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Abstract

Neuropsychological measures have been proposed as both a way to tap mechanisms and as 

endophenotypes for child ADHD. However, substantial evidence supporting heterogeneity in 

neuropsychological performance among youth with ADHD as well as apparent effect differences 

by sex, age, and comorbidity have slowed progress. To address this, it is important to understand 

sibling effects in relation to these moderators. 461 youth ages 6–17 years (54.8% male, including 

251 youth with ADHD, 107 of their unaffected biological siblings, and 103 non-ADHD controls) 

completed diagnostic interviews and a theoretically informed battery of neuropsychological 

functioning. A structural equation model was used to consolidate neuropsychological domains. 

Group differences between unaffected siblings of youth with ADHD and controls across each 

domain were first examined as the primary endophenotype test for ADHD. Moderation of these 

effects was evaluated via investigation of interactions between diagnostic group and both proband 

and individual level characteristics, including sex, age, and comorbidity status. Unaffected siblings 

performed worse than control youth in the domains of inhibition, response time variability, and 

temporal information processing. Individual age moderated these effects, such that differences 

between controls and unaffected siblings were pronounced among younger children (ages 6–10 

years) but absent among older youth (ages 11–17 years). Evidence for moderation of effects by 

proband sex and comorbidity status produced more variable and smaller effects. Results support 

the utility of inhibition, response time variability, and temporal processing as useful 

endophenotypes for ADHD in future genetic associations studies of the disorder, but suggest this 

value will vary by age among unaffected family members.
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INTRODUCTION

Attention-deficit hyperactivity disorder (ADHD) is a common, costly, and impairing 

psychiatric disorder characterized by developmentally-inappropriate symptoms of 

inattention-disorganization and hyperactivity-impulsivity. Despite much progress, 
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knowledge of etiology as well as ability to make individualized clinical predictions remain 

unsatisfactory. It is known that genetic influences substantially contribute to the disorder 

throughout the lifespan (Chang, Lichtenstein, Asherson, & Larsson, 2013) and, crucially, 

that these vary based on the inattention-disorganization versus hyperactive-impulsive 

symptom domains (Nikolas & Burt, 2010), mirroring the clinical validity distinction of these 

two symptom domains (Willcutt et al., 2012).

To better address etiology and clinical prediction, consideration of intermediate phenotypes 

or endophenotypes has been often suggested in psychiatry as an alternative to diagnoses. We 

use the terms endophenotype and intermediate phenotype interchangeably herein, while 

recognizing that the former includes an expectation that the measure will have greater 

heritability than the disorder it underlies. Neuropsychological measures, particularly 

executive functioning, have been offered as a key intermediate phenotype domain for 

capturing underlying liability for ADHD (Doyle et al., 2005), enhancing etiological signal, 

improving clinical prediction (Arns, Conners, & Kraemer, 2013), or clarifying 

pathophysiology.

However, youth with ADHD demonstrate substantial heterogeneity in executive function 

performance (Nigg, 2005) and meta-analyses have indicated only moderate effect sizes 

(Willcutt, Doyle, Nigg, Faraone, & Pennington, 2005), suggesting these measures capture 

one of multiple mechanistic pathways (Nigg, 2005) or that ADHD itself includes subgroups 

with different profiles (Fair, Batthula, Nikolas, & Nigg, 2012; Nikolas & Nigg, 2013). Past 

work has indicated that the association between measures of neuropsychological 

performance and ADHD may be further moderated by a variety of factors, including age, 

sex, and psychiatric comorbidity (Bidwell, Willcutt, Defries, & Pennington, 2007; Nigg, 

Blaskey, Stawicki, & Sachek, 2004). However, the potential moderation of effects and the 

consequences of such moderation on the utility of these measures as endophenotypes remain 

largely unexplored.

One of the several important features desired in endophenotypes is that they are present in 

unaffected family members of individuals with a disorder, so that they convey liability risk 

(Gottesman & Gould, 2003). Executive function deficits, particularly measures of inhibitory 

control, are observed among otherwise unaffected family members of youth with ADHD 

(Crosbie, Pérusse, Barr, & Schachar, 2008; Gau & Chang, 2010; Goos, Crosbie, Payne, & 

Schachar, 2009; Nigg et al., 2004) and common genes appear to influence the covariation 

between measures of inhibition and ADHD symptom dimensions (Crosbie et al., 2013). Past 

work has also identified working memory deficits (Gau & Chang, 2010), as well as deficits 

in motor timing (Rommelse et al., 2008) among unaffected siblings of youth with ADHD. 

