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Abstract

Although behavioral studies have repeatedly demonstrated that individuals with attention-

deficit/hyperactivity disorder (ADHD) have deficits in alertness, little is known about its

underlying neural basis. It is hypothesized that pupil diameter reflects the firing of norepi-

nephrine (NE) neurons in the locus coeruleus (LC), and that the LC-NE neuromodulatory

system for regulating alertness may be dysfunctional in ADHD. To clinically and non-inva-

sively examine this hypothesis, we monitored the kinetics of pupil diameter in response to

stimuli and compared them between adults with ADHD (n = 17) and typically developing

(TD) adults (n = 23) during an auditory continuous performance task. Individuals in the

ADHD group exhibited a significantly larger tonic pupil diameter, and a suppressed stimu-

lus-evoked phasic pupil dilation, compared to those in the TD group. These findings provide

support for the idea that the aberrant regulatory control of pupil diameter in adults with

ADHD may be consistent with a compromised state of alertness resulting from a hyperacti-

vated LC-NE system.

Introduction

Attention-deficit/hyperactivity disorder (ADHD) is characterized by inattention, impulsivity,

and hyperactivity [1]. While impulsivity and hyperactivity can improve during development,

attentional dysfunction often persists even after adolescence and affects adult patients’ cogni-

tive performance [2–4]. Some studies have shown that inattentive symptoms are associated

with an increased risk for long-term work disability such as unemployment in adults with

ADHD [5, 6].

Alertness is one of the specific types of attentional functions compromised in ADHD [7].

Attenuated alertness in individuals with ADHD has been reported when using the Continuous

Performance Test (CPT) which requires sustained attention over a prolonged period ([8, 9],
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but see [10, 11]). A meta-analysis of studies on task performance in adults with ADHD found

medium to large effect sizes on omission errors (inattention) and small to medium effect sizes

for commission errors (impulsivity) [12]. Alertness comprises an ability to increase the signal-

to-noise ratio of neuronal responses to a relevant stimulus, and the ability of implicit control

of arousal to fine-tune the ratio [13]. Norepinephrine (NE) is a key attention-regulating neuro-

transmitter produced primarily in the locus coeruleus (LC). According to the adaptive gain

theory proposed by Aston-Jones and Cohen [7], exploitative and exploratory modes of alerting

are balanced by two distinct modes of LC activity (phasic and tonic, respectively). Theoreti-

cally, when one needs to maintain alertness toward task-relevant stimuli (exploitative mode),

performance is optimal under moderate LC activity at the baseline in combination with prom-

inent phasic (short burst) activity. On the other hand, while searching or examining something

new or unfamiliar, performance is optimal under elevated levels of LC baseline activity with

limited phasic NE release (explorative mode).

Based on this concept, excessive exploratory-mode activity may result in disturbed alertness

due to the implicit capture of too much irrelevant information. Thus, the attenuated alertness

in ADHD could be attributed to relatively higher LC activity at the baseline than occurs in typ-

ically developing (TD) controls. To verify this hypothesis, pupillometry can be utilized as an

indirect but non-invasive approach, because pupil diameter reflects LC firing on time [14–17].

Some pupillometry studies revealed that increased tonic pupil diameter was associated with

task disengagement and explorative behavior such as attentional set shifting in healthy individ-

uals [15, 18, 19]. In contrast, relatively small tonic pupil diameter was found to be associated

with increased stimulus-evoked pupil dilations and optimal performance in an auditory odd-

ball task [20].

Pupillometry has already been employed for some studies of children and adolescents with

ADHD and revealed a decreased phasic pupil dilation after stimulus onset during working

memory tasks including a N-back task [21–23]. These studies also found that task performance

correlates with maximal pupil diameter after stimulus onset [22, 23]. However, there is no pre-

vious study that has measured tonic and phasic pupil responses simultaneously to directly

address the relationship between them in adult patients with ADHD in a neurocognitive

framework of attention [24].

The present study aims to address this deficit by monitoring pupil diameter during an audi-

tory continuous performance test (aCPT, Fig 1A) in which the performance of adults with

ADHD was found to be worse than that of TD [8, 25]. We hypothesize that pupil regulation in

adult ADHD can be characterized by an elevated tonic activity in combination with attenuated

task-induced phasic activity during the aCPT, compared to that of TD. We also hypothesize

that the attenuated task-induced phasic activity relates to worse performance such as increased

reaction times or error rate in the aCPT.

Results

Tonic pupil diameter and phasic pupil dilation during the aCPT

First, we examined if there were differences in tonic pupil diameter and phasic pupil dilation

during the task between the two groups. Tonic pupil diameter indicates prestimulus baseline

pupil diameter. On the other hand, phasic pupil dilation indicates a difference between a peak

pupil diameter after stimulus onset and prestimulus baseline pupil diameter. Fig 1B illustrates

mean pupil changes over time from the onset of a tone presentation. Although tonic pupil

diameter gradually decreased during one block (Fig 1C), as Fig 1B shows (see also Fig 2A), the

ADHD group exhibited increased tonic pupil diameter compared to the TD group both in the

aCPT (mean 3.39 mm (TD), 3.84 mm (ADHD)) and the passive-viewing task (mean 3.63 mm
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(TD), 4.16 mm (ADHD)). To test for group differences in tonic pupil diameter, we conducted

a repeated-measures analysis of covariance (ANCOVA) with group as a between-participants

factor, task as a within-participants factor, and age as a covariate. We used age as a covariate

because tonic pupil diameter is thought to become smaller with increasing age [21], and

because there was a trend towards a lower age in the ADHD group compared to in the TD

group (p = .08) in the present study (Table 1). The analysis showed main effects of group (F(1,

36) = 8.1, p< .01) and task (F(1, 36) = 7.3, p< .01), but no interaction between factors (F(1,

36) = 0.17, p = .68).

