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Abstract

OBJECTIVE: Understanding the role of endophenotypes is essential for process models of 

psychopathology. This study examined which candidate cognitive endophenotypes statistically 

mediate common variant genetic risk for ADHD.

METHOD: A case-control design using community-recruited volunteer children 7–11 years old 

(n=656, n=435 ADHD) of which 514 were homogenous European ancestry for the primary 

models (n=337 ADHD, 177 non-ADHD). Children were assessed with a multi-informant, best-

estimate diagnostic procedure and laboratory measures of working memory, response inhibition, 

executive functioning, arousal/attention, temporal information processing, and processing speed. 

Latent variables were created for the candidate cognitive measures and for parent and teacher-rated 

ADHD dimensions. Polygenic risk scores (PGS) were computed, using a discovery sample of 

20,183 ADHD cases and 35,191 controls from the Psychiatric Genetics Consortium. Cognitive 

measures that survived multiple testing correction for association with the PGS were evaluated for 

mediation with ADHD using structural equation models.

RESULTS: Results were essentially identical in the homogeneous European ancestry subgroup 

(n=514) and in the full sample (n=656). For the European population, the PGS was associated with 

ADHD diagnosis (Nagelkerke R2= .045; beta=.233, SE=.053, p=.000011) and multi-indicator 

dimensional ADHD latent variables by parent report (beta=.185, SE=.043) and teacher report 

(beta=.165, SE=.042). The PGS effect was statistically mediated by working memory (indirect 

effect, beta=.101, SE=.029, 95% CI=.05, .16, p=.00049, 43% of genetic effect accounted for) and 

arousal/alertness (indirect effect beta=.115, 95% CI=.04, .20, SE=.041, p=.005, 49% of genetic 

effect accounted for).

CONCLUSION: This is the first clear demonstration from molecular genetic data that working 

memory and arousal regulation are promising cognitive endophenotypes for ADHD with regard to 

mediating genetic risk from common genetic variants.

INTRODUCTION

Attention Deficit Hyperactivity Disorder (ADHD) is associated with atypical cognitive 

functions. It remains unclear whether cognitive functions are directly related to the 

underlying pathophysiology of ADHD - an idea captured in the literature on 

endophenotypes, which are biological, cognitive, or other quantitative, reliable measures that 

fill gaps in the causal chain from genes to disorder. Endophenotypes are a crucial piece of a 

comprehensive strategy to map psychopathology and its causal processes.1–4 Cognitive 

endophenotypes, widely considered to be important to examine for multiple disorders, are 

expected to be non-specific yet informative clues to etiological process.3

Previous theory and data suggest several mediating cognitive functions for ADHD;5,6 we 

examined five. The first two are executive functions (EF) that have historically been the most 

reliably related to ADHD - working memory6 and response inhibition.5 These domains, and 

EF in general have been tightly linked to several frontal and parietal large-scale networks. 

These include the fronto-parietal network, cingulo-opercular network, and the dorsal and 

ventral attention systems.7–9 The third is attentional arousal (or vigilance), which is 

anchored in ascending noradrenergic neural systems7 and closely related to earlier ADHD-
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related proposals of arousal, activation, and gain efficiency, as well as to components of 

response-time variability.10 It is perhaps the most enduring cognitive mediator proposed for 

ADHD.11–13 The fourth domain, temporal information processing or “the mental clock,” 

allows for rapid time perception and reproduction, and is atypical in ADHD;14 it is related to 

cerebellar-cortical-basal-ganglia circuitry.15 The last domain is output speed, also of interest 

in ADHD.16 Longitudinal studies tentatively support a mediation model of development of 

aspects of EF and ADHD.17–20 We, therefore, test this claim in a path model environment 

using conventions accepted for this purpose21, and use the term “mediation” for simplicity, 

although EF and ADHD are measured concurrently herein. While individual cognitive 

measures suffer from weaker heritability than ADHD, latent variable measures of EF have 

stronger heritability than ADHD,22 so a latent variable approach was adopted. Because 

genetically-informed tests of the hypothesis that cognitive disruption mediates genetic 

influence on ADHD are few, this crucial conceptual proposal remains controversial.23,24

The genetic structure of ADHD is likely complex, including both common and rare genetic 

variants as well as epigenetic effects.25,26 Here we investigate molecular genetic effects of 

common DNA variants using a polygenic risk score (PGS),27 an approach that has proven 

fruitful in detecting the common variant signal for ADHD28–32 and other disorders. While 

candidate gene studies have previously looked at statistical mediation by cognitive measures 

on ADHD,33,34 only one used a polygenic score.35 They failed to detect mediation. We 

provide here a statistically more powerful test of the basic endophenotype model.

