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Abstract

Attention-deficit/hyperactivity disorder (ADHD) is a frequent and highly heritable disorder
overrepresented in boys. In a recent study investigating boys only, we found that action monitoring
deficits as reflected by certain behavioral and electrophysiological parameters were familially driven.
As gender may also have an important impact, this was examined in the current study with
nonaffected children aged 8 to 15 years having relatives suffering from ADHD (N=37, 21 ¢) and
with age-matched controls without family history of ADHD (N=33, 11 Q).

Extending our previous findings that action monitoring is a potential endophenotype for boys with
ADHD, familially driven deficits were confirmed independently of gender. Thus, despite sharing the
phenotype with controls, nonaffected siblings showed ADHD-like impairments albeit of smaller
magnitude. However, girls performed generally more accurately, which in turn may have produced
the differences between nonaffected siblings and controls in affective error processing that were not
present in our boys-only assessment.
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a very common disorder, characterized by
severe age-inappropriate levels of hyperactivity, impulsivity and inattention (American-
Psychiatric-Association, 1994). Increased prevalence of ADHD among family members of
ADHD patients and high heritability rates are frequently reported (Faraone et al., 2005), but
developmental pathways to the phenotype, influenced by environmental and genetic factors
are not well understood (Banaschewski et al., 2005). Numerous studies suggest that ADHD
symptoms derive at least partly from dysfunctions in fronto-striatal dopaminergic networks
which control attentional processes (Barkley, 1997; Sonuga-Barke, 2005). If the deficits found
are due to genetic and environmental liability, nonaffected relatives of ADHD patients should
also display some of these dysfunctions.

We recently proposed that an action monitoring deficit may be a suitable electrophysiological
endophenotype of ADHD (Albrecht et al., 2008): boys with ADHD showed decreased
performance and in the event-related potential (ERP) reduced N2-enhancement to stimulus
conflict and decreased error monitoring in terms of error negativity (Ne) amplitudes as
compared to controls without family history of ADHD. On each of these measures the
responses of the nonaffected siblings were intermediate between those with ADHD and those
without a family history of ADHD.

In contrast, the error-related positivity (Pe), that may reflect an affective component of error
assessment (Van Veen & Carter, 2002) appeared to be intact in that study, possibly a
consequence of the high error-rate elicited by this task. Similarly, in tasks that require intense
conflict monitoring such as the Stop-Task, diminished N2 amplitudes or topographic
alterations have consistently been reported for children with ADHD (Albrecht et al., 2005;
Albrecht et al., 2008; Brandeis et al., 1998; Pliszka et al., 2000), while no impairments were
detected with less demanding Continuous Performance Tests (CPT) or Go/Nogo tasks
(Banaschewski et al., 2004; R. Wiersema et al., 2006). Decreased Ne in ADHD was also
reported in other studies that used demanding tasks (Liotti et al., 2005; van Meel et al.,
2007), but not with simpler tasks (Burgio-Murphy et al., 2007; J. R. Wiersema et al., 2005).
Conversely, impaired Pe has been reported from tasks with lower overall error-rates
(O’Connell et al., 2009; J. R. Wiersema et al., 2005), but not in tasks evoking less salient errors
(Albrecht et al., 2008).

Virtually all these findings are based on studies with boys, as these are strongly overrepresented
in ADHD (American-Psychiatric-Association, 1994; Tannock, 1998). Little is known about
the effects of gender on ADHD, particularly for cognitive parameters. A number of studies on
executive functions have indicated that girls with ADHD are impaired like their male
counterparts (Gershon, 2002). In an ERP-study with the Stop-Task, no gender-differences were
found for healthy controls and ADHD patients on performance data or with respect to the N2
amplitude (Liotti et al., 2007). However, it has also been reported that girls with ADHD act
less impulsively on a CPT than boys (Newcorn et al., 2001).

The aim of this study was to extend our previous findings on a brain based endophenotype of
ADHD displaying impaired action monitoring with an explicit assessment of gender effects
on ADHD-familiality. Further, we hypothesized that female nonaffected siblings of patients
suffering from ADHD would show impaired performance as well as diminished N2-
enhancement with conflict and reduced Ne on the flanker task. We also explored whether girls
showed a more accurate response-style, that in turn may lead to enhanced Pe.
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Methods and Materials

Subjects

Recruitment of subjects was done as part of the International Multi-center ADHD Gene study
(NIMH-grant RO1IMH062873 to S. Faraone). A total of 39 (14 ¢) control children and 42 (24
Q) nonaffected siblings of children with ADHD, all aged 8 - 15 years and without a clinical
diagnosis of ADHD were included in this analysis. The male subsample entered here is almost
identical to that previously reported (Albrecht et al., 2008), but girls formed new groups. All
subjects had normal or corrected to normal vision and displayed no susceptibility for ADHD
as verified by a diagnostic procedure described previously. Ethical approval for this study was
obtained from the local ethical review board.

