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Objectives: Sleep is regulated by circadian and homeostatic processes and is highly organized temporally. Our study was designed to determine
whether this organization is preserved in patients receiving mechanical ventilation (MV) and intravenous sedation.

Design: Observational study.

Setting: Academic medical intensive care unit.

Patients: Critically ill patients receiving MV and intravenous sedation.

Methods: Continuous polysomnography (PSG) was initiated an average of 2.0 (1.0, 3.0) days after ICU admission and continued = 36 h or until
the patient was extubated. Sleep staging and power spectral analysis were performed using standard approaches. We also calculated the elec-
troencephalography spectral edge frequency 95% (SEF95), a parameter that is normally higher during wakefulness than during sleep. Circadian
rhythmicity was assessed in 16 subjects through the measurement of aMT6s in urine samples collected hourly for 24-48 hours. Light intensity at
the head of the bed was measured continuously.

Measurements and Results: We analyzed 819.7 h of PSG recordings from 21 subjects. REM sleep was identified in only 2/21 subjects. Slow
wave activity lacked the normal diurnal and ultradian periodicity and homeostatic decline found in healthy adults. In nearly all patients, SEF95 was
consistently low without evidence of diurnal rhythmicity (median 6.3 [5.3, 7.8] Hz, n = 18). A circadian rhythm of aMT6s excretion was present in
most (13/16, 81.3%) patients, but only 4 subjects had normal timing. Comparison of the SEF95 during the melatonin-based biological night and day
revealed no difference between the 2 periods (P = 0.64).

Conclusions: The circadian rhythms and PSG of patients receiving mechanical ventilation and intravenous sedation exhibit pronounced temporal
disorganization. The finding that most subjects exhibited preserved, but phase delayed, excretion of aMT6s suggests that the circadian pacemaker

of such patients may be free-running.
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INTRODUCTION

There is increasing evidence that sleep plays a crucial role,
not only for cognitive function, but also for physical well-being,
and that sleep disorders may exacerbate an existing illness.'
Unfortunately, the sleep of critically ill patients undergoing me-
chanical ventilation remains poorly characterized, despite the
occurrence of nearly 800,000 hospital admissions requiring me-
chanical ventilation annually in the United States.® Most studies
in this area have been performed in patients receiving little to
no intravenous sedation despite the frequent use of sedatives
and narcotics in this population.” There is a high potential for
sleep disruption in the intensive care unit (ICU) environment
from underlying illness, medications, inappropriate exposure
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to noise and light, and the ventilator itself.*'* Progress in this
area has been hampered by the logistical and methodological
challenges of performing and interpreting continuous polysom-
nography (PSG) in this population. The electroencephalogram
(EEG) in such patients may exhibit a variety of patterns not
found during normal sleep due to the effects of acute illness and
sedatives and analgesics,*'*"> limiting the application of stan-
dardized sleep staging in this setting.'® While computer-derived
quantitative analyses, such as power spectral analysis, may pos-
sess certain advantages over visual scoring,'® these tools have
not yet been used to characterize the EEG of ICU patients over
periods of time longer than 24 hours. Previous studies of sleep
in the ICU have also not addressed potential disruptions of cir-
cadian rhythmicity, which have been shown to be variably al-
tered in critically ill patients.'”*

Sleep timing, duration and architecture are determined by the
interaction of a homeostatic mechanism relating sleep pressure
to the duration of prior wakefulness and by an endogenous cir-
cadian rhythm. Slow wave activity (SWA; EEG power in the
0.75-4 Hz, or delta, frequency band) is the best accepted marker
of the homeostatic process and levels of SWA normally decline
across successive NREM-REM cycles across the sleep period.
Whether the ultradian rhythmicity (with a 90-100 min period)
and homeostatic decline of SWA is partly preserved in ICU pa-
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tients is not known. It is also not known whether the sleep EEG
of such patients reflects the influence of the circadian pacemak-
er. Certainly sedation and sleep share certain similarities, and
studies in laboratory rodents suggest that some sedatives and
anesthetics appear to reduce homeostatic sleep pressure,”?* but
there are major differences as well. Conceivably, disorganiza-
tion of the circadian rhythm and the homeostatic control of sleep
in critically ill patients may be associated with a severely sleep
deprived state, inhibiting the numerous and varied restorative
cellular and endocrine processes that derive from normal sleep.

Our study was therefore designed to simultaneously assess
the sleep EEG and circadian rhythmicity to determine whether
some of the characteristics of normal sleep would be detect-
able in acutely ill patients receiving mechanical ventilation
and intravenous sedation. Circadian rhythmicity was assessed
through a detailed analysis of the temporal profile of aMT6s
excretion in urine samples collected hourly,” while PSG was
performed concurrently. Standard sleep scoring, power spectral
analysis, and the computation of spectral edge frequency 95%
(SEF95), a parameter that is normally higher during wakeful-
ness than during sleep,’**” were performed on each set of re-
cordings. We further compared SEF95 between usual daytime
and nighttime hours to determine if the sleep EEG shifted to
lower frequencies during the night, as would be expected. To
explore the possibility that the persistence of a diurnal rhythm
in SEF95 was masked by shifts of circadian rhythmicity, we
also used individual aMT6s profiles to determine the biological
night (e.g., the period of elevated melatonin levels) for each in-
dividual and compared the SEF95 between the biological night
and the biological day.

