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Abstract

Objective: According to the state regulation deficit account, attention deficit/hyperactivity
disorder (ADHD) is associated with difficulties in maintaining an optimal level of cognitive
arousal. As the precise locus of this problem is yet unknown, the present study investigated
this through behavioral and pupillometry indices. Method: Adults scoring high versus low on
ADHD symptomatology carried out a target detection task at three event rate (ER) levels.
Phasic pupil dilation was used as an index of cognitive effort, tonic pupil size as an index of
tonic arousal. Results: Performance and self-reports indicated state regulation difficulties in
the high-ADHD group. Phasic pupil dilation was increased during slow ER, indicating addi-
tional effort allocation. Surprisingly, tonic pupil size was smallest in the fast ER, and group
effects were absent for both pupil measures. Conclusion: The high-ADHD group showed
state regulation difficulties despite similar levels of additional effort allocation as reflected

by phasic pupil responses.
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Key Points

The state regulation deficit (SRD) account of ADHD was tested in undiagnosed adults
who scored high versus low on ADHD symptoms, using behavioral and pupillometry
measures.

Performance deficits and self-report differences were found in participants with
higher levels of ADHD symptoms, indicating state regulation difficulties, yet no group

differences were found in the pupil signal.

While participants with higher levels of ADHD symptoms seemed to therefore invest

the same amount of effort, this did not translate into equal performance.

More research is called for to pinpoint the exact locus of ADHD-related state regula-

tion difficulties.



Introduction

Attention-deficit hyperactivity disorder (ADHD) is a neurodevelopmental disorder with symp-
toms of inattention and/or impulsiveness and hyperactivity, which has a worldwide preva-
lence of 5-7% (American Psychiatric Association, 2013; Willcutt, 2012). It has its onset in child-
hood and persists until adolescence and adulthood in the majority of cases. ADHD impairs the
functioning of the individual, causing social, academic, and occupational difficulties. Given the
strong impact on the individual and its surroundings, the notably high prevalence, and the
need for effective treatments, it is of importance to increase our understanding of the neuro-

biological mechanisms underlying ADHD-related behavior and symptom expression.

In the past decades, a growing body of research has provided support for the state regulation
deficit (SRD) account of ADHD (Johnson et al., 2009; Metin et al., 2012; Sergeant, 2000;
Sonuga-Barke et al., 2010; van der Meere, 2005). According to the SRD account ADHD-related
symptoms and performance deficits are due to difficulties in regulating the cognitive arousal
state in response to changing environmental conditions. This notion is based on studies that
applied the Cognitive Energetic Model (CEM; Sanders, 1983) to ADHD. The resulting perfor-
mance predictions of the CEM are closely related to the Yerkes-Dodson curve (Winton, 1987;
Yerkes & Dodson, 1908), which describes the relationship between physiological arousal levels
and performance as an inverted U-shaped function. The CEM further postulates that an eval-
uation mechanism detects whether arousal levels are too low or too high, and triggers the
allocation of top-down cognitive effort to up- or down-regulate arousal levels, when needed.
In the CEM, a distinction is made between phasic and tonic aspects of arousal, referred to as

‘arousal’ and ‘activation’, respectively. Phasic arousal is defined as the short-lived, physiolog-



ical response to input, while the tonic activation fluctuates over a longer time span and rep-
resents a general readiness for action (Pribram & McGuinness, 1975). The SRD account is
based on extensive research applying the CEM to ADHD and argues that ADHD symptoms and
performance deficits emerge from sub-optimal activation (tonic arousal) levels, which may
either be too low or too high for the concurrent task demands. There are several possible
reasons for the deficient state regulation in ADHD: first, it could be due to an unstable activa-
tion system that is easily brought out of balance by changes in the context. Second, individuals
with ADHD might not be able to compensate efficiently for non-optimal activation levels
through the allocation of cognitive effort, either by not allocating the necessary effort or by
an inefficient interaction between effort and activation mechanisms (Mohamed et al., 2016).
In either way, on this account it follows that when the context (e.g., the task) is under- or over-
stimulating, both of which requiring effortful adjustments, people with ADHD are expected to
perform worse than their peers. On the other hand, when the context provides an optimal
level of stimulation, no performance differences are expected. In the absence of a manipula-
tion of the arousal state, arousal-related measures such as visual processing speed may not

be deficient in ADHD (Finke et al., 2011; Wiegand et al., 2016).

Numerous behavioral studies have provided results in support of the SRD account. This re-
search covers a period of over three decades and was started in the 1980’s by Sergeant and
van der Meere (Sergeant, 2000; Sergeant & Van der Meere, 1990). They applied the CEM to
their ADHD research and systematically manipulated different parameters to investigate how
the different energetic pools might be related to ADHD. There findings showed that the per-
formance of individuals with ADHD was especially prone to manipulations of event rate (ER)
(i.e. presentation rate of stimuli), which according to the CEM affects the activation level. Later

studies consistently demonstrated a stronger impact of ER on performance in individuals with
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ADHD, suggesting difficulty in the regulation of the activation state (Bérger & van der Meere,
2000; Metin et al., 2014; Wiersema, Van der Meere, Antrop, et al., 2006; Wiersema, Van der
Meere, Roeyers, et al., 2006). Most studies reported worse performance (slower reaction
time; RT) in ADHD during slow ERs, suggesting a greater susceptibility to drift into a state of
under-activation, which is not adequately counteracted by additional effort allocation. Psy-
chophysiological research provided further evidence for the role of altered activation in state
regulation difficulties in ADHD. Borger and van der Meere (2000) used heart rate deceleration
as an index of motor activation and observed that individuals with ADHD showed decreased
heart rate deceleration before responding, specifically during a slow event rate. Unfortu-
nately, most of the aforementioned studies used only two ERs (fast and slow), which entails
an obvious shortcoming, as this does not allow for an evaluation of quadratic effects. The SRD
account predicts individuals with ADHD to show performance decrements in situations that
elicit a non-optimal activation state due to difficulty regulating the activation state. Hence,
this deficiency should be apparent when in an under-activated state but also when in an over-
activated state. The few studies that used at least three ERs have indeed found ADHD-related
differences in performance and brain functioning at the lower and upper end of the ER range
(Benikos & Johnstone, 2009; Metin et al., 2014; Metin, Krebs, Wiersema, Verguts, Gasthuys,
van der Meere, et al., 2015; Scheres et al., 2001; van der Meere et al., 1995). In a meta-analysis
by Metin et al. (2012), the authors found that ADHD and control group performance across
experiments was in line with this inverted U-curve pattern. The results showed a dispropor-
tionate slowing of RT in ADHD relative to controls for slow ERs, while fast ERs led to inaccurate
responding (viz., increased impulsive errors). Metin et al. (2014) used a task that included 4

