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Internalising symptoms including depression, anxiety and somatic symptoms in adolescence are common. They can be transient,
but they can also persist and progress to major depressive disorder (MDD) Polygenic risk scores for major depression (MD-PGS) may
help identify which symptomatic adolescents are at greatest risk of later disorder. In a mega-analysis of two longitudinal
population-based cohorts from Brisbane, Australia, we investigated whether polygenic liability to depression improves risk
stratification among adolescents with elevated internalising symptoms. Internalising symptoms were assessed at age 14, lifetime
MDD was assessed in young adulthood using the Composite International Diagnostic Interview, and MD-PGS were generated using
summary statistics from the latest Psychiatric Genomics Consortium major depression genome-wide association study, excluding
Australian cohorts. Analyses focused on comparisons between individuals in the top decile of risk and those in the remaining 90%
of each cohort. A total of 302 cases with lifetime MDD and 1693 controls were included. Compared with adolescents outside the
highest decile of internalising symptoms, those in the top decile at age 14 had a more than two-fold increased odds of lifetime
MDD (OR= 2.56, 95% CI 1.92–3.49, p= 5.4 × 10-10). Individuals in the top decile of MD-PGS also showed increased odds of lifetime
MDD compared with the remaining 90% (OR= 3.45, 95% CI 2.53–4.71, p= 4.4 × 10−¹⁵). Adolescents who were simultaneously in the
top decile of both internalising symptoms and MD-PGS had an approximately eight-fold increased odds of lifetime MDD compared
with individuals outside the top decile for both risk factors (OR= 8.58, 95% CI 4.04–18.26, p= 1.2 × 10−⁵). These findings indicate
that polygenic risk scores for depression may have particular clinical utility for stratifying risk among adolescents already presenting
with elevated internalising symptoms, identifying a subgroup at very high risk for later major depressive disorder.
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INTRODUCTION
As psychiatric disorders are substantially heritable, polygenic risk
scores (PGS) that aggregate information from thousands of
genetic variants to index an individual’s genetic liability are of
increasing interest as potential tools in psychiatry that can be
combined with clinical information [1] to help stratify risk for
mental health outcomes and increase the accuracy of diagnosis
[2–4]. Clinicians commonly assess family history of mental health
problems but many patients will not have a family history and

individuals can be at high genetic risk without having a family
history of a psychiatric disorder [5]. Therefore, assessment of
genetic risk that goes beyond family history may have value in
identifying those most at risk of poor outcomes.
As not all the variation in risk in the population is attributable to

genetics, PGS will never be fully predictive of whether someone
will meet diagnostic criteria for a psychiatric disorder. However, a
potential utility of PGS may lie in helping to identify who among
those exhibiting symptoms is at risk of developing a disorder or
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having symptoms persist over time. One such instance is the onset
of internalising symptoms in adolescence. Adolescence is a time
of physical change often accompanied by changes in mood and
increases in internalising problems. Internalising symptoms in
adolescence are predictive of poor mental health in adulthood
[6, 7] A previous analysis in the Mater-University Study of
Pregnancy (MUSP) cohort found that high internalising symptoms
at age 14 were predictive of lifetime depressive disorders at age
21 [8]. However, some young people experience transient
internalising symptoms during adolescence that resolve, whereas
for others, symptoms will persist or intensify leading to a diagnosis
of Major Depressive Disorder (MDD) or an anxiety disorder, the
two most common psychiatric disorders [9]. Given the increasing
rates of mental health problems in young people, youth mental
health services are under increased strain and in some cases have
long waiting lists for treatment. More accurate stratification of risk
can help in prioritising resources for those most at risk of poor
outcomes [10]. Information on genetic risk may be valuable in
identifying who among adolescents who report high internalising
symptoms is at risk of developing a depressive disorder.
The PGS for Major Depression (MD-PGS) derived from the

largest published genome-wide association study (GWAS) to date
was found to explain ~5.7% of the variance in liability to
depression in independent cohorts [11]. The estimated odds ratio
(OR) of depression per SD of MD-PGS was on average 1.57 across
all cohorts and the OR for being a case in the tenth compared to
the first decile was 4.92. Furthermore, risk did not increase linearly
by decile. Those in the highest decile had substantially increased
risk - consistent with the polygenic model of inheritance [12].
Similar results have been found for prediction of schizophrenia
using PGS [13–15], indicating those in the highest decile of
genetic risk have a disproportionate liability. In addition to
predicting depression liability, the MD-PGS is associated with
more severe depression including higher levels of recurrence
[16, 17], earlier age of onset [16–18] and persistence of depression
from adolescence into adulthood [19]. Evidence is accumulating
that high MD-PGS is associated with poorer trajectories of illness
among young people experiencing symptoms and incorporating
it into clinical practice may lead to earlier intervention for those
most at risk of persistent symptoms. It is likely that the most utility
for clinicians will come from knowing whether a young person
falls within the upper percentile of genetic risk. This may help to
inform early intervention strategies, guide closer monitoring,
anticipate potential trajectories and tailor therapeutic approaches
accordingly.
While it is established that internalising symptoms in adoles-

cence and MD-PGS are associated with risk of depressive
disorders, to date there have been few studies evaluating how
both of these risk factors together can predict risk.
In this study, we use data from two longitudinal cohort studies

in Brisbane, Australia to evaluate to what extent the MD-PGS is
associated with internalising symptoms in adolescence and
lifetime MDD in young adulthood, and how combining informa-
tion on internalising symptoms during adolescence and genetic
risk can predict lifetime MDD at follow-up.

METHODS
Mater-university study of pregnancy
The Mater-University Study of Pregnancy (MUSP) is a longitudinal
multigenerational cohort study in Brisbane, Australia. Full details of the
recruitment and assessments are given elsewhere [20]. Briefly, expectant
mothers attending their first obstetric appointment at the Mater Hospital
were approached for participation in the study between 1981 and 1983. A
total of 6753 women who gave birth were recruited into the study. A
5-year follow-up of the mothers (n= 4843) was conducted which included
questions about their child’s behaviour. A further follow-up was conducted
at 14 years for mothers (n= 5181) and children (n= 5166). Further follow-
ups were performed 27 years after the initial study for mothers (n= 3501)

and 30 years for their offspring (n= 2474). The 30-year follow-up occurred
between 2011 and 2014.

