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Summary

It is assumed that the Attention Deficit Hyperactivity Disorder is
associated with the central autonomic dysregulation, however,
the studies are rare. Analysis of pupillary light reflex represents
a non-invasive tool to provide information related to the central
autonomic regulation; thus, we aimed to evaluate potential
disturbances in the central autonomic integrity using pupillary
light reflex examination in Attention Deficit Hyperactivity
Disorder. We have examined 20 children with Attention Deficit
(10 boys, 13.0+2.3 years) and

20 age/gender-matched healthy subjects. Pupillary light reflex

Hyperactivity ~ Disorder
was examined at rest for both eyes using Pupillometer PLR-2000
(NeurOptics, USA). Evaluated parameters were: diameter of the
pupil before the application of light stimulus and after
illumination at the peak of the constriction, the percentual
change of the pupil diameter during constriction, average
constriction velocity, maximum constriction velocity and average
dilation velocity. We found significantly lower percentual change
of the pupil diameter during constriction for both eyes in
Attention Deficit Hyperactivity Disorder group compared to
controls (right eye: -25.81+1.23 % vs. -30.32+1.31 %, p<0.05,
left eye: -25.44%£1.65 % vs. -30.35+£0.98 %, p<0.05). The
average constriction velocity and maximum constriction velocity
were significantly shortened in left eye in Attention Deficit
Hyperactivity Disorder group compared to controls (p<0.05). Our
findings revealed altered pupillary light reflex indicating abnormal
centrally-mediated autonomic

regulation characterized by

parasympathetic  underactivity = associated  with  relative

sympathetic predominance in children suffering from Attention
Deficit Hyperactivity Disorder.
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Introduction

Attention  Deficit
(ADHD) is one of the most commonly diagnosed

Hyperactivity = Disorder

developmental disorders in childhood characterized by
hyperactivity, impulsivity and inattention (Faraone et al.
2015). that ADHD is
associated with an autonomic imbalance leading to higher

Previous studies indicated
risk of negative health outcomes (Shibagaki et al. 1993,
Lazzaro et al. 1999, Crowell et al. 2006, Tonhajzerova
et al. 2014). Several studies focusing on examining the
relationship between the autonomic nervous system
(ANS) and ADHD have assessed various physiological

parameters (Shibagaki et al. 1993, Lazzaro et al. 1999,
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Crowell et al. 2006, Tonhajzerova et al 2009,
Tonhajzerova et al. 2014). Previous studies revealed
ADHD  linked

parasympathetic

autonomic  imbalance — low

activity and relative sympathetic
overactivity indexed by decreased complex heart rate
variability (Tonhajzerova et al. 2009, Tonhajzerova et al.
2014). In contrast, electrodermal activity, as an index of
sympathetic cholinergic regulation, was attenuated in
ADHD patients compared to healthy subjects indicating
potential sympathetic hypoarousal in ADHD (Shibagaki
et al. 1993, Lazzaro et al. 1999). However, studies related
to central autonomic control indexed by pupil changes in
ADHD are rare.

The pupillary light reflex (PLR) describes the
constriction and subsequent dilation of the pupil in
response to light as a result of the antagonistic actions of
the iris sphincter and dilator muscles, whereas these
muscles are regulated by both ANS branches (Hall and
Chilcott 2018). The parasympathetic center for pupillary
constriction, the Edinger-Westphal nucleus, is activated
by the light falling on retinal ganglion cells and
consequent activation of pretectal olivary nucleus located
in the midbrain. This action results in generation of action
potentials through the oculomotor nerves innervating the
ciliary ganglion and leads to the activation of the iris
sphincter muscle via the neurotransmitter acetylcholine
resulting in pupil constriction (McDougal and Gamlin
2015, Hall and Chilcott 2018). The parasympathetic
innervation of the iris sphincter muscle is suppressed by
central supranuclear inhibition of Edinger-Westphal
nucleus via a2-adrenergic receptor activation resulting in
pupil dilation. In addition, the iris dilator muscle
contracts via excitation of the al-adrenergic sympathetic
pathway (Hall and Chilcott 2018). Thus, the pupillary
dilation is result of a stimulation of the dilator regulated
by sympathetic activity or an inhibition of constrictor
innervated by parasympathetic nervous system (Laeng
et al. 2012). Taken together, the constriction of pupil also
called “miosis” is mediated by the action of sphincter
muscle under parasympathetic control, whereas pupillary
dilation or “mydriasis” is managed by dilator muscle
under sympathetic control or by an inhibition of
constrictor (Laeng et al. 2012, Hall and Chilcott 2018).
Since both parts of pupillary reflex are regulated by
different components of the ANS, the PLR parameters
could be used as indicators for either sympathetic or
parasympathetic modulation (Hall and Chilcott 2018).
Further, studies

recent have shown that pupillary

reactivity is influenced by several factors such as
attention, emotional regulation and cognitive processing
(Binda et al. 2013, Kdles 2017), which abnormalities are
related to ADHD (Faraone et al. 2015). Thus, it is
assumed that the pathway of the PLR provides an optimal
model for investigating central autonomic regulation in
mental disorders (Mestanikova et al. 2017, Sekaninova
etal. 2019).

