1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Res Child Adolesc Psychopathol. Author manuscript; available in PMC 2023 August 01.

-, HHS Public Access
«

Published in final edited form as:
Res Child Adolesc Psychopathol. 2022 August ; 50(8): 1055-1066. doi:10.1007/s10802-022-00902-8.

Longitudinal Temperament Pathways to ADHD Between
Childhood and Adolescence

Michelle M. Martel!, Anjeli R. Elkins®, Ashley G. Engl, Patrick K. Gohl, Pevitr S. Bansal?,
Tess E. Smith-Thomas?, Melina H. Thaxtonl, Peter Ryabinin2, Michael A. Mooney?, Hanna
C. Gustafsson?, Sarah L. Karalunas?, Joel T. Nigg?

1psychology Department, University of Kentucky
2Psychiatry Department, Oregon Health & Sciences University

3Psychology Department, Purdue University

Abstract

The current investigation extended prior cross-sectional mapping of etiological factors,
transdiagnostic effortful and affective traits, and ADHD symptoms to longitudinal pathways
extending from two etiological domains: polygenic and prenatal risk. Hypotheses were (1) genetic
risk for ADHD would be related to inattentive ADHD symptoms in adolescence and mediated

by childhood effortful control; (2) prenatal smoking would be related to hyperactive-impulsive
ADHD symptoms during childhood and mediated by childhood surgency; and (3) there would

be age-related variation, such that mediation of genetic risk would be larger for older than
younger ages, whereas mediation of prenatal risk would be larger in earlier childhood than at

later ages. Participants were 849 children drawn from the Oregon ADHD-1000 Cohort, which
used a case control sample and an accelerated longitudinal design to track development from
childhood (at year 1 ages 7-13) through adolescence (at year 6 ages 13-19). Results showed

the mediational pathway from prenatal smoking through surgency to hyperactivity-impulsivity at
Year 1 was significant (indirect effect estimate = .053, p < .01). The mediational pathway from
polygenic risk through effortful control to inattention at Year 6 was also significant (indirect effect
estimate = .084, p < .01). Both results were independent of the association between inattention
and hyperactivity-impulsivity and control for the alternative etiological input and held across
parent- and teacher-report of ADHD symptoms. In line with dual pathway models of ADHD, early
prenatal risk for hyperactivity-impulsivity appears to operate through surgency, while polygenic
genetic risk for inattention appears mediated by effortful control.
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Attention-Deficit/Hyperactivity Disorder (ADHD) is a heterogeneous neurodevelopmental
disorder characterized by symptoms of inattention, hyperactivity-impulsivity, or both. Due
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to the fact that children with ADHD can look inattentive, hyperactive, or some combination
of both, the DSM-versions have proposed subtypes, now called presentations (American
Psychiatric Association, 2013). In fact, such patterns are consistent with current, best-fitting
models of ADHD, specifically the bifactor model characterized by a shared “g,” or general,
ADHD factor, and specific, “s,” inattention and hyperactivity-impulsivity factors (Goh et al.,
2020; Martel et al., 2009; Toplak et al., 2009). However, the two ADHD symptom domains
of inattention and hyperactivity-impulsivity are thought to have at least partially dissociable
etiological inputs (Willcutt et al., 2012). For this reason, multiple pathway models of ADHD
have been proposed (Nigg, 2004; Sonuga-Barke, 2002; 2005; 2010).

Although ADHD is not reducible to personality or temperament traits (Martel & Nigg,

2006; Nigg et al., 2002), ADHD has been associated with particular transdiagnostic trait-like
markers including reduced executive function (defined as cognitive functions that support
goal-oriented activity such as working memory, inhibition, and planning), low effortful
control (defined as the ability to overcome an impulse to carry out a goal-oriented action, an
early developing precursor to executive functioning and a component of it; Diamond, 2013;
Nigg, 2017), high surgency (or approach), and high negative affectivity (Goth-Owens et al.,
2010; Martel et al., 2009; Willcutt et al., 2005; early results reviewed in Nigg, 2006; also see
Nigg et al., 2020 ). These map differentially on to diverse etiological pathways to ADHD.

