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Abstract

Background—The differential susceptibility theory states that children differ in their 

susceptibility towards environmental experiences, partially due to plasticity genes. Individuals 

carrying specific variants in such genes will be more disadvantaged in negative but, conversely, 

more advantageous in positive environments. Understanding gene-environment interactions may 

help unravel the causal mechanisms involved in multifactorial psychiatric disorders such as 

Attention-Deficit/Hyperactivity Disorder (ADHD).

Methods—The differential susceptibility theory was examined by investigating the presence of 

interaction effects between maternal expressed emotion (EE; warmth and criticism) and the 

solitary and combined effects of plasticity genes (DAT1, DRD4, 5-HTT) on prosocial and 

antisocial behaviour (measured with parent- and self-reports) in children with ADHD and their 

siblings (N=366, M=17.11 years, 74.9 % male).
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Results—Maternal warmth was positively associated with prosocial behaviour and negatively 

with antisocial behaviour, while maternal criticism was positively associated with antisocial 

behaviour and negatively with prosocial behaviour. No evidence of differential susceptibility was 

found.

Conclusions—The current study found no evidence for differential susceptibility based on the 

selected plasticity genes, in spite of strong EE-behaviour associations. It is likely that additional 

factors play a role in the complex relationship between genes, environment and behaviour.
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Introduction

Understanding the interaction between genes and environment may help unravel the causal 

mechanisms involved in multifactorial psychiatric disorders such as Attention-Deficit/

Hyperactivity Disorder (ADHD) [1]. A current perspective on Gene-Environment (GxE) 

interaction, the differential susceptibility theory, states that children differ in their 

susceptibility towards environmental experiences [2,3] and that this difference is (partially) 

explained by genes called “plasticity genes” [4]. Individuals carrying specific variants in 

such genes will be more susceptible to both negative and positive environments [4,5]. This 

view extends the more commonly applied diathesis-stress and dual-risk models, which focus 

only on the vulnerability to adverse effects of negative environments [6].

The dopamine receptor D4 (DRD4) and the serotonin transporter (SLC6A4/5-HTT) genes are 

the most studied candidate plasticity genes. The DRD4 has a variant that differs in the 

number of a 48-base pair tandem repeat located in exon III of the gene. The repeat length 

ranges from 2 to 11. From these, the 7-repeat allele has been identified by numerous studies 

as a differential susceptibility variant [6,7], although there have also been null findings [8]. 

Children with the 7-repeat allele have been shown to be more susceptible to a range of 

parenting factors, like maternal sensitivity and positivity, when investigating children’s 

externalizing behaviour, physiological stress reactivity, sensation seeking, attachment, or 

social behaviour [9,6,10]. Specifically in the context of ADHD, which is the focus of the 

present study, it has been found that children with the 7-repeat allele were most likely to be 

diagnosed with ADHD when exposed to prenatal smoking, but also less likely when not 

exposed to prenatal smoking [11].

The SLC6A4 gene, better known by its aliases, 5-HTT and SERT, has a variable length 

(polymorphic) region with short (S) and long (L) repeat alleles in the promoter region, the 

HTTLPR. Research has revealed carriers of the short allele to be more susceptible to several 

family factors, (stressful) life events, and socioeconomic status [6,12–15], mostly in relation 

to depression and anxiety [6], but also in the context of positive outcomes such as social 

behaviour [12]. A study in individuals with ADHD reported that delinquents with at least 

one short allele were most likely to have persistent ADHD when they had experienced an 

adverse childhood environment, but least likely when the amount of adversity experienced 

was low [16].
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A gene that has been investigated less often, but with equally interesting results in support of 

the differential susceptibility theory, is the dopamine transporter gene (solute carrier family 

6 [neurotransmitter transporter], member 3 - SLC6A3, more commonly known as DAT1). 