METHODS

Subjects

The study was designed to simultaneously assess sleep and
circadian rhythmicity in critically ill patients. We also explored
the feasibility of a non-pharmacological intervention to pro-
mote sleep and reinforce circadian rhythms, and explored dif-
ferent study designs for its application and for the analysis of
its effect. The intervention combined an effort to consolidate
nursing procedures during the daytime and reduce patient expo-
sure to light and sound at night. This intervention was applied
in 11 of 25 enrolled patients during a portion of the study and
was well tolerated.

Adult (> 18 years of age) patients receiving mechanical ven-
tilation in the University of Chicago medical intensive care unit
(ICU) were enrolled. Patients were ineligible if they were ex-
pected to be extubated within 24 h; if they exhibited clinically
apparent central nervous system disease such as cerebrovascu-
lar accident, dementia or other neurodegenerative disease, men-
ingitis or encephalitis, intracranial neoplasm, or metabolic or
hypoxic encephalopathy; if they had a history of untreated ob-
structive sleep apnea; or if they were admitted with a confirmed
or suspected drug overdose. Patients receiving neuromuscular
blocking agents were also excluded. Severity of illness was cal-
culated using the Acute Physiology and Chronic Health Evalu-
ation (APACHE) II Score,® and all patients were followed to
hospital discharge. Sepsis was defined using standard criteria.*
The study was approved by the institutional review board at
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the University of Chicago, and written informed consent was
obtained from participants or their authorized representatives.

Ventilator and Sedative Management

Subjects were ventilated in the assist control mode of me-
chanical ventilation from 21:00 to 06:00 to minimize the po-
tential for nocturnal sleep disruption due to ventilator mode."
Continuous sedative and analgesic medications were adminis-
tered by the treating clinicians according to the medical ICU
sedation protocol, a goal-directed protocol that targets the Rich-
mond Agitation Sedation Scale® and includes a daily sedative
interruption.’!’ Each patient was assessed daily while on-study
for the presence of delirium using the Confusion Assessment
Method for the ICU.*

Measurements and Analysis

Light exposure

The Actiwatch-Light device (Minimitter Company, Inc) was
secured at the head of the bed at the level of the patient’s eyes
in the usual direction of gaze in order to measure light intensity
in the vicinity of the eyes at a pre-programmed interval of one
minute. This device measures ambient light exposure in a range
from 0.1 to 150,000 lux.

Assessment of circadian rhythm

Melatonin secretion and the excretion pattern of its metabo-
lite, urinary aMT6s, serve as an accurate and practical “hand
of the clock.”” The levels of aMT6s were measured on urine
samples collected at hourly intervals from bladder catheters
that were already in place in order to assess circadian phase and
amplitude. Specimen collection began the morning after subject
enrollment and concluded 24 h later, except in 10 subjects who
underwent an additional 24 h of specimen collection in order to
investigate the reproducibility of the profile. Samples were not
collected from patients who were receiving or considered likely
to receive dialysis during the course of the study. Samples were
initially frozen at —70°C and subsequently analyzed in batch
at a commercial laboratory (Pharmasan Labs, Inc., Osceola,
Wisconsin) using a highly sensitive, competitive ELISA kit
(IBL Laboratories, Hamburg, Germany). The lower limit of de-
tection of the assay is 1.0 ng/mL. The intra-assay coefficient
of variation is 5.2% to 12.2% in the range of 5.8-204 ng/mL.
The inter-assay coefficient of variation is 5.1% to 14.9% in the
range of 12.4-220 ng/mL.

Analysis of 6-sulfatoxymelatonin profiles

A small number (< 3% of all samples) of values were inter-
polated or excluded due to missing samples or outlying posi-
tions. Several different analyses were performed:

a) Total aMT6s excretion. The total amount of aMT6s
excreted by each subject during the usual sleep time hours
(23:00 to 07:00) and during the usual wake time hours (07:00
to 23:00) was calculated.

b) Analysis of individual temporal profiles of hourly
aMTé6s excretion. A 3-point moving average was performed
on each subject’s 24-h temporal profile in order to smoothe
short-term fluctuations in aMT6s excretion. The acrophase and
nadir of each 24-h profile were defined as the time of occur-
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rence of the maxima and minima, respectively. The amplitude
of the cycle was defined as 50% of the difference between the
values of the acrophase and nadir. The onset of nocturnal mela-
tonin secretion for each subject was estimated as the time when
the excretion of aMT6s exceeded the mean of the 3 previous
samples by 2 standard deviations.** The normal timing of peak
melatonin excretion is between midnight and 05:00 in adults
over 40 years of age. Patients in whom the melatonin onset
occurred after midnight or the acrophase occurred after 05:00
were considered to be phase delayed, while patients whose
acrophase occurred prior to midnight were considered to be
phase advanced. These analyses were based on the first day of
data collection, except in one subject in whom day 1 data were
deemed unreliable.

