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Abstract We tested two models to identify the genetic

and environmental processes underlying longitudinal

changes in depression among adolescents. The first as-

sumes that observed changes in covariance structure result

from the unfolding of inherent, random individual differ-

ences in the overall levels and rates of change in depression

over time (random growth curves). The second assumes

that observed changes are due to time-specific random ef-

fects (innovations) accumulating over time (autoregressive

effects). We found little evidence of age-specific genetic

effects or persistent genetic innovations. Instead, genetic

effects are consistent with a gradual unfolding in the lia-

bility to depression and rates of change with increasing

age. Likewise, the environment also creates significant

individual differences in overall levels of depression and

rates of change. However, there are also time-specific en-

vironmental experiences that persist with fidelity. The

implications of these differing genetic and environmental

mechanisms in the etiology of depression are considered.

Keywords Depression � Adolescence � Development �
Growth � Genes � Environment

Introduction

Rates of depression change markedly through adolescence

in boys and girls but few studies (if any) have addressed the

underlying genetic and environmental processes that ac-

count for individual differences in the developmental tra-

jectory of adolescent depression. Several studies have

shown that individual differences in liability to juvenile

depression are moderately heritable and that the relative

contribution of genetic differences increases with age (e.g.

Eley and Stevenson 1999; Rice et al. 2002; Silberg et al.

1999, 2001; Thapar and McGuffin 1994). Furthermore, such

longitudinal twin data as have been explored (e.g. Bergen

et al. 2007; Eley and Stevenson 1999; Kendler et al. 2008;

Lau and Eley 2006; Thapar andMcGuffin 1994) suggest that

there is some partial cross-temporal consistency in the ge-

netic contribution to depression, possibly reflecting the

stable contribution of the same genes across development. In

spite of this overall consistency, however, there are also

apparently genetic factors whose expression is age-specific.

Such studies, however, have significant weaknesses.

Although they describe the pattern of longitudinal change,

they do not attempt to resolve the underlying develop-

mental genetic process that generates the empirical patterns

of twin resemblance across time. There are two principal

shortcomings of these earlier analyses. Firstly, although

they involve repeated measures, measures on different

occasions are pooled over a relatively large developmental

time-span, limiting the precision with which age-dependent

genetic and environmental influences can be resolved.

Secondly, the model that is used to account for the pattern

of genetic variation and covariation over time is the

atheoretical ‘‘Cholesky decomposition’’ that merely de-

scribes patterns of change but does not attempt to account

for them in terms of one or more simpler and, potentially,
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more informative theoretical possibilities. A simple ex-

ample of the problem with the conventional approach is

that the same basic genetic covariances admit series of

more-or-less arbitrary explanations beyond the one that is

advanced in the literature. For example, the Cholesky de-

composition that is often employed assumes that genetic

variation increases over time due to the progressive accu-

mulation of novel age-specific genetic differences at each

age that, once ‘‘switched on’’ are expressed at subsequent

ages. Formally, this published account is indistinguishable

from the radically different explanation that some sets of

genes expressed at earlier stages in development are pro-

gressively ‘‘switched off’’ as development proceeds.

Different models for the roles of genes and environment

in development can lead to different predictions about the

patterns of correlation in longitudinal data on family

members. For example, the variances and covariances of

repeated measures in longitudinal twin data may depend on

individual genetic and/or environmental differences in in-

herent growth patterns unfolding with age (‘‘random

growth curves’’). Alternatively, or concurrently, they may

arise when time-specific random genetic or environmental

effects are more of less persistent over time (‘‘autoregres-

sive effects’’). As an example, (Gillespie et al. 2004a) fitted

auto-regresive models to longitudinal neuroticism data

from adolescent twins and found that additive genetic

variance observed at ages 14 and 16 could be explained by

genetic effects at age 12 years. There was also evidence for

smaller but significant genetic innovations at 14 and

16 years. The data were limited to three time points and

they did not test competing ‘latent growth’ or combinatory

‘dual change’ models. Among adults, found that genetic

determinants of anxiety and depression appear to be

relatively stable across the lifespan for males and females

(Gillespie et al. 2004b). There is some evidence to support

additional mid-life and late age gene action in females for

depression (Gillespie et al. 2004b).