Fig 1. (A) A schematic diagram of the auditory CPT task. The sound was either a nontarget tone (800 Hz, p = .80) or a

target tone (880 Hz, p = .20). The participants were asked to push a button when they detected the target tone as

quickly and accurately as possible. (B) Alterations in pupil diameter over time during one trial in the TD and the

ADHD groups. Red and blue lines indicate the mean values of target and nontarget trials, respectively. Color shaded

areas correspond to the standard error of the mean value. (C) Alterations in pupil diameter during one block.

https://doi.org/10.1371/journal.pone.0244662.g001
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Both the TD and ADHD groups had transient dilatory responses in pupil diameter after

stimulus onset. We compared the phasic pupil dilation in response to the stimulus tones

between groups (mean 0.28 mm (target, TD), 0.12 mm (nontarget, TD), 0.20 mm (target,

ADHD), 0.11 mm (nontarget, ADHD)) (Fig 2B). A mixed-model analysis of variance

(ANOVA) with the factors group and stimulus (target vs. nontarget) demonstrated that there

was no main effect of group (F(1, 36) = 3.7, p = .06), but a significant main effect of stimulus (F
(1, 36) = 146.0, p< .001). Furthermore, there was a significant interaction between group and

stimulus (F(1, 36) = 9.6, p< .005). When the responses were subgrouped according to target

vs. nontarget trials, only responses to target trials were significantly different (target, F(1, 36) =

Fig 2. Tonic and phasic pupil diameters in the TD and ADHD groups. (A) Tonic pupil diameter during the passive-viewing

condition and the auditory CPT. To estimate tonic pupil diameter, we calculated an average pupil diameter in the period from

-1 to 0 s before the stimulus presentation. We calculated phasic pupil dilation during one trial by detecting pupil diameter

maxima in a time window between 4 s after stimulus (target, nontarget) onset. (B) Maximum pupil diameter in response to the

target and the nontarget tones. These were assessed for statistically significant differences with a mixed-model ANCOVA or

ANOVA. �p< .05, ��p< .001, ���p< .0001, ns, not significant.

https://doi.org/10.1371/journal.pone.0244662.g002

Table 1. Characteristics of the participants.

TD ADHD p-value

N 23 (10M:13F) 17 (8M:9F) -

AGE years 35.5 ± 1.7 31.7 ± 2.0 p = .08

FIQ 102.9 ± 2.9 101.5 ± 3.4 p = .38

VIQ 102.6 ± 2.9 102.6 ± 3.3 p = .50

PIQ 102.4 ± 3.3 97.9 ± 3.9 p = .19

ASRS-J Total 19.7 ± 2.5 42.5 ± 3.3 p< .001

ASRS-J Inattention 11.9 ± 1.3 25.4 ± 1.6 p< .001

ASRS-J 7.8 ± 1.1 17.3 ± 42.0 p< .001

Impulsivity/Hyperactivity

FIQ: full-scale intellectual quotient, VIQ: verbal intellectual quotient, PIQ: performance intellectual quotient, ASRS: the Japanese version of the adult ADHD self-report

scale, ASRS-J Inattention: ASRS-J inattention symptom score, ASRS-J Impulsivity/Hyperactivity: ASRS-J impulsivity/hyperactivity symptom score. These were assessed

for statistically significant differences with Student’s t-tests.

https://doi.org/10.1371/journal.pone.0244662.t001
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6.3, p< .05; nontarget, F(1, 36) = 0.5, p = .48). Thus, target tones evoked a greater phasic pupil

dilation than nontarget tones as previously reported [15]. In the ADHD group, a phasic pupil

response to targets was attenuated compared to that of the TD group.

We also examined the possibility that the ADHD group had reduced phasic pupil dilation

simply due to any limitations in pupillary responses caused by elevated tonic pupil diameter.

We examined whether there was a linear relationship between phasic pupil dilation and tonic

pupil size using regression analysis. We found that tonic pupil diameter had no significant pre-

dictive power for phasic pupil dilation (target trials: adjusted R2 = -.006, p = .38, nontarget tri-

als: adjusted R2 = -.027, p = .90).