Our aims were: (a) update the evaluation of polygenic risk on ADHD using a larger 

discovery sample and more extensive phenotyping than in prior reports, and (b) evaluate, 

essentially for the first time, to what extent aggregate effects of common genetic variants 

support the claim to endophenotype status for five hypothesized cognitive candidates in 

ADHD: working memory, inhibition, vigilance, temporal processing, and output speed.

METHODS

Participants

Participants in the target sample were 656 unrelated children age 7–11 recruited from the 

community for a case-control study of ADHD. ADHD was deliberately oversampled to 

ensure adequate clinical range variation to detect genetic signal as recommended by others,
35 and to enable us to examine ADHD heterogeneity later. To preserve the representativeness 

of the sample, we did not oversample for sex or other demographics. Thus, we expected 

groups to differ on sex ratio and possibly on socioeconomic standing, which are associated 

with ADHD.36

Recruitment and Diagnostic Assignment.—Human subjects and ethics approval was 

obtained from the local University Institutional Review Board. A parent/legal guardian 

provided written informed consent, and children provided written assent. After screening, a 

clinical evaluation was conducted using standardized, well-normed rating scales from parent 

and teacher, parent semi-structured clinical interview, child intellectual testing, and clinical 

observation. Best estimate research diagnoses and final eligibility were established by a team 
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of two experienced clinicians (a child psychiatrist and a child psychologist) who 

independently arrived at the diagnosis. See the online supplement for further details.

Exclusion criteria.—Children were excluded for disallowed medications (see 

supplement), history of seizures or head injury, parent-teacher rating discrepancy making 

diagnosis uncertain, psychosis, mania, current major depressive episode, Tourette’s 

syndrome, autism and IQ<80.

Related individuals and Final Sample.—A resulting n=850 eligible children were 

scheduled for the cognitive battery (below); for the genetic analysis, related children were 

removed (see online supplement for details), resulting in the final sample of n=656 unrelated 

children, of which n=514 comprised the homogeneous European-ancestry sub-sample.

Data reduction: Diagnostic variables.—We examined ADHD as a categorical 

diagnosis and as a latent dimension by parent report and by teacher report. For parents, the 

indicators were the relevant inattention and hyperactivity subscale scores on the ADHD-RS, 

K-SAD, CPRS-3, and SDQ; for the teachers, it was the ratings on the ADHD-RS, CPRS-3, 

and SDQ. These two measurement models fit well (parent: RMSEA=0.057, CFI=.996, 

TLI=.992; teacher: RMSEA=.000, CFI=1.00 and TLI=1.00).

Cognitive Measures

Children completed a second visit in which the cognitive measures were obtained after a 

medication washout of >= 7 half-lives. The battery was selected to capture multiple 

indicators of core constructs whenever possible. We administered the following tasks (a) 

Stop-Go task;37,38 (b) Identical Pairs Continuous Performance Task;39,40 (c) Spatial span 

forward and backward,41 (d) Digit span forward and backward from the WISC-IV, (e) N-

back, including 0-back, 1-back, and 2-back conditions, (f) Delis, Kaplan, and 

Kramer(DKEF)42 version of the Stroop task (word, color, and color-word), (g) DKEF 

Trailmaking test (number, letter, and shifting), and (h) a motor time reproduction task at fast 

(500 ms) interval from which we derived clock precision (clock variation).43–45 See the 

online supplement for details of task procedures, data cleaning, quality control, and validity 

checks.

For the go-trials on the stop task, rather than use the difficult-to-interpret within-child 

standard deviation, we used a diffusion model decomposition to isolate drift rate10 as a more 

precise index of arousal/vigilance, and non-decision time as a measure of output speed. 

