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Abstract

Published studies show an inconsistent association between age at menarche and the subsequent risk of developing gesta-
tional diabetes mellitus when pregnant. This systematic review and meta-analysis was performed to clarify any trends in this
association in published observational population studies. We searched online databases for relevant studies, entered into
them up until June 21st 2017. Five eligible studies were found and a pooled random effects dose response meta-analysis of
results from these was conducted. This included coverage of 58,133 pregnancies, from which 3,035 women developed ges-
tational diabetes. There was evidence of a non-linear association between age at menarche and gestational diabetes (overall
p=1.4x107%; p for non-linearity = 2.4 x 10~%), along with evidence of relatively low heterogeneity (/*=25.5%). The largest
predicted risk of gestational diabetes was associated with having a low age at menarche; the mean (95% confidence interval)
risk relative to that associated with menarche at age 13 years being: 9 years 2.0 (1.6, 2.4), 10 years 1.6 (1.4, 1.9), 11 years
1.3(1.2,1.4), 12 years 1.1 (1.1, 1.1), 13 years was the reference, 14 years 1.0 (1.0, 1.0), 15 years 1.1 (0.9, 1.2), 16 years 1.1
(0.9, 1.4). There was evidence of potential publication bias, such that the maximal true relative risk of gestational diabetes,
associated with an age at menarche of 9 years, may be closer to 1.6 than 2. Nevertheless, the curvilinear relationship between
age at menarche and the future risk of gestational diabetes in pregnancy appears robust.

Keywords Menstruation - Puberty - Pregnancy - Random effects

Introduction

The relationship between age at menarche (AAM) and the
subsequent risk of developing gestational diabetes (GDM)
in pregnancy is a potentially important one for preventive
medicine as there has been a generalised global lowering
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of AAM in the last century [1] combined with an increas-
ing prevalence of GDM [2]. This increasing prevalence of
GDM is thought to be one of the factors fuelling the cur-
rent and future predicted worldwide diabetes epidemic [3].
The strong links between GDM development in pregnancy
and the future development of type 2 diabetes (women who
experienced GDM having a greater than seven times higher
risk of developing type 2 diabetes than those with normogly-
caemic pregnancies [4]), and the fact that in utero exposure
to GDM increases the number of GDM risk factors female
babies have when they get pregnant as adults [5, 6], means
that being able to predict those women most at risk of GDM
when they become pregnant may be important in targeting
lifestyle interventions. Treating susceptible women earlier
may become possible [7], which could help reduce the inci-
dence of associated complications.

Partially due to shared genetic risk factors [8], it has been
suggested that GDM represents an early manifestation of
type 2 diabetes [9], with the physiological insulin resist-
ance of pregnancy causing the premature expression of the
disease. Risk of type 2 diabetes has already been shown to
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be associated with AAM [10], including by use of a Men-
delian randomisation approach [11]. As long ago as 1975 it
was suggested that AAM may be linked to the development
of GDM [12], although it was not formally tested. More
recently, various studies have investigated links between
AAM and the risk of developing GDM in pregnancy and
whilst some significant associations have been found
[13—17] (with maximal relative risks for GDM, associated
with the earliest AAMs relative to those at the median,
ranging from 1.3 to 3.7), this is not true of all studies [18].
Even where a relationship has been observed, sometimes the
significantly higher relative risk of GDM is just associated
with earliest AAM [13] whereas in other studies a more
curvilinear relationship between AAM and GDM is evident
(even if it were not always formally tested for or statistical
significance reached [14—18]), albeit smaller in magnitude
than that associated with the earliest AAMs. This systematic
review and meta-analysis was therefore designed to clarify
the relationship between AAM and the risk of developing
GDM in pregnancy, both in terms of its association and the
shape of that association.

Materials and methods

The present systematic review was performed in accordance
with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) [19] (Online Resource 1). No
prior review protocol exists for this analysis.