The data from 11 subjects were excluded as result of their showing too few correct responses
or errors, or too many artifacts. However this did not differentially affect the factors
“Group” (x2(1)20.21, p=.65) nor “Gender” (xz(l):O.SO, p=.59). Groups and gender samples
were age-matched and did not differ concerning prorated 1Q, or on ADHD scales of the teacher-
rated SDQ or Conners scales (all F(1, 66)<1.7, p>.20, see Table 1 for further details).

Stimuli and Task

Columns of three equilateral black arrowheads were presented in the centre of a CRT monitor
against a light grey background subtending vertically 0.8° viewing angle per arrowhead and
3° per column. On each trial, the central fixation mark was replaced by flankers (two
arrowheads pointing into the same direction above and below the fixation point) 100 ms before
the target arrowhead appeared in between and remained there for another 150 ms. The children
had to press response buttons with their index fingers corresponding to the target direction. On
congruent trials, flankers and target pointed in the same, and on incongruent trials in opposite
directions (Kopp et al., 1996). A trial was presented every 1650 ms, and the task with 400 trials
took approximately 13 min. Standardized feedback depending on performance accuracy was
given after every 40 trials on the screen for 8 sec in order to control for speed-accuracy trade-
offs that can influence error processing (Falkenstein et al., 2000). Two 24 trial practice blocks
were administered first. Congruent vs. incongruent stimuli and response directions were
balanced and randomized.

Electrophysiological recording and processing

The electroencephalogram from 23 sites according to an extended 10-20 system was recorded
along with an electrooculogram (EOG, two electrodes placed above and below the right eye
and at the outer canthi) with Ag/AgCl electrodes against FCz as recording reference using a
BrainAmp amplifier. Sampling rate was 500 Hz with filters set to 0.016 — 100 Hz and a 50 Hz
notch filter. Offline, the EEG was downsampled to 256 Hz, and electrodes were re-referenced
to the average and filtered with 0.1 — 15 Hz (24 dB/oct Butterworth filters). Ocular artifacts
were corrected using the method of Gratton and Coles without raw average subtraction (Gratton
etal., 1983). If the amplitude at any EEG-electrode exceeded £100 uV, a section -100 to +800
ms was excluded from further analyses. Response-locked (-500 ms to +1000 ms relative to the
button press) and stimulus-locked (-200 to +1825 ms around the target-onset) segments were
subsequently checked and averaged. The standard serial mouse used to record responses caused
a response-trigger delay of 35 ms which was corrected for in the analyses. To avoid distortion
of ERP topography, no baseline subtraction was applied. All averages contained at least 25
sweeps.
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Statistical Analyses

Results

Error-rate

Behavioral parameters were analysed with repeated measure ANOVAs with within-subject
factor “Congruency” (congruent vs incongruent trials) and between subject factors

“Group” (controls vs. nonaffected siblings) and “Gender” (boys vs. girls). Stimulus-locked N2
peaks scored 200-400ms after the stimulus-onset at FCz were tested in a repeated measure
ANOVA with within factors “Congruency” (congruent correct vs. incongruent correct trials),
“Site” (electrodes Fz, FCz, Cz) and between factors “Group” and “Gender”. Error negativity
(Ne) and correct response negativity (Nc) were measured at FCz within 150ms following the
response on incongruent trials with respect to the respective preceding positivity (Falkenstein
et al., 2001; Nieuwenhuis et al., 2001). These peak-to-peak amplitudes were analysed in a
repeated measure ANOVA with within factor “Correctness” (Ne vs. Nc) and between factors
“Group” and “Gender”. The subsequent plateau-like Pe on incongruent error trials had a centro-
parietal maximum. It was tested using the mean amplitude 200 to 500 ms after the response at
electrodes Cz and Pz in an ANOVA with factors “Correctness” (error Pe vs. correct response
Pc), “Site”, “Group”, and “Gender”.

In order to correct for violations from sphericity, Greenhouse-Geisser ¢ and adjusted p-values
are reported with original degrees-of-freedom if appropriate. In case of significance, additional
univariate ANOVAs and analyses of confidence intervals were conducted. Effect sizes in terms
of partial eta square (part. n2) were computed and discussed following the notion that part.
n%>.01 indicates small, part. n2>.06 medium, and part. n2>.14 large effects (Cohen, 1988).

