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SLEEP DERANGEMENTS CAN LEAD TO DELETERIOUS 
CONSEQUENCES IN AMBULATORY PATIENTS.1-5 IN 
CRITICALLY ILL PATIENTS, SLEEP DERANGEMENTS 
have been reported to be more severe than in ambulatory pa-
tients, but there is large variability in the nature and severity 
of sleep derangements reported.6 For example, the time spent 
in slow wave sleep (SWS) has been assessed at 50% of sleep 
time by some investigators,7 whereas others have observed little 
(3%-9%) or no SWS.8-10 Such large variability in the assess-
ment of sleep in critically ill patients may, in part, be due to 
difficulty analyzing electroencephalography (EEG); secondary 
to the confounding effects of sedative medications,11-13 under-
lying illnesses such as sepsis,9,14 measurement artifacts in the 
intensive care unit (ICU) environment; and the result of other 
factors.6,12,15 A knowledge gap exists in that a systematic assess-
ment of various methods—manual or computer-based—for 
assessment of sleep in critically ill patients has not been per-
formed. A reliable method to assess sleep may further the study 
of sleep during critical illness.

In ambulatory patients, sleep is usually assessed by the Re-
chtschaffen and Kales (R&K) method, with good to excellent 

interobserver reliability for assessing sleep in the same popula-
tion (Cohen κ range; 0.68 to 0.82).16-18 But, whether the R&K 
methodology can facilitate reliable assessment of sleep in criti-
cally ill patients is unknown. There are reasons to believe that 
the R&K method may be less reliable when used in patients 
with critical illnesses because investigators have found that, in 
ambulatory patients, both the presence of neurologic diseases 
and ingestion of psychotropic medications may lessen the reli-
ability of such methodology.19 It is for such, and other, reasons 
that automated sleep assessment is being attempted. One such 
automated (computer-based) method is the spectral analysis 
of EEG signals with Fast Fourier Transform (FFT).20 Spectral 
analysis quantifies activity across the EEG spectrum—from fast 
frequencies (with greater representation during wakefulness) to 
slow frequencies (signifying more restorative sleep). Although 
excellent reliability for such spectral analysis has been dem-
onstrated in normal subjects,20 such methodology has not been 
applied to critically ill patients. Two other manual methods are 
categorization of the EEG of critically ill patients into 5 groups 
based upon sleep-wakefulness organization pattern and count-
ing the number of burst-suppression episodes in the EEG—a 
characteristic burst of EEG activity interspersed by short peri-
ods of EEG suppression.21-23 Both such manual measures may 
help prognosticate neurologic recovery in critically ill patients, 
but rigorous interobserver and intraobserver reliability mea-
surements of such manual methods are also lacking.21-23

The primary aim of this study was to determine the repro-
ducibility of 4 different sleep-assessment methods (3 manual 
and 1 computer-based) for ventilator-supported critically ill pa-1 computer-based) for ventilator-supported critically ill pa- computer-based) for ventilator-supported critically ill pa-
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tients. We hypothesized that, in critically ill patients receiving 
mechanical ventilation, the reproducibility of a computer-based 
system (spectral analysis) for measuring EEG would be bet-
ter than manual methods. A secondary aim of our study was to 
quantify the extent to which the reproducibility of the manual 
methods for measuring sleep differed between critically ill 
and ambulatory (control) patients. We hypothesized that the 
reproducibility for manual methods of measuring EEG would 
be worse in critically ill patients, when compared with age-
matched ambulatory patients.

metHODS

patients

Fourteen critically ill patients receiving mechanical venti-
lation and 17 age-matched ambulatory (control) patients with 
sleep disorders were studied at a single ICU (Table 1). The In-
stitutional Review Board of the University of Arizona approved 
the study, and written informed consent was obtained from sur-
rogates or participants.

For critically ill patients, inclusion criteria included medical 
patients with acute respiratory failure who were receiving me-
chanical ventilation for acute exacerbation of chronic obstruc-
tive pulmonary disease, pneumonia, acute respiratory distress 
syndrome, or septic shock. Exclusion criteria included (a) pa-
tients who were considered by their primary physician to be too 
unstable to undergo this investigation; (b) patients with refrac-
tory hypotension, defined as systolic blood pressure less than 
90 mm Hg despite the use of inotropic agents; (c) comatose 
patients or patients with severe debilitating neurologic disease 

such as cerebrovascular accidents, intracranial hemorrhage, 
subdural hematoma, intracranial primary or secondary cancers, 
or anoxic-hypoxic encephalopathy; (d) patients suffering from 
metastatic or terminal cancer and patients with do-not-resus-
citate orders; (e) pregnant women; and (f) patients who were 
expected to be extubated within 24 hours.