Additionally, while it is now widely believed that domains of neuropsychological 

functioning other than executive functioning are relevant to ADHD (Sonuga-Barke, 

Bitsakou, & Thompson, 2010), most other domains have not been examined in family 

studies, particularly in the same sample or study (as an exception, see Bidwell et al., 2007).

Most crucially, however, moderation of these effects has scarcely been considered, despite 

evidence of potential moderation of associations between neuropsychological measures and 

ADHD (Bidwell et al., 2007; Nigg et al., 2004; Rucklidge & Tannock, 2002). Specifically, 
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the moderating effects of age, sex, and comorbid problems (both within the probands as well 

as among individual family members) are particularly common suggestions but rarely 

studied (or are often covaried in analyses rather than explored as moderators). There is 

ample neurobiological reason to suspect age, particularly individual age, as a moderator of 

effects. Non-linear maturation during adolescence of prefrontal circuitry as well as 

subcortical and cerebellar regions implicated in ADHD may modulate the extent to which 

different cognitive domains are impaired among unaffected siblings or correlate with 

ADHD. Indeed, recent work has suggested that impairments documented among unaffected 

siblings of ADHD probands during childhood may not persist into adolescence (Thissen et 

al., 2014). Additionally, sex differences in the association between various 

neuropsychological measures and ADHD have been reported among probands (Bidwell et 

al., 2007; Martel, 2013; O’Brien, Dowell, Mostofsky, Denckla, & Mahone, 2010) but few 

studies have formally examined moderation of endophenotype effects by either proband sex 

or by individual sex. Such effects may be possible, given past work indicating potential sex 

differences among youth with ADHD in regard to family history of the disorder (Faraone et 

al., 2000).

Similarly, few family-sibling studies of endophenotypes of ADHD have considered the 

impact of comorbid problems, despite evidence that neuropsychological function may differ 

based on presence or absence of comorbid behavioral problems, as well as findings 

suggesting that reading ability may attenuate some performance differences among 

unaffected siblings (Bidwell et al., 2007; Nigg et al. 2004). Given work implicating 

neuropsychological impairments among youth ADHD and comorbid reading disorder 

(Wang & Gathercole, 2013), anxiety (Bloemsma et al., 2013), and conduct problems (Dolan 

& Lenox, 2013) as well as some evidence that comorbidity may impact the severity of 

neuropsychological impairment among children with ADHD (Qian, Shuai, Cao, Chan, & 

Wang, 2010), evaluation of such moderation, both by proband comorbidity status as well as 

by individual-level comorbidity status is clearly needed.

A final key concern is that most research in this area has focused on single measures of these 

constructs. This is a crucial limitation as many neuropsychological measures are plagued by 

low or poorly documented reliability (Frazier, Youngstrom, Chelune, Naugle, & 

Lineweaver, 2004), which can artificially constrain effect sizes. Indeed, correlations among 

individual measures have rarely been taken into account in endophenotype studies. Even 

when prior studies have considered multiple domains in samples of unaffacted siblings of 

children with ADHD, they generally have not considered both shared and distinct EF 

components. Evaluation of multiple domains of neuropsychological functioning using a 

structural equation modeling approach may therefore be useful for identifying which 

domains, rather than individual measures, may be the best candidates for further use in 

genetic analysis while also improving on construct reliability and hence validity.

The current study therefore evaluated multiple domains of neuropsychological functioning 

as potential endophenotypes within a well-characterized sample of youth with ADHD, their 

unaffected siblings, and non-ADHD controls. Based on prior work, we predicted that 

response inhibition would emerge as potential endophenotype for ADHD, such that 

unaffected siblings would show deficits relative to controls. However, we also tested effects 
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among other executive and non-executive domains (e.g., response variability, arousal, 

temporal information processing). Lastly, a critical goal of the current study was to formally 

examine moderation of group differences by sex, age, and comorbid disorders, both at the 

level of the proband as well as at the level of the individual.