Other diffusion model components were ignored because they are not associated with 

ADHD.10 For the CPT, we computed two versions of the signal detection parameter d-prime 

(d’) as an index of arousal, one for difficult catch trials and one for easy standard trials (see 

online supplement). We used residual scores for Stroop and Trails conflict conditions, after 

removing their respective speed measures.

Missing Data.—15 children missed the task visit due to illness, no-show, or cancellation; 

they are included to improve the overall data matrix as recommended by methodologists.46 

On each task, from 1–5% of data was removed for failing to pass our data quality checks. 
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Missing data were handled using the full information maximum likelihood model in 

MPLUS 7.2.

Data reduction and latent cognitive constructs measured.—Table S2 (online) 

provides correlations among all the indicators. Table S-3 (online) summarizes how cognitive 

measures were conceptualized as indicating latent constructs, and their empirical 

correlations with the ADHD diagnosis and polygenic score. The latent variables were 

finalized while blind to the genetic data or PGS correlations, however. A confirmatory CFA 

model fit satisfactorily for both N=514 (X2 (107, N=656) = 297.50, CFI=.93, TLI=.91, 

RMSEA=.060) and N=656 (X2 (107, N= 656) = 372.37, CFI=.92, TLI=.90, RMSEA=.062) 

(a significant chi-square is not unexpected with this sample size, and remaining fit indices 

are satisfactory47–50). The final model is displayed in Figure 1. Correlations among the 

latent variables are in Table S-3 footnote.

Genotyping and Polygenic score

Genotyping.—Salivary DNA samples 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 SNPs), developed by Illumina, Inc (San Diego, CA) in 

collaboration with the Psychiatric Genomics Consortium (PGC). Processing and QC details 

are in the online Supplement.

PGS computation.—The polygenic risks score (PGS) was constructed using the 2016–

2017 PGC meta-analysis51 as the discovery data set (20,183 ADHD cases and 35,191 

controls), genotyped with the same chip. The PGS was calculated in the target sample 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 (details in online supplement; odds ratios by 

decile are in Figure S1 online). The PGS created from the full PGC meta-analysis was tested 

in a homogeneous European-ancestry sub-sample (n=514) of our dataset. As a further check 

on population ancestry artifact, we computed a PGS using only the European population 

(19,099 ADHD cases and 34,194 controls) of the PGC data and tested it in our European 

test-sample. Alternative ways of computing the PGS at different thresholds (Figure S2, 

online) did not alter results.

Data analysis

Analyses relied on binomial logistic regression to examine effects on ADHD diagnosis, and 

structural equation modeling (SEM) to examine mediation effects of cognitive measures. 

SEMs with categorical outcomes were analyzed using the robust weighted least squares 

estimator while those with dimensional outcomes used the maximum likelihood estimator. 

For the logistic regression model, we report the Nagelkerke pseudo-R2 change. For the SEM 

models, standard indices of model fit are reported (CFI, TLI, and RMSEA).52 Statistical 

mediation was tested using the model indirect command in MPLUS 7.2 which uses the delta 

method for calculating the statistical significance of indirect effects. Bootstrapping methods 

(1000 bootstrap samples) were used to calculate 95% confidence intervals for these indirect 

effects.
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Correction for multiple testing.—With five correlated outcome neuropsychological 

latent variables, a Bonferroni correction is underpowered53 whereas an FDR test yields 

excessive type I error.54 Blakesley et al54 recommended the Hochberg correction55 in this 

case, which was therefore employed here. Mediation tests were planned only if simple 

effects with the polygenic score had corrected P<.050. We report uncorrected mediation tests 

to avoid correcting the same effect twice. Because the ADHD parent and teacher scores are 

versions of the same construct (and thus not new hypotheses), correcting for them would be 

too conservative.

Population Stratification.—To ensure that results were not due to population 

stratification (on one hand) and to ensure that results were not attributable to low power (on 

the other hand), we carried out the analysis three times. The primary model used the full 

discovery sample to compute the PGS but was restricted to the European-only test sample 

(n=514). Due to the potential loss of power in that sample, analyses were repeated using the 

full sample (n=656). Finally, we computed a modified PGS from only the European subset 

of the PGC.