Error-rates were higher in incongruent than congruent trials (“Congruency” F (1 66=399.0, p<.
01, part. n2=.86; see Table 2). While the error-rates did not differ between the groups (“Group”
F, 66)=0.3, p=.59, part. n2<.01), accuracy was higher in girls (“Gender” F@, 66=10.5, p<.01,
part. n2=.14). The effect of congruency on error-rate (i.e. the differences in a two-factorial
univariate ANOVA or the repeated measure interaction “Congruency*Gender”) reflected a
larger error-rate increase under conflict in boys compared to girls (F(1, 65)=11.9, p<.01, part.
n2=.15), and the effect of gender on error-rate was limited to incongruent trials (F@, e6)=14.1,
p<.01).

Reaction-times of correct responses

Incongruent items elicited slower reaction-times (“Congruency” F(y 66)=663.0, p<.01, part.
n%=.91). In general, reaction-times tended to be slower in nonaffected siblings (“Group”

F, 66)=3.5, p=.07, part. n%=.05), and in girls compared to boys (“Gender” F(, 66)=3.0, p=.09,
part. n2=.04). As the girls also committed fewer errors, possible differences in speed-accuracy
trade-offs were considered by adding age and error-rate on incongruent trials as covariates into
the general linear model. After that, the trend towards gender-differences on RT disappeared,
but the other effects remained significant.

Reaction-time variability of correct responses

Reaction-time variability was higher in nonaffected siblings compared to normal controls
(“Group” F(1,66=11.3, p<.01, part. n%=.15) with a trend towards diverging effects of conflict
across gender (“Congruency*Gender” F(y, e6)=3.5, p=.07, part. 1n%=.05).

Stimulus-locked ERP

Latencies of N2 did not differ between groups, gender or between congruent and incongruent
trials nor were there any interactions (all F<1.4, p>.24; see Table 3). N2 amplitude was
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enhanced in incongruent compared to congruent trials (“Congruency” F(;, 66)=27.8, p<.01,
part. n2=.30), particularly at Fz and FCz compared to Cz (“Congruency*Site” Fe, 132)=29.2,
£=.64**, p<.01, part. n2=.31). However, there were also interactions
“Conflict*Site*Gender” (F(2, 132)=5.8, £=.64**, p=.01, part. n%=.08) and
“Congruency*Site*Group*Gender” (F(2, 132)=3.5, £=.64**, p=.05, part. n%=.05). Analyses of
the congruency effect (the N2 amplitude difference between congruent and incongruent trials)
for each electrode separately, revealed more N2-enhancement in controls compared to
nonaffected siblings at electrodes Fz and FCz (F(1, 66)=5.5, p=.02, part. n%=.08 and F(, 66741,
p=.05, part. 12=.06, respectively), but not at Cz (F(1, 66)=-01, p=.90, part. n2<.01). Conversely,
boys” N2-enhancement was higher at electrodes FCz and Cz (F(q, g6)=3.5, p=.06, part. n%=.05
and F(1, 66)=9.5, p<.01, part. n2=.13, respectively), but not at Fz (F(1, 66)>0.1, p>93, part. n2<.
01). There were no interactions “Group*Gender” at any electrode for N2-enhancement (all
Fa, 66)<2.4, p>.13, see Fig. 1).

Response-locked ERP

The latency of the Ne was shorter than that of Nc in control boys and nonaffected girls
(“Correctness*Group*Gender”, F(y, gg)=4.7, p=.03, part. n2=.07).

Ne was more negative in peak-to-peak amplitude than Nc (“Correctness” F(y, 66)=95.2, p<.01,
part. n2=.59, see Table 4). This difference between correct- and error-related negativities was
larger in controls compared to nonaffected siblings (“Correctness*Group” F(;, 66=3.9, p=.05,
part. n2=.06); and in boys compared to girls (“Correctness*Gender” Fa, 66)=4.0, p=.05, part.
n2<=.06) without showing a higher-order interaction (“Correctness*Group*Gender”

F@, 66)=0.4, p=.56, part. n2<.01). Moreover, a “Group” main effect was found, indicating that
both response-locked negativities were enhanced in controls compared to nonaffected siblings
(Fa1, 66)=6.5, p=.01, part. n?=.09.

The mean amplitude of the Pe component was larger than for the Pc component (F(1, 66)=549.8,
p<.01, part. n2=.89). Moreover, this effect of “Correctness” was enhanced in controls compared
to nonaffected siblings (“Correctness*Group” F(1, 66)=3.9, p=.05, part. n2=.06) and in girls
compared to boys (“Correctness*Gender” F(y, gg)=7.1, p=.01, part. n2=.10) without showing
a higher order interaction (F(y, 66)=0.8, p=.38, part. n2=.01). Component amplitudes were
generally higher at Pz than Cz (“Site” F(y, g5)=24.2, p<.01, part. n2=.27), particularly in girls
(“Site*Gender” F(1, 6)=4.5, p=.04, part. n2=.06, see Fig. 2).