Multiple pathways to ADHD generally coalesce around the idea that regulatory forms of
control such as effortful control and executive function are more related to inattention, while
more affective traits related to innate reactivity such as surgency and negative affectivity

are more related to hyperactivity-impulsivity (Nigg, 2004; Sonuga-Barke, 2005). Particularly
when partialing out the substantial shared variance between inattention and hyperactivity-
impulsivity, empirical work generally supports somewhat differential associations between
effortful control and inattention versus between surgency and hyperactivity-impulsivity
(Martel et al., 2009). Likewise, in a cross sectional bifactor model, the ADHD “g” factor
shows associations with both regulatory and reactive traits, whereas “s” inattention is

more specifically related to regulatory traits such as effortful control, and “s” hyperactivity-
impulsivity is related more to reactivity including reactive, or reflexive, control related

to surgency, as well as extraversion (Martel et al., 2010). Yet, much of this work has

only been conducted cross-sectionally, and more critical examination of dual pathways to
these component symptom dimensions with partially distinct etiological and trait mediators
requires longitudinal evaluation.

Cross-sectional work in different age ranges is consistent with the idea of developmental
effects on etiological pathways to ADHD, although true longitudinal developmental
pathways have not been tested. As shown in Figure 1, prenatal risk, particularly maternal
substance abuse or smoking, seem to be related to hyperactivity-impulsivity (Roberts &
Martel, 2014) as well as to surgency (Martel et al., 2012; 2014). We have proposed that this
effect is particularly notable earlier in development such as during preschool and may fade
out over time (Wagner et al., 2009). It may be mediated by maturation of subcortical and
limbic neural circuits, potentially operating through effects on subcortical and limbic regions
of the brain (Halperin & Schulz, 2006). That is, early prenatal insults may differentially slow
down early development and increase reactivity and attendant activity levels. In contrast,
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the role of genetics on ADHD (as well as on related traits like effortful control) seem to
become stronger as individuals age, begin elementary school, and go through adolescence,
potentially operating through effects on the prefrontal cortex (Bouchard, 2013; Nigg et
al., 2018; Rice et al., 2018). It may well be that innate predisposition leads to active

and evocative gene-environment interactions manifested by effortful control and attention.
Therefore, there may be some differences in the strength of these pathways over time,
particularly between early childhood and adolescence.

Again, largely cross-sectional work suggests that etiological factors such as genetics and
exposure to prenatal risk factors show somewhat distinct associations with temperament/
personality traits and ADHD symptoms in preliminary studies (Gizer & Waldman, 2009;
Wiggs et al., 2016). For example, dopaminergic genetic alleles were related somewhat more
clearly to inattentive symptoms (Gizer & Waldman, 2009), and explained cross-sectionally
by trait conscientiousness (another measure of effortful forms of control at a trait level;
Martel et al., 2010; 2011). Conversely, prenatal risk factors such as maternal smoking or
substance use seem to increase risk for disruptive behaviors more generally (Buschgens

et al., 2008; D’Onofrio et al., 2007; Skoglund et al., 2014), and--within ADHD--perhaps
particularly hyperactivity-impulsivity (Martel & Roberts, 2014). Prenatal tobacco use may
be a particularly useful marker of risk, given its known associations with increased risk for
child ADHD (Langley et al., 2005; Linnet et al., 2003) as well as with more difficult child
temperament (Huizink, 2012; Takegata et al., 2021) and impaired executive functioning
(Desekin et al., 2015; Piper & Corbett, 2012). Further, etiological factors show differential
associations with ADHD symptom domains mediated through different neurocognitive
factors (Wiggs et al., 2016). In single gene studies, gene-by-environment interaction effects
on ADHD, and particularly inattention, appeared mediated by more effortful forms of
control such as trait conscientiousness, a personality trait related to the temperament trait of
effortful control (Martel et al., 2011; 2012).

Altogether, cross-sectional studies provide support for at least somewhat differential
pathways to inattention versus hyperactivity-impulsivity, in line with multiple pathways
to ADHD. Namely, genetic risk may lead to worse cognitive and effortful control, which
in turn differentially increases risk for inattentive ADHD symptoms. However, candidate
gene studies are now known to have serious limitations, hence the need for follow up
with a more robust approach using polygenic risk (Ronald, de Bode, & Polderman,
2021). Concomitantly, prenatal risk factors may be related less strongly to inattention and
more generally to disruptive behavior, perhaps particularly hyperactive-impulsive ADHD
symptoms. We hypothesize these effects are preferentially mediated by motivational and
affective traits such as surgency. Yet, again, such claims have primarily relied upon cross-
sectional work, and no known work to date has examined longitudinal pathways over an
extended developmental period in childhood and adolescence.

