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Study Objectives: Although empirical evidence is limited,
critical illness in children is associated with disruption of the
normal sleep-wake rhythm. The objective of the current study
was to examine the temporal characteristics of the sleep
electroencephalogram (EEG) in a sample of children with
critical illness.

Methods: Limited montage EEG recordings were collected
for at least 24 hours from 8 critically ill children on mechanical
ventilation for respiratory failure in a pediatric intensive care
unit (PICU) of a tertiary-care hospital. Each PICU patient
was age- and gender-matched to a healthy subject from the
community. Power spectral analysis with the fast Fourier
transform (FFT) was used to characterize EEG spectral power
and categorized into 4 frequency bands: & (0.8 to 4.0 Hz),
B (4.1t08.0 Hz), a (8.1 to 13.0 Hz), and $1/82 (13.1 to 20.0 Hz).
Results: PICU patients did not manifest the ultradian
variability in EEG power spectra including the typical increase
in d-power during the first third of the night that was observed

in healthy children. Differences noted included significantly
lower mean nighttime & and 8 power in the PICU patients
compared to healthy children (p < 0.001). Moreover, in the
PICU patients, mean 6 and 6 power were higher during
daytime hours than nighttime hours (p < 0.001).
Conclusions: The results presented herein challenge the
assumption that children experience restorative sleep during
critical illness, highlighting the need for interventional studies
to determine whether sleep promotion improves outcomes
in critically ill children undergoing active neurocognitive
development.

Keywords: sleep, critical iliness, intensive care unit,
mechanical ventilation, children, pediatric critical care,
sedation, circadian rhythm, electroencephalogram

Citation: Kudchadkar SR, Yaster M, Punjabi AN, Quan SF,
Goodwin JL, Easley RB, Punjabi NM. Temporal characteristics
of the sleep EEG power spectrum in critically ill children. J Clin
Sleep Med 2015;11(12):1449-1454.

During infancy, childhood, and adolescence, the sleep
experience evolves over time, reflecting ongoing neuro-
logic maturation.' Sleep plays an integral role in homeostasis
of multiple organ systems, including the respiratory, cardiac,
gastrointestinal, endocrine, and neurologic systems. Critically
ill children in the pediatric intensive care unit (PICU) are ex-
posed to a multitude of risk factors for sleep disruption, during
a time when the restorative benefits of sleep are of fundamen-
tal importance for neurocognitive development. In fact, a num-
ber of studies in children have shown that slow wave activity in
the sleep electroencephalogram (EEG) is associated with high
levels of synaptic density and activity, a vital component of
neurologic maturation.>* Critically ill children are at higher
risk for altered sleep-wake homeostasis resulting from not just
the underlying illness but also from exposure to the PICU en-
vironment. In addition, centrally acting medications used for
sedation in critically ill children are detrimental to the biol-
ogy of sleep.>” Internationally, the most common combination
of medications used for sedation of mechanically ventilated
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BRIEF SUMMARY

Current Knowledge/Study Rationale: Although sleep in critically
ill adults has been a recent focus of clinical investigation, there is a
paucity of data surrounding sleep disturbances in critically ill children
who are undergoing active neurocognitive development. The primary
objective of this study is to characterize the sleep EEG in previously
healthy children admitted to the pediatric intensive care unit (PICU) with
respiratory failure.

Study Impact: The results of this study challenge the common para-
digm among pediatric intensivists that children are experiencing re-
storative, natural sleep in the PICU environment. Children in the PICU
demonstrate no day-night organization of sleep, highlighting the need
for ongoing research and interventions to promote sleep-wake homeo-
stasis during critical illness in the developing brain.

children is opioid and benzodiazepine.*® Thus, given the num-
ber of environmental and iatrogenic exposures in the PICU, the
normal ultradian variability of sleep EEG activity is likely to
be absent. However, empirical evidence on whether the tempo-
ral organization of sleep is indeed disrupted is lacking.
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Sleep is traditionally assessed using visual inspection of the
sleep EEG from polysomnography (PSG).'*!" Although con-
ventional sleep staging is clinically useful for assessing sleep
architecture, its use in characterizing sleep of patients admit-
ted to the ICU is of limited value.'">* The EEG of a critically ill
child is confounded by the derangements induced by the criti-
cal illness and by the central effects of various medications
that are typically administered for sedation. Furthermore, neu-
romuscular blockade limits the use of PSG, as muscle activ-
ity is pharmacologically inhibited. Children add an additional
layer of variability in normative sleep depending on age. Given
these factors, alternative methods for characterizing the sleep
EEG in critically ill children are needed.'* Additionally, sleep
may occur any time during the day or night while in the PICU;
therefore, assessment of a 24-hour period is necessary to cap-
ture the temporal characteristics of sleep in these patients. The
objective of the current study was to characterize the sleep
EEG in a sample of critically ill children without baseline neu-
rologic disease. It was hypothesized that critically ill children
will not demonstrate day-night organization of sleep and will
lack the normal characteristics of the sleep EEG that are typi-
cal in healthy children.