Covariates.—We covaried sex and age in all results reported. In the analyses that 

considered the full sample (n=656), the first 10 genetic principal components were also 

controlled (from both the cognitive and ADHD measures), in order to control for effects of 

population stratification. In the European-only test sample, no principal components were 

correlated with outcomes so they were not covaried. We did not covary IQ as it is 

inappropriate to do so because reduced IQ may be part of the ADHD syndrome and may be 

a consequence of reduced executive functioning. SES was not covaried for similar reasons.56 

Medication was washed out for ≥7 half-lives prior to cognitive testing (Table S1 provides 

details); prescription status was not covaried to avoid inappropriately removing ADHD 

severity (prescription status correlation with ADHD severity within the ADHD group, r=.79, 

p<.001).

RESULTS

Overview and sample description

Table 1 provides clinical and demographic description of the sample. As expected, boys are 

over-represented in the ADHD group. ADHD presentations by DSM-5: combined (72.1%), 

inattentive (25.8%), hyperactive (2.1%).

Primary Analyses

First analysis: ADHD and polygenic score.: The first aim was to validate, using data from 

a large discovery sample,51 the association of cumulative genetic signal with ADHD in this 

sample. We begin with our primary analysis using the European-only subsample (n=514): 

For ADHD diagnosis, the association with the PGS was robust, beta=.233, SE=.053, 

OR=17.57, P=. 000011, Nagelkerke pseudo R2 = .045. (Incremental R2 values for the other 

models are in online Table S-4.) For the parent and teacher ADHD latent dimensional 

variables, effects were similar though very slightly attenuated (Table 2, top rows). Results 

were similar for the two symptom dimensions looked at separately (not shown). The PGS 
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was not related to sex in the overall sample (p=.95) or within the ADHD (boys m=.405, girls 

m=.414, p=.57). Sensitivity analyses repeated with all available children (N=656) and our 

Euro-only subsample (n=514) was then re-tested with the polygenic score derived from an 

Euro-only subsample of the discovery data; all yielded very similar results, lending 

confidence to these observations (top 3 rows of Table 2, and Table S-4 online).

Second analysis: Cognitive latent variables and polygenic score.: Consistent with a 

massive literature, all latent cognitive variables were robustly related to ADHD diagnosis 

and latent dimensional ADHD variables. Results for the polygenic score varied sharply, 

however. As shown in the lower five rows of Table 2, the PGS was not related to the 

inhibition latent variable. “Mental clock” and slow response speed, while marginally related 

to the PGS at least in some models, did not survive correction in any models. Working 

memory and vigilance-arousal had reliable and strong associations with the PGS in all 

models (Table 2) and so were carried forward to mediation tests.

Third analysis: Path modeling of mediation effects.: Statistical mediation was tested for 

working memory and arousal. Results are shown in Table 3 and were essentially identical 

(although slightly attenuated) in the sensitivity analyses, lending confidence that results were 

not attributable to population stratification or to power. Overall, reliable partial mediation 

was seen for the working memory and vigilance latent variables regardless of how ADHD 

was defined and accounted for 34% to 50% of the polygenic effect on ADHD across models. 

Figure 2 displays these two models in relation to ADHD diagnosis.

DISCUSSION

These results show for the first time that putative cognitive endophenotypes statistically 

mediate genetic risk for ADHD and thus may serve as useful components of models for 

genetic effects in ADHD. They are here supported as endophenotypes. Put another way, part 

of the polygenic risk from common SNP variants on ADHD is statistically accounted for by 

alterations in working memory and vigilance. These two domains are empirically and 

conceptually related, however, and it remains to be seen whether shared dependence on 

executive attention or other cognitive capacities further simplifies this picture.57 In contrast, 

response inhibition showed less promise; mediation effects for output speed and time 

reproduction were less pronounced and did not survive statistical correction at this sample 

size. A strong neuroimaging literature implicates several fronto-parietal and subcortical 

structures in working memory, and a consistent literature highlights the role of ascending 

noradrenergic systems in attentional vigilance. These neural systems appear to be prime 

targets for future work relating genetic effects to neuroimaging.