METHODS

Participants

Participants were 461 youth ages 6–17 years (M=10.7 years, SD=2.3 years, 54.8% male), 

providing the age range and statistical power needed for our aims. This sample included 185 

sibling pairs and 91 singletons. Singletons were included to retain generalizability as they 

were easily included in statistical models, paralleling prior studies in the field. Participants 

were recruited using mass mailings to parents in the local school districts, public 

advertisements, and community outreach to local clinics in order to recruit as broad a range 

of volunteers for the study as possible and also in order to avoid potential biases inherent in 

a purely clinic-referred sample while also including clinic cases. A multi-stage, multi-

informant screening process was used to identify cases and non-cases meeting research 

criteria. 902 individual children from 762 families completed the initial telephone screen. Of 

these, 724 individual children from 588 families were invited to complete the stage 2 

diagnostic assessment. This included parents and teacher ratings on the DSM-IV ADHD 

Rating Scale (DuPaul, Power, Anastopoulos, & Reid, 1998), and the Conners’ Rating Scale 

– Revised Short Form (Conners, 1997). One parent completed the Kiddie Schedule for 

Affective Disorders and Schizophrenia-E (Puig-Antich & Ryan, 1986) for each child with a 

trained master’s level clinical interviewer. A best estimate diagnostic procedure was 

implemented in which all available clinical data were reviewed by a team consisting of a 

board-certified child psychiatrist and a licensed child clinical psychologist. Symptom counts 

were computed using a modified or algorithm based on parent and teacher ratings that was 

constructed to ensure cross-situational presence of symptoms and impairment. To be 

considered for an ADHD diagnosis, parents and teachers had to both report a minimum of 

three symptoms in one dimension and T-scores for both parent and teacher ratings on the 

Conners subscales of Cognitive Problems or Hyperactivity Problems had to be 60 or higher 

(indicative of one standard deviation above the mean of the measure norms). Using this 

information, both professionals arrived independently at a clinical decision regarding 

ADHD, ADHD subtype, and comorbid diagnoses (disruptive behavior disorders, 

internalizing disorders, and learning disorders) using full DSM-IV-TR criteria. Agreement 

rates were acceptable for all ADHD subtype diagnoses (kappa >.88) and all anxiety, mood, 

and disruptive behavior disorders occurring at a 5% or more base rate in the sample (all 

kappa>.70). Youth were excluded based upon the following criteria: intellectual disability 

(based on having a full-scale IQ <75), head injury with a loss of consciousness, history of 

seizures as ascertained by parent report, autism spectrum disorder by parent report, current 

major depressive episode, lifetime bipolar disorder, lifetime psychosis, or current substance 

abuse or dependence.

Of the 724 youth completing the diagnostic screen, 498 youth from 295 families completed 

the neuropsychological testing visit; the others were excluded for not meeting our inclusion 
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criteria. We further excluded 34 youth with subthreshold/situational ADHD (n= five 

symptoms or failure to meet diagnostic criteria for age of onset and presence of symptoms in 

multiple contexts) and three control children prescribed stimulant medication, which 

resulted in the sample of n=461. Youth with all ADHD subtypes were included. All youth 

who were prescribed stimulant medication underwent a minimum washout period of 24 

hours for short-acting preparations and 48 hours for long-acting preparations (washout range 

24–152 hours, mean=58 hours) prior to completing the neuropsychological testing. Use of 

longer acting psychoactive prescription medications (including atomextine and guanfacine) 

was a rule-out to facilitate the washout, but only two percent of eligible youth were excluded 

on this basis. 37.4 percent of the ADHD cases were currently taking stimulant medications, 

consistent with expected treatment rates in a community ascertained, as opposed to clinic-

ascertained samples (Jensen et al., 2001). All parents provided informed consent for 

themselves and their children, and all children and adolescents provided written assent. All 

procedures were reviewed and approved by the local Institutional Review Board.

The 461 youth were then subdivided into three groups: all youth classified as ADHD were 

assigned to an ADHD group, regardless of sibling status (n=251). Unaffected siblings of 

youth with ADHD were assigned to the unaffected sibling group (n=107). All remaining 

control youth were assigned to the control group (n=103).

