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Postoperative Delirium

– Current Postoperative Delirium Burden
– Sleep and Delirium- What is the connection
– Enhancing Natural Sleep- Current work
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Association of any Adverse Hospital Outcomes by 
Complication and Delirium Statusa

– Effect of Delirium and Other Major Complications on Outcomes After Elective Surgery in 
Older Adults. JAMA Surg. 2015;150(12):1134-1140. 
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Answer Options Rating 
Average

Non-pharmacologic prevention: Early mobility 4.50

Non-pharmacologic prevention: Environment (e.g., noise, light) 4.50

Non-pharmacologic prevention: Sleep protocols 4.50

Non-pharmacologic prevention: Music therapy 4.50

Predictors for ICU delirium (i.e., modifiable vs. non-modifiable) 4.33

Pharmacologic prevention: choice of sedative 4.33

Pharmacologic prevention:  haloperidol 4.17

Pharmacologic prevention:  atypical antipsychotics 4.17

Pharmacologic treatment:  dexmedetomidine 4.17

Non-Pharmacologic treatment: early mobility 4.00

Non-Pharmacologic treatment:  environment (e.g. noise, light etc) 4.00

Non-Pharmacologic treatment: sleep protocols 4.00

Non-Pharmacologic treatment: music therapy 4.00

Pharmacologic treatment: haloperidol 4.00

Crit Care Med. 2018 Sep;46(9):e825-e873. 
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Complete consensus for delirium treatment

Intervenable causes

– Sleep, Pain and Cognition

8

Main Outcome and Measures—Major postoperative complications, defined as life altering or 
threatening events (Accordion Severity ≥ grade 2), were identified by expert panel adjudication. 
Delirium was measured daily with the Confusion Assessment Method and a validated chart review 
method. Four subgroups were analyzed: (1) no complications, no delirium; (2) complications 
alone; (3) delirium alone; and (4) both complications and delirium. Adverse outcomes included 
length of stay (LOS) > 5 days, institutional discharge, and rehospitalization within 30 days of 
discharge.

Results—Of 566 participants, mean age (±SD) was 76.7± 5.2 years, 42% male and 92% white. 
Forty-seven (8%) developed major complications, and 135 (24%) developed delirium. When 
compared to no complications, no delirium as the reference group, major complications alone 
contributed only to prolonged LOS (RR 2.8, 95% CI 1.9–4.0); by contrast, delirium alone 
significantly increased all adverse outcomes, including prolonged LOS (RR 1.9, 95% CI 1.4–2.7), 
institutional discharge (RR 1.5, 95% CI 1.3–1.7), and 30-day readmission (RR 2.3, 95% CI 1.4–
3.7). The subgroup with both complications and delirium had the highest rates of all adverse 
outcomes, including prolonged LOS (RR 3.4, 95% CI 2.3–4.8), institutional discharge (RR 1.8, 
95% CI 1.4–2.5) and 30-day readmission (RR 3.0, 95% CI 1.3–6.8). Delirium exerted the highest 
attributable risk at a population level (5.8%, 95% CI 4.7–6.8) compared with all other adverse 
events (prolonged LOS, institutional discharge, or readmission).

Conclusions and Relevance—Major postoperative complications and delirium are separately 
associated with adverse events and demonstrate a strong combined effect. Delirium occurs more 
frequently, and has greater impact at the population level than other major complications.

Keywords
Delirium; postoperative complications; Confusion Assessment Method; adverse surgical outcomes

Introduction
Thirty-six percent of inpatient operations were performed in patients ≥65 years old.1 The 
number of patients is projected to increase as the population ages.1,2 Understanding the risks 
for adverse outcomes in the aging surgical population is essential to implement programs 
with the potential to decrease morbidity, mortality, costs, and safety. Postoperative 
complications increase with advancing age.3,4 These complications, occurring in 10–25% 
older persons,3–7 can lead to adverse outcomes such as disability, loss of independence, 
diminished quality of life, high health care costs, and increased mortality.8 Physiologic 
changes across organ systems, cardiovascular, neurological, and pulmonary systems, 
contribute to the increasing risk of postoperative complications with advancing age.6,8

Postoperative delirium as the leading complication of major surgery in older persons with 
adverse consequences has been well documented across many studies.9–12 It is associated 
with higher in-hospital and 6-month mortality, functional decline, greater rates of 
institutional discharge, longer lengths of stay (LOS), increased use of hospital resources and 
higher healthcare costs.9–14 Delirium rates following surgery range from 5%–50%.12,14,15 