Comparison of task performance between groups

Next, we evaluated behavioral variables (RT: reaction time, σRT: reaction time variability, hit

rate, false alarm rate). The behavioral variables represent the speed and accuracy of the button

press (the participant’s response). Fig 3 shows behavioral performance on the aCPT across

group (TD, ADHD) and phase (practice, test). As shown in Fig 3, although detection accuracy

was lower in the ADHD group compared to the TD group in the practice trials (hit rate: .91

(TD), .72(ADHD); false alarm rate (a probability of falsely detecting a target on nontarget tri-

als): .08(TD), .19(ADHD),), it reached a ceiling in the test trials (hit rate: .98(TD), .96(ADHD);

false alarm rate: .01(TD), .01(ADHD)). To test for group differences in the hit rate, we used a

mixed-model ANOVA with the factors group and phase (practice vs. test). This demonstrated

that there were main effects of group (F(1, 36) = 9.23, p< .01) and phase (F(1, 36) = 17.19, p<
.001) with a two-way interaction between these factors ((F(1, 36) = 5.97, p< .05)). Follow-up

ANOVAs revealed that the ADHD group had a significantly lower hit rate compared to the

TD group in the practice phase (F(1, 36) = 7.91, p< .05) but not in the test phase (F(1, 36) =

1.0, p = .32). The same analysis for the false alarm rate showed no main effect of group (F(1,

36) = 2.52, p = .12), but a significant main effect of phase (F(1, 36) = 15.70, p< .001) and no

significant two-way interaction between these factors (F(1, 36) = 2.44, p = .13). The RT and RT

variability data were also analyzed by using mixed-model ANOVAs with the factors group and

phase. Results showed neither main effects of group (RT: F(1, 36) = 0.83, p = .38, σRT: F(1, 36)

= 0.09, p = .77), or phase (RT: F(1, 36) = 1.22, p = .28, σRT: F(1, 36) = 0.01, p = .93) and that

there was no two-way interaction between these factors (RT: F(1, 36) = 0.81, p = .38, σRT: F(1,

36) = 0.05, p = .83). Both groups had comparable RTs (practice: 1073.2(TD), 1063.6(ADHD),

test: 1068.7 ms (TD), 1026.4 ms (ADHD)) and RT variability (practice: 196.9(TD), 198.9

(ADHD), test: 192.6 (TD), 209.1 (ADHD)).

We also evaluated the relationships between pupillary and behavioral variables by using

Spearman’s rank order test. As Fig 4 shows, phasic pupil dilation was positively correlated

with the hit rate in every group, regardless of whether the trials were target or nontarget (target

trials: ρ = .62, p< .001 (TD), ρ = .46, p< .05 (ADHD)); nontarget trials: r = .71, p< .0001

(TD), r = .45, p< .05 (ADHD).

Discussion

This study aimed to clarify atypical pupillary responses during an aCPT in adults with ADHD.

Children and adolescents with ADHD have been previously reported to exhibit decreased pha-

sic pupil dilation after stimulus onset [21–23]. This study revealed more detailed characteris-

tics of pupillary responses in adults with ADHD. First, we confirmed that adults with ADHD

had less elevated phasic pupil responses in the aCPT (Fig 2B), when compared to those in the

TD group. Second, the ADHD group exhibited a significantly increased tonic pupil diameter

(Fig 2A). To our knowledge, this is the first demonstration of the relationship between tonic
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and phasic pupil regulation in adult ADHD. These data suggest that in adults, ADHD presents

as a relatively hyperarousal state in combination with compromised phasic responses to target

stimuli. In addition, the ADHD group consistently showed higher tonic pupil diameter in

both the passive viewing task and the aCPT. These differences in pupillary response in adult

ADHD are consistent with a compromised alerting condition and hyperactive LC-NE system

that would be in line with the adaptive gain theory [24]. On the other hand, the ADHD group

showed comparable pupil dilation in nontarget trials compared to that of the TD group (Fig

2B). In accordance with basic findings in pupillometry [15], we showed that the magnitude of

phasic pupil dilation was larger for targets than for nontargets. It is assumed that the larger

pupil response was induced by a motor response which was necessary only in target trials. It

Fig 3. Behavioral performance on the aCPT across group (TD, ADHD) and phase (practice, test). (A) RT (ms), (B)σRT (ms). (C) Hit rate. (D) False

alarm rate. σRT: reaction time variability (standard deviation), hit rate: the probability of correctly detecting a target on target trials, false alarm rate: the

probability of falsely detecting a target on nontarget trials. These were assessed for statistically significant differences with a mixed-model ANOVA. �p<
.05, ��p< .001.

https://doi.org/10.1371/journal.pone.0244662.g003
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should be noted that pupil dilations increase with motor responses [26, 27]. Therefore, the

decreased phasic pupil dilation in the ADHD group may reflect dysfunction in cognitive and

goal-directed motor processes.

We also found associations between pupillary and behavioral variables; there was a posi-

tive correlation between the magnitude of phasic pupil dilation and the hit rate (Fig 4). Some

earlier studies have shown that attenuated phasic pupil diameter is associated with worse

performance in working memory tasks in children and adolescents with ADHD [21–23].

Taken together, these findings suggest that pupillometry may be an efficient method to

investigate the neural basis of inattention symptoms in ADHD. Moreover, pupillometry

studies of adults and children with ADHD indicate that ADHD could be attributed to the

aberrant activity of the LC-NE system and is not only a deficit of the dopaminergic system,

as suggested by some authors (for review, see [28]). There is a possibility that the aberrant

activities of the dopaminergic and noradrenergic systems differ between individuals and

induce interindividual variability in ADHD symptoms. In future research, pupillometry can

be a useful tool to noninvasively assess individual differences in the activity of the LC-NE

system in real-time.