The ambulatory patients were undergoing split-night studies 
(n = 13), positive airway pressure therapy (n = 2), or diagnostic 
polysomnographic studies (n = 2).

polysomnography

Critically ill patients underwent a video-assisted polysom-
nogram for a 24-hour period that included EEG (C4-A1, C3-
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Figure 1—Representative polysomnography tracings of a criti-
cally ill patient that show monophasic pattern, characterized by 
continuous low-voltage theta-delta activity (top panel; 30-second 
epoch). The bottom panel is a representative tracing from a dif-
ferent critically ill patient that shows cyclic alternating pattern of 
electroencephalographic activity. Note that this panel is a com-
pressed (60-second) window that reveals low-voltage theta activ-
ity alternating (highlighted by horizontal bars) with high-voltage 
monomorphic delta waves. L EOG refers to left electrooculogram; 
R EOG, right electrooculogram; C3-A2 and C4-A1, coronal elec-
troencephalograms; O1-A2 and O2-A1, occipital electroencepha-
lograms; EMG, electromyogram.

Table 1—Patient Characteristics

  Critically Ill Patients  Diagnosis
Patient No. Sex Age, y
 1 M 74 Pneumonia
 2 M 55 Necrotizing fasciitis
 3 M 74 Septic shock
 4 M 79 Septic shock
 5 M 66 Dissecting aortic aneurysm
 6 M 80 Acute respiratory distress
    syndrome
 7 F 45 Tracheal stenosis resection
 8 M 62 Acute exacerbation of COPD
 9 M 59 Pneumonia, respiratory failure
 10 M 60 Empyema, thoracoplasty,
     respiratory failure
 11 M 66 Acute lung injury
 12 M 74 Pneumonia; acute
    respiratory failure
 13 M 67 SIRS; Post-radiofrequency
    ablation of liver metastasis
 14 M 64 Septic shock; necrotizing fasciitis
  Ambulatory
  (control) Patients  Diagnosis
Patient No. Sex Age, y
 1 M 58 OSA, asthma 
 2 M 54 OSA
 3 M 54 OSA
 4 M 50 OSA, PLMD
 5 M 53 OSA
 6 M 52 OSA
 7 M 78 OSA
 8 M 57 OSA
 9 M 68 OSA
 10 M 55 OSA
 11 M 59 OSA
 12 M 61 OSA
 13 M 78 OSA
 14 M 84 PLMD
 15 M 72 PLMD
 16 F 83 OSA
 17 M 63 OSA

Abbreviations: M refers to male; F, female; COPD, chronic ob-
structive pulmonary disease; SIRS, systemic inflammatory re-
sponse syndrome; OSA, obstructive sleep apnea; PLMD, periodic 
leg movement disorder; y, years.
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A2, O1-A2, and O2-A1), left and right electrooculograms, 
submental electromyogram, chest and abdominal movement 
by inductance plethysmography (Ambulatory Monitoring Inc., 
Ardsley, NY), leg movements by bilateral anterior tibialis elec-
tromyograms, and finger pulse oximetry (Sandman, Ontario, 
CA). Ambulatory patients underwent polysomnography for ap-
proximately 8 hours.

Ventilator Settings

All patients were receiving mechanical ventilation in the as-
sist-control mode of ventilation to prevent the effects of mode 
of ventilation and ventilator setting on the sleep of critically ill 
patients.8,24 Inspiratory flow rate, positive end-expiratory pres-
sure, and fractional inspired oxygen concentration were kept at 
the same settings as before the study. All studies were done for 
approximately 24 hours and, in the event of patient-care–relat-
ed activity that required transport (computerized tomography, 
surgery, etc.), the study was prematurely concluded short of the 
24-hour period.

Sedatives

Continuous sedative and analgesic infusions (midazolam, 
fentanyl, or propofol) were administered per clinical sedation 
protocols that target the Ramsay sedation scale.25

Sleep Assessment

Sleep scoring was performed according to 3 manual meth-3 manual meth- manual meth-
ods (R&K, sleep-wakefulness organization pattern, and visual 
detection of burst suppression) and 1 computer-based (spectral 
analysis of EEG signals with FFT). For the R&K methodology 
and spectral analysis, for each patient, approximately 200 ep-

ochs of polysomnography recordings that were artifact free was 
randomly selected for analysis.26

(i) Using the R&K methodology, sleep was manually staged 
in 30-second epochs according to standard criteria.16,17

(ii) For sleep staging with the sleep-wakefulness organiza-
tion pattern, patients were classified into 1 of 5 groups 
according to the type of sleep-wakefulness organization 
pattern21:
(a) Monophasic: continuous low-voltage theta-delta ac-

tivity (Figure 1; upper panel).
(b) Cyclic alternating pattern27: absence of sleep elements 

in the presence of recurrent abnormal spontaneous 
arousal activity. Epochs characterized by low-voltage 
theta activity alternate with epochs of high-voltage 
monomorphic delta waves (Figure 1; lower panel).