Other potential intermediate phenotypes were not examined here and may be equally or 

more effected by polygenic risk (e.g., reward discounting, delay aversion, set shifting). The 

negative results for response inhibition appear inconsistent with twin data suggesting shared 

genetic influences on ADHD and response inhibition58 and may suggest either alternative 

genetic mechanisms than those studied here, or that our measures of inhibition were sub-

optimal for genetic studies. Notably, the inhibition effect approached significance using a 

restricted discovery sample and test sample, this construct may be more vulnerable to 
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population effects. The working memory latent variable captured a mix of short-term store 

and maintenance, but not complex cognition or planning. However, these indicators may 

share association with the executive attention aspect of working memory,57,59 explaining the 

excellent fit of the WM latent variable.

Reaction time variability, of considerable interest in ADHD genetics,33,60,61 was 

decomposed into constituent functions in our diffusion decomposition to improve it’s 

biological applicability.10,62 We emphasized the drift rate parameter because it has shown 

the largest ADHD effects in prior studies. Consistent with theory, it loaded on an arousal/

vigilance factor with similar measures from signal detection theory (d’) and mediated 

genetic effects on ADHD. Arousal mechanisms contributing to RT variability may serve as 

an endophenotype.10 The arousal results conform well to prior twin and molecular studies 

suggesting shared genetic influences on ADHD and reaction time variability.33,63

The present study is among the first of its kind, so there is little precedent for comparison. 

Kamradt34 reported in a different sample using a candidate gene approach that response 

inhibition mediated the effect of polymorphisms at DRD4 and DAT1. Those mechanisms 

may be distinct from the SNP effects summed here. Benca et al35 failed to find reliable EF 

mediation of PGS effects on ADHD but had a smaller discovery and target sample. 

Additionally, their model emphasized response inhibition; ours included a broader set of 

domains. Like them, we prioritized a latent variable approach. Latent variables reflect only 

variance correlated across tasks and so are free from measurement error due to unreliability. 

They are also theorized to remove the inherent task impurity in laboratory tasks; twin data 

suggest they provide the strongest genetic signal versus individual task variables.58

The magnitude of relationships between phenotype measures and PGS in our independent 

test sample is stronger than reported in prior studies using independent samples. Three 

advantages accrued to the present study over prior reports. First, ours is the first report of 

PGS, ADHD and cognition to capitalize on the latest and largest ADHD meta-analysis from 

the Psychiatric Genomics Consortium.51 Second, we used a case-control design, not a 

population sample; this enabled us to enrich our sample for ADHD cases and ensure a 

stronger variation of ADHD psychopathology than otherwise. Third, ADHD phenotyping 

here included a best-estimate diagnostic procedure, teacher ratings, and semi-structured 

clinical interviews that were not available in some prior studies.

It is unclear to what extent population stratification may bias polygenic risk score analyses. 

To address the possibility of bias due to mixed ancestry populations, we tested our models in 

multiple ways, with our primary model restricted to a homogeneous Caucasian-European 

ancestry test sample. However, to ensure those results were not attributable to reduced power 

in that restricted sample, we repeated analyses with the full sample while covarying the 

genetic principal components as a partial (but potentially inadequate) control of stratification 

(see online supplement for more discussion of this point). Finally, because we do not know 

whether a heterogeneous discovery sample may bias results, a further sensitivity analysis 

was conducted with a modified polygenic score using only a European-ancestry discovery 

sample. Results were nearly identical in all models, so population stratification cannot 

account for these results.
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While effects were relatively consistent across formulations of ADHD here, ADHD is likely 

to be heterogeneous with regard to mediating cognitive mechanisms64,65 as well as with 

regard to comorbidity, severity, clinical course, temporal variation, environmental exposures, 

and probably genetic variation. We did not see sex differences in the PGS in the total sample 

or within the ADHD group, perhaps consistent with twin evidence of shared specific genetic 

influences in boys and girls.66 However, potential sex differences in mechanisms associated 

with polygenic risk remains a key area for future work in view of sex differences in ADHD 

incidence. Likewise, ADHD phenotypic characterization continues to be refined.67 While 

we used a case-control design to match the design of the PGC discovery sample and 

compare to prior literature, the PGS association on a putative ADHD trait in the general 

population cannot be inferred. In this design, it is also possible that differential distribution 

of EF scores or of the PGS in the ADHD and control groups could lead to false negative 

results for some measures (such as response inhibition). A check on this possibility 

suggested this was not the case, as histograms appear approximately normal across groups 

(See Figure S3 and S6 online) and interactions of ADHD group with PGS in predicting 

working memory or arousal were not significant (all p>.25). Finally, although prior 

longitudinal studies without genetic measures have supported mediation as noted earlier, and 

our path modeling is in line with accepted conventions in the field,21 in cross-sectional data 

the reverse model (that ADHD causes changes in EF) is mathematically equivalent.

