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Abstract
Depression, conduct, and hyperactivity symptoms are chronic and frequently co-occur in adolescence. Common genetic and 
environmental vulnerability to these conditions have previously been demonstrated, however, the manner in which common 
versus disorder-specific etiological influences operate across development and maintain symptom co-occurrence is unclear. 
Thus, the current study investigated the role of common genetic and environmental influences in the comorbidity of depres-
sion, conduct, and hyperactivity across adolescence. Over 10,000 twins and their parents reported adolescents’ symptoms 
at mean ages 11 and 16 years. Biometric independent pathway models were fitted to estimate genetic and environmental 
contributions to the continuity of symptom co-occurrence over time, as well as time‐ and symptom‐specific influences. 
Results found that a common stable genetic factor accounted for the concurrent and longitudinal co-occurrence of depression, 
conduct, and hyperactivity symptoms. New genetic influences common to these three symptom scales emerged at 16 years, 
and further contributed to symptom co-occurrence. Conversely, environmental influences largely contributed to the time-
specific associations. The findings were generally consistent for self- and parent-reported symptoms. Overall, the results 
suggest that stable, overlapping genetic influences contribute to the co-occurrence of depression, conduct, and hyperactivity 
symptoms across adolescence. The results are in line with hierarchical causal models of psychopathology, which posit that 
much of the developmental co-occurrence between different symptoms is due to common liability. Specifically, current find-
ings indicate that only genetic influences constitute common liability over time. Future studies should identify genetically 
influenced transdiagnostic risk and maintenance factors to inform prevention and treatment of comorbid internalizing and 
externalizing symptoms in adolescence.
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Psychiatric comorbidity, the co-occurrence of disorders 
at above chance levels, is the rule rather than the excep-
tion across development [1]. Disorder and symptom co-
occurrence are associated with poorer treatment response, 
greater impairment, worse illness course, and less optimal 
long-term outcomes [2–4]. Moreover, psychiatric condi-
tions show homotypic (within-symptom) and heterotypic 
(across-symptom) continuity over time, with symptoms of 
one disorder predicting future symptoms of other disorders 
in a bidirectional manner [5–7]. Given the clinical impor-
tance of persistent psychiatric comorbidity, understanding 
of transdiagnostic risk and maintenance factors common 
across different symptoms and across development is cru-
cial for informing successful prevention and intervention 
strategies in young people. Adolescence in particular is a 
crucial developmental period characterized by biological, 
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social, and psychological transitions that can be impaired by 
a marked increase in prevalence of depression and external-
izing psychopathology [8]. Thus, the current study aimed to 
understand the role of genetic and environmental influences 
in the co-occurrence of three common psychiatric symptoms 
across adolescence: depression, conduct, and hyperactivity.

Etiology of within‑time co‑occurrence

Adolescent depression is highly prevalent [9] and commonly 
co-occurs with externalizing psychopathology, including 
conduct disorder and ADHD [1, 10, 11]. The co-occurrence 
of these three disorders and their symptoms is consistent 
with hierarchical models of psychopathology, which pose 
a substantial correlation between higher-order internal-
izing and externalizing factors [7, 12, 13]. Much of this 
comorbidity is thought to be due to common risk factors, 
including overlapping genetic and environmental influences 
[7, 14–16]. For example, both twin and molecular genetic 
studies find that common genetic influences underpin the 
within-time co-occurrence of depression, conduct, and 
hyperactivity symptoms [17–19]. This broad genetic vul-
nerability to different psychiatric symptoms is in line with 
the generalist gene hypothesis [20, 21] and with the molecu-
lar evidence of a widespread genetic pleiotropy [22, 23]. 
Likewise, environmental influences also contribute to the 
co-occurrence of internalizing and externalizing psychopa-
thology, albeit accounting for considerably less covariance 
than genetic factors [17, 18, 24, 25]. Many studies that have 
started identifying transdiagnostic environmental risk fac-
tors, such as stress, childhood maltreatment, and discrimina-
tion [26–31]. Nonetheless, the within-time etiologic overlap 
between depression, conduct, and hyperactivity symptoms 
is not absolute, with environmental influences in particular 
showing considerable symptom specificity [17, 18, 25, 32]. 
Finally, higher order twin models indicate that etiological 
overlap is larger for disorders within a domain (e.g. con-
duct and hyperactivity symptoms, both within externalizing 
domain) than for disorders across domains (e.g. depression 
and conduct symptoms) [17, 24, 25].

