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Abstract 

Background  The timing of puberty may have an important impact on adolescent mental health. In particular, earlier 
age at menarche has been associated with elevated rates of depression in adolescents. Previous research suggests 
that this relationship may be causal, but replication and an investigation of whether this effect extends to other men‑
tal health domains is warranted.

Methods  In this Registered Report, we triangulated evidence from different causal inference methods using a new 
wave of data (N = 13,398) from the Norwegian Mother, Father, and Child Cohort Study. We combined multiple regres‑
sion, one- and two-sample Mendelian randomisation (MR), and negative control analyses (using pre-pubertal symp‑
toms as outcomes) to assess the causal links between age at menarche and different domains of adolescent mental 
health.

Results  Our results supported the hypothesis that earlier age at menarche is associated with elevated depressive 
symptoms in early adolescence based on multiple regression (β =  − 0.11, 95% CI [− 0.12, − 0.09], pone-tailed < 0.01). One-
sample MR analyses suggested that this relationship may be causal (β =  − 0.07, 95% CI [− 0.13, 0.00], pone-tailed = 0.03), 
but the effect was small, corresponding to just a 0.06 standard deviation increase in depressive symptoms with each 
earlier year of menarche. There was also some evidence of a causal relationship with depression diagnoses dur‑
ing adolescence based on one-sample MR (OR = 0.74, 95% CI [0.54, 1.01], pone-tailed = 0.03), corresponding to a 29% 
increase in the odds of receiving a depression diagnosis with each earlier year of menarche. Negative control 
and two-sample MR sensitivity analyses were broadly consistent with this pattern of results. Multivariable MR analy‑
ses accounting for the genetic overlap between age at menarche and childhood body size provided some evidence 
of confounding. Meanwhile, we found little consistent evidence of effects on other domains of mental health 
after accounting for co-occurring depression and other confounding.
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Conclusions  We found evidence that age at menarche affected diagnoses of adolescent depression, but not other 
domains of mental health. Our findings suggest that earlier age at menarche is linked to problems in specific domains 
rather than adolescent mental health in general.

Keywords  Depression, Age at menarche, Mendelian randomisation, MoBa, MBRN

Background
Early pubertal timing has been associated with problems 
in a wide range of adolescent mental health domains (e.g., 
depression [1–13], anxiety [7, 14, 15], conduct disorders 
[3, 7, 16–19], and attention-deficit hyperactivity disorder 
(ADHD) [6]) across different indicators of pubertal devel-
opment and across sexes [20]. The consistency of associa-
tions between early timing and adolescent mental health 
has led to the hypothesis that early pubertal timing is a 
transdiagnostic risk factor for psychopathology in adoles-
cents [21].

Despite the apparent generality of associations between 
early pubertal timing and adolescent mental health, the 
prominent rise in rates of female depression beginning 
during puberty [22] has led to this outcome receiving 
particular empirical focus [23]. The timing of puberty in 
females is commonly indexed using the onset of menses 
(menarche). Earlier age at menarche has been associ-
ated with elevated depressive symptoms in adolescents 
in several observational studies [4, 24–32], but not in all 
[33–37], and also higher rates of clinical depression dur-
ing adolescence [31, 37]. However, although early puber-
tal maturation in females has been associated with a wide 
range of problems in adolescence, these associations 
may dissipate by adulthood [3, 38]. A notable exception 
in a large prospective study was that heightened risk of 
depression persisted into young adulthood for early 
maturers, in particular, for those with a history of con-
duct disorder [3].

The association between pubertal timing and depres-
sion in adolescent females may be due to the biological 
underpinnings of reproductive maturation. The female 
sex hormone estradiol increases with puberty and is 
associated with depression [39, 40], and hormonal con-
traceptive use has been associated with higher levels of 
depressive symptoms, especially in adolescence [41]. In 
fact, it has been found that the stage of breast develop-
ment (governed primarily by estradiol) was associated 
with depression independently of the timing of menarche 
in adolescent females from the Avon Longitudinal Study 
of Parents and Children (ALSPAC) [42]. Interestingly, a 
recent study in the same sample found that a polygenic 
score for age at menarche showed a potential indi-
rect association with adolescent depressive symptoms 
through the stage of breast development [43]. Alongside 
psychosocial pathways (i.e., visible breast development 

leading to unwanted sexual attention at a younger age), 
increases in estradiol represent a plausible biological 
mechanism for the link between early pubertal timing 
and depression in females.

Despite the series of observational studies, it is 
unknown whether the link between age at menarche and 
depression represents a truly causal relationship. This is 
important because several robust observational associa-
tions in epidemiology have turned out not to be causal 
and may instead have been the result of confounding (i.e., 
vitamin E supplement use and cardiovascular disease 
[44]). In the case of associations between age at menarche 
and depression, body mass index (BMI) is a particularly 
likely candidate for confounding given the robust (and 
plausibly causal) links between BMI and age at menarche 
[45] and between BMI and depression [46–48]. Failure to 
appropriately account for potential confounding, espe-
cially by BMI [4, 25, 27–30, 32–37], has been a relatively 
common shortcoming of the literature on this topic to 
date. In previous studies that explicitly controlled for 
BMI, the relationship was somewhat attenuated [26, 49]. 
Another study found BMI to be a partial mediator of the 
relationship between earlier menarche and depression 
[31].

Mendelian randomisation (MR) is a causal inference 
method that can be implemented in instrumental vari-
able analyses [50, 51], which is particularly useful when 
experimental manipulation of the variable of interest is 
not ethical or feasible. Since hundreds of genetic vari-
ants are strongly linked with age at menarche [52], single 
nucleotide polymorphisms (SNPs) that are independently 
associated with this phenotype can be used as genetic 
instruments in MR analyses. The logic of MR is analogous 
to that of a randomised controlled trial (RCT). Unlike in 
an RCT design where individuals are randomly assigned 
to experimental groups, in MR, we use random “assign-
ment” to genotype (ensured by the random transmission 
of one of two possible alleles at each genetic locus from 
each parent to their child at conception [53]). Specifically, 
these genetic variants are used as instrumental variables, 
serving as a genetic proxy for age at menarche.