Measures

The testing battery was designed to capture a variety of neuropsychological constructs 

hypothesized to be relevant to ADHD. These included measures of working memory 

(Martinussen & Tannock, 2006), memory span, response inhibition, (Barkley, 1997), 

processing speed, response variability, temporal information processing (Toplak & Tannock, 

2005), and arousal (or activation) operationalized as signal detection sensitivity (Sergeant, 

2005). A list of each construct, task, and measure is provided in Table 1. Internal 

consistencies for each of the measures were adequate (αs ranging from .83 to .97). Past 

research has established evidence of construct, convergent, and discriminant validity for 

several of the measures (Assesmany, McIntosh, Phelps, & Rizza, 2001; Delis, Kaplan, & 

Kramer, 2001; Logan, 1994; Martinussen & Tannock; Toplak & Tannock, 2005). 

Additionally, a number of validity checks were included for each measure (e.g., on spatial 

and digit span tasks, performance on forward trials had to be greater or equal to that of 

backward trials; on the Stop Task and continuous performance task, youth had to have at 

least one valid block of trials for their data to be included, see Nikolas & Nigg, 2013 for full 

description). In general, invalid data were rare (less than 5% on any one task) and presence 

of invalid data was unrelated to ADHD diagnostic status, age, and sex (all ps > .15).

Data Analytic Strategy and Plan

Data Reduction—All scores were transformed such that higher scores were indicative of 

worse performance (i.e., slower reaction times, worse accuracy). As we did not wish to use 

an excessive number of redundant indicators in the analyses, we utilized a model derived 

from prior confirmatory factor analysis (Nikolas & Nigg, 2013) to construct a set of latent 

factors that captured variance common among measures that tapped into similar domains of 

neuropsychological functioning, while removing the error variance associated with each 
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individual measure, so as to maximize our estimate of true effect sizes (see Nikolas & Nigg, 

2013 for full description). As reported by us earlier (Nikolas & Nigg, 2013), we conducted a 

series of confirmatory factor analyses, which included evaluation of models comprised of 

one through eight factors as well as several second-order factor models. Our final second-

order model provided a good fit to the data (χ2=94.88, df=60, CFI=.98, TLI=.98, RMSEA=.

034). This model included seven lower-order factors we labeled as response inhibition, 

working memory, memory span, speed, response variability, arousal, and temporal 

processing as well as one second-order factor termed cognitive control. This second-order 

factor was comprised of the inhibition, working memory, and memory span factors (see 

Table 1 for breakdown of how each measure loaded on each respective factor). Factor scores 

from this model were retained for the study analyses, such that higher scores indicated worse 

performance in each domain.

Endophenotype Evaluation Analyses—Multiple linear regression analyses were first 

used to examine group differences in neuropsychological performance. Two non-orthogonal 

contrast codes were constructed to examine differences between (1) youth with ADHD and 

unaffected siblings and (2) unaffected siblings and control youth. The latter contrast code 

represents the key comparison in evaluating neuropsychological measures as 

endophenotypes, but inclusion of the first code allows simultaneous examination of within-

sibling differences. Overall differences between youth with and without ADHD have been 

described in detail elsewhere (see Nikolas & Nigg, 2013). We also conducted follow-up 

analyses based on proband ADHD subtype in order to identify any areas in which unaffected 

siblings of ADHD-PI youth differed from unaffected siblings of ADHD-C youth.

Next, to evaluate sex as a moderator, we examined interactions between our contrast codes 

and proband sex (e.g., whether the sibling with ADHD was male or female) as well as by 

individual sex (i.e., whether the unaffected sibling was male or female). We chose to use 

evaluate both proband sex and individual sex due to findings indicating potential differential 

genetic loading by proband sex (Faraone et al., 2000) as well as findings indicating potential 

sex effects in neuropsychological performance among youth with and without ADHD 

(Bidwell et al., 2007; Nigg et al., 2004). Similarly, age moderation was examined by 

examining interactions between proband age (age of the ADHD proband) as well as by 

individual age (age of the unaffected sibling) and the two contrast codes (with sex 

interactions omitted), in order to determine if any impairments in neuropsychological 

functioning were present in all ages of unaffected siblings relative to controls. Lastly, 