Etiology of homotypic continuity

Etiological influences on the homotypic continuity of 
depression and externalizing symptoms are dynamic across 
development [33]. In other words, while genes contribute 
markedly to the within-symptom continuity, there is also 
evidence for genetic innovation (new influences emerging 
at later time points) and attenuation (previous influences 
gradually declining at later time points) over time [34]. Fur-
thermore, while environmental influences tend to be time 

specific, a small proportion has been found to influence 
developmental symptom continuity.

Etiology of heterotypic continuity

Depression and externalizing symptoms co-occur over time 
[5]. However, the degree to which stable and time-specific 
etiological influences are shared between depression, con-
duct, and hyperactivity symptoms over time, and contrib-
ute to their co-occurrence across development, remains 
largely unknown. To date, one study found that in child-
hood, genetic, but not environmental, influences specific 
to externalizing symptoms at age 5 years old affect future 
internalizing symptoms at age 12 [35]. Moreover, another 
study found that a developmental trajectory characterized 
by the co-occurrence of emotional and conduct symptoms 
across ages 4 to 16 was underpinned by moderate genetic 
influences common to these symptoms [36]. Finally, emerg-
ing longitudinal evidence from internalizing symptoms 
suggests that both genetic and environmental influences 
underpin co-occurrence of symptoms across adolescence 
[37–39]. However, to date, the etiology of heterotypic con-
tinuity has not been explored for the relationships between 
internalizing and externalizing psychopathology in this age 
group. Understanding how genetic and environmental influ-
ences contribute to the co-occurrence of internalizing and 
externalizing symptoms across development might provide 
clinically relevant insights in the context of growing inter-
est in transdiagnostic interventions, for example by inform-
ing research efforts to identify common treatment targets 
[40–42]. It also directly informs the theoretical models of 
associations between internalizing and externalizing psycho-
pathology, by estimating the extent of the etiological overlap 
between these symptoms across adolescence.

Current study

The aim of the current study was to address gaps in the cur-
rent understanding of dynamic genetic and environmental 
influences underpinning the co-occurrence of depression and 
externalizing symptoms across adolescence. The investiga-
tion focuses on depression because it is the single largest 
contributor to non-fatal health loss globally [43], and its 
prevalence rates increase markedly in adolescence [9, 44, 
45], which is accompanied by changes in etiological influ-
ences [33]. Adolescence is also a dynamic developmental 
period characterized by genetic innovation and attenuation 
on externalizing psychopathology [33].

Using a large, multiple-informant, epidemiological sam-
ple of twins followed prospectively from the age of 11 to 
16 years, we investigated the stability and change of genetic 
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and environmental influences shared between depression, 
conduct, and hyperactivity symptoms. Notably, we elected 
to study this question using data from both self- and parent-
report because there are different strengths and limitations 
associated with each approach [46, 47], with observers 
showing only moderate agreement due to their different 
perspectives [48, 49]. There is also evidence of reporter 
effects on parameter estimates, e.g. parent report tends to 
yield higher heritability of ADHD than self-report, although 
different informants appear to measure a largely common 
genetic liability [50]. Furthermore, parent-reported symp-
toms tend to show higher shared-environmental influences 
than self-report [51].

We hypothesized that: (H1) symptoms of depression, con-
duct, and hyperactivity would show homotypic and hetero-
typic continuity across development; (H2) stable, common 
genetic factors would influence all symptoms from 11 to 
16 years, contributing to heterotypic continuity; (H3) envi-
ronmental influences would be largely time and symptom 
specific, with relatively smaller contributions to heterotypic 
continuity; and (H4) genetic and environmental innovation 
would be observed, a significant proportion of which would 
contribute to the symptom co-occurrence at 16 years.