Whereas self-reported age at menarche may be asso-
ciated with several different confounders (even if pre-
cisely measured), the genetic instrument is assumed to be 
independent of such confounding. Both the widespread 
genetic influence on age at menarche [52] and the high 
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accuracy and reliability of self-reported age at menarche 
[54] jointly increase the strength of the genetic instru-
ment employed here, which serves to improve study 
power and minimise weak instrument bias [55]. The 
strength of the genetic instrument makes MR especially 
valuable for advancing menarche research. Provided that 
some important assumptions of MR hold true, we can 
estimate the causal effects of age at menarche on adoles-
cent mental health.

A previous study found preliminary evidence that 
the relationship between age at menarche and depres-
sion in early adolescence may be causal, using MR in 
ALSPAC (N = 2404) [56]. Specifically, they found that 
early age at menarche resulted in more depressive symp-
toms at age 14 (independent of BMI), but not later in 
adolescence. However, this study had low power due to 
a modest sample size for MR. Here, we aim to replicate 
the 14-year analyses in adolescents from a larger birth 
cohort, the Norwegian Mother, Father, and Child Cohort 
Study (MoBa) [57]. This replication will allow for a con-
firmatory and higher-powered test of the hypothesis that 
earlier age at menarche is causally related to adolescent 
depression.

Beyond replicating its key finding, we will also extend 
the previous approach [56] in several key ways. First, we 
will test whether the effects of earlier age at menarche 
extend to other domains of mental health (anxiety dis-
orders, conduct disorder (CD), oppositional defiant dis-
order (ODD), and ADHD), independent of associations 
with depression. Second, we will use multivariable meth-
ods to examine different confounders or mechanisms, by 
simultaneously including genetic instruments for child-
hood body size, adult BMI, or estradiol in the MR model 
together with age at menarche. Third, in line with recom-
mendations to triangulate evidence across approaches 
for robust causal inference [58], we will combine MR 
with negative control analyses using symptoms prior to 
puberty as a negative control outcome. This triangula-
tion is particularly important in the context of replication 
studies, given that the same sources of bias could lead to 
results being replicated in another study using the same 
methodology [59, 60].

A previous hypothesis-free MR phenome-wide asso-
ciation study identified potential causal effects of age at 
menarche on adult mental health [61], but these were 
not followed up with replication in any independent 
cohorts. Here, we take a confirmatory approach, test-
ing causal hypotheses about the role of age at menarche 
in the aetiology of developing mental health disorders. 
This is important in part because a causal effect of age 
at menarche may help explain the sharp rise in depres-
sion rates among females from early adolescence [22]. 
This research might further help with identifying female 

adolescents at increased risk, facilitating early identifica-
tion and prevention of mental health problems in adoles-
cence and beyond.

To test our hypotheses, we make use of the Registered 
Report format, demonstrating its applicability to epide-
miological analyses of cohort data when a new wave of 
data collection ensures that the exposure and outcome 
data have not been observed prior to the analytic choices 
being made. This format, combined with several sensitiv-
ity tests, will strengthen our statistical inferences by pre-
serving false-positive rates at the specified level [62] and 
ultimately increase confidence in the causal conclusions 
that are drawn.

We addressed the following research questions: (1) 
To what extent is age at menarche associated with ado-
lescent depression? (2) Does age at menarche associ-
ate with symptoms or diagnoses in other domains of 
mental health, independent of depression? (3) What is 
the evidence for a causal link between age at menarche 
and depression? and (4) Is there evidence of causal links 
between age at menarche and other domains of mental 
health? The specific hypotheses for each research ques-
tion are listed in Table 1.

Methods
Design
Sample
The Norwegian Mother, Father, and Child Cohort Study 
(MoBa) is a population-based pregnancy cohort study 
conducted by the Norwegian Institute of Public Health 
[57]. Pregnant women and their partners were recruited 
from all over Norway at approximately 17  weeks gesta-
tion between 1999 and 2008. The women consented 
to participation in 41% of the pregnancies. The cohort 
includes approximately 114,500 children, 95,200 moth-
ers, and 75,200 fathers. The current study is based on 
version 12 of the quality-assured data files released for 
research in January 2019. We also used data from the 
Medical Birth Registry of Norway (MBRN).

In MoBa, phenotype data have been collected by ques-
tionnaires from early pregnancy to middle childhood, 
provided primarily by mothers (around weeks 17, 22, 
and 30 of pregnancy and at child ages 0.5, 1.5, 3, 5, and 
8 years). This project also made use of an ongoing wave of 
data collection in adolescence (questionnaires returned 
at ~ 14.4  years; hereafter age 14). The 14-year data were 
not available to us during the preparation of the stage 1 
element of the Registered Report (see Fig. 1).

Inclusion criteria and sample size
We included all MoBa females (as registered at birth 
in MBRN) with any available phenotype data at age 14. 
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There were 13,398 females with 14-year data, of which 
9832 were genotyped.

Measures

Exposures  Self-reported age at menarche (in years) 
from the 14-year questionnaire was included as the main 
exposure. We ran the observational analyses with both a 
continuous and a categorical (early/average/late) variable 

based on reported age at menarche (see Additional file 1 
for further details). Values were imputed for those who 
had not yet reached menarche at age 14, using informa-
tion about the stage of pubertal development, as well as 
all the covariates and outcomes (see Additional file  1). 
We also included the self-reported stage of breast devel-
opment at age 14 as an additional exposure for sensitivity 
analyses.

Table 1  Pre-specified research questions and hypotheses in this Registered Report

Research questions Hypotheses

To what extent is age at menarche associated with adolescent depression? We hypothesised that earlier age at menarche would be associated 
with elevated depressive symptoms at age 14 (H1a)

We hypothesised that earlier age at menarche would be associated 
with higher rates of depression diagnoses during adolescence (H1b)

Does age at menarche associate with symptoms or diagnoses in other 
domains of mental health (anxiety, CD, ODD, or ADHD), independent 
of depression?

We hypothesised that age at menarche would be associated with symp‑
toms in other domains at age 14, independent of depressive symptoms 
(H2.1–4a)

We hypothesised that age at menarche would be associated with diagno‑
ses in other domains in adolescence, independent of depressive disorders 
(H2.1–3b)

What is the evidence for a causal link between age at menarche 
and depression?

