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Objective: A case-control study was performed to test the hypothesis that children with attention deficit
hyperactivity disorder (ADHD) have chronic sleep deprivation and may be classified into specific sleep-
related phenotypes.
Methods: Thirty outpatients with ADHD (nine females, mean age 10.1 + 2.1 years) were recruited
consecutively, and given a comprehensive sleep assessment, including blood exams, sleep questionnaires,
laboratory video-polysomnographic recordings (v-PSG), multiple sleep latency tests, and one-week
actigraphy. The PSG parameters were compared to those of 25 age-matched controls (12 females, mean
age 10.34 + 1.54 years) who underwent only the v-PSG.
Results: ADHD children were classified as follows: a narcolepsy-like phenotype was found in four;
delayed sleep onset insomnia in five; obstructive sleep apnea (OSA) in 15; periodic limb movements in
eight, and sleep epileptiform discharges in 10 children. All subjects had a total sleep time shorter than 9 h
at actigraphy, ferritin levels lower than 60 mcg/L, and a history of sleep problems (mainly OSA and
insomnia). Compared to controls, the ADHD group had a higher apnea-hypopnea index at PSG.
Conclusions: A full sleep assessment in children with ADHD confirmed the validity of the sleep pheno-
types hypothesis, and revealed a much higher percentage of sleep problems than that found in the
literature. Beyond the sleep phenotypes, all children reported a history of sleep problems and slept less
than 9 h per night, indicating chronic sleep deprivation that should be evaluated as a possible unifying
marker of ADHD.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

severe form of ADHD |[7]. Similar to the relationship between
insomnia and psychiatric disorders, the link between ADHD and

Attention-deficit/hyperactivity disorder is one of the most sleep is bidirectional [8,9]; sleep disturbances can lead to behavioral

commonly diagnosed and long-lasting neuropsychiatric conditions,
with a prevalence in the general population ranging from 5 to 7%
[1,2]. The majority of children with ADHD suffer from comorbid
disorders such as oppositional defiant disorder and learning dis-
abilities [3,4]. Considering the early age of onset of ADHD and the
potential chronicity of the disorder, several studies have tried to
identify endophenotypes and risk factors for ADHD. One of the most
extensively investigated areas of research concerns sleep [5]. Sleep
complaints are reported in about 25—50% of children with ADHD
[6], and persistent behavioral sleep problems are associated with a
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and cognitive consequences that may mimic ADHD, and children
with ADHD may have sleep disturbances originating from the same
biochemical disturbances underlying their deficits in executive
function and attention [10].

Some investigators have hypothesized the existence of a
dysfunction in arousal mechanisms in the etiology of ADHD
inducing primary hypersomnia (ie, the excessive motor activity
might be a strategy used to stay awake and alert) [11,12]. The best
electroencephalographic (EEG) marker of this hypoarousability is
the reduction of slow oscillatory components of arousals (evaluated
using cyclic alternating pattern analysis -CAP), during NREM sleep,
reported in narcolepsy [13]. The same dysfunction has been found
in a cohort of children with ADHD, affected by a “primary form” of
ADHD [13]. Sleep onset insomnia (SOI) is considered the most
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List of abbreviations

ADHD attention deficit hyperactivity disorder
PSG Polysomnography

EEG Electroencephalography

OSA Obstructive Sleep Apnea

PLMs Periodic Leg Movements

RLS Restless Legs Syndrome

IEDs Interictal Epileptiform Discharges
BCTE Benign Centrotemporal Epilepsy
MSLT Multiple Sleep Latency Test

CPRS Conners' Parent Rating Scale

CSHQ Children's Sleep Habits Questionnaire
SCR Sleep Clinical Record

PDSS Pediatric Daytime Sleepiness Scale
IQ Intelligent Quotient

AHI Apnea-Hypopnea Index

common sleep disorder reported in children with ADHD (around
30% of cases). SOI can be the expression of a circadian delay in the
sleep-wake cycle, which in turn results in a chronic sleep depri-
vation due to the forced morning awakening required to comply
with school schedules [14,15]. Data from the Avon Longitudinal
Study of Parents and Children showed that children with ADHD
slept for a shorter time and woke up more than their peers.
Furthermore, main reason for their shorter sleep duration was later
bedtime [16]. Thus, an extensive body of literature demonstrated
that children with ADHD have a mild form of OSA. Conversely,
children with OSA display diurnal ADHD behavior, reflecting
dysfunction of the prefrontal cortex, caused by both intermittent
hypoxia and sleep fragmentation [17]. The improvement of ADHD
symptoms after adenotonsillectomy has been observed and sup-
ports a link of causality between OSA and ADHD [17,18]. Moreover,
children with periodic leg movements during sleep (PLMS) and/or
restless legs syndrome (RLS) display daytime inattention, hyper-
activity, and low school performance. A comorbidity with RLS/
PLMS has been reported in about 12% of children with ADHD, with a
positive correlation between RLS/PLMS and hyperactivity/opposi-
tion scores [19,20]. A solid body of literature supports a relationship
between interictal epileptiform discharges (IEDs) during sleep and
neuropsychological dysfunctions typical of ADHD [21—25]. When
explored by prolonged sleep recordings, the prevalence of IEDs and
seizures increases up to 50% in children with ADHD. IEDs are mostly
represented by those also observed in benign centrotemporal spike
epilepsy (BCTE) [21—25]. Note that a reduced arousability, in terms
of CAP analysis, similar to that found in ADHD, has been reported in
children with BCTE [26].