Present Study

The goal of the current investigation was to extend prior work on cross-sectional
associations of etiological factors, transdiagnostic effortful and affective traits, and ADHD
symptoms to longitudinal pathway models related to ADHD. We primarily sought to
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determine whether at least somewhat distinct, dual pathways to ADHD inattention and
hyperactivity-impulsivity hold longitudinally, the first test of its kind. Based on prior cross-
sectional work, it was hypothesized that genetic risk would be related to inattentive ADHD
symptoms and mediated by effortful control, particularly at older ages, while prenatal

risk factors would be related to hyperactive-impulsive ADHD symptoms and mediated by
surgency, particularly at younger ages. We further predicted that such pathways would be at
least partially distinct, consistent with dual pathway models.

Participants were drawn from the Oregon ADHD-1000 Cohort, based on an accelerated
longitudinal design to track ADHD development from childhood through adolescence.
Details of recruitment, enrollment, and multi-method, multi-informant assessment
procedures for ADHD diagnosis have been published in detail elsewhere (Musser et al.,
2016; Karalunas et al., 2017); the supplement to Nigg et al. (2018) provides extensive
further details of all methods and procedures. This background is summarized again below.
Ethics approval was obtained from the Institutional Review Board at Oregon Health &
Science University. A parent/legal guardian provided written informed consent and children
provided written assent. 876 children were followed annually over 8 years. Data for the
current study was drawn from 849 children from the baseline year (Year 1; aged 7-13 years)
and 344 at a second time point (Year 6) six years later. Results were checked in a subset of
the most prevalent ethnic group (northern European ancestry, 7= 609). Family relatedness
was handled as explained below (7= 656 were unrelated).

Participants and Sample Characterization

Recruitment.—Volunteers were recruited via mass mailings, using commercial mailing
lists, to all families with children in the target age range within the geographic radius of
50 miles from a Northwest University in the United States. The mailing made clear that we
were looking for children with possible or definite ADHD, as well as typically developing
children with no history of learning or attention problems. In response to mailings, we
received 2,144 inquiries. During an initial screening phone call, nearly half of the initial
inquiries were excluded because of prescribed non-stimulant psychotropic medications, a
history of non-febrile seizure, head injury with loss of consciousness > 60 seconds, autism
spectrum disorder or intellectual disability, any other major medical conditions, history of
psychosis, mania, or Tourette’s syndrome. Those who were excluded at this stage did not
differ reliably from the final sample on sex ratio (o= .11) or non-white race (p = .22), but
reported marginally lower family incomes (p = .06) and were slightly younger (p = .06).

Sample Characterization.—For those remaining (n = 1,449), an in-person “diagnostic
visit was then scheduled. Here, a parent completed the ADHD Rating Scale and a
semi-structured clinical interview administered by a Master’s-level clinician, the Kiddie
Schedule for Affective Disorders and Schizophrenia (KSADS; Puig-Antich & Ryan,
1986). Informants were asked to provide ratings of symptoms based on children’s
behavior when they were not taking prescribed medications. Children completed a brief
unstructured clinical interview with the same clinician. Interviewers and testers wrote
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detailed observational notes. Teachers were contacted and completed the ADHD Rating
Scale (ADHD-RS). All clinical interviewers were trained to reliability of kappa >.80 for all
diagnoses seen at >5% base rate in this sample on the KSADS to a master interviewer, and
had videotapes viewed by a supervisor and reviewed periodically to prevent procedural drift.
Psychometric testers were trained to an accuracy standard prior to beginning work and also
had videotapes viewed periodically to prevent drift.

After the diagnostic team met (Step 2), 103 withdrew due to lack of further interest (e.g.,
only wanted the diagnostic screen), and 496 were ruled out for the following reasons:

excess teacher-parent rating discrepancy (situational problems; 35%), subthreshold symptom
count (not control or ADHD, 17%), psychosis, mania, current severe depressive episode,
Tourette’s syndrome, or head injury (10%), autism (7%), other health condition (7%),
ineligible medication (2%), 1Q<80 (7= 1), or multiple rule outs. Among the eligible
children with ADHD, 35% were prescribed stimulant medications and needed to complete

a washout period, only slightly lower than rates in community surveys for pre-adolescent
children.

Diagnostic assignment using a Best Estimate procedure.—All materials were
scored and presented to a clinical diagnostic team comprising of a board certified child
psychiatrist and a licensed child neuropsychologist. Team members independently formed a
diagnostic opinion based on all available information. Their agreement rate for all diagnoses
discussed in this paper was satisfactory (ADHD, kappa (k) = .88; ADHD subtype, k > .80,
all other disorders with at least 5% base rate, k > .68). Disagreements were conferenced and
consensus reached. Cases where consensus was not readily achieved for ADHD diagnosis
were excluded.