Clinical studies related to pupil changes in
children suffering from ADHD are rare. The first study
investigating pupil changes in children was conducted by
Zahn et al. (1978) reporting smaller pupil dilation to
visual stimulus in children with minimal brain
dysfunction. However, Kara et al (2013) showed no
significant differences in pupil diameters between
children with ADHD and healthy subjects, thus, this
question is still unclear. We hypothesized that children
with ADHD will show impaired PLR induced by
dysfunction of ANS. Thus, we aimed to study central
autonomic control indexed by PLR in drug-naive children
suffering from ADHD. To the best of our knowledge, it is
the first study to evaluate central autonomic regulation

assessed by PLR in children with ADHD.

Methods

Subjects

We have examined 20 children suffering from
ADHD (10 boys, average age: 13.0+2.3 years, body mass
index 18.6+3.0 kg/m?) prior to pharmacotherapy and
20 healthy subjects matched for gender and age (control
group). The children suffering from ADHD were
recruited from the inpatients admitted to the Department
Clinic of
Psychiatry, University Hospital in Martin. The children

of Children and Adolescent Psychiatry,

were diagnosed according to Diagnostic and Statistical
of Mental DSM-5 (American
Psychiatric Association 2013) after being admitted to

Manual Disorders,
hospital by a child psychiatrist. Then, every child was
examined by two independent specialists for confirmation
of ADHD diagnosis. In addition, control participants
have never been treated for any mental disorder. Strict
exclusion criteria were used for both ADHD and control
groups: ophtalmological diseases (except correctable
vision), obesity, underweight, evidence of cardiovascular,
respiratory, neurological, endocrine, metabolic or
infectious diseases. All examined subjects were right-

handed.
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Ethics statement
Ethics
Committee of the Jessenius Faculty of Medicine in

The study was approved by the
Martin, Comenius University in Bratislava, the Slovak
Republic. All procedures performed in our study were in
accordance with the ethical standards of the institutional
and with the
1964 Helsinki declaration and its later amendments or
All children/patients/
guardians were carefully informed about the study

and national research committee

comparable ethical standards.
protocol and informed written consent was obtained from
them to participate in the study prior to examination.

Study protocol

All subjects were examined in a quiet room with
the same light intensity under standard conditions
(illumination: 200 lux, temperature: 22-23 °C, humidity:
45-55 %) with the minimization of stimuli in the morning
between 8:00 and 12:00 a.m. after breakfast. After 10 min
of adaptation to the conditions of examination room the
participants were instructed to sit comfortably and rest for
5 min. Then, the parameters of PLR were measured
separately for both eyes using a handheld infrared optical
scanner Pupillometer PLR-2000 (NeurOptics, USA) with
asampling frequency 32 Hz and accuracy 0.1 mm.
During the measurement the participants were asked to
keep their head straight, fix their gaze on a spot located at

Table 1. Description of the pupillary light reflex parameters.

a distance of 3 m and keep both eyes wide open without
blinking. The pupillometer was kept at a right angle to the
subject’s axis of vision without tilting of the device. The
margins of the pupil were electronically detected under
infrared illumination and tracked during 5 s of continuous
recording of the pupil after application of light stimulus
with intensity of 180 pW and duration 154 ms.

Evaluated parameters

The diameter of the pupil in millimeters was
assessed before the application of light stimulus (initial
value, INIT) and after illumination at the peak of the
constriction (final value, END). The percentual change
(DELTA) of the pupil diameter during constriction was
calculated as DELTA = (INIT — END)Y/INIT x 100 %. In
addition, following parameters of the dynamics of PLR
were assessed: average constriction velocity (ACV,
mm/s), maximum constriction velocity (MCV, mm/s) and
average dilation velocity after having reached the peak of
the constriction (ADV, mm/s). Based on current
knowledge, PLR parameters indicating predominantly
parasympathetic activity are ACV, MCV and DELTA.
INIT reflects combined activity of both ANS branches,
and the ADV is considered to indicate sympathetic
activity (Bér et al. 2005, Wang et al. 2016). The
description of evaluated PLR parameters is summarized
in Table 1.