We hypothesised that earlier age at menarche would show a causal rela‑
tionship, resulting in elevated depressive symptoms at age 14 (H3a)

We hypothesised that earlier age at menarche would show a causal 
relationship, resulting in higher rates of depression diagnoses during ado‑
lescence (H3b)

Is there evidence of causal links between age at menarche and other 
domains of mental health?

We hypothesised that age at menarche would show a causal relationship 
with symptoms in other domains (H4.1–4a)

We hypothesised that age at menarche would show a causal relationship 
with rates of diagnoses in other domains (H4.1–3b)

Fig. 1  Overview of the Registered Report process
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Mental health problems  Depressive symptoms were 
assessed through the Short Mood and Feelings Question-
naire (SMFQ; 13 items) [63]. We also computed a dichot-
omised version of the SMFQ (see Additional file 1). Anxi-
ety symptoms were assessed through a short form of the 
Screen for Child Anxiety-Related Disorders (SCARED; 5 
items) [64]. Behaviour problems (CD, ODD, and ADHD) 
were assessed with the Rating Scale for Disruptive Behav-
iour Disorders (RS-DBD; 34 items) [65]. All symptom 
outcomes were log or square root transformed due to 
non-normal distributions. The measures were treated as 
continuous, and scores were standardised to have a mean 
of 0 and a standard deviation of 1. Information about 
the psychometric properties of the scales is provided in 
Additional file  2: Table  S1. An overview of all variables 
included in the study and their processing is in Addi-
tional file 3: Table S2.

Psychiatric diagnoses  We linked to the “control and 
payment of health refunds” database (KUHR) and the 
Norwegian Patient Registry (NPR) to obtain psychiatric 
diagnoses from medical records (see Additional file 1 for 
diagnostic codes and further details). Individuals were 
classified as a “case” in the case–control analysis if they 
had received a relevant diagnosis in either primary (cov-
ered by KUHR) or secondary health care (covered by 
NPR) during adolescence (between ages 10 and 17).

Covariates  We included BMI at ages 8 and 14, age at 
questionnaire return, maternal and paternal age, paren-
tal education and income, financial problems, parental 
cohabitation, parity, and maternal prenatal and postnatal 
depression as covariates (see Additional file 3: Table S2).

Genotyping and quality control  In MoBa, blood sam-
ples were obtained from children (umbilical cord) at 
birth [66]. The genotyping and quality control have been 
described in detail elsewhere [67].

Genetic instruments for Mendelian randomisation  A 
recent genome-wide association study (GWAS) meta-
analysis of 42 studies involving 329,345 post-pubertal 
women of European ancestry found 389 independent 
signals associated with self-reported age at menarche, 
reaching the conventional threshold for genome-wide 
significance (p < 5 × 10−8) in the discovery sample [52]. 
These variants were largely replicated in a sample of 
39,543 post-pubertal women from the Icelandic deCODE 
study, explaining 7.4% of the variance in age at menarche. 
First, we subset these genome-wide significant vari-
ants to single nucleotide polymorphisms (SNPs) only by 
removing insertions and deletions. Then, we extracted 
these SNPs (as available) from the genetic data in MoBa, 

which did not contribute to the GWAS meta-analysis. 
Having subset to genome-wide significant SNPs avail-
able in the MoBa cohort, we then clumped them for 
independence (linkage disequilibrium R2 = 0.001, clump-
ing window = 10,000  kb). For the one-sample MR, we 
used this set of SNPs to construct a weighted genetic risk 
score based on published GWAS effect estimates. The 
score was computed as the weighted sum of the age-at-
menarche-increasing alleles across the selected SNPs. 
Specifically, we multiplied the number of effect alleles (0, 
1, or 2; or if imputed, probabilities of effect alleles) at each 
SNP by their weight (GWAS SNP-trait association), then 
summed and divided by the total number of SNPs used. 
Genotyping batch and the first 20 principal components 
were regressed out of the genetic instruments, the latter 
to control for confounding by population stratification.

We also prepared the age at menarche summary statis-
tics—along with summary statistics for estradiol [68], 
adult BMI [69], recalled childhood body size [69], major 
depression [70], and the 14-year symptom outcomes in 
MoBa—for use in two-sample MR analyses (see Addi-
tional file 4 for details [69–74]). We also employed Steiger 
filtering [75] to create another genetic instrument for age 
at menarche, excluding SNPs that were more predictive 
of depression at age 14 than age at menarche. This pri-
marily served to prevent reverse causation and to remove 
potential pleiotropic pathways other than the causal 
pathway of interest.

Statistical analysis
Observational analyses
First, we ran linear regression analyses to estimate the 
observational associations between age at menarche 
and continuous symptom outcomes, accounting for the 
effects of covariates. In addition, we ran logistic regres-
sion analyses to estimate observational associations with 
the diagnostic outcomes from registry data, accounting 
for the effects of covariates. All models were run with 
and without the covariates described above to obtain 
adjusted and unadjusted estimates, and inferences were 
based on the adjusted estimates.

Mendelian randomisation analyses
To avoid problems related to confounding and reverse 
causation common to traditional observational methods, 
MR uses j genetic variants G1, G2, …, Gj as a proxy for 
the exposure X to estimate the association between the 
exposure X and the outcome Y (see Fig. 2 for an illustra-
tive diagram) [50]. The obtained estimate is assumed to 
be independent of potential confounders U. This assump-
tion builds on Mendel’s first and second law of inherit-
ance [53]. The two laws are (1) the segregation of alleles 
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at the same locus is independent (equal segregation) and 
(2) the alleles of different genes are inherited indepen-
dently of each other during gamete formation (independ-
ent assortment).

MR assumptions  The three main assumptions of MR 
are (1) that the instrument Gj is associated with the expo-
sure X, called the relevance assumption; (2) that there 
are no unmeasured confounders of the gene-outcome 
association U, called the independence assumption; and 
(3) that the genetic variants Gj affect the outcome Y only 
through the exposure X, called exclusion restriction. 
While assumption 1 can be verified empirically, assump-
tions 2 and 3 are empirically unverifiable (but potentially 
falsifiable). Owing to how instrumental variable analyses 
are estimated, violations of these assumptions may lead 
to strong biases in the estimates; therefore, such esti-
mates should be interpreted with care and in conjunction 
with other evidence [76]. Several sensitivity analyses that 
have been developed to address potential bias from viola-
tions of the MR assumptions were employed here [51].

