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Abstract Assessment of genetic influences on behavior

depends on context, informants, and study design: We show

(analytically) that, conditional on study design, informant

specific genetic variance is included in the genetic variance

component or in the environmental variance component. To

aid the explanation, we present an illustrative empirical

analysis of data from the Netherlands Twin Register. Sub-

jects included 1,571 monozygotic and 2,672 dizygotic

12-year-old twin pairs whose attention problems (AP) were

rated by their parents, teachers, and themselves. Heritability

estimates (h2) of AP were about *0.75 for same informant

ratings (mother, father, and same teacher ratings) and*0.54

for different informants’ ratings (different parents’, different

teachers’, and two twins’ self-ratings). Awareness of

assessment effects is relevant to research into psychiatric

disorders. Differences in assessment can account for age

effects, such as a drop in heritability of ADHD symptoms. In

genome-wide association studies, effects of rating specific

genetic influences will be undetectable.

Keywords (Missing) heritability � Informant effects �
Context dependent behavior � Attention problems � ADHD

A trait’s heritability depends on many aspects. It is by

definition population dependent and time dependent as

heritability is defined as the relative contribution of geno-

typic variance to phenotypic variance in a particular pop-

ulation at a specific point in time (Falconer and Mackay

1996). Related to this, the heritability of a trait can be

gender dependent or age dependent. Empirically gender

dependency in behavioral and psychological traits is more

often absent than present, but examples exist. Seasonal

mood changes, for instance, are slightly more heritable in

males than in females (Jang et al. 1997). Age dependency

of heritability is common and is often illustrated by refer-

ence to the heritability of intelligence, which is well known

to increase gradually from childhood to young adulthood

(Haworth et al. 2009).

Perhaps less well-known, but increasingly acknowl-

edged, is that symptoms of attention deficit/hyperactivity

disorder (ADHD), and associated complex traits, such as

attention problems (AP), demonstrate the opposite of

intelligence in the sense that their heritability estimates are

relatively high in childhood (Derks et al. 2009; Faraone

et al. 2005), but relatively low in adulthood (Boomsma

et al. 2010; Chang et al. 2013; Haberstick et al. 2008;
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Kan et al. 2013a; Larsson et al. 2012; Merwood et al. 2013;

Saviouk et al. 2011; van den Berg et al. 2006). Moreover,

in the case of AP, the drop in estimated heritability is not

gradual, but abrupt, which appears to be the result of a

sudden increase in nonshared environmental variance (Kan

et al. 2013a). In contrast to the increasing heritability of

intelligence, which has been ascribed to a gradual increase

in active genotype-environment covariance (Haworth et al.

2009; Kan et al. 2013b), the differences between herita-

bility of ADHD symptoms and AP in adults versus children

is still left unexplained (Merwood et al. 2013). It has been

surmised, however, that these differences do not reflect true

developmental changes, but rather difference in assess-

ment, because they coincide with a shift from reliance on

reports by others to reliance on self-reports (Kan et al.

2013a; Merwood et al. 2013; Chang et al. 2013). This

suggests heritability is also assessment or informant

dependent.

Indeed, a body of empirical research has established that

heritability estimates of many behavioral problems that

relate to psychiatric disorders vary across informant ratings

(Merwood et al. 2013; Arseneault et al. 2003; Bartels et al.

2003a; Eaves et al. 1997; Lamb et al. 2012; Martin et al.

2002; Polderman et al. 2006; Sherman et al. 1997; Wood

et al. 2008; Kendler et al. 2008). The results can be sum-

marized as follows. While heritability estimates for mother

and father ratings of their children’s behavioral problems—

attention problems and ADHD symptoms included—are

about equal, they are (on average) larger than those for

teacher ratings, which, in turn, are (on average) larger than

those for self-ratings. In addition, heritability estimates for

teacher ratings vary considerable. They are relatively high

when two siblings or twins are rated by the same teacher

and relatively low when rated by different teachers.

The heterogeneity among heritability estimates for par-

ent, teacher and self-ratings has received several explana-

tions (see Merwood et al. 2013, for a recent discussion).

One explanation involves the role of measurement error

variance and reliability (Hartman et al. 2007). In behavior

genetics, variance due to measurement error is by definition

subsumed under the environmental variance component

(Plomin et al. 2012, p. 96). Increased measurement error

variance, or, equivalently, decreased reliability, will result

in increased environmental and observed phenotypic vari-

ance (see Fig. 1). As heritability is the proportion of

genetic variance to phenotypic variance, relatively high

measurement error variance (relatively low reliability) will

thus result in relatively low heritability estimates. Hence, it

can be hypothesized that self-reports are less reliable than

teacher reports, and teacher reports less reliable than parent

reports. Although such hypothesis would constitute a valid

theoretical account, there is no convincing evidence for

such a systematic pattern, neither from validation studies

(e.g., Achenbach and Rescorla 2001), nor from empirical

studies. In addition, differences in reliability across parent,

teacher, and self-ratings do not provide an explanation for

the large differences between heritability estimates among

teacher ratings. So, even though differences in reliability

will contribute to differences in heritability, reliability does

not constitute the full explanation for the observed heter-

ogeneity in heritability estimates.