(c) Rudimentary sleep: presence of rudimentary non-rap-
id eye movement sleep (NREM) sleep elements (K-
complexes and/or spindles)(Figure 2; upper panel).

(d) Well-structured elements of NREM (Figure 2; lower 
panel).

(e) Rapid eye movement (REM) sleep elements (rapid 
eye movements and saw-tooth waves) alternating with 
NREM sleep (Figure 3).

(iii) Spectral analysis that employed EEG derived from the C3/
A2 channel was partitioned into 5-second record lengths 
to obtain a frequency resolution of 0.2 Hz. Power spec-
tral analysis of EEG was performed using discrete FFT. 
FFT analysis yielded the classic measure of power in μV2 
x second. The resulting power in the following 4 differ-
ent EEG spectral bandwidths was then computed for each 
5-second record: δ (0.8-4.0 Hz), θ (4.1-8.0 Hz), α (8.1-13.0 
Hz), and β (13.1-20.0 Hz). Relative proportions of δ, θ, α, 
and β power were expressed as a percentage of average 
total power. Both sleep and wakefulness periods contained 
in the 200-epoch fragment per patient were included in 
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Figure 2 —Representative polysomnography tracings of rudimen-
tary sleep pattern in a critically ill patient as previously described 
by Valente and colleagues21 (upper panel). The arrow points to 
a rudimentary K complex. Representative polysomnographic 
tracings of a patient with well-formed elements of non-rapid eye 
movement (NREM) sleep. Note the well-structured K-complex 
and classic spindles depicted by open arrows (lower panel). Other 
abbreviations are the same as for Figure 1.

L EOG

R EOG

CA-A1

C3-A2

O1-A2

O2-A1

CHIN EMG

REM SLEEP

L EOG

R EOG

CA-A1

C3-A2

O1-A2

O2-A1

CHIN EMG

REM SLEEP
5 seconds

5 seconds

Figure 3—Representative polysomnography tracings of sleep 
pattern in a critically ill patient that shows rapid-eye movement 
(REM) sleep (upper and lower panels). Such classic REM sleep 
alternating with non-REM sleep in critically ill patients were 
classified as the best sleep organization pattern as previously de-
scribed by Valente and colleagues. 21 Other abbreviations are the 
same as for Figure 1.
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mately 8 hours of polysomnography were used, as opposed to 
the 200 epochs for spectral analysis and R&K methodology. 
For sleep-wakefulness organization pattern and burst suppres-
sion, a greater sample duration was necessary by nature of the 
measurement and in keeping with the duration analyzed in prior 
such reports.21,12 Moreover, in an initial sample of patients (n = 
5), because we did not find evidence for burst suppression in 
200 epochs, review of 8 hours of polysomnography was war-
ranted.

Blinding

Studies were analyzed in a random manner with at least a 
2-week interval between each assessment. An investigator—
who was not involved in the scoring of the study—selected 200 
epochs that had been recorded between 22:00 and 04:00 that 
were free of artifacts (constituted 7% ± 1% of the total epochs). 
The starting point of the 200-epoch period was selected by ran-
domly clicking on the unscored hypnogram window (Sandman) 
to ensure that the starting point fell somewhere between 22:00 
and 04:00. This investigator then codified the electronic file and 
named it differently (using codes [random alphanumeric]) for 
each observation of each of the 2 observers. Multiple copies of 
the files were created so that there was no observer recognition 
of the coded file name for the respective repeat observations. 
These files were randomly provided to the observers. The re-
search work flow for each observer included data from both 
critically ill and ambulatory patients in a random order that was 
provided over regular intervals while making sure that the re-
peat measurements were at least 2 weeks apart.