METHODS

Study Sample

Children with respiratory failure requiring mechanical ven-
tilation were recruited from the PICU of the Johns Hopkins
Children’s Center. Each bed in the PICU is positioned adjacent
to a window with adjustable shades. Patients were eligible for
the study on the first day of mechanical ventilation if ventilator
support was expected to continue for least 24 hours. Exclusion
criteria included a history of sleep disordered breathing (SDB),
surgery within the last 7 days, seizures, neurological injury, and
severe developmental delay. To rule out SDB, a detailed history
was obtained from the parent(s) including a history of snoring.
In addition, the medical record was reviewed for previous sleep
studies and parents were asked to complete the Children’s Sleep
Habits Questionnaire." Finally, patients were excluded if it was
deemed that the monitoring would interfere with medical care.
Eligible patients underwent informed consent with a parent or
legal guardian. To compare the data collected during critical ill-
ness, healthy age- and gender-matched children without central
or obstructive sleep apnea (OSA) from the Tucson Children’s
Assessment of Sleep Apnea (TuCASA) study were used. The
TuCASA study is a community-based study aimed at assessing
the prevalence of sleep apnea in children.'® OSA was defined
if the respiratory disturbance index, using the 3% desaturation
criteria, was > 1 event per hour of total sleep time. Hypopneas
were scored if the magnitude of any ventilation signal decreased
to below approximately 70% of the baseline amplitude > 6 s or
for > 2 consecutive breaths. The study protocol was approved
by the Institutional Review Board (IRB) on human subjects re-
search of the Johns Hopkins University School of Medicine.

EEG Monitoring and Power Spectral Analysis
The recording montage for the PICU patients included bi-
lateral central and occipital EEG leads sampled at 125 Hz,
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right and left-sided electroculograms (EOG), and submental
electromyogram (EMG) using the Embla N7000 system (Em-
bla, Denver, Colorado, USA). The montage was accompanied
by high-resolution video monitoring for assessing medical
interventions (e.g., suctioning, dressing changes) and occur-
rence of movement or activity. The recording was continued
for > 24 h and discontinued when the patient was extubated or
at 72 h after the initiation of data collection. Home nocturnal
PSG for the healthy children in the TUCASA sample included
central leads as well as bilateral EOG leads and chin EMG.
Detailed methodology for the TuCASA cohort has been previ-
ously described.”” Power spectral analysis of EEG recordings
from the PICU and age- and gender-matched subjects was con-
ducted using the fast Fourier transform (FFT) in Matlab (Ver.
R2014A, Matlab, Inc.). The FFT was conducted on an EEG
record length of 5 s to obtain a frequency resolution of 0.2 Hz.
The power content (expressed as puV?) for each 30-s epoch of
sleep was determined as the average power across the six 5-s
segments of the EEG. The resulting spectral distribution from
the FFT was categorized into the following frequency bands: &
(0.8 to 4.0 Hz); 6 (4.1 to 8.0 Hz); a. (8.1 to 13.0 Hz); B, (13.1 to
16.0 Hz); and B, (16.1 to 20.0 Hz). The power in each frequency
bandwidth was expressed as absolute power in each 30-s epoch
of sleep. Frequencies < 0.8 Hz were excluded to remove the ef-
fects of low-frequency artifacts (e.g., sweating and respiration).