Overall, the present study provides the first compelling molecular genetic evidence that 

cumulative common genetic risk loading for ADHD is partially accounted for by 

breakdowns in working memory maintenance and in vigilance. These measures, therefore, 

are promising intermediate phenotypes for ADHD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Confirmatory model with standardized coefficients. All estimates yield p<.01. Error terms 

not shown for readability. Fit for N=514: (X2(108)=297.50, CFI=.93, TLI=.91, RMSEA=.

060). Fit for N=656: (X2(107)=365.74, CFI=.93, TLI=.90, RMSEA=.062) and the N=514 

sample (X2(108)=297.50, CFI=.93, TLI=.91, RMSEA=.060). See Figure S4 for additional 

information about the measurement model with N=656. Word, Color are Stroop conditions. 

Trails 1=numbers, Trails 2=letters. Stroop CW res=Stroop color word interference trial with 

residual score regressed on Stroop color and word naming. SSRT=stop signal reaction time. 
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D’C and D’S are d-prime scores on the continuous performance task for difficult (catch) and 

easy (stimulus) trials respectively. Drift rate is the diffusion model gain parameter. DS-B, 

DS-F=digit span back and forward. SS-B, SS-F=spatial span back, forward.
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Figure 2. 
PGS=polygenic score; DX=ADHD diagnosis versus controls. BK=back, FW=forward; 

SS=spatial span, Digit=Digit Span; N1 BK ACC=1-back accuracy across all trials. 2A 

shows that working memory maintenance latent variable mediates the association between 

the PGS and ADHD. 2B shows the effect for Arousal/Vigilance. For the working memory 

model, χ2 (27, N=514) = 36.55, p=.10, CFI=.99, TLI=.98, RMSEA=.026. Indirect effect β=.

101 (SE=.029), 95% CI=.05,.16. For the vigilance model, χ2 (7, N=514) = 14.96, p=.04, 

CFI=.99, TLI=.97, RMSEA=.047. Indirect effect β=.12(SE=.041), 95% CI=.04,.20. Based 
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on the modification indices errors were correlated for the two d-prime scores in these 

models.
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Table 1:

Sample descriptive data

European-only(N=514) Complete Sample(N=656)

Control ADHD(all) Control ADHD(all)

N 177 337 221 435

% male* 54% 72% 52% 71%

% non-Hispanic white 100% 100% 83% 80%

Age at intake 9.4(1.5) 9.5(1.5) 9.4(1.5) 9.5(1.5)

Age when EF measured 9.6(1.5) 9.7(1.5) 9.6(1.5) 9.7(1.5)

Income (thousands $)** 96.8(33.2) 90.0(34.1) 94.5(20) 85.3(24)

Estimated full scale IQ* 115(12.8) 109.7(13.5) 114.9(13) 108.5(14)

Reading* 113.9(11.1) 106.4(14) 113.5(11) 106.4(13)

ADHD-RS Parent H* 45.2(7.5) 67.9(14.4) 45.5(7.4) 67.7(14.5)

ADHD RS Parent I* 44.5(7.1) 72.3(12.3) 44.6(7.0) 72.2(12.2)

Ever any ADHD med* 0% 44% 0% 41%

Current stimulant* 0% 39% 0% 36%

Footnote to Table 1:

*
ADHD differs from controls, p<.05.

**
In the complete sample (N=656) only, ADHD < controls, p<.05. C=ADHD combined subtype (presentation); I=ADHD primarily inattentive 

presentation; H=ADHD primarily hyperactive-impulsive presentation. ADHD-RS are T-scores based on national norms; ADHD medications are 
listed in Table S2 (online). PGS=polygenic score as explained in the text.
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