The results of this study should be considered in light of several study limitations. First,

despite our expectation based on the adaptive gain theory that higher NE tone in ADHD

should be correlated to lower performance, the ADHD group performed worse in the practice

period but not in the test period (Fig 3C). Although a meta-analysis of CPT-related studies

found small or moderate effect sizes for performance over time [11], it is true that some studies

have produced counterevidence [10, 11]. There is a possibility that a simple CPT is too easy to

clearly distinguish the difference in task performance between ADHD and TD adults.

Fig 4. Comparisons of the relationships of task performance with the parameters of pupil diameter between the TD and ADHD groups. Hit rate and phasic pupil

dilation in the target trials (A) and in the nontarget trials (B). Hit rate: the probability of correctly detecting a target on target trials.

https://doi.org/10.1371/journal.pone.0244662.g004
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Second, pupil diameter can be regulated not only by LC-NE, but also by the cholinergic sys-

tem [17], but there is currently no direct evidence to support either mechanism. Third, we

could not find a linear relationship between tonic pupil diameter and phasic pupil dilation in

terms of the between-participant comparison. Some previous studies reported that intraindivi-

dual changes in baseline pupil diameter and task-evoked pupil dilations are negatively corre-

lated with each other [15, 20]. It is known that individual differences in pupil diameter relate

to factors other than alert state, such as age and intelligence [29]. Although we matched the

two groups (ADHD, TD) in terms of their demographic features (Table 1), these factors can

confound between-participant baseline measures. Further research is necessary to establish a

reliable method for between-participant comparisons based on pupillary responses.

Fourth, in this study we defined one-day medicine-free as being almost equal to drug-

naïve. Although the average half-lives of methylphenidate and atomoxetine are 3.5 and 5 hrs,

respectively (www.accessdata.fda.gov), and there are some previous studies that employed sim-

ilar paradigms [23, 30], it is still possible that these medicines might have already yielded some

long-term pharmacological effects that endure for more than a couple of days due to their reg-

ular administration. Thus, one-day off medicine may not be sufficient for an individual to be

regarded as being genuinely medicine-free.

Fifth, in this study we regarded the passive-viewing condition as a control to be compared

with the condition where the subjects were intensively engaging in the aCPT. However, it is

plausible that this control condition might also be a preparatory state that requires some alert-

ness, rather than a completely relaxed condition in which the subjects were totally free from

the stress of the test [31]. Indeed, the baseline pupil diameter can be changed in a task-related

manner under various cognitive conditions such as engagement and memory load [32]. In this

scenario, it is possible that what we examined in this study was a comparison between prepara-

tory and task-focusing states, rather than a comparison between a genuine resting state and

task-focusing state.

Sixth, it is also possible that the hyperarousal in ADHD reflects a temporal physiological

response related to stress in the testing situation. ADHD in adults is associated with increased

vulnerability to mental and social stress and may thus increase the risk of chronic stress [33]. A

recent study has shown that experimentally-induced stress led to heightened perceived stress

and increased salivary cortisol [34]. Investigating the associations between perceived-stress,

cortisol level, and tonic pupil diameter is required in order to examine this issue.

Finally, at present we cannot conclude that our findings are either state or trait markers of

ADHD. A recent review suggests that atypical pupillary responses in autism spectrum disorder

(ASD) might be associated with atypical attentional functions [35]. For example, elevation in

tonic pupil size has also been found in children with ASD [36, 37] (but see [38]). On the other

hand, findings on phasic pupil response in individuals with ASD are inconclusive [37–39]. As

ADHD is the most common comorbidity in children with ASD [40, 41], it is possible that

ADHD traits might play an important role in atypical pupillary responses in ASD. Conversely,

only a minority of individuals with ADHD have an ASD diagnosis [42]. The question of

whether both ASD and ADHD share an atypical alert trait or not, needs to be addressed in

future research. Meanwhile, if these alterations in ADHD were restored by noradrenergic

agents, such as methylphenidate or atomoxetine as previously reported [23], they would be

useful as state markers for ADHD.

In conclusion, adults with ADHD demonstrated elevated tonic and attenuated phasic pupil

dilations during an aCPT compared to TD adults. These observations may reflect dysfunction

of the LC-NE system in adult ADHD, as well as the theoretically exploratory-biased alert sys-

tem representative of ADHD. Future research will be necessary to clarify the underlying mech-

anisms of the atypical pupillary responses in individuals with ADHD.
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Materials and methods

Participants

All of the experiments reported here were conducted in accordance with the ethical stan-

dards stipulated in the 1964 Declaration of Helsinki and approved by the Research Ethics

Committee of Showa University. The participants consisted of 23 TD adults (10 men, age:

35.5 ± 1.7 years old) and 17 adults with ADHD (8 men, age: 31.7 ± 2.0 years old). Table 1

summarizes the demographic data of the participants, including chronological age, gender,

full intelligence quotient (IQ), verbal IQ (VIQ), and performance IQ (PIQ) as defined by

the Wechsler Adult Intelligence Scale-Third Edition, revised Japanese edition (WAIS-III).

The individuals with ADHD were recruited from an outpatient clinic at Seiwa Hospital,

Tokyo, Japan. ADHD was diagnosed using the Diagnostic and Statistical Manual of Mental

Disorders, Fifth Edition (DSM-V) criteria by expert clinicians (including author TT).