One‑sample MR  In the one-sample MR analyses of 
continuous symptom variables, we used two-stage least 
squares (2SLS) regression. In the 2SLS approach, self-
reported age at menarche X was first regressed on the 
genetic variants Gj, obtaining the predicted values. In 
the second stage, the regression of the outcome Y on the 
exposure X is estimated as usual, replacing self-reported 
age at menarche with the predicted values from the first 
stage, hereafter referred to as “genetically predicted age 
at menarche”. For binary outcomes, a logistic model was 
used in the second stage. We applied a post-estimation 
correction of the standard errors (the HC1 option in the 
sandwich R package [77]) for both continuous and binary 

outcomes. In addition to one-sample MR, we conducted 
two-sample MR analyses based on GWAS of the symp-
tom outcomes in MoBa. Combining one- and two-sam-
ple MR is beneficial even when the same outcome sam-
ple is used, since any bias from weak instruments would 
skew the one-sample estimate towards the (confounded) 
observational estimate and the two-sample estimate 
towards the null [78]. In addition, conducting two-sam-
ple MR maximises the availability of sensitivity analyses 
to test the MR assumptions.

Two‑sample MR  In the two-sample MR analyses, only 
the genotype-outcome (G-Y) association was estimated 
in MoBa. For these analyses (using the TwoSampleMR 
package [71]), we extracted estimates for the genotype-
exposure (G-X) association from summary-level data 
from the age-at-menarche GWAS [52] and produced a set 
of SNP-specific Wald estimates by calculating the ratio 
between the G-X and the G-Y associations. We tested the 
heterogeneity between the Wald ratios using SNP-spe-
cific Q statistics. Then, these estimates were combined 
using the inverse variance weighted (IVW) meta-analysis 
approach to obtain an estimate of the causal effect.

Multivariable MR and MR sensitivity analyses  We con-
ducted a battery of sensitivity analyses across the one- 
and two-sample MR (described in Additional file 5 [79–
85]) to assess the robustness of results and the impact of 
horizontal pleiotropy—where the genetic variants affect 
the outcome through other pathways than the exposure 
of interest. A likely source of horizontal pleiotropy is via 
BMI, which is therefore included as an additional expo-
sure in multivariable Mendelian randomisation (MVMR) 
analyses [83]. The employed two-sample MR sensitivity 
analyses (MR-Egger [79], MR pleiotropy residual sum 

Fig. 2  Directed acyclic graph illustrating the Mendelian randomisation design. Gj is the jth genetic variant, with direct effect γj on exposure X, 
and direct effect αj on outcome Y; θ is the estimated causal effect of the exposure on the outcome; φj is the relationship between confounders U 
and Gj; dotted lines represent possible violations of the MR assumptions
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and outlier (MR-PRESSO) [80], weighted median [81], 
and contamination mixture methods [82]) make different 
assumptions about horizontal pleiotropy, and we con-
sider effects that are consistent across these approaches 
to be more likely causal, in line with a triangulation 
approach.

Equivalence testing
We additionally used equivalence testing to assess 
whether estimated effects could be considered practically 
equivalent to 0. The region of practical equivalence to 0 
was set, for each analysis, by pre-defining the smallest 
effect size of interest (SESOI). Equivalence tests were car-
ried out with a 5% alpha. Details of the full procedure for 
setting the SESOI and carrying out the equivalence test-
ing are described in Additional file 6 [20, 24, 29, 31, 38, 
42, 49, 56, 86–90].

Negative control analyses
Since an individual’s age at menarche cannot directly 
influence their mental health prior to puberty, childhood 
symptoms can serve as a negative control outcome in our 
study. Such analyses can be used to detect unmeasured 
confounding in the context of MR, given that the nega-
tive control outcome is associated with confounders in a 
similar way to the outcome of interest [87]. Here, we esti-
mate the causal effect of age at menarche on symptoms 
of depression, anxiety CD, ODD, and ADHD measured 
before puberty (at 8  years). We formally compare the 
estimate from the main analysis with this negative con-
trol by testing whether the 14-year estimate is consistent 
with an effect more extreme than the lower 95% CI of the 
8-year estimate.

Missingness/handling of missing data
Within the 14-year sample, we used multiple imputa-
tion (MI) to account for missing data in all variables (see 
Additional file 3 for the amount of missing data per vari-
able). Importantly, some individuals reported having not 
yet had their first menstrual period in the 14-year ques-
tionnaire. Imputed values for age at menarche for these 
individuals were not allowed to be lower than 15  years. 
Further details on the MI and handling of outliers are 
presented in Additional file 1. In addition to MI, we used 
inverse probability weighting to address potential bias 
from selective attrition out of the study over time (see 
Additional file 1).

Power calculations
For the stage 1 submission, power analyses were con-
ducted in R by simulation for all null hypothesis sig-
nificance tests (NHSTs) and equivalence tests used to 

investigate each hypothesis (see summary in Table 2, and 
further details in Additional file 7).

Software and analysis code
We conducted all statistical analyses in R version 4.1.2. 
Data preparation and analysis code is publicly available via 
GitHub: https://​github.​com/​psych​gen/​aam-​psych-​adole​sc-​rr.

Overview of hypothesis tests and inference criteria
Pre-specified statistical tests and inference criteria for 
each hypothesis are summarised in Table  2, includ-
ing the interpretation of all potential patterns of results. 
Further details about the main and sensitivity analyses, 
equivalence bounds, and inference criteria are in Addi-
tional file 6. Note that for directional hypotheses, we pre-
specified one-sided null hypothesis significance tests and 
equivalence tests; therefore, some reported p-values are 
one-tailed.

Results
The pre-registered analyses were conducted according to 
the stage 1 protocol [91], and all deviations are detailed 
and justified in Table 3.

Descriptive statistics
The average age at menarche after multiple imputation 
(since 7.25% had not reached menarche at age 14) was 
12.69 years (SD = 1.18). We conducted a sensitivity analy-
sis setting an equal number of age at menarche values to 
missing, testing the imputation accuracy (see Additional 
file 8). The genetic instrument for age at menarche (based 
on 235 independent SNPs present in MoBa) explained 
6.9% of the variation in age at menarche (R2 = 0.069, 
F = 996.4) and was associated with BMI at 8 (β =  − 0.08, 
95% CI [− 0.10, − 0.05], p < 0.01) and 14 years (β =  − 0.10, 
95% CI [− 0.12, − 0.08], p < 0.01). There were no nota-
ble associations with other covariates (Additional file  9: 
Table S3). The mean number of depressive symptoms at 
age 14 was 9.20 (SD = 6.56).