Summarizing the literature and taking into account the whole
spectrum of sleep disorders in ADHD, five sleep phenotypes have
been hypothesized, as described in clinical reports: (1) hypoarousal
state, narcoleptic-like, considered a “primary” form of ADHD; (2)
delayed sleep onset insomnia; (3) obstructive sleep apnea-OSA; (4)
restless legs syndrome/periodic limb movements during sleep, and
(5) sleep EEG epileptiform discharges [8,9]. If assessed by standard
polysomnography, comparing children with ADHD to normal con-
trols, the only evidence-based finding is a higher AHI index [17],
which seems to contradict the comorbidity between several sleep
disorders and ADHD. The contradictory finding might be explained
by the different methodologies required to diagnose each specific
sleep disorder (such as clinical history, sleep questionnaire, acti-
graphic recording, a video-polysomnographic recording with
extensive EEG channels and multiple sleep latency tests). To our

knowledge, a full sleep assessment involving subjective and
objective sleep instruments has never been performed on a sample
of drug naive children with ADHD.

To test this hypothesis, the main objective of this study is to
confirm the high comorbidity between ADHD and sleep disorders
through a detailed subjective and objective sleep investigation and
to verify if a full sleep assessment may help to identify a higher
percentage of sleep problems.

The second aim is to compare polysomnographic features
between children with ADHD and healthy kids to confirm the
literature data [17].

Finally, with the aim of challenging the concept of sleep
phenotype in ADHD, a comparison between all the clinical data and
sleep parameters of children with ADHD and specific sleep disor-
ders and the polysomnographic parameters of healthy controls,
was carried out.

2. Methods

Thirty consecutive drug naive outpatients who received a diag-
nosis of ADHD were recruited at the local Pediatric Department
(nine females, mean age 10.1 + 2.1 years) from April 2015 to May
2016. The diagnosis of ADHD was based on DSM-V criteria [3].
To confirm the diagnosis of ADHD, children and parents received a
semi-structured psychiatric interview: the Schedule for Affective
Disorders and Schizophrenia for School-Age Children-Present and
Lifetime Version (K-SADS-PL) [27]. Parents fulfilled the Conners’
Parent Rating Scale (CPRS) [28]; the Wechsler Intelligence Scale for
Children [29]; and a standardized neuropsychological battery for
children (NEPSY-II) [30]. Neuropsychological assessment was
administered by a neuropsychologist and cognitive psychotherapist
(GF), expert in developmental neuropsychology and ADHD assess-
ment. The diagnosis was confirmed by the pediatrician (PV), based
on a combination of clinical criteria (parents and teachers infor-
mation, supported by the neuropsychological tests battery). Medi-
cal and family history were collected; a neurological examination
and a screening blood exam were also performed. Children with an
age range between eight and 12 years were included. Children with
a comorbid diagnosis of autistic spectrum disorder, with intelli-
gence quotient <70, and other neurological conditions, were
excluded.

25 normal age-matched control children (12 females mean age
10.34 + 1.54 years) were recruited from April 2015 to July 2017,
through an e-mail addressed to all employees of the Hospital.
Parents of the control participants received a phone-interview by
the expert in pediatric sleep disorders (SM), to ensure that their
children did not have any sleep disorder or neuro-psychiatric
comorbidities.

Children with ADHD underwent a complete sleep assessment at
our Sleep Lab, which included standardized sleep questionnaires,
one week of actigraphic recording, an attended nocturnal video-
polysomnographic recording (PSG), which was followed the day
after by a multiple sleep latency test (MSLT) only for children with
ADHD. Healthy controls underwent only the attended nocturnal
video-polysomnographic recording (PSG).

The local ethics committee approved the study protocol, and all
children's parents gave their informed consent to the procedures.

For further details, see also Miano et al., [9].

2.1. Sleep questionnaires

Parents of children with ADHD filled out the Children's Sleep
Habits Questionnaire (CSHQ) [31]. Children were interviewed by
the principal investigator (SM) to screen for SDB by completing the
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sleep clinical record (SCR) [32], and to assess daytime sleepiness by
completing the pediatric daytime sleepiness scale (PDSS) [33].

2.2. Wrist actigraphic recording

Children with ADHD completed one week of actigraphic
recording (Philips Respironics, Actiwatch 2) before or after the PSG
study. The device was worn on the non-dominant arm for 24 h/day.
The parents filled out a sleep diary during the same week. The
Actiwatch 2 is a combined wrist-worn accelerometer and photopic
light sensor. This device records acceleration count values for each
epoch, which can then be used by the manufacturer's software to
estimate whether each epoch is sleeping or awake. The Actiwatch 2
is a validated (against polysomnography) accelerometer which
measures both sleep duration and efficiency in children [34,35]. For
school-aged children, the medium sensitivity setting (weighted,
rolling average > 40 counts/epoch) for the Actiwatch 2 provides
an accurate epoch-by-epoch delineation between sleep and
wake time as compared to polysomnography (sensitivity = 93%,
specificity = 71%, accuracy = 90%) [34].

2.3. Nocturnal video-polysomnography

Participants (ADHD and control subjects) underwent one full-
night video-PSG, recorded in a standard sleep laboratory with
attenuated sound. Recordings included 18 EEG bipolar channels, an
electrooculogram (electrodes placed 1 cm above the right outer
canthus and 1 cm below the left outer canthus and referred to A1), a
submental electromyogram (EMG), an electrocardiogram (one
derivation), and an EMG of the right and left tibialis anterior
muscles. Chest and abdomen movements were measured by strain
gauges, oro-nasal airflow was recorded using both thermistor and
nasal-cannula pressure. Arterial oxygen saturation was monitored
with a digital pulse oximeter, and a microphone detected snoring
and other sounds. Sleep stages, leg movements, arousals, and
cardio-respiratory parameters were scored according to standard-
ized criteria [36], as well as the presence of IEDs, according to the
International Federation of Societies for Clinical Neurophysiology
standard [37].