Longitudinal Retention

Participants included 849 children in Year 1, from whom 7= 610 were selected for the long
term follow up study. They were followed annually for eight sequential years. With regard to
retention, resource limitations mandated a planned missing design from among those youth.
Three hundred forty-four children have been seen at Year 6 to date and that was the //

for the Year 6 analyses. Those selected for follow up were chosen because their ADHD

and non-ADHD status was clear and unambiguous. Those not followed included those with
parent-teacher disagreement or sufficient comorbidity to reduce confidence that they were
clear cases or non-cases by diagnostic team judgement.

Measures

ADHD symptoms.—The teacher-report version of the ADHD-Rating Scale for DSM-IV
(ADHD-RS; DuPaul et al., 1998; Puig-Antich & Ryan, 1986) was used as the measure of
ADHD symptomatology. Teachers responded to all 18 items on a O (rarely or never) to 3
(always or very often) scale (Year 1: a = .97; Year 5-8: a =.96). 0 and 1 responses were
coded as 0, and 2 and 3 responses were coded as 1 to create sum scales on inattentive

and hyperactive-impulsive symptom domains ranging from 0 to 18. Teacher response rate
was 100% at Year 1 (required for inclusion) and >80% at Year 6. Informant demographic
information was not available on teachers. For main analyses, clinician ratings of parent-
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report on the KSADS were utilized. Results were checked using teacher-report on the
ADHD-RS with no change in main analyses.

Effortful and affective traits.—Effortful and affective traits were assessed by parent-
report at each timepoint using the Temperament in Middle Childhood Questionnaire
(TMCQ, Simonds & Rothbart, 2004). Based on the hypothesized pathways to ADHD

of interest, Extraversion/Surgency, and Effortful Contro/ were the focus in the current
study (Rothbart, 1981). These scales had reliability of .64 or above at each time point.
As a secondary check, analyses were rerun removing items that overlapped with ADHD
symptoms which dropped reliability to .60 for both scales. Main result analyses did not
change.

Prenatal maternal smoking.—At enrollment, each child’s primary caregiver (17= 625
biological mothers, 7= 154 biological fathers, /7= 34 non-biological parent respondents)
completed a comprehensive developmental history questionnaire that is described in detail in
Wiggs et al. (2016). Respondents were asked to report whether the mother smoked tobacco
during her pregnancy with this child. Responses were coded into none (0) or any (1).
Though more detailed information about frequency of prenatal tobacco use was collected as
part of this measure, given relatively low rates of tobacco use in this sample (7= 83; 9.5%)
the dichotomized version of this variable was used in analyses to optimize statistical power.

Genotyping and polygenic risk score.—DNA was extracted from saliva collected

in OrageneR cups (DNA Genotek Inc., Kanata, ON, Canada) using manufacturer’s
protocols in the OHSU Gene Profiling Shared Resource. All subjects were genotyped

at the Stanley Center for Psychiatric Research (Broad Institute of MIT and Harvard,
Cambridge, MA) using the PsychCHIP v1-1 (N = 603,132 single nucleotide polymorphisms
(SNPs), developed by Illumina, Inc (San Diego, CA) in collaboration with the Psychiatric
Genetics Consortium (PGC). Genotypes were generated from array intensity values using
GenomeStudio (Illumina, Inc). Nongenotyped SNPs were imputed with IMPUTE2 (Howe,
Donnelly, & Marchini, 2009) using the 1000 Genomes phase 3 reference panel. Additional
details of the genotype data processing have been published previously (Nigg et al., 2018).

The ADHD polygenic risk score (PRS) was constructed using the PGC meta-analysis
(Demontis, Walters, Martin, et, & al., 2019) as the discovery data set (19,099 ADHD

cases and 34,194 controls, European-ancestry only). Higher scores indicate higher risk

of diagnosis. Only SNPs with INFO score (imputation quality) = 0.8 in both the PGC
meta-analysis and our data were considered. SNPs were LD-clumped based on r2<0.1 using
genotypes from the European-ancestry samples of the 1000 Genomes phase 3 data set, using
PLINK v1.9 (https://www.cog-genomics.org/plink2). From this filtered (LD clumped) SNP
list, SNPs with p < 0.5 were selected for the polygenic score computation (N = 139,934).
The PRS was calculated for all subjects in the Oregon ADHD-1000 data set by multiplying
the number of risk alleles (0, 1, or 2) by the log(odds ratio) of that SNP in the discovery data
set and averaging over all SNPs. The allelic scoring function (--score) in PLINK v1.9 was
used for the PRS calculation. Relatedness was confirmed with the genotype data using the
PC-Relate method (via the Bioconductor package GENESIS (Conomos et al., 2016) and was
handled via the clustering algorithm in Mplus. We handled potential population stratification
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artifact by covarying the first 10 genomic principal components. We then checked results
in the European-ancestry only subsample and in only unrelated European-ancestry subjects,
with no change in the fundamental picture (see results below).