¢) Analysis of the temporal profile of mean hourly aMTé6s
excretion for the group. Interindividual differences in the
quantity of melatonin secreted during a 24-h period may vary
20-fold*; therefore, temporal variability in the rate of excretion
of aMT6s was reported as a percentage of the 24-h mean. This
analysis was repeated for the 10 subjects with 48 h of aMT6s
data to confirm the reproducibility of the profile.

Polysomnography

Continuous polysomnographic recording was initiated the
night of enrollment (Day 0) and continued > 36 h unless the
patient was extubated. One exception was a patient who was
extubated and then reintubated 15 min later in whom the re-
cording was continued. Day | of recording refers to a 24-h pe-
riod beginning at 09:00 the day after enrollment. The DigiTrace
recording system (DigiTrace Care Services, Boston, MA) was
used for the first 4 subjects. Subsequently, the Nihon Kohden
Polysleep 912-1 portable recording system was used. We re-
corded ventilator pressure, flow, and volume waveforms; EEG
(C3-A1/A2, C4-A1/A2, O1-A1/A2, 02-A1/A2); electroocu-
lography; and electromyography. Most of the subjects were
attended by trained research assistants; in the remainder, the
hookup was inspected by a registered sleep technologist at least
twice daily and periodically by one of the investigators (BKG).

Manual scoring of the EEG

Two investigators (HW and BKG), attempted, in consulta-
tion with an expert neurophysiologist and sleep medicine spe-
cialist (JHJ), to score all PSG recordings in 30-sec epochs using
conventional criteria.** This extensive review demonstrated a
number of pathologic EEG findings precluding accurate clas-
sification of this material using conventional criteria (data not
shown), findings consistent with the experience of previous
investigators.'*'® REM sleep, while scarce, was more readily
identifiable when present, in keeping with the findings of Am-
brogio et al.'® Accordingly, we focused our efforts on quantita-
tive EEG analysis.

Quantitative EEG procedure

All recordings obtained with the Nihon Kohden system
were digitized and submitted to spectral analysis on a central
EEG lead using a commercially available electrophysiologi-
cal recording analyzer software package (PRANA, PhiTools,
Strasbourg, France) designed and co-developed by one of the
authors (FC). Visual examination of raw recordings indicated
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the presence of artifacts due to movement, suctioning and other
patient care activities, the mechanical ventilator, grimacing,
and other unidentified causes. Therefore, an iterative process
was used for artifact detection and rejection. First, an automat-
ed artifact detection procedure was performed by the software
package, and the results inspected. Rejected material was con-
firmed, after which additional ocular, muscular, and movement
artifacts were identified and rejected manually. Power spectra
were obtained by a fast Fourier transform algorithm using 4-sec
overlapping windows. A Hanning window was used to mini-
mize leakage from adjacent frequencies. Elementary spectra
of each 30-sec epoch were then averaged to obtain one mean
spectral estimate for every scoring epoch. Power in each EEG
frequency band was obtained by summing the spectral power of
the corresponding 0.25 Hz frequency bins, the lower frequency
bin being included and the upper one excluded. Frequency bins
were defined as follows: delta (0.75-4.5 Hz), theta (4.5-8.5 Hz),
alpha (8.5-12.5 Hz), sigma (12.5-15.5 Hz), beta (15.5-22.5),
and gamma (22.5-45.5 Hz). We then used individual spectral
power profiles as an aide to identifying and eliminating residual
artifacts prior to performing analyses of absolute delta power or
the SEF95. After these extensive artifact-removal procedures,
the median amount of recorded material available for quantita-
tive analysis averaged 70% across subjects.

In addition to conventional EEG power spectral analysis, we
also calculated the SEF95 for each 30-sec epoch in an effort
to minimize the contribution of residual high-frequency power
due to artifacts. The SEF95 is defined as the frequency below
which 95% of the spectral power resides. Under normal condi-
tions, the SEF95 is higher during wakefulness (> 20 Hz) than
during sleep (approximately 10 Hz or less during slow wave
sleep), and the SEF95 of REM sleep is similar to that of wake-
fulness.?®?” The profiles of SEF95 data were smoothed using
a 3-point moving average. Figure 1 shows typical temporal
profiles of absolute delta activity and SEF95 from a healthy
subject. For each subject, we determined the average SEF95 for
the entire duration of recording as well as for usual wake time
hours (07:00-23:00) and usual sleep time hours (23:00-07:00).

To examine the EEG for evidence of normal sleep-wake reg-
ulation we used several approaches. (1) We constructed for the
cohort the 24-h temporal profiles of absolute delta activity and
SEF95 from Day | of recording. Each parameter was expressed
as a percentage of the 24-h mean for each time series and the
pattern examined for evidence of a circadian rhythm of EEG
activity. (2) We compared the average daytime SEF95 to the
average nighttime SEF95 to determine if the SEF95 was lower
during the usual nighttime than during the usual daytime as
would be expected in healthy adults. (3) We analyzed whether
the SEF95 activity was lower during the biological night when
compared with the biological day. In healthy individuals, the
onset of melatonin secretion is considered to be phase locked
to the opening of the “gates of sleep” shortly thereafter, and is
thus normally followed by a decrease in EEG frequency and in
SEF95. To determine whether, for each patient, the EEG fre-
quency was lower during the biological night than during the
day we performed an analysis on 9 subjects who exhibited cir-
cadian rhythmicity to aMT6s excretion and also had concurrent
EEG data. For the purposes of this analysis we defined the bio-
logical “night” as a 5-h period beginning 2 h after melatonin on-
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Figure 1—Twenty-four hour profiles of absolute delta activity (top
panel) and spectral edge frequency 95% (SEF95, bottom panel) in a
representative normal subject. SEF95 is higher during the daytime than
at night and exhibits cyclic alterations that are inversely related to slow
wave activity. Compared to absolute delta power, SEF95 is more robust
to artifact (reflected in sharp spikes in delta power) in this unattended
study performed in the field. The subject’s relatively early bedtime is
typical of his society in this warm climate.