Polymorphisms of the DAT1 gene have been shown to contribute to children’s susceptibility 

towards the environment in two studies investigating multiple plasticity genes. The first 

demonstrated that boys with a combined type ADHD diagnosis, carrying at least one 9-

repeat of the variable number of tandem repeat (VNTR) polymorphism in the 3’ untranslated 

region (UTR) of the DAT1 gene, showed most conduct problems when exposed to high 

negative maternal expressed emotion (EE) and least conduct problems when exposed to low 

negative EE. The same result was found for carriers of at least one short allele of the 

HTTLPR, but not for carriers of the 7-repeat of the DRD4 gene. The effect was strongest 

when boys carried susceptibility alleles of both DAT1 and 5-HTT genes [17; note that 

samples of the present study and this study overlap, but measures were on average 5.9 years 

apart]. The second, a community study, showed that individuals with the most plasticity 

alleles (from multiple genes including DAT1, 5-HTT, DRD2 and DRD4) had the highest 

levels of later parental stress when they had experienced negative maternal parenting during 

adolescence, but the lowest levels when maternal parenting had been positive. In contrast to 

the former study, however, the DAT1 10-repeat of the 3’UTR VNTR instead of the 9-repeat 

was considered as the plasticity variant [18]. As both studies included heterozygous 

individuals with a combination of the 9- and 10-repeat allele in the more susceptible group, 

this could be the common factor explaining the seemingly opposing results. More research is 

needed to determine whether the 9- or 10-repeat drives the susceptibility.

The present study focused on differential susceptibility to parental EE in children with 

ADHD and their siblings. DRD4, 5-HTT and DAT1 have been frequently linked to ADHD 

[19] and shown, as described above, to act as plasticity genes in children with ADHD. 

Furthermore, studies have shown that parents’ negatively expressed emotions are associated 

with symptoms of ADHD, oppositional and conduct disorder in children with ADHD [e.g. 

17,20–23]. We aimed to advance our insight into the differential susceptibility theory by 

investigating the possible presence of interactions between these plasticity genes and 

maternal EE on prosocial and antisocial behaviour in children with ADHD and their 

siblings. We hypothesized that children carrying the risk alleles of DRD4, 5-HTT or DAT1, 

would be more susceptible to EE, and that this differential susceptibility effect would be the 

strongest in children carrying the highest number of plasticity alleles. That is, we expected 

carriers of the risk alleles to show the lowest prosocial and highest antisocial scores when 

faced with negative EE (i.e. low warmth and high criticism), but the highest prosocial and 

lowest antisocial scores when their mothers expressed positive EE (i.e. high warmth and low 

criticism).

Methods

Participants

Participants were selected from a follow-up (2009–2012) of the Dutch part of the 

International Multicenter ADHD Genetics (IMAGE) study, performed between 2003–2006 

[see www.neuroimage.nl; 24]. At first enrolment, 365 families with at least one child with 
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combined type ADHD and at least one biological sibling (regardless of ADHD diagnosis) 

were recruited, in addition to 148 control families with at least one (unaffected) child and no 

formal or suspected ADHD diagnosis in first-degree family members. All families were 

invited for a follow-up measurement in Amsterdam or Nijmegen with a mean follow-up 

period of 5.9 years (SD =.74). Additional girls with ADHD (any type; N=37 families) and 

healthy control boys (N=34 families) were recruited to balance out the gender and age 

distributions between the ADHD and healthy control groups. A comprehensive assessment 

protocol was administered, encompassing behavioural questionnaires, a diagnostic interview 

and several neurocognitive measures from all family members, and an extensive magnetic 

resonance imaging (MRI) scanning protocol in participating children. Probands and their 

siblings were between 5–30 years, of European Caucasian descent, had an IQ ≥ 70 and no 

diagnosis of autism, epilepsy, general learning difficulties, brain disorders or known genetic 

disorders (such as Fragile X syndrome or Down syndrome). The complete cohort 

participating in the follow-up comprised of 323 ADHD families and 153 control families. 

From this total, 366 participants, from 242 families, had information on EE and genotype 

available and therefore met the inclusion criteria for analysis. Participant characteristics are 

shown in Table 1. Informed consent was signed by all participants (parents signed informed 

consent for participants under 12 years of age) and the study was approved by the ethics 

committee (Centrale Commissie Mensgebonden Onderzoek).

Diagnostics Assessment

To determine ADHD diagnoses at the follow-up measurement, a standardized algorithm was 

applied to a combination of questionnaires and a semi-structured diagnostic interview. An 

in-depth description is provided on www.neuroimage.nl.