Twelve participants among the ADHD group were drug-naïve; the other five patients were

treated with methylphenidate (MHP; average dose, 45-mg/day) or atomoxetine (ATX; aver-

age dose, 80-mg/day). They stopped taking their ADHD medications on the day of the

experiment.

The participants in the TD group were selected to closely match the ADHD group in terms

of their demographic features as noted above. There were no significant differences between

the ADHD and TD groups in terms of age (unpaired t-test, p = .08), FIQ (p = .38), VIQ (p =

.50), and PIQ (p = .19). As a screening tool, we used the Japanese version of the adult atten-

tion-deficit hyperactivity disorder (ADHD) Self-Report Scale (ASRS-J) [43]. The diagnosis

was confirmed with a semi-structured interview (Assessment System for Individuals with

ADHD: ASIA [44]) by author TT (an experienced psychiatrist for adults with ADHD). The

ADHD group comprised patients with ADHD that were primarily inattentive (ADHD/I,

N = 11) or combined inattentive/hyperactive (ADHD/C, N = 6).

The exclusion criteria for all participants were having a current major depressive or manic-

depressive episode, a history of psychosis, FIQ< 80, a history of head injury with loss of con-

sciousness, sensory-motor handicap, and neurological illness. No TD adult displayed clinically

significant levels of ADHD symptomatology, as indexed by the ASRS-J. All participants had

normal or corrected normal vision and normal hearing and provided written and informed

consent before inclusion in the study. Participants were restricted from using caffeine and/or

nicotine on the experimental day, as well as any medication that could affect eye movements

[45]. They were also naïve to the task.

Apparatus

The participants sat in a lit room facing a monitor screen, subtending 50.9 × 28.6 degrees of

visual angle at 57 cm distance. A chin-rest was used to stabilize the participants’ head position.

Each task was preceded by a calibration procedure for which the participants were required to

saccade to nine red dots that were presented sequentially in a square array. Stimuli were gener-

ated with the Psychophysics Toolbox routines [46, 47] for MATLAB (Version 2013b, Math-

Works Ltd, http://www.mathworks.com/) and presented on a 23-inch LCD monitor

(1920×1080 pixels at 60 Hz) driven by a PC (Windows 7).

During the whole experiment including the practice and test phases of the aCPT, the partic-

ipant’s eye position and pupil diameter were monitored with a remote type eye tracker (model:

TX300, Tobii Technology, Stockholm, Sweden) with a sampling rate of 300 Hz. This device

enabled us to measure the pupil diameter of the participants over time, based on the distance

between the eyes and the sensor.
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Procedure

Passive viewing. Before the auditory CPT task, the participants were instructed to main-

tain a steady fixation for 2 minutes on a black cross (0.87 cd/m2) subtending 0.5×0.5 degrees of

visual angle. This was done to obtain baseline information before engaging the task.

Auditory CPT. The present study employed an acoustic consecutive performance test (aCPT

[9]) that is schematically depicted in Fig 1A. The participants were instructed to respond as quickly

and accurately as possible every time the target tone occurred and not to react to the nontarget

tone. The target tone was 880 Hz and occurred with a probability of .20, whereas the nontarget

tone was 800 Hz and occurred with a probability of .80. The participants delivered their responses

using a keypad. The task continued without feedback. During the aCPT, the participants were

instructed to maintain a steady fixation within an area indicated by a thin white line (62.9cd/m2) at

the center of a gray background (25.65cd/m2). The area subtended 10 × 10 degrees of visual angle.

Each participant ran three blocks. Each block consisted of 100 trials and lasted about 8.5

minutes. Before starting the test blocks, the participants ran a practice block (20 trials) in

which the target and nontarget tones were presented equally to familiarize the stimulus tones

to the participants. Then either of the tones was presented for 250 ms followed by a random

interstimulus interval (ISI) ranging from 3 to 5 seconds. After each block (8.5 min) a short

break was given. It took about 40 min to complete the whole task.

Data analysis

MATLAB was used to process and analyze pupil data. As pupil diameter data contained miss-

ing values as well as noise (e.g., the acute change of pupil diameter) induced by eye blinks, we

first looked for missing data and eliminated irregular samples surrounding the gaps. Next, we

estimated putative correct pupil diameter using linear interpolation [48]. Data from every trial

of all participants was semi-automatically inspected after the interpolation, and all trials that

had more than 50% of the data missing (due to unstable measurements) were excluded from

the analysis. Two individuals in the TD group were eliminated from further investigations due

to excessive loss of data. We used an average of 92.4% of the data (SD: 12.8) in the TD group,

and 89.5% (SD: 20.6) in the ADHD group.

To estimate pupillary responses in the aCPT, we averaged pupillary fluctuations that were

time-locked to the stimulus onset, separately per participant. To estimate tonic pupil diameter,

we calculated an average pupil diameter in the period from -1 to 0 s before the stimulus presen-

tation. Phasic pupil diameter was defined as a difference between pupil diameter maxima in a

time window between after stimulus onset and 4 s after stimulus (target, nontarget) onset and

tonic pupil diameter. We calculated phasic pupil dilation by subtracting the averaged tonic

pupil diameter from the pupil diameter maxima after stimulus onset.

Supporting information

S1 File. Original data regarding pupillary responses during the passive viewing and the

aCPT.