Relevant to the previous explanation is the role of

response bias (‘rater bias’). Like measurement error, dif-

ferences in response biases affect the degree of agreement

between two ratings of the same variable. Examples of

response bias include the situation in which informants

consistently overrate or underrate occurrences of behavior

or when the degree of similarity between twins is overes-

timated or underestimated. Such biases can result in (pos-

itively or negatively) correlated error terms between ratings

from the same informant (Hewitt et al. 1992; Bartels et al.

2007b). If differences in response biases are present, the

degree to which ratings from different informants are

similar can thus be expected to differ from the degree to

which ratings from the same informants are similar. Key is

that depending on study design observed between twin pair

correlations can deviate considerably from each other and

from the actual between twin pair correlation. This is

important knowledge, because in a twin design the corre-

lation between monozygotic twin pairs determines the

upper limit of a trait’s heritability estimate (Falconer and

Mackay 1996). The more raters disagree, the lower

between twin pair correlation can get, hence the lower the

upper limit of the heritability estimate. In this regard, rater

bias is considered to be an appealing and important

potential explanation of observed differences in heritability

(Rice et al. 2002).

We note, however, that a lowering of the upper limit of

the heritability does not (necessarily) imply that the actual

heritability estimates are expected to be lower. Consider

the measurement model in Fig. 1, for instance, in which

error terms between same informant’s ratings of phenotype

P are correlated due to the presence of rater biases; error

terms between different informants’ ratings are uncorre-

lated. The observed twin similarity (hence the observed

monozygotic twin correlation) between same informant’s

twin pair ratings (e.g., mother ratings, father ratings, or

same teacher ratings) differs from the observed similarity

between different informants’ twin pair ratings (e.g., dif-

ferent teacher ratings and the self-ratings of the two twins),

regardless whether differences in reliability are present or

absent. This is because the effects of biases on the twin pair

ratings are shared and nonshared, respectively. Yet, the

contribution of genetic variance to observed phenotypic

variance does not depend on the presence of these biases.

In the model in Fig. 1, the estimated heritability based on
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ratings from different informants will not differ from those

based on same informant ratings, provided any differences

in reliability are absent or taken into account.

We also stress that disagreement between two behav-

ioral measures is not necessarily due to measurement error

or response bias (Hewitt et al. 1992; Bartels et al. 2007b).

Behaviors, hence phenotypic differences herein, tend to

depend on context or situation. When different informants

observe twins’ behaviors in different situations, differences

in the informants’ responses may thus well reflect true

behavioral differences, rather than (or on top of) differ-

ences in bias. Previous behavior genetic studies provide

ample evidence of the presence of genetic and environ-

mental influences that are informant specific (in addition to

common genetic and environmental influences). This holds

true not only for attention problems (Derks et al. 2006),

symptom counts of ADHD (Burt et al. 2005; McLoughlin

et al. 2011; Merwood et al. 2013), or related traits (activity;

Wood et al. 2008), but also for symptom counts of oppo-

sitional defiant disorder (Burt et al. 2005), anxiety and

depression (Kendler et al. 2008; Boomsma et al. 2005), and

conduct disorder (Burt et al. 2005), and for ratings of

internalizing and externalizing problem behavior, whether

defined in general (Bartels et al. 2003a), or more specifi-

cally, e.g., as withdrawn behavior (Hoekstra et al. 2008) or

aggressive behavior and rule-breaking behavior (Bartels

et al. 2003b). That informant specific factors are geneti-

cally influenced suggests that rater disagreement is not

limited to the (possible) effects of rater bias, and also that

the model in Fig. 1 is too strict.

Studying the issue why heritability estimates of a trait

vary across informant ratings is complicated, not in the

least because of possible confounding effects: if both the

manner of assessment and the influences of environmental

or genetic effects change during the course of development,

it is difficult to disentangle their contributions to observed

changes. Yet, increasingly, efforts are being taken to do so.

By analyzing longitudinal, genetic informative cross-

informant data important contributions have been made to

the understanding of the development of psychiatric dis-

orders. From research on ADHD symptoms (Chang et al.