Measures
At the 14-year follow-up, both mothers and offspring participated.
Psychopathology of the offspring was measured using the Youth Self
Report (YSR; self-report) [21], from which an overall broad internalising
scale was extracted. We defined those scoring above the 90th percentile on
the internalising scale as “cases”, as described in previous studies and
controls as those in the lowest nine deciles [22]. This allowed direct
comparison with the polygenic risk score, for which the top decile was also
evaluated.
Lifetime diagnosis for MDD was assessed in the offspring using the

Composite International Diagnostic Interview (CIDI), a commonly used
structured interview to assess diagnoses according to the Diagnosis and
Statistical Manual (Version 4) [DSM IV] criteria) at the 30-year follow up. A
lifetime diagnosis of MDD at age 30 was the primary outcome variable
which we aimed to predict using the adolescent symptom data and MD-
PGS.
Family history was defined by a maternal depression or anxiety

diagnosis as assessed at the 27-year follow-up when mothers were
administered the CIDI or via self-report at the 5-year or 14-year follow-up.
No data on paternal or sibling mental health were available.
Participants were divided into either low or middle/high income

households according to whether the maternal-reported household
income at the 14-year follow-up was categorised as ≥/< $20,800AUD per
annum, which distinguished between low and middle/high income
households. We evaluated whether there were differences in the
proportion of low-income households by regressing binary income status
at age 14 against participation in the age 30 follow-up and contributing a
biological sample.

Genotyping
Offspring were approached at the 30-year follow up to provide a blood
sample for genotyping. A total of 1771 participants consented for the
genetic arm of the study, of whom 1306 were genotyped on the Illumina
PsychChip v 1.0. Prior to imputation, single nucleotide polymorphisms
(SNPs) with >5% missingness, <1% minor allele frequency or deviation
from Hardy-Weinberg Equilibrium (p < 10-06) were removed. SNPs where
the strand was ambiguous were also removed. To assess genetic ancestry,
the data were combined with the populations from the 1000 Genomes
Project Version 5. A set of SNPs in linkage equilibrium was generated using
PLINK, principal components analysis was conducted and projected on to
the first two principal components of the 1000 Genomes populations. Any
sample more than 3 standard deviations from the bivariate mean of the
European populations were considered to be non-European. A total of 4
non-European samples were identified and due to the small number,
excluded from the analysis. The data were phased using MaCH and
imputed to the 1000 Genomes Project Version 5 using minimac3. A further
round of quality control to remove low quality and low frequency SNPs
was performed. After QC, there were a total of 1256 unrelated individuals
of European ancestry available for analysis.

The brisbane longitudinal twin study
The Brisbane Longitudinal Twin Study (BLTS) is a longitudinal study of
twins and their siblings recruited from high schools in the Greater Brisbane
Area that began in 1992 [23]. Twins were recruited at ages 12 and 14 for
studies on the development of melanocytic naevi via media appeals and
by word of mouth. In this study, to ensure comparability of the results
between MUSP and the BLTS, we utilise data from the twins when they
were aged 13-15. A total of 1913 participants from 915 families were
assessed for depressive symptoms at age 14.
Twins and their siblings were invited to the Nineteen and Up (19Up)

study. The primary focus of this longitudinal study was to elucidate
pathways to onset of common mental disorders and substance abuse from
adolescence to young adulthood. 19Up was conducted between 2009 and
2016 [24]. A total of 2773 twins and their siblings aged between 18 and 38
years participated.

Measures
Depressive symptoms in the adolescent twins were assessed using a
shortened version of the Somatic and Psychological Health Report
(SPHERE-12) [25]. The SPHERE is a self-report questionnaire developed
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from existing self-report and diagnostic instruments designed for screen-
ing for common mental disorders in general practice. The individual items
and scoring of the SPHERE-12 are shown in the Supplementary Note. A
previous study using these data found that item response scores derived
from the SPHERE assessed during adolescence were predictive of meeting
criteria for mental disorders in adulthood [26]. As in the MUSP study, we
evaluated the predictive ability of the overall SPHERE scale as well as
evaluating the risk of those scoring above the 90th percentile compared to
those with scores below the 90th percentile. The 90th percentile
corresponds to a score of 9 or more on the SPHERE-12. As the scale
consists of discrete values, this score captures the top 13% of the
distribution of SPHERE scores. A positive screen on the SPHERE-12 requires
a score of 5 (at least 2 on the PSYCH-6 scale and 3 on the SOMA-6 scale)
and so the 90th percentile is more stringent.
The 19Up study was conducted in three waves. The second and third

waves included an online version of the CIDI from which lifetime diagnosis
of MDD could be obtained. Therefore, diagnostic information was not
available for all participants in 19Up. Cases were participants who met the
DSM-V criteria for lifetime MDD according to the CIDI. Controls were those
who did not meet criteria for lifetime MDD or an anxiety disorder. No
information on family history was available in 19Up. Parental income was
not directly assessed. Socioeconomic status at age 14 was derived from
parental self-reported occupation. Occupations were mapped to the
Australian Socioeconomic Index (SEI) 2006 (AUSEI06) occupational status
scale [27] as previously described [28]. For each individual, AUSEI06 was
ascertained for each parent, and childhood status for each twin pair was
set to the maximum of their maternal and paternal values. To evaluate
whether there was bias in retention in BLTS between the age 14 visit and
the 19Up study, logistic regression was conducted with participation in
19Up as the dependent variable, and SEI scores at age 14 as the
independent variable. Attrition bias was also assessed by evaluating
whether those who were assessed at age 14 and participated in 19Up
(n= 787) had lower MD-PGS than those who did not participate in 19Up.