Measures

Child social behaviour—Children’s prosocial and antisocial behaviour were measured 

by means of the prosocial behaviour and conduct problems scales of the Dutch Strengths 

and Difficulties Questionnaire (SDQ), completed by parents and via self-report [25]. Both 

subscales consist of 5 items, each to be scored on a 3-point scale (0–2). After summing, 

scores on both scales could range from 0 to 10. The Dutch SDQ has demonstrated 

acceptable to good psychometric properties [25,26]. Moreover, the SDQ has shown 

substantial associations with independently diagnosed clinical disorders [27] and both 

parent- and self-report have been able to distinguish between disorders within a clinical 

sample [28]. In agreement, an internal consistency (self-/parent-report) of α=.63/.71 was 

revealed for prosocial behaviour and α= .57/.73 for conduct problems in the present study.

Parental expressed emotion—Parental expressed criticism and warmth were assessed 

during the semi-structured diagnostic interview, using codings originally derived from the 

Camberwell Family Interview [29]. Ratings were based on the overall impression of the 

interviewer, considering parent’s expressed feelings only. Parents were unaware of the EE 

assessment during the interview. Only ratings of mothers were used in our study, as the data 

of fathers were far less complete.
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Warmth was assessed by the tone of voice, spontaneity, sympathy, and/or empathy toward 

the child. Little warmth (0) was coded when there was only slight amount of understanding, 

sympathy, or concern or enthusiasm about or interest in the child or when parents did not 

display any of the qualities of warmth described below. Moderate demonstration of warmth 

(1) was coded when there was a detached and rather clinical approach, with little or no 

warmth of tone, but moderate understanding, sympathy, and concern. Quite a lot of 

demonstration of warmth (2) was coded when there was definite understanding, sympathy, 

and concern, but only limited warmth of tone. A great deal of expressed warmth (3) was 

coded when there was definite warmth, enthusiasm, interest in, and enjoyment of the child. 

Criticism was assessed by statements which criticized or found fault with the child based on 

tone of voice and critical phrases. No expressed criticism (0) or little expressed criticism (1) 

were coded when there was no or very little evidence during the interview that the parent 

disapproves or dislikes the child’s behaviour. Some criticism (2) was coded when there were 

statements of dissatisfaction indicating that the parent was bothered, irritated or upset by the 

child’s behaviour or characteristics. Quite a lot of expressed criticism (3) was coded when 

there were indications that the parent did not like or approve of the child’s behaviour. A lot 

of expressed criticism (4) was coded when the parent mentioned critical comments 

indicating the respondent dislikes, resents, disapproves of, or is angered or annoyed by the 

child’s behaviour or characteristics. High criticism was also based on harsh tone of voice, 

even if the statement did not meet the content criteria. For a statement to be considered 

critical, the inflection, pitch, and/or rate of speech had to be dramatically different from the 

baseline. The tone had to strongly indicate resentment and/or anger about the topic being 

discussed[17, 23]. The inter-rater reliability has been found to be adequate using similar 

codings for warmth and criticism (range .78–91 and .79–.86 respectively [30]. During the 

first measurement wave (the IMAGE study), an average agreement percentage of 96.6% 

(range 78.6–100) and a mean Kappa coefficient of .88 (range .71–1.00) were obtain across 

all sites for the total PACS-interview, including the EE ratings [31].

Genotyping—An extensive description of DNA extraction and genotyping in IMAGE is 

provided elsewhere [24]. Briefly, for the IMAGE sample (parents and children), DNA was 

extracted from blood samples or immortalized cell lines at Rutgers University Cell and DNA 

Repository, New Jersey, USA. Additional NeuroIMAGE samples were collected in the form 

of a saliva sample using Oragene kits (DNA-Genotek; see www.neuroimage.nl). The DRD4, 

DAT1 and 5-HTT had been genotyped for previous studies by the IMAGE consortium 

[24,32]. No deviations from Hardy Weinberg equilibrium were found (DRD4 p=.15, DAT1 

p=.78, 5-HTT p=.78). The cumulative plasticity index was created by scoring one point 

when either one or two copies of the plasticity alleles were present for a gene (i.e. the 7-

repeat of the DRD4 exon III VNTR, the 9-repeat of the DAT1 3’UTR VNTR, the short allele 

of the HTTLPR) and summing the points into a total score, range 0–3 [as in 18]. The 

genotype frequencies are shown in Online Resource 1, Table S1.