The morning after PSG recording, children with ADHD under-
went an MSLT consisting of five naps scheduled at 2-h intervals,
starting at 09:00 h according to the standard rules [38].

2.4. Criteria for sleep phenotype classification

More than one of the below diagnoses can be found in each
patient, and one diagnosis does not exclude the others.

(1) Narcoleptic-like phenotype: excessive daytime sleepiness
was diagnosed by an MSLT <8 min, and/or >2 sleep-onset
REM-sleep periods at MSLT, without reaching the criteria
for insufficient sleep syndrome, according to the Interna-
tional classification of sleep disorders [39].

(2) A major complaint of chronic sleep onset delay insomnia
(SOI), based on anamnestic data (sleep latency more than
20 min, for more than three times per week and more than
three months) according to the International classification of
sleep disorders [39]. Results of the sleep diaries and acti-
graphic parameters support the diagnosis.

(3) Central, obstructive and mixed apnea events were counted
according to the criteria of the American Academy of Sleep
Medicine [36,39]. The apnea/hypopnea index (AHI) was
defined as the average number of apneas and/or hypopneas
per hour. The diagnosis of OSAS was established based on an
AHI> 1 and the presence of one of the following: (A) snoring,

(B) labored child's sleep breathing, (C) sleepiness. Hyperac-
tivity or learning problems, which are part of criterion C, were
not considered for diagnosis. Primary snoring was diagnosed
in children with a history of habitual snoring and an AHI <1.

(4) Limb movement events were counted according to the
criteria of the American Academy of Sleep Medicine [36,39].
PLMS were identified as sequences of four or more LMs,
lasting from 0.5 to 10 s in duration and separated by at least
5 s and no more than 90 s. A PLMS index (number of PLM per
hour of sleep) higher than >5 was considered as clinically
significant [40]. RLS was diagnosed according to interna-
tional criteria [40].

(5) The presence of spikes (transient, clearly distinguishable
from background activity, lasting 20—70 ms) and sharp
waves (same as spikes, but lasting 70—200 ms), either
alone or accompanied by slow waves (the slow wave being
of a higher amplitude than the spike or the sharp wave)
occurring in isolation or in bursts, was considered repre-
sentative of interictal epileptiform discharges (IEDs), ac-
cording to the definitions of the International Federation of
Societies for Clinical Neurophysiology [37].

2.5. Statistical analysis of sleep parameters

Normality of data and homogeneity of variance were first
assessed using Shapiro_Wilk's test and Levene's test respectively;
non-parametric tests were then used for between and within
groups comparisons. Polysomnographic parameters obtained in
normal controls and children with ADHD were compared using the
Kruskal—Wallis test or the %2 test when appropriate. Post hoc
analysis was performed using the Mann—Whitney U test. Data
obtained from patients were compared using the Mann—Whitney
U test. We used Holm's correction to deal with multiple testing
(Holm, 1979) and differences were considered significant at a level
of p < 0.05 after correction. All tests were performed using SPSS,
version 20 (IBM Inc., New York, USA). We performed a post hoc
power analysis using GPower to compute the achieved power.
Spearman's rank correlation coefficient or Spearman's rho, a
nonparametric measure of rank correlation, was calculated to find
the correlation between sleep parameters, laboratory exams, and
cognitive assessment.

3. Results

The 30 outpatients received a diagnosis of ADHD combined type
in 22 cases, of inattentive type in six, and hyperactive type in two. A
comorbid diagnosis of oppositional defiant disorder was estab-
lished in two subjects, of anxiety disorders in two, and of learning
disabilities in 18. One patient received a standard sleep EEG
recording at preschool age, showing sleep IEDs over the cen-
trotemporal regions. Prematurity was found in two subjects, and a
mild psychomotor delay in two cases. A history of snoring, and/or of
OSA was found in 14 children, while 13 had a history of sleep hy-
perkinesia, nine had behavioral insomnia, and five children had
sleep parasomnias. Two subjects reported past hypnagogic hallu-
cinations. The neurological examination showed minimal neuro-
logical signs in the majority of children (23 out of 30 children). A
left-brain dominance was found in six children and bilateral in
three (all of them had a PLMS index >5).

The blood samples showed a serum ferritin level below 60 pg/L
in all children with ADHD, and even below 20 pg/L in eight of the
children. The mean body mass index was 18.67 + 4.43 kg/m? and
above the normal range only in one subject (34.2 kg/m?).
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3.1. Sleep disorders

According to all sleep measures, questionnaires, history, and
laboratory tests, 28 out of 30 ADHD children received a diagnosis of
sleep disorders, (see Table 1 and Fig. 1). SOI was found in five males,
mean age 12.51 + 1.37 years (SOI phenotype), OSA was found in 15
children (mean age 10.0 + 2.17 years, 12 males), PLMS were found in
eight (mean age 10.7 + 1.8 years, six males), without reaching
criteria for RLS diagnosis. The narcoleptic-like phenotype was
found in four children (one male, mean age 10.84 + 2.91 years),
while EEG interictal or ictal epileptiform discharges were found in
10 subjects (mean age 10.5 + 2.13 years, seven males): continuous
spike and waves or sharp waves during sleep were found in three
subjects (see Fig. 2). Three subjects had sleep arousal disorder with
mild motor events during SWS, in association with OSA in two
cases.