ERs and showed that increased variability of responding in ADHD follows a U-curve shape.



According to the CEM, additional effort allocation is required to regulate a non-optimal acti-
vation state. Event rate studies in ADHD that implemented psychophysiological (heart rate
variability and event related potentials) and neuroimaging methods (functional Magnetic Res-
onance Imaging) indeed showed that individuals with ADHD allocated less effort specifically
during non-optimal states (extreme event rates), while no difference was observed during
more optimal event rates (Borger et al., 1999; Bérger & van der Meere, 2000; Metin, Krebs,
Wiersema, Verguts, Gasthuys, Van der Meere, et al., 2015; Wiersema, Van der Meere,

Roeyers, et al., 2006).

Despite the vast support for the SRD model in behavioral studies, effort allocation in ADHD is
insufficiently tested with physiological markers. Therefore, we opted to measure pupil size in
the current experiment, which has been argued to be the best autonomic index of cognitive
effort allocation (Alnaes et al., 2014; Kahneman, 1973; Peavler, 1974). The amplitude of the
phasic pupil reaction (i.e., the reaction of the pupil to task events) is correlated with task dif-
ficulty, which implies cognitive effort, and with subjective effort ratings across a wide variety
of cognitive tasks (for a review, see van der Wel & van Steenbergen, 2018). Evidence for this
is drawn, for example, from conflict tasks where pupil reactions are larger on incompatible

trials compared to compatible trials (van Steenbergen & Guido, 2013).

One preliminary study applied pupillometry to investigate state regulation difficulties in ADHD
(Metin et al., 2017). They found a U-shaped effect of ER on phasic pupil size in typically devel-
oping children, and a linear effect for the children with ADHD, indicating effort allocation dif-
ficulties in the fast ER for the ADHD group. However, this study had limited power due to a
small sample size. Further, while the authors used phasic pupil dilation as an index of cognitive

effort, tonic pupil size was not analyzed.



The present study therefore also investigated tonic changes in pupil size (i.e., the baseline
activity whose fluctuations are more sustained). According to the adaptive gain model of
Aston-Jones and Cohen (2005), tonic pupil size reflects tonic arousal at the level of the Locus
Coeruleus (LC) (Unsworth & Robison, 2018; Wang et al., 2018), and resembles the concept of

activation, the tonic aspect of arousal, as conceptualized in the CEM/SRD account.

The LC, located in the brainstem, is the main source of noradrenaline in the forebrain, and is
critically involved in processes of arousal and attention (Hong, Walz, & Sajda, 2014; Joshi, Li,
Kalwani, & Gold, 2016; Murphy, Robertson, Balsters, & O’Connell, 2011; Rajkowski, Kubiak, &
Aston-Jones, 1994; Schneider et al., 2016; but see also Reimer et al., 2016). Aston-Jones and
Cohen (2005) postulate that tonic LC activity relates to performance according to an inverted
U-shaped function: performance is optimal when the tonic LC activation is in balance (i.e.,
moderate tonic activation). This U-curve prediction resembles the U-curve prediction of the
CEM. Several researchers have argued that arousal regulation deficits in ADHD may be due to
LC dysfunction (Howells et al., 2012; Imeraj et al., 2012; Konrad et al., 2006). This hypothesis,

however, is yet to be confirmed.

Opting for pupillometry has implications for the choice of the experimental task. Phasic pupil
reactions are rather slow and develop over the course of several seconds (Math6t, 2018; Sirois
& Brisson, 2014). Most ER studies used a Go/No-Go task, containing frequent Go (response)
trials and infrequent No-Go (inhibition) trials. However, in order to test the SRD account
(Sonuga-Barke et al., 2010), it is not required for the task to tap into inhibition processes, as

the Go/No-Go task does. Moreover, measuring pupil response during fast ERs in such a task is



problematic due to overlapping responses to succeeding Go-trials. For this reason, we fol-
lowed Metin et al. (2017) and opted for an oddball paradigm, more specifically a target detec-

tion task, which contains frequent non-response trials and infrequent response trials.

The current study set out to test hypotheses related to ADHD in a group design. An important
consideration with respect to the sampling of participants for the current study is the recent
consensus on the diagnosis of ADHD as the extreme end of a continuous distribution of ADHD
symptoms in the population (Hudziak et al., 2007; McLennan, 2016). Therefore, we opted to
recruit healthy participants without any diagnosed psychiatric condition, and to assess the
ADHD symptom level by means of a questionnaire. This strategy has been used successfully in
the past, and it has replicated ADHD-related differences in brain functioning and behavior
(e.g., Broyd, Helps, & Sonuga-Barke, 2011; Crosbie et al., 2013; Mohamed, Borger, Geuze, &
van der Meere, 2016; Nilsen, Mewhort Buist, Gillis, & Fugelsang, 2013). Based on this ques-
tionnaire, we selected adults with particularly high and low scores and compared performance

and pupil indices between them (i.e., high-ADHD and low-ADHD group).