Search strategy

On 21st June 2017, we searched relevant online databases
with the search strings “age at menarche AND gestational
diabetes” and “‘age at menarche’ AND ‘gestational diabe-
tes’”. Although all the databases were presented in Eng-
lish, no account was taken of the language that the study
was published in. Neither was any date range of publica-
tion adhered to. The online databases and the number of
papers/abstracts highlighted by that database were (with the
main papers duplicated in all the databases): Pubmed (http://
www.pubmed.gov; contains more than 28 million citations
from MEDLINE, life science journals and online books;
24 papers highlighted), Web of Science (http://www.webof
knowledge.com; contains more than 151 million records
from academic journals, books and proceedings, plus pat-
ents and data sets; 14 papers highlighted), Scopus (http://
www.elsevier.com/solutions/scopus; contains more than
1.4 billion cited references from peer-reviewed journals,
conference papers, books, trade publications and patents;
20 papers highlighted) and Turning Research Into Prac-
tice (http://www.tripdatabase.com; a clinical search engine
designed for searching for high-quality evidence to support
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clinical practice and care: searches in key medical journals,
Cochrane Systematic reviews, clinical guidelines, and other
relevant websites; 67 papers highlighted). Over the follow-
ing months, the abstracts, summaries and/or full papers
were then screened and considered relevant if they related
directly to an association between AAM and future GDM
risk, of which there were a total of 11. Whilst the majority
of this searching and screening procedure was performed by
one investigator (CJP), consensus agreement was reached
between all three investigators (all of whom were qualified
to at least PhD and/or MD standard) as to what should be
included in the final meta-analysis. We knew of no studies
other than our own that had been completed in this subject
area but which had not been published.

Eligibility

With the exception of our own study [17] which was not
published by this date but which we were obviously aware
of, documents were considered eligible if they described
observational studies of adult populations (cohort, case/con-
trol, cross-sectional or any combinations of these) of women
and were published in at least an abstract form from which
data could be extracted. They also needed to present data
that either included crude (unadjusted) numbers of women
categorised according to whether or not they had GDM in
their pregnancies according to AAM or odds ratios/rela-
tive risks for GDM. The total number of studies considered
eligible for meta-analysis, including our own, was five all
of which were considered high quality (five studies at this
stage were rejected since they did directly relate AAM with
risk of GDM). All of the studies that were eligible for the
meta-analysis were written and published in English. The
reference lists for each of these manuscripts were checked
manually for any potentially suitable additional studies but
failed to include any that were not already accounted for. In
one additional study that was excluded [16], relative risks
were presented but only data already adjusted for age and
ethnicity were included in the manuscript. The number of
women with and without GDM in each category of AAM
was not calculable, so this manuscript was not included in
the meta-analysis. Figure 1 presents a flow diagram of the
different stages of searching and screening process for eli-
gible studies.

Statistical analysis

Unless they were already presented in the manuscript [15],
relative risks were calculated from raw crude data where
it was available [13, 17, 18], with the AAM category that
encapsulated 13 years as the reference. If the risk data was
presented just as odds ratios [14] and the prevalence of
GDM in the age 13 at menarche category was not calculable,
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Fig.1 A flow diagram illustrating the systematic process of choosing
and eliminating studies for the meta-analysis relating age at menarche
with the future risk of GDM in pregnancy

the overall population prevalence was calculated and used as
a best estimate instead. Relative risks were then calculated
using the method of Zhang and Yu [20]. We therefore fin-
ished with a number of relative risks in different AAM cat-
egories (a dose—response curve). Meta-analysis of the dose
response curves was then performed using the R package
dosresmeta [21-23] to indicate different risks of GDM at
each age of AAM relative to that at age 13.

Sensitivity analysis was performed in two different ways.
For the first one, we repeated the dose response meta-analy-
sis adding one further relevant study that had been excluded
from the main meta-analysis because the group sizes had to
be estimated, unlike in the other studies, only first pregnan-
cies were studied and the only relative risks for GDM that
were presented were already adjusted for age and ethnicity
[16]. Including this study in the meta-analysis increased the
number of pregnant study participants to 64,047, includ-
ing 3,236 women that developed GDM. The second form of
sensitivity analysis was performed by excluding each of the
5 original studies in the main meta-analysis one at a time in
turn to see if the associations in the pooled random effects

dose response meta-analysis remained significant without
that study being included.

Publication bias at the outcome level was assessed using
Egger’s regression test [24, 25] and funnel plots using the R
package metafor [26]. As Egger’s test was not designed to
be used with a dose response curve, we modified it such that
each of our studies was entered twice into the test (pooling
the age-related categories below that containing age 13 as
one entry, and those categories above that containing age 13
as the other entry, using those categories containing age 13
as the reference). To assess potential effects of publication
bias on relative risks, the meta-analysis was performed just
including the largest study [13], then just the largest and
second largest studies [13, 14] and then adding one study at
a time in decreasing overall size order until all five studies
were included in the meta-analysis, as suggested by Boren-
stein et al. [27].