Socioeconomic status—Socioeconomic status (SES) was based on the last successfully 

completed education level [33] and calculated as the average total years of education of both 

parents (when information of both parents was available). Scores ranged from 6, for 

completion of primary school, to 17 years, when a university degree was obtained.
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Missing Data

For prosocial and antisocial behaviour, 24.0% of the parent-reported and 28.1% of the self-

rated data was missing. The missing data were replaced using multiple imputations (m=20 

imputations). The following auxiliary variables were included in the imputation procedure: 

children’s prosocial and antisocial behaviour from the first measurement wave (assessed 

with the Dutch SDQ parent version [25] in 2003–2006; the IMAGE study), and, as proxies 

for prosocial and antisocial behaviour, the Big-Five trait agreeableness (assessed with a 

Dutch adaptation [34] of the Big-Five questionnaire from Goldberg [35]) and oppositional 

problems (assessed with the Dutch version of the CPRS-R:L [36]) from the current sample.

Data Analyses

To assess the presence of gene-environment correlations, Pearson correlations were 

calculated between the plasticity genes of children and mothers, EE and child behaviour 

[6,37]. Linear mixed model analyses were used to investigate the fixed effects of EE, 

genotype and GxE interactions on prosocial and antisocial behaviour of children (parent- 

and self-report). In each model we estimated a random intercept to correct for familial 

dependency within the sample (for parent- and self-report the intraclass correlation was .22 

and .17 for prosocial and .18 and .27 for antisocial behaviour, respectively). Age, gender, 

collection site and SES were included as covariates in all analyses. Maternal warmth and 

criticism were centred and analyzed separately. Separate models were run for each potential 

plasticity gene (i.e. DAT1, DRD4, 5-HTT) as well as for the cumulative plasticity index.

P-values are reported based on the pooled results of twenty imputations. A correction for 

multiple comparisons was employed based on the effective number of independent tests on 

each gene (Meff) [38]. The Meff was derived from the Eigenvalues of the correlation matrix 

between the four outcome measures (parent- and self-reports of prosocial and antisocial 

behaviour) adjusted for covariates (age, gender, collection site and SES). The Meff was 3 

and the adjusted p-value threshold p=0.05/3=.017. All analyses were performed with the 

Statistical Package for the Social Science, version 20.0.

Results

Testing for the presence of gene-environment correlations revealed no significant 

associations between maternal warmth and any of the children’s plasticity genes (all p-

values>.261, see Online resource 1, Table S2). However, maternal criticism was very 

weakly correlated with the DAT1 (r =.13 p<.05) and the cumulative plasticity index (r =−.14 

p<.05), though not with the DRD4 or 5-HTT plasticity indices. Considering the size of the 

correlations, there was no reason to believe that possible gene-environment interactions 

would solely reflect gene-environment correlations. Similarly, no significant associations 

were found between maternal genotype (DAT1, DRD4 and 5-HTT) and EE or child 

behaviour (all p>.064, see Online Resource 1, Table S2).

Prosocial behaviour

Both warmth and criticism were associated with prosocial behaviour when rated by parents 

(B=.44, p<.01; B=−.53, p<.001, respectively; see Online Resource 1, Table S3). This effect 
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was also found on self-reported prosocial behaviour for warmth (B=.35, p<.01), and 

marginally for criticism (B=−.21, p=.06). No significant main or GxE effects were found for 

DAT1, DRD4 or 5-HTT genotypes (all p-values>.161; see Online Resource 1, Table S3 and 

S4). Likewise, when the gene variants were combined to form the cumulative plasticity 

index, no main or GxE effects were revealed (all p-values>.513; see Online Resource 1, 

Table S3 and S4). Using the 10-repeat instead of the 9-repeat of the DAT1 3’UTR VNTR as 

the plasticity allele [as in 18] did not alter the results (all p-values>.224).

Antisocial behaviour

The analyses with child antisocial behaviour showed effects of both warmth and criticism on 

both parent-reports (B=−.49, p<.001; B=.78, p<.001, respectively) and self-reports (B=−.33, 

p<.01; B=.30, p<.01 respectively; see Online Resource 1, Table S3). No main or GxE effects 

were found for any of the plasticity genes (all p-values>.089; see Online Resource 1, Table 

S3 and S4). Similarly, no effects were found when the gene variants were combined to form 

the cumulative plasticity index (all p-values>.515; see Table S3 and S4). Again, using the 

10-repeat instead of the 9-repeat of DAT1 VNTR as the plasticity allele did not alter the 

results (all p-values>.172).