These findings illustrate how different developmental

processes may apply to the genetic and environmental

components of developmental change. It is conceivable, for

example, that genetic influences account for individual

differences in levels and rates of change, while autore-

gressive effects account for the remembering or forgetting

of time-dependent non-genetic influences. Efforts to com-

bine the feature of autoregressive (Eaves et al. 1986) with

those from standard latent growth models (McArdle

1994; McArdle and Anderson 1989; McArdle and Hama-

gami 1991; Nesselroade and Baltes 1974), which are

mathematically and statistically equivalent to random co-

efficient, multilevel or hierarchical linear models (Bryk and

Raudenbush 1987; McArdle 1988; McArdle and Hama-

gami 1992; McArdle et al. 1991; Mehta and West 2000;

Miyazaki and Raudenbush 2000), have been applied to

cognition (Finkel et al. 2007; McArdle 1986) and drug

availability (Gillespie et al. 2007). One recent report has

fitted a dynamic model to depression (Hishinuma et al.

2012) but not within a genetically informative framework.

The current paper attempts to unravel such a series of

contrasting models for the unfolding patterns of genetic

and environmental differences in depression in a longitu-

dinal study of juvenile twins.

Methods

Data

The data used for this analysis were derived from repeated

measures of depression symptomatology of twins taking

part in the longitudinal Virginia Twin Study of Adolescent

Behavioral Development (‘‘VTSABD’’). The overall

composition of the sample by age, sex and zygosity at the

time of initial assessment and up to four follow-ups is

summarized in Tables 1, 2. Pairs were studied at ap-

proximately 2-year intervals until they reached age 18 at

which point they became eligible for a young adult follow-

up (‘‘YAFU’’) using a different protocol, not considered

further in this study. Data were organized by year based on

the ages at which twins were assessed. This varied between

1 and 4 occasions between the ages of 8 and 18, and as a

result, the sample sizes used to estimate correlations be-

tween measurement occasions also varied.

Details of ascertainment, demographics, zygosity diag-

nosis, assessment and prevalence rates for key adolescent

psychiatric outcomes are provided elsewhere (Meyer et al.

1996; Hewitt et al. 1997; Eaves et al. 1997; Simonoff et al.

1997). In this application, depressive symptomatology was

assessed by the sum of keyed responses to items for the

long form of the Mood and Feelings Questionnaire (Angold

et al. 1995; Costello and Angold 1988; see also http://

devepi.duhs.duke.edu/mfq.html). Item response theoretical

(IRT) modeling of the MFQ items from the VTSABD is

described in detail elsewhere (Eaves et al. 2005). The scale

comprised 33 three category items, coded 0, 1, 2 yielding

raw depression scores in the range 0–66 where 0 denotes

completely asymptomatic individuals.

Cross-temporal patterns in genetic

and environmental effects

The starting point for any attempt to elucidate the devel-

opmental processes that characterize cross-temporal

change in genetic and environmental components is the

basic structure of genetic and environmental variation and

covariation as a function of age. We obtained maximum-

likelihood (ML) estimates of the cross-temporal additive
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genetic (A) and within-family, non-shared, environmental

(E) covariance matrices on the assumption that mating was

random and any effects of the shared family environment

(C) are negligible. Previous genetic analysis of depression

in adults and juveniles suggest that these assumptions are

appropriate to a reasonable approximation. The cross-

temporal phenotypic covariances are therefore:

P = AþE ð1Þ

Given the assumptions of this model, the matrix of co-

variances between the repeated measures across first and

second twins is TMZ = A. The corresponding covariances

for the first and second twins of DZ pairs is expected to be

TDZ = �A. Therefore, the entire covariance structure

within and between MZ pairs is expected to be the parti-

tioned matrix:

RMZ¼
A AþE

AþE A

� �
ð2Þ

Whereas for DZ pairs, the expected partitioned matrix

is:

RDZ¼
A 1=2Aþ E

1=2Aþ E A

� �
ð3Þ

Using the Cholesky decomposition, the genetic and

environmental covariance matrices were constrained to be

positive definite by decomposing them into the products

A = a 9 a0 and E = e 9 e0 where a and e are lower tri-

angular matrices. Since we are primarily interested in the

random genetic and environmental differences between

subjects and not in the average trends in depression as a

function of age, we treat the mean depression scores at

each age as nuisance variables, and allow each to take its

own value by age and sex without imposing any structure

on the means. Note that this model was only fitted to

provide a baseline model against which other theoretical

models were compared.

ML estimation of the parameters of the basic model was

implemented using ‘‘classic’’ Mx (Neale and Cardon 1992)

using six groups of twins: male MZ, female MZ, male DZ,

female DZ, male–female DZ and female–male DZ. The

covariance structure was assumed to be the same in boys

and girls. Tests of heterogeneity of parameter values in the

saturated Cholesky across male and female like-sex pairs

suggested that the assumption of homogeneity across sexes

of genetic and environmental variances is generally justi-

fied by the data (Dv(120)
2 = 109.89, P = 0.73).