Statistical Analysis

Data are summarized as means =+ standard deviation or me-
dians (interquartile range) as appropriate. Differences in mean
nocturnal EEG power between the PICU patients and matched
healthy children were tested using the Wilcoxon signed-rank
test given the small sample size and skewed distribution of
EEG spectral power. Matching was performed using the cc-
match command in Stata 12 (Statacorp; College Station, TX).
The nocturnal period was defined as the time from sleep on-
set for healthy children, and the hours of 22:00—06:00 for the
PICU patients. Given well-established temporal patterns in
the EEG spectra during the night in healthy children, analy-
ses were also undertaken to characterize temporal patterns of
EEG spectral power for each frequency band using a locally
weighted scatterplot smoothing (LOWESS) spline technique
for both the PICU patients and healthy children. The LOW-
ESS method depicts the association between 2 variables (i.e.,
EEG 8 power activity vs. time) using a smoothing coefficient
to provide a robust fit to the data without eliminating changes
in slope over time. Statistical tests were 2-sided, and a p value
less than 0.05 was defined as statistically significant. All cal-
culations were performed in Stata 12 (StatacorpLP; College
Station, TX).

RESULTS

Eight critically ill PICU patients with respiratory failure
(median age 8 years, range 6—16 years) underwent limited mon-
tage EEG monitoring. Each patient was receiving a continuous
background infusion of both opioid and benzodiazepine at the
time of enrollment and monitoring, with a goal State Behav-
ioral Score between —1 and 1."* Demographic data and diag-
noses for the study sample are shown in Table 1. Two of the 8
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Figure 1—Nocturnal EEG 6 power in PICU patients and age and gender-matched healthy children.
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Table 1—Demographics of PICU sample.

Patient Gender Age Diagnosis Morphine Dose (mgl/kg/day)*  Midazolam Dose (mg/kg/day)*
A Female 5 Pneumonia with ARDS 24 0.1
B Male 5 Pneumonia with ARDS 2.3 0.2
C Male 6 CVID with ARDS 2.6 3.2
D Female 7 Sepsis and ARDS 1.3 0.1
E Male 9 HLH with ARDS 0.4 0.1
F Female 13 MAS with ARDS 0.8 0.04
G Female 15 Pneumonia with ARDS 34 04
H Male 16 Sarcoma with ARDS 6.3 25

*Opioid and benzodiazepine dose received during 24-h sleep EEG recording period in morphine and midazolam equivalents. ARDS, acute respiratory
distress syndrome; CVID, common variable immunodeficiency; HLH, hemophagocytic lymphohistiocytosis; MAS, macrophage activation syndrome.

patients were receiving a low-dose infusion of one sympatho-
mimetic agent for hemodynamic support. Patient D received
dopamine at 5 mcg/kg/h while Patient F received phenyleph-
rine at 2 mcg/kg/h during the 24-h EEG recording period. Al-
though the full 24-h period was recorded in all patients, only
18 h were included in 2 patients due to clinical instability. How-
ever, EEG power spectral analysis included the recordings of
the full nocturnal period in all patients. EEG data from the first
8 consecutive nocturnal hours (22:00—06:00) were analyzed for
each PICU patient and compared to nocturnal EEG of an age-
and gender-matched healthy child. The average EEG power in
each of the frequency bands (i.e., 6, 0, a, B, and B,) was lower
in PICU patients than healthy patients (Table 2). Furthermore,
unlike healthy children, PICU patients did not demonstrate the
characteristic temporal EEG patterns in & or 8 power spectral
bands during the night as evident in the healthy children. As
shown in Figure 1, healthy children demonstrated the typical
ultradian pattern in EEG activity with an increase in 6 power
during NREM sleep, particularly in the first third of the night.
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Table 2—Average EEG spectral power during nocturnal
period, expressed as uV? (mean £ SD).

Healthy PICU
EEG Frequency Band Children Patients p value
0 (0.8-3.9 Hz) 203.1+2105 1747+201.5 <0.001
6 (4.0-7.9 Hz) 30.7+23.9 56+ 13.1 <0.001
a (8.0-11.9 Hz) 6.6+4.9 16+4.8 <0.001
B, (12.0-15.9 Hz) 08+1.1 06+1.74  <0.001
B, (16.0-20. Hz) 11124 12+34 0.017

Moreover, healthy children demonstrated a decline in overall
EEG 6 power over the course of the night, while PICU patients
demonstrate little variability as evidenced by their flattened
profiles. Subject A’s profile differed from the other PICU pa-
tients in that the baseline delta activity was maintained at a
high level throughout the recording period. All other patients
had peaks in EEG & power well below 500 pV2.
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Figure 2—Nocturnal EEG 6 power in PICU patients and age and gender-matched healthy children.