Based on previous ADHD research (see the meta-analysis by Metin et al., 2012), we hypothe-
sized a slowing of RT with decreasing ER, and that this effect would be stronger in the high-
ADHD group, indicating state regulation difficulties. This would replicate patterns found in
previous research by Metin et al. (2017) and other studies using Go/No-Go tasks with three
ERs (Benikos & Johnstone, 2009; Metin et al.,, 2014; Metin, Krebs, Wiersema, Verguts,
Gasthuys, van der Meere, et al., 2015; van der Meere et al., 1995). While findings on RT vari-
ability are less consistent, based on the SRD account and Metin et al. (2014), we hypothesized
adults with more ADHD symptoms to show increased variability at extreme ERs. We did not

have clear hypotheses about accuracy (commission errors), as in contrast to previous Go/No-



Go studies with a high inhibition load, not many errors were expected in the current used
target detection task. With respect to the phasic pupil dilation, as an index of cognitive effort,
we expected larger reactions during extreme ERs (over- and under-activated state), indicating
compensatory cognitive effort required in these conditions. This would be reflected by a U-
shaped effect across ERs. In the high-ADHD group, this U-shaped effect was predicted to be
diminished, reflecting effort allocation difficulties. For the tonic pupil size, which we used as
an index of activation (i.e., tonic arousal), we expected decreasing pupil size with deceasing
ERs, representing a drop in activation levels. This effect was expected to be more pronounced

in the high-ADHD group.

Method

This study was approved by the Ethics Committee of the Faculty of Psychology and Educational
Sciences, Ghent University (approval no. 2018/83), and conducted in accordance with the Dec-
laration of Helsinki. All participants provided written informed consent prior to the selection

procedure and the experiment.

2.1 Participants

Participants were selected by means of a pre-screening questionnaire (see the procedure sec-
tion for a detailed description). Out of 345 respondents, 158 received an invitation to partici-
pate in the experiment, based on their score. Seventy-six participants followed the invitation
and completed the experiment (overall age range 18 — 29 years), with 39 participants in the
high-ADHD group (11 males, Mage = 20.9 years, SDage = 3.1 years), and 37 participants in the
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low-ADHD group (8 males, Mage = 21.5 years, SDage = 2.9 years). The groups were equal in
gender ratio, X?(1) = 0.44, p = .51, and age, t(74) = 0.87, p = .39. All participants had normal or
corrected-to-normal vision. They were remunerated with EUR 10 for their participation. For
the analysis of the behavioral data, no participants were excluded, since the accuracy on the
target detection task was excellent (> 97% for all participants). For the analysis of the pupil
data, some datasets had to be removed because of missing data caused by technical failure of
the eye tracking device. Since the number of excluded participants slightly varied dependent
on the type of data to be analyzed, the final sample sizes are reported separately for each

analysis in the results section.

2.2 Selection procedure

The experiment was advertised on social media platforms targeting university students,
through flyers on campus, and on a faculty platform specifically designed for the recruitment
of participants for psychological experiments. Inclusion was limited to student-age partici-
pants (18-30 years) without a formal diagnosis of any psychiatric or neurologic disorder, in-
cluding ADHD, although one participant from the high-ADHD group reported a diagnosis of
ADHD during the experiment. All potential participants were given the link to an online version
of the short Adult ADHD Self-Report Scale, v1.1 (ASRS; Adler et al., 2006; Kessler et al., 2005).
This questionnaire consists of 6 questions aimed at assessing key ADHD symptoms, each to be
answered on a 5-point Likert scale. Often used as a short-form screener, it has been shown to
have the highest predictive value for ADHD (Kessler et al., 2005, 2007). Before filling in the
guestionnaire, respondents were asked to read and accept an informed consent. Additionally,

the importance of providing honest answers was stressed. While the ASRS is frequently scored
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in a categorical fashion to classify clinical ADHD, in the present study we scored the ASRS di-
mensionally by computing the sum score of each participant across the six questions (scores:
0 = never, 1 = rarely, 2 = sometimes, 3 = often, 4 = very often). This procedure has been rec-
ommended for repetitive use (Kessler et al., 2005), and was appropriate for our current design
as we approached ADHD as a continuous trait. Participants with extreme scores on the ASRS
were selected, and cut-offs were established based on the distribution of the pre-screening
sample. The basis for this sample was a pre-existing collection of n = 50 datasets. This sub-
sample was obtained from an online prescreening platform of the faculty, where interested
participants could complete a set of questionnaires, based on which they could be contacted
for experiments. Additional questionnaire responses for the current experiment were col-
lected online (via LimeSurvey) and added to the pre-existing set of potential participants. In-
vitations were sent out to eligible respondents, scoring either above or below the cut-offs of
the pre-screening sample. Invitees could then voluntarily sign up for a time-slot on the recruit-
ment platform, in order to take part in the full experiment. To obtain equal group sizes, the
cut-offs were dynamically adapted according to response rates, although it was ensured that
they remained above and below the interquartile range. The final cutoffs were a sum score of
> 13 for the high-ADHD group and < 6 for the low-ADHD group (with one participant excep-
tionally scoring 7). This recruitment strategy resulted in gender- and age-balanced groups in
terms of demographics (see above), whilst ensuring the largest possible difference in ADHD
symptomatology in the given participant pool. Both post-hoc questionnaires confirmed a
strong group difference in ADHD-symptom levels (see results section). Furthermore, when ap-
plying the categorical scoring method, 32 out of the 39 participants of the high-ADHD group

obtained scores above the clinical threshold.

2.3 Materials
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For this experiment, a two-computer setup was used. On the first computer, the experimental
tasks were run using “Presentation” software (Version 18.0, Neurobehavioral Systems, Inc.).
The pupil data were recorded using a Tobii TX300 eye tracking device (Tobii Technology AB,
2014) with a sampling frequency of 300 Hz. This eye tracker allows for (limited) head move-
ment, as the built-in sensors automatically detect the position of and distance to the eyes. It
is furthermore equipped with a 23” monitor with a resolution of 1920x1080 and a screen re-
sponse time of 5 ms. The data generated by the eye tracker were recorded on the second
computer using Tobii Studio software (Tobii AB, 2016). Tobii Studio received real-time event
markers from the first computer through a plugin for Presentation (FH Johanneum, 2018) via

an Ethernet connection. Behavioral reactions were recorded on the first computer.