Figure 1 shows the estimates of the total variance and

the genetic and environmental components of variance as a

function age. Table 3 shows the means of self-report de-

pression scores at each age by sex. The figure confirms the

published findings of a modest contribution of genetic

Table 1 The number of

VTSABD twin pairs with

complete adolescent depression

scores within and between

measurement occasions

Age twin 1 (years)

8 9 10 11 12 13 14 15 16 17 18

Age twin 2 (years) 8 101 14 70 4 18 34 22 35 6 – –

9 14 204 17 129 17 28 78 46 45 16 –

10 70 16 243 24 102 44 53 76 40 39 1

11 4 129 24 316 21 104 77 65 90 42 25

12 18 18 102 21 286 19 120 65 44 75 33

13 32 27 42 107 20 337 32 129 54 60 64

14 21 78 53 78 117 31 372 18 129 71 32

15 34 45 79 65 67 135 17 383 28 110 54

16 6 42 41 88 47 54 128 27 368 28 79

17 – 15 42 45 76 60 68 116 23 268 1

18 – – 2 23 32 65 33 55 76 1 187

Table 2 The number of

VTSABD twin pairs with

complete adolescent depression

scores by zygosity and age

Zygosity Age (years)

8 9 10 11 12 13 14 15 16 17 18

MZ male 26 34 53 61 72 81 93 95 81 74 45

MZ female 37 65 82 81 82 93 110 126 118 73 56

DZ male 8 35 31 48 36 39 56 47 53 27 24

DZ female 12 30 30 52 36 54 56 40 39 32 22

DZ male–female 7 19 24 38 32 35 34 46 40 28 24

DZ female–male 11 21 23 36 28 35 23 29 37 34 16
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influences on liability to depression that increases with age.

The contribution of unique environmental influences at

each age is substantially larger initially than that of genetic

effects but may tend to attenuate somewhat with advancing

age. Linear interpolation from the estimates in Fig. 1 yields

an approximate heritability on 0.39 at age 8 years, rising to

0.46 at age 18. Both these estimates are consistent with

values reported in the literature for single occasions of

measurement.

Figure 2 illustrates the changes in the age-lagged ge-

netic and environmental correlations estimated from the

ML genetic (A) and environmental covariance matrices

(E). Results are presented for the trends in genetic and

environmental correlations between measures made at in-

tervals of 2 and 4 years as a function of the age of the first

occasion of measurement. Unweighted linear trends are

superimposed on the point estimates.

The graphs show three principal trends. First, cross-

temporal genetic correlations are higher than the corre-

sponding environmental correlations implying greater

stability of genetic influences during adolescent develop-

ment than environmental differences. That is, effects of

the environment are more age-specific than effects of the

genes. This finding is consistent with longitudinal data on

the genetic control of adult depression (Gillespie et al.

2004b). Second, both genetic and environmental cross-

temporal correlations increase with age implying that there

is some accumulating stability of both effects with

increasing age during adolescence. Finally, both genetic

and environmental correlations decrease as a function of

increasing lag between repeated measures. Taken together,

these findings imply that there may be a dynamic

mechanism underlying the development of depression that

increases the apparent contribution of differences with

progress through adolescence, results in increased genetic

and environmental stability over time yet shows a devel-

opmental pattern that leads to a progressive decay (‘‘for-

getting’’) of earlier genetic and environmental influences

as adolescence unfolds.

Model for the covariance structure of genetic

and environmental effects on repeated measures

The results in Figs. 1, 2 are purely descriptive and call for

further analysis in order to elucidate the possible underly-

ing processes of developmental change in the effects of

genes and environment on the patterns of twin resemblance

within and between ages. The broad qualitative findings

summarized above may arise from either or both of two

different conceptions of how development proceeds (see

Gillespie et al. 2007).