Healthy Children ---------- PICU Patients

5yoF 5yoM 6yoM TyoF

13yoF 15yo F 16yoM

o
[=]

:

0 2 4 6 80 2 4 6 80 2 4 6 80 2 4 &

0 2 4 6 80 2 4 8 80 2 4 6 80 2 4 6 8
Time from Sleep Onset

Nocturnal 6 Activity (MV2)

o
=1

50

6a10p 2a

6a10p 2a

6a10p 2a 6a10p 2a 6a

Clock Time

Values plotted were derived using a Lowess smoothing function.

Figure 3—Twenty-four-hour EEG & power in PICU patients.
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Figure 4—Twenty-four-hour EEG 8 power in PICU patients.
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Alterations in the nocturnal EEG 6 power profile (4-7 Hz)
were similar to the findings for & power, with lack of an ul-
tradian rhythm during the night (Figure 2). Healthy children
demonstrated the expected temporal variability in EEG 0
power, which gradually declined in the latter part of the night.
In contrast, 6 power in the EEG was at very low levels and
did not display temporal variability in PICU patients. Mean
absolute 6 power in the EEG in the healthy children was 30.7
uV2, while mean EEG 6 power in PICU patients was 5.6 pV?
(p < 0.001). Given that critically ill children in the PICU may
experience sleep during any part of the day or night, EEG &
and 6 power were evaluated in the 6 children with complete
24-h data. As seen in Figure 3, there was evidence of oscilla-
tions in EEG & power over the 24-h period for PICU patients,
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most obvious for Patient G. In contrast, with the exception of
Patients A and E, most PICU patients did not demonstrate ul-
tradian variability in EEG 6 power (Figure 4). Mean EEG &
and 6 power of PICU patients were compared between the day
(07:00 through 19:00) and night (19:00 through 07:00) hours.
Mean EEG 4 power was higher during the day (237 £ 243 pV?)
than night (211 + 223 pV% p < 0.001). Similarly, EEG 0 power
during the day was higher than the night (10 £ 31 vs. 8 £ 17 uV2,
p <0.001). Among PICU patients, nocturnal & and 6 power was
not associated with cumulative nocturnal morphine (p = 0.4
and 0.5, respectively) or midazolam equivalents (p = 0.6 and
0.3, respectively). There was also no significant association
among the PICU patients between cumulative 24-h morphine
and midazolam equivalents and mean 24-h § and 6 power.



DISCUSSION

The results of this study demonstrate that, over a 24-hour
period, there are significant differences in the EEG power
spectra between critically ill and healthy children. Critically
ill children have no day-night organization of sleep and ex-
hibit decreases in slow wave activity (i.e., 6 power) during the
nighttime hours when compared to healthy children. Although
sleep has previously been investigated in PICU patients, avail-
able studies have relied on subjective assessment with visual
scoring of the polysomnogram.’ In a recent systematic review
on sleep in critically ill children, nine studies were identified,
with four resulting from the same randomized controlled trial.
Of the studies which focused on critically ill children and
utilized objective measurements of sleep, common findings
included decreases in REM sleep and slow wave sleep, with
evidence of frequent nocturnal arousals.””?° The findings of the
current study add to the existing body of evidence by provid-
ing insights regarding the temporal trends of sleep EEG power
spectral activity in critically ill children without baseline neu-
rologic disease who are admitted with respiratory failure.

Although the true function of sleep remains elusive, a great
deal is now known regarding the physiologic effects and con-
sequences of altered sleep including effects on protein synthe-
sis, cellular and humoral immunity, and increased catabolism.”
Much research has been devoted to characterizing sleep in the
adult ICU.3421-23 Yet, the negative impact of sleep disruption
in the critically ill pediatric patient undergoing rapid advances
in growth, cognition, and behavior has not been well char-
acterized. Infancy and childhood are marked by sleep as the
predominant behavioral state, and sleep structure and organi-
zation are in a constant state of change, paralleling central ner-
vous system (CNS) growth and differentiation.”* However, the
ontogeny of sleep may not only be a correlate of CNS develop-
ment, but a reflection of the reciprocal interactions between
brain plasticity and sleep.” Indeed, natural sleep may play a
dynamic role in brain development, laying the groundwork for
future learning.