2013; Merwood et al. 2013), for instance, we know that

(a) twins’ parents and teachers and twins themselves rate a

common phenotype that is highly heritable, (b) these

Fig. 1 Strict, unidimensional measurement model of phenotype P

defined according to quantitative genetic theory (in black), and the

extension of it in a genetic informative design (in grey). Variable P is

regressed on latent genetic (G) and environmental (E) variables with

variances rG and rE, such that the total phenotypic variance is

rP = rG ? rE (when covariance between E and G and interaction

terms are considered absent). Subjects resemble each other due to

shared environmental effects and similarity in genetic makeup. The

resemblance can be quantified as aG*Cov(G) ? aE*Cov(E), where aG

represents the proportion shared segregating genes. In monozygotic

twins aG equals 1. In dizygotic twins the average aG equals 0.5 (or

lower in the presence of nonadditive genetic effects). Dummy aE

represents the proportion of environmental effects that cohabiting

individuals share (= 0 in AE and ADE models and 1 in ACE models).

Informants 1 and 2 (are imagined to) have provided both two ratings

of the subjects’ phenotype (X and repeated measure X0, as in a test–

retest settings or when split-halves are used). Hence four repeated

measures of the latent phenotype are available for each of the two

subjects. Symbol k represents a scaling parameter which may be

assumed equal if raters provided ratings on the same rating scale. The

symbol e represents measurement error. Due to the presences of bias,

error terms between ratings from the same rater can be correlated. In

this model, cross informant twin correlations are expected to be lower

than within informant twin correlations, but heritability estimates will

not depend on whether ratings are provided by the same informant or

by different informants
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ratings also reflect informant specific genetic influences,

(c) the estimated contributions of both the common and

specific genetic influences differ across informants, (d) the

estimated relative contribution of specific genetic influ-

ences on same teacher’s ratings is larger than those on

different teachers’ ratings, and (e) agreement between

mother and father ratings is stronger than agreement

between parent and teacher ratings. Why the contributions

of genetic effects differ across the informant ratings is still

unclear, however. To date, the informant dependency of

heritability has not been resolved. As a result the impli-

cations of this dependency have not been fully addressed in

the literature.

The major and general aim of the present paper is to

clarify the informant dependency of heritability and to

consider its implications. An additional, more specific aim

is to investigate whether the dependency can explain the

aforementioned abrupt drop in heritability of attention

problems in early adolescence that is accompanied by

switch in informants. To these ends, we first present a

series of genetic analyses of parent, teacher and self-ratings

of 12-year-old twins’ on the attention problems scales of

the Achenbach System of Empirically Based Assessment

(ASEBA; Achenbach and Rescorla 2001). The results of

these analyses serve to illustrate the informant dependency

of heritability and to aid our explanation of this depen-

dency. Next, we discuss the implications of the present and

previous findings for future behavior and molecular genetic

studies. Throughout the paper, it is important to realize that

by analyzing cross-informant data from a homogeneous

sample with respect to age, any differences in heritability

cannot be attributed to any confounding age effects.

Method

Sample

Data were collected by the Netherlands Twin Register

(NTR). The NTR’s methods of recruitment and the NTR

participants’ background and response rates have been

described in detail elsewhere (Bartels et al. 2007a; van

Beijsterveldt et al. 2013).

The database contained ratings of twins’ behavioral

problems on items from the ASEBA at the time the twins

(birth cohorts 1986–2001, n = 17,757) were 12 years old.

Of 5.75 % of these twins data on blood or DNA poly-

morphisms were available, from which zygosity was

obtained. If this information was absent zygosity was

deduced from opposite-gender information or from the

responses on validated questions (e.g. about physical

resemblance). Of 0.42 % of the twin pairs zygosity was

undetermined due to insufficient information or invalid

responses; their data were excluded from further statistical

analyses. Of 705 monozygotic male, 866 monozygotic

female, 701 dizygotic male, 666 dizygotic female, and

1,305 dizygotic opposite gender twin pairs classroom

information was available, next to ratings of attention

problems. This group constituted the subject sample.

The subject sample consisted of 4,008 males and 4,304

females from 4,237 families, comprising 4,001 complete

and 242 incomplete twin pairs. The number of twin pairs

from whom (at least from one of the twins) at least two,

three, and four AP ratings were available was 3,558, 2,758,

and 484. The number of complete twin pairs of whom both

twins received four ratings was 378. Of the twins pairs 893

MZ and 678 DZ pairs shared their classroom and 1,251 MZ

and 1,421 DZ pairs did not.

Measures

The twins ‘behavioral problems were rated by the twins’

mothers, fathers, teachers, or by the twins themselves.

Mothers and fathers filled out the Child Behavior Checklist

(CBCL), teachers the Teacher Report Form (TRF), and the

twins the Youth Self Report/11-8 (YSR) (Achenbach and

Rescorla 2001).