Fig. 1 Longitudinal changes in

unstandardized variance

components for total phenotypic

variance, additive genetic, and

non-shared environmental risk

factors in adolescent depression

between ages 8 and 18 years

Table 3 Summary statistics for twins’ self-report depression scores

Age (years) Boys Girls

N Mean SD N Mean SD

8 87 10.93 8.85 116 13.54 9.69

9 189 11.84 9.69 230 12.22 11.43

10 217 9.93 7.92 271 9.63 9.97

11 293 8.67 7.97 342 8.97 9.50

12 279 9.09 8.64 300 9.24 8.91

13 314 9.27 8.15 373 10.72 9.71

14 361 8.11 8.14 396 10.49 9.10

15 367 9.21 8.94 416 11.08 11.00

16 352 8.07 7.90 401 11.45 9.91

17 274 7.87 8.00 276 11.30 9.79

18? 184 7.98 7.17 202 11.22 10.04
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Autoregression models

As described by Eaves (Eaves et al. 1986, see also

Boomsma et al. 1989; Boomsma and Molenaar 1987) the

first ‘‘autoregressive’’ feature of the model assumes that the

observed covariance structure arises because random, age-

specific genetic and/or environmental effects arise at each

time t. The ‘‘innovations’’ reflect novel, time-specific ge-

netic effects or environmental influences. Genetic and/or

environmental differences at time t are partly a function of

new random effects on the phenotype that arise at time

t and partly a (linear) function of differences expressed at

an earlier time, t-1. The cross temporal correlations within

subjects arise because the innovations have a more or less

persistent effect over time and may, under some circum-

stances accumulate during development, giving rise to a

developmental increase in genetic and/or environmental

variance and increased correlation between adjacent mea-

sures. Examples of autoregressive genetic and environ-

mental effects have been described for a variety of human

traits (Boomsma et al. 1989; Boomsma and Molenaar

1987; Cornes et al. 2007; Eaves et al. 1986; Gillespie et al.

2004a, b). One consequence of the autoregressive model is

the tendency of cross-temporal correlations to decay as a

function of increasing separation in time. Depending on the

magnitude of the innovation and their relative persistence,

the observed variances and cross-temporal covariances

may increase during development towards a stable

asymptotic value (see e.g. Eaves et al. 1986, for some

graphical examples of an application to longitudinal cog-

nitive data).

Growth curve models

The second component of the model is conceptually dif-

ferent from the autoregressive model, although in some

forms may lead to very similar predictions about the co-

variance structure of repeated measures. This model re-

gards developmental change as the unfolding of inherent,

random genetic and environmental differences in the level

and rates of change in behavior over time. ‘‘Change’’ may

involve both linear and non-linear components. In different

contexts, such models have been referred to as ‘‘random

regression’’ models, ‘‘hierarchial mixed models’’ or ‘‘latent

growth curve models (Duncan and Duncan 1991; Duncan

et al. 1994; McArdle 1994; McArdle and Epstein 1987;

Nesselroade and Baltes 1974). These models correspond to

special cases of the factor model in which factor loadings

from the level (intercept) and change factors are functions

of the coefficients of a priori contrasts on the levels of age

at which the repeated measures were taken. In the simplest

model, random effects may only affect the overall level of

trait expression rather than any predicted rate of change.

This model will yield a single common factor with equal

loadings across all occasions of measurement and predicts

equal variances over occasions and equal cross-temporal

correlations.

Combine autoregressive and growth curve modeling

Figure 3 summarizes the principal features of these two

models diagrammatically. For simplicity, the figure only

considers the elements of the model without distinction

between genetic and environmental components, although

our analysis treats both independently to allow for the

possibility that different processes underlie genetic and

environmental components of developmental change

(McArdle and Hamagami 2003; McArdle et al. 2004).

If we let R be a covariance matrix (P, A or E) in (1)

above, then the model for the covariance structure is:X
¼ ðI� bÞ�1ðKCK0 þHÞðI� bÞ0�1þW

Fig. 2 Unweighted linear

trends depicting changes in the

age-lagged non-shared

environmental and additive

genetic correlations in

depression at different initial

ages. Figure includes linear

trends for 2 and 4 year age-

lagged correlations
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where K is the orthonormal matrix of cross-temporal

contrasts or the factor loadings (k) from the constant

(k = 1) and linear slope (k8 - k18), and which are shown

in Table 4. C is the variance–covariance matrix for the

constant and change (linear, quadratic etc.) components of

growth.H is a diagonal matrix of error (ε) variances for the

latent depression factors at each age (Age8–Age18) not

explained by the constant and change factors. Likewise, W
is a diagonal matrix for the item-specific or residual (w)
variances in the observed depression scores (P8–P18). Fi-

nally, b is the matrix of first-order, freely estimated au-

toregressive coefficients (b) that represent the

accumulation of risks explained by the constant and change

factors including latent residual error over time.

The model allows for different C, H, W and b when

estimating the expected genetic (A) and environmental (E)

covariance matrices. The matrix of cross-temporal factor

loadings (k) remain constant. The covariance matrix (C)
between the components of growth may be parameterized

in terms of a diagonal matrix of variances, D, and the

correlations, R, between the random effects on the con-

stants, linear and quadratic components of growth, thus

D1=2RPD1=2.