Depressive symptoms and diagnoses
Main analyses of symptom outcomes
An earlier age at menarche was observationally asso-
ciated with more depressive symptoms at age 14 
(β =  − 0.11, 95% CI [− 0.12, − 0.09], pone-tailed < 0.01) 
after adjusting for covariates and pre-pubertal symp-
toms (see Fig. 3). The one-sample MR analysis indicated 
a small, causal relationship (β =  − 0.07, 95% CI [− 0.13, 
0.00], pone-tailed = 0.03), corresponding to an increase 
of 0.06 standard deviations in depression symptoms 
score per earlier year of menarche (after re-scaling 
the estimate). The adjusted observational estimate was 

https://github.com/psychgen/aam-psych-adolesc-rr
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consistent with an effect as extreme as our smallest 
effect size of interest, but the causal estimate was just 
within the region of practical equivalence to 0. In our 
negative control one-sample MR analyses, pubertal 
timing was not associated with depressive symptoms 
prior to puberty (β =  − 0.03, 95% CI [− 0.12, 0.05], pone-

tailed = 0.22), and the 14-year estimate was consistent 
with an effect more extreme than this.

Main analyses of diagnostic outcomes
For depression diagnoses during adolescence (see 
Fig. 3B), we also found evidence of a small association 
in the observational analysis (OR = 0.78, 95% CI [0.72, 
0.84], pone-tailed < 0.01) and one-sample MR (OR = 0.74, 
95% CI [0.54, 1.01], pone-tailed = 0.03). The MR estimate 
was equivalent to a 29% increase in the likelihood of 
receiving a depression diagnosis with each year of ear-
lier menarche. The number of depression cases in child-
hood (i.e., 7) was too small to include this as a negative 
control outcome. Only the MR estimate, which was less 
precise than the observational estimates, was consist-
ent with values at least as extreme as our SESOI.

Sensitivity analyses
The two-sample MR sensitivity analyses with depres-
sive symptoms as the outcome yielded mixed results 
(see Fig. 4). The IVW (β =  − 0.05, 95% CI [− 0.11, 0.01], 
pone-tailed = 0.04), contamination mixture (β =  − 0.18, 
95% CI [− 0.28, − 0.04], pone-tailed < 0.01), and weighted 
median methods (β =  − 0.02, 95% CI [− 0.11, 0.06], pone-

tailed = 0.31) gave estimates in a consistent direction with 
the one-sample MR. The MR-Egger estimate was posi-
tive (β = 0.08, 90% CI [− 0.07, 0.23], pone-tailed = 0.14). 
Moreover, after Steiger filtering, the IVW estimate 
was attenuated (β =  − 0.02, 95% CI [− 0.08, 0.04], pone-

tailed = 0.22), whereas the contamination mixture esti-
mate was unchanged (β =  − 0.17, 95% CI [− 0.25, − 0.04], 
pone-tailed = 0.01). The MR-Egger intercept provided lit-
tle evidence of directional pleiotropy, with an intercept 
value of − 0.006 (95% CI [− 0.01, 0.00], p = 0.05). The MR 
PRESSO global test did not detect any outliers.

MVMR analyses accounting for overlap with child-
hood body size and adult BMI were limited by weak 
instruments (conditional F-statistic range 7.2–10.3). The 
estimate for age at menarche predicting depressive symp-
toms at age 14 was in a consistent direction with the IVW 
estimate (which was β =  − 0.05) but partly attenuated 
when accounting for childhood body size (β =  − 0.03, 95% 

Fig. 3  Observational and causal links between age at menarche and depression. A Standardised betas of age at menarche predicting adolescent 
depressive symptoms, based on linear regressions unadjusted and adjusted for covariates and symptoms at age 8, one-sample Mendelian 
randomisation (MR), and negative control MR with 8-year depressive symptoms as the outcome. B Standardised odds ratios of age at menarche 
predicting depression diagnoses during adolescence, based on logistic regressions unadjusted and adjusted for covariates, and one-sample MR. 
In both panels, the orange dashed line represents the smallest effect size of interest for the observational analysis; the blue dashed line represents 
the smallest effect size of interest for the MR. NB: 95% confidence intervals are presented to show the precision of the estimates, but all statistical 
tests for depression outcomes were pre-specified to be one-tailed, meaning that the visual interpretation of the CIs in relation to the point null 
and smallest effect sizes of interest differs from the test result (described in text) in places
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CI [− 0.07, 0.02], pone-tailed = 0.11) and substantially atten-
uated when accounting for adult BMI (β =  − 0.01, 95% 
CI [− 0.05, 0.04], pone-tailed = 0.40). Modified Q-statistics 
indicated pleiotropy when including childhood body size 
(Q1866 = 2044.3, p < 0.01) and adult BMI (Q1812 = 1924.0, 
p = 0.03). When including genetically predicted estra-
diol as a second exposure, the estimate was only some-
what attenuated (β =  − 0.04, 95% CI [− 0.09, − 0.00], 
pone-tailed = 0.02). Again, there was evidence of pleiotropy 
(Q1804 = 1951.0, p < 0.01). The MVMR sensitivity analy-
ses provided broadly similar results (Additional file  10: 
Table S4).

Furthermore, we incorporated the stage of breast 
development as an additional exposure in the observa-
tional models. A more advanced breast stage was associ-
ated with more depression diagnoses but including it in 
the same model left estimates for age at menarche largely 
unchanged (see Additional file  8). We also conducted 
the analyses based on a categorised age at menarche 
exposure and dichotomised SFMQ—as in Sequeira et al. 
[56]—which showed consistent results (see Additional 
file 8). Finally, we also incorporated IP weights to account 
for selective attrition, which attenuated much of the dif-
ferences in baseline covariates between participants 
(n = 13,398) and non-participants (n = 41,832) at age 
14 (Additional file  11: Fig. S9). The weighted results for 

symptoms and diagnoses of depression were similar to 
the unweighted results, although with somewhat reduced 
precision due to the inclusion of the weights (Additional 
file 12: Fig. S10).