Total scores (item sum scores or item mean scores) on

the CBCL, TRF, and YSR AP scales were considered to

constitute indicators of the same phenotype (Achenbach

and Rescorla 2001, p. 28)—i.e., the individual’s level of

attention problems. We stress this does not (necessarily)

imply that the phenotype was considered to be static or

one-dimensional, for example. Firstly, as mentioned, there

is ample evidence that attention problems are context

dependent. Secondly, certain attention problems that are

assessed by the AP scales can be considered more strongly

related to diagnostic criteria of ADHD symptoms of inat-

tention (e.g., day dreaming) and others to hyperactivity

(e.g., having trouble to sit still) or impulsivity (e.g., acting

without thinking). Thirdly, the items on the AP scales of

the TRF (20 items), CBCL (11 items), and YSR (9 items)

AP scales do not overlap perfectly (see the sample forms of

the CBCLC, TRF and YSR at the ASEBA website; http://

www.aseba.org/forms.html). An example of an overlap-

ping item is: ‘[my child] can’t concentrate, can’t pay

attention for long’(CBCL), ‘[the pupil] can’t concentrate,

can’t pay attention for long’(TRF) and ‘I have trouble

concentrating or paying attention’ (YSR). An example of a

non-overlapping item is ‘[the pupil has] difficulty follow-

ing directions’, as this item is only included in the TRF.

Because the number of items on the AP scales differed

across the instruments, internal consistencies (Cronbach’s

a’s) differed considerably. These were 0.77 (for both

mother CBCL reports and father CBCL reports), 0.90

(TRF) and 0.70 (YSR). Sum scores were also incomparable.
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In view of the latter analyses of item mean AP scores were

preferred, because these were comparable across the

instruments, owing to the fact that all items on the TRF,

CBCL, and YSR are scored on a three-point scale. Possible

answer categories are ‘Not true’ (scored 0), ‘Somewhat or

sometimes true’ (scored 1) and ‘Very true or often true’

(scored 2).

Statistical analyses

From the MZ and DZ correlations between the mean item AP

scores (see Table 1), it can be inferred that according to all

informants (mothers, fathers, teachers, and the twins them-

selves) MZ twins resembled each other in AP scores to a

greater extent than DZ twins, which implies individual dif-

ferences in attention problems reflect—to some extent—

individual differences in genetic makeup. We note our aim

was to clarify the informant dependency of heritability to

explain previous empirical results, and not, for example, to

find the best model fit. We therefore employed a standard

univariate twin model (Plomin et al. 2012) to obtain herita-

bility estimates of individual differences in attention prob-

lems, as is common practice in genetic research. That is, we

decomposed the variance in item mean AP scores into genetic

and environmental variance components (see Fig. 2, for a

graphical representation of the model). Such decomposition

is possible in a twin design since monozygotic twins share

(nearly) 100 % of their genetic material whereas dizygotic

twins share (on average) 50 % of segregating genes.

Because the MZ correlations were more than twice as

high as the DZ correlations, which is generally interpreted

as evidence for nonadditive genetic effects (but see the

discussion), genetic variance was further decomposed into

additive genetic variance and non-additive genetic variance

(Plomin et al. 2012). As previous behavior genetic research

indicated no sex differences in MZ and DZ correlations or

in heritability estimates of AP (Vink et al. 2012; Rietveld

et al. 2003), and to increase the power to detect differences

in heritability across informants, data for boys and girls

were collapsed. However, because previous research did

report mean differences in AP between boys and girls

(Rietveld et al. 2003; Kan et al. 2013a), we included gender

as a binary predictor of AP. To allow for possible differ-

ences in heritability between twins who shared their

classroom environment or teacher and twins who did not

(Lamb et al. 2012), the model was fitted separately in the

groups of twin pairs of whom it was known that they

shared their classroom or teacher (‘same teacher group’) or

that they did not (‘different teachers group’). The same

teacher group comprised 893 MZ and 1,251 DZ pairs; the

different teachers group 678 MZ and 1,421 DZ pairs.

To check whether the use of twin pair ratings provided by

different informants yields different heritability estimates

than the use of twin pair ratings provided by the same

informant, and to control for instrument effects, we first

selected mother (CBCL) ratings of the one twin and father

(CBCL) ratings of the other, and fitted the model on these’

different parents’ ratings’, thereby allowing for mean dif-

ferences between mother and father ratings. Next, we fitted

the model on the mother (CBCL) ratings of both twins as

well as on the father (CBCL) ratings of both twins. The

results were compared with the results from model fits on the

teacher (TRF) ratings and on (YSR) self-ratings (in both the

same teacher group and the different teacher group). From

the model fitting results we derived broad-sense heritability

coefficients (i.e., h2), which denote the relative contribution

of estimated total genetic variance (i.e. the sum of additive

and non-additive genetic variance) to phenotypic variance

(i.e. the sum of environmental and total genetic variance).