Two post-hoc questionnaires were filled out by the participants. The first was the full ASRS,
which comprises 18 questions, to be answered on a 5-point Likert scale (Adler et al., 2006;
Kessler et al., 2005), including the ones from the short ASRS, which was used in the prescreen-
ing procedure. In the official ASRS publication of the World Health Organization, some of the
answering boxes on each question are shaded to indicate the clinical cutoff on the question
level (Kessler et al., 2005). Since this could create a bias for dimensional scoring, the shades
were removed for this experiment (Panagiotidi et al., 2017). The second questionnaire (here-
after referred to as “SRD questionnaire”) contained 10 questions about state regulation diffi-
culties, also with a 5-point Likert response scale ranging from 0 = “much less than average” to
4 = “much more than average”. Importantly, this questionnaire is designed to assess both
over- and under-stimulation and the regulation thereof, while refraining from creating overlap
with ADHD symptoms as defined in the ASRS or the DSM. An example item of this instrument

is “I find it easy to calm down after an exciting situation”. The SRD questionnaire was recently
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developed by our research team and can be found in Supplementary Materials 1. For both the

ASRS and the SRD, dimensional sum scores were used.

2.4 Task and Stimuli

The target detection paradigm consisted of two stimulus types: a frequent “No-Go” or stand-
ard stimulus (the letter “0”, 70% of the trials), and an infrequent “Go” or target stimulus (the
letter “Q”, 30% of the trials). Figure 1 provides a schematic representation of the task. The
stimulus appeared on the screen between two vertical bars which were continuously present
throughout the task. In this paradigm, the stimuli were the only intermittent source of stimu-
lation (i.e., there was no visual overlap with fixation aid). The stimuli were presented for 300
ms, separated by an inter-stimulus interval (ISI) which was slightly jittered. Three ER conditions
(fast, moderate and slow) were administered in a counterbalanced order. In the fast ER con-
dition, the ISI was 1000 ms (+ 100 ms jitter), in the moderate condition it was 4000 ms (+ 300
ms jitter), and in the slow condition it was 8000 ms (+ 400 ms jitter). The letters had a vertical
size of 5.1° visual angle and a horizontal size of 3.8°, the two vertical bars 7.2° (their horizontal
distance being 10.3°). Both the stimuli and the bars were presented in dim red (RGB 170, 88,
88) against a grey background (RGB 108, 110, 108). These colors were chosen in order to be
equiluminant! and thus avoiding luminance-dependent pupil reactions. The order of the trials
was pseudo-randomized with a pre-established sequence that was the same for all partici-

pants. To achieve a comparable duration of the ER conditions (Metin et al., 2014), the number

! For the calibration of the equiluminance of the stimulus material, a Konica Minolta LS-100 luminance meter
was used (Konica Minolta, 2013). The RGB values were adjusted to reach a matching surface luminance of the
stimuli and the background. This resulted in a constant luminance of 39.5 cd/m? for both the stimuli and the

background in this specific setting.
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of trials was set to 320 for the fast ER, 100 for the moderate ER and 60 for the slow ER. In the
beginning, middle and end of each ER condition, a 15-s baseline period was presented, con-
sisting of the two vertical bars without presenting any stimulus. The rationale of this proce-
dure was to obtain an additional measure of tonic pupil size, with reduced influences of stim-
ulus presentation and motor activity (the other index being the pre-stimulus baseline pupil
size). At the end of each ER version, this baseline period was followed by a few extra trials
which continued for approximately 1 min, in order to prevent participants from predicting the
end of the condition after the last baseline period, and thus losing their task focus. Together,

this resulted in a duration of approximately 10 min per condition.

[INSERT FIGURE 1]

2.5 Experimental procedure

Upon arrival, participants were verbally instructed by the experimenter about the course of
the experiment and the use of the eye tracker. The seat and the eye tracking device were
adjusted to their body size. Although movement was not restricted physically, participants
were asked to remain at a constant distance of approximately 60 cm from the screen through-
out the experiment. After a 9-point calibration procedure, participants completed ten practice
trials with feedback about the accuracy of the response. Before the start of the main experi-
ment, on-screen instructions reminded them about the importance of remaining still and look-
ing at the screen. They were also instructed to respond both fast and accurately to the stimuli.
The ER conditions were separated by breaks with a minimum duration of 60 s. During these

breaks, participants were asked to let their eyes rest, but remain seated in the same position.
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The eye tracker was recalibrated if the participant could not remain in the same position

throughout the experiment.

2.6 Analysis

2.6.1 Behavioral data

For the analysis of the RT, all correct responses were included, except the first response of the
condition and the first response after the mid-condition baseline period. Median values and
the quartile-based variability coefficient (inter-quartile range/median) were obtained per par-
ticipant and condition. We opted for the quantile-based approach to central tendency and
variability, because a large portion of the individual RT distributions were non-normally dis-
tributed, as shown by Kolmogorov-Smirnov normality tests. The quantile-based approach
solved this problem as it is robust against outliers and skewed distributions. As the distribution
of the medians and variability coefficients on the group level in turn met the normality as-
sumption (again shown by KS-tests), classical ANOVA was selected for the calculation of the
results. Importantly, when using average RT as a central tendency parameter and the respec-
tive coefficient of variability (M/SD) on the individual level, the group level results did not
change substantially. Error rates could not be analyzed, since a substantial portion of the par-
ticipants achieved an accuracy of 100%. The statistical models were calculated in SPSS and
JASP (JASP Team, 2020). For the ER x Group interactions, we report the polynomial contrasts,

as we had specific predictions related to the nature of these interactions (linear, quadratic).