Genotyping
The genotyping has been described in detail elsewhere [23]. Briefly, twins
and their siblings were genotyped on the Illumina 610k chip. The same
quality control filters as used in MUSP wereapplied prior to imputation to
the 1000 Genomes Project data phase 3 version 5 using the University of
Michigan imputation server [29]. A further set of quality controls were
applied to remove poorly imputed SNPs. Using principal components
analysis, a total of 24 individuals were identified as being of non-European
(primarily Asian) ancestry and were excluded from the analysis.

Polygenic risk scores
The initial SNP weights were drawn from the summary statistics of a meta-
analysis of cohorts in the most recent Psychiatric Genomics Consortium
Major Depression (MD) genome-wide association study (GWAS), with all
Australian cohorts excluded to avoid sample overlap. The summary
statistics were generated from 510,763 cases and 3,346,858 controls.
SBayesRC [30], a Bayesian method that reweights SNP effects from
summary statistics while accounting for linkage disequilibrium (LD) and
functional annotations in the genome was used to generate the posterior
weights. A pre-computed eigen-decomposition dataset from LD matrices
generated using 20,000 unrelated participants of European ancestry from
the UK Biobank was downloaded from the GCTB website (https://gctbhub.
cloud.edu.au/software/gctb) and used to model LD. After imputing missing
SNPs in the GWAS summary statistics, a total of 6,079,492SNPs with minor
allele frequency > 0.01 were included in the analysis.
The --score function in PLINK version 1.9 [31] was used to generate the

PGS from the posterior SNP weights. PGS were standardised to the sample
mean and standard deviation of the individual cohorts prior to analysis.
Individuals in each cohort were split into deciles according to PGS.

Within-cohort analysis
A series of univariate and multivariable logistic regression analyses were
conducted within each cohort separately. The association between
internalising symptoms at age 14 and the MD-PGS in each cohort was
evaluated. The association between the MD-PGS and lifetime MDD in
adulthood both per standard deviation of MD-PGS and by decile was then
estimated. In BLTS, we evaluated the association between MD-PGS and
lifetime MDD in the entire 19Up cohort and then in the subset who had
been screened with the SPHERE at age 14. We further compared the top

decile of internalising at age 14 compared to those in the lowest nine
deciles and similarly for the top decile of MD-PGS as predictors of lifetime
MDD. Next internalising symptoms at age 14 and MD-PGS and maternal
history of depression or anxiety (in MUSP only) were evaluated as
predictors of lifetime MDD at age 30 both independently and in a joint
model. To investigate collinearity between high internalising, high MD-PGS
and family history, the variance inflation factor of each variable in the
multiple regression was estimated using the “car” package in R. Lastly, the
association of both high internalising symptoms and high MD-PGS, as
measured by comparing those in the top decile of both variables to those
with neither high internalising nor high PGS, with lifetime MD was
evaluated. We further evaluated to what extent changing the cut-off of
high MD-PGS to include the top 15% or top 20% of risk affected the results.
All analyses included sex and the first 10 genetic principal components to
account for potential population stratification as covariates. Primary
analyses were conducted using the glm function in R v4.1.3. To account
for relatedness between twins in the BLTS, a linear mixed model which
included a kinship matrix as a random effect was fit in GCTA [32]. A mega-
analysis of the two cohorts was then conducted.

Mega-analysis
A mega-analysis of the two cohorts was conducted to evaluate
associations between lifetime MDD and (i) the top decile of MD-PGS
versus the remaining 90%, (ii) the top decile of internalising symptoms
versus the remaining 90%, and (iii) the combined presence of both high
genetic risk and high internalising symptoms.

RESULTS
MUSP
Descriptive statistics for demographic and outcome variables both
in the entire cohort of offspring assessed at age 14, those assessed
at the age 30 follow-up, and the subset of participants who were
included in the genetic analysis are shown in Table 1. Participants
from low-income families were significantly less likely (OR= 0.69,
CI (0.58 – 0.81, p= 8.7 ×10-06) to have participated in the age 30
follow-up and provided DNA. However, both the mean score on
the YSR internalising scale (β= 0.65, SE= 0.25, p= 8.9 ×10-03) and
the proportion of participants classified as a case were higher in
those who were genotyped.
A total of 1208 participants had data on internalising symptoms

at age 14 and lifetime depression at age 30 and passed
genotyping QC. Of these, there were 244 (21%) who met lifetime
criteria for MDD at the 30-year follow-up and 964 who were
controls. The mean age at interview was 29 years (range 28 - 32
years).
The MD-PGS was significantly associated with internalising scores

at age 14 (β= 0.63 per SD of PGS, SE= 0.21, p= 4.03 ×10-03).
Lifetime MDD at age 30 was associated with the MD-PGS (OR= 1.66
per standard deviation (95% CI= 1.43 – 1.92), p= 8.3 ×10-09). We
further sought to evaluate how the association with lifetime MDD
varied by decile of MD-PGS by comparing risk in each of the top 9
deciles compared to the lowest decile of risk. The results are shown
in Fig. 1 and Supplementary Table 1. The prevalence of MDD in the
lowest MD-PGS decile was 9.9% (12 cases and 109 controls).
With the exception of the 9th decile, all deciles from the 7th

onwards were associated with significantly increased risk of MDD
compared to the lowest decile. Those in the top decile have an
8-fold increased risk of MDD compared to those in the lowest
decile (OR= 8.22 (4.10 – 16.49); p= 3.04 ×10-09). Compared to the
remaining 90% of the cohort, those in the top decile for risk have
an approximate 4-fold increase in odds compared to the
remaining 90% (OR= 4.39 (2.97 – 6.48); p= 9.8 ×10-14). Those in
the top 20% of the MD-PGS distribution have a 2.27-fold increase
in risk compared to the bottom 80%.
We then evaluated the association between lifetime MDD and