Again, the model parameters may be defined separately

for the genetic and environmental components of growth to

allow for different processes underlying the genetic and

environmental components of individual differences in

development. The parameters for the different components

of the model are constrained to be the same for different

ages in the model.

Model-fitting method

Various constellations of the parameters of the develop-

mental model were fitted to the raw data by full ML (see

Lange et al. 1976) using the classical Mx package (Neale

et al. 2004). Since the principal focus of the analysis was

elucidation of the covariance structure of individual differ-

ences in change, the means were allowed to take their own

Fig. 3 Structural model of developmental change attributable to

auto-regressive and growth curve components. Note The diagram

includes both constant and ‘‘change’’ random effects on growth. The

Model is easily elaborated to reflect higher order components of

growth and can be applied to genetic or environmental components of

developmental change or both

Table 4 Normalized coefficients of contrasts (fixed factor loadings) for the constant, linear and quadratric growth factors

Age (years)

8 9 10 11 12 13 14 15 16 17 18

Constant 0.3015 0.3015 0.3015 0.3015 0.3015 0.3015 0.3015 0.3015 0.3015 0.3015 0.3015

Linear -0.4767 -0.3814 -0.2860 -0.1907 -0.0953 0.0000 0.0953 0.1907 0.2860 0.3814 0.4767

Quadratic -0.5121 -0.2048 -0.0341 0.2048 0.3073 0.3414 0.3073 0.2048 -0.0341 -0.2048 -0.5121
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values as a function of age and sex, with the constraint that

the means were equated across zygosity groups and between

the fist and second members of twin pairs, except in the case

of unlike-sex pairs where the mean vectors appropriate for

males and females were substituted as appropriate.

Results

Model comparison statistics are shown in Table 5. Three

models were fitted initially. Model 1 assumes the standard

Cholesky decomposition whereby the genetic and envi-

ronmental covariances are unstructured, apart from the

requirement that they are positive definite. Model 2 as-

sumes that there is no genetic or environmental covariance

across ages i.e. that neither genes nor environment show

any characteristics of random growth effects or autore-

gression. This model allows only for occasion-specific

genetic and environmental effects. Elements of the genetic

and environmental specific variances were allowed to vary

across time. Models 1 and 2 represent reasonable extremes

of good and bad fit against which other models may be

compared. Model 3 is the most complex developmental

model that can be fitted to these data: 2nd order random

growth curves with linear and quadratic rates of changes;

combined with first-order autoregressive effects for both

genes and environment. In all models the means were es-

timated as free parameters so that mean effects of age, sex

and the interaction of age and sex were allowed to take

their own values. Therefore, comparisons of different

models for development are based only on their relative

abilities to account for the covariance structure of the re-

peated measures of depressive symptomatology in twins.

As expected, the fit of Model 2 provided an extremely

bad fit compared with the most general Model 1

(Dv276ð Þ = 964.47, P\ 10-5) reflecting the significant

cross-temporal consistency of the causes of depression in

adolescence. By comparison, the fit of the basic develop-

mental model (Model 3), combining random second order

genetic and environmental effects on growth, together with

autoregressive effects on both genetic and environmental

influences gives a good fit in comparison with the general

model (Dv2102ð Þ = 116.68, P = 0.15).

We then compared a variety of models nested within the

fairly general but saturated developmental model. Our

approach was to identify broad simplifications, judged by

the Akaike information criterion (AIC) that could be ac-

complished without sacrificing goodness of fit. Before

proceeding, tests of heterogeneity of parameter values in

Table 5 Summary of multivariate model comparisons for the VTSABD longitudinal adolescent depression scores