Symptoms and diagnoses in other domains
Main analyses of symptom outcomes
For anxiety symptoms at age 14 (see Fig.  5), the obser-
vational analysis adjusted for covariates, concurrent 
depressive symptoms and pre-pubertal anxiety symp-
toms showed little evidence of an association (β =  − 0.02, 
95% CI [− 0.04, − 0.01], p < 0.01). Also, the one-sam-
ple MR provided no evidence of a causal relationship 
(β = 0.02, 95% CI [− 0.05, 0.09], p = 0.64). Similarly, there 
was little evidence for a relationship with ADHD traits in 
the fully adjusted observational analysis (β =  − 0.02, 95% 
CI [− 0.04, − 0.01], p = 0.01) or the MR (β = 0.02, 95% CI 
[− 0.06, 0.09], p = 0.67). There was a small adjusted obser-
vational relationship with CD symptoms (β =  − 0.06, 95% 
CI [− 0.08, − 0.05], p < 0.01), with which the MR esti-
mate was consistent, but confidence intervals included 
0 (β =  − 0.06, 95% CI [− 0.13, 0.01], p = 0.08). The results 
for ODD symptoms showed no evidence of an observa-
tional (β = 0.01, 95% CI [− 0.01, 0.03], p = 0.27) or causal 
relationship (β = 0.01, 95% CI [− 0.06, 0.08], p = 0.80). 
Only the unadjusted (but not adjusted) observational and 

Fig. 4  Two-sample MR sensitivity analyses of age at menarche and depressive symptoms. MR sensitivity analyses showing broadly consistent 
directions of effect (except for MR-Egger), with an earlier age at menarche related to elevated adolescent depressive symptoms. MR, Mendelian 
randomisation; SNP, single nucleotide polymorphism
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causal estimates for CD symptoms were consistent with 
effects outside the range of practical equivalence to 0. 
Negative control analyses for these outcomes were con-
sistent with these results.

Main analyses of diagnostic outcomes
For anxiety diagnoses during adolescence (see Fig.  5), 
the observational analysis adjusting for covariates, ado-
lescent depression, and childhood anxiety diagnoses 
showed a small observational association (OR = 0.86, 
95% CI [0.80, 0.91], p < 0.01), and the MR estimate was 
consistent, but confidence intervals included the null 
(OR = 0.82, 95% CI [0.63, 1.07], p = 0.14). Similarly, age 
at menarche showed no evidence of an observational 

(OR = 0.90, 95% CI [0.80, 1.01], p = 0.07) or causal rela-
tionship with ADHD diagnoses (OR = 0.69, 95% CI 
[0.47, 1.02], p = 0.06), although the MR point estimate 
was more extreme than the effect found for depression 
diagnoses. For DBD diagnoses, there was no evidence 
of an observational (OR = 0.90, 95% CI [0.76, 1.07], 
p = 0.24) or causal relationship (OR = 1.04, 95% CI 
[0.52, 2.07], p = 0.92). Across the observational analy-
ses, all estimates fell within our defined range of practi-
cal equivalence to 0, while MR findings were generally 
too imprecise to draw clear conclusions. There were too 
few diagnoses in childhood to conduct negative control 
analyses (see Table 3).

Fig. 5  Observational and causal links between age at menarche and other domains. A Standardised betas for age at menarche predicting 
symptoms in other domains of mental health in adolescence, based on linear regressions unadjusted and adjusted for covariates, concurrent 
depressive symptoms (age 14) and pre-pubertal symptoms (age 8), one-sample Mendelian randomisation (MR), and negative control MR 
with 8-year symptoms as outcomes. B Standardised odds ratios of age at menarche predicting diagnoses in other domains of mental health 
during adolescence (ages 10–17), based on logistic regressions unadjusted and adjusted for covariates, adolescent (ages 10–17) depression 
diagnoses and childhood diagnoses for each domain (ages 0–8), and one-sample MR. In both panels, the orange dashed line represents 
the smallest effect size of interest for the observational analysis; the blue dashed line represents the smallest effect size of interest for the MR; 95% 
confidence intervals are presented. ANX, anxiety; CD, conduct disorder; ODD, oppositional defiant disorder; ADHD, attention-deficit hyperactivity 
disorder; DBD, disruptive behaviour disorder
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Sensitivity analyses
The two-sample MR sensitivity analyses for symptoms in 
other domains showed little evidence of any associations 
apart from CD, where all estimates were consistent with 
earlier age at menarche leading to more CD symptoms 
(Additional file  13: Fig. S11). MVMR analyses account-
ing for overlap with major depression provided little evi-
dence of causal relationships between age at menarche 
and 14-year symptoms of anxiety (β =  − 0.01, 95% CI 
[− 0.05, 0.03], p = 0.63), CD (β = 0.00, 95% CI [− 0.04, 
0.04], p = 0.94), ODD (β = 0.00, 95% CI [− 0.04, 0.04], 
p = 0.87), and ADHD (β = 0.01, 95% CI [− 0.03, 0.05], 
p = 0.80). MVMR sensitivity analyses were sometimes 
imprecise but consistent with the pattern of null findings 
(Additional file 10: Table S4). The MR-Egger test showed 
little evidence of directional pleiotropy for any of the out-
comes. The MR PRESSO global test also did not detect 
any outliers.

Exploratory analyses
We conducted unregistered follow-up analyses of the 
causal effect of age at menarche on diagnostic outcomes 
since the MR results were imprecise. To explore whether 
the estimates for anxiety and ADHD were attenuated 
when accounting for comorbid depression and corre-
sponding childhood diagnoses, we ran one-sample MR 
models with these included as covariates. This somewhat 
attenuated the estimate for anxiety (OR = 0.86, 95% CI 
[0.66, 1.13]) but not for ADHD (OR = 0.64, 95% CI [0.43, 
0.97]). We also sought to explore the impact of the tim-
ing of diagnosis further, since this may have an impact on 
estimates. To this end, we divided the outcomes into new 
diagnoses in (1) preadolescence (ages 9–11), (2) early 
adolescence (ages 12–14), and (3) mid-late adolescence 
(ages 15–17). For depression, there was only evidence 
of a causal relationship in early (OR = 0.50, 95% CI [0.26, 
0.95]) and not mid-late adolescence (OR = 0.95, 95% 
CI [0.64, 1.41]). The pattern for ADHD diagnoses was 
the same, with only a relationship in early adolescence 
(OR = 0.47, 95% CI [0.23, 0.95]). There were no relation-
ships with anxiety diagnoses in either time window (see 
Additional file 8).