internalising scores measured at age 14. Being in the top decile of
internalising scores on the YSR at age 14 was predictive of lifetime
MDD with an approximate 2-fold increase in odds compared to
the remaining 90% of the study sample (OR= 2.29 (1.59 – 3.30);
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p= 6.9 ×10-05). The odds associated with high PGS was
comparable to that of having a maternal history of anxiety or
depression (OR= 2.58 (1.94 – 3.43) p= 3.6 ×10-11). As polygenic
risk may be associated with both maternal family history and
internalising scores, we fit a multiple regression model to evaluate
the association of all variables together with lifetime MDD. The

estimated effect sizes of all the predictors were slightly attenuated
however, there remained significant evidence of independent
associations with the outcome when adjusting for the effect of the
other (Table 2). The variance inflation factor for each of the
variables was 1.00 indicating minimal collinearity.
Given the independent associations of high internalising scores

in adolescence and high MD-PGS with lifetime MDD, we sought to
investigate the risk of MDD for those individuals who were in the
top 10% both for the YSR internalising scale and for the MD-PGS.
Only 23 individuals (2% of the sample) were in the top decile for
both variables. Compared to those who are not in the top decile of
internalising symptoms and PGS, the odds of meeting criteria for
MDD was >8-fold (OR= 8.93 (3.69 – 21.58); 1.1 ×10-06). Among
these individuals, the prevalence of MDD was 65%. This compared
with a prevalence of MDD of 49% in those in the top decile of PGS
only and 36% in those in the top decile of internalising symptoms
only. As the number of individuals in the high-risk group with both
high internalising and high PGS was small, we investigated how
relaxing the PGS threshold to include those in the top 15% and
top 20% respectively affected the odds of diagnosis. This led to a
slight attenuation of the odds ratios but the odds of having a
diagnosis remained high for those with both high internalising
and PGS.

BLTS
A total of 2291 participants (59.1% female) from 1123 families
completed the CIDI in the 19Up and passed genotyping QC The
mean age at interview was 26.03 (range = 18.66 – 38.64). A total
of 440 individuals who met DSM-5 criteria for MDD and 1496
controls were included in 19Up. A total of 170 MDD cases and 617
controls from the 19Up study were screened using the SPHERE at
age 14 (Table 1). There was no evidence of differences in family SEI
at age 14 in those who enrolled in 19Up compared to those who

Fig. 1 Odds ratios for lifetime MDD at age 30 for each decile of PGS
compared to the lowest decile in MUSP cohort.

Table 1. Descriptive information for the Mater-University Study of Pregnancy (MUSP) and Brisbane Longitudinal Twin Study (BLTS) for the entire cohort
at age 14 and those followed up in adulthood.

Offspring participants at
14 year follow-up
(n= 5166)

Offspring participants at
30 year follow-up
(n= 2322)

Offspring with
depression and genetic
data (n= 1208)

MUSP Sex Males 2656 928 475

Females 3478 1394 751

Years Education (mean) 13.33

Family Income (%) Low 20.9 17.4 16.5

Medium/
High

79.1 82.6 83.5

YSR internalising score
(mean; range)

13.55 (0 - 51) 14.27 (0 – 51) 14.45 (0 - 51)

YSR case Yes 474 (9.2%) 260 (11.2%) 132 (11.0%)

No 4692 (90.8%) 2062 (88.8%) 1076 (89.0%)

BLTS

Age 14 SPHERE
measurement (n= 1913)

19Up study (n= 941) Genetic Data (n= 934)

Sex Male 918 396 392

Female 995 545 542

SPHERE score (mean;
range)

4.15 (0 - 24) 4.08 (0 - 24) 4.09 (0 - 24)

SPHERE cases (score >=
9)

Yes 253 (13.2) 109 (11.5%) 109 (11.6%)

No 1660 (86.8) 832 (88.5) 825 (88.6%)

Australian
Socioeconomic Index
Score

60.48 (7.21 - 100) 61.46 (12.4 - 100) 62.11 (12.4 - 100)
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did not (p= 0.11). Similarly, there was no evidence that those who
participated in 19Up had lower MD-PGS than those who were had
a SPHERE measurement at age 14 but did not participate (Odds
Ratio of participation in 19Up= 0.97 per SD of MD-PGS (CI= 0.94
– 1.13), p= 0.46). The mean SPHERE score at age 14 of those who
participated in 19Up was not significantly different from the entire
cohort at age 14 (Table 1), although a smaller proportion of those
at follow-up met the criteria for being a case.
The MD-PGS was significantly associated with SPHERE score

at age 14 (β= 0.35 per SD, SE= 0.13, p= 6.6 ×10-03. The
MD-PGS was also significantly associated with lifetime MDD in
the whole 19Up cohort (OR= 1.59 per SD (1.29 – 1.62),
p= 4.1×10-08). The association by decile of polygenic risk is
shown in Fig. 2. The odds ratio in the highest decile compared
to the lowest was 4.57 (2.66 – 7.84) p= 3.24 ×10-08 (Fig. 2,
Supplementary Table 2).
Being in the top decile of SPHERE scores at age 14 was

associated with increased risk for lifetime MDD (OR= 2.69 (1.67 –
4.34), p= 1.63 ×10-05) (Table 2). Those in the top decile of
MD-PGS had a similarly increased risk (OR= 2.26 (1.31 – 3.90),
p= 3.40×10-03) compared to those in the lowest nine deciles.
When both the SPHERE and PGS predictors were fit together in
the same model, the odds ratios were slightly attenuated but
remained significant (Table 2). There were only 7 individuals who
were in the top decile of symptoms and MD-PGS. For this group,
the odds of MDD were 5.62 - (1.22 – 25.96) p= 2.7-x10-02). A total
of 4 out of 7 (57%) of these individuals had lifetime depression.
This compared to a prevalence of 40% (34 cases and 51 controls)
in those in the top decile of the SPHERE and 34.0% (23 cases and
44 controls) in the top decile of MD-PGS. The lifetime prevalence

of MDD in those outside of both the top decile of symptoms and
the PGS was 17.0%.