(XLSX)

S2 File. Original data regarding behavioral performance during the aCPT.

(XLSX)

Author Contributions

Conceptualization: Aya Shirama, Toshinobu Takeda, Shigenobu Toda.

PLOS ONE Atypical alert state control in ADHD: A pupillometry study

PLOS ONE | https://doi.org/10.1371/journal.pone.0244662 December 30, 2020 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0244662.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0244662.s002
https://doi.org/10.1371/journal.pone.0244662


Data curation: Aya Shirama, Toshinobu Takeda.

Formal analysis: Aya Shirama, Toshinobu Takeda, Haruhisa Ohta, Akira Iwanami, Shigenobu

Toda, Nobumasa Kato.

Funding acquisition: Aya Shirama, Toshinobu Takeda, Shigenobu Toda.

Investigation: Aya Shirama, Toshinobu Takeda, Shigenobu Toda.

Methodology: Aya Shirama, Toshinobu Takeda, Shigenobu Toda.

Project administration: Aya Shirama, Shigenobu Toda, Nobumasa Kato.

Supervision: Toshinobu Takeda, Haruhisa Ohta, Akira Iwanami, Nobumasa Kato.

Validation: Akira Iwanami.

Visualization: Aya Shirama, Shigenobu Toda.

Writing – original draft: Aya Shirama, Shigenobu Toda.

Writing – review & editing: Aya Shirama, Haruhisa Ohta, Shigenobu Toda.

References
1. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition

(DSM-5). Washington, DC: American Psychiatric Association; 2013.

2. Achenbach TM, Howell CT, McConaughy SH, Stanger C. Six-year predictors of problems in a national

sample of children and youth: I. Cross-informant syndromes. J Am Acad Child Adolesc Psychiatry.

1995; 34(3):336–47. Epub 1995/03/01. https://doi.org/10.1097/00004583-199503000-00020 PMID:

7896676.

3. Biederman J, Faraone S. & Mick E. Age-dependent decline of ADHD symptoms revisited: impact of

remission definition and symptom subtype. American Journal of Psychiatry. 2000; 157:816–7.

4. Hart EL, Lahey BB, Loeber R, Applegate B, Frick PJ. Developmental change in attention-deficit hyper-

activity disorder in boys: a four-year longitudinal study. J Abnorm Child Psychol. 1995; 23(6):729–49.

Epub 1995/12/01. https://doi.org/10.1007/BF01447474 PMID: 8609310.

5. Fredriksen M, Dahl AA, Martinsen EW, Klungsoyr O, Faraone SV, Peleikis DE. Childhood and persis-

tent ADHD symptoms associated with educational failure and long-term occupational disability in adult

ADHD. ADHD Attention Deficit and Hyperactivity Disorders. 2014; 6(2):87–99. https://doi.org/10.1007/

s12402-014-0126-1 PMID: 24497125

6. Gjervan B, Torgersen T, Nordahl HM, Rasmussen K. Functional impairment and occupational outcome

in adults with ADHD. J Atten Disord. 2012; 16(7):544–52. Epub 2011/07/05. https://doi.org/10.1177/

1087054711413074 PMID: 21725028.

7. Mullane JC, Corkum PV, Klein RM, McLaughlin EN, Lawrence MA. Alerting, orienting, and executive

attention in children with ADHD. J Atten Disord. 2011; 15(4):310–20. Epub 2010/06/10. https://doi.org/

10.1177/1087054710366384 PMID: 20530459.

8. Antshel KM, Faraone SV, Maglione K, Doyle AE, Fried R, Seidman LJ, et al. Executive functioning in

high-IQ adults with ADHD. Psychol Med. 2010; 40(11):1909–18. Epub 2010/01/21. https://doi.org/10.

1017/S0033291709992273 PMID: 20085666.

9. Tinius T. The Integrated Visual and Auditory Continuous Performance Test as a neuropsychological

measure. Archives of Clinical Neuropsychology. 2003; 18(5):439–54. https://doi.org/10.1016/s0887-

6177(02)00144-0 PMID: 14591441

10. Huang-Pollock CL, Karalunas SL, Tam H, Moore AN. Evaluating vigilance deficits in ADHD: a meta-

analysis of CPT performance. J Abnorm Psychol. 2012; 121(2):360–71. Epub 2012/03/21. https://doi.

org/10.1037/a0027205 PMID: 22428793; PubMed Central PMCID: PMC3664643.

11. McGee RA, Clark S. E., & Symons D. K. Does the Conners’ continuous performance test aid in ADHD

diagnosis? Journal of Abnormal Child Psychology. 2000; 28(5):415–24. https://doi.org/10.1023/

a:1005127504982 PMID: 11100916

12. Hervey AS, Epstein JN, Curry JF. Neuropsychology of adults with attention-deficit/hyperactivity disor-

der: a meta-analytic review. Neuropsychology. 2004; 18(3):485–503. Epub 2004/08/05. https://doi.org/

10.1037/0894-4105.18.3.485 PMID: 15291727.