set and ending 7 h after melatonin onset, a period during which
sleep propensity is normally high.* A 5-h period beginning 6 h
prior to melatonin onset and ending 1 h prior to melatonin on-
set was selected to represent the biological “day.” The median
SEF95 was determined for each subject for the biological day
and night periods, after which the median SEF95 values for the
biological day and night were compared. We also performed
sensitivity analyses in which the definitions of biological day
and night were altered, as reported in the Results below.

Statistical Analysis

Summary data are reported as mean =+ standard deviation or
median (interquartile range) as appropriate. Differences in the
proportion of patients with normal circadian timing between
patients with and without sepsis were tested using the Fisher ex-
act test. Linear regression was used to examine the relationship
between APACHE 1I scores and circadian amplitude of aMT6s
excretion. Differences in total 24-h aMT6s excretion between
our subjects and healthy controls®* were tested using a #-test.
Differences between usual wake time hours (07:00-23:00) and
usual sleep time hours (23:00-07:00) in light intensity, absolute
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Table 1—Clinical characteristics and sedative data
n=22
Age (years) 622+174
Female 13 (59.1%)
Body mass index (kg/m?) 27180
APACHE II* score 20973
Principal diagnosis on admission to intensive care
Pneumonia or acute lung injury 7
Sepsis 5
Chronic obstructive pulmonary disease 3
Malignancy 3
Other* 4
Average peak creatinine during study period? 14+09
Medications administered during study:
Opiates 22 (100%)
Propofol 18 (81.8%)
Benzodiazepines 5 (22.7%)
RASS* at enrollment (Day 0; n = 19) -3(-5,-2)
Delirious$ 12 (70.6%)
Died in hospital 6 (27.3%)
Discharged to home 9 (40.9%)
*Acute Physiology and Chronic Health Evaluation Il score. *Hemorrhage
(2), angioedema (1), idiopathic pulmonary fibrosis (1). fFor subjects with
aMT6s assays (n = 16). *Richmond Agitation Sedation Scale. $Calculated
from 17 subjects with delirium assessments on day 1.

1108

delta power, and SEF95 were tested using the Wilcoxon signed
rank test or paired #-test as appropriate. Differences in light in-
tensity and aMT6s excretion between subjects who received the
intervention on Day 1 and those who did not were examined
using a t-test or Mann-Whitney U rank sum test as appropriate.
Differences in SEF95 between the melatonin-derived biologi-
cal day and night were tested using the Wilcoxon signed rank
test. Statistical tests were 2-sided, and a P value < 0.05 was
judged as statistically significant. Calculations were performed
using SigmaStat for Windows Version 2.03 (SPSS Inc.).

RESULTS

A total of 25 patients were enrolled. Two patients developed
exclusion criteria almost immediately after consent was ob-
tained and were withdrawn from the study. One patient expe-
rienced difficulties synchronizing respiration to the ventilator
and became agitated, after which consent was withdrawn by
the family, prior to the performance of any study-related pro-
cedures. This manuscript reports the results of our analyses on
22 subjects.

Group characteristics and details of sedative administra-
tion and monitoring are shown in Table 1. Patients were mod-
erately to deeply sedated at the time of enrollment, with a
median RASS score of =3 (=5, —2), and all patients received
intravenous opiates while on-study. Approximately half (12/22,
54.5%) the subjects met standard criteria for sepsis including,
but not limited to, patients for whom sepsis was the principal
diagnosis on ICU admission. One patient (who did not have
aMT6s assays) had graft versus host disease of the liver but did
not have clinically evident ascites or hepatic encephalopathy.
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There were no other subjects
with liver disease. Subjects
were enrolled a median of 2.0
(1.0, 3.0) days after ICU ad-
mission, and 2.0 (1.1, 5.0) days
after hospital admission.
Ambient light intensity was
measured in 18 subjects, 15 of
whom also had urinary aMT6s
assays performed. While aver-
age light intensity during usual
sleep time hours (23:00 to
07:00) was conducive to sleep,
averaging 3.7 (1.0, 11.3) lux;
average light intensity during

Parameter

Table 2—Urinary 6-sulfatoxymelatonin (aMT6s) excretion

Total 24-hour aMT6s excretion (ug, n = 18)

Age group 20-35 years (n = 1)

Age group 36-50 years (n = 2)

Age group 51-65 years (n = 5)

Age group > 65 years (n = 8)
Average hourly nighttime (23:00-07:00) aMT6s excretion (ng/h)
Average hourly morning period (07:00-11:00) aMT6s excretion (ng/h)
Average hourly daytime period (11:00-18:00) aMT6s excretion (ng/h)
Average hourly evening period (18:00-23:00) aMT6s excretion (ng/h)