Parameter Abbreviation Description Unit
Initial diameter INIT Diarr.1ete.r of the. pupil.before (mm)
application of light stimulus
Diameter of the pupil after
Final diameter END illumination at the peak of the (mm)
constriction
Percentual change of DELTA = (INIT — END)/ Percentual change of the pupil %)
constriction INIT x 100 % diameter during constriction
Average constriction velocity ACV Average VelOCI.t Y 'ofthe pupil (mm/s)
constriction
Maximum constriction velocity MCV Maximum VClOC.It}'f of the pupil (mm/s)
constriction
Average velocity of the pupil
Average dilation velocity ADV dilatation after having reached the (mm/s)

peak of the constriction

Statistical analysis
The data were analysed using statistical software
package SYSTAT 10 (Cranes Software International Ltd,

USA). The non-Gaussian/Gaussian distribution was
ascertained by Shapiro-Wilk normality test and all the
data showed non-Gaussian distribution. Due to non-
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parametric distribution of data, the Kruskal-Wallis test
was used for comparison between groups and Wilcoxon
test for between eyes comparison. Data are expressed as
mean + SEM. The probabilities p<0.05 were considered
as significant.

Results

Regarding both eyes, the parameter DELTA was
significantly lower in ADHD compared to control group
(right eye: -25.81+1.23 % vs. -30.32+1.31 %, p<0.05, left
eye: -25.44+1.65% vs. -30.35+0.98 %, p<0.05).
Moreover ACV and MCV were significantly shortened in
ADHD group compared to control group for the left eye

Regarding the right eye, these parameters — ACV, MCV —
showed tendency to significant differences in ADHD
group compared to controls (-4.18+0.18 mm/s vs.
-3.68+0.20 mm/s, p=0.06 and -4.89+£0.56 mm/s vs.
-4.64+£0.27 mm/s, p=0.07). No significant differences
were found in the other parameters — INIT, END, and
ADV for both eyes. All results are summarized in the
Table 2. Regarding side differences between left and right
eyes, no significant differences were found in children
with ADHD for evaluated PLR parameters — INIT, END,
DELTA, ACV, MCV, ADV (p=0.393, p=0.338, p=0.682,
p=0.408, p=0.535, p=0.139). Similarly, there were no
significant side differences in control group for PLR
parameters — INIT, END, DELTA, ACV, MCV, ADV

(-3.61£0.19 mm/s vs. -4.16+0.14 mm/s, p<0.05 and (p=0.552, p=0.955, p=0.716, p=0.778, p=0.809,

-4.59+0.28 mm/s  vs.  -5.33£0.20 mm/s,  p<0.05). p=0.507).

Table 2. Parameters of the pupillary light reflex.

Controls (n=20) ADHD (n=20) p-value

Left eye
INIT (mm) 5.26+0.18 5.29+0.27 0.725
END (mm) 3.67+0.14 3.93+0.23 0.609
DELTA (%) -30.35+£0.98 -25.44 £ 1.65 p<0.05
ACYV (mm/s) -4.16 £0.14 -3.61 £0.19 p<0.05
MCYV (mm/s) -5.33+£0.20 -4.59 +£0.28 p<0.05
ADV (mm/s) 1.53+0.09 1.42+0.11 0.537
Right eye
INIT (mm) 5.27+0.21 5.39+£0.26 0.666
END (mm) 3.69+£0.18 3.99+£0.20 0.319
DELTA (%) -30.32 £1.31 -25.81+£1.23 p<0.05
ACV (mm/s) -4.18+0.18 -3.68 £0.20 0.061
MCV (mm/s) -4.89 £0.56 -4.64 £0.27 0.066
ADV (mm/s) 1.57+0.12 1.45+0.11 0.535

ADHD - Attention Deficit Hyperactivity Disorder, INIT — diameter of the pupil before the application of light stimulus, END — diameter of
the pupil at the peak of the constriction, DELTA — percentual change of the pupil diameter during constriction, ACV — average
constriction velocity, MCV — maximum constriction velocity, ADV — average dilation velocity. Values are expressed as mean + SEM.

Probability p<0.05 was considered as significant.