Model A E k -2ln(l) D-
2LL

Ddf P D-
2LL

CM Ddf P AIC

1 Saturated Saturated 120* 21369.454 – – – – – – – –

2 No cross-

temporal

covariance

No cross-

temporal

covariance

44 22333.922 964.47 76 \1 9 10-5 – – – – 812.468

3 C ? L ? Q ? ß,

W, e
C ? L ? Q ? ß,

W, e
18 21486.131 116.68 102 1.52 9 10-1 – – – – -88.677

4 Drop Q from 3 Drop Q from 3 12 21500.178 130.72 108 6.8 9 10-2 14.04 3 6 2.9 9 10-2 -86.724

5 Drop L & Q from 3 Drop L, Q from 3 8 21528.741 159.29 112 2.2 9 10-3 28.57 4 4 \1 9 10-5 -65.287

6 Drop C, L & Q

from 3

Drop C, L, Q from 3 6 21591.980 222.53 114 \1 9 10-5 63.24 5 2 \1 9 10-5 -6.526

7 Drop B from

Model 3

Model 3 16 21486.732 117.28 104 1.75 9 10-1 0.60 3 2 7.4 9 10-1 -91.278

8 Model 3 Drop B from Model 3 16 21494.561 125.11 104 7.78 9 10-2 8.53 3 2 1.4 9 10-2 -82.893

9 Drop B from

Model 3

Drop B from Model 3 14 21499.969 130.51 106 5.34 3 10-2 13.83 3 4 7.8 9 10-3 -82.515

10 Model 7 Drop Q from
Model 7

13 21494.184 124.73 107 1.16 3 1021 8.05 7 3 4.5 3 1022 -89.270

11 Drop Q from

Model 10

Model 10 10 21511.221 141.77 110 1.90 9 10-2 17.04 10 3 0.6 9 10-3 -78.233

Elements of W and e are assumed to be constant over time unless noted otherwise (‘‘free’’)

A additive genetic, E non-shared environment, C Constant, L Linear, Q Quadratic, ß Beta regression coefficient, W item-specific or residual

variances, e error variances for the latent depression factors, k number of free parameters in Model for covariance structure (ignoring mean

parameters), CM comparison model, D-2LL change in-2 9 Log Likelihood asymptotically distributed as a v2, Ddf change in degrees of freedom

Model 10 best fitting model

* 12 parameters fixed to zero (no data available for estimation of remote correlations
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this saturated developmental model across male and female

like-sex pairs suggested that the assumption of homogeneity

across sexes of genetic and environmental variances was

again justified by the data (Dv218ð Þ = 21.18, P = 0.27).

Given no support for sex differences in the covariance

structure all models were based on the same covariance

structure for boys and girls in Table 5. It is conceivable that

larger samples might require models that account for

heterogeneity of the covariance structure across sexes.

Models 4, 5 and 6 (Table 5) removed sequentially the

random quadratic (Q), linear (L) and constant (C) differences

from both the genetic and environmental covariance structures

while retaining autoregressive components (b) in both.

Dropping both the genetic and environmental quadratic com-

ponents of growth jointly (Model 4) resulted in a marginally

significant change in fit (Dv26ð Þ = 14.04, P = 2.9 9 10-2).

The data resisted attempts to remove the random genetic and

environmental differences in overall elevation and linear

change (Models 5 and 6) and resulted in much larger AIC.

Models 7, 8 and 9 examined the effect of removing au-

toregressive effects from the developmental Model 3. Re-

moving any autoregressive effects from the genetic

covariance structure (Model 7) resulted in no appreciable

loss of fit (Dv22ð Þ = 0.20, P = 0.74) while providing the

lowest AIC (-91.28) achieved in this analysis. By compar-

ison, dropping the non-genetic autoregressive component

(Model 8) made the fit appreciably worse (Dv22ð Þ = 8.53,

P = 1.4 9 10-2) suggesting that a significant component of

environmental correlation in depression across adolescence

is due to the relative persistence of individual, time-specific,

environmental experiences whose effects gradually decay

across time. This appears to be in contrast to the genetic

components that change significantly across adolescence,

but reflect the temporal unfolding of inherited genetic dif-

ferences in developmental trajectory.

The best model (Model 7) assumes 2nd order random

growth effects on both genetic and environmental covari-

ance structure, with the addition of autoregressive effects on

the environmental structure. Models 10 and 11 represent

post hoc attempts to simplify this structure further. Model 10

drops the environmental component of quadratic change.

The quadratic genetic component is removed as a further

step in Model 11. Removing the environmental quadratic

component resulted only in a marginal deterioration in fit

and increase in AIC. Attempting to remove the quadratic

genetic component leads to a relatively bad fit and a much

larger increase in AIC. Model 10 was subsequently judged

the best fitting. ML estimates of the parameters of this best

fitting model (Model 10) are given in Table 6.

Figure 4 shows the patterns of change in the environ-

mental, genetic and phenotypic variances predicted from

the best fitting model. Figures 5, 6 show the pattern of

predicted cross-temporal correlations derived from the

expected environmental and additive genetic covariance

matrices respectively.

The estimates in Fig. 4 depict the trends in the compo-

nents of variance obtained for the unconstrained genetic

and environmental Model 10. There is a slight tendency for

the total variance to increase with age but the effect is not

marked. The average contribution of the within-family

environment is somewhat larger than that of genetic effects

across adolescence with a modest overall tendency for

environmental differences to increase with age. Overall,

however, the total variance with the genetic and environ-

mental components show relatively small changes with

age.