Statistical Analyses

Results

First, correlational analyses were conducted between all risk factors (prenatal maternal
smoking and polygenic risk), temperamental markers (surgency and effortful control), and
ADHD symptoms (humber of hyperactive/impulsive symptoms and number of inattentive
symptoms). Next, variables were entered into differential regression analyses to assess the
distinct concurrent value of risk factors and temperamental features in relation to ADHD
inattentive versus hyperactive-impulsive ADHD symptoms.

Then, variables were entered into hierarchical regression analyses to assess the predictive
value of risk factors and temperamental features in relation to ADHD symptoms.
Bootstrapping mediation analyses estimating direct and indirect effects in Mplus were
used. Models were developed using established path modeling logic (Kenny, 1979). In path
diagram logic, models are designed to be consistent with causal theory (even though, in this
case, observations are cross-sectional). A hypothesized causal path gets a one-directional
arrow (and computes a regression coefficient). An unexamined association that exists
between two constructs gets a curved dual-headed arrow (and computes a correlation).1 We
developed the model based on the conceptual logic of how the variables relate. Namely, we
tested whether effortful control accounted for the relationship between polygenic risk factors
and inattentive symptoms, and whether surgency accounted for the relationship between
prenatal risk factors and hyperactive/impulsive symptoms.

Secondary checks evaluating prediction of longitudinal change in symptoms over time were
conducted, as well as specificity of analyses to etiological input and symptom domain.

Correlational analyses.

As shown in Table 1, correlational analyses indicated that inattentive and hyperactive/
impulsive ADHD symptoms at Year 1 and Year 6 were significantly associated with effortful
control (rrange —.44 to —.77, p< .01) and surgency (rrange .33 to .59, p< .01) at Year 1,

as well as with ADHD polygenic score (rrange .18 to .24, p< .05) and prenatal maternal
smoking (rrange .16 to .18, p < .05). Effortful control was not significantly associated with
prenatal maternal smoking (r= -.10), but otherwise, both traits were associated with both
etiological factors (rrange —.19 to .15, p< .01).

Differential regression analyses.

Next, we tested whether these pathways were at least partially distinct to symptom domain
by entering the two ADHD symptom domains as simultaneous, independent predictors in

lina path model, a hypothesized bidirectional effect gets two straight arrows, one pointing in each direction. However, models
containing bidirectional effects can only be estimated given strong assumptions and other variables (or instruments) that cause each of
the two variables involved in the bidirectional effect; therefore, we did not consider them viable here.
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order to partial out their shared covariance. As shown in Table 2, shared variance between
inattentive and hyperactive-impulsive ADHD symptoms at Year 6 were partialed out by
entering them simultaneously in multivariate regression analyses as independent variables
predicting the temperament traits of effortful control and surgency at Year 1 as dependent
variables respectively. Effortful control was only significantly associated with inattentive
ADHD symptoms (5 = -.08, p < .01; not hyperactive-impulsive ADHD symptoms g =
-.02, p=.081) at Year 6, and surgency was only significantly associated with hyperactive/
impulsive ADHD symptoms (8 = .09, p< .01; but not inattentive ADHD symptoms 8= .01,
p=_.17) at Year 6.

regression analyses.

To provide a preliminary examination of mediation, hierarchical regression analyses were
conducted in which etiological factors were entered at Step 1, and Year 1 traits were

entered at Step 2; Year 1 or Year 6 parent- or teacher-report inattentive or hyperactive-
impulsive ADHD symptoms were the dependent variables. Two theory-based models were
tested: (1) effortful control as a mediator of the pathway between polygenic risk for

ADHD and inattentive ADHD symptoms and (2) surgency as a mediator of the pathway
between prenatal maternal smoking and hyperactive-impulsive ADHD symptoms. Pathways
involving genetic risk were evaluated in a European-ancestry subsample and a European-
ancestry (unrelated) subsample with similar results as the full sample which are the focus
here.

As shown in Table 3, hierarchical regressions indicated in all instances that the significant
association between etiological factors and ADHD symptoms became nonsignificant based
on whether outcomes were assessed at Year 1 or 6 or whether assessed using parent-report
or teacher-report (not shown). That is, the path between etiological factors and outcomes
decreased significantly when traits were entered in Step 2 of the regression (5 dropped from
.24, p< .01 to .11, p> .01 for polygenic risk-inattention pathway; S dropped from .14, p<
.05 t0 .09, p> .01 for prenatal maternal smoking-hyperactivity/impulsivity pathway).