Methods

Sample

The analyses use data from the Twins Early Development 
Study (TEDS), an epidemiological study of over 10,000 twin 
pairs born in England and Wales between 1994 and 1996. 
Full recruitment details have been reported elsewhere [52, 

53]. The current analyses focus on the data collected at two 
waves when twins were approximately 11 and 16 years old 
(mean age = 11.23 and 16.32 years, SD = 0.70 and 0.68, 
respectively), hereon referred to as times 1 and 2 (Table 1). 
Data collection has been conducted by mailing out ques-
tionnaire booklets. The sample is representative of the 
population in England and Wales in terms of ethnicity and 
family socioeconomic status [53]. Attrition in the analytic 
sample from time 1 to time 2 was associated with lower 
socioeconomic status and higher psychopathology, but the 
group differences were very small (under quarter SD dif-
ference). Informed consent was obtained from parents of 
all participating adolescents and the study was approved by 
the Institute of Psychiatry Ethics Committee. Zygosity was 
established using parent-report questionnaires of physical 
similarity, which is estimated to be 95% accurate when com-
pared to DNA testing [54]. DNA testing was conducted in 
cases where zygosity was ambiguous.

Measures

Depressive symptoms were measured using the self and par-
ent-report Short Mood and Feelings Questionnaire [55]; a 
13-item measure assessing how often depressive symptoms 
occurred in the past 2 weeks. Due to a content overlap with 
hyperactivity, question 4 pertaining to symptoms of restless-
ness was not included in the current analyses. Responses 
were summed to give total depressive symptom scores. The 
SMFQ demonstrates very good reliability and validity [55], 
see Table 1 for internal consistencies in the current sample.

Conduct and hyperactivity symptoms were measured 
using the parent and self-report Strengths and Difficulties 
Questionnaire, SDQ [56]. The analyses focused on two 

Table 1  Sample characteristics and descriptive statistics

Descriptive statistics presented on unregressed and untransformed data for direct comparison with other samples. Participants were excluded if 
they did not provide consent, if they had severe medical disorders, experienced severe perinatal complications or if their zygosity was unknown 
(N = 316 families)

Time 1 Time 2

Self-report Parent-report Self-report Parent-report

Sample characteristics
 N (individual) 11,761 11,760 10,215 10,256
 Female (%) 6201 (53%) 6205 (53%) 5665 (55%) 5665 (55%)
 MZ (%) 4219 (36%) 4222 (36%) 3625 (36%) 3644 (36%)
 MZmale/MZfemale 1909/2310 1904/2318 1498/2127 1516/2128
 DZmale/DZfemale/

DZoppsex/unknown
1788/2026/3680/48 1792/2022/3678/46 1417/1875/3230/68 1422/1866/3258/66

Descriptive statistics: mean (SD), range, Cronbach’s α
 Depression 2.52 (3.62), 0–24, 0.86 1.40 (2.60), 0–24, 0.85 3.27 (4.16), 0–22, 0.88 1.00 (2.31), 0–24, 0.87
 Conduct 1.90 (1.66), 0–10, 0.60 1.33 (1.48), 0–10, 0.57 1.65 (1.47), 0–10, 0.54 1.24 (1.40), 0–10, 0.55
 Hyperactivity 3.54 (2.31), 0–10, 0.70 2.85 (2.28), 0–10, 0.76 3.57 (2.31), 0–10, 0.73 2.28 (1.99), 0–10, 0.71
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SDQ subscales consisting of five items each, assessing con-
duct and hyperactivity behavioral problems. The SDQ is a 
widely used and validated instrument in adolescents [49]. 
See Table 1 for internal consistencies in the current sample.

Analyses

The twin design compares the degree of similarity between 
monozygotic (MZ, sharing 100% of their genes) and dizy-
gotic (DZ, sharing on average 50% of their segregating 
genes) twin pairs. These relative differences in within-pair 
similarities allow calculations of the influences caused by 
additive genetics (A), shared environment (C, nongenetic 
factors that contribute to similarity between twins), and non-
shared environment (E, nongenetic factors that contribute to 
differences between twins). Where correlations are higher 
for MZ pairs than for DZ pairs, it suggests that genetic influ-
ences are playing a role in the etiology. Within-pair similar-
ity that is not due to genetic factors is accounted for by C, 
which is evident when DZ correlations are more than half 
the magnitude of MZ correlations. Finally, within-pair dif-
ferences between MZ twins inform estimation of E influ-
ences, and any measurement error present is also included in 
this term. Presence of gene by environment interaction might 
result in inflating estimates of E, or deflating estimates of A 
[57]. Quantitative genetic designs and methods are described 
in more detail elsewhere [58].