Statistical Analysis

Interobserver and intraobserver agreement were quantified 
as Cohen κ statistic (SPSS v12.0, Chicago, IL).30 By definition, 
κ was equal to 1.0 for complete agreement, and κ was equal to 
0.0 for agreement no better than chance alone. κ values of 0.21 
to 0.4 indicate fair agreement; 0.41 to 0.6, moderate agreement; 
0.61 to 0.8, substantial agreement; and 0.81 to 0.99, almost per-
fect agreement. Results are reported as mean ± SD unless other-
wise specified. Paired or unpaired t-tests or equivalent nonpara-
metric tests were used when appropriate, and χ² was used for 
categorical variables. Friedman 1-way analysis of variance was 
used for comparing nonparametrically distributed continuous 
variables with repeated measures.

reSUltS

The critically ill and ambulatory (control) patients were 
matched for age: 66 ± 10 years and 64 ± 11 years, respectively 
(P = 0.5; t-test). The APACHE II score for the critically ill pa-
tients was 17 ± 5.

r&K methodology

In critically ill patients, when sleep was scored according to 
R&K methodology with 5 sleep-wakefulness states—stage 1 
and 2 NREM sleep, SWS, REM sleep, and wakefulness —the 
interobserver reliability was poor (κ = 0.19; 4640 epochs; Table 

the analysis. This is slightly different than the “2-step pro-
cess” used by other investigators.20 In the 2-step process, 
an initial manual determination of sleep-wakefulness state 
(NREM, REM, or wakefulness) is made by an observer 
and is then followed by spectral analysis based upon such 
sleep-wakefulness state determination. Such state-depen-
dent spectral-analysis method is therefore likely dependent 
on the prior manual adjudication of the sleep-wakefulness 
state using the R&K methodology. We chose the single-
step process, ie, to include all of the 200 epochs regardless 
of sleep-wakefulness state to avoid the overlap of method-
ologies (R&K and FFT), as in the method used by others.20 
Although the measurements were made by the computer-
ized software, the data input (raw EEG-derived voltage 
[µV]) was performed independently by 2 blinded observ-
ers and therefore was referred to as an observer-based rath-
er than computer-based observation. Measurements were 
performed by computerized software module (Sandman, 
Ontario, CA and Excel, Microsoft Corp., Seattle, WA). 
The FFT Export Module of the sleep diagnostic software 
(Sandman) was used to export the FFT data of 5-second 
record lengths. The exported FFT file from the Sandman 
software was then imported into Excel, wherein the rela-
tive proportions of δ, θ, α, and β power were expressed as a 
percentage of average total power for each 5-second record 
length, and the group average for the entire 200-second pe-
riod was derived.

(iv) Number of burst suppressions: The depth of sedation, or 
pharmacologically induced sleep, has been correlated with 
the number of burst suppressions of EEG that occur per 
hour.28 Burst suppression can be defined as an EEG pattern 
characterized by bursts of EEG activity (sharp and slow 
waves) periodically interrupted by episodes of suppression 
(activity < 10 mV). Typically, the episodes of suppression 
are longer (usually 5-10 seconds) than the bursts of activ-
ity (usually 1-3 seconds). This pattern is not specific to any 
etiology but represents severe diffuse encephalopathy due 
to deep sedation (barbiturates, benzodiazepines, or propo-
fol), trauma, cerebrovascular accidents, hypothermia, and 
anoxic brain injury.

Two observers (28 years total experience for analyzing EEG) 
analyzed each study twice while blinded to the first assessment, 
the other observer’s scores, and the group assignment (ie, criti-
cally ill versus control patients). For the R&K methodology and 
spectral analysis, for each patient, approximately 200 epochs of 
polysomnography recordings that were artifact free were ran-
domly selected for analysis.26 In the body of literature that ad-
dresses interscorer reliability of sleep, the choice of number of 
epochs has ranged from 90 to 962 epochs per patient.17,19,26 We 
chose 200 epochs because preliminary analyses (in 5 patients) 
showed that scoring more than 200 epochs increased the in-
tensity of the analyses without materially changing the results. 
Moreover, the current standards for accreditation of sleep cen-
ters advocated by the American Academy of Sleep Medicine 
require that interscorer reliability in scoring sleep stages be de-
termined on 200 consecutive epochs.29 Such a choice of 200 
epochs falls well within the range of epoch choices (90-962 ep-
ochs) of the published literature. For assessing the sleep-wake-
fulness organization pattern and burst suppression, approxi-
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ness. Such collapsing only slightly improved the interobserver 
agreement from poor to fair in critically ill patients (κ = 0.38; 
Table 2). A further collapse into 3 groups (REM, NREM, wake-
fulness) did not improve interobserver agreement in critically 
ill patients. Small improvements in interobserver and intraob-
server reliability were observed for ambulatory patients in re-
sponse to such categorization.