specificity of effects to ADHD was evaluated by examining interactions between proband 

comorbidity (i.e., whether the identified youth with ADHD also meet criteria for a disruptive 

behavior disorder, internalizing disorder, or learning disorder) as well as individual 

comorbidity (i.e., whether the unaffected sibling met criteria for a disruptive behavior, 

internalizing, or learning disorder) and the contrast codes (with sex and age interactions 

omitted). Due to our use of non-orthogonal contrast codes, Bonferroni corrections were used 

to manage Type I error and to adjust p-values for each family of tests (eight measures per 

family of tests, alpha level set to .05/8=.006). All analyses, including CFA, were conducted 

in MPlus (Muthén & Muthén, 1998–2013) with the cluster option to enable appropriate 
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parameter estimation while taking into account the non-independence of sibling data, as all 

youth (siblings and singletons) were included in regression analyses.

RESULTS

Demographic and Descriptive Statistics

Demographic and descriptive statistics are presented in Table 2. Examination of symptom 

counts, comorbid psychopathology, and rating scale scores indicated that our diagnostic 

procedures effectively discriminated children with ADHD from controls. The unaffected 

sibling and ADHD groups were similar in ethnicity and income, as would be expected given 

that many of these youth are from the same families. However, income was significantly 

different among control and families of children with ADHD, and was included as a 

covariate in all analyses. Crucially for our design, the control and unaffected sibling groups 

were similar in terms of ADHD and comorbid symptomatology as reported by parents and 

teachers, as well as in overall functioning as rated by the diagnostic team, supporting our 

designation of these siblings as unaffected by ADHD. The unaffected sibling and control 

groups significantly differed only in gender composition (more females in the unaffected 

sibling group), and comorbid oppositional defiant disorder diagnosis. Full scale IQ was also 

lower among unaffected siblings of youth with ADHD relative to controls, prompting two 

additional analytic checks. Although recent work has indicated that genetic influences 

contributing to the ADHD-IQ relationship are independent of those contributing to the 

ADHD-executive functioning relationship (Wood, Asherson, van der Meere, & Kuntsi, 

2010; Wood et al., 2011), we conducted secondary analyses which included IQ as a 

covariate when predicting executive function domains (e.g., cognitive control, inhibition, 

working memory, and memory span). Secondly, we also examined sex, age, and 

comorbidity (proband and individual-level variables) as moderators of the difference in IQ 

between unaffected siblings of youth with ADHD and controls (see below).

Tests of Endophenotype Effects

For the main analyses, individual-level gender, age, medication status, and family income 

were entered as covariates. Contrast code 1 (ADHD versus unaffected siblings) significantly 

statistically predicted all neuropsychological domains (after Bonferonni correction with 

adjusted p-value of p=.006) with the exception of temporal information processing, which 

was nominally significant but failed to meet multiple testing correction (β =.10, [02, .19], 

p=.05).

All results involving our key contrast of interest for evaluating endophenotype effects 

(contrast code 2, which examined differences between unaffected siblings and controls) are 

presented in Table 3. As can be seen there, contrast code 2 significantly predicted the 

second-order factor of cognitive control (β =.18, [.09, .28], p<.001). However, this 

difference was most pronounced for the lower-order factor of response inhibition 

specifically (β =.12, [.05, .18], p<.001), as unaffected siblings did not perform significantly 

worse than controls after correction for multiple testing on measures of working memory (β 

=.07, [.002, .14], p=.033) or memory span (β =.13, [.03, .23], p=.016). Additionally, 

unaffected siblings also evidenced poorer performance relative to controls on measures of 
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response variability (β=.18, [.12, .25], p<.001) and temporal information processing (β =.17, 

[.09, .26], p<.001). Group differences were not statistically reliable for processing speed (β 

=.08, [−.03, .19], p=.19), and arousal (β =.10, [−.05, .25], p=.11) domains. Although ADHD 

symptoms did not significantly differ between the unaffected siblings and control youth, 

ADHD symptoms were covaried in repeat of the models as a precaution. Results were 

unchanged. Additionally, contrast code 2 remained a significant predictor (at p<.006) of 

cognitive control, inhibition, response variability, and temporal processing with IQ covaried.