All analyses were performed in the statistical program

Mplus, version 6.11 (Muthén and Muthén 1998–2011).

Table 1 Descriptive statistics of attention problem ratings on the

Child Behavior Checklist (CBCL), Teacher Report Form (TRF) and

Youth Self Report (YSR) of monozogotic (MZ) and dizygotic (DZ)

twin pairs for whom classroom information was available

Instruments (and informants)

CBCL TRF YSR

(Mothers) (Fathers) (Teachers) (Twins)

nMZ 1,330 1,017 1,569 261

nDZ 2,156 1,676 2,669 373

lMZ 0.22 (0.006) 0.21 (0.007) 0.22 (0.004) 0.48 (0.018)

lDZ 0.22 (0.021) 0.21 (0.005) 0.26 (0.005) 0.48 (0.013)

SDMZ 0.25 (0.004) 0.24 (0.003) 0.27 (0.004) 0.33 (0.012)

SDDZ 0.26 (0.003) 0.25 (0.005) 0.30 (0.003) 0.31 (0.008)

rMZ 0.74 (0.013) 0.74 (0.014) 0.69 (0.014) 0.57 (0.043)

rDZ 0.22 (0.021) 0.32 (0.022) 0.23 (0.022) 0.23 (0.052)

Standard errors within parentheses

n number, l mean, SD standard deviation, r twin correlation

Fig. 2 Standardized behavior genetic model. The observed variable

attention problems (AP) is regressed on latent genetic (G) and

(nonshared) environmental (E) variables, with regression coefficients

h, and e. Variance in the latent variables is set at 1, such that a
represents the genetic correlation between twins
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Because the distribution of AP mean item scores was

skewed, these analyses were carried out using robust raw

data maximum likelihood estimation, which allows for the

analysis of non-normally distributed, continuous outcome

variables.

Results

Table 2 and Fig. 3 summarize the results of the genetic

analyses. In both the same and different teacher group, h20s

based on different parents’ ratings was relatively low,

whereas h20s based on same parent’s ratings (mother ratings

and father ratings) were relatively high. The former were

comparable to h20s based on self-ratings and different

teachers’ ratings, while the latter were comparable to h2

based on same teacher ratings.

That heritability estimates for different parents’ and same

parent’s ratings differ, implies that using the same data one

can arrive at different conclusions concerning the herita-

bility of a trait. Before we provide an explanation of this

finding, we note that certain effects can be ruled out as

Table 2 Results from the univariate genetic analyses of attention problems

Informant(s)

Same teacher group Mother–father Father–mother Mother–mother Father–father Teacher 1–teacher 1 Twin 1–twin 2

Number of twin pairs [MZ, DZ] [787, 1,040] [787, 1,040] [786, 1,035] [604, 805] [892, 1,250] [152, 174]

Additive genetic variance 0.019 (0.009) 0.016 (0.008) 0.022 (0.007) 0.034 (0.003) 0.010 (0.008) 0.035 (0.030)

Nonadditive genetic variance 0.007 (0.010) 0.011 (0.008) 0.014 (0.007) 0.000 (0.000) 0.041 (0.009) 0.015 (0.031)

Total genetic variance 0.026 (0.003) 0.026 (0.002) 0.036 (0.002) 0.034 (0.003) 0.051 (0.003) 0.050 (0.006)

Environmental variance 0.023 (0.002) 0.022 (0.002) 0.014 (,001) 0.013 (0.002) 0.015 (0.001) 0.043 (0.005)

Phenotypic variance 0.050 (0.002) 0.048 (0.002) 0.050 (0.002) 0.047 (0.002) 0.066 (0.003) 0.093 (0.005)

Heritability in percentages 52.8 (4.31) 54.9 (3.89) 72.6 (2.58) 71.3 (3.44) 77.8 (2.04) 53.4 (5.44)

Different teacher group Mother–father Father–mother Mother–mother Father–father Teacher 1–teacher 2 Twin 1–twin 2

Number of twin pairs [MZ, DZ] [544, 1,101] [546, 1,099] [544, 1,081] [413, 844] [677, 1,250] [109, 193]

Additive genetic variance 0.008 (0.012) 0.000 (0.000) 0.002 (0.010) 0.024 (0.011) 0.033 (0.014) 0.036 (0.037)

Nonadditive genetic variance 0.035 (0.014) 0.040 (0.003) 0.054 (0.011) 0.032 (0.012) 0.013 (0.016) 0.020 (0.036)

Total genetic variance 0.043 (0.004) 0.040 (0.004) 0.057 (0.003) 0.056 (0.004) 0.047 (0.005) 0.056 (0.008)