All analyses were conducted using a structural equation 
modelling package OpenMx [59] within R (www.R-proje 
ct.org) [60]. OpenMx has been designed for the analysis of 
genetically informative data and controls for non-independ-
ence of family members. The variables were regressed for 
age and sex [61] and all variables except hyperactivity were 
log transformed to correct for skew. All models were fitted 
using raw data maximum likelihood. The core relative fit 
statistic was minus twice the log likelihood (− 2LL) of the 
observations, with differences in − 2LL between models dis-
tributed as χ2, and with lower χ2 values indicating a better fit. 
In addition, model fit was assessed using the Akaike’s and 
the Bayesian’s Information Criterion (AIC and BIC, respec-
tively), with more negative values suggesting a better fit. 
Moreover, 95% confidence intervals of parameter estimates 
were obtained by maximum likelihood.

Univariate analyses assessing influences of A, C, and 
E were conducted on all variables. Sex differences were 
examined to inform twin modelling. There were scalar 
(variance) sex differences in all variables except self-report 
time 1 depression, and time 2 self-report hyperactivity and 
parent-report conduct. Scalar models were fitted to account 
for these differences. Furthermore, there were quantitative 
sex differences in self-report depression at time 2, as previ-
ously reported in Waszczuk et al. [62].

Multivariate analyses were conducted separately for self 
and parent-report data due to significantly different univari-
ate estimates for corresponding symptoms across raters. 
Independent pathway models were fitted to assess whether 
genetic and environmental influences common to the three 
symptoms at time 1 contribute to the continuity of the symp-
toms to time 2 (Fig. 1). This was done by fitting common 
genetic (AC1), shared (CC1), and non-shared environmental 
(EC1) factors which influenced all variables. The model also 
estimates common genetic and environmental influences 
that emerge at time 2, by additionally fitting time 2-specific 
common genetic (AC2), shared (CC2), and non-shared envi-
ronmental (EC2) factors loading only on time 2 variables. 
Moreover, the model estimates symptom- and time-specific 
residual genetic and environmental influences on each vari-
able at both times (AS, CS, and ES). For completeness, in sup-
plementary analyses, the multivariate model was repeated 
using measures combined across raters.

Results

Phenotypic cross‑sectional and longitudinal 
associations

Descriptive statistics are reported in Table 1. Depression, 
conduct, and hyperactivity symptoms were moderately asso-
ciated at both times, with within-time correlations compara-
ble across raters (within-time 1 r = 0.36–0.51, within-time 
2 = 0.32–0.51, Table 2). Within-symptom (homotypic) con-
tinuity of each symptom scale across two time points was 
moderate, although the stability of externalizing symptoms 
scales was significantly higher in parent-report (homotypic 
r = 0.26–0.36 in self-report, homotypic r = 0.29–0.50 in par-
ent -report). Cross-symptom (heterotypic) continuity was 
small to moderate and comparable across raters, although 
co-occurrence of conduct and hyperactivity symptoms 
across time was somewhat higher in parent-report (hetero-
typic r = 0.16–0.27 in self-report, heterotypic r = 0.23–0.39 
in parent -report). Notably, the cross-sectional and longitu-
dinal associations between the two externalizing symptoms 
scales were not much larger in magnitude than their associa-
tions with depression.

Etiological influences on individual symptom scales

Univariate results for some of the variables have been 
reported previously [62–64] and are presented in Table S1 
in Supplementary Material. In short, depression symptoms 
were moderately heritable (A = 0.32–0.46), while conduct 
and hyperactivity symptoms were moderately heritable 
in self-report data (A = 0.36–0.45), but highly heritable 
in parent-report data (A = 0.49–0.77). There were small 

http://www.R-project.org
http://www.R-project.org
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Fig. 1  Independent pathway 
model. A additive genetic influ-
ences, C shared-environmental 
influences, E non-shared envi-
ronmental influences. Subscript 
C denotes common influences 
and subscript S denotes time 
and variable specific, residual 
influences

Table 2  Phenotypic correlations. Self-report below diagonal, parent-report above diagonal

Homotypic (within symptom) continuity highlighted in italics; heterotypic (across symptom) continuity highlighted in bold

Depression time 1 Conduct time 1 Hyperactivity time 1 Depression time 2 Conduct time 2 Hyperactivity time 2