Discussion
In this Registered Report, we assessed the causal link 
between age at menarche and adolescent mental health 
in a large, population-based cohort. In observational 
analyses, we found evidence of an association between 
earlier age at menarche and elevated depressive symp-
toms at age 14, which was robust to the inclusion of 
measured covariates, pre-pubertal symptoms, and across 
all sensitivity analyses. In contrast, age at menarche was 
not associated with symptoms in the other domains apart 

from CD, once depressive symptoms were accounted for. 
One-sample MR analyses mirrored the observational 
results—with evidence of a small, causal effect of earlier 
age at menarche on elevated depressive symptoms—but 
not the other outcome domains. Negative control MR 
analyses using pre-pubertal symptoms as outcomes cor-
roborated this pattern of findings. The results for diag-
nostic outcomes were generally less precise, indicating a 
causal effect of earlier age at menarche on more depres-
sion diagnoses during adolescence, but not diagnoses in 
other domains. Taken together, the main analyses sup-
ported our hypothesis of a causal effect of earlier age at 
menarche on diagnoses of adolescent depression and 
suggest that this effect is specific to depression, rather 
than influencing adolescent mental health in general.

Our adjusted observational estimates, negative control 
analyses, and one-sample MR analyses were all consistent 
with small causal effects of age at menarche on symptoms 
and diagnoses of depression. This finding effectively rep-
licates a previous finding in adolescents [56] and aligns 
with previous findings in adults [61, 70, 92]. For each 
year earlier menarche, the odds of being diagnosed with 
depression during adolescence (ages 10–17) increased 
by approximately 29%. The robustness of this effect—
which received broadly consistent empirical support 
across different outcomes and methodologies—is strik-
ing. Nonetheless, some considerations are important 
to its interpretation. The effects of age at menarche on 
symptoms and diagnoses of depression were very small, 
and the extent to which they should be considered clini-
cally meaningful is a matter of debate. On the symptom 
outcome, individuals with a year earlier menarche would 
score less than half a point higher, on average, on the 
SMFQ scale. For diagnoses, the absolute risk of adoles-
cent depression diagnoses changes from 5.2 to 6.6% with 
1 year earlier menarche. Our analyses defined a region of 
practical equivalence to 0 based on pre-defined smallest 
effect sizes of interest, and while some estimates were 
consistent with effects outside this region, the majority 
of plausible values fell within. It should be noted that our 
smallest effect sizes of interest were set based on exist-
ing empirical evidence, and not based on clinical change 
thresholds—which may be preferable [86]. Overall, the 
effect sizes obtained here are consistent with the small 
associations obtained for a range of mental health and 
behavioural outcomes in other studies [20, 36] and dem-
onstrate a reduction in effect sizes when accounting for 
confounding.

While the evidence from our main analyses of depres-
sion outcomes was relatively consistent, potential com-
plexities in the interpretation of these relationships 
prompted us to perform extensive sensitivity analyses. 
The two-sample MR sensitivity analyses, which make 
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different assumptions about the role of horizontal plei-
otropy, provided mixed results regarding the causal rela-
tionship of age at menarche with depressive symptoms. 
The results based on Steiger filtering suggested that 
reverse causation, or other pleiotropic pathways, may 
be involved in the relationship between age at menarche 
and adolescent depressive symptoms. It should be noted 
that these analyses were relatively imprecise because 
they required that we perform GWAS of the symptom 
outcomes in MoBa with a sample size (9832) well below 
what is typically required for genomic discovery. We 
also conducted multivariable MR analyses, which were 
designed to estimate the direct effect of age at menarche 
while accounting for BMI. The results indicated that 
the association between age at menarche and depres-
sive symptoms was confounded by BMI. The estimate 
was in a consistent direction but partly attenuated when 
including childhood body size and markedly attenuated 
when including adult BMI. While childhood body size is 
a likely confounder, post-pubertal BMI could also be on 
the causal pathway to depression; therefore, the impact of 
adjusting for adult BMI should not be taken primarily as 
evidence of confounding. These analyses were limited by 
weak instruments, so may have been biassed towards the 
null by the violation of the relevance assumption. None-
theless, these and previous findings [56, 61] are in line 
with the role of BMI as a confounder of the link between 
pubertal development and adolescent depression. Future 
research utilising stronger genetic instruments would be 
required to quantify the extent of confounding by BMI, 
and its potential mediating role.

The pattern of results in our study suggests that age at 
menarche may contribute to symptom differentiation in 
adolescence, affecting risk for depression diagnoses spe-
cifically, rather than acting across the range of mental 
health outcomes included here. There were some possi-
ble exceptions, including conduct symptoms (where the 
adjusted observational estimate suggested a small effect, 
and the one-sample MR result was consistent in mag-
nitude and direction but non-significant) and ADHD 
(where observational results suggested no association, 
but the MR point estimate—while non-significant—was 
more extreme than that for depression). However, we 
saw very little signal for anxiety, disruptive behaviour 
disorders, and ADHD when accounting for co-occurring 
depression and other confounders. Previous observa-
tional studies have shown associations with a wide range 
of conditions, including anxiety and behavioural condi-
tions [20, 21]. Notably, our unadjusted estimates for each 
condition—both symptoms and diagnoses—were also 
indicative of effects. As a result of the general attenua-
tion of these effects after control for confounders (both 
explicitly in the adjusted observational estimate and 

implicitly in MR), we can infer that some of the previ-
ously identified associations may not be causal or that 
they may not remain after accounting for the effect of co-
occurring depression. We recommend that future studies 
account for the comorbidity between mental health con-
ditions when assessing pubertal timing effects, given the 
potential for condition-specific mechanisms.