Only two children were not affected by any sleep disorder. Many
subjects received more than one diagnosis as shown in Table 1.

3.2. Sleep parameters and comparisons with healthy controls (only
for PSG parameters)

(1) All ADHD children but one (data missing) had a score of CSHQ
higher than 41 (which is considered a cut-off for sleep disor-
ders). A PDSS score higher than 20 was found in five ADHD
children (indicating severe daytime sleepiness), and an SCR
score higher than 6.25 was found in 15 children (indicating
higher risk to have OSA) (mean values shown in Table 2).

Table 1
Sleep phenotypes, and sleep comments of polysomnographic recordings.

NARC

SDPS

Z

Fig. 1. The sleep phenotype distribution in all the sample of children with ADHD (30
subjects). AHI: apnea-hypopnea index, NARC: narcolepsy-like, PML: periodic limbs
movements, EP: epilepsy, SPSD: sleep delayed phase syndrome (sleep onset insomnia).

(2) The actigraphic analysis showed a low sleep efficiency
(<90%) in all ADHD children, a sleep latency longer than
30 min in nine children, and multiple night awakenings and/

id  Sleep Phenotype® Sleep comments

1 2,5 Mild OSA, arousal disorder, epileptiform discharges (bilateral frontal sharp waves) and two motor events (probable nocturnal
frontal lobe epilepsy)

2 2,5 Moderate OSA, sporadic epileptiform discharges (bilateral frontotemporal sharp waves)

3 2 Mild OSA, with many awakenings during sleep.

4 5 Probable nocturnal frontal lobe epilepsy with mild motor events and ictal theta activity at EEG, epileptiform discharges
(bilateral frontotemporal sharp waves, mostly prominent over left regions)

5 2 Mild OSA, with many awakenings during sleep

6 2 Mild OSA with many awakenings during sleep, arousal disorders with delta hypersynchrony over posterior regions, sleep hyperkinesia

7 2,5 Mild OSA, abundant epileptiform discharges during sleep (sharp waves over temporal regions, with alternating predominance)

8 3 Many periodic limb movements during sleep, rapid activity during N1 and wakefulness

9 2 Mild OSA, sleep hyperkinesia

1 24 Sporadic epileptiform discharges (bilateral frontal sharp waves)

12 35 Abundant epileptiform discharges during sleep (sharp waves over left centrotemporal regions), many periodic limb movements during sleep

13 4 Normal

14 123 Mild OSA, many periodic limb movements during sleep and foot tremor

15 5 Abundant epileptiform discharges during sleep (sharp waves over left centroparietal regions), without clear motor events

16 45 Slow epileptiform discharges (over bilateral frontal regions), without clear motor events, probable nocturnal frontal lobe epilepsy,
sleep hyperkinesia

17 3 Sporadic epileptiform discharges (bilateral centrotemporal sharp waves), many periodic limb movements during sleep

18 35 Sporadic epileptiform discharges during sleep (diffuse spike and waves, mostly prominent over frontal regions), arousal disorder,
oxygen mean saturation below 90% for 22% of sleep time, sleep hyperkinesia

19 3 Many periodic limb movements during sleep, arousal disorders

20 1 Increased sleep latency

21 43 Normal

22 1.2 Moderate OSA, many periodic limb movements during sleep

23 235 Moderate OSA, many periodic limb movements during sleep and alternating legs movements, sporadic epileptiform discharges
during sleep (sharp waves over right temporal-parietal regions)

24 26 Many periodic limb movements during sleep, mild OSA, arousal disorder

25 1 Sleep latency, REM sleep latency increased and many awakenings

26 none Normal

27 6 Arousal disorder

28 26 Mild OSA, arousal disorder

29 1,25 Mild OSA, sporadic epileptiform discharges during sleep (sharp waves over right temporal-parietal regions) bruxism, two upper
limb myoclonic event of uncertain meaning

30 2,6 Mild OSA, arousal disorder with many events during sleep with delta hypersynchrony

32 3 Sleep hyperkinesia, oral breathing

2 1: sleep onset insomnia; 2: obstructive sleep apnea, 3: periodic limb movements, 4: narcolepsy, 5: epilepsy, 6: other.
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Fig. 2. Thirty-second epoch of PSG-EEG standard recording showing the occurrence of frontotemporal bilateral and asynchronous sharp waves and spike activity, more prominent

over the left side, during slow wave sleep.

or severe sleep hyperkinesias in seven. Eleven subjects
showed a reduced time in bed (the mean was lower than 9
h). All children slept less than 9 h in mean.

(3) MSL at MSLT was lower than eight minutes in one child, and
one or more sleep onset REM sleep periods were found in 11
children (three sleep onset REM in four subjects, mean values
are shown in Table 2).

Table 3 shows the statistical comparisons of clinical data and
PSG parameters between ADHD and controls: children with ADHD
had a higher AHI compared to controls. The comparisons reached a
power higher than 0.8, indicating that the tests were powered to
detect significance.

Table 2

3.3. Correlations between sleep measurements, cognitive
assessments, and laboratory tests

ADHD scores on Conner's scale correlated negatively with total
sleep time at actigraphic recording (r = —0.422, p = 0.028). At PSG
Conner's hyperactivity and ADHD total scores correlated negatively
with total sleep time (r = —0.404, p = 0.036; r = —0.423, p = 0.28
respectively), with sleep efficiency (r = —-0473, p = 0.013;
r=—0.473, p=0.013, respectively), and positively with sleep latency
(r=0.481, p=0.011; r = 0.387, p = 0.046, respectively).