Mediation path analyses.

To more formally test mediation, shown in Table 4 and Figures 2 and 3, path

analyses indicated that pathways were specific to symptom domain at the hypothesized
developmental timepoint for etiological impacts. The mediational pathway from prenatal
smoking through Time 1 surgency to Time 1 hyperactivity/impulsivity, survived control for
inattention. The indirect effect was significant (indirect effect estimate = .05, p< .01). The
mediation pathway from genetics through Time 1 effortful control to Time 6 inattention
survived control for hyperactivity/impulsivity. The indirect effect was significant (indirect
effect estimate = .08, p < .01). These path model indirect effects were not significant for
the alternative symptom domains or for the alternative timepoints (after controlling for
alternative symptom domain; all p> .05).

Additional specificity and longitudinal checks.

The alternative etiological domain could be covaried in mediation analyses with no change
in mediation results. However, when both symptom domains AND both etiological inputs
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were included in the same model, then the model would not run, likely due to the high levels
of collinearity, particularly for the ADHD symptom domains which were highly correlated
with one another. Thus, although pathways were partially distinct, they are not fully distinct.

Longitudinal analyses were conducted in which Time 1 symptoms were entered to see if
traits mediated associations between etiological factors and change in symptoms between
Times 1 and 6. These checks indicated that there was no longer a significant association
between etiological factors and Time 6 symptoms, after controlling for Time 1 symptoms,
consistent with a pathway model in which etiological factors predict Time 1 and Time 6
symptoms, but not change in symptoms themselves. Mediation analyses did not differ when
using teacher-report of ADHD symptoms.

Discussion

The current study extends prior cross-sectional work on temperament pathway models from
etiology to inattention and hyperactivity/impulsivity to longitudinal data from childhood to
adolescence. Consistent with dual pathway models to ADHD, effortful control and surgency
exhibited differential associations with inattention and hyperactivity/impulsivity respectively
over time. In particular, effortful control mediated associations between ADHD polygenic
risk and inattentive symptoms at Year 6 (ages 13-19), while surgency mediated longitudinal
associations between maternal prenatal smoking and hyperactivity/impulsivity at Year 1
(ages 7-13). Results held using teacher report of ADHD symptoms and when controlling

for the alternative etiological domain or ADHD symptom domain. Importantly, the pathways
appeared to be developmental. The prenatal pathway through surgency to hyperactivity/
impulsivity held controlling for inattention at the first time point, while the genetic pathway
through effortful control to inattention held controlling for hyperactivity/impulsivity only at
the later timepoint.

In line with prior cross-sectional, correlational work (Martel & Nigg, 2006; Nigg,

2004), low effortful control and high surgency were associated with higher ADHD
symptoms. Further, when accounting for shared overlap between inattention and
hyperactivity-impulsivity, low effortful control was specifically and distinctly associated
with inattention, while high surgency was specifically and distinctly associated with
hyperactivity-impulsivity. Such findings are in line with dual pathway models of ADHD
(Martel, Nigg, & von Eye, 2009; Nigg, 2004), and consistent with the idea that top-down
control is more associated with inattention while surgency and other affective traits are
associated with hyperactivity/impulsivity.

Traits mediated associations between known genetic and prenatal etiological factors and
ADHD, findings which had shown promise in cross-sectional samples (Martel et al., 2009;
2010), but are replicated here for the first time using longitudinal data with evaluation of
mediation effects across time. Such pathways are consistent with hypothesized specificity
in dual pathway models of ADHD. Top-down regulation associated with ADHD inattention
seems related etiologically to polygenic risk and may become more salient over time.
Bottom-up reactivity related to hyperactivity/impulsivity seems to be more associated
etiologically with maternal smoking in pregnancy. Its effect appears to fade over time
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more than the genetic risk effect (Wagner et al., 2009). Such results are consistent with
partially distinct multiple pathways to ADHD (Nigg, 2004; Sonuga-Barke, 2005; 2010).
Yet, although there was some specificity of effects given that the ADHD symptom domains
could not be interchanged in the models, the pathways were not completely specific likely
due to high correlations among the two ADHD symptom domains, consistent with recently
supported bifactor models of ADHD (Martel & Nigg, 2010; Toplak et al., 2009). Yet
partially distinct pathways to inattention versus hyperactivity-impulsivity are important to
understand given heterogeneity in symptom presentations among children with ADHD.