Interestingly, sex differences in depression emerge and 
then peak during adolescence, before declining across 
adulthood [93]. To explain this phenomenon, future 
research could benefit from taking a lifespan approach to 
reproductive development and women’s mental health. 
Given some evidence of converging aetiology of depres-
sion, age at menarche and menopause [70, 94], future 
studies could aim to explore their joint genetic architec-
ture and potential shared biological underpinnings [95]. 
A hypothesis that remains to be tested is that the asso-
ciations between depression and earlier female reproduc-
tive events (including age at menarche) may be caused by 
the duration of sex hormone exposure. If so, we would 
expect that the risk of depression would increase when-
ever menarche occurs—and that in the longer term, 
those with a later menarche would eventually “catch up” 
with others experiencing it earlier. Indeed, evidence of 
this “catching up” has recently been found in ALSPAC 
[96]. In line with this pattern of results, our explora-
tory analyses indicated an ~ 80% increase in the odds of 
depression diagnoses and a ~ 90% increase in the odds of 
ADHD diagnoses per year of earlier menarche in early 
adolescence (ages 12–14), but not in the years prior to or 
after this period. This may suggest that menarche causes 
a transient increase in the prevalence of depression (and 
possibly ADHD, although this finding should be con-
sidered hypothesis-generating rather than conclusive). 
Future waves of data collection in MoBa could be used to 
corroborate this further.

We also conducted MVMR analyses utilising genetic 
variants associated with estradiol as an additional expo-
sure [68], showing limited attenuation of the relationship 
between earlier age at menarche and elevated depressive 
symptoms when including estradiol. When including the 
stage of breast development as an additional predictor in 
observational analyses, results for depressive symptoms 
and diagnoses remained unchanged. This conflicts with 
previous analyses in ALSPAC which suggested that breast 
stage is driving the association with depressive symptoms 
rather than age at menarche [42]. To shed some light on 
this complex pattern of findings, future studies could 
directly investigate the role of estradiol and other puber-
tal sex hormones in mediating the effects of pubertal 
development, rather than relying on proxy measures.

Future studies could also test the causal relationship 
between pubertal timing and mental health using other 
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genetically informed methods. For instance, co-twin 
control studies have found that pubertal timing effects 
on adolescent mental health were largely due to shared 
genetic influences [97, 98]. MR can also be conducted 
within families, accounting for population phenomena 
that may bias genetic associations, such as population 
stratification, dynastic effects, and assortative mating 
[99]. Although our sample of female adolescents was too 
small for conducting well-powered within-family MR, 
consortium-based analyses could offer a solution.

Limitations
This study features a relatively large sample of genotyped 
adolescents and a strong genetic instrument for age at 
menarche. Furthermore, the Registered Report format 
and extensive sensitivity analyses strengthen the support 
for our conclusions. However, there are some important 
limitations to our study. Although our sample size was 
larger than previous studies, the precision of MR analy-
ses was low for less prevalent conditions, especially DBD. 
Another limiting factor to the precision of estimates was 
the censoring of diagnoses in the registry data, which we 
proposed to handle with multiple imputation in the stage 
1 protocol. However, this turned out not to be feasible, 
resulting in a deviation from the registered protocol (see 
Table  3 for a further description and justification). The 
accuracy of the imputation of missing age at menarche 
values was also lower than anticipated, but this was a 
minor issue since values were known to be 15 or higher.

As well as some issues with low precision, limitations 
in the MR components of our study are linked to the 
assumptions upon which the method rests. An advantage 
of our one-sample MR design is that the relevance and 
independence assumptions could be tested directly. Here, 
the genetic instrument was strongly associated with age 
at menarche—but not measured covariates, besides BMI 
and to some extent maternal age—providing some sup-
port for the validity of these assumptions. Furthermore, 
the two-sample MR sensitivity analyses provided insuffi-
cient evidence of directional horizontal pleiotropy, a par-
ticularly likely violation of the assumptions in the context 
of mental health outcomes [100]. However, we reiterate 
that the final two MR assumptions cannot be verified 
empirically and that violations may give biassed esti-
mates. It is worth highlighting that the MVMR analyses 
including BMI may violate these assumptions. First, weak 
instruments may have biassed the estimates from these 
analyses towards the null. On a related note, despite 
broadly consistent results from the MVMR sensitivity 
analyses, BMI SNPs are highly pleiotropic and may have 
introduced bias in the MVMR. Overall, the potential of 

bias means that triangulation is of key importance, and 
results that are consistent across different methods and 
outcomes should be given more weight than isolated 
findings.

Since different methods may lead to different sources 
of bias, triangulation of multiple analytic approaches has 
been suggested as a way forward in aetiological epidemi-
ology [58]. However, a key distinction may be between 
deciding which methods will be combined—and how—
before conducting the analyses, or after the fact. “Pro-
spective triangulation”, or pre-specifying a triangulation 
strategy and specific inference criteria such as in our 
Registered Report, may further increase the confidence 
we can have in the results.

There are also limitations to the generalisability of 
this study. First, MoBa is not fully representative of the 
general population due to non-random participation 
at the recruitment stage. Those less represented are 
the youngest women, those living alone, smokers, and 
women with previous stillbirths or more than two pre-
vious births [101]. However, previous research has sug-
gested that non-random initial participation may have a 
limited impact on exposure-outcome associations [101, 
102]. Furthermore, selective attrition could be expected 
to have an important impact on our results, due to the  
substantial drop-out at age 14 in MoBa. Yet, our IPW analy-
ses showed consistent results when accounting for selec-
tive attrition. Finally, this study is based on a predominantly 
white European cohort. Future research in cohorts from 
non-European countries would advance the field further.

Conclusions
Our findings—based on extensive analyses and hypoth-
eses registered prior to the availability of data [91]—
provided support for the hypothesis that an earlier age 
at menarche causally increases the risk of adolescent 
depression. After accounting for depression and other 
confounders, we found no clear evidence of this effect 
being present for anxiety, disruptive behaviour disorders, 
or ADHD. A range of sensitivity analyses corroborated 
our results but suggested that the causal relationship 
with depressive symptoms may be partly confounded by 
BMI and/or influenced by low-level genetic pleiotropy. In 
sum, although the associations of age at menarche with 
symptoms and diagnoses of depression are likely partly 
confounded, our results supported small causal relation-
ships. Since the effects were specific rather than shared 
across all the mental health domains included here, the 
timing of menarche may contribute to the developmen-
tal differentiation of depression from other mental health 
conditions in adolescence.
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