Previously published
Result (SD*) healthy adults?
12.8 (7.1)* 27.2 (13.3)
24.3(-) 36.8 (12.3)
16.8 (6.1) 29.6 (13.2)
14 1(8.9) 20.4 (5.5)
5 (4.5) 15.8(6.8)
647.5 (534.9) 2004 (1117)
660.5 (824.8) 1175 (830)
417.7 (411.7) 473 (239)
417.1 (333.6) 525 (404)
*SD, standard deviation. tTaken from Mahlberg et al.* *P < 0.001 versus healthy adults taken from Mahlberg et al.

normal wake time hours (07:00
to 23:00) was also low, averag-
ing 79.7 (27.9, 195.3) lux (P < 0.001 for comparison of the 2
periods). Light intensity on Day 1 of aMT6s excretion in the
15 subjects with aMT6s assays averaged 59.8 (23.9, 168.8) lux
during the daytime and 6.7 (1.8, 15.2) lux during the nighttime
(P < 0.001) and the difference in light intensity between the
usual wake and sleep time hours did not differ between sub-
jects who received the intervention and subjects who did not
(P=0.43).

Analysis of Circadian Rhythm

Urinary aMT6s assays were performed in 16 subjects, 5 of
whom received the intervention on Day 1. Continuous infusions
of one or more vasoactive drugs (norepinephrine, phenyleph-
rine, vasopressin, dopamine, or dobutamine) were administered
to 9/16 subjects with aMT6s assays during at least a portion of
the collection period; one of these subjects also received enteral
metoprolol. No patients received a-blockers, aspirin, nonste-
roidal antiinflammatory drugs, selective serotonin reuptake in-
hibitors, or tricyclic antidepressants during this period. Table 2
shows the average daily excretion of aMT6s for the first day of
collection. Average 24-h excretion of aMT6s was reduced (12.8
+7.1 ugversus 27.2 + 13.3 pg; P<0.001) when compared with
previously published healthy controls as reported by Mahlberg
et al. in a study that used a similar ELISA assay from the same
manufacturer.®* Total excretion tended to decrease with age as
expected, although group sizes were too small to permit formal
statistical comparisons.

The 24-h temporal profile of aMT6s excretion for the group
exhibited a phase delay (Figure 2A) with the median melato-
nin onset occurring at midnight (22:00, 01:00) and the median
acrophase occurring at 05:00 (04:00, 07:00). Figure 2B shows
the temporal profile for the 10 subjects who underwent 48 h of
aMT6s collection and shows that the timing of the acrophase
of aMT6s excretion was similar between days 1 and 2. Most
(13/16, 81.3%) subjects exhibited a circadian rhythm to aMT6s
excretion. Individual aMT6s excretion profiles showed signif-
icant variability in the timing of melatonin excretion, with 4
subjects exhibiting normal timing, 7 subjects exhibiting a phase
delay, 2 subjects exhibiting a phase advance, and 2 subjects
with no discernible rthythm of aMT6s excretion (Figure 2C).
In one subject, the presence of a circadian rhythm and the tim-
ing of melatonin onset could not be determined due to missing
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samples. There was no difference between patients who re-
ceived the intervention and those who did not in the amplitude
of aMT6s excretion (475.5 + 432.8 ng versus 451.9 + 359.5
ng, P=10.91) or in the timing of melatonin onset and acrophase
(data not shown). There was no difference between patients
with and without sepsis in the proportion of patients with nor-
mal circadian timing (2/8 patients with sepsis compared with
2/7 subjects without sepsis, P = 1.0). There was no correlation
between APACHE II scores and aMT6s amplitude (R? = 0.08).

Polysomnographic Analysis

Polysomnography was performed in 22 patients. One re-
cording was lost due to technical failure. In the remaining 21
subjects, total recording time varied between 645 and 3589
minutes, for a total of 49,179 minutes (819.7 h or 34.2 days)
of recording time. REM sleep could be identified in only 2 sub-
jects, one of whom was 22 years old (total REM time = 55 min
of 45.9 total h of recording) and the other of whom had all sed-
ative and narcotic infusions discontinued shortly after enroll-
ment (total REM time = 208 min of 43.6 total h of recording).
Other sleep stages could not be reliably identified.

Quantitative EEG analysis was performed in 18 subjects
whose recordings were obtained with the Nihon Kohden sys-
tem. One of these subjects had no EEG data from Day 1 due
to technical failure. As suggested by the relatively flat profile
of average delta power on Day 1 (Figure 3, top), there was no
difference in absolute delta power between the usual wake time
(7:00-23:00) and usual sleep time (23:00-7:00) periods (302.2
+ 184.0 nV? versus 275.4 = 187.5 uV2 P = 0.34). Additionally,
absolute delta power was not low during the daytime and did
not decline in amplitude over the course of the night, as would
be expected in healthy adults with the dissipation of the homeo-
static drive to sleep.