PLOS ONE Atypical alert state control in ADHD: A pupillometry study

PLOS ONE | https://doi.org/10.1371/journal.pone.0244662 December 30, 2020 11 / 13

https://doi.org/10.1097/00004583-199503000-00020
http://www.ncbi.nlm.nih.gov/pubmed/7896676
https://doi.org/10.1007/BF01447474
http://www.ncbi.nlm.nih.gov/pubmed/8609310
https://doi.org/10.1007/s12402-014-0126-1
https://doi.org/10.1007/s12402-014-0126-1
http://www.ncbi.nlm.nih.gov/pubmed/24497125
https://doi.org/10.1177/1087054711413074
https://doi.org/10.1177/1087054711413074
http://www.ncbi.nlm.nih.gov/pubmed/21725028
https://doi.org/10.1177/1087054710366384
https://doi.org/10.1177/1087054710366384
http://www.ncbi.nlm.nih.gov/pubmed/20530459
https://doi.org/10.1017/S0033291709992273
https://doi.org/10.1017/S0033291709992273
http://www.ncbi.nlm.nih.gov/pubmed/20085666
https://doi.org/10.1016/s0887-6177%2802%2900144-0
https://doi.org/10.1016/s0887-6177%2802%2900144-0
http://www.ncbi.nlm.nih.gov/pubmed/14591441
https://doi.org/10.1037/a0027205
https://doi.org/10.1037/a0027205
http://www.ncbi.nlm.nih.gov/pubmed/22428793
https://doi.org/10.1023/a%3A1005127504982
https://doi.org/10.1023/a%3A1005127504982
http://www.ncbi.nlm.nih.gov/pubmed/11100916
https://doi.org/10.1037/0894-4105.18.3.485
https://doi.org/10.1037/0894-4105.18.3.485
http://www.ncbi.nlm.nih.gov/pubmed/15291727
https://doi.org/10.1371/journal.pone.0244662


13. Strum W, Willmes K. On the functional neuroanatomy of intrinsic and phasic alertness. Neuroimage.

2001; 14(1):76–84.

14. Gilzenrat MS, Cohen J. D., Rajkowski J. & Aston-Jones G., editor Pupil dynamics predict changes in

task engagement mediated by locus coeruleus. In Society for Neuroscience Abstracts; 2003.

15. Gilzenrat MS, Nieuwenhuis S, Jepma M, Cohen JD. Pupil diameter tracks changes in control state pre-

dicted by the adaptive gain theory of locus coeruleus function. Cogn Affect Behav Neurosci. 2010; 10

(2):252–69. Epub 2010/05/26. https://doi.org/10.3758/CABN.10.2.252 PMID: 20498349; PubMed Cen-

tral PMCID: PMC3403821.

16. Joshi S, Li Y, Kalwani RM, Gold JI. Relationships between Pupil Diameter and Neuronal Activity in the

Locus Coeruleus, Colliculi, and Cingulate Cortex. Neuron. 2016; 89(1):221–34. Epub 2015/12/30.

https://doi.org/10.1016/j.neuron.2015.11.028 PMID: 26711118; PubMed Central PMCID:

PMC4707070.

17. Larsen RS, Waters J. Neuromodulatory Correlates of Pupil Dilation. Front Neural Circuits. 2018; 12:21.

Epub 2018/03/30. https://doi.org/10.3389/fncir.2018.00021 PMID: 29593504; PubMed Central PMCID:

PMC5854659.

18. Jepma M, Nieuwenhuis S. Pupil diameter predicts changes in the exploration-exploitation trade-off: evi-

dence for the adaptive gain theory. J Cogn Neurosci. 2011; 23(7):1587–96. Epub 2010/07/30. https://

doi.org/10.1162/jocn.2010.21548 PMID: 20666595.

19. Pajkossy P, Szollosi A, Demeter G, Racsmany M. Tonic noradrenergic activity modulates explorative

behavior and attentional set shifting: Evidence from pupillometry and gaze pattern analysis. Psycho-

physiology. 2017; 54(12):1839–54. Epub 2017/07/30. https://doi.org/10.1111/psyp.12964 PMID:

28755458.

20. Murphy PR, Robertson IH, Balsters JH, O’Connell R G. Pupillometry and P3 index the locus coeruleus-

noradrenergic arousal function in humans. Psychophysiology. 2011; 48(11):1532–43. Epub 2011/07/

19. https://doi.org/10.1111/j.1469-8986.2011.01226.x PMID: 21762458.

21. Karatekin C, Bingham C, White T. Regulation of cognitive resources during an n-back task in youth-

onset psychosis and attention-deficit/hyperactivity disorder (ADHD). Int J Psychophysiol. 2009; 73

(3):294–307. Epub 2009/05/12. https://doi.org/10.1016/j.ijpsycho.2009.05.001 PMID: 19427339;

PubMed Central PMCID: PMC2719677.

22. Mies GW, Moors P, Sonuga-Barke EJ, van der Oord S, Wiersema JR, Scheres A, et al. A Pilot Study of

Behavioral, Physiological, and Subjective Responses to Varying Mental Effort Requirements in Atten-

tion-Deficit/Hyperactivity Disorder. Front Psychol. 2018; 9:2769. Epub 2019/01/29. https://doi.org/10.

3389/fpsyg.2018.02769 PMID: 30687201; PubMed Central PMCID: PMC6336710.

23. Wainstein G, Rojas-Libano D, Crossley NA, Carrasco X, Aboitiz F, Ossandon T. Pupil Size Tracks

Attentional Performance In Attention-Deficit/Hyperactivity Disorder. Sci Rep. 2017; 7(1):8228. Epub

2017/08/16. https://doi.org/10.1038/s41598-017-08246-w PMID: 28811624; PubMed Central PMCID:

PMC5557799.