Path analysis indicated that traits were an important part of mediational pathways between
genetic and prenatal etiological factors and ADHD symptoms in childhood and adolescence.
Importantly, these models did not predict change in ADHD over time, consistent with
vulnerability or spectrum models of trait-psychopathology relations (vs. exacerbation;
Tackett, 2006). Therefore, in these data, these traits seem to increase risk for initial severity
of symptoms but not necessarily to impact the course of symptom change over time.

These models were truly mediational with etiological factors predicting early symptoms
and only temperamental traits (vs. etiological factors) predicting later symptoms, again
consistent with pathway models from distal etiological through proximal vulnerability traits
to psychopathology.

In addition, the specificity of mediational effects is consistent with some developmental
specificity in pathways. The pathway from prenatal smoking through surgency to
hyperactivity/impulsivity survived control of inattention only during childhood. This is

in line with other findings from longitudinal work showing hyperactivity-impulsivity is
salient earlier during development (vs. inattentive symptoms; Lahey et al., 2005), as well

as the idea that early developmental trajectories of ADHD have primarily reactive, or
affective, manifestation early during development (Sonuga-Barke, 2005; 2010). Further,
early organizational hormonal effects may exert particularly salient effects on surgency

and hyperactivity/impulsivity during early development (Arnold & Breedlove, 1985: Martel
& Roberts, 2014). In contrast, analyses showing mediational pathways from genetic

risk through effortful control to inattentive symptoms surviving control of hyperactivity-
impulsivity later during development suggest genetic effects may be particularly salient on
effortful control and inattention and may become increasingly prominent over time (Bergen,
Gardner, & Kendler, 2007; Haworth et al., 2010). This is in line with prior work showing
more thoughtful forms of regulation becoming particularly prominent during adolescence
(Nigg, 2004; Sonuga-Barke, 2005; 2010).

Importantly, these relations held cross-sectionally and longitudinally between childhood
and adolescence. Such findings suggest important implications for applied intervention and
assessment work. Early assessment of reactivity such as surgency may be early markers

for risk for ADHD which might be usefully targeted in preschool behavioral interventions
targeted at parental management of traits such as impulsivity and outbursts. In contrast, later
during development, interventions targeted toward more regulatory forms of control such

as teaching of behavioral strategies like planning and organization may be more useful. An
important future direction is to examine whether these longitudinal pathways hold at earlier
timepoints, such as preschool.
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In addition, these pathways were largely the same when clinician- and parent-report of
ADHD symptoms were replaced with teacher-report symptoms, controlling for shared
source variance and situational context. Therefore, these partially distinct temperament
pathways of etiological effects on ADHD symptom domains seem consistent across settings
and across different reporters of ADHD. We also accounted for item overlap between
temperament traits and ADHD (De Pauw & Mervielde, 2010; Frick, 2004; Lemery et al.,
2002), but examination of how these constructs relate to one another and their conceptual
(but incomplete) relation is another important future direction. Candidate gene studies

are now known to have serious limitations, hence the need for follow up with a more
robust approach using polygenic risk, as was done here. For example, large genome-wide
association studies (with samples sizes in the tens of thousands or larger) have consistently
found that individual variants exert only very small effects on complex behavioral traits,
like ADHD (Demontis, et al., 2019). In contrast, many candidate gene studies were done
in much smaller samples, suggesting they were significantly underpowered to detect true
effects and that the false-discovery rate in those studies is likely high. In fact, a number of
recent large studies have failed to validate hypotheses from early candidate gene studies of
behavioral traits (Border et al., 2019; Farrell et al., 2015). Therefore, attention to polygenic
risk as done here was a study strength.

However, there are some study limitations. Notably, results will need to be replicated in
other samples, across other developmental periods, particularly with more narrow age bands,
and using other measures. Reliability of temperament scales was somewhat low, and reliance
on parent-report (vs. other informants, observational measures) is a study limitation. Study
sample retention was relatively low and is a study limitation. Longitudinal tests of more
complex models of ADHD such as bifactor conceptualizations, is an important future
direction. Finally, attention to comorbidity which also exhibits differential associations
based on ADHD symptom domain, is an important future direction. In addition, the sample
was largely Caucasian; therefore, replication in other groups will be important. Still, the
current study remains an important extension of prior cross-sectional work.