Environmental variance 0.032 (0.003) 0.033 (0.003) 0.020 (0.002) 0.015 (0.002) 0.043 (0.005) 0.045 (0.007)

Phenotypic variance 0.074 (0.003) 0.073 (0.003) 0.076 (0.003) 0.071 (0.003) 0.090 (0.003) 0.101 (0.007)

Heritability in percentages 57.4 (4.12) 55.2 (3.52) 74.4 (2.32) 78.7 (2.49) 52.0 (5.02) 55.3 (6.40)

Standard errors of parameter estimates within round brackets

mother - mother father - father mother - father father - mother teacher - teacher twin 1 - twin 2

Estimated heritability of Attention Problems

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.3

0.4

0.5

0.6

0.7

0.8

0.9

same teacher group
different teacher group
same informant
different informants

Fig. 3 Broad-sense heritabilities of parent ratings, teacher ratings, and self-ratings of AP in both the ‘same teacher’ group and the ‘different

teachers’ group
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constituting an account for our observations. First, age

effects were ruled out by design. Second, because reliability

coefficients of a test do not change due to the analysis, of

course, the difference in h2 between same parent’s and dif-

ferent parents’ ratings cannot be attributed to differences in

reliability. That low reliability accounts for the relatively

low heritability of self-ratings, for example, can also be

ruled out, because even though self-reports could be con-

sidered less reliable than parent or teacher ratings (based on

the internal consistencies), h2 for self-ratings was not lower

than h2 for different teachers’ ratings. Lastly, because

mothers and fathers rated the behaviors on the same items,

instrument effects could also be ruled out (which would not

be the case if parent versus teacher ratings would have been

analyzed, for example).

It becomes clear that the differences in h2 did not so

much reflect who the informants were, but whether the

ratings of a twin pair came from one and the same infor-

mant (mother, father, or same teacher) or from different

informants (different parents, different teachers, or the two

twins), even when informants rate the same kind of

attention problems. In the first case, h2 was around 75 %, in

the latter case around 54 %.

Conclusion

How do we explain the ‘same versus different informants’

dependency of h2? As a first step, we abandon the strict

measurement model from Fig. 1 and imagine the presence

of common and informant specific influences (which are

not distinguishable in a univariate analysis). Consider the

model in Fig. 4, which is a bivariate behavior genetic

(‘biometric’) model. It denotes that observed phenotype

variance is the result of variance in genetic factors (G), and

(non-shared) environmental factors (E). Part of the genetic

and environmental variance is common to the ratings,

while another part is informant specific. The informant

specific environmental part includes measurement error

variance. Suppose this model reflects the true data gener-

ating mechanism. To aid the interpretation, also suppose

that the model is standardized, such that all variables have

a variance of 1 and all paths coefficients and covariances

can be interpreted in terms of correlations.

Next, recall that in twin studies heritability is not

directly obtained by measuring environmental and genetic

variance, but derived from a comparison between the

phenotypic similarity in MZ twins and the phenotypic

similarity in DZ twins, hence by comparing differences in

covariance structure. Also recall that in the absence of

shared environmental factors, ‘MZ twin correlations are

direct estimates of heritability’ (Falconer and Mackay

1996). At this point, we encounter ambiguity, because it is

not spelled out which MZ correlation needs to be consid-

ered; the MZ correlations between ratings from the same

informant (e.g., the ratings of twin 1 and twin 2 from

informant 1, or, alternatively, the ratings of twin 1 and twin

2 from informant 2) or the MZ correlations between ratings

from different informants (e.g., the rating of twin 1 from

informant 1 and the rating of twin 2 from informant 2, or,

alternatively, the rating of twin 1 from informant 2 and the

rating of twin 2 from rater 1).

First consider the MZ correlations between same infor-

mant’s ratings, e.g., the correlation between the ratings of

twin 1 and twin 2 from informant 1. Using the rules of path

tracing (Wright, 1934), it can be derived from the model in

Fig. 4 that this correlation equals hc�a�hc ? hs1�a�hs1,

where a denotes genetic resemblance. In MZ twins a = 1,

such that the expression reduces to hc
2 ? hs1

2 . Similarly, it

can be derived that the MZ correlation between the ratings

of twin1 and twin 2 from informant 2 equals hc
2 ? hs2

2 .

Hence, when analyzing mother ratings, father ratings, or

same teacher ratings, heritability estimates reflect the sum

of the relative contributions of the genetic variance that is

shared between the ratings as well as the variance that is

due to informant specific genetic influences.