24. Aston-Jones G, Cohen JD. An integrative theory of locus coeruleus-norepinephrine function: adaptive

gain and optimal performance. Annu Rev Neurosci. 2005; 28:403–50. Epub 2005/07/19. https://doi.org/

10.1146/annurev.neuro.28.061604.135709 PMID: 16022602.

25. Stevens MC, Pearlson GD, Kiehl KA. An FMRI auditory oddball study of combined-subtype attention

deficit hyperactivity disorder. American Journal of Psychiatry. 2007; 164(11):1737–49. https://doi.org/

10.1176/appi.ajp.2007.06050876 PMID: 17974940

26. Beatty J. Phasic not tonic pupillary responses vary with auditory vigilance performance. Psychophysiol-

ogy. 1982; 19:167–72. https://doi.org/10.1111/j.1469-8986.1982.tb02540.x PMID: 7071295

27. Moresi SMJ, Adam J. J. M. E., Rijcken J. M., van Gerven P. W. M., Kuipers H., & Jolles J. Pupil dilation

in response preparation. International. Journal of Psychophysiology. 2008; 62(2):124–30.

28. Gonon F. The dopaminergic hypothesis of attention-deficit/hyperactivity disorder needs re-examining.

Trends in neurosciences. 2009; 32(1):2–8. https://doi.org/10.1016/j.tins.2008.09.010 PMID: 18986716

29. Janisse MP. Pupillometry: The psychology of the pupillary response. Washington, D.C.: Hemisphere

Publishing Co.; 1977.

30. Wong CG, Stevens MC. The effects of stimulant medication on working memory functional connectivity

in attention-deficit/hyperactivity disorder. Biological psychiatry. 2012; 71(5):458–66. https://doi.org/10.

1016/j.biopsych.2011.11.011 PMID: 22209640

31. Gould TD, Bastain TM, Israel ME, Hommer DW, Castellanos FX. Altered performance on an ocular fixa-

tion task in attention-deficit/hyperactivity disorder. Biological psychiatry. 2001; 50(8):633–5. https://doi.

org/10.1016/s0006-3223(01)01095-2 PMID: 11690600

32. Joshi S, Gold JI. Pupil size as a window on neural substrates of cognition. Trends in Cognitive Sciences.

2020. https://doi.org/10.1016/j.tics.2020.03.005 PMID: 32331857

PLOS ONE Atypical alert state control in ADHD: A pupillometry study

PLOS ONE | https://doi.org/10.1371/journal.pone.0244662 December 30, 2020 12 / 13

https://doi.org/10.3758/CABN.10.2.252
http://www.ncbi.nlm.nih.gov/pubmed/20498349
https://doi.org/10.1016/j.neuron.2015.11.028
http://www.ncbi.nlm.nih.gov/pubmed/26711118
https://doi.org/10.3389/fncir.2018.00021
http://www.ncbi.nlm.nih.gov/pubmed/29593504
https://doi.org/10.1162/jocn.2010.21548
https://doi.org/10.1162/jocn.2010.21548
http://www.ncbi.nlm.nih.gov/pubmed/20666595
https://doi.org/10.1111/psyp.12964
http://www.ncbi.nlm.nih.gov/pubmed/28755458
https://doi.org/10.1111/j.1469-8986.2011.01226.x
http://www.ncbi.nlm.nih.gov/pubmed/21762458
https://doi.org/10.1016/j.ijpsycho.2009.05.001
http://www.ncbi.nlm.nih.gov/pubmed/19427339
https://doi.org/10.3389/fpsyg.2018.02769
https://doi.org/10.3389/fpsyg.2018.02769
http://www.ncbi.nlm.nih.gov/pubmed/30687201
https://doi.org/10.1038/s41598-017-08246-w
http://www.ncbi.nlm.nih.gov/pubmed/28811624
https://doi.org/10.1146/annurev.neuro.28.061604.135709
https://doi.org/10.1146/annurev.neuro.28.061604.135709
http://www.ncbi.nlm.nih.gov/pubmed/16022602
https://doi.org/10.1176/appi.ajp.2007.06050876
https://doi.org/10.1176/appi.ajp.2007.06050876
http://www.ncbi.nlm.nih.gov/pubmed/17974940
https://doi.org/10.1111/j.1469-8986.1982.tb02540.x
http://www.ncbi.nlm.nih.gov/pubmed/7071295
https://doi.org/10.1016/j.tins.2008.09.010
http://www.ncbi.nlm.nih.gov/pubmed/18986716
https://doi.org/10.1016/j.biopsych.2011.11.011
https://doi.org/10.1016/j.biopsych.2011.11.011
http://www.ncbi.nlm.nih.gov/pubmed/22209640
https://doi.org/10.1016/s0006-3223%2801%2901095-2
https://doi.org/10.1016/s0006-3223%2801%2901095-2
http://www.ncbi.nlm.nih.gov/pubmed/11690600
https://doi.org/10.1016/j.tics.2020.03.005
http://www.ncbi.nlm.nih.gov/pubmed/32331857
https://doi.org/10.1371/journal.pone.0244662
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