Healthy children demonstrate a well-characterized tempo-
ral pattern of slow wave activity (EEG & power) activity when
asleep, with a significant concentration of & power in the first
NREM period, which generally occurs within the first two hours
after sleep onset.® Data from the age- and gender-matched
healthy children in this investigation demonstrate that consis-
tent pattern. With increasing age, EEG 6 power exhibits a steep
decline across adolescence after reaching a peak in childhood,
again reflecting the role of NREM sleep in brain function.”’
Findings from the patient sample in the current investigation
show that critically ill children demonstrate major differences
in nocturnal EEG patterns when compared to normal children,
despite demonstrating a behavioral state (eyes closed, resting
state) that is characteristic of sleep. The observed differences
including the lack of day-night organization among sedated,
critically ill children may, in part, be related to use of sedative
medications. Pharmacologic management of sedation and an-
algesia for intubated children in the PICU primarily consists of
opioids and benzodiazepines.®’ A recent international survey
of pediatric intensivists determined that fentanyl is the most
commonly used opioid and midazolam is the most commonly
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used benzodiazepine. Although opioids increase total sleep
time in healthy subjects, they decrease slow wave and REM
sleep.” Benzodiazepines also significantly suppress slow wave
and REM sleep and are known independent risk factors for the
development of ICU delirium in adults.?® The risks of continu-
ous sedative and analgesic exposure are compounded by poly-
pharmacy and environmental factors such as noise, light, and
patient care interventions, leading to further negative effects
on sleep architecture. Additionally, sympathomimetic medica-
tions frequently used in the critically ill setting are known to
decrease both REM and slow wave sleep.”*

Poor sleep quality is a risk factor for delirium, which can
lead to a vicious cycle of increasing sedation to maintain safety
and help the patient “sleep.” The results of our study challenge
the general notion that children in the PICU are experiencing
natural, restorative sleep.’ Lack of day-night cycles in con-
junction with loss of natural sleep among PICU patients is an
important area for future research. Simple nonpharmacologic
interventions such as earplugs and eye masks at night, consis-
tently opening shades to achieve sunlight exposure during the
day, and implementation of noise reduction protocols may go
a long way to promote sleep and decrease sedation needs.*¥ 32
Therefore, it is essential that future studies investigating sleep
in the PICU include continuous noise and light measurements.
Before pharmacologic interventions such as melatonin are con-
sidered, it is imperative to further characterize dim light mela-
tonin onset (DLMO) in critically ill children to better delineate
the underlying pathophysiology of altered sleep in the PICU.
Furthermore, sleep-wake problems that begin in the PICU may
persist long after discharge from the PICU and hospital into
the home setting, a long-term consequence that deserves fur-
ther investigation as it relates to neuropsychological outcomes.

There are several limitations in the current study. First, the
use of healthy children as a comparison group for patients in
the PICU may not be the most suitable given that healthy chil-
dren were monitored only overnight and not for the extended
period as the PICU sample. The second limitation is a small
sample size and all of the children in the PICU had respiratory
failure. Therefore, the results of the current study may not be
generalizable to pediatric patients with other causes of criti-
cal illness. The same sample size may also explain the lack of
an association between & and 6 power with sedative medica-
tion doses among PICU patients. Third, the sample of healthy
children from the TuCASA cohort likely had greater exposure
to sunlight than the PICU patients, which was not measured.
Fourth, differences in the platform used to record the EEG in
the PICU patients (Embla) and the TuCASA cohort (Compu-
medics) may lead to quantitative differences in EEG power
spectra between the two groups. Finally, the results presented
herein need to be interpreted with the knowledge that there are
unmeasurable confounders that may affect the EEG record-
ings, including the severity of critical illness and underlying
neurobiologic activity of the patients.

In summary, critically ill children in the PICU demonstrate
differences in the EEG including the lack of ultradian increase
in slow wave activity during the nighttime hours. The impor-
tance of sleep during recovery from critical illness deserves
continued attention, particularly for children who are undergo-
ing active neurologic maturation when sleep plays a vital role
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in normal development. Furthermore, disruption in sleep ar-
chitecture has implications for how children are cared for dur-
ing the most acute phase of their illness. Future research must
focus on the modifiable risk factors for sleep disturbances in
the critically ill child, including sedative approaches and non-
pharmacologic behavioral interventions to promote natural
sleep during recovery.
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