2.6.2 Pupil data
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The following steps were used to process the pupil data. The raw eye tracker output was pre-
processed in SPSS, removing unnecessary data and inserting markers for the behavioral re-
sponses. Once the data were pre-processed, they were loaded into BrainVision Analyzer 2
(BrainProducts) using a plugin created by van Steenbergen (2008). The pupil signal was aver-
aged across both eyes, after which blinks (i.e., gaps of missing values) were linearly interpo-
lated, again using code by van Steenbergen (2008). This interpolation was set to start 40 ms
before the gap and end 40 ms thereafter (Zénon, 2017). The exact interval (40 ms) was se-
lected based on the observation that it greatly removed the noise in the gap onset-locked and
the gap offset-locked pupil signal. The signal was then segmented into trials, and baseline-
corrected using the 200 ms pre-stimulus period. The trials were subsequently averaged within
conditions and participants, and a 4 Hz low-pass-filter was applied to the average signal. Trial
segments ranged from -1500 ms to +2500 ms in the fast condition (comprising three trials), -

200 ms to +4000 ms in the medium condition, and -200 ms to +8000 ms in the slow condition.

For the analysis of the transient (phasic) pupil reaction, the baseline-corrected maximum of
the pupil size following target trials was detected with a semi-automatic procedure which al-
lowed for visual inspection and correction. The default search interval was 600 — 2500 ms
post-stimulus onset, although in some cases the peak was manually defined outside of that
interval. In order to test the validity of the point peak amplitude measure, the results were
also calculated using an area of 100 ms around the peak. This did not have any significant

impact on the results. Hence, point peak measures were used for the results.

In the fast ER condition, trials were analyzed in triplets, where the previous and subsequent
trials were included. Given that the pupil reaction cannot fully unfold over a time span of

merely 1300 ms, this enabled the analysis of the full pupil reaction. For target trials, all valid
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triplets with the combination standard-target-standard were selected, while for standard tri-
als, the combinations standard-standard-standard were used. The main features of the pupil
reaction, i.e., a clear dilation following target trials and a clear constriction following standard

trials, remained intact in the fast ER condition (see Figure 2).

[INSERT FIGURE 2]

Two distinct indices of tonic pupil size were used in the analysis. Firstly, the 200 ms pre-stim-
ulus baseline segments were used as an index of tonic pupil size which takes into account its
trial-by-trial fluctuations (Hong et al., 2014). Here, the average of all 200 ms pre-stimulus seg-
ments was obtained for each condition. Secondly, we analyzed the 15 s baseline period sam-
pled halfway through the condition. This mid-condition baseline period is independent from
possible startup or fatigue effects and therefore the most valid index of ER-induced activation
level. Data from the baseline period were excluded from analysis if they contained less than 5
s of valid data. The average pupil dilation was obtained for the 15 s interval. For all pupil

measures, the statistical analyses were carried out in JASP (JASP Team, 2020).

Results

3.1 Questionnaires

The average results of the full ASRS sum scores were Mhigh = 41.3, SDhigh = 7.6 for the high-
ADHD group and Miow = 17.8, SDiow = 6.2 for the low-ADHD group. The groups differed signifi-

cantly, t(74) = -14.60, p < .001, Cohen’s d = 3.36, Bayes’ Factor BF > 1000. Additionally, when
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scoring the full ASRS in the categorical fashion instead of the sum score (see above), the aver-
age scores were Mhigh = 10.5, SDhigh = 3.1 for the high-ADHD group, and Miow = 1.8, SDiow = 1.9
for the low-ADHD group, which confirms the strong difference in ADHD symptoms between

both groups (Garnier-Dykstra et al., 2010).

The scores from the SRD questionnaire were Mhigh = 24.1, SDhigh = 4.0 for the high-ADHD group
and Miow = 18.3, SDiow = 3.5 for the low-ADHD group. Again, there was a clear difference be-
tween the groups, t(74) = -6.09, p < .001, d = 1.40, BF > 1000, with the high-ADHD group
reporting more state regulation difficulties. Furthermore, there was a high correlation be-
tween the scores of the prescreening (short ASRS) and the corresponding questions of the
post-hoc full ASRS (Pearson’s correlation coefficient r(74) = .914, p < .001, BF > 1000). When
running separate correlations for both groups, the correlation was r = .554 in the high-ADHD
group and r = .415 in the low-ADHD group. The scores on the full ASRS and the SRD question-
naire correlated positively with each other, r(74) = .795, p < .001, BF > 1000. The correlations
per group were r = .766 for the high-ADHD group and r = .504 for the low-ADHD group. This
indicates that self-reported ADHD symptomatology is positively related to self-reported diffi-
culties with state regulation. See Figure 3 for scatterplots of the correlations mentioned here.
The full ASRS had excellent internal consistency (Cronbach’s Alpha = .943), while internal con-

sistency was acceptable for the SRD questionnaire (Cronbach’s Alpha = .756).

[INSERT FIGURE 3]

3.2 Behavioral performance

Median RTs were analyzed in a mixed ANOVA using group (high vs. low ADHD) as between-
subject factor and ER (fast, moderate, and slow) as within-subject factor. The results are listed

in Table 1. In the median RT model, planned contrasts showed that the ER x Group interaction
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had a linear effect (see Table 1). Both the F-test and the Bayes’ Factor (BF) further confirmed
the presence of a main effect of ER (BF: decisive evidence), and pairwise comparisons showed
significant RT increments from the fast to the moderate ER, t(74) = 13.20, p < .001, and from
the moderate to the slow ER, t(74) = 9.17, p < .001. Moreover, a main effect of group (BF:
substantial evidence) was found, indicating overall longer RT for the high-ADHD group. Figure

4 provides a graphical overview of these effects.