Supplementary analyses

Analyses performed on subsets of children, i.e. children with ADHD, only boys or only boys 

with ADHD, to investigate possible effects of ADHD or gender revealed similar results as 

described above. The same was true for analyses using an additive model instead of a 

dominant one for the cumulative plasticity index (thus with a range of 0–6 plasticity alleles). 

Additional analyses with common DAT1 haplotypes (i.e. 10/6 and 9/6) having shown 

associations with ADHD previously [39,40] revealed no significant effects for either 

prosocial or antisocial behaviour (see Online Resource 1, supplementary material and Table 

S5). Finally, supplementary analyses were run with a binary variable comparing high versus 

low positive maternal EE in congruence with a previous study that reported GxE effects 

[PMEE; see supplementary material and Table S6; 17]. Similar to the main analyses, 

children in the low PMEE group had significantly lower scores on prosocial and higher 

scores on antisocial behaviour compared to children in the high PMEE group. For DAT1 and 

DRD4 genotype, no main or GxE effects were found. However, interaction effects were 

found for PMEE x 5-HTT, and PMEE x Cumulative plasticity index, on parent-reported 

prosocial behaviour. These findings did not survive correction for multiple testing and were 

opposite to the direction previously reported in the literature.

Discussion

In this study we examined the differential susceptibility theory by investigating the presence 

of interactions between plasticity genes and maternal EE on prosocial and antisocial 

behaviour in children with ADHD and their siblings. We found that EE was associated with 

both prosocial and antisocial behaviour in the expected direction: when mothers expressed 

more warmth, children showed more prosocial and less antisocial behaviour, and 

conversely, when mothers expressed more criticism, children showed less prosocial 

behaviour and more antisocial behaviour. This is in agreement with previous literature [e.g. 
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17,20–22], although most studies focused only on antisocial behaviour. The current study, 

therefore, complements previous literature by showing not only the EE-antisocial, but the 

EE-prosocial association as well.

The results revealed no significant main effects of the ADHD candidate genes. Importantly, 

given the aim of the present paper, we found no GxE interactions on prosocial or antisocial 

behaviour. Only when including a categorical rather than a continuous measure of EE (high 

versus low PMEE) in supplementary analyses were two GxE interactions found; these, 

however, were opposite to the hypothesized direction and did not survive correction for 

multiple testing. Finally, analyses in subsamples (e.g. boys with ADHD), which had yielded 

meaningful GxE interactions in a previous study [17], did not change the results.

Thus far, as described above, a number of studies have investigated the interaction effects 

between parenting and genes, specifically on child (anti-)social behaviour. Most have 

focused on antisocial behaviour and the DRD4, and, to a lesser extent, the 5-HTT and DAT1 

genes. For DRD4 the results are the most consistent, with carriers of the exon III VNTR’s 7-

repeat allele showing the most or least antisocial behaviour when faced with negative or 

positive parenting, respectively [41,42]. However, two other studies were unable to support 

these findings [17,43]. In addition, one study showed children to be differentially susceptible 

to parenting on prosocial behaviour [10]. Likewise, carriers of the HTTLPR short allele have 

been found to display a pattern of differential susceptibility towards parenting on social [12] 

and antisocial behaviour [17]. However, for DAT1 the results are less clear. Only one study, 

so far, has reported on the interplay with parenting on antisocial behaviour [17]. Moreover, 

no previous studies have reported on DAT1 or DAT1 x Environment effects on prosocial 

behaviour. In all, previous findings are heterogeneous, with most obvious potential 

explanations being the relatively small sample sizes employed hitherto (N<169; except for 

[17]) and the use of diverse measures of parenting. This seems to indicate that there is not 

yet sufficient evidence for a robust and general GxE effect of parenting and DRD4, DAT1 

and HTTLPR on children’s social behaviour.