Subtype Effects—Additional analyses were conducted to examine differences in 

performance between unaffected siblings of ADHD-PI and ADHD-C youth relative to 

controls. Analyses revealed that while all unaffected siblings of youth with ADHD 

performed worse on measures of cognitive control, inhibition, response variability and 

temporal processing relative to controls, siblings of probands with ADHD-PI and siblings of 

probands with ADHD-C did not perform significantly from each other (all ps>.12). Thus, it 

appears that the endophenotype effects conducted in the main analyses did not vary based 

upon subtype of the ADHD proband.

Moderation of Effects

Multiple regression analyses were used to examine moderation by proband and individual-

level characteristics (sex, age, and comorbidity status), with key focus on contrast code 2 

(unaffected siblings vs. control). All interactions between contrast code 2 and individual sex 

were not significant after correction for multiple tests. However, the contrast code 2 × 

proband sex interactions were significant in predicting speed (β =.14, [.03, .24], p<.001), 

working memory (β = .21, [.05, .37], p<.001) and arousal (β = −.13, [−.22, −.04], p<.001). 

Analyses of the group means revealed that unaffected siblings of male probands performed 

significantly worse on measures of arousal compared to the unaffected siblings of female 

probands. However, the opposite pattern emerged for working memory and speed, such that 

the unaffected siblings of female probands performed significantly worse in both domains 

than unaffected siblings of male probands.

With regard to age, contrast code 2 × individual age interactions were significant for all 

neuropsychological domains (βs range from −.16 to −.28, all p<.001). Whereas age was 

included as a continuous moderator in the interaction terms in regression analyses, group 

differences are depicted categorically in order to facilitate interpretation in Figures 1 and 2. 

As seen there, differences between unaffected siblings and controls were more pronounced 

among younger children (ages 6–10 years) relative to older youth (ages 11–17 years) for all 

domains. Interactions between contrast code 2 and proband age were all not significant.

Lastly, we examined whether observed differences in performance between unaffected 

siblings and control could be accounted for by presence of comorbid disruptive behavior 

disorders, learning disorder and internalizing disorder (at the individual level and at the 

proband level). The contrast code 2 × proband learning disorder interaction was significant 

in predicting working memory (β =.24, [.07, .42], p<.001). Analyses of means indicated that 

unaffected siblings of youth with ADHD+LD had worse performance relative to controls 

compared to unaffected siblings of youth with ADHD alone, consistent with literature 
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linking working memory to LD as well as ADHD (Martinussen & Tannock, 2006). No other 

contrast × proband comorbidity interactions were significant (all ps>.06) nor were any 

interactions between contrast code 2 and individual comorbidity (all ps>.07), indicating that 

impaired neuropsychological performance among unaffected siblings of youth with ADHD 

was not explained by learning, disruptive behavior, and internalizing disorder comorbidity 

either among probands or among the siblings themselves.

IQ as Endophenotype Measure

Because unaffected siblings and controls also significantly differed in IQ, we also conducted 

analyses exploring (1) whether contrast code 2 significantly predicted IQ when considering 

other covariates, and (2) whether this difference was also moderated by individual or 

proband sex, age, and comorbidity status. Contrast code 2 was significant in predicting IQ (β 

=−.17, [−.34, −.006], p=.042), but would not survive our correction for multiple tests. 

Analyses revealed that this difference was not moderated by proband or individual level sex, 

age, or comorbidity status (all ps>.29).

DISCUSSION

The current study evaluated age, sex, and comorbidity moderation of multiple domains of 

neuropsychological functioning as potential endophenotypes for ADHD using a sibling 

design. The first important finding was that results replicated and confirmed differences 

between unaffected siblings and non-ADHD control youth for several domains of 

neuropsychological functioning, suggesting that these measures do detect familial liability 

for ADHD and may be useful in future genetic studies. However, evaluation of moderators 

revealed several key qualifications to these findings that may help resolve prior ambiguities 

in the literature. We discuss each in turn below.

First, although executive functions have been proposed as a group of processes that may be 

useful as intermediate phenotypes for ADHD, our results highlight response inhibition as a 

specific executive domain of interest, in line with past theories regarding causes of ADHD 

(Barkley, 1997) as well as past empirical studies of unaffected family members of 

individuals with ADHD (Gau & Chang, 2010; Goos et al., 2009; Nigg et al., 2004).