[INSERT FIGURE 4]

In the RT variability model, a planned quadratic contrast revealed the expected quadratic ef-
fect in the ER x Group interaction (see Table 1). The main effect of ER was neither clearly
present or absent in our data, as the F-test result was marginally significant, accompanied by
a BF value indicating anecdotal evidence in favor of the null hypothesis. Neither the F-statistic
nor the BF value confirmed a main effect of group, they both favored the null hypothesis.
Separate group analyses revealed that the quadratic interaction contrast was driven by a
guadratic ER effect in the high-ADHD group, t(38) = 1.99, p = .050, which showed higher RT
variability in extreme ERs. This effect was not present in the low-ADHD group, t(36) = 0.88, p
= .385. Taken together, this indicates that state regulation deficits in the high-ADHD group
were not only reflected in the median RT, but also in the RT variability. Since the conditions
contained unequal numbers of trials, which may affect the robustness of the findings, the re-
sults were co-validated with a bootstrapping method. This approach gave similar results (see

Supplementary Materials 2).

[INSERT TABLE 1]
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Error rates were very low: The percentage of omission errors on Go-trials was 0.0% - 0.2% in
the low-ADHD group and 0.1% - 0.3% in the high-ADHD group, and the percentage of commis-
sion errors on No-Go-trials was 0.4% - 1.5% in the low-ADHD group and 0.5% - 2.2% in the

high-ADHD group. Statistical differences could not be calculated due to the lack of data points.

3.3 Phasic pupil size

We observed a clear dilation of the pupil following target trials, and a smaller constriction
following standard trials. Both of these reactions are plotted in Figure 2, exemplarily showing
the pupil reactions of fast ER condition. The peak (i.e., maximum amplitude) values were an-
alyzed in a mixed ANOVA, with a final sample of n =31 high-ADHD and n =32 low-ADHD. There
was a significant main effect of ER, F(2,122) = 34.81, p < .001, n%, = .363, BF > 1000. Planned
contrasts and Bayesian tests confirmed that the ER effect was driven by a significantly greater
peak amplitude in the slow ER compared to the moderate ER, p <.001 and BFcorrected > 1000,
while there was no significant difference between the moderate and the fast ER, p = .526,
BFcorrected = 0.34. Neither the group main effect nor the interaction ER x Group were signif-
icant (F(1,61)=1.37, p=.247, BF=0.23, and F(2,122) = 0.81, p = .446, BF = 0.39, respectively).
These results are depicted in Figure 5 (left). To conclude, ER influenced the phasic pupil re-
sponse such that it was larger in the slow ER compared to both other conditions. However,

group differences were not observed.

3.4 Tonic pupil response

In order to analyze the impact of ER on pre-stimulus pupil size, we used the average of all 200

ms pre-stimulus segments per participant and ER condition. A mixed ANOVA showed a signif-
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icant main effect of ER, F(2,122) = 9.81, p <.001, n%, = .139, BF = 142.28. There was no signif-
icant main group effect, F(1,61) = 0.01, p = .944, BF = 0.43, nor was there an interaction effect
ER x Group, F(2,122) =0.19, p = .828, BF = 0.17. Surprisingly, planned contrasts and Bayesian
tests revealed a lower average pre-stimulus baseline in the fast ER compared to the moderate
ER, t(61) = —4.10, p < .001, and BFcorrected = 152.29. Again contrary to our hypothesis, no
difference was found between moderate ER and slow ER, t(61) = —-0.61, p = .545, and BFcor-

rected = 0.17. Note that group sizes were n = 32 for high-ADHD, and n = 31 for low-ADHD.

The 15 s baseline intervals at the condition midpoint served as a secondary means of investi-
gating tonic pupil size. A mixed ANOVA showed that there was a clear main effect of ER,
F(2,136) = 9.24, p < .001, n?, = .120, BF = 98.74. Planned comparisons and Bayesian tests
showed a significantly lower pupil size in the fast ER compared to the moderate ER, t(68) = -
3.67, p <.001, BFcorrected = 84.79, but equal pupil size in the moderate and slow ER, t(68) =
—-0.12, p < .909, BFcorrected = 0.13. This is in line with what was found for the pre-stimulus
baseline averages. There was neither a main group effect, F(1,68) = 0.24, p = .627, BF = 0.34,
nor an interaction effect ER x Group, F(2,136) = 0.10, p = .907, BF = 0.12. Note that the group
sizes were: n = 34 high-ADHD, n = 36 low-ADHD. Figure 5 (right) represents the results of the
baseline period tonic pupil size. Hence, similar effects were found for the two indices of tonic

pupil size: ER had an effect on tonic pupil size, although group differences were absent.

[INSERT FIGURE 5]

3.5. Correlations: effort allocation and performance
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RT findings clearly showed state regulation difficulties in the high-ADHD group, but not in the
low-ADHD group. However, no group differences were found for the amount of cognitive ef-
fort allocated (i.e., the phasic pupil response). To gain additional insight, we calculated the
correlation between phasic pupil amplitude (slow — fast condition) and median RT (slow — fast
condition). A significant negative correlation was found, in spite of an indecisive BF value: r(65)
= -.25, p = .045, BF = 1.1. This suggests that a larger increase in transient pupil amplitude
(additional cognitive effort) between the slow and the fast ER could possibly be associated
with a smaller increase in RT (smaller performance decline) between the slow and the fast ER.
Importantly, analyses per group showed that this association was somewhat more evident for
the low-ADHD group, with slightly more decisive significance and BF values, r(33) =-.38, p =
.029, BF = 2.12), while no significant relationship between additional effort allocation and per-
formance was observed for the high-ADHD group, r(32)=-.20, p = .267, BF = 0.39). However,

the difference between the groups’ correlations was not significant, Fisher's Z=-0.78, p = .217.