Besides sample size and inconsistency of environmental exposure, there are a number of 

factors that are likely to play a role in the genetically based susceptibility to the environment 

and therefore explain the heterogeneity across findings. For example, there could be alleles 

involved from other genes which could interact with the genes under study and the 

environment in numerous ways [7]. Moreover, besides genetic susceptibility, studies have 

shown child temperament and physiological reactivity to influence children’s susceptibility 

to environmental experiences [see for a recent review 7]. Another factor that could play a 

role is age. Whereas the present study included participants with a mean age 17 years, most 

previous studies investigated younger children, with only one study including children 

above eight years old [17]. It is currently unknown if differential susceptibility to the 

environment decreases with age. In all, heterogeneity among findings may be caused by the 

complexity inherent to development; arguably, one genetic risk variant combined with the 

variance of one environmental factor is unlikely to demonstrate fully consistent effects 

across samples.
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An alternative explanation for not finding GxE effects and the contradictory findings in the 

literature is that the causal pathway modelled in most GxE studies is only partly valid. We 

can think of at least three complicating influences that would perturb hypothesized GxE 

effects. First, parenting or EE could be related to parental genotype. Since parental and child 

genotype are linked, this could explain any interactions found between parenting, child 

genotype and child behaviour [37]. We checked for any parental gene-environment 

correlations, but as reported, none were found. Nonetheless, parental gene-environment 

correlations may very well play a role in findings of other studies, as these correlations are 

seldom reported. Second, rather than parental EE eliciting child behaviour (i.e. parent effect 

model), it could also be that the causation is reversed, that is, child behaviour elicits parental 

EE (i.e. a child effect model). In this case the null findings would be expected. However, 

since evidence has been found for both parent effect [44,45] and child effect models [46,21], 

it is more likely that both causation models are valid and complementary in capturing the 

underlying mechanisms. Third, if reverse causation plays a role, the model could become 

even more complicated if we take into account that mothers could be differentially 

susceptible to environmental experiences, in this case their children’s behaviour. Again, 

although complicated, these causal pathways are, in our view, not farfetched in terms of 

actual developmental processes, and may therefore explain heterogeneity in findings.

Our study should be viewed in the context of some strengths and limitations. Strengths of 

this study were the theory-driven approach, use of multiple informants and inclusion of 

positive as well as negative measurements of both environment and behaviour. Though it 

would have been even better to obtain positive and negative measures on one continuous 

scale, many GxE studies have failed to include the positive side of behavioural outcome at 

all [6]. Limitations were the missing values for child behaviour and the sample size. Power 

calculations performed with Quanto 1.2.4 [47] revealed we had adequate power to detect 

GxE effects with an explained variance (R2) of 3–5% or higher (see supplementary material 

and Table S7 for details). This means we had adequate power to detect the larger but not 

smaller effects. Previous literature has suggested effect sizes of GxE interactions are 

substantially smaller than initially thought, with an explained variance of 10% considered 

very large, 1% large and even .01% moderate [48]. This also raises questions about the 

sample sizes and findings of the studies discussed above. Moreover, methodological issues, 

such as selected inheritance mode and allele frequency have an impact on the power [48]. 

Thus replication studies are needed with sufficient power to detect even the smallest of 

effects.

Overall, we can conclude that the current study found no evidence for differential 

susceptibility, based on our selection of plasticity genes. Previously reported associations 

between maternal EE and prosocial and antisocial behaviour were confirmed in our data. As 

clearly pointed out by the proponents of the differential susceptibility theory themselves, 

there are several factors that potentially play a role in the contribution to environmental 

susceptibility [e.g. age, prenatal environment, temperament, physiological stress reaction; 

49,7]. This, together with the heterogeneous findings in the literature, indicates more 

research is needed before firm conclusions can be drawn. Preferably this would be with 

large samples in order to detect small differential susceptibility effects, if present.
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Table 1

Participant characteristics

N M SE Range

Maternal warmth 366 1.55 .04 0–3

Maternal criticism 366 1.70 .05 0–4

Prosocial behaviour parent-report 366 7.33 .12 1–10

Prosocial behaviour self-report 366 7.75 .11 2–10

Conduct behaviour parent-report 366 2.70 .12 0–10

Conduct behaviour self-report 366 2.45 .11 0–10

SES 366 11.33 .12 5–17

Age 366 17.11 .16 7.8–28.2

Gender

  Male 274 74.9%

  Female 92 25.1%

ADHD diagnosis

  Combined subtype 128 35.0%

  Inattentive subtype 133 36.3%

  Hyperactive-impulsive subtype 23 6.3%
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