Sleep-Wakefulness Organization pattern

In critically ill patients, sleep-wakefulness organization pat-
terns demonstrated moderate interobserver agreement, whereas 
intraobserver agreement was good (Table 2). Both intraobserver 
and interobserver agreements were perfect for the control group 
(Table 2). In critically ill patients, the majority of discrepan-
cies were between monophasic and rudimentary sleep groups 
for both intraobserver and interobserver reliability assessments 
(Table 3a,b). However, in the best sleep group, characterized 
by the presence of REM alternating with NREM sleep, perfect 
agreement was reached (κ = 1.0; Table 3a, b).

Spectral Analysis

Relative proportions of δ, θ, α, and β power, expressed as 
a percentage of average total power, for critically ill patients 
and ambulatory patients are available in Table 4. Bland-Altman 
plots for both interobserver and intraobserver measurements us-
ing spectral analysis revealed bias and precision errors of 0 (not 
shown). To facilitate comparisons across the 4 methods of sleep 
assessment, Cohen κ values were derived after categorizing the 

2). In contrast, in control patients, the interobserver reliability 
was good (κ = 0.74; 7123 epochs; Table 2).

To determine the source of disagreements in the assessment 
of sleep in critically ill patients, interobserver agreement for 
each of the different sleep stages was calculated. Such calcula-
tions for critically ill patients revealed poor interobserver agree-
ment for NREM stage 1 and 2 sleep (κ = 0.01 and 0.18), fair 
agreement for SWS and wakefulness (both κ = 0.21), and good 
agreement for REM sleep (κ = 0.7; Figure 4; top panel). Simi-
larly, stage-specific interobserver reliability testing for controls 
revealed best agreement for REM sleep (κ = 0.89; Figure 4; top 
panel). The interobserver agreement for individual sleep stages 
was worse for critically ill (median κ = 0.21; interquartile range, 
0.10, 0.46) than for ambulatory patients (median κ = 0.77; inter-
quartile range, 0.49, 0.84; P = 0.03; Mann-Whitney U test).

The intraobserver agreement for individual sleep stages was 
not different between critically ill and ambulatory patients (P = 
0.8; Mann-Whitney U test) (Figure 4; bottom panel). The over-
all intraobserver reliability for all sleep stages combined was 
good for critically ill patients and excellent for control patients 
(Table 4).

To focus on the more clinically relevant agreements, we 
first collapsed the sleep-wakefulness data into 4 groups: light 
NREM sleep (NREM stage 1 and 2), SWS, REM, and wakeful-
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panel) agreement for sleep staging per Rechtschaffen and Kales 
methodology in critically ill (ICU; open symbols) and ambulatory 
patients (closed symbols). Columns depict agreements (Cohen 
κ agreement value) for critically ill (white columns) and control 
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R&K methodology was good or excellent. Third, an alternative 
manual method for assessing sleep in critically ill patients—
sleep-wakefulness organization pattern—revealed moderate to 
good interobserver and intraobserver agreement. Fourth, we did 
not observe burst suppression in our critically ill patients. Lastly, 
the reliability of both manual methods (R&K and sleep-wake-
fulness organization pattern) for assessing sleep in ambulatory 
patients was better than that in the critically ill patients.

Prior reports have suggested that the analysis of sleep was dif-
ficult or not possible in 23% to 42% of critically ill patients who 
were studied.9,31 Most such prior studies relied on visual scoring 
by experts, but, to our knowledge, this is the first study to system-
atically evaluate the interobserver and intraobserver agreement 
of different methods for assessing sleep in critically ill patients.

In the absence of a gold standard for assessing sleep in criti-
cally ill patients, we performed reliability measurements of 
currently available methods to assess sleep. We found that, in 
critically ill patients, the overall reliability of conventionally 
used R&K methodology for assessing sleep was poor. To verify 
that the 2 observers in the study were indeed reliable, these ob-
servers also assessed sleep in ambulatory (control) patients. As 
anticipated, in the control patients, the interobserver and intrao-
bserver agreement for sleep assessment using R&K methodol-
ogy was good to excellent: κ = 0.74 and 0.81, respectively. Such 
levels of agreement fell within a previously described range for 
interobserver (κ range from 0.68-0.82) and intraobserver reli-
ability (κ range from 0.79-0.87) of ambulatory patients.17-19

Although the overall reliability for assessing sleep of criti-
cally ill patients using the R&K methodology was poor, the re-
liability for assessing REM sleep was preserved (Figure 4; top 
panel). Moreover, when a different methodology was used—
sleep-wakefulness organization pattern—2 observers were in 
perfect agreement while classifying the group that was char-
acterized by REM sleep (Table 3). Such findings are also in 
agreement with those of prior investigators who demonstrated 
best reproducibility for scoring REM sleep in ambulatory pa-
tients.17 In ambulatory patients, the assessment of features of 
NREM stage 1 and 2 sleep (K complexes [κ = 0.5], spindles [κ 
= 0.7], and vertex waves)—when compared with REM sleep—
are known to be less reproducible.32-35