Figure 5 shows the predicted cross-temporal non-shared

environmental correlations based on the best fitting Model

10 as a function of initial age and interval between mea-

surements ranging from 1 through 5 years. Though sig-

nificant, these environmental correlations were not large,

and this is indicative of the small variance due to differ-

ences in elevation (‘‘constant’’ differences over time) in the

estimates of non-shared environmental parameters in

Table 6. Instead of changing markedly as a function of age,

as indicated by the variance attributable to ‘‘linear’’ in-

creases in differences over time (see Table 6), the cross-

temporal non-shared environmental correlations tended to

decay as a function of the increasing interval between

assessments. Thus, measures separated by 1 year are ap-

proximately twice as correlated as measures separated by

5 years. As shown in Table 6, compared to additive genetic

effects, the variance attributable to the environmental

constant and linear rate of change were smaller. The sig-

nificant autoregressive component (b) in Model 10 over

Table 6 Maximum likelihood variance estimates for parameters in

the best fitting developmental Model for Mood and Feelings Ques-

tionnaire depression scores, along with additive genetic (A) and non-

shared (E) environmental correlations between the constant (C), linear

(L), and quadratic (Q) factors

Parameters A E

Constant (C) 6.6492 1.3458

Linear (L) 1.3345 0.6579

Quadratic (Q) 0.1872 0

Error (e) 0 0.7393

Residual (W) 0.2165 0.1261

Correlations between growth factors

rCL 0.1606 -0.0916

rCQ 0.8327 0

rLQ 0.6803 0

Autoregression (b) 0 0.3966
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1 year intervals nevertheless suggests that at least some

individual environmental experiences are enduring.

As shown in Fig. 6, the pattern for additive genetic ef-

fects is quite different from that emerging for the envi-

ronment. Firstly, the overall level of genetic correlation

across time is much higher ([0.7 for measures separated by

1 year) compared with that for environmental effects

(*0.4). These effects are reflected in the large variance

due to differences in elevation (‘‘constant’’ differences over

time) in the estimates of genetic parameters in Table 6. The

variation in cross-temporal genetic correlations as a func-

tion of initial age at measurement is greater for younger

children (see initial age 8 years in Fig. 6) and gradually

decreases in older children.

Discussion

Our combined autoregressive and growth curve modeling

using multi-wave data on adolescent depression provides

compelling support for distinct mechanisms underlying

genetic effects on adolescent development compared with

environmental effects.

Considering the environmental effects first, it is appar-

ent that juveniles experience two types of environment

during adolescence. The first are generally more or less

depressogenic environments that operate throughout this

part of the lifespan. These differences contribute to the

random differences in the overall levels (C) and linear

(L) rates of change in the environmental component of

Fig. 4 Changes in the

phenotypic, genetic and

environmental variances in

depression predicted from the

best-fitting developmental

Model 10

Fig. 5 Pattern of age change in

the cross-temporal non-shared

environmental correlations in

depression at different initial

ages predicted from the best-

fitting developmental Model 10.

At each initial age, 1, 2, 3, 4 and

5-year lagged correlations are

shown
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Model 10. However, compared with the variances of the

latent genetic effects on growth, these initial and unfolding

contributions of the environment in depression throughout

adolescence are small. Indeed, the genetic variance on

differences in the average levels during adolescence is

6.649 compared with 1.346, almost a five-fold difference.

The second and much larger source of environmental

effects are those arising from all short-term influences in-

cluding those contributing to measurement error, rather than

to any persistent, unfolding and long-term external adver-

sity. These short-term effects are indicated by the small

cross-lagged environmental correlations which point to a

much higher degree of age-specificity in the relative pro-

tective and depressogenic experiences of adolescents. Thus

a child, even an identical twin, who is exposed to an envi-

ronmental insult at one time might, at another, have the

benefit of a protective effect not shared with his or her cot-

win. Note however, that the relatively rapid decay in cross-

temporal correlations that would follow if all environmental

experiences were transient and forgotten over time is not

borne out by our data—the small non-shared environmental

autoregressive component (Model 10) remained significant

over 1 year intervals (b = *0.4). This suggests that at least

some individual environmental experiences are enduring,

carry forward, and contribute significantly to future random

effects on overall depression levels in the model for envi-

ronmental differences. So although we expect some expe-

riences of individual twins to remain persistent and

accumulate throughout development, perhaps pointing to

long-term developmental effects of experiences that precede

the onset of measurement, there is much stronger support

instead for large time-specific environmental effects whose

effects are mostly and rapidly forgotten.