Statistical analysis was performed using R (version 3.4.1;
R Foundation for Statistical Computing, Vienna, Austria)
or Stata (version 13.1; StataCorp LP, College Station, TX,
USA). p<0.05 was considered statistically significant
throughout. Data are presented as mean (95% confidence
interval) unless otherwise stated.

Data availability

Data sharing is not applicable to this article as no datasets
were generated during the current study.

Results
Meta-analysis

Prior to the meta-analysis inspection of the Forest Plot
revealed a possible increased relative risk of GDM in women
with an age of menarche <11 years relative to one of 13
(Fig. 2). The meta-analysis included results from 58,133
pregnancies included in the five different studies (Table 1),
of whom 3035 were affected by GDM. We found evidence
for a non-linear association between AAM and the risk of
developing GDM in pregnancy (overall p=1.4x 1078; p for
non-linearity =2.4 X 10™*). The multivariate Cochran Q-test
for heterogeneity was not statistically significant: Q =10.7
(8 degrees of freedom), p=0.2, I*=25.5%. Figure 3 shows
the meta-analysed predicted relationship between AAM and
the risk of developing GDM in pregnancy.

Sensitivity analysis
When adding the study by Shen et al. [16] to the other five

studies included in the main meta-analysis, the evidence for
a non-linear association between AAM and the future risk
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with an AAM of 9-12 as smaller and smaller studies were
Dishietal added to the meta-analysis.
Chen etal. —_— . .
Discussion
Uetal fo—— This meta-analysis of five prospective studies [13-15, 17,

Schoenaker et al.

Petry etal.

1.0 15 20
Relative risk of GDM

Fig.2 Forest plot of the relative risks for GDM in women with an
AAM<K 11 years relative to that of women with an AAM of 13 years
in citations [13-15, 17, 18], respectively

of developing GDM in pregnancy was strengthened slightly
(overall p=4.0x 10~; p for non-linearity = 1.0 x 10~*). The
heterogeneity lessened: multivariate Cochran Q-test Q=11.9
(10 degrees of freedom), p=0.3, I=16.2%. Again the larg-
est predicted risk of GDM (relative to the risk associated
with menarche at age 13 years) was associated with having
alow AAM: 9 years 2.0 (1.6, 2.5), 10 years 1.6 (1.4, 2.0),
11 years 1.3 (1.2, 1.5), 12 years 1.1 (1.1, 1.1), 13 years was
the reference, 14 years 1.0 (1.0, 1.0), 15 years 1.1 (0.9, 1.2),
16 years 1.2 (0.9, 1.4).

When excluding one study at a time from the main meta-
analysis, although the degree of heterogeneity changed (from
inconsequential to nearly moderate, the smallest heteroge-
neity occurring when the largest study was excluded), there
was always a significant non-linear association between
AAM and risk of developing GDM in pregnancy (Table 2).
In each case, the predicted higher relative risk of developing
GDM in pregnancy was associated with having an AAM of
between 9 and 12. The highest risk was always associated
with the earliest AAM.

Evidence of publication bias

A modified Egger’s regression test produced a significant
result (p =0.03, 95% confidence interval of the p value
0.01-0.14), although the test for heterogeneity was not sig-
nificant (0 =9.41 with 9 degrees of freedom, p=0.4). The
model estimated bias result on the odds ratio scale was 1.08
(1.01, 1.15). The funnel plot (Fig. 4) appeared asymmet-
ric, with the majority of points located to the right of the
reference line. Figure 5 illustrates the effect of including a
smaller number of the studies on the risk ratios for GDM.
There was a trend for an increasing relative risk for GDM
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18] has shown a significant, non-linear relationship between
the AAM and the relative risk of developing GDM in preg-
nancy. Despite the fact that only five studies were included
in the main analysis, the relationship appears to be reason-
ably strong. During the writing up of our study two other
meta-analyses of the relationship between AAM and future
risk of GDM were published [31, 32]. There are a number
of differences between these published meta-analyses and
the present meta-analysis, however, including: the inclu-
sion of one study [16] in the main analysis of the previously
published meta-analyses that we only incorporated into our
study’s sensitivity analyses and not the main analyses due
to the two published meta-analyses having slightly differ-
ent inclusion criteria [31, 32], these previously published
meta-analyses did not include data from our own recently
published study [17] and the form of meta-analysis used in
both analyses was not designed for dose response curves,
so the comparison used was effectively between GDM risk
in women with “early” and “not-early” AAM rather than
taking a specific age as a reference age. Despite these dif-
ferences, the relative risk or odds ratios for GDM in women
with an early AAM relative to that of reference groups were
remarkably similar between the three studies, the slightly
lower values in [31, 32] possibly relating to those studies
including the AAM categories that contributed to the non-
linear relationship observed in the present analysis in their
reference groups.