Mega-analysis
The results of the mega-analysis of the two cohorts were similar to
those from the individual cohorts however with smaller con-
fidence intervals due to the increased sample size (Fig. 3, Table 3).
The odds of MDD associated with being in the top decile of
internalising at age 14 was 2.56 (CI= 1.92 - 3.49, p= 5.4 ×10-10).
For the top decile of MD-PGS, the OR was 3.45 (CI= 2.43 – 4.71,
p= 4.4 ×10-15).
Individuals with high internalising and high PGS had an 8-fold

increased risk of lifetime MDD compared to those with neither
high internalising nor high PGS (OR= 8.58 (4.04 - 18.26), p= 1.2
×10-15). Using a threshold of top 15% led to a slight attenuation in
the odds ratio (OR= 6.69 (3.53 – 12.75), p= 5.7 ×10-09). For those
in the top 10% of adolescent internalising and top 20% of MD-
PGS, the odds ratio was 4.51 (CI= 2.63-7.72, p= 4.0 ×10-08).

DISCUSSION
This study examined how polygenic risk for depression (MD-PGS)
and internalising symptoms in adolescence jointly predict lifetime
major depressive disorder (MDD) in early adulthood. Using two
longitudinal Australian cohorts, we found that both high MD-PGS
and elevated internalising symptoms at age 14 were indepen-
dently associated with increased risk of lifetime MDD. Importantly,
individuals in the top decile for both risk factors had an eight-fold
higher likelihood of meeting diagnostic criteria compared to those
without elevated genetic or symptom risk.

Table 2. Association of internalising symptoms in childhood and adolescence and polygenic risk scores for MDD with lifetime MDD in MUSP and BLTS.

Mater University Study of Pregnancy
(MUSP)

Univariate logistic regression Multivariable logistic regression

Predictor N with risk factor
(Proportion with
lifetime depression)

N without risk factor
(Proportion with
lifetime depression)

OR P-value OR P-value

Top 10% YSR
Internalising Age
14

132 (0.36) 1076 (0.18) 2.29 (1.59 – 3.30) 6.9 x 10E-05 1.95 (1.29 – 2.97) 1.4 x 10E-03

Top 10% MD-PGS 116 (0.49) 1092 (0.17) 4.39 (2.97 - 6.48) 9.8 x 10E-14 4.18 (2.74 – 6.20) 1.3 x 10E-11

Maternal
Depression/
Anxiety

501 (0.29) 701 (0.14) 2.58 (1.94 - 3.43) 3.6 x 10E-11 2.32 (1.71 -3.12) 3.8 x 10E-08

Top 10% in YSR
Internalising and
MD-PGS

23 (0.65) 983 (0.16) 8.93 (3.69 – 21.58) 1.1 x 10E-06

Top 10% YSR
Internalising and
top 15% MD-PGS

29 (0.62) 926 (0.16) 7.53 (3.46 - 16.37) 3.5 x 10E-07

Top 10% YSR
Internalising and
top 20% MD-PGS

36 (0.52) 873 (0.16) 5.20 (2.64 - 10.42) 2.1 x 10E-06

Brisbane Longitudinal Twin Study (BLTS)

Top 10% SPHERE
Age 14

85 (0.40) 702 (0.26) 2.69 (1.67 - 4.34) 1.6 x 10E-05 2.31 (1.46- 3.70) 3.8 x 10E-04

Top 10% MD-PGS 67 (0.34) 720 (0.20) 2.26 (1.31 - 3.90) 3.4 x 10E-03 1.91 (1.14 - 3.14) 1.4 x 10E-02

Top 10% SPHERE
and MD-PGS

7 (0.57) 642 (0.18) 5.62 (1.22 - 25.96) 2.7 x 10E-02

Top 10% SPHERE
and top 15% MD-
PGS

11 (0.45) 607 (0.18) 3.99 (1.17 – 13.61) 2.6 x 10E-02

Top 10% SPHERE
and top 20% MD-
PGS

21 (0.38) 582 (0.18) 3.04 (1.20 – 7.68) 1.3 x 10E-02
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Consistent with previous research, the effect of MD-PGS was
non-linear, with risk concentrated in the highest deciles rather
than increasing uniformly across the distribution [11, 16]. This
pattern underscores the clinical relevance of identifying indivi-
duals at the upper tail of genetic liability. Our findings suggest that
combining genetic information with symptom profiles could
substantially improve risk stratification, enabling earlier interven-
tion for adolescents most likely to experience persistent or severe
depression. [33]
These findings add to the growing body of literature showing

that PGS derived from genetic studies of depression are
associated with persistence and increase of depressive symptoms
from adolescence into adulthood [34]. The potential utility of PGS
in psychiatry is growing as genotyping becomes more affordable
and widely integrated into healthcare. Similar approaches are
already being adopted in other fields, such as cardiovascular
disease and oncology [35,36]. As genome-wide association studies
expand in sample size and in the scope of variants analysed, the
predictive accuracy of MD-PGS will improve, and thresholds for
clinical decision-making can be refined. For now, focusing on
individuals in the highest risk percentiles offers a pragmatic
strategy for translating genetic insights into practice. However, at
present these thresholds are only relative to the cohorts in which
the PGS are calculated. In the most recent major depression
GWAS, for community cohorts the average odds ratio across
cohorts of the top decile compared to the bottom decile was 4.92
[11]. The corresponding value in BLTS was similar (OR= 4.57), but
for MUSP, it was larger (OR= 8.16), indicating that the PGS results
in MUSP may be inflated relative to other cohorts. However, the
results from the PGC GWAS studies of some other cohorts were
higher than in MUSP. The high odds ratio of the PGS in MUSP
could be due to sampling variation as the sample size is small
relative to other cohorts in which PGS prediction has been
conducted. However, there are few cohorts available with genetic
data and mental health information in both adolescence and
adulthood. For PGS to be used in clinical settings, population-
based thresholds will need to be calibrated and standardised
methods for generating PGS will be required [37].
The results presented here should be viewed in light of several