The scores of NEPSY auditory sustained attention inhibition
errors correlated negatively with sleep efficiency at actigraphic
recording (r = —0.381, p = 0.042). A negative correlation was found

Neuropsychological scores, blood exams and sleep parameters of children with attention deficit hyperactive disorder.

mean + standard deviation

Wechsler Intelligence Scale for Children (WISC-1V) scores

Intelligence Quotient Verbal index

Visuo-Spatial index

Working memory index Processing Speed Index

100.19 + 10.74 103.00 + 3.54

108.55 + 16.65

92.57 + 535 91.38 + 4.51

Neuropsychological battery for children (NEPSY-II) scores

Nepsy Visual Nepsy auditory Nepsy auditory Nepsy auditory Nepsy response Nepsy response Nepsy response Nepsy inhibition
attention sustained sustained sustained attention set total set omissions set inhibition errors A time

attention total attention omissions inhibition errors
9.50 + 0.35 7.10 + 1.49 8.76 + 0.88 9.38 + 0.44 7.10 £ 0.78 7.31 £ 1.90 897 +£0.73 8.00 £ 0.71

Nepsy inhibition Nepsy inhibition Nepsy inhibition

Nepsy semantic

Nepsy Nepsy visuo-motor Nepsy visuomotor

A errors B time B errors verbal fluency comprehension ability time ability errors

8.03 + 0.02 821 +2.27 7.14 + 1.51 9.00 + 0.71 8.79 + 1.56 10.04 + 0.73 6.96 + 2.10

Blood exams Multiple sleep latency test parameters

Ferritin, pg/L ASO, U/mL TSH, mU/L FT4, pmol/L Mean sleep latency (minutes) SOREMPs at MSLT (number)
28.49 + 1347 365.87 + 281.99 2.51 + 1.51 10.23 + 1.27 15.78 + 3.77 0.67 + 1.06

Conners-Rating Scale for parents scores KSADS scores

Attention hyperactivity Total ADHD conduct oppositional defiant
76.81 + 10.03 70.81 + 12.44 76.11 + 10.78 293 +0.26 1.07 + 0.26 1.38 +0.73
Actigraphic Parameters Sleep questionnaires and Scales

Time in bed Sleep latency Sleep efficiency Total sleep time Children's Sleep Pediatric daytime Sleep Clinical
mean (hours) mean (min) mean (%) mean (hours) Habits score sleepiness score Record score
931 +0.76 22.36 + 16.02 8235 +5.74 7.66 + 0.64 53.55 + 8.61 14.30 + 6.17 6.53 + 2.65

Thyroid stimulant hormone: TSH; antistreptolysin-O: ASO; Schedule for Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime Version: KSADS;

Sleep Onset REM period: SOREMP.



128 S. Miano et al. / Sleep Medicine 60 (2019) 123—131

Table 3

Statistical comparisons of clinical data and polysomnographic parameters between children with attention deficit hyperactivity disorders and normal controls, values

expressed by mean + standard deviation or total number.

ADHD (n = 30) Controls (n = 25) Uncorrected (Mann Whitney Corrected (Holm's correction)
test or %2) p values p values

Age years 10.52 + 2.07 10.34 + 1.54 0.958 1

Body Mass Index Kg/m? 18.67 + 4.43 1742 + 2.84 0.351 1
Male/Female 21/9 13/12 0.171 1
Right handed 18 22 0.075 1

TST min 421.49 + 58.93 462.8 + 69.57 <0.022 0.44
SPT min 463.72 + 35.21 472.75 + 44.46 0.31 1

SE % 83.06 + 12.51 88.48 + 8.78 0.055 1

SL min 45.52 + 33.53 29.81 + 25.54 0.083 1

RL min 118.28 + 51.93 106.94 + 50.78 0.302 1

N1% 5937 6.26 + 3.22 0.78 1

N2% 4741 + 8.26 46.31 + 6.76 0.306 1

N3% 28.53 + 7.13 279 + 6.22 0.866 1
REM% 18.16 + 5.61 19.5 + 4.96 0.393 1
WASO % 9.04 + 11.76 6.69 + 8.1 0.589 1

Al (n/h) 7.82 + 4.02 595 +3.01 0.086 1

AHI (n/h) 1.98 + 1.7 0.64 + 0.75 <0.001 <0.002
AHI REM 3.28 +4.32 0.7 £ 1.52 <0.001 <0.002
MOS (%) 97.12 + 0.92 97.18 £ 0.57 0.89 1

OSN (%) 87.54 + 17.73 91.96 + 4.06 0.134 1

ODI (n/h) 0.43 + 0.46 0.34 + 0.77 0.167 1

LMI (n/h) 10.57 + 5.17 11.01 £ 6.35 0.852 1

PLMI (n/h) 29+28 3+38 0.852 1

TST: total sleep time, SPT: sleep period time; SE: sleep efficiency; SL: sleep latency, RL: REM latency; WASO: wakefulness after sleep onset; Al: arousal index; AHI: apnea-
hypopnea index; MOS: mean oxygen saturation, OSN: oxygen saturation nadir; ODI: oxygen desaturation index; PLMI: periodic limbs movements index; min: minutes;

n/h: number/hour; N.S: not significant.

between scores of NEPSY inhibition A errors and sleep latency at
PSG (r = —0.404, p = 0.027), while the scores of NEPSY inhibition B
errors correlated negatively with REM percentage (r = —0.403,
p = 0.030). The scores of NEPSY inhibition A time correlated posi-
tively with N2% and negatively with N3% (r = 0.474, p = 0.008;
r = —0.371, p = 0.044, respectively). REM latency at PSG correlated
negatively with the scores of NEPSY auditory sustained attention
(r = —0.468, p = 0.010). The scores of NEPSY visuomotor ability
time correlated negatively with arousal index and AHI during REM
sleep (r = —0.422, p = 0.025; r = —0.408, p = 0.031).