As far as a small meta-analysis such as this present analy-
sis can be interpreted, there appears to be the possibility of
publication bias having affected the relative risk. Egger’s
test, which would have had low statistical power for test-
ing funnel plot heterogeneity even if it was based on simple
case—control studies rather than dose response curves [33],
had to be adapted as it was not designed for data derived
from dose response curves. We did this by pooling some of
the AAM categories. Although the test may therefore have
been run sub-optimally, it still gave a significant result. This
result was consistent with the apparent asymmetry in the
funnel plot (Fig. 4). It therefore seems fair to assume that
there might have been an excess of studies with positive
associations that have been published to date. Techniques
such as Duval and Tweedie’s trim and fill [34] that are used
in other meta-analyses in an attempt to overcome potential
publication bias, are unsuitable for data derived from dose
response curves. As an alternative which was suitable for
use with data such as ours, Borenstein et al. [27] suggested
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25

Relative risk of GDM

Age at menarche (years)

Age at menarche (years) Relative risk of GDM

9 1.96 (1.58, 2.4)
10 1.61(1.39, 1.9)
11 1.32(1.22,1.4)
12 1.11(1.08,1.1)
13 1.00
14 0.99(0.95, 1.0)
15 1.05(0.93,1.2)
16 1.14(0.93, 1.4)

Fig.3 Pooled dose-response association between age at menarche
and the risk of developing GDM in pregnancy (represented by the
solid line) relative to the risk associated to an age of menarche of
13 years. Age at menarche was modelled with restricted cubic splines
in a multivariate random effects dose response model. The relative
risks of developing GDM are plotted on the log scale. The dashed
lines show the 95% confidence intervals for the spline model

reanalysing just the largest study, then adding the next larg-
est study and reanalysing and continuing to do this whilst
gradually adding successively smaller studies until all the
studies are included. This method makes the assumption that
larger studies are more likely to get published whether or
not they produce significant associations (whereas smaller
studies may only get studied if they show significant associa-
tions), and therefore the publication of larger studies is less
dependent on bias. We demonstrated a positive increase in
maximal relative risks for GDM as studies of decreasing size
were added to the analysis (Fig. 5), adding the smallest study
[17] causing the biggest increase in relative risks. All these
meta-analyses showed an association with GDM, it was just
the relative risk that changed. The true maximal relative risk
for GDM may therefore be closer to 1.6 (the lower limit of
the 95% confidence interval) than 2 for an AAM of 9 years,
but the overall interpretation of this association is the same.
The impact of any publication bias is therefore probably
modest at best [27].

Not surprisingly from the fact that only five studies were
included in the meta-analysis there was no statistically

significant heterogeneity. Indeed the relevant 1% value of
25.5% suggests relatively low heterogeneity overall. This
is despite the five studies used having some ethnic differ-
ences in their study populations and different cut-off circu-
lating glucose concentrations used to define what constitutes
GDM, both of which could have been associated with fac-
tors that contributed to increasing the heterogeneity. Inter-
estingly when the initially excluded sixth study [16] was
included in the meta-analysis for the sensitivity analysis the
heterogeneity actually dropped. The results from the other
sensitivity analyses, performed by excluding each one of the
five studies from the meta-analysis in turn, also showed that
despite the variation in the heterogeneity caused by each of
the studies the material relationship between AAM and risk
of developing of GDM in pregnancy did not change.

Although the relationship between AAM and the devel-
opment of GDM in pregnancy that we found is non-linear,
the meta-analysis has clarified the fact that in the stud-
ies published so far all the modelled significant increased
risk for GDM is associated with earlier AAM. Early AAM
tends to be associated with early closure of the epiphyseal
plates and a relatively shorter stature in adult life [35]. It is
subsequently associated with increased weight gain (rela-
tive to stature) and obesity [36], the strongest risk factor
for GDM. Hence there is a link between early AAM and
future GDM risk in pregnancy. In our original study [17]
we also found a link between AAM and insulin resistance
in pregnancy, and adjusting for insulin resistance completely
attenuated the association between AAM and GDM. These
results suggest that insulin resistance may be the primary
factor underpinning the association between early AAM and
increased GDM risk. Some studies have shown this associa-
tion to be a linear inverse relationship [13], whereas others
have shown more of a curvilinear relationship [16, 17] with
additional increased relative risk, albeit smaller, for GDM
being associated with older AAM. It could be that the bulk
of the heterogeneity in the meta-analysis is at this end of
the dose response curve, given that it dropped to an I of
only 1.3% when the largest study was excluded, that study
being one showing a linear rather than curvilinear relation-
ship between AAM and GDM risk [13]. Although our meta-
analysis showed a non-linear relationship, at present there
is not enough evidence to suggest that there is a consistent
association between older AAM and a raised future risk of
GDM in pregnancy.