limitations. Firstly, the longitudinal studies required volunteer

participation and individuals with severe mental health problems
may have been less likely to participate initially and could have
been lost to follow-up in subsequent waves of data collection,
therefore introducing a possible sampling bias. We did not find
evidence that those in the follow-up in either cohort were less
likely to have internalising problems in adolescence. However, we
did find that those from low-income households were less likely to
participate in the 30-year follow-up in MUSP which may have
biased the analysis. Furthermore, both cohorts had a sex ratio
close to 1 at baseline, but in the follow up the ratio was closer to
1.5 women to men which may have inflated the prevalence rates.
Secondly, while both longitudinal studies were conducted in the
same city at similar times, differences in ascertainment and
assessment may affect the comparability of the studies. MUSP
recruited women giving birth at a hospital and potential
participants were directly approached by the investigators. BLTS
relied on parents of twins responding to media advertisements
and so may be less representative of the general population. It is
noteworthy that the odds ratio of the PGS was lower in BLTS
compared to MUSP, which may be due to ascertainment or to the
fact that the participants were on average younger when followed
up and so some participants could still have a depressive episode
before reaching age 30 that would not be assessed. Thirdly,
because of the timing of the assessments we cannot know which
participants already meet criteria for major depression at age 14 or
prior to that. Diagnostic criteria for a major depressive episode
were not assessed at age 14. There is a need for genetically
informative longitudinal studies that assess mental health
symptoms at more frequent timepoints and can assess incident
depression. We evaluated the association of internalising scores at
age 14 because this was when the follow-up of the MUSP sample
occurred. It is possible that internalising symptoms measured at
different ages may be more strongly associated with depression
than those measured at age 14. Fourthly, in both cohorts the
assessment of diagnostic criteria was through computerised
versions of the CIDI, rather than by clinician interview. This may
have led to higher prevalence rates. However, we do not expect
this to inflate the PGS prediction.
Lastly, only individuals of European ancestry were included in

the analyses. An important consideration for equity is that most
current PGS are derived from European ancestry samples. Their
predictive performance is substantially reduced in non-European
populations, which risks exacerbating health disparities if these
tools are implemented without adaptation. To ensure fairness and
clinical utility across diverse populations, future research must
prioritize the inclusion of underrepresented ancestries in genetic
studies and employ methods for cross-ancestry calibration of PGS.
Despite these limitations, we found that in two Australian

longitudinal cohorts, high MD-PGS is comparable in accuracy to
high internalising in adolescence and family history in predicting
risk for lifetime depression. Evaluating the MD-PGS in those
exhibiting high levels of internalising symptoms can identify a
subgroup at very high risk of meeting the clinical criteria for MDD.
These findings suggest that polygenic risk for depression is an
important factor to pursue in future risk prediction models, which
will ultimately aid clinical decision-making.

DATA AVAILABILITY
The Brisbane Longitudinal Twin Study (BLTS) and Mater-University Study of
Pregnancy (MUSP) datasets contain sensitive individual-level health and genetic
information and are therefore not publicly available. Researchers wishing to access
BLTS data should contact Professor Nicholas G. Martin. Researchers wishing to access
MUSP data should contact Professor Jake M. Najman. Requests will be considered in
accordance with participant consent, institutional policies, ethical approvals, and data
governance requirements. Analysis scripts used in this study are available from the
corresponding author upon reasonable request.

Fig. 2 Odds ratios for lifetime MDD in young adulthood for each
decile of PGS compared to the lowest decile in the BLTS cohort.

E.M. Byrne et al.

6

Molecular Psychiatry



CODE AVAILABILITY
Bash and R scripts used for analysis are available from the corresponding author
upon reasonable request.

REFERENCES
1. Lewis CM, Vassos E. Polygenic scores in psychiatry: on the road from discovery to

implementation. Am J Psychiatry. 2022;179:800–6.
2. Cearns M, Amare AT, Schubert KO, Thalamuthu A, Frank J, Streit F, et al. Using

polygenic scores and clinical data for bipolar disorder patient stratification and

lithium response prediction: machine learning approach. Br J Psychiatry.
2022;220:219–28.

3. Perkins DO, Olde Loohuis L, Barbee J, Ford J, Jeffries CD, Addington J, et al.
Polygenic risk score contribution to psychosis prediction in a target population of
persons at clinical high risk. Am J Psychiatry. 2020;177:155–63.

4. Murray GK, Lin T, Austin J, McGrath JJ, Hickie IB, Wray NR. Could polygenic
risk scores be useful in psychiatry?: a review. JAMA Psychiatry.
2021;78:210–9.

5. Yang J, Visscher PM, Wray NR. Sporadic cases are the norm for complex disease.
European journal of human genetics : EJHG. 2010;18:1039–43.

Table 3. Mega-analysis results of predictors of lifetime depression in Brisbane Longitudinal Twin Study and Mater-University Study of Pregnancy.

Mega-Analysis N with Risk Factor (Proportion with
lifetime depression)

N without risk factor (Proportion with
lifetime depression)

OR (Confidence
Interval)

P-
value

Top 10% internalising Age 14 217 (0.37) 1778 (0.19) 2.56 (1.92 - 3.49) 5.4 x
10E-10

Top 10% MD-PGS 183 (0.43) 1812 (0.20) 3.45 (2.53 - 4.71) 4.4 x
10E-15

Top 10% internalising and
MD-PGS

30 (0.63) 1625 (0.17) 8.58 (4.04 -
18.26)

1.2 x
10E-05

Top 10% internalising and
top 15% MD-PGS

40 (0.57) 1533 (0.17) 6.69 (3.53 -
12.75)

5.7 x
10E-09

Top 10% internalising and
top 20% MD-PGS

57 (0.47) 1455 (0.17) 4.51 (2.63 - 7.72) 4.0 x
10E-08

Fig. 3 Results of mega-analysis across cohorts comparing the odds associated with lifetime MDD for the top decile of internalising scores at age
14, the top decile of MDD polygenic risk, and both together.

E.M. Byrne et al.