In our study, the reliability of manual methods (R&K meth-
odology and sleep-wakefulness organization pattern) for as-
sessing sleep was better in ambulatory patients than in critically 

FFT values into quartiles. The intraobserver and interobserver 
agreement for spectral analysis of relative proportions of δ, θ, 
α, and β power were perfect (κ = 1.0) for both critically ill and 
control patients (Table 2). Reanalysis of the data using a dif-
ferent software (MATLAB, Mathworks Inc., Natick, MA) for 
spectral analysis did not change the results when comparisons 
were made between the 2 statistical programs (κ =1.0)

number of Burst Suppressions

None of our patients showed an EEG pattern of burst sup-
pression.

Comparisons Across Sleep-Assessment methods

Interobserver and intraobserver reliability for the computer-
based method was better than that for the manual methods: 
R&K methodology and sleep-wakefulness organization pattern 
(Friedman test, P = 0.03; Figure 5). In critically ill patients, for 
interobserver reliability testing, the proportion of misclassifi-
cations between observations for spectral analysis, sleep or-
ganization, and R&K methodology were 0%, 36%, and 53%, 
respectively (χ²; P < 0.0001; Figure 6). In critically ill patients, 
for intraobserver reliability testing, the proportion of misclas-
sifications between observations for spectral analysis, sleep-
wakefulness organization, and R&K methodology were 0%, 
21%, and 20%, respectively (χ²; P < 0.0001; Figure 6).

For both of the manual methods combined (R&K methodol-
ogy and sleep-wakefulness organization pattern), the interob-
server and intraobserver reliability for critically ill patients (κ = 
0.52 ± 0.23) was worse than that for control patients (κ = 0.89 
± 0.13; t-test, P = 0.03).

DiSCUSSiOn

Certain general observations can be made. First, the reliability 
for sleep assessment in critically ill patients receiving mechani-
cal ventilation was better with computer-based (spectral analysis) 
than with manual methods. Second, in critically ill patients, the 
overall reliability of R&K methodology was poor for assessing 
sleep, but the detection of REM sleep revealed good agreement 
for both interobserver and intraobserver determinations. In con-
trast, in ambulatory (control) patients, the overall reliability of 

Table 2—Interobserver and Intraobserver Agreement of Sleep Scoring*

 Interobserver agreement Intraobserver agreement
  Critically ill Ambulatory Critically ill Ambulatory
  patients patients patients patients
Spectral analysis by fast Fourier transform 1.0 1.0 1.0 1.0
Sleep-wakefulness organization 0.51 1.0 0.68 1.0
Rechtschaffen & Kales Methodology
Five groups
(NREM 1, NREM 2, SWS, REM, & Wakefulness) 0.19 0.74 0.68 0.81
Four groups (LNREM, SWS, REM, & Wakefulness) 0.38 0.78 0.75 0.87
Three groups (NREM, REM, & Wakefulness) 0.39 0.82 0.75 0.87

Results are expressed as Cohen kappa [κ] value. NREM refers to non-rapid eye movement sleep; REM, rapid eye movement sleep; SWS, slow 
wave sleep; LNREM, light NREM sleep (stage 1 and stage 2 NREM).
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evance of data derived from spectral analysis of EEG—relative 
proportions of δ, θ, α, and β power. Currently, based upon the 
study of ambulatory patients, we know that an increase of δ and 
θ power in the sleep-EEG spectrum signifies higher sleep inten-
sity and deeper sleep, whereas an increase of α activity may be 
presumed to be a sign of increased arousal and nonrestorative 
sleep.35 Nevertheless, we believe that the study of sleep in criti-
cally ill patients is still at its infancy and that this would be the 
time to establish a reliable scoring technique upon which future 
studies could build.

Valente and colleagues previously described the biological 
(clinical) relevance of the sleep-wakefulness organization pat-
tern.21 These investigators classified sleep-wakefulness orga-
nization patterns into 5 groups in patients with posttraumatic 
head-injury coma. They found that the sleep-wakefulness or-
ganization was a better prognosticator for neurologic recovery 
than were other commonly used indexes such as Glasgow Coma 
Scale, neuroradiologic findings, and age.21 These investigators, 
however, had not performed a rigorous reliability testing for 
their methodology. In our study, however, we found that their 
method for assessing sleep in critically ill patients has moder-
ate interobserver and good intraobserver reliability (Table 2). In 
our study, group-specific reliability was best for the group with 
elements of well-organized REM sleep alternating with NREM 
sleep, and, notably, the patients in the same group had the best 
prognosis for functional recovery from head injury. Future 
studies should probably examine whether the presence of REM 
sleep alone (a reliable measure) carries a good prognosis.