Its impact on annual health care costs is estimated at over $182 billion per year in the U.S. 
(2011 USD),16 and thus, has assumed increasing attention as a public health and patient 
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Effect of Intravenous Acetaminophen vs Placebo Combined
With Propofol or Dexmedetomidine on Postoperative
Delirium Among Older Patients Following Cardiac Surgery
The DEXACET Randomized Clinical Trial
Balachundhar Subramaniam, MD, MPH; Puja Shankar, MD; Shahzad Shaefi, MD, MPH; Ariel Mueller, MA; Brian O’Gara, MD;
Valerie Banner-Goodspeed, MPH; Jackie Gallagher, MS; Doris Gasangwa, BS; Melissa Patxot, BS; Senthil Packiasabapathy, MBBS; Pooja Mathur, BS;
Matthias Eikermann, MD, PhD; Daniel Talmor, MD, MPH; Edward R. Marcantonio, MD, SM

IMPORTANCE Postoperative delirium is common following cardiac surgery and may be
affected by choice of analgesic and sedative.

OBJECTIVE To evaluate the effect of postoperative intravenous (IV) acetaminophen
(paracetamol) vs placebo combined with IV propofol vs dexmedetomidine on postoperative
delirium among older patients undergoing cardiac surgery.

DESIGN, SETTING, AND PARTICIPANTS Randomized, placebo-controlled, factorial clinical trial
among 120 patients aged 60 years or older undergoing on-pump coronary artery bypass graft
(CABG) surgery or combined CABG/valve surgeries at a US center. Enrollment was September
2015 to April 2018, with follow-up ending in April 2019.

INTERVENTIONS Patients were randomized to 1 of 4 groups receiving postoperative analgesia
with IV acetaminophen or placebo every 6 hours for 48 hours and postoperative sedation
with dexmedetomidine or propofol starting at chest closure and continued for up to 6 hours
(acetaminophen and dexmedetomidine: n = 29; placebo and dexmedetomidine: n = 30;
acetaminophen and propofol: n = 31; placebo and propofol: n = 30).

MAIN OUTCOMES AND MEASURES The primary outcome was incidence of postoperative
in-hospital delirium by the Confusion Assessment Method. Secondary outcomes included
delirium duration, cognitive decline, breakthrough analgesia within the first 48 hours, and
ICU and hospital length of stay.

RESULTS Among121patientsrandomized(medianage,69years;19women[15.8%]),120completed
the trial. Patients treated with IV acetaminophen had a significant reduction in delirium (10% vs 28%
placebo;difference,−18%[95%CI,−32%to−5%];P = .01;HR,2.8[95%CI,1.1-7.8]).Patientsreceiving
dexmedetomidine vs propofol had no significant difference in delirium (17% vs 21%; difference, −4%
[95%CI,−18%to10%];P = .54;HR,0.8[95%CI,0.4-1.9]).Thereweresignificantdifferencesfavoring
acetaminophen vs placebo for 3 prespecified secondary outcomes: delirium duration (median, 1 vs
2 days; difference, −1 [95% CI, −2 to 0]), ICU length of stay (median, 29.5 vs 46.7 hours; difference,
−16.7[95%CI,−20.3to−0.8]),andbreakthroughanalgesia(median,10 082.5vs12 609.0µgmorphine
equivalents; difference, −2530 [95% CI, −5064 to −22]). For dexmedetomidine vs propofol, only
breakthrough analgesia was significantly different (median, 10 110.0 vs 12 612.5 µg; difference,
−2567 [95% CI, −5094 to −26]; P = .03). Fourteen patients in both the placebo-dexmedetomidine
andacetaminophen-propofolgroups(46%and45%)and7intheacetaminophen-dexmedetomidine
and placebo-propofol groups (24% and 23%) had hypotension.

CONCLUSIONS AND RELEVANCE Among older patients undergoing cardiac surgery, postoperative
scheduled IV acetaminophen, combined with IV propofol or dexmedetomidine, reduced in-hospital
delirium vs placebo. Additional research, including comparison of IV vs oral acetaminophen and other
potentially opioid-sparing analgesics, on the incidence of postoperative delirium is warranted.

TRIAL REGISTRATION ClinicalTrials.gov Identifier: NCT02546765

JAMA. 2019;321(7):686-696. doi:10.1001/jama.2019.0234
Corrected on July 16, 2019.
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Evidence Gaps: Studies using questionnaires and interviews, 
while patient-centered, are subject to recall bias and exclude 
patients who are not able to self-report due to sedation, delir-
ium, dementia, or acute brain injury. Furthermore, patients 
may have sleep that is severely fragmented with microarous-
als, but the patients may not be able to identify the disrup-
tive factors because they were not fully awakened from sleep. 
Studies using polysomnography are limited to those that can 
be analyzed by standard criteria and exclude highly abnormal 
electroencephalograms or those with poor-quality electroen-
cephalogram signals. Studies correlating various factors with 
impaired sleep on polysomnography do not prove causation, 
only association, and were largely weak associations in univari-
ate analysis.