The temporal profile of SEF95 for the group on Day 1 also
showed little temporal variability (Figure 3, bottom). The aver-
age SEF95 for the group was low (6.3 [5.3, 7.8] Hz) and did
not differ between the usual wake time (7:00-23:00) and usual
sleep time (23:00-7:00) periods (7.7 = 3.9 Hz versus 7.7 + 3.6
Hz, respectively; P = 0.86). Similarly, median SEF95 did not
differ between the melatonin-derived biological day and the
biological night (5.8 Hz day versus 5.8 Hz night, P = 0.64) in
the 9 subjects in whom this analysis was performed. There was
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Figure 2—Temporal profiles of 6-sulfatoxymelatonin (aMT6s) excretion.
Error bars denote standard error of the mean for each value. The
arrows indicate median melatonin onset. The black bars denote usual
sleep time (23:00-07:00). (A) aMT6s excretion on Day 1 (n = 16). The
data are double plotted for easier visualization. (B) aMT6s excretion
on Days 1 and 2 in the subset of subjects who had 48 hours of urinary
collection (n = 10). The reproducibility of the profile is evident. (C, inset)
Graphical depiction of individual rest periods as determined by melatonin
assays. Each hashed band represents a putative 8-h rest period (e.g.,
recommended sleep time) for each subject as determined by analysis of
individual aMT6s assays. The rest period is considered to begin 2 h after
melatonin onset. The vertical dotted line represents change of shift for the
nurses, and the beginning of the day shift.

no difference between the biological day and the biological
night in the average number of epochs available for analysis for
each subject (463.2 epochs/subject during the day versus 388.3
epochs/subject during the night, P = 0.24). Sensitivity analy-
ses were performed in which the definitions of biological day
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Figure 3—Twenty-four hour profiles of absolute delta activity (top panel)
and spectral edge frequency 95% (SEF95, bottom panel) on day 1
(n=17). The dark symbols represent average values for each parameter.
The shaded areas represent the standard error of the mean. The black
bars denote usual sleep time (23:00-7:00).
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and night were altered. Nearly identical results were obtained
when the biological night was defined as occurring from 1 h
hour after melatonin onset to 6 h after melatonin onset (median
SEF95 also 5.8 Hz). Similar results were also obtained when
the biological day for each subject was defined as the period
from 12:00 to 17:00, a period during which daytime light and
care activities would be expected to contribute to wakefulness
(median SEF95 6.0 Hz during this period).

Individual temporal profiles of SWA and SEF95 were con-
sistently abnormal (see Figure 4 for examples) and reflected the
effects of sedatives and/or various toxic-metabolic encephalop-
athies.’”° Individual profiles did not show the expected cyclic-
ity of SWA reflecting the circadian and temporal organization
of normal sleep. Similarly, individual profiles of SEF95 gener-
ally lacked the diurnal and ultradian rhythmicity characteristic
of normal sleep and showed no consistent effect of the sleep
promotion intervention, although our analysis was limited by
the small number of subjects enrolled. The one exception was
a 22-year-old woman with a history of previous episodes of
respiratory failure whose raw EEG appeared relatively normal
(Figure 5).

DISCUSSION
To our knowledge, our investigation is the first to simultane-
ously study the sleep EEG and circadian rhythms of critically
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Figure 4—Individual temporal profiles of slow wave activity and spectral edge frequency 95% on day 1. A 5-minute moving average was used to plot the
slow wave activity profiles. The black bars denote usual sleep time (23:00-7:00). SEF95, spectral edge frequency 95%; EEG, electroencephalogram. (A)
Lightening of sedation. 70-year-old woman with interstitial lung disease receiving propofol and fentanyl. Discontinuation of propofol alone (arrow) results in
an increase in delta power and a simultaneous shift to higher frequencies as indicated by the small increase in SEF95. Given that propofol itself induces
slow wave activity,** the response in this case reflects significant cortical suppression prior to propofol discontinuation caused by the joint administration
of a sedative and narcotic (fentanyl). The patient was interacting with visitors at noon. (B) Arousal. 64-year-old man receiving propofol and fentanyl
continuously and unarousable except for cough and gag. The EEG was highly suppressed when delta power was low (< 100 uV?) and showed a monotonous
(encephalopathic) delta pattern when delta power was high. Increases in delta power generally followed stimulation and were associated with an increase in
heart rate and a transient decrease in SEF95, consistent with the “paradoxical arousal” or “synchronization” response to noxious stimuli occasionally seen
in patients receiving anesthetics.®** Subsequent increases in SEF95 coincided with increased fast-frequency activity and persistently elevated heart rate,
compatible with a classical arousal response. The two major episodes during the day (arrows) followed linen changes. (C) Periodic patterns. 70-year-old man
with refractory septic shock and multiple organ failure. Propofol and fentanyl were discontinued at 11:00, after which he remained unresponsive. The raw
EEG demonstrated a low-frequency pattern with intermittent 1- to 3-second periods of suppression, consistent with a marked encephalopathy. The increase
in delta power at 21:00 is attributable to the appearance of rhythmic delta activity, as shown in the 15-sec EEG tracing. The early morning increase in SEF95
was not associated with an increase in responsiveness and is attributable to progressive attenuation of the EEG and a relatively greater contribution of higher

frequencies to the overall EEG. He arrested at 07:34.

ill patients receiving mechanical ventilation and intravenous se-
dation. Our study demonstrated that: (1) The circadian rhythm
of aMT6s excretion was usually preserved. (2) Circadian tim-
ing was frequently disturbed, most commonly in the form of a
phase delay. (3) Normal features of sleep could not be identi-
fied by expert visual sleep stage scoring; REM sleep could be
identified in only 2 of 21 patients. (4) The normal features of
the EEG typical of the alternation of wake and sleep states were
absent, with SWA showing neither circadian nor ultradian orga-
nization and the SEF95 also showing little temporal variation,
either between usual daytime and nighttime hours or between
the melatonin-derived biological daytime hours and nighttime
hours. Taken together, these results demonstrate a profound de-
gree of temporal disorganization in the sleep EEG and circadian
rhythms of our subjects.