Next, consider the MZ correlations between different

informants’ ratings, e.g., the correlation between the rating

of twin 1 from informant 1 and the rating of twin 2 from

informant 2. Using path tracing again, it can be derived that

these equal hc�a� hc, which reduces to hc
2. In other words,

when analyzing different teacher ratings or self-ratings

Fig. 4 Standardized multiple informant genetic model. Ratings are

provided by Rater 1 and Rater 2. The variance in the ratings is

explained by common (c) and informant (or context) specific

(s) genetic (G) and nonshared environmental (E) factors. Symbols

h and e denote their (standardized) regression coeffcients; a denotes

genetic resemblance. Common genetic factors contribute to the

correlation between ratings from the same informant and to corre-

lations between ratings from different informants. The specific

genetic factors contribute only to the correlation between ratings

from the same informant
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(or, as in the present paper, different parent ratings), heri-

tability estimates merely reflect the contribution of the

genetic variance that is shared between the ratings. Any

variance due to informant specific genetic factors, whether

additive or non-additive, will be attributed to the residual,

nonshared environmental component.

With this knowledge in mind, examine the results in

Table 2 again, from which it can be obtained that pheno-

typic variance in different parents’ ratings is of about the

same magnitude as the phenotypic variance in same par-

ent’s ratings. Yet, the estimated (total) genetic variance in

the former is smaller than in the latter, while the estimated

environmental variance is larger. These results reflect the

fact that the informant specific part of the genetic variance

gets assigned to the residual nonshared environmental

variance component in case ratings from different infor-

mants are analyzed.1 As a consequence, h2 based on dif-

ferent parent’s ratings is smaller than h2 based on same

parent’s ratings.

Because different teachers ratings constitute different

informants’ ratings and same teacher ratings constitute

same informant’s ratings, h2 for the former can expected to

be relatively low, similar to h2 for different parents’ ratings

compared to h2 for same parent’s ratings. Self-ratings also

constitute different informants’ ratings (twins did not rate

their co-twins’ problems) such that their heritability esti-

mates can also be expected to be relatively low. All these

expectations are in line with the results in Fig. 2.

Discussion

To clarify how heritability estimates are informant

dependent, we analyzed parent, teacher and self-ratings of

12 year old twins’ attention problems, the results of which

fit with results from previous research (e.g., Merwood et al.

2013; Lamb et al. 2012). Heritability estimates of AP based

on mother, father, (same and different) teacher ratings and

self-ratings were similar to those reported in the literature.

By analyzing mother ratings of the one twin member

and father ratings of the other twin member (‘different

parents’ ratings’), we illustrated that h2 for different par-

ents’ ratings is lower than h2 for same parent ratings, and

comparable to h2 based on different teachers’ and self-

ratings. Such a result had not been reported previously, but

provided important information, because from these results

we were able to conclude that empirically h2 of AP ratings

on the same instrument depended mainly on whether twin

pair ratings are provided by the same informant or by

different informants. By means of path tracing, we dem-

onstrated that our results are expected when informant

specific genetic factors are present.

As mentioned in the introduction, the presence of such

informant specific genetic factors have been established in

numerous traits. The interpretation of the heritabilities of these

traits, and the associated disorders themselves, thus requires

caution. When they are based on different informants’ ratings

(self-ratings included), they will reflect the contribution of the

genetic factors that are common to the informants’ ratings; the

contribution of informant specific genetic variance will be

attributed to the residual, hence to nonshared (environmental)

factors. When they are based on same informants’ ratings

heritability estimates include, additionally, the contribution of

these informant specific genetic factors.

That informant specific factors are so widely present is

consistent with the idea that many behaviors are context,

situation, or environmental dependent (e.g., Lamb et al.

2012): Individual differences in the behavior in a specific

context (e.g. classrooms, or home) can be highly geneti-

cally influenced, while specific situations can depend on

genetically influenced behavior. It thus also fits with the

idea of dynamical interactions between genes, behavior,

and environment: When an individual exhibits certain

behavior, which is genetically influenced, people (e.g.,

mothers, fathers, teachers) will respond to this behavior,

and probably they do so in their own ways. As a result, the

responses change the environmental circumstances, which

in turn may alter the individual’s behavior, the individual’s

gene-expression, and thus the genetic effects. In the end,

nonshared environmental influences can thus give rise to

nonshared genetic effects and to rater disagreement. The

more environments differ, the less genetic variance tends to

be shared. This provides an explanation why genetic

overlap is larger and rater agreement between mother and

father ratings is stronger than genetic overlap and rater

agreement between parent and teacher ratings (e.g., Mer-

wood et al. 2013): Both mothers and fathers typically

observe and interact with their children at home, while

teachers do so in classroom environments. Instrument

effects cannot be ruled out however. On the other hand, one

could also argue that instrument effects are explained by

the context dependency, because the items of the CBCL,

TRF, and YSR refer (in part) to different situations; dif-

ferent items will assess the effects of different dynamical

genotype-environment interactions.