Discussion

This study firstly revealed discrete abnormalities
in PLR indicating subtle impaired central autonomic
integrity in ADHD. The parasympathetic subdivision
plays a dominant role during the pupil constriction phase,
therefore, the PLR represents a non-invasive tool to
assess the presence of parasympathetic dysfunction

indexed by sensitive parameters, i.e. MCV and relative
constriction amplitude (Wang et al. 2016). From this
point of view, reduced parasympathetic activity is
characterized by longer constriction latency, slower MCV
and smaller constriction amplitude (Lowenstein and
Loewenfeld 1950, Loewenfeld and Lowenstein 1999).
Thus, our results revealing altered PLR parameters —
a smaller DELTA related to a slower MCV and ACV



2020

Pupillary Light Reflex and ADHD S517

could indicate deficient parasympathetic activity in pure
ADHD. Moreover, both ANS branches innervate the
pupil at the beginning of the PLR redilation phase. Pupil
redilation has two phases — the early rapid phase is
influenced both by parasympathetic withdrawal and
sympathetic activation, while the later slower phase of
redilation mainly results from sympathetic innervation
(Lowenstein and Loewenfeld 1950, Wang ef al. 2016). In
our study, the PLR parameters reflecting predominantly
sympathetic activity were without significant differences
between ADHD and controls. Thus, we suggest that
ADHD-linked abnormal central autonomic activity is
predominantly characterized by parasympathetic underac-
tivity associated with potential relative dominant
sympathetic activity. Several mechanisms are assumed.
Firstly, the pupillary constriction in response to the light,
is regulated at the subcortical level with the Edinger-
Westphal
pupillary constriction (Wang et al

nucleus, the parasympathetic center for
2016), that is
modulated by several inputs. Specifically, the Edinger-
Westphal

sympathetic-linked subcortical structure, locus coeruleus,

region receives inhibitory input from
which gathers most noradrenaline neurons in the brain
and has been involved in behavioral flexibility and
attention linked to ADHD (Aston-Jones et al. 1999,
Darcq and Kieffer 2015).

Moreover, the activity of parasympathetic
Edinger-Westphal nucleus is inhibited by the sympathetic
1999). The relative

sympathetic dominance could represent one of the

locus coeruleus (Wilhelm et al

potential mechanisms leading to altered PLR in ADHD:
if activity of sympathetic part of ANS is higher, the
neural inhibitory mechanism on Edinger-Westphal region
will be excited resulting in dilation of the pupil (Laeng
et al. 2012). Thus, diminished pupil reactivity in
constriction phase might indicate a relative dominance of
central sympathetic control associated with decreased
parasympathetic activity at the level of subcortical centers
in children with ADHD.

In addition, Edinger-Westphal nucleus is
influenced by inhibitory inputs from descending cortical
pathways (Steinhauer and Hakerem 1992). It is generally
assumed that the prefrontal cortex, modulated by
catecholamines, involved in the regulation of attention
and working memory (Clark and Noudoost 2014) is
hypoactive in ADHD (Cortese 2012, Faraone et al. 2015).
Specifically, the catecholamines have influence on
prefrontal cortical cognitive functions, whereby too little

or too much of dopamine and noradrenaline impair

working memory (Brennan and Arnsten 2008).
Moreover, the general increase in inhibitory influence
involving reticular pathways linked to arousal also
impinge on the Edinger-Westphal complex (Bonvallet
and Zbrozyna 1963, Steinhauer et al. 2004). Thus,
cognitive load associated with frontal and prefrontal
cortical functioning mediated by direct cortical and
indirect cortico-thalamo-hypothalamic pathways contri-
butes to this inhibitory process resulting in inhibition of
the Edinger-Westphal nucleus (Lowenstein 1955,
Steinhauer and Hakerem 1992, Steinhauer et al. 2004). In
this context, we could hypothesize that hypofunction of
prefrontal cortex and subsequent deficient inhibitory
influence  on  subcortical  structures  including
parasympathetic oculomotor complex may contribute to
potential mechanism leading to altered PLR.

Moreover, the constrictor muscle of the pupil
decreases the pupil diameter under the control of the
ciliary ganglion. Both the ciliary ganglion and constrictor
muscles contain acetylcholine receptors, which is the
main neurotransmitter of the parasympathetic nervous
system (Wang ef al. 2016). The acetylcholine plays an
important role in brain circuits mediating motor control,
attention, learning and memory (Perry et al. 1999,
Calabresi et al. 2014, Hasselmo and Sarter 2011), which
impairments are related to ADHD (Faraone et al. 2015).
Previous studies have shown evidence of cholinergic
deficits in ADHD (Todd et al. 2003, Lee et al. 2008).
Recent reviews have identified numerous candidate genes
implicated in  ADHD-linked  neurotransmission
dysregulation (Todd et al. 2003, Lee et al. 2008, Dai
et al. 2017). Therefore, our findings of ADHD-linked
abnormal PLR could be affected by the complex
neurophysiological abnormalities such as genetic
variations in neurotransmitters including acetylcholine
(Hellmer and Nystrom 2017). Specifically, cholinergic
gene CHRNA4 that encode o4 subunit of nicotinic
acetylcholine receptors is associated with ADHD (Todd
et al. 2003, Lee et al. 2008). Thus, it seems that the
diminished PLR indicating reduced parasympathetic
activity could reflect neurotransmitters' particularly
cholinergic dysregulation linked to ADHD.