Outcomes
Question: Do sleep and circadian rhythm alterations “during” 
an ICU admission affect outcomes during and/or after the ICU 
stay in critically ill adults?

Ungraded Statements: Although an association between 
sleep quality and delirium occurrence exists in critically ill 
adults, a cause-effect relationship has not been established.

An association between sleep quality and duration of 
mechanical ventilation, length of ICU stay, and ICU mortality 
in critically ill adults remains unclear.

The effects of sleep quality and circadian rhythm alterations 
on outcomes in critically ill patients after ICU discharge are 
unknown.

Rationale: A handful of studies help answer these ques-
tions (Supplemental Table 45, Supplemental Digital Content 
55, http://links.lww.com/CCM/D813). Poor sleep quality is 
often assumed to be a potentially modifiable risk factor for 
ICU delirium; several studies have evaluated this relationship. 
Critically ill adults who are severely sleep deprived are 30% 
more likely to have mental status changes (441). Subsequent 
polysomnography studies further supported this association 
(442, 451). Critically ill adults with severe REM deprivation 
(442, 451) and circadian sleep-cycle disruption (as evidenced 
by a greater proportion of daytime sleep) are more likely to 
experience delirium (451). Poor sleep quality has also been 
found to be an independent risk factor (496) for postcardiac 
surgery ICU delirium. Additionally, before-and-after observa-
tional studies of multidisciplinary bundles that include sleep 
enhancement protocols have been shown to decrease delirium 
prevalence (312, 454), although in only one study did sleep 
efficiency improve with the intervention (312). Although an 
association between sleep quality and delirium occurrence 
exists, it remains unknown if poor sleep is a cause for delirium.

Use of a multicomponent delirium prevention protocol that 
incorporated a nonpharmacologic sleep enhancement protocol 

TABLE 2. List of Factors That Patients Report as Disruptive to Sleep
Environmental Physiologic and Pathophysiologic

Noise (447, 453, 454, 480, 483–488, 490, 491) Pain (454, 483–486, 488, 490, 491)

Light (241, 453, 454, 480, 482–484, 486–488) Discomfort (454, 483, 486, 488, 490)

Comfort of bed (483, 486–488) Feeling too hot or too cold (484, 486, 488)

Activities at other bedsides (483, 486, 487) Breathing difficulty (484, 491)

Visitors (clinician or family) (483) Coughing (484, 491)

Room ventilation system (483) Thirst (484, 486) and hunger (486, 488)

Hand washing by clinicians (483) Nausea (484, 488)

Bad odor (486, 488) Needing to use bedpan/urinal (486, 488)

Care Related Psychologic

Nursing care (447, 453, 480, 482–484, 486, 488, 491) Anxiety/worry/stress (483, 484, 486, 489–491)

Patient procedures (447, 453, 480, 482, 483, 487, 488) Fear (485, 486, 489)

Vital sign measurement (442, 448, 475, 477, 481, 483) Unfamiliar environment (485, 488, 491)

Diagnostic tests (447, 453, 480, 483) Disorientation to time (454, 486)

Medication administration (447, 453, 480, 482) Loneliness (488, 491)

Restricted mobility from lines/catheters (454, 486, 488) Lack of privacy (485, 488)

Monitoring equipment (454, 486, 488) Hospital attire (486, 488)

Oxygen mask (486, 488) Missing bedtime routine (483)

Endotracheal tube (491) Not knowing nurses’ names (486)

Urinary catheters (486) Not understanding medical terms (486)

Abnormal Sleep patterns in ICU

 

Freedman, Gazendam, LeVan, 

 

et al.

 

: Environmental Noise and Sleep in the ICU 453

 

(total time and percentage of total sleep time), and (
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) total sleep time
(TST).

Pearson’s correlation analysis and one-way analysis of variance
were used to determine the relationship of patient age, duration of
stay, and APACHE III score to the following factors: sleep stages (1,
2, 3/4, and REM), arousal indexes (noise, nonnoise, and total), day-
time sleep (total time and percentage of total sleep time), nighttime
sleep (total time and percentage of total sleep time), and total sleep
time (TST). Spearman’s correlation analysis was used to confirm the
Pearson’s analysis. Only the Pearson’s correlation coefficients were
reported if there was an agreement between these latter two analyses.