Depression time 1 1 36 (0.35–0.38) 0.37 (0.35–0.38) 0.29 (0.27–0.31) 0.26 (0.24–0.28) 0.27 (0.25–0.29)
Conduct time 1 0.43 (0.41–0.44) 1 0.46 (0.44–0.47) 0.24 (0.21–0.26) 0.44 (0.42–0.46) 0.39 (0.37–0.41)
Hyperactivity time 1 0.38 (0.37–0.40) 0.51 (0.50–0.53) 1 0.23 (0.21–0.25) 0.37 (0.35–0.39) 0.50 (0.48–0.52)
Depression time 2 0.26 (0.24–0.28) 0.19 (0.17–0.22) 0.16 (0.14–0.18) 1 0.35 (0.33–0.37) 0.32 (0.30–0.34)
Conduct time 2 0.21 (0.19–0.23) 0.31 (0.29–0.33) 0.25 (0.23–0.27) 0.34 (0.32–0.36) 1 0.51 (0.50–0.53)
Hyperactivity time 2 0.22 (0.20–0.24) 0.27 (0.25–0.29) 0.36 (0.34–0.38) 0.35 (0.33–0.37) 0.45 (0.43–0.46) 1
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shared-environmental influences on depression and con-
duct symptoms (C = 0.07–0.21, and 0.06–0.28, respectively). 
Non-shared environmental influences ranged from moderate 
to high (E = 0.22–0.64). Across raters, homotypic continu-
ity of depression was to a comparable degree due to stable 
genetic and shared environmental influences; homotypic 
continuity of conduct problems was almost entirely due 
to stable genetic influences; and homotypic continuity of 
hyperactivity was due to stable genetic and non-shared envi-
ronmental influences (Table S2 in Supplementary Material).

Genetic influences on symptom co‑occurrence

Genetic influences accounted for the largest proportion of 
the bivariate phenotypic correlations between the three 
symptoms (h2 of phenotypic correlations = 0.56 to 1.00, 
Table S2 in Supplementary Material). Accordingly, the inde-
pendent pathway models in both self- and parent-report data 
found significant genetic influences common to depression, 
conduct, and hyperactivity symptoms operating across both 
time points (AC1 = 0.06–0.49 in self-report, AC1 = 0.05–0.48 
in parent-report data, Figs. 2 and 3, respectively). This indi-
cates that genetic influences shared by these three symp-
toms at time 1 continue to influence depression, conduct, 
and hyperactivity symptoms at time 2, contributing to both 
homotypic and heterotypic continuity. A second set of 
genetic influences common to time 2 symptoms was also 
significant (AC2 = 0.11–0.14 in self-report, AC1 = 0.05–0.16 
in parent-report data), indicating that new genetic influences 
emerged at time 2, and broadly influenced depression and 
two externalizing symptoms, further contributing to their co-
occurrence at time 2. Finally, some genetic influences were 
specific to only one symptom scale, contributing to change 
in symptoms over time. Parent-report model was character-
ized by more of such time- and symptom-specific residual 
genetic influences than the self-report model (AS = 0.11–0.15 
in self-report, AS = 0.07–0.29 in parent-report data). Overall, 
genetic influences operated largely in a transdiagnostic man-
ner and contributed to the symptom co-occurrence at each 
time point, as well as across time. Finally, a very similar 
pattern of results emerged when the model was fitted using 
measures combined across self- and parent-rating, see Fig. 
S1 in the Supplementary Material. 

Shared‑environmental influences on symptom 
co‑occurrence

The common shared-environmental factor influenced only 
depression at times 1 and 2 in self-report data (CC1 = 0.16 
and 0.09, respectively, Fig. 2), thus it only contributed to 
the homotypic continuity of depression. In the parent-report 
model, shared-environmental factors were more pronounced: 
the common shared-environmental factor most strongly 

influenced depression at times 1 and 2 (CC1 = 0.24 and 0.15, 
respectively, Fig. 3), but in addition showed small but sig-
nificant influences on conduct and hyperactivity at time 1 
(CC1 = 0.02–0.04). Moreover, in the parent-report data, there 
was a second common shared-environmental factor influ-
encing depression and conduct at time 2 (CC2 = 0.05 and 
0.13, respectively). Thus, shared-environmental influences 
operated in a transdiagnostic manner at each time point in 
parent-report data, but did not contribute to co-occurrence 
of symptoms across the two time points.