Dynamical interactions between genetic and environ-

mental factors are important sources of changes in herita-

bility (Molenaar et al. 1993; Turkheimer 2004; Kan et al.

2010) and of statistical genotype-environment effects

(Carey 1986). They can lead to statistical genotype-

1 Fitting a bivariate model on mother and father AP ratings revealed

that the contribution of common genetic variance to phenotypic

variance was indeed around 55 %, whereas the total estimated

heritability coefficients were on average 75 %. For obvious reasons

bivariate models could not be fitted on same and different teacher

ratings or on self-ratings.
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environment interaction, for instance, or to genotype-

environment covariance. Statistical genotype-environment

interaction refers to the fact that the relative contributions

of environmental and genotypic variance to phenotypic

variance vary across genotype (Plomin et al. 2012).

Genotype-environment covariance refers to the situation in

which the environmental factors that contribute to indi-

vidual differences in a trait differ non-randomly across

individuals as function of genotype (Plomin et al. 2012).

Both dynamical and statistical genotype-environment

effects are receiving increasing attention from the scien-

tific community. In this line of research, it is important to

be aware of informant dependency. Take research into

negative sibling interaction, for instance, which denotes a

form of dynamical interaction where behavior of the one

twin leads to behavior in the co-twin along the same

dimension, but in the opposite direction. Negative sibling

interaction leads, similarly to dominance, to DZ correla-

tions that are more than twice as low as MZ correlations

(Eaves et al. 1997; Rietveld et al. 2003). Comparable

results will be observed when an informant effect called

contrast effect is present (Simonoff et al. 1998). This

effect denotes the situation in which the informant

exaggerates phenotypic differences within pairs of rela-

tives. Contrast effects, negative sibling interaction, and

genetic dominance thus form alternative explanations to

another. Increasingly, efforts are being made to disen-

tangle these effects. In this line of research, researchers

often use multiple informant models. Here, the need arises

to distinguish between ‘multiple same informants’, ‘mul-

tiple different informants’ and ‘a mix of same and dif-

ferent informants’, because contrast effects can be

assumed to be stronger in same informant’s ratings than

in different informants’ ratings.

Awareness of the informant dependency of heritability

is also relevant in other research contexts. The relevance to

clinical research is obvious: Not only heritability estimates

based on mother, father, teacher and self-ratings are

informant dependent, but also those based on clinical

diagnoses. After all, diagnoses can be established by the

same diagnostician or by different diagnosticians (or by

multiple diagnosticians, e.g., a team).

The relevance to developmental behavior research

becomes clear when considering that certain phenotypes

demonstrate relatively low heritability in adulthood and

high heritability in childhood. Because informant depen-

dency constitutes a source of systematical heterogeneity in

heritability estimates, the dependency is an important

additional explanation over age dependency of heritability.

The shift from reliance on reports by others to reliance on

self-reports provides a valid account of the drop in heri-

tability of AP and ADHD symptoms in adolescence, as has

been surmised (Kan et al. 2013a; Merwood et al. 2013;

Chang et al. 2013), but had not yet been proven. The effect

contributes, and perhaps fully explains, the difference

between estimated heritability of AP and ADHD symptoms

in adulthood versus childhood.

The relevance to molecular genetic investigations, such

as genome-wide association studies (GWAS) and genome-

wide complex trait analysis (GCTA), lies in premise that

detectable genetic variants explain heritability. Empiri-

cally, there is often a discrepancy between, on the one

hand, the proportion of phenotypic variance that is

accounted for in GWAS (relatively low) and, on the other

hand, in twin and family studies (relatively high) (Manolio

et al. 2009) and in GCTA (in between) (Yang et al. 2011).

Part of the genetic variance in complex traits thus seems

unexplained, which is holds especially true for problem

behaviors (Trzaskowski et al. 2013). In general, the phe-

nomenon is referred to as the problem of ‘missing herita-

bility’. Explanations of missing heritability are usually

sought in complex genetic mechanisms, such as epistasis,

or in the contributions of rare genetic variants that go

undetected in GWAS of common single-nucleotide poly-

morphisms (SNPs). Although these genetic mechanisms

may contribute to the discrepancies, it must also be

acknowledged that the discrepancies will often be smaller

than assumed. After all, in GWAS, but also in adoption

studies for example, one usually does not rely on ratings

from one and the same informant (or diagnostician), but on

ratings from many different informants (or diagnosticians),

who have rated behaviors in many different contexts. In

these research designs heritability can thus be expected to

be relatively low, and should not to be compared with the

relatively high heritability estimates derived from twin

studies, especially when it concerns heritability estimates

based on same informant ratings. In GWAS and GCTA,

context, situation, hence rating specific genetic effects will

be undetectable.
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