7

Molecular Psychiatry



6. Copeland WE, Shanahan L, Costello EJ, Angold A. Childhood and adolescent
psychiatric disorders as predictors of young adult disorders. Arch Gen Psychiatry.
2009;66:764–72.

7. Kim-Cohen J, Caspi A, Moffitt TE, Harrington H, Milne BJ, Poulton R. Prior juvenile
diagnoses in adults with mental disorder: developmental follow-back of a
prospective-longitudinal cohort. Arch Gen Psychiatry. 2003;60:709–17.

8. Dingle K, Alati R, Williams GM, Najman JM, Bor W, Clavarino A. The ability of YSR
DSM-oriented depression scales to predict DSM-IV depression in young adults: A
longitudinal study. J Affect Disord. 2010;121:45–51.

9. Kessler RC, Avenevoli S, Ries Merikangas K. Mood disorders in children and
adolescents: an epidemiologic perspective. Biol Psychiatry. 2001;49:1002–14.

10. van Zoonen K, Buntrock C, Ebert DD, Smit F, Reynolds CF III, Beekman AT, et al.
Preventing the onset of major depressive disorder: a meta-analytic review of
psychological interventions. Int J Epidemiol. 2014;43:318–29.

11. Major Depressive Disorder Working Group of the Psychiatric Genomics Con-
sortium. Trans-ancestry genome-wide study of depression identifies 697
associations implicating cell types and pharmacotherapies. Cell.
2025;188:640–52.e9.

12. Baselmans BML, Yengo L, van Rheenen W, Wray NR. Risk in relatives, heritability,
SNP-based heritability, and genetic correlations in psychiatric disorders: a review.
Biol Psychiatry. 2021;89:11–9.

13. Musliner KL, Krebs MD, Albiñana C, Vilhjalmsson B, Agerbo E, Zandi PP, et al.
Polygenic risk and progression to bipolar or psychotic disorders among indivi-
duals diagnosed with unipolar depression in early life. American Journal of
Psychiatry. 2020;177:936–43.

14. Dennison CA, Legge SE, Pardiñas AF, Walters JTR. Genome-wide association
studies in schizophrenia: Recent advances, challenges and future perspective.
Schizophr Res. 2020;217:4–12.

15. Vassos E, Di Forti M, Coleman J, Iyegbe C, Prata D, Euesden J, et al. An exam-
ination of polygenic score risk prediction in individuals with first-episode psy-
chosis. Biol Psychiatry. 2017;81:470–7.

16. Mitchell BL, Campos AI, Whiteman DC, Olsen CM, Gordon SD, Walker AJ, et al. The
Australian genetics of depression study: new risk loci and dissecting hetero-
geneity between subtypes. Biological psychiatry. 2021.

17. Halldorsdottir T, Piechaczek C, Soares de Matos AP, Czamara D, Pehl V, Wagen-
buechler P, et al. Polygenic risk: predicting depression outcomes in clinical and
epidemiological cohorts of youths. Am J Psychiatry. 2019;176:615–25.

18. Wray NR, Ripke S, Mattheisen M, Trzaskowski M, Byrne EM, Abdellaoui A, et al.
Genome-wide association analyses identify 44 risk variants and refine the genetic
architecture of major depression. Nat Genet. 2018;50:668–81.

19. Weavers B, Heron J, Thapar AK, Stephens A, Lennon J, Bevan Jones R, et al. The
antecedents and outcomes of persistent and remitting adolescent depressive
symptom trajectories: a longitudinal, population-based English study. Lancet
Psychiatry. 2021;8:1053–61.

20. Najman JM, Alati R, Bor W, Clavarino A, Mamun A, McGrath JJ, et al. Cohort profile
update: the mater-university of Queensland study of pregnancy (MUSP). Int J
Epidemiol. 2015;44:78–78f.

21. Achenbach TM. Manual for the Child Behavior Checklist/4-18 and 1991 profile.
Department of Psychiatry, University of Vermont, Burlington, VT. 1991,288.

22. Najman JM, Williams GM, Nikles J, Spence S, Bor W, O’Callaghan M, et al. Bias
influencing maternal reports of child behaviour and emotional state. Soc Psy-
chiatry Psychiatr Epidemiol. 2001;36:186–94.

23. Gillespie NA, Henders AK, Davenport TA, Hermens DF, Wright MJ, Martin NG, et al.
The brisbane longitudinal twin study: pathways to cannabis use, abuse, and
dependence project-current status, preliminary results, and future directions.
Twin research and human genetics : the official journal of the International
Society for Twin Studies. 2013;16:21–33.

24. Couvy-Duchesne B, O’Callaghan V, Parker R, Mills N, Kirk KM, Scott J, et al.
Nineteen and up study (19Up): understanding pathways to mental health dis-
orders in young Australian twins. BMJ Open. 2018;8:e018959.

25. Hickie IB, Davenport TA, Hadzi-Pavlovic D, Koschera A, Naismith SL, Scott EM,
et al. Development of a simple screening tool for common mental disorders in
general practice. Med J Aust. 2001;175:S10–7.

26. Couvy-Duchesne B, Davenport TA, Martin NG, Wright MJ, Hickie IB. Validation and
psychometric properties of the somatic and psychological HEalth REport
(SPHERE) in a young Australian-based population sample using non-parametric
item response theory. BMC Psychiatry. 2017;17:279.

27. McMillan J, Beavis A, Jones FL. The AUSEI06:A new socioeconomic index for
Australia. Journal of Sociology. 2009;45:123–49.

28. Bates TC, Hansell NK, Martin NG, Wright MJ. When does socioeconomic status
(SES) moderate the heritability of IQ? No evidence for g×SES interaction for IQ in
a representative sample of 1176 Australian adolescent twin pairs. Intelligence.
2016;56:10–5.

29. Das S, Forer L, Schonherr S, Sidore C, Locke AE, Kwong A, et al. Next-generation
genotype imputation service and methods. Nat Genet. 2016;48:1284–7.