Non‑shared environmental influences on symptom 
co‑occurrence

In self-report data, the common non-shared environmen-
tal factor influenced largely hyperactivity at times 1 and 
2 (EC1 = 0.49 and 0.10, respectively, Fig. 2), contributing 
to homotypic continuity of hyperactivity symptoms, with 
small significant influences on time 1 depression and con-
duct (EC1 = 0.02 and 0.06, respectively). Similarly, in parent-
report data, the common non-shared environmental factor 
influenced only hyperactivity at times 1 and 2 (EC1 = 0.35 
and 0.09, respectively, Fig. 3), contributing to the homotypic 
continuity of hyperactivity symptoms. The common non-
shared environmental influences specific to time 2 loaded on 
all three symptoms in both models (EC2 = 0.09–0.18 in self-
report data, EC2 = 0.04–0.06 in parent-report data), indicat-
ing common environmental etiology of depression, conduct, 
and hyperactivity at time 2. In both self- and parent-report 
models, residual non-shared environmental influences were 
significant on all symptoms (ES = 0.38–0.50 in self-report 
data, ES = 0.17–0.36 in parent-report data), except time 1 
hyperactivity. In sum, non-shared environmental influences 
were largely symptom and time specific, and contributed 
to change in symptoms over time. Some non-shared envi-
ronmental factors contributed to symptom co-occurrence 
cross-sectionally, but did not contribute to the symptom co-
occurrence over time.

Discussion

The current study investigated how common etiological 
influences contribute to the co-occurrence of depression, 
conduct, and hyperactivity symptoms across adolescence. 
The results indicated homotypic and heterotypic continu-
ity of these symptoms, which were largely underpinned by 
stable, transdiagnostic genetic influences. These findings, 
which were remarkably similar for self- and parent-report 
symptoms, are in line with hierarchical causal models of 
psychopathology, which suggest that much of the devel-
opmental co-occurrence between different symptoms is 
due to common liability. Specifically, the current findings 
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indicate that only genetic influences constitute common 
liability over time, whereas common environmental influ-
ences were time specific. Thus, genetically influenced 
transdiagnostic risk factors may account for the longitu-
dinal co-occurrence of depression, conduct, and hyperac-
tivity symptoms across adolescence.

The moderate heterotypic associations between depres-
sion, conduct, and hyperactivity symptoms across ado-
lescence observed in the current study are in line with 
previous work demonstrating comorbidity and heterotypic 
continuity between these symptoms [1, 5, 10, 11]. Nota-
bly, conduct and hyperactivity were comparably associated 

Fig. 2  Independent pathways 
model, significant results 
for self-report symptoms. A 
additive genetic influences, C 
shared-environmental influ-
ences, E non-shared environ-
mental influences. Subscript C 
denotes common influences and 
subscript S denotes time and 
variable specific, residual influ-
ences. For example, AC1 shows 
the first set of common additive 
genetic influences that load 
significantly on all symptoms at 
times 1 and 2, contributing to 
the co-occurrence of symptoms 
over time. AC2 is the second set 
of common additive genetic 
influences that load signifi-
cantly on all symptoms at time 
2, indicating transdiagnostic 
genetic influences that emerged 
at 16 years, further contributing 
to the symptom co-occurrence 
at time 2. Furthermore, there are 
residual AS on hyperactivity at 
times 1 and 2, and depression at 
time 2, indicating symptom-spe-
cific additive genetic etiology of 
these problems. Full model pre-
sented in Fig. 1 was fitted, but 
only results for significant paths 
are shown. Non-significant 
paths were not dropped to pre-
vent artificially inflating remain-
ing paths. All paths presented 
are squared for standardization: 
A, C, and E influences on each 
variable (including non-signif-
icant paths that are not shown) 
add up to 1. Square root of these 
values should be taken to obtain 
variance path. For full results 
including non-significant paths, 
see Table S3 in the Supplemen-
tary Material
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with each other as they were with depression symptoms, 
in contrast with previous studies in adults reporting much 
higher continuity within than across internalizing and 
externalizing domains [5].

