.73 (22.71; 1.48)a,b 20.40 (22.71; 1.50) 20.44 (22.65; 1.48)/20.44 (22.48; 1.54)

Data represent medians (2.5th percentile; 97.5th percentile). SSMZ, same sexmonozygotic twin. SSDZ, same sex dizygotic twins. OSDZ, opposite-sex dizygotic twins. GA, gestational age.
BW-SDS, birthweight standard deviation score according to the study by Glinianaia et al. (2000).
aP , 0.05 versus SSDZ girls.
bP , 0.05 versus OSDZ girls.
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trend towards a lower menarcheal age in the most recent birth years
(Table III). The within-pair correlation for the age at menarche was sig-
nificantly higher in MZ (0.78 (95% CI: 0.67–0.88) than in SSDZ twin
girls (0.47; 95% CI: 0.37–0.57, P , 0.001) (Fig. 1). The results of the

ACE model on the age at menarche are shown in Table II. The additive
genetic variance component for the age at menarche was strongly signifi-
cant (P , 0.0001), while the shared environmental component was only
borderline significant (P ¼ 0.055).

Figure 1 Within twin-pair (interclass) correlations for BW and menarcheal age in MZ and DZ female twin pairs. Interclass correlation coefficients (r)
adjusted for digit preference and right censorings (pairs in which none or only one twin have had menarche at the time of examination) are presented.
Solid black circles represent twin pairs with no right censorings; green circles, right censorings for twin A; blue circles, right censorings for twin B; red
circles, right censorings for both twins. BW, birthweight; MZ, monozygotic; DZ, dizygotic.

.............................................................................................................................................................................................

Table II Results from the two-stage frailty model and the derived sources of variation.

Variance Kendall’s t Pearson’s correlation

MZ twins 1.880 (0.169) 0.484 (0.016) 0.776 (0.053)a

DZ twins 0.670 (0.110) 0.251 (0.024) 0.472 (0.052)a

Age at menarche BW

Additive genetic (A) 0.61 (0.38–0.84)a 0.27 (0.18–0.38)

Common environmental (C) 0.17 (0.00–0.36)a 0.48 (0.40–0.58)

Non-shared factors (E) 0.22 (0.12–0.33)a 0.23 (0.21–0.27)

Estimated directly from Pearson’s correlation for menarche age and from a standard variance component model for BW. BW-SDS, birthweight standard deviation score.
aBootstrap-based standard errors.
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BW-SDS, but not BW, BL or GA per se (P ≥ 0.15) was positively asso-
ciated with the age at menarche in all twin girls after adjustment for zyg-
osity and year of birth (Table III). Categorical dose–response analysis
demonstrated that the assumption of linearity was not strongly violated,
although the risk of early menarche appeared to level off, or even slightly
declined, in the lowest BW-SDS group (Fig. 2). No interaction (P ¼ 0.74)
between BW-SDS and zygosity was found on age at menarche.

In paired analysis, BW-SDS was not significantly associated with
menarcheal age within all twin pairs [hazard ratio (HR): 1.01; 95% CI:
0.91–1.12, P ¼ 0.88]. Divided by zygosity, BW-SDS was not associated
with age at menarche within either MZ twin pairs (HR: 0.94; 95% CI:
0.81–1.10, P ¼ 0.45) or DZ twin pairs (HR: 1.07; 95% CI: 0.93–1.24,
P ¼ 0.35). Comparing the within-pair differences in the age at menarche
between twin girls discordant by more than 1 BW-SDS (HR 1.05; 95%
CI: 0.93–1.19, P ¼ 0.4) and 2 BW-SDS (HR: 1.04; 95% CI: 0.87–1.23,
P ¼ 0.7) revealed similar non-significant results.

Discussion
In the present study including 2505 healthy twin pairs, we found a
modest, but significant, association between lower BW for GA and

earlier age at menarche in all twin girls. However, being the smaller
twin at birth was not associated with earlier menarcheal age compared
with being the larger co-twin in paired analysis. Furthermore, the age
at menarche or birth size did not differ between twin girls from
same-sex and opposite-sex pregnancies. The heritability of age at
menarche and BW was estimated to be 61 and 27%, respectively.