The second, more novel finding here is that non-executive neuropsychological measures 

were also affected in non-ADHD siblings. Both response variability and temporal 

processing were impaired among unaffected siblings; those effects were not dependent upon 

individual or proband sex or comorbidity status. This is in line with past work indicating that 

variability in motor timing is impaired among unaffected siblings of youth with ADHD 

(Rommelse et al., 2008) as well as prior theories of neuropsychological heterogeneity in 

ADHD (Nigg, 2005), particularly those that include temporal information processing in such 

a model (Sonuga-Barke, Bitsakou, & Thompson, 2010).

Third, and most central to our study purpose, we reported here novel data regarding the 

dependence of many endophenotypes effects on proband comorbidity, sex, and in all cases, 

individual age. Importantly, these were found in the absence of such moderation in group 

differences between ADHD and controls, as interactions between overall diagnosis with sex, 
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age, and comorbidity status were all not significant. Working memory differences were 

observed but were dependent upon both proband sex and ADHD−LD comorbidity, such that 

unaffected siblings of ADHD females as well as unaffected siblings of probands with 

ADHD+LD comorbid profiles performed worse relative to controls than did siblings of 

ADHD males and siblings of youth with ADHD but without LD. This may speak to the 

important overlap of ADHD and LD as having shared risk via working memory (Palladino 

& Ferrari, 2013). Proband sex moderated the effects of processing speed and arousal, but in 

opposite directions, making those sex effects difficult to interpret and suggesting that the 

overall nature of sex effects either varies by domain or is sensitive to sampling variation.

Perhaps most striking was that age robustly moderated all sibling effects. For all domains, 

moderation analyses revealed differences between controls and unaffected siblings were 

large and pronounced in younger children (when taking into account age moderation, 

Cohen’s d ranged .49 to 1.1), but markedly smaller and largely absent in older youth (ds for 

older youth ranged from −.09 to .17). This supports the claim by Thissen et al. (2014) that 

endophenotype effects may wane in adolescence. There are several potential explanations 

for this finding. First, moderation of effects by age may reflect real changes in 

neuropsychological functioning that correspond with brain maturation, particularly 

development of neural networks involving the prefrontal cortex and subcortical regions as 

well as the cerebellum (Hart et al., 2013; Mackie et al., 2007; Shaw et al., 2013). It may be 

the case that when neural networks are immature, differences in performance between 

unaffected siblings and controls are more readily detectible with neuropsychological 

measures. But, that as brain maturation continues throughout adolescence, the gap between 

unaffected family members and controls narrows somewhat, as the unaffected children form 

positive adaptation. This gap does not narrow for affected youth, who may fail to adapt as 

well.

Secondly, it may be the case that these endophenotype effects are only relevant in childhood 

because genes that contribute to neural circuit dysfunction influencing these measures are 

expressed earlier in development. Recent longitudinal work indicates the potential for 

additional genetic effects that come online during adolescence in particular (Chang et al., 

2013; Larsson, Chang, D’Onofrio, & Lichtenstein, 2013). A final possibility is that the 

failure of detection is confined to adolescents, who show developmentally unique profiles of 

development of “hot” versus “cool” response control (Hare et al., 2008) that are not seen in 

children or adults. We did not examine “hot” decision making under emotional load here, 

although affective influences on processing may be relevant (Uebel et al., 2010), nor did we 

include adults in the age moderation test. It will be important for future work to test whether 

curvilinear age moderation exists in a sample with an even larger age range. However, our 

results regarding age moderation must be tempered given that these are cross-sectional data; 

future work should continue to explore these moderation effects within longitudinal designs. 

We are undertaking such studies now.

There are some limitations of the current work that were important to note. While our 

battery was extensive, as just alluded we did not measure emotional regulation, reward 

discounting, or delay aversion (Anokhin, Golosheykin, Grant, & Heath, 2011). Secondly, we 

excluded youth with ADHD taking long-acting stimulants as they could not do an 
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appropriate wash-out, which may somewhat limit the generalizability of findings, although 

this effect was likely modest in view of the small number of youth thus excluded in the 

present instance (2% of all screened).