Going beyond previous findings, the current study is the 
first to show that this pattern of longitudinal co-occurrence 
is in part explained by a stable, common genetic factor 
influencing all symptoms. Moreover, there was evidence for 

Fig. 3  Independent pathway 
model, significant results for 
parent-report symptoms. A 
additive genetic influences, C 
shared-environmental influ-
ences, E non-shared environ-
mental influences. Subscript C 
denotes common influences and 
subscript S denotes time and 
variable specific, residual influ-
ences. For example, AC1 shows 
the first set of common additive 
genetic influences that load 
significantly on all symptoms at 
times 1 and 2, contributing to 
the co-occurrence of symptoms 
over time. AC2 is the second set 
of common additive genetic 
influences that load signifi-
cantly on all symptoms at time 
2, indicating transdiagnostic 
genetic influences that emerged 
at 16 years, further contributing 
to the symptom co-occurrence 
at time 2. Furthermore, there 
are significant residual AS on all 
symptoms except hyperactivity 
time 2, indicating consider-
able additive genetic etiol-
ogy specific to symptom and 
developmental stage. Full model 
presented in Fig. 1 was fitted, 
but only results for significant 
paths are shown. Non-signif-
icant paths were not dropped 
to prevent artificially inflating 
remaining paths. All paths pre-
sented are squared for standardi-
zation: A, C, and E influences 
on each variable (including non-
significant paths that are not 
shown) add up to 1. Square root 
of these values should be taken 
to obtain variance path. For full 
results including non-significant 
paths, see Table S4 in the Sup-
plementary Material
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genetic innovation that further contributed to the comorbid-
ity, with a second set of genetic influences common to all 
symptoms coming online at 16 years. Thus, the current study 
provides preliminary evidence that both stable and time-
specific genetic influences have transdiagnostic effects (i.e. 
on both depression and externalizing symptoms), contrib-
uting to the enduring high genetic overlap between symp-
toms over time. The results are also in line with previous 
findings of common genetic influences explaining the links 
between internalizing and externalizing psychopathology 
across childhood [35], but extend these results to adoles-
cence. Nonetheless, unlike Wertz et al. [35], in our older 
age group, we did not find that genetic influences specific to 
externalizing psychopathology contribute to future internal-
izing symptoms. Finally, the results compliment recent find-
ings by Hannigan et al. [36] that a developmental trajectory 
characterized by the co-occurrence of emotional and conduct 
symptoms is heritable, but extend these findings to include 
hyperactivity symptoms and explicate the role of genetic 
innovation in maintaining this association.

While environmental influences contributed modestly 
to some of the within-time associations among depression, 
conduct, and hyperactivity symptoms, these common envi-
ronmental influences were time specific and did not contrib-
ute to the symptom co-occurrence over time. Instead, we 
found that shared and non-shared environmental influences 
contributed only to the homotypic continuity of depres-
sion and hyperactivity, respectively, in line with previous 
findings from early to middle adolescence [65, 66]. Most 
notably, majority of non-shared environmental influences 
were time and symptom specific, contributing to symptom 
discontinuity over time. Twin studies cannot provide infor-
mation about which environmental influences contributed to 
within-time symptom co-occurrence without directly meas-
uring exposures and experiences, but it is plausible that these 
could constitute transient factors such as episodic stressful 
life events, e.g. accidents or conflicts with peers [67, 68]. 
Conversely, some of the long-lasting environmental expo-
sures that maintain depression and hyperactivity symptoms 
across adolescence could constitute chronic stressors and 
sociocultural influences, for example a family environment 
or socio-economic status [68–70]. While the effects of stress 
and trauma are known to be transdiagnostic [27], the current 
study tentatively suggests that such environmental effects 
may not contribute beyond cross-sectional co-occurrence, 
to influence heterotypic continuity across depression, con-
duct, and hyperactivity. Future twin studies should include 
measures of environmental risk factors and identify which 
of them operate in episodic vs. chronic manner to inform 
precise intervention targets.

Both phenotypic and genetic results support hierarchi-
cal causal models of psychopathology in explaining the 
association between depression, conduct, and hyperactivity 

symptoms over time [7, 14]. Future studies should identify 
transdiagnostic genetic risk factors, including polygenic 
risk scores, implicated in comorbidity, to inform predic-
tion, prevention, and treatment approaches [23, 71, 72]. 
For example, such genetic tools would explicitly capture 
pleiotropic genetic effects, which in the future might help 
predict individual’s vulnerability to a broad range of co-
occurring and chronic psychopathology, or help identify a 
subgroup of individuals at the highest genetic risk for recur-
rent, cross-disorder psychiatric illness course. Moreover, the 
current results suggests that it might be possible to identify 
common, genetically influenced downstream vulnerability 
factors that cut across diagnostic boundaries and maintain 
these three co-occurring conditions across development. For 
example, negative emotionality (neuroticism) might be one 
common feature underlying heterotypic continuity of inter-
nalizing and externalizing psychopathology [15].