Overall, the current study provides longitudinal evidence of partially distinct pathways to
ADHD. Childhood effortful control specifically mediated longitudinal associations between
polygenic risk and adolescent inattention, while childhood surgency specifically mediated
longitudinal associations between prenatal maternal smoking and childhood hyperactivity-
impulsivity. Such temperament markers and pathways were at least partially distinct in the
expected developmental direction. These results support dual pathway models of ADHD and
hold implication for identification of early markers and intervention targets for treatment of
ADHD.
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Figure 2. Prenatal maternal nicotine use mediation model.
Note. Participants were ages 7-13 years at Year 1 and 13-19 years at Year 6
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Figure 3. Polygenic risk mediation model.
Note. Participants were ages 7-13 years at Year 1 and 13-19 years at Year 6
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Correlations between temperament, ADHD symptoms, and risk factors at Years 1 and 6

Table 1

Factor M (SD) 1 2 3 4 5 6 7 8
i';e7a(r3’l5lzr}attentive Symptoms 1 89%F 737 50™* _77** 33** 186%™ 18™*
é,};agg?gg')ype’a‘:“v‘* Symptoms - gge g 59%° 65 -5 59°*  18™F 21
i;ga('ﬁ,'zr}anemive SYmpLoms - jowx oo g 627 —e2 33 17t
z}.\s(sa(r;gg)yperactive Symptoms 507 657 62** 1 ™t 16” 20*
g};a(ral‘gg)ﬁortful Control 7Y 65 g2 —aa™* 1 _30** -10 _19™*
g}ga}oﬁj’ge”cy 33 59 33T ™t -3 1 15 1™
;: r;%a,tﬂ 'X%Eg?,i'ssm(’king 16™° 8™ a7 18* -100 15 1 0.11
8 ADHD PRS Score 187 o 4™ 20% 19 1% 11 1

0.027 (0.00)

Note. Participants were ages 7-13 years at Year 1 and 13-19 years at Year 6

*ok

£<.001

*
£<.05
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Table 2

Differential regression analyses predicting longitudinal ADHD symptoms as a function of temperament

B SE(B) B t Sig.

Effortful control — Year 6 Inattentive symptoms -0.08 0.01 -0.56 -10.43 p<.001
Effortful control — Year 6 Hyperactive symptoms  -0.02  0.01 -0.09 -1.75 p=.081
Surgency — Year 6 Inattentive symptoms 0.01 0.01 0.09 1.37 p=0.17
Surgency — Year 6 Hyperactive symptoms 0.09 0.02 0.39 6.29 p<.001

Note. Participants were 13-19 years of age at Year 6
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Table 3

Hierarchical regression analyses of predictors of concurrent and longitudinal ADHD symptoms

DV v B SE(B) B R2 AR?
Year 1 Inattentive Symptoms Step 1:
ADHD PRS score 18482.06 363452  1g** .03
Step 2: .62 .59
ADHD PRS score 3457.10  2329.19 .03
Effortful control -5.215 .16 787"
Year 1 Hyperactive Symptoms  Step 1:
Prenatal maternal smoking 172 .35 17** .03
Step 2: .35 .32
Prenatal maternal smoking .86 .29 09%
Surgency 3.14 .16 577
Year 6 Inattentive Symptoms Step 1:
ADHD PRS score 24166.33 5631.38  o4** .06
Step 2: 40 .34
ADHD PRS score 11484.83  4612.91 A1
Effortful control -4.10 .32 —607
Year 6 Hyperactive Symptoms  Step 1:
Prenatal maternal smoking .98 37 14* 020
Step 2:
Prenatal maternal smoking .60 .33 .09 .23 21
Surgency 1.89 .20 467"

Note. Participants were ages 7-13 years at Year 1 and 13-19 years at Year 6

Ak
p<.001

<0
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Table 4

Standardized mediation path coefficients

Standardized Parameter

Estimate (SE) Est./SE Sig.

Model 1: Inattentive Symptoms at Year 6

Path a: Effortful control — ADHD PRS score -0.20 (0.06) -3.62 p<.01
Path b: Effortful control -0.41 (0.05) -8.71 p<.01
Path c: ADHD PRS score total 0.16 (0.05) 3.38 p<.05
Path ¢’: ADHD PRS score indirect 0.084 (0.03) 3.30 p<.05
Model 2: Hyperactive Symptoms at Year 1

Path a: Surgency — Prenatal maternal smoking 0.14 (0.03) 4.10 p<.01
Path b: Surgency 0.36 (0.03) 135 p<.01
Path c: Prenatal maternal smoking total 0.091 (0.03) 3.19 p<.05
Path c’: Prenatal maternal smoking indirect 0.053 (0.01) 3.90 p<.001

Note. Participants were ages 7-13 years at Year 1 and 13-19 years at Year 6. Traits were measured at Year 1.
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