Finally, the mean ferritin levels correlated positively with mean
oxygen saturation during sleep (r = 0.511, p = 0.011).

3.4. Comparisons of all the clinical data and sleep parameters of
children with ADHD and specific sleep disorders, with healthy
controls (only for PSG parameters)

Table 4 shows the mean values and statistically significant
results.

Children belonging to the group with SOI were older than the
other children with ADHD (p = 0.019) and controls (p = 0.005).
They had a later fall-asleep time than the other children with ADHD
(10:30 pmvs. 9:17 pm, p = 0.02, after Holm's correction). Children
with SOI had a shorter time in bed, as measured by actigraphic
recording. Moreover, they showed a lower REM sleep latency at the
first nap of the MSLT. Furthermore, they had a better score at the
NEPSY inhibition B time. Not all these results were confirmed after
Holm's correction.

Children with PLMS had a bilateral brain dominance in three
cases and none were left-handed, with a statistically significant
difference compared to controls (n = 0, p = 0.004) and to the other
children with ADHD (n = 0, p = 0.006).

According to the definition criteria, children with AHI showed
higher AHI compared to the other two groups. Also, they showed a
higher arousal index and a higher respiratory movement's index
compared to the other two groups (not confirmed after Holm's
correction). They also had a better score on the NEPSY inhibition A

time compared to the other children with ADHD (not confirmed
after Holm's correction). According to the definition criteria, chil-
dren with PLMs have higher LMI and PLMI compared to the other
two groups. They also had a higher number of awakenings during
sleep compared to the other two groups, and a higher AHI compared
to controls (not confirmed after Holm's correction).

According to the definition, children with narcolepsy-like
phenotype had a lower MSL and a higher number of SOREMPs
compared to the other ADHD children. Moreover, they had a higher
total sleep time and REM sleep percentage compared to the other
two groups (not confirmed after Holm's correction). Compared to
the other ADHD children, they showed a lower Processing Speed
Index and a lower score at NEPSY inhibition A and B times (not
confirmed after Holm's correction).

Finally, children with epilepsy showed a higher AHI compared to
controls.

Most of the comparisons that showed a significant difference
after correction reached a power higher than 0.8, indicating that
the tests were powered to detect significances. Comparisons not
reaching this level of power are indicated in Table 4.

4. Discussion

This study reports the results of a full sleep assessment in a
sample of consecutively recruited, drug-free children with ADHD.
According to the sleep phenotype hypothesis [8], 28 out of 30
children had a sleep disorder comorbidity, a percentage much
higher than that found in the literature, which is around 25—50%
[6]. This is a surprising finding, which needs to be replicated and
confirmed in a larger sample of children with ADHD. A full and
detailed sleep assessment, including subjective and objective
measurements, performed by a pediatric sleep expert (SM), may
have influenced this result. Moreover, we recruited children with
ADHD consecutively diagnosed in our Pediatric Department the
staff of which were asked to perform a full sleep investigation,
requiring a dedicated collaboration of children and parents; one
may suppose that those with sleep problems and their parents
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Table 4

Statistical significant results of comparison between clinical data, blood exams, cognitive and sleep parameters in groups: ADHD with the sleep disorder compared to ADHD
without, and also to controls for polysomnographic parameters, values expressed by mean + standard deviation or total number.