Evidence supports that restricted fetal growth may advance onset and
progression of puberty in girls (van Weissenbruch and Delemarre-van de
Waal, 2006). In the present study, the risk of early menarche increased
by �4% for each unit decrease in BW-SDS in healthy twin girls. In com-
parison with girls with a BW-SDS above the mean, the girls with BWs one
to two standard deviations below the mean had a 14% increased risk of
early age at menarche. However, this effect seems to plateau or even de-
crease slightly in the infants with BWs two standard deviations below the
mean. Our results are in accordance with studies in non-twin populations
showing an association between small size at birth within the normal BW
range and earlier age at menarche (Adair, 2001;Tam et al., 2006; Sloboda
et al., 2007). In our study menarcheal age was not associated with BW, BL
or GA, respectively. Thus, factors related to restricted intrauterine
growth rather than prematurity seem to govern this relationship.

Determination of the genetic and environmental contributions to the
association between menarcheal age and BW has to our knowledge not
previously been studied. Despite the significant within-cohort associ-
ation, lower BW was not associated with earlier menarche within twin-
pairs. Neither in MZ nor in DZ twin-pairs, did the smaller twin have a
higher risk of earlier menarcheal age than the larger co-twin. This sup-
ports that shared factors within twin-pairs are the main contributors to
the association between BW and age of menarche. However, conclusive
evidence in support for shared genetics as opposed to shared environ-
mental factors could not be determined due to lack of associations in
either MZ or DZ twin-pairs. Although the strong concordance in BW
within twin-pairs complicated the interpretation of the paired analyses,
even markedly discordant intrauterine growth did not influence
menarcheal age within pairs in the present cohort. Thus, the assumption
that discordant intrauterine growth influences pubertal timing through
non-shared biological effects is not supported by the present study.

Rapid infant statural growthand weight gain (Tam et al., 2006; Ong et al.,
2009), and increased mid-childhood adiposity (Adair, 2001; Lee et al.,
2007), all strongly influenced by the post-natal nutritional environment,
have been associated with earlier menarcheal age independent of BW.
Thus, the shared nutritional environment within twin-pairs during child-
hood may influence pubertal timing through early growth and body com-
position.Thesepotential confounderscouldnotbetaken intoaccountdue
to lackof informationonearly growth and adiposityduringchildhood in the
present study. Although, early growth patterns, body composition during
childhood and pubertal timing are influenced by post-natal nutritional
factors, these are all strong heritable traits (Kaprio et al., 1995; Kirk
et al., 2001; Beardsall et al., 2009). Intriguingly el al. (Ong et al., 2007)
have shown that young maternal age at menarche was predictive of
increased early post-natal weight gain, high mid-childhood adiposity and
early menarcheal age, but not low BW, in their daughters. However,
early age at menarche has previously been associated with an increased
risk of giving birth to low BW infants (Scholl et al., 1989). Thus, pre- and
post-natal growth, body composition and pubertal timing may be partly
influenced by common genes shared within twin-pairs.

Early childhood weight gain and high mid-childhood adiposity have in
most studies been found to be more important determinants of

........................................................................................

Table III Hazard regression model on age at menarche
in relation to BW-SDS, birth cohort (1973–1982)
and zygosity (SSDZ, same sex dizygotic; OSDZ,
opposite-sex dizygotic) in 3466 twin girls.

Variables HR (95% CI) P-value

BW-SDS 0.962 (0.928; 0.998) 0.04

Birth cohort 1.032 (1.014; 1.050) ,0.001

SSDZa 1.027 (0.923; 1.144) 0.62

OSDZa 1.049 (0.950; 1.159) 0.34

aSSDZ and OSDZ twins are presented with reference to monozygotic twins (MZ).
Data are presented as HRs and 95% CIs.