We now consider the genetic effects. The cross-lagged

structure of genetic effects on depression cannot simply be

ascribed to differences in juveniles’ initial average

(‘‘Constant’’) levels of genetic liability. Compared to the

environment, there remain larger and significant genetic

effects on both types (linear and quadratic) of develop-

mental change. Genetic variance in linear rates of change

with age (1.335) is approximately twice that seen for the

contributions of the environment to change (0.658). Also,

the small but significant quadratic relationship between

genetic variability and age is commensurate with a slight

burst in genetic variability observed in correlated measures

of neuroticism in other adolescent pubertal samples,

(Gillespie et al. 2004a). Once differences in the level and

rates of genetic change are accounted for, any age-specific

(H), residual (W) and enduring (b) genetic effects are

relatively small or completely absent. The absence of any

significant autoregressive effects in the model suggests a

relative static role for the genetic causes of developmental

change which, apart from quite modest age-specific effects,

have no accumulative impact. Instead, our results strongly

suggest that the bulk of genetic differences are due to

overall levels of genetic liability at the start of adolescence

and which unfold over time.

Thus, the patterns of developmental changes in genetic

variance and covariance cannot be ascribed to the long-

term persistence and accumulation of age-specific random

genetic effects. Any apparent age changes in genetic

variance simply represent the successive expression of

differences in the inherent unfolding developmental tra-

jectory. These effects will largely be confounded with any

that arise because of the developmental transaction be-

tween the organism’s genetic liability and the exposure to

Fig. 6 Changes in the cross-

temporal additive genetic

correlations in depression at

different initial ages predicted

from the best-fitting

developmental Model 10. At

each initial age, 1, 2, 3, 4 and

5-year lagged correlations are

shown
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depressogenic environments (active and evocative geno-

type-environment correlation). Such a finding is important

for gene discovery, if such be possible, because it implies

that the same genes may be expressed at different devel-

opmental stages, even if some of their effects increase with

age. Or, discovery of genes that affect adult depression

may also assist the discovery of genes that explain differ-

ences among juveniles.

In contrast, the impact of the environment is, at least in

part, dynamic and cumulative whereas the genes affect

inherent levels and rates of change. This model does not

make explicit provision for genotype 9 environment in-

teraction (G 9 E). However, in so far as G 9 E involves

interaction with individual and time-specific environments,

it is expected that the effects of G 9 E are confounded

with those of the unique environment, E, in our model.

We note that the original 11 9 11 genetic covariance

matrix and its Cholesky decomposition has 76 free pa-

rameters. Our best fitting model has only seven genetic

parameters (four genetic variances and three correlations,

Table 5) derived from a parsimonious developmental the-

ory yet reproduces the covariance pattern very well, in-

cluding that implied by the Cholesky decomposition that is

characteristic of any longitudinal data set under several

contrasting theories of the underlying developmental pro-

cess. Our model thus captures the descriptive genetic

findings of previous studies of repeated measures of juve-

nile depression, but offers the additional insight that the

genetic covariance structure described in terms of the

Cholesky decomposition in earlier studies may be at-

tributed to random genetic effects on the overall liability to

depression and genetic differences in the rates of devel-

opmental change.

Limitations

The data and model have significant limitations that are

shared with many other studies. The principal weaknesses

of the data are the small samples and the relatively coarse-

grained longitudinal assessment. The former limitation

reduces the power of statistical tests of heterogeneity, such

as those due to sex effects on the contributions of genes and

environment. The limited number of widely-separated

assessments reduces the ability of the design to resolve

subtleties of the developmental process beyond the

relatively crude effects assumed in this model. We note

that, in this study, any effects of G 9 E interaction will be

confounded with those of the (unmeasured) unique envi-

ronment and any effects of the environment correlated with

genotype will be confounded with those of genotype (see

Jinks and Fulker 1970). Thus, one plausible explanation of

the increase of genetic effects during development is the

accumulation of positively or negatively reinforcing envi-

ronments correlated with those of variation in genetic lia-

bility to depression.

In conclusion, although our model reveals significant

differences in the way genes and environment contribute to

developmental change in adolescent depression it does not

exhaust alternative theoretical possibilities such as the role

of the developmental genetic timing of milestones in the

expression of genetic differences (e.g. Eaves and Silberg

2003). Such models demand alternate conceptual models

and analytical approaches.
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