Discussion

In the current experiment, we used performance and pupillometry indices to test the relation-
ship between ADHD symptom levels, behavior, tonic pupil size and phasic pupil reactions.
There were two novel elements in this approach. Firstly, the SRD account was tested with
three ER conditions and pupil size measurement. Secondly, this was done with non-diagnosed
adult participants, with either high or low ADHD symptom levels, based on the widespread
notion that ADHD symptomatology should be regarded as a continuous trait (McLennan,
2016). The behavioral results clearly indicate state regulation difficulties in adults with more
ADHD symptoms. RT became slower with slower ERs and, importantly, this effect was more

pronounced in the high-ADHD group, in line with previous research findings with clinical ADHD
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groups (Metin et al., 2012). Moreover, the ER manipulation affected RT variability especially
in the high-ADHD group, with higher RT variability showing an U-curve effect, again in line with
previous findings in a clinical ADHD sample (Metin et al., 2014). Besides, adults with more
ADHD symptoms also reported more state regulation difficulties, as assessed with the SRD
guestionnaire. The pupillometry results were surprising: We found a main effect of ER on the
amplitude of the phasic pupil responses, resulting from larger amplitudes during slow ERs. ER
also impacted tonic pupil size with a significantly lower pupil size in the fast condition. In spite
of this, neither pupil measure showed group differences. The results challenge the hypothesis

of LC dysfunction being at the core of ADHD-related state regulation difficulties.

4.1 Behavioral performance

The two experimental groups had equal sample characteristics, but were selected to differ
strongly in terms of ADHD symptoms, which was confirmed by additional questionnaire data
obtained during the experiment session. The RT results, which showed an increase with de-
creasing ER, replicated previous findings (see the meta-analysis by Metin et al., 2012), includ-
ing these of the preliminary pupillometry study by Metin et al. (2017), who applied the same
paradigm with children clinically diagnosed with ADHD. This effect has been argued to be the
result of a suboptimal activation state when stimuli are presented at slow pace (van der
Meere, Shalev, Borger, & Wiersema, 2009) Importantly, the SRD account predicts this effect
to be more pronounced in individuals with ADHD, as they have difficulty with up-regulating a
non-optimal activation state. This up-regulation, however, is required to keep performance at
a comparable level to control groups. We indeed observed this effect to be more pronounced
in the high-ADHD group, which is in line with previous ADHD research findings. (Benikos &

Johnstone, 2009; Metin et al., 2014; van der Meere et al., 1995). Additionally, we found a U-
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shaped RT variability effect for the high-ADHD group, indicating state regulation difficulties at
the extreme ERs. Albeit indicative of state regulation deficits, this effect is not consistently
found in previous research, which may depend on how variability is quantified. Metin et al.
(2014) applied ex-Gaussian modeling and also found an accentuated quadratic relationship

between event rate and Gaussian variability in the ADHD group compared to the controls.

Unlike in most previous experiments, accuracy was very high, rendering a statistical compari-
son impossible. This was expected as we used a target detection task in contrast to most pre-
vious studies that used a Go/No-Go task, loading high on inhibitory control and consequently

eliciting many more inhibition errors (Metin et al., 2012).

In general, the behavioral findings clearly indicate state regulation difficulties in undiagnosed
adults with more ADHD symptoms, in line with previous studies that included individuals with
a diagnosis of ADHD (Metin et al., 2017). The finding that adults with more ADHD symptoms
reported more state regulation difficulties in daily life, as assessed by the SRD questionnaire,
provides further support. It is important to note here that the SRD questionnaire was a newly
developed instrument and future research is warranted to further investigate its psychometric

qualities.

4.2 Phasic pupil effects

Phasic pupil size, an index of effort allocation, was expected to show larger amplitudes in the
fast and the slow ER, compared to the medium ER, since we expected that more compensatory
effort would be required under hyper- and hypo-stimulating conditions. However, the phasic
pupil amplitudes increased with decreasing ER, driven by a significantly higher peak amplitude
in the slow ER. Metin et al. (2017) did find the same effect as the phasic results here, but only

in the group of children with ADHD, while a U-shaped effect was found in the control group.
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Although speculative, it may be that the fast condition led to a state of over-activation in chil-
dren, for which the control children compensated with compensatory cognitive effort, while
in the current study the fast condition was not stimulating enough to induce a state of over-
activation in adults. Apart from the tonic pupil findings, the data do however suggest that the
slow condition lead to under-activation, and that additional effort allocation was used to coun-
teract performance decline in the slow condition. Correlational analyses further suggested
that the more additional cognitive effort was allocated (increase in phasic pupil response with

decreasing ERs), the less the performance decline (smaller increase of RT with decreasing ERs).

Taken together, despite similar levels of additional effort allocation, the cognitive effort in-
vested by adults with more ADHD symptoms does not ‘translate’ into equal beneficial effects
at the performance level. Previous studies on diagnosed individuals with ADHD that included
other indices of cognitive effort (e.g., P3 and heart rate variability), concluded that the state
regulation deficits as observed in the ADHD group were the result of less effort allocation
(Borger et al., 1999; Wiersema, Van der Meere, Antrop, et al., 2006). An interesting avenue
for future research would be to investigate whether diagnosed individuals with ADHD indeed
differ from undiagnosed individuals with elevated levels of ADHD symptomatology, in terms

of the disrupted mechanism underlying their state regulation difficulties.

4.3 Tonic pupil effects

Tonic pupil size was analyzed using two conceptually different approaches, in order to exam-
ine the validity of the dominant approach to baseline pupil size. On the one hand, the pupil
size of the 200 ms pre-stimulus baseline segments was averaged per condition and compared
between ERs. On the other hand, the 15 s baseline periods at the mid-point of each block were

compared across ERs. Importantly, we obtained the same general results for both indices of

26



tonic pupil size, namely a reduced pupil size in the fast condition compared to the other con-

ditions.

The finding was opposite to our prediction, that was based on the assumption as that tonic
pupil size reflects tonic arousal and that tonic arousal resembles the construct of activation in
the CEM and SRD accounts. According to the CEM, ER influences the activation level, with
lower activation levels for slower ERs. Hence, the largest tonic pupil size was expected in the
fast ER, the smallest in the slow condition, and a medium pupil size for the moderate ER con-
dition. The results were surprising, as they ran counter to this hypothesis, with the smallest
pupil size in the fast condition. This would signify that the tonic arousal level was lowest in the
most stimulating condition, which is quite improbable. A key assumption of the LC theory by
Aston-Jones and Cohen (2005) is that tonic activity of the LC is reflected in tonic pupil size,
which forms an index of tonic arousal. In the light of the tonic pupil results in the current
experiment, it appears that the link between tonic pupil size and activation is far from straight-
forward, and consequently that tonic pupil size may not be a suitable index of the activation

state.