Figure 2 BW and the risk of early age at menarche in 3466 twin girls.
Dataarepresented as HRs and 95% CIs with reference to the group with
a GA-adjusted BW above the mean (BW-SDS .0). *P ¼ 0.01. BW,
birthweight; GA, gestational age; BW-SDS, birthweight-standard devi-
ation score.
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menarcheal age than low BW (Adair, 2001; Tam et al., 2006; Ong et al.,
2009). Hypothetically, this may be due to stronger biological than genetic
effects on intrauterine growth (Murphy et al., 2006; Beardsall et al., 2009)
comparedwith post-natal growth (Beardsall et al., 2009) and maturation-
al timing (Kaprio et al., 1995; Kirk et al., 2001). In accordance with
previous twin studies (Kaprio et al., 1995; Kirk et al., 2001; Gielen
et al., 2008; Beardsall et al., 2009), we estimated the heritability of age
at menarche and BW to 61 and 27%, respectively. BW was morestrongly
influenced by environment than by genetic factors, while the age at me-
narche was predominantly influenced by genetic factors. Thus, the strong
association between childhood adiposity and age at menarche may be
genetically, rather than environmentally, determined. However, the
genes involved are still largely unknown.

Shared intrauterine environment between opposite-sex twins may
adversely influence the female twin due to increased androgenic milieu
during intrauterine development (Padmanabhan et al., 2006). Although
these effects have been reported in many different species from
rodents to sheep (Ryan and Vandenbergh, 2002; Korsten et al., 2009),
significant effects in human are non-consistent (Christensen et al.,
1998; Lummaa et al., 2007; Medland et al., 2008). We found no differ-
ences in the age at menarche in twin girls with a co-twin boy compared
with a co-twin girl. This is in contrast to the findings from Kaprio et al.
(1995) showing later age at menarche in 434 OSDZ twin girls compared
with 378 same sex DZ twin girls. Apart from being a smaller study than
our present study, we have no obvious explanation for this discrepancy.

Despite the fact that twins provide the potential to separate the effects
of genetic and environmental factors on phenotypic traits, twins have a
different in utero environment than singletons, and estimates of environ-
mental versus genetic contributions to these traits should therefore be
extrapolated to the non-twin population with caution. Multiple preg-
nancy has a negative influence on offspring birth size largely due to
increased nutritional demand, although limited uterine stretch may
also participate (Gluckman and Hanson, 2004). Although such maternal
constraint may not be entirely benign, the post-natal effects of growth
restriction seem less severe in twins compared with a corresponding
low BW in singletons (Christensen et al., 2006). In our twin population
the age at menarche was similar to contemporary normative Danish
references (Juul et al., 2006) and the smaller MZ twin girls did not have
earlier menarcheal age than the larger DZ twins girls. Thus, the
adverse effects of low BW seem to have the same influence on twins
and singletons, but presumably at a higher threshold level in twins than
in singletons possibly due to differences in the mechanisms leading to
growth restriction.

The strength of the present study relies on the large number of
participants and the good response rate limiting ascertainment bias. In
addition, birth size and GA at birth was collected from the Danish
Birth Register, which is considered to be highly accurate. The use of
self-reported menarcheal age will lead to some degree of recall bias
(Bergsten-Brucefors, 1976), even with the narrow time window
between the age at menarche and the recall by questionnaire in the
present study. However, this recall is not likely to be associated with
BW and systematic errors are therefore unlikely to have influenced
our results.

In conclusion, we found a significant, although modest association
between lower BW for GA and earlier age at menarche in a large
cohort of healthy twins. However, being the smaller twin at birth
within a pair was not associated with earlier menarcheal age compared

with the larger co-twin, even in genetically identical twins. This indicates
that the association is governed by shared genetics and/or shared
environmental factors. Our findings confirm that age at menarche is a
strongly heritable trait, but does not support that low BW leads to
prenatal programming of earlier menarche by non-shared environmental
effects in twins. To what extent the effect of BW on menarcheal age is
governed by shared genetics or shared environment could not be
determined. The age at menarche or birth size did not differ between
DZ twin girls with a different or opposite-sex twin, questioning the pre-
viously proposed androgenic influence on timing of pubertal develop-
ment in female twins sharing intrauterine milieu with a male co-twin.
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