30. Lloyd-Jones LR, Zeng J, Sidorenko J, Yengo L, Moser G, Kemper KE, et al.
Improved polygenic prediction by Bayesian multiple regression on summary
statistics. Nat Commun. 2019;10:5086.

31. Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ. Second-generation
PLINK: rising to the challenge of larger and richer datasets. Gigascience. 2015;4:7.

32. Yang J, Lee SH, Goddard ME, Visscher PM. GCTA: a tool for genome-wide complex
trait analysis. Am J Hum Genet. 2011;88:76–82.

33. Khera AV, Chaffin M, Aragam KG, Haas ME, Roselli C, Choi SH, et al. Genome-wide
polygenic scores for common diseases identify individuals with risk equivalent to
monogenic mutations. Nat Genet. 2018;50:1219–24.

34. Rice F, Riglin L, Thapar AK, Heron J, Anney R, O’Donovan MC, et al. Characterizing
developmental trajectories and the role of neuropsychiatric genetic risk variants
in early-onset depression. JAMA Psychiatry. 2019;76:306–13.

35. Roberts E, Howell S, Evans DG. Polygenic risk scores and breast cancer risk pre-
diction. Breast. 2023;67:71–7.

36. Kwong ASF, Lopez-Lopez JA, Hammerton G, Manley D, Timpson NJ, Leckie G,
et al. Genetic and environmental risk factors associated with trajectories of
depression symptoms from adolescence to young adulthood. JAMA Netw Open.
2019;2:e196587.

37. Eeltink E, van der Horst MZ, Zinkstok JR, Aalfs CM, Luykx JJ. Polygenic risk scores
for genetic counseling in psychiatry: Lessons learned from other fields of medi-
cine. Neuroscience & Biobehavioral Reviews. 2021;121:119–27.

ACKNOWLEDGEMENTS
We thank the twins and their siblings for their willing cooperation in the Brisbane
Longitudinal Twin Study. The MUSP investigators would like to thank Greg
Shuttlewood and Shelby Marrington, who have had day-to-day responsibility for
the project. Our thanks also to the women and children who have contributed so
much to this study.

AUTHOR CONTRIBUTIONS
EMB, NRW and CMM conceived the study. EMB performed the analyses and
drafted the manuscript. NAG, AKH, BLM, SEM, JGS, GMW, IBH, NGM and NRW
contributed to genetic data generation and quality control. NAG, JMN, AKH, JGS,
GMW, NGM, SEM, JGS, IBH, contributed to cohort recruitment, data collection and
study management. DD, SH, BSC, GPA, SC, CG, AL, LS, AT, SJW, JTWW, ARY, JJC, JS
provided critical revisions and intellectual content. All authors contributed to
interpretation of the findings, critically revised the manuscript, and approved the
final version.

FUNDING
This work was funded through the Prediction of Early Mental Disorder and Preventive
Treatment (PRE-EMPT, www.pre-empt.org.au) - Centre of Research Excellence
(NHMRC grant: #1198304). NW was supported by an NHMRC Investigator Grant. BN
was supported by an NHMRC Senior Research Fellowship (1137687) and a University
of Melbourne Dame Kate Campbell Fellowship. JJC was supported by an NHMRC
Emerging Leadership Fellowship (GNT2008197). Open Access funding enabled and
organized by CAUL and its Member Institutions.

COMPETING INTERESTS
Scott R Clark has participated in advisory and educational boards and received
speaker’s fees from Janssen- Cilag, Lundbeck, Otsuka, and Servier; research funding
from Janssen-Cilag, Lundbeck, Otsuka, and Gilead; and data sharing from Viatris
Australia. Ian B Hickie has previously led community-based and pharmaceutical
industry-supported (Wyeth, Eli Lily, Servier, Pfizer, AstraZeneca) projects focused on
the identification and better management of anxiety and depression. He is the Chief
Scientific Advisor to and a 3.2% equity shareholder in InnoWell Pty Ltd. InnoWell was
formed by the University of Sydney (45% equity) and PwC (Australia; 45% equity) to
deliver the $30 M Australian Government-funded Project Synergy (2017–20) and to
lead transformation of mental health services internationally through the use of
innovative technologies.

ETHICAL CONSIDERATIONS
Ethical approval was obtained for the Brisbane Longitudinal Twin Study (BLTS) from
the Human Research Ethics Committee at the Queensland Berghofer Institute of
Medical Research (references: EC00278 and P1212). Participants gave informed

E.M. Byrne et al.

8

Molecular Psychiatry

http://www.pre-empt.org.au


consent for providing DNA and for genetic analyses. The Mater-University of
Queensland Study of Pregnancy (MUSP) aged 30 follow-up was approved by both
the Mater Misericordiae Ltd. Human Research Ethics Committee (Ethical clearance #
HREC/17/ MHS/135) and the University of Queensland Behavioural and Social
Sciences Ethical Review Committee (Ethical clearances #2015001524 and
#2018000111). Written informed consent was obtained from the MUSP mothers
and their offspring, from the former when the offspring were aged 14 years, and from
the latter when they were 21 years and 30 years old, by the ethics committees at the
Mater Hospital and/or the University of Queensland approved each phase of the
study. Approval for conducting genetic analysis was given by the University of
Queensland Human Research Ethics Board on 18/03/2020.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41380-026-03917-5.

Correspondence and requests for materials should be addressed to Enda M. Byrne.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2026

E.M. Byrne et al.

9

Molecular Psychiatry

https://doi.org/10.1038/s41380-026-03917-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Association between polygenic liability to depression and lifetime depression in at-risk adolescents
	Introduction
	Methods
	Mater-university study of pregnancy
	Measures
	Genotyping
	The brisbane longitudinal twin study
	Measures
	Genotyping
	Polygenic risk scores
	Within-cohort analysis
	Mega-analysis

	Results
	MUSP
	BLTS
	Mega-analysis

	Discussion
	Data availability
	Code availability
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethical considerations
	ACKNOWLEDGMENTS
	ADDITIONAL INFORMATION