The findings are more in favor of another interpretation derived from research about mind
wandering. Mind wandering entails the activation of the Default Mode Network (Christoff et
al., 2009). A growing number of studies have shown that tonic pupil size (mostly measured as
pre-stimulus pupil size) is larger when participants are mind wandering (Franklin et al., 2013;
Unsworth & Robison, 2016, 2017), which in turn is likely mediated by activation of the Default
Mode Network (Fan et al., 2012; Yellin et al., 2015). It is safe to presume that in the current

experiment, the slow ER provided more mind wandering opportunity due to the low task de-

27



mand. Notwithstanding, the absence of a group difference remains puzzling, as mind wander-
ing is likely to occur more frequently in individuals with ADHD (Seli et al., 2015; Shaw &
Giambra, 1993), which has even led to the ‘mind wandering hypothesis of ADHD’ (Bozhilova
et al., 2018). This calls for further research that includes alternative measures of tonic arousal,

such as skin conductance, and assessment of mind wandering.

4.4 Limitations

The results of this study are not generalizable without certain limitations. Firstly, the study did
not involve a clinical group of patients with ADHD. Even though the ASRS is a validated instru-
ment, participants only reported their subjective ADHD symptoms and no behavioral assess-
ment was carried out. Furthermore, ADHD symptoms can be mimicked by other psychopa-
thologies. Although participants with a diagnosis of a psychiatric or neurological disorder of
any kind were excluded from this experiment, we did not systematically gather data on the
presence of other (dimensional) psychopathologies. Reliably controlling for their potential in-
fluence would have severe implications for power and would require a manifold larger sample
size. The current study therefore has the limitation that the influence of other disorders, albeit
on subclinical levels, cannot be ruled out. Another caveat is that we did not collect data on 1Q
or socio-economic status, which may have influenced our findings. However, the influence of
these factor is expected to be small as we recruited a relatively homogeneous sample of par-
ticipants (university students). In light of these limitations, the present results should be inter-

preted with caution.

4.5 Conclusion
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In the present findings, the behavioral performance effects as well as the self-reports clearly
indicated more state regulation difficulties in undiagnosed adults with more ADHD symptoms,
in line with previous ADHD studies that included individuals with a formal diagnosis of ADHD.
Despite similar levels of additional effort allocation, as reflected by phasic pupil responses, the
cognitive effort invested by adults with more ADHD symptoms does not seem to ‘translate’
into similar effects at the performance level. Moreover, the findings cast doubt on the validity
of tonic pupil size for measuring the activation state. The lack of group differences for both
pupil indices appears to question the contribution of the LC-noradrenergic system to state
regulation difficulties related to ADHD symptom level. Given the ongoing nature of research
and the limits to our current knowledge, the SRD account needs to be tested further and re-

vised as our understanding progresses.
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Table 1.

Mixed ANOVA results for median Reaction Time (RT) and RT variability

Median RT? RT variability®
F-ratio F(1.8,136.5)=253.02  F(2,148)=2.74
Condition (Event Significance p <.001** p =.068
Rate) Effect size n% =.774 n% =.036
Bayes’ Factor BF > 1000 BF =0.41
F-ratio F(1,74) = 6.51 F(1,74) = 0.75
Significance p=.013* p =.388
Group Effect size N2 = .081 N2 = .010
Bayes’ Factor BF =5.25 BF=0.21
Type Linear Quadratic
Polynomial contrasts  F-ratio F(1,74) =5.23 F(1,74) = 4.50
Condition x Group Significance p =.025%* p=.037*
Effect size n% = .066 n% =.057

Note. The Bayes’ Factor (BF) values show the relative likelihood of the effect, compared to the null effect. ®The
F-test for Condition was adjusted for a lack of sphericity using the Huynh-Feldt correction. ° RT variability was
calculated as the quartile-based variability coefficient: Inter-Quartile Range / Median.

** p < .001. * p <.05.
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Standard trial (70%) Target trial (30%)
no reaction press the spacebar

Figure 1. The target detection paradigm used in the present study. Note that the colors are not an accurate
representation of the on-screen colors used to achieve equiluminance. The stimuli appeared for 300 ms between

the vertical bars, followed by an inter-stimulus interval, wherein only the bars were visible.

37



mm ] ~ mm ] . —
Target trial Standard trial = High ADHD (M & SD)
= Low ADHD (M & SD)
0.204 0.20
0.154 0.15 4
0.10+ 0.10
0.054 0.05 9
0.00 v 0.00 -
-0.05- -0.05+
0.10 g T T T T T T 0.10 T T T y T T
-1000 -500 0 500 1000 1500 2000 ms -1000 -500 0 500 1000 1500 2000 ms

Figure 2. Average signal of the phasic pupil reaction to target trials (left) and standard trials (right), in the fast ER
condition. The blue (black) lines are the average and SD of the low-ADHD group, the purple (gray) lines are the
average and SD of the high-ADHD group. Note that in both graphs, the trial of interest is preceded and followed

by a standard trial. The signal is baseline-corrected using the 200 ms pre-stimulus interval (-200 to 0 ms).
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Figure 3. Scatterplots of the correlations of the SRD questionnaire vs. the full ASRS sum score (right) and the sum

scores of the short ASRS prescreener vs. the full ASRS (left).
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Figure 4. Median reaction time (RT) and RT variability across event rate (ER) conditions. Error bars represent + 1

Standard Error around the mean.
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Figure 5. Left: Average amplitude of the phasic pupil reaction to target trials, from baseline to peak, for the
different event rate (ER) conditions. Right: Average pupil size of the 15 s mid-condition baseline period, for the

different ER conditions. Error bars represent £ 1 Standard Error around the mean.
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