The current study was strengthened by the use of factor scores within the CFA framework, 

which allowed for removal of error variance not associated with the latent variables and 

creation of reliable latent factors (Bollen, 1989). Effect sizes observed in the current study 

regarding differences between unaffected siblings and controls were larger (Cohen’s d for 

the unmoderated differences between unaffected siblings and controls ranging from .25–.89) 

than reported in prior studies employing a large battery of single measures (effect sizes from 

Bidwell et al., 2007 ranging from .21–.53) or from studies of inhibition (ranging from .21–.

40). This is crucial as measurement error of neuropsychological constructs is notably 

problematic (Kuntsi, Andreou, Ma, Borger, & van der Meere, 2005) and low reliability of 

single measures may artificially constrain effect sizes.

Overall, the current study provides additional evidence that inhibition, response variability, 

and temporal processing in particular may be relevant intermediate phenotypes for future 

genetic studies of ADHD. However, our findings also suggest that future study regarding the 

developmental trajectories of these measures as endophenotypes is needed and that genetic 

studies using these measures must carefully consider age effects.
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Figure 1. 
Illustration of contrast (unaffected sibling versus control) × age interactions predicting 

cognitive control performance and its subdomains: Effects in younger but not older youth.

Note. Neuropsychological domains are standardized factor scores from structural equation 

model, such that higher scores index worse performance on all measures.
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Figure 2. 
Illustration of contrast (unaffected sibling versus control) × age interactions predicting 

processing speed, arousal, response inhibition, and temporal processing: Effects in younger 

but not older youth.

Note. Neuropsychological domains are standardized factor scores from structural equation 

model, such that higher scores index worse performance on all measures.
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Table 2

Demographic and descriptive statistics.

Control Unaffected Sibs ADHD p

N 103 107 251

% Male 54.4b 31.8a 66.9c <.001

% Caucasian 82.5 72.0 72.1 .26

% African-American 12.6 6.5 8.0 .44

% Latino 2.1 4.3 6.0 .63

% Mixed/Biracial 3.9a 14.9b 11.9ab .05

Age in years (SD) 10.8 (2.3) 11.3 (2.4) 10.5 (2.3) .08

Income+ 85.1 (51.0)a 64.9 (34.3)b 64.5 (68.7)b .003

% Stimulant Medication 0a 0a 37.4b <.001

Full-Scale IQ 110.5 (14.6)a 104.5 (13.1)b 102.5 (14.6)b .044

GAF Score 78.4 (9.6)a 77.8 (10.0)a 65.5 (8.9)b <.001

Adaptive Functioning T Score 50.7 (9.5)a 51.4 (11.8)a 43.1 (14.6)b <.001

KSAD Diagnostics

Inattention Symptoms (SD) .70 (1.4)a .65 (1.2)a 7.2 (1.9)b <.001

Hyperactive Symptoms (SD) .55 (1.2)a .65 (1.1)a 4.3 (2.9)b <.001

% ODD (lifetime) 9.7a 17.8ab 41.4b <.001

% CD (lifetime) 0a 0.9a 7.6b <.001

% MDD (lifetime) 4.8a 8.4ab 9.6ab .05

% Any Anxiety Disorder (lifetime) 8.7a 14.9ab 29.1b .082

% LD (lifetime) 1.9a 4.7a 21.9b .002

Parent Conners’ Rating Scale

Cognitive Problems T Score 48.9 (7.5)a 48.6 (7.9)a 70.7 (11.0)b <.001

Hyperactivity T Score 49.2 (9.9)a 48.9 (6.6)a 65.2 (14.1)b <.001

Teacher Conners’ Rating Scale

Cognitive Problems T Score 47.9 (8.7)a 50.4 (8.2)a 69.4 (12.1)b <.001

Hyperactivity T Score 48.6 (8.2)a 49.5 (9.1)a 68.0 (10.6)b <.001

Note. p-values indicate 3-group significance test.

Superscript letters indicate significant pairwise differences at p<.05. Conners’ T scores and standard deviations provided reflect age and sex norms.

GAF=diagnostic team-rated global assessment of functioning score.

+
Income reported in thousands.
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