Abnormalities in the circadian rhythms of critically ill pa-
tients have been previously described, although most studies
suffer from various methodological limitations, including in-
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frequent sampling of melatonin or a reliance on the analysis of
temperature curves. The overall preservation of the circadian
rhythm of aMT6s excretion in our study differs from the re-
sults of Mundigler et al.'” and Paul and colleagues,”? who re-
ported abolition of the 24-hour pattern of melatonin secretion
in most of their subjects. Our frequent sampling interval, the
use of a three-point moving average to minimize short-term
fluctuations in aMT6s excretion, and the representation of the
profile of melatonin excretion as a percentage of 24-hour mean
to normalize the well-documented inter-individual differences
in melatonin secretion®* allowed for an unequivocal demonstra-
tion of the persistence of circadian rhythmicity in our cohort as
shown clearly in Figure 1A and Figure 1B.

Most of our subjects were not wearing eyeshades during the
period of aMT6s collection. This is similar to the approach used
by Paul et al.? but differs from that of Mundigler and colleagues.'”
While light may acutely suppress melatonin secretion,*' simulta-
neous visual inspection of the light and aMT6s profiles revealed
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Figure 5—Relatively normal profile. 22-year-old woman with pneumonia
and a history of prior lung transplantation. Propofol was administered
continuously except between 11:30 and 14:00. The patient interacted
with staff and family when awake and received the sleep and circadian
rhythm intervention on this day. Cyclic decreases in SEF95 coincide with
cyclic increases in delta activity and with periods of behaviorally scored
sleep (bold arrows) as recorded by the bedside attendant. The raw EEG
exhibited few pathologic features other than frequent stage transitions.

no instances in which aMT6s excretion was acutely suppressed
(data not shown). This may be due not only to low ambient light
levels, but to the fact that our subjects’ eyes were likely closed
a great deal of the time, as suggested by the enrollment RASS
score. While we cannot entirely exclude an effect of light ex-
posure on nocturnal aMT6s excretion, the possibility that early
evening light exposure may have been partly responsible for the
frequent occurrence of a phase delay in our subjects* appears
unlikely because of the very low levels of retinal light exposure.
We cannot exclude the possibility that abnormalities of circadian
timing were present even prior to ICU admission and reflected
the influence of home sleep schedules and/or illness. In adults in
the older age range typical of the patients included in the pres-
ent study, an advance, rather than a delay, of circadian phase has
been the most consistent finding. Our finding of a phase delay in
the ICU is therefore more likely to reflect the absence of effective
zeitgebers in the ICU and in the hospital generally, as discussed
below. Whatever the cause, disorders of circadian timing may
contribute to sleep disruption in this setting.

Our analysis of the PSG is the most detailed to date in this pa-
tient population, incorporating visual analysis, standard power
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spectral analysis, and the analysis of temporal trends in SEF95.
These analyses reveal the presence in our subjects of a highly
abnormal state bearing little resemblance to normal sleep or
wake. REM sleep was identifiable but scarce, and our subjects’
EEG recordings showed a number of pathologic phenomena
consistent with varying degrees of encephalopathy. Individual
SWA profiles lacked the normal cyclicity and homeostatic de-
cline with increasing sleep duration. Finally, the SEF95, which
typically declines in sleep as the raw EEG shifts to lower-fre-
quency activity,?*?’ exhibited no evidence of the diurnal varia-
tion present in a normal sleep/wake cycle. The SEF95 also was
not higher during the melatonin-derived biological day than
during the biological night. In sum, despite the use of multiple
analytical approaches, and the simultaneous monitoring of cir-
cadian rhythmicity, we were unable to identify in our ICU pa-
tients any of the elements of normal sleep-wake regulation that
are otherwise apparent in PSG recordings of not only healthy
subjects but also of patients suffering from a wide variety of
pathological conditions. This suggests that critically ill sedated
patients receiving mechanical ventilation and intravenous seda-
tion exist not only in an altered state of consciousness but may
be continuously sleep deprived, a condition that could exacer-
bate their condition and compromise their recovery.