ADHD with AHI ADHD without AHI Controls p values
1vs2, or 1vs2,3 1vs2 1vs3 in2vs3
Nepsy inhibition A time 9+24 7+26 0.026°
Arousal index n/h 9.39 +4.2 6.24 +3.2 5.95 + 3.01 0.016° 0.017 0.008 0.856
AHI n/h 31+16 0.87 + 0.8 0.64 + 0.75 0.000 0.000 0.000 0.274
AHI supine n/h 33+20 0.74 + 0.82 0.74 + 0.98 0.000 0.000 0.000 0.843
AHI REM n/h 50+54 1.56 + 1.73 0.7 = 1.52 0.000 0.007° 0.000 0.012°
RLMI n/h 0.343 + 0.56 0.067 + 0.16 0.056 + 0.14 0.019° 0.053 0.008 0.659
ADHD with SOI ADHD without SOI Controls p values
Nepsy inhibition B time 10+ 1.2 783 £2.5 N.A 0.03%
Time in bed mean (h) 8.5+03 9.52 + 0.7 N.A 0.010°
Time in bed max (h) 9.6 + 07 103 + 0.9 N.A 0.045°
Time in bed min (h) 6.8 +1.2 83+ 09 N.A 0.008*
Latency to REM at first MSLT (min) 103 +9 158 +7 N.A 0.042°
ADHD with PLMs ADHD without PLMs Controls p values
Number of awakenings 10.6 + 3.5 6.82 + 3.96 233 +26.7 0.03° 0.016 0.833 0.03
AHI n/h 19+17 202 + 1.7 0.64 +0.75 0.002° (0.09) 1 0.013° (0.507) 0.001
0.047
AHI supine n/h 16+1.7 217 £ 2.16 0.74 + 0.98 0.04° 0.629 0.07 0.02
AHI REM n/h 3.8 +69 3.03 +3.08 0.7 + 1.52 0.000 0.504 0.03* 0.000
LMI n/h 16.6 = 2.6 8.4 + 3.96 11.01 £ 6.35 0.001 0.000 0.008 0.263
PLMI n/h 6.7 + 1.7 15+15 3+38 0.000 0.000 0.004° 0.214
ADHD with narcolepsy =~ ADHD without narcolepsy  Controls p values
Processing Speed Index 773 + 4.1 91 +13.1 N.A 0.02%
Nepsy inhibition A time 5+31 7+26 N.A 0.03%
Nepsy inhibition B time 47 +2.6 793 +1.7 N.A 0.009"
MSL (min) 9.7 +2.7 14.95 + 4.2 N.A 0.004° (0.06)
Number of SOREMP 3+0 087 + 1.2 N.A 0.000
Total sleep time (min) 462.5 +22.2 415.2 + 60.5 462.8 + 69.57 0.037° 0.2 0.8 0.14
REM % 245+ 27 1718 £ 5.3 19.5 + 4.96 0.022° 0.019 0.37 0.000
AHI n/h 13+1.1 21+18 0.64 + 0.75 0.002° (0.076) 0.376 0.144 0.000
AHI supine n/h 12+13 215+ 2.1 0.74 + 0.98 0.027° 0.374 0.442 0.008
AHI REM n/h 1.7 +25 352 +45 0.7 + 1.52 0.000 0.178 0.31 0.000
ADHD with epilepsy ADHD without epilepsy Controls p values
AHI n/h 22+22 1.89 + 1.38 0.64 + 0.75 0.000 0.877 0.03" 0.001
AHI supine n/h 1.7+ 1.7 2.18 +2.17 0.74 + 0.98 0.03* 0.681 0.083 0.02
AHI REM n/h 41 +6.2 2.87 +3.12 0.7 + 1.52 0.000 0914 0.003° 0.000

TST: total sleep time, AHI: apnea-hypopnea index; RLMI: respiratory related limbs movements; PLMI: periodic limbs movements index; min: minutes; SOREMp: Sleep Onset
REM period, Nepsy: Neuropsychological battery for children; n/h: number/hour; N.S: not significant, N.A: not available. Kruskal Wallis test was used for comparisons between

three groups, and Mann—Whitney test for comparisons between two groups.

2 Not significant after Holm's correction (p-value if close to 0.05 are specified). In italic the value not reaching a power level >8 at Gpower analysis.

were more prone to participate. Our findings might be also influ-
enced by the different methodologies required to diagnose each
specific sleep disorder (such as clinical history, sleep question-
naires, actigraphic recording, video-polysomnographic recording
with extensive EEG channels, and a multiple sleep latency test),
whereas previous studies have been focused on the analysis of a
single specific sleep disorder, employing few sleep measurements.

Apart from the specific sleep phenotype recognized, and in
accord with the actigraphic and PSG results, all children with ADHD
slept less than the normal amount expected for their age (<9 h) and
less than control children. The historical clinical investigation
confirmed the long-lasting duration and chronicity of sleep disor-
ders, which can affect vigilance, decision-making ability and
memory functions [41]. The majority of children with ADHD in our
sample had a history of sleep disorders, primarily represented by
sleep hyperkinesia and OSA. Recent papers confirmed an associa-
tion between early sleep problems, mostly regarding increased
motor nocturnal activity, and irregular sleep patterns assessed by
actigraphy, temperament and ADHD symptoms, in pre-school
children [42,43].

We believe that our finding consolidates the idea of a key role
of sleep and in particular of chronic sleep deprivation as a

predisposing background for ADHD. In all probability, the size and
the reversibility of the executive dysfunctions induced by untreated
chronic sleep perturbation depend on the children's developmental
period in which the sleep impairment occurs as well as its duration.
The significant association between sleep debt and ADHD was also
confirmed by the negative correlation between the Conner's rating
scale scores and total sleep time in both actigraphic recording and
PSG. As expected, if the total sample of children with ADHD were to
be compared to healthy children, a higher AHI was found, con-
firming literature data [17]. Comparing the subgroup of children
with ADHD according to a specific sleep phenotype was confirmed
for the subgroups of children with OSA and with epilepsy. To in-
crease the compliance of the study, we gave healthy controls only a
PSG recording. All children underwent only one attended PSG
recording, not avoiding the first night effect. These are important
limits of the study one should take into account.