Furthermore, ADHD patients are characterized
by reductions in cerebral volume including prefrontal
cortex and subcortical structures such as amygdala,
hippocampus, nucleus caudatum, nucleus accumbens and
(Emond et al. 2009).

macrostructural alterations, it showed that ADHD is

putamen Besides these

linked to dysregulation of fronto-striatal as well as fronto-
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parietal networks (Bush et al. 2005, Fan and Posner
2004). Notably, fronto-amygdalar circuits could be
involved in assignment of emotional valence to events
and also inputs from amygdala can influence the
recruitment of prefrontal control (Durston et al. 2011). It
seems that dysregulated functional communications in
these networks are linked to behavioral dysfunction in
ADHD (Nagel et al. 2011). In particular, amygdala plays
a crucial role in emotional regulation (Schumann et al.
2009) as well as in the central autonomic control via
with
ventromedial prefrontal cortex (Critchley 2002, Arnsten

extensive  connections hypothalamus  and
2009). Furthermore, the amygdala that has outputs to
autonomic, endocrine, and other physiological regulatory
threat and
uncertainty, is under tonic inhibitory control from the
prefrontal cortex (Thayer 2006, Davidson et al. 2000).

Interestingly, pupil reactivity provides information linked

systems and becomes active during

structures  included
regulation. In this context, one of the potential
mechanisms leading to altered PLR in ADHD could
include impaired reactivity in emotional circuitry (Laeng
et al. 2012). Recent study reported that the cortico-limbic

circuitry connecting the amygdala with the thalamus and

to brain in cognitive-affective

orbital frontal cortex responsible for emotional learning
and behavioral regulation is dysfunctional in ADHD
(Gehricke et al. 2017). Therefore, it is assumed that
complex central network consisting of multiple brain
regions and pathways implicated in cognitive-affective
regulation could affect pupil reactivity in ADHD.

From neurophysiological view, the PLR is
innervated by a new class of photoreceptors called
intrinsically photosensitive retinal ganglion cells (ipRGC)
that interplay and project via dopaminergic amacrine cell

(Hellmer and Nystrom 2017). Previous studies
demonstrated that disorders caused by dopamine
deficiency in retina lead to problems in light

accommodation influencing a light adaptive mechanisms
(Loewenfeld 1999, Witkovsky 2004, Jackson et al.
2012). Recent experimental study evaluated signaling of
retinal dopamine that expresses dopamine transporter
coding variant Ala559Val associated with ADHD. The
light
suggesting one of the underlying mechanism contributing

study showed attenuated retinal responses
to diminished pupillary reactivity in ADHD (Dai et al.
2017).

Our findings of altered PLR are in accordance
with previous studies revealing reduced cardiac vagal

control and potential sympathetic overactivity using heart

rate variability in untreated children suffering from
ADHD (Tonhajzerova et al. 2009, Tonhajzerova et al.
2014). In this context, we assume that abnormalities in
mutually interconnected brain areas involved in heart and
pupil autonomic control may result in shift of autonomic
balance towards a parasympathetic underactivity
associated with supposed sympathetic dominance in
ADHD. It seems that the PLR examination could provide
a crucial information about complex central autonomic
network integrity leading to potential abnormalities in the

regulation of peripheral effectors in ADHD.
Study limitations

The limitation of our study is relatively small
homogeneous group of patients with ADHD, therefore,
the findings of this study need to be independently
validated in larger groups of patients with respect to
In addition, the
assessment of other physiological biosignals reflecting

gender differences. simultaneous
autonomic regulation (e.g. heart rate and blood pressure
variability, electrodermal response, etc.) could illuminate
the pathway of the pathomechanisms leading to complex
autonomic dysregulation in ADHD. Moreover, the study
of interaction between cognitive functioning (memory,
learning) and PLR impairment may provide an important
information about psychophysiological/neurobiological
changes in ADHD. Further research in this field is
needed.

Conclusions

Our study revealed that ADHD is characterized
by discrete abnormal central autonomic regulation in the
manner of parasympathetic underactivity and relative
sympathetic dominance. Further research including the
evaluation of peripheral autonomic effectors' activity
could bring novel knowledge regarding central-peripheral
pathophysiological pathways linked to ADHD.
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