Despite reviewing 24-hour polysomnograms of 14 critically 
ill patients (approximately 330 hours of data), we did not find 

ill patients. Some of the reasons for the lower reliability in criti-
cally ill patients may be the effect of sedating medications,11-13 
the presence of underlying illnesses such as sepsis,9,14 artifacts 
in the ICU,6,12,15,35 and other factors. Such variability in assess-
ing the sleep of critically ill patients may hinder the progress 
of research in this area, and hence more reproducible methods 
may be desirable.

Other techniques for assessing sleep in critically ill pa-
tients (sleep-wakefulness organization pattern) have been 
described20,21 but have not been subjected to systematic assess-
ment of reliability in critically ill patients. In our study, as hy-
pothesized, we found that spectral analysis was more reliable 
(κ=1.0) than manual methods for assessing sleep in critically 
ill patients, suggesting that the variability induced by the hu-
man visual analysis can be minimized. Indeed, one could argue 
that a computerized analysis is, of course, expected to achieve 
perfect agreement. However, by obviating the manual part of a 
2-step process of determining sleep stage by R&K methodolo-
gy before subjecting the EEG signals to FFT, we have removed 
the human element from such analysis. In doing so, we not only 
prevented “overlap” with R&K methodology (a comparator), 
but, in the process, made the spectral-analysis technique more 
reliable. Therefore it comes as no surprise that perfect agree-
ment achieved by spectral analysis was better than the excellent 
agreement reported previously.20 But this is the very purpose of 
our methodological study, i.e., to identify a reliable technique 
to analyze sleep-wakefulness EEG in critically ill patients. It 
is important to note that, unlike the wealth of data that support 
the physiologic and clinical significance of various sleep stages 
of the R&K methodology, less is known of the biological rel-

Table 3a—Interobserver Agreement for Classifying Sleep-Wakefulness Organization Pattern (in Critically Ill Patients)

    Observer #2   Total
  Monophasic CAP Rudimentary NREM REM+NREM
Observer #1
 Monophasic 3 0 7 0 0 10
 CAP 0 1 3 0 0 4
 Rudimentary 0 0 8 0 0 8
 NREM 0 0 0 0 0 0
 REM+NREM 0 0 0 0 6 6
 Total 3 1 18 0 6 28

Table 3b—Intraobserver Agreement for Classifying Sleep-Wakefulness Organization Pattern (in Critically Ill Patients)

    Second observation   Total
  Monophasic CAP Rudimentary NREM REM+NREM
First Observation
Monophasic 4 0 2 0 0 6
CAP 0 2 1 0 0 3
Rudimentary 3 0 10 0 0 13
NREM 0 0 0 0 0 0
REM+NREM 0 0 0 0 6 6
Total 7 2 13 0 6 28

Abbreviations: Monophasic, continuous low-voltage theta-delta activity, CAP, cyclic alternating pattern, Rudimentary sleep, NREM, pres-
ence of well-structured elements of non-rapid eye movement sleep [NREM], and rapid eye movement sleep (REM)+NREM, REM sleep 
elements alternating with NREM sleep. Numbers in bold type signify observations wherein agreement was achieved.
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surement (sleep stages or environmental effects) may have been 
influenced by the time of day. Nevertheless, considering that 
circadian rhythm is either absent or significantly diminished in 
critically ill patients,38 this may be less of a factor. Moreover, 
such differences may be a limitation in a biological or outcome 
study but may be less of a factor in our methodological (reliabil-
ity) study. Second, the modest sample size is a limitation. Third, 
our failure to measure frontal EEG derivatives (F4,F3)—which 
are known to better measure K complexes and delta waves than 
do other derivatives17—may have deleteriously influenced the 
reliability of adjudicating NREM sleep in both critically ill and 
ambulatory patients. However, in ambulatory patients, our fail-
ure to collect frontal derivatives did not appear to influence the 
reliability of scoring NREM sleep because our κ values were 
well within the range reported in the published literature.17 It 
seems unlikely that such a lack of frontal derivatives would 
have influenced sleep-staging reliability in critically ill patients 
but not in ambulatory patients. Nevertheless, we are unable to 
speculate whether such a lack of frontal EEG derivative may 
have influenced our study findings in critically ill patients other 
than to recognize this as a limitation.