Discussion

The main findings of our previous study with boys only were confirmed with the present
comparison between controls and nonaffected siblings, taking gender effects into account. The
reaction-time variability was markedly larger in the nonaffected siblings than in the controls,
and thus resembled levels of variability reported frequently for patients with ADHD (Tannock,
1998). We also found that the error-rates differed between the genders. Thus, while participants
of both groups and genders showed very low error-rates and accordingly no statistical effects
on congruent trials (floor effect), girls made fewer errors on incongruent trials. This finding
may indicate that girls displayed a response-style shifted towards accuracy, which was less
well controlled by feedback than in the subsample of boys analysed previously. Gender-
differences in response speed disappeared after controlling for accuracy. Thus, in this statistical
sense (assuming a linear relation between response speed and accuracy) there are no differences
in performance capabilities between genders. Indeed, a similar, slightly slower but more
accurate response-style has been described previously (Newcorn et al., 2001) and may prevent
children (and especially girls) susceptible for ADHD from showing clinically relevant
symptoms.

Neuropsychologia. Author manuscript; available in PMC 2011 March 1.
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Action monitoring triggered by stimulus conflict yielded enhanced N2 amplitudes with similar
latency after incongruent and congruent stimuli. Controls showed more N2-enhancement than
nonaffected siblings at fronto-central sites, whereas boys showed more N2-enhancement than
girls particularly at central sites. The different topography of the effects of group and gender
on this N2-enhancement following stimulus conflict suggests that at least partly different neural
networks are involved, and thus that the basic influence of familial ADHD differs from the
effect of gender. Since no differences between groups and gender were found for congruent
trials, these effects rather reflect the impact of higher stimulus conflict in incongruent trials
than some differences in processing the low conflict congruent trials.

The negative deflection immediately following responses to incongruent stimuli was generally
larger for controls than nonaffected siblings. This may well reflect that targets that elicit correct
responses can also be in conflict with the flankers. However, error-specific subprocesses or
modulations were also active as the negativity was enhanced following errors(Yordanova et
al., 2004). Accordingly, nonaffected siblings compared to controls and girls compared to boys
showed medium effects of reduced error-specific negativity amplitude. Importantly, no
interactions between factors Group and Gender were found. Thus, nonaffected siblings of both
genders show consistent medium effect distortions in a parameter associated with early error
detection and action monitoring.

The later response-locked positivity was similarly enhanced following errors, which was both
with medium effect size more pronounced in controls and in girls. This in line with findings
by Wiersema et al., who reported a diminished error-specific Pe and higher error-rates on a
Go-nogo task in ADHD subjects compared to controls: unfortunately they did not examine the
effects of gender (J. R. Wiersema et al., 2005). The difference between genders on Pe may be
related to differences in the speed-accuracy trade-off and presumably indexes gender-
differences in error evaluation. The impaired Pe in nonaffected siblings may be a consequence
of either girls’ generally higher accuracy or a general gender effect, but this needs to be
disentangled in studies using tasks that explicitly manipulate accuracy.

Taken together, the impacts of ADHD-familiality and Gender on performance measures as
well as on electrophysiological parameters of action monitoring were generally additive, even
though the latter was accompanied by topographical differences concerning location of effects.
As a further new finding, we detected diminished Pe amplitude in nonaffected siblings. Since
this effect was also additive, we have a concise, although given the relatively small sample
size still tentative result concerning our main hypotheses: nonaffected siblings of both genders
differ from controls in parameters reflecting diminished action monitoring, and girls tend to
perform more accurately and do show enhanced activity in brain processes related to affective
error processing.

The current study supplements our previous investigation of action monitoring in boys with
ADHD by explicitly assessing ADHD-familiality and gender effects. Although the current
findings are suggestive, evidence from a sample of girls with ADHD is needed before
parameters of action monitoring can be regarded as gender-independent endophenotypes of
ADHD.
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Figure 1. Stimulus-locked N2 to congruent and incongruent correct answered trials
Stimulus-locked grand average waves of male (black) and female (red) controls and male
(green) and female (blue) nonaffected siblings with spline-interpolated maps of N2 evoked by
correct congruent (above) and incongruent (below) trials at the respective grand average

latency.
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Figure 2. Response-locked error-related components
Response-locked grand average waves of correct responses and errors to incongruent trials
from male (black) and female (red) controls and male (green) and female (blue) nonaffected
siblings with spline-interpolated maps of Ne at the respective grand average peak latency
(above) and Pe mean activity 200-500ms post error response (below). The response-locked Ne
has its maximum at FCz (even more prominent when measured peak-to-peak), while Pe was
maximal at centro-parietal electrodes.
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