Despite the relevant role of OSA, diagnosed in 15 children with
ADHD (50% of the sample), this study reinforces the hypothesis
that ADHD is likely to be strongly heterogeneous regarding path-
ophysiology, thus representing a syndrome and showing that
different sleep disorders may affect children with ADHD |[8].
Considering all sleep measures, questionnaires, history and
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laboratory tests, in order of frequency children with ADHD were
classified as follows: 15 children had a mild form of OSA; 10 chil-
dren showed IEDs and/or nocturnal epilepsy; eight fulfilled the
criteria of the PLMs phenotype, five children had a sleep onset
insomnia; and finally, four children had a narcoleptic-like pheno-
type. The majority of them had more than one sleep disorder in
comorbidity (Fig. 1, Table 1). Two subjects out of 30 could not be
classified according to the aforementioned five sleep phenotypes
and did not have any sleep disorders. Our data confirmed the as-
sociation between ADHD and IEDs with or without nocturnal sei-
zures. The literature on the role of IEDs in inducing reversible or
irreversible damage of prefrontal cortex, and consequently high
cognitive dysfunction (such as attention, learning, and working
memory process), is still scarce, and guidelines about antiepileptic
treatment are needed. A recent study reported a prevalence of
epileptiform discharges in 32% of ADHD children, suggesting that a
conventional EEG should be considered before prescribing stimu-
lant medications [44]. A narcoleptic-like phenotype was found in
four subjects. Two subjects showed a mean MSLT of 7.1 and 8.1 min;
all had three SOREMPS. Since the occurrence of three SOREMPs is
quite unusual - normal healthy controls at the same age had a
mean sleep latency at MSLT ranging from 16.3 to 18.5 min [45] - the
other two ADHD subjects with a mean latency of 10.6 and 13.2 min
respectively, were also classified as a narcoleptic-like phenotype.
Considering that a higher percentage of ADHD and inattentive
symptoms have been found in children and adults with narcolepsy
[46,47], follow-up data will clarify if they have a definitive diagnosis
of central hypersomnia. At the time of the investigation, they did
not report other symptoms or signs of narcolepsy type 1 or 2.
Regarding prognosis, the narcoleptic phenotypes seem to have a
more impaired neurocognitive profile.

Recently, it has been suggested that pragmatic trials should be
performed to characterize better and treat specific ADHD sleep
phenotypes. In agreement with the results of this study, a focused
and tailored treatment for every patient should be prescribed,
based on the underlying sleep disorder [48]. The long-term con-
sequences of sleep problems in individuals with ADHD include
obesity, poor academic performance, and disrupted parent-child
interactions. Early intervention and recognition of sleep problems
may be proposed as an approach to prevent these debilitating
outcomes, with novel treatment approaches ranging from mela-
tonin and light therapy to myofunctional therapy [5] to antiepi-
leptic drugs or corticosteroids (indicated in those types
characterized by sub-continuous sleep epileptiform discharges or
nocturnal epilepsy). However, the long-term benefits of a specific
treatment for sleep disorders in ADHD need to be proved by pro-
spective, randomized clinical trials that are still unavailable. Serum
ferritin level was below 60 pg/L in all cases, and below 20 pg/L in
eight children. The role of iron deficiency in ADHD remains unclear.
One MRI study reported significantly low indices of thalamic iron in
ADHD versus control subjects [49]. Two trials, an open-label, and a
randomized placebo-controlled study showed an improvement in
ADHD symptoms with iron supplementation, in children with
serum ferritin below 30 pg/L [50,51]. A recent meta-analysis
demonstrated that serum ferritin levels were significantly lower
in patients with ADHD compared with healthy controls [52]. The
evidence-based and consensus of clinical practice guidelines for
the oral iron treatment of RLS in children recommend starting
treatment when the iron level is below 50 pg/L, while in adults the
cut-off is higher (below 75 pg/L). However, the cut-off is still
debated [53]. We suggest treating children with ADHD and low
ferritin level if they had PLMS and/or RLS.

The significance of the results of the within-groups comparisons
of children with ADHD and specific sleep disorders discussed below
are limited by the loss of statistical significance after Holm's

correction for many of them. This is an important limit to take into
account; it may be due to the low effect size and the overlap of sleep
disorders in each of the subjects with ADHD. Further studies should
be performed to confirm this preliminary analysis. Children with
SOI were older and showed lower impulsivity. The occurrence of
SOREMP at the first nap of the MSLT, together with the later bedtime
habitual hours, and a shorter time in bed, may confirm that these
children had a delayed sleep onset, rather than real insomnia with
difficulty falling asleep. In children with the PLMs phenotype, sleep
hyperkinesia remained an unspecific symptom, not associated with
clear criteria for a diagnosis of pediatric restless legs syndrome,
although an increased number of night awakenings may be
considered a red flag. The OSA subjects showed an increase in sleep
microstructure instability and a higher number of limb movements
related to respiratory events. Notably, they showed better executive
abilities compared to the other ADHD subjects. Except for AHI,
children with IEDs did not show any red flags to suspect sleep IEDs
or epilepsy. At this time, we are not able to demonstrate if a higher
AHI is a predictive factor for IEDs or epilepsy, although this asso-
ciation between OSA and IEDS or nocturnal epilepsy has been
already reported [54]. Children with the narcoleptic-like phenotype
showed peculiar neuropsychological features: a lower Processing
Speed Index, and a lower score at NEPSY inhibition A and B times,
suggesting a sluggish cognitive speed of processing profile, together
with a higher tendency to impulsivity. These neuropsychological
features have never been reported in narcoleptic children [46].
Moreover, they had a higher total sleep time and REM sleep per-
centage compared to the other two groups, as a red flag for a
narcoleptic-like phenotype.

Our study adds to evidence supporting a clear role of sleep
disorders and chronic sleep deprivation in the pathogenesis of
ADHD, which seems to be a syndrome with relevant cognitive
differences according to sleep phenotype.

Future studies need to address some crucial questions emerging
from present and past studies that confirm the model of sleep
phenotypes: (1) if a particular sleep phenotype is associated with a
particular daytime clinical phenotype of ADHD and is able to pre-
dict it; (2) if this sleep phenotype predicts the prognosis of the
disease; (3) which period of life is more vulnerable to sleep disorder
for the development of ADHD; (4) if there is a unifying and causal
sleep-related marker, like chronic sleep deprivation, that, regard-
less of the specific sleep phenotype, is associated with ADHD, and
(5) overall if the prompt treatment of sleep disorders may influence
the natural course of ADHD positively.
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