Simultaneously, the current results suggest that the 
genetic overlap is not absolute and there are significant 
genetic influences specific to each symptom. This supports 
molecular genetic approaches that focus on narrow psychi-
atric definitions to reduce heterogeneity [73]. Genetic tools 
such as polygenic risk scores derived for homogenous phe-
notypes might in the future benefit from a greater precision 
in predicting specific psychiatric outcomes. Moreover, sig-
nificant residual genetic influences suggest that symptom-
specific, genetically influenced downstream vulnerability 
factors should continue to be identified alongside transdi-
agnostic risk factors. One such heritable risk factor specific 
to externalizing psychopathology might be daring (novelty 
seeking) personality trait [74].

Finally, the overall pattern of results emerged in self- and 
parent-report data, providing a multi-informant validation 
of the heterotypic associations and etiological influences. 
Nonetheless, there were some notable rater differences. 
Specifically, according to parent ratings, continuity of 
externalizing symptoms across adolescence was higher, 
and transdiagnostic shared-environmental influences were 
more pronounced, contributing to the within-time symp-
tom overlap. These discrepancies might be due to different 
perspectives between parents and adolescents [48, 49], and 
are in line with previous studies finding that parent-reported 
symptoms tend to show higher shared-environmental influ-
ences than self-report [51]. Despite these informant differ-
ences, the current pattern of results appears to be robust 
and replicates across raters, as well as when measures were 
combined across raters.

Limitations

The large, genetically informative, longitudinal, and multi-
informant sample is the strength of the study. However, a 
number of limitations are worth noting. First, the conduct 
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problem subscales, although measured using the well-vali-
dated SDQ widely used in clinical practice and epidemiol-
ogy, yielded low internal consistency scores. Low internal 
consistency for this subscale is not specific to this study 
[49] and could have increased measurement error and con-
sequently underestimate associations with other symptoms. 
Nonetheless, the advantages afforded by a broad, non-redun-
dant content coverage, and a quickly administrable instru-
ment with few items per scale feasible for large-scale data 
collection outweigh the limitation of modest Cronbach’s α 
values [75]. Second, although our results were similar across 
informant symptom ratings, the results may not be generaliz-
able to diagnosed disorders. Symptom-based approach was 
taken because symptoms are important markers of psycho-
pathology [76, 77], quantitative phenotypes better capture 
illness severity and characterize subthreshold cases than 
categorical diagnoses [78, 79], and common mental disor-
ders are considered to be the extremes of quantitative traits 
underpinned by the same genetic liability [80, 81].

Third, we did not formally test rater bias, such as a poten-
tial inflation of shared environmental influences in parent-
report models. Nonetheless, with the exception of conduct 
problems, shared environmental estimates were not higher 
in parent models than self-report models, and results were 
comparable for measures combined across raters. Fourth, we 
did not measure other internalizing and externalizing symp-
toms, such as anxiety, and future research should extend 
our findings to a wider range of psychiatric symptoms, ide-
ally to study the etiological influences on the developmental 
continuity of the broad higher order psychopathology fac-
tors [31, 82]. While we focused on the best measures of the 
three constructs available, the use of different instruments 
to assess conduct and hyperactivity vs. depression symp-
toms could has impacted the relative magnitude of estimates. 
Finally, there are a number of limitations inherent to the twin 
design, comprehensively discussed elsewhere [58]. These 
limitations have minimal and contrasting effects but suggest 
that parameter estimates should be taken as indicative rather 
than absolute values.

Conclusions

The current study investigated how genetic and environmen-
tal influences contribute to the co-occurrence of depression, 
conduct, and hyperactivity symptoms across adolescence. 
The results indicated bidirectional associations between 
these three symptoms, which were underpinned by stable, 
transdiagnostic genetic influences. New genetic influences 
common to three symptoms emerged at 16 years, and fur-
ther contributed to symptoms co-occurrence. Taken together, 
these results are in line with hierarchical causal models of 
psychopathology, and point to shared, genetically driven 

mechanisms that contribute to the comorbidity between 
depression and externalizing symptoms across adolescence.
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