It is true that sleep, anesthesia, and sedation exhibit certain
phenotypic similarities and involve overlapping neurophysi-
ological processes,” suggesting that mechanically ventilated
patients receiving sedation do not experience complete sleep
deprivation. Such episodic “sleep-like states” are unlikely to
be fully restorative, however, even if disruptions from patient
care activities and from weak day-night schedules could be
completely eliminated. For instance, the slow waves of propo-
fol differ from those of natural sleep in several important re-
spects,® and sedatives or anesthetics may increase slow wave
activity without satisfying all homeostatic needs.* In addition,
while the function of REM sleep is controversial, the severe
REM sleep deprivation found in our study and in others'
may itself have adverse short- and long-term effects. Recently,
REM sleep deprivation has been shown to inhibit hippocam-
pal neurogenesis in rats,* providing one potential mechanism
among many whereby the sleep disruption of critical illness
may contribute to the adverse long-term neuropsychologi-
cal sequelae of critical illness*’ by reducing brain plasticity.
Collectively, the results of our study powerfully illustrate the
monotonous experience of most patients receiving mechanical
ventilatory support and intravenous sedation where the activity
of the brain is concerned. In fact, the dispersion of “sleep-like
states” and/or sedation over a 24-hour cycle may contribute to
the reduced amplitude of aMT6s excretion seen in our study,
given that melatonin amplitude is reduced by recent episodes
of sleep.*®

Certain characteristics of the ICU environment and its het-
erogeneous patient population present unique challenges to
the study of sleep. Our study was not designed to investigate
the many potential interactions between patient characteristics
and treatments and the observed results. For instance, sedative
practices have continued to evolve since the inception of this
study with the introduction of dexmedetomidine into the ICU
and with the advent of protocols that attempt to minimize or
altogether eliminate sedatives when possible.* Whether similar
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abnormalities of circadian rhythmicity or sleep-wake regulation
would be found in such settings is not known. It is also pos-
sible that different results would be found in patients treated
in ICUs characterized by greater daytime illumination than
ours. An additional methodological challenge in this population
is the presence of many potential sources of EEG artifact, to
which conventional power spectral analysis is very sensitive.*
This may have interfered with our ability to detect normal sleep
processes. We addressed this challenge through a multifaceted
approach. (1) We employed trained research assistants at the
bedside to troubleshoot EEG acquisition whenever possible. (2)
We used a parameter—the SEF95—that by definition is more
resistant to the effects of high-frequency artifact than conven-
tional power spectral analysis. This parameter also does not
rely on the electromyogram signal, which in our study proved
highly sensitive to artifactual contamination, similar to the ex-
perience of Olofsson and colleagues'® in a study that employed
the bispectral index monitor. Finally (3), we used an iterative
process for artifact identification and rejection that was aided
by the examination of individual spectral power profiles. De-
spite this comprehensive and intensive approach, we cannot
entirely exclude the possibility that residual artifacts—includ-
ing low-frequency respiratory artifacts that would depress the
SEF95—were present in our analyzed material.

Uncoupling of the circadian timing system from the sleep-
wake cycle is seen in the majority of non-sighted individu-
als, and can be provoked experimentally under conditions of
prolonged continuous dim light exposure (as in forced desyn-
chrony protocols).’"** Indeed, the finding that our cohort was
generally phase delayed suggests that the circadian rhythms of
our patients may have been free-running. Our study was not
designed to determine the differential effects of sedation, the
ICU environment, and acute illness on circadian rhythmicity.
We speculate, however, that the disordered circadian rhythmic-
ity found in our subjects is to a large extent iatrogenic, reflect-
ing the influence of weak light-dark cycles, the dispersion of
sleep-like activity over 24 hours from continuous intravenous
sedation, and the presence of 24-hour care and feeding sched-
ules. Although not measured in our study, sedative-induced eye
closure may have further minimized daytime retinal light expo-
sure and inhibited entrainment.

It is interesting to speculate whether similar abnormalities
of circadian timing and sleep-wake regulation would occur if
healthy subjects were subjected to prolonged sedation; animal
models may be useful in answering this question. We also are
interested in the potential effects of daily sedative interrup-
tion—a practice employed in our ICU but not performed at a
fixed time of day—on circadian rhythmicity. Specifically, we
wonder if efforts to correct the delay in circadian timing would
be enhanced by interrupting sedation at the same time every
morning while simultaneously enhancing light exposure. Given
recent interest in the circadian modulation of the immune re-
sponse in sepsis,> as well as in the direct effects of melatonin
on immune function and regulation,* our findings should be
explored further. Conceivably, protocols that provide patients
with a restorative process that is more closely related to normal
sleep—an evolutionarily conserved process marked by a high
degree of temporal organization at multiple levels*—may lead
to better outcomes.
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SUMMARY

Critically ill patients receiving mechanical ventilation and in-
travenous sedation exhibit severe disorganization of circadian
rhythmicity and sleep-wake regulation. REM sleep is scarce, and
individual temporal profiles of SWA and SEF95 do not exhibit
the expected diurnal and ultradian organization of normal sleep.
Although the circadian rthythm of aMT6s excretion is generally
preserved, alterations in timing are frequent, consistent with the
absence of effective zeitgebers for such patients in a typical ICU
environment. The virtual absence of normal sleep architecture in
such patients is likely to be associated with severe sleep depriva-
tion and may impair recovery from critical illness.

ABBREVIATIONS
aMTé6s, 6-sulfatoxymelatonin
APACHE, Acute Physiology and Chronic Health Evaluation
EEQG, electroencephalography
ICU, intensive care unit
RASS, Richmond Agitation Sedation Scale
SEF95, spectral edge frequency 95%
PSG, polysomnography
REM, rapid eye movement
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