The strengths of this study include the fact that all the
studies contributing to the meta-analysis were conducted
prospectively in terms of GDM development and so should
have potentially reduced recall and selection biases in com-
parison to if the studies were conducted retrospectively or in
a case—control fashion. Another strength is the fact that the
type of meta-analysis performed was specifically designed
to test relationships in a dose response fashion [21], unlike
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Fig.4 Funnel plot of the logarithmically transformed odds ratios and
standard errors from pooled groups with AAM categories of less than
13 years and more than 13 years (with the categories containing an
age at menarche of 13 years used as the reference). White is the 90%
boundary, light grey is the 90-95% boundary and dark grey is the
95-99% boundary

the other meta-analyses published in this area [31, 32], and
provide information about the shape of that relationship.
Finally this meta-analysis covers more than 3,000 pregnan-
cies affected by GDM, which is a very large number given
its prevalence in the population as a whole, along with more
than 55,000 unaffected pregnant women.

In addition to potential publication bias the limitations
of this meta-analysis include the fact that it was based on
data from only five different studies. There was only one
published study presenting data relating AAM with future
risk of GDM [16] that was not included in the final meta-
analysis. That was primarily because this manuscript did
not present unadjusted risk ratios or numbers of women
with and without GDM from which they could be calcu-
lated. However it was included in the sensitivity analyses,
where its presence did not materially change the interpreta-
tion of the relationship between AAM and risk of develop-
ing GDM in pregnancy suggesting that the results from the
meta-analysis are sensitive. Another limitation is that no
attempt was made to adjust the results for potential covari-
ates. However the main potential covariate for GDM risk
was maternal BMI, and it is debatable that this should have
been controlled for given that in addition to the association
with GDM risk, AAM also has a relationship with adult
BMI [36]. This may actually reflect a single multifactorial
process that includes AAM and starts even before birth [37]
then includes effects on both adult BMI, and GDM risk in
pregnancy as the woman ages. Another potential covariate
that was not adjusted for was family history of diabetes. Only
one of the studies showing an association between AAM
and GDM risk presented data on, and a positive association
between, family history of diabetes and GDM [16]. This
was the study that was excluded from the meta-analysis for
the reasons presented. One further study adjusted for it as

1.8

1.6

1.4

GDM Risk Ratios
1.2

9 10 11 12 13 14 15 16
Age at Menarche (years)

v Chen

e == Chen, Li

----- Chen, Li, Schoenaker

= (Chen, Li, Schoenaker, Dishi
--------- Chen, Li, Schoenaker, Dishi, Petry

Fig.5 Pooled dose response associations between AAM and the
risk of developing GDM in pregnancy relative to the risk associated
with an AAM of 13 years. The different lines represent values from
just using the largest study, then the two largest studies, then three,
etc. until all the five studies were included in the analysis. The lines
are labelled in the legend according to the first author of the manu-
script describing each of the included studies. The associations with
AAM were assessed in restricted cubic splines in multivariate random
effects dose response models

a confounder in some of their statistical models [13], but
did not present data on it. It remains a possibility, therefore,
that a family history of diabetes may modify the relation-
ship between AAM and GDM. A further limitation of this
area of research, with the studies that have been published
so far rather than with this meta-analysis, is the fact that the
relationship between AAM and GDM risk in pregnancy has
not been tested in sufficient numbers of women of non-white
ethnicities. Future studies need to be performed in a wider
range of ethnicities, particularly those that have the highest
incidences of GDM.

In summary, this meta-analysis has shown that there is a
significant relationship between AAM and the risk of GDM
developing in subsequent pregnancy that is non-linear.
Although there is evidence of possible publication bias in
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the results that have been published in this area to date, the
effect of this appears to be an inflation of the relative risk
from around 1.6 to closer to 2 rather than being anything that
would alter the overall interpretation of the results. The risk
appears to be around a younger AAM being associated with
an increased risk of GDM. Further studies are required to
clarify whether or not there is also an increased risk of GDM
associated with having a relatively late AAM.
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