Fourth, despite our efforts, the observer may have still dis-
tinguished the sleep architecture of an ICU subject as differ-
ent from that of an ambulatory patient. However, we suspect 
that such a bias was less likely for the following reasons. If, 
indeed, the observers were biased toward demonstrating poor 
agreement for the data derived from critically ill patients, then 
it is unlikely for them to systematically demonstrate good in-
terobserver agreement for REM sleep epochs alone (κ = 0.7; 
Figure 4; top panel, open symbol, REM sleep). Moreover, if 
the observers were indeed biased toward poor interobserver 
agreement—by scoring sleep in an erratic fashion for subjects 
that they believed to be critically ill patients—then it is unlikely 
that their intraobserver agreement (based upon measurements 
that were > 2 weeks apart) would still demonstrate moderate 
agreement (κ = 0.68; Figure 4; bottom panel, open symbols; 
also see Table 2).

Fifth, although FFT analysis could help improve the reli-
ability of the sleep assessment, other valuable biological infor-

evidence for burst suppression. Conceivably, lighter sedation 
level and exclusion of patients with primary neurologic dis-
ease or neurologic catastrophes may have been responsible for 
such an observation (see exclusion criteria). Prior studies have 
shown that heavy sedation, underlying hypoxic encephalopa-
thy, and other neurologic catastrophes are associated with the 
presence of burst suppression.12

In conclusion, in ventilator-supported critically ill patients, the 
interobserver and intraobserver reliability of spectral analysis for 
assessing sleep was better than manual methods: R&K method-
ology and sleep-wakefulness organization pattern. Moreover, it 
could be stated that, considering the relatively low reliability of 
the R&K methodology in assessing sleep of critically ill patients, 
other methods, such as spectral analysis, sleep-wakefulness or-
ganization pattern, and detection of REM sleep alone, may be 
preferable. However, future studies need to address the biological 
significance of such findings in critically ill patients.

limitations

There are limitations to our study. First, we chose different 
recording time periods for ambulatory and critically ill patients 
(8 versus 24 hours, respectively) because the main sleep epi-
sode of ambulatory patients is at nighttime but the sleep epi-
sodes of critically ill patients are scattered throughout a 24-hour 
period.31 Although such rationale and study design ensured ad-
equate sleep recordings in critically ill patients, the sleep mea-
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Figure 6—Proportion of observations (patients or epochs) that 
were misclassified while assessing sleep in critically ill patients 
with either spectral analysis by Fast Fourier Transform (FFT), 
sleep-wakefulness organization pattern (Sleep organization), or 
Rechtschaffen and Kales (R&K) methodology. Proportion of mis-
classifications for both interobserver (black columns) and intrao-
bserver (white columns) are shown. For both interobserver and 
intraobserver reliability testing, the proportion of misclassifica-
tions was highest for R&K methodology and least for FFT (2 x 
3 χ² comparisons; P < 0.0001). Significant post-hoc comparisons 
(2 x 2 χ² comparisons with Bonferroni correction) are also shown 
(*P < 0.001).

Table 4—Results of Spectral Analysis

Spectral Ambulatory Critically ill
Bandwidth, Hz patients patients
  (n = 17) (n = 14)
Relative proportion of power, %
 δ [0.8-4.0 Hz] 61.0 ± 5.6 66.1 ± 7.1a

 θ [4.1-8.0 Hz] 21.1 ± 2.2 20.2 ± 3.6a

 α [8.1-13.0 Hz] 12.4 ± 2.7 9.60 ± 3.1a

 β [13.1-20 Hz] 5.60 ± 1.7 4.20 ± 1.4a

Ratio between bandwidths
 δ/α Ratio 5.2 + 1.4 7.8 + 3.1b 
 δ/β Ratio 12.0 + 3.7  18.1 + 7.4b

Results are expressed as mean ± standard deviation. Hz, Hertz.
Relative proportion of power was expressed as percentage of av-
erage total power.
aP < 0.05 when compared with that of ambulatory patients.
bP < 0.01 when compared with that of ambulatory patients.
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mation that was afforded by the manual methodology may be 
lost. Such biological information may pertain to the ability to 
prognosticate functional recovery after blunt head trauma (cy-
clic alternating pattern events; sleep-wakefulness organization 
pattern21); assess the relationship among sleep, learning, and 
memory (selective REM sleep deprivation derived from R&K 
methodology 39); or prognosticate outcome following coma 
(burst suppression23). Further research is required to determine 
whether FFT analysis is comparable with, inferior to, or supe-
rior to other available methods of assessing sleep and wakeful-
ness in critically ill patients.
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