 

RESULTS

 

Demographics

 

A total of 24 ICU patients were enrolled between March 1997
and February 1999. Two patients withdrew from the study
prior to its initiation at the request from the patient’s family
members after the initial consent was given. Twenty-two pa-
tients completed the study for a total of 30 24-h periods (8 pa-
tients were studied for 48 h continuously and the remaining 14
patients were studied for 24 h). The study population was
comprised of 12 males and 10 females with a mean age of
61 

 

6

 

 16 yr (range 20–83), mean APACHE III score of 57 

 

6

 

28 (range 7–132), and a mean duration of ICU stay prior to
the study of 18 

 

6

 

 20 d (range 3–80). Twenty of the 22 patients
were mechanically ventilated at the time of the study, and re-
mained mechanically ventilated for the entire study period.
Primary reasons for mechanical ventilation included pneumo-
nia (7 patients), sepsis (5 patients), chronic obstructive pulmo-
nary disease (COPD) exacerbation (3 patients), acute respira-
tory distress syndrome (ARDS) (3 patients), and myasthenia
gravis (2 patients). Fourteen patients received no sedation
during the study period. Of the remaining 8 patients, 4 pa-
tients received intermittent, as needed, intravenous lorezepam
and 4 patients received intermittent, as needed, intravenous
doses of fentanyl. No patients were on a combination of ben-
zodiazepines and narcotics during the study period. No pa-
tients received tricyclic or other types of antidepressant medi-

cations during the study period. All patients had a Glasgow
coma score of 14 or greater upon entrance into the study.

 

Sleep Architecture and Sleep Distribution

 

Seventeen (77.3%) of the 22 patients had scorable EEG data
according to the criteria of Rechtschaffen and Kales (18).
From this group, there were a total of 21 separate 24-h day/
night periods (13 patients with 24 h of scorable data and 4 pa-
tients with 48 h of scorable data). The other 5 patients (22.7%)
demonstrated evidence of septic encephalopathy throughout
the majority or all of the study period, and were therefore un-
able to be scored according to standard criteria of sleep versus
wake (

 

see

 

 section on sepsis and sleep). Of the 17 ICU patients
with scorable sleep–wake polysomnograms, all demonstrated
abnormal sleep architecture. Although the mean total sleep
time per 24 h period was within the normal range (8.8 

 

6

 

 5.0 h)
(17) there were large individual variations in total sleep time
(range 1.7 to 19.4 h).

There was a predominance of stage 1 sleep (mean 59 

 

6

 

33%) with decreased or absent stages 2 (mean 26 

 

6

 

 28%), 3/4
(mean 9 

 

6

 

 18%), and REM sleep (mean 6 

 

6

 

 9%). Twelve of
these 17 patients demonstrated no REM sleep. Of the 8 pa-
tients who were studied continuously for 48 h, 5 had scorable
EEG data. There were no significant differences between
study Day 1 and 2 with respect to mean total time spent in
sleep stages 1, 3/4, and REM, day versus night total sleep
times, or the overall arousal index. There were no significant
differences (p 

 

.

 

 0.05) between sexes or window status with re-
spect to TST/24-h period in time in any sleep stage. There
were no significant correlations (p 

 

.

 

 0.05) between TST/24-h
period or time in any sleep stage with age, duration of ICU
stay, or APACHE III score.

 

Sleep Disruption and Arousal Index

 

All 17 patients with scorable sleep–wake stages demonstrated
nonconsolidated sleep that was distributed throughout the 24-h
day–night study period (

 

see

 

 Figure 2). Fifty-seven percent 

 

6

Figure 2. Schematic representation of the
redistribution of sleep and wake in five sub-
jects over the 24-h period. Black areas rep-
resent episodes of sleep and white areas
represent wakefulness.
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ICU Sleep- Key features
– Total sleep time (TST) and sleep efficiency are often normal
– Sleep fragmentation, the proportion of time spent in light sleep (stages 

N1 + N2), and time spent sleeping during the day (vs. night) are higher
– The proportion of time spent in deep sleep (stage N3 sleep and REM) is 

lower
– Subjective sleep quality is reduced
– NO CAUSE AND EFFECT between sleep and delirium
– Sleep measurements in ICU is challenging
– Is sleep different in critically ill adults if delirium is present?

• Greater disruption of circadian rhythm; REM sleep is lower

11

Postoperative Delirium

– Current Postoperative Delirium Burden
– Sleep and Delirium- What is the connection
– Enhancing Natural Sleep- Current work

12
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A Systematic Review and Meta-Analysis Examining the Impact of Sleep Disturbance on Postoperative Delirium

Fadayomi, Ayòtúndé B.; Ibala, Reine; Bilotta, 
Federico; Westover, Michael B.; Akeju, Oluwaseun
Critical Care Medicine46(12):e1204-e1212, December 
2018.

A Systematic Review and Meta-Analysis Examining the Impact of Sleep Disturbance on Postoperative Delirium

Forest plot for all studies and subgroup analyses by study 
characteristics. A, Forest plot showing pooled analysis of 
studies categorized into obstructive sleep apnea and 
unspecified types of sleep disturbance. B, Forest plot 
showing pooled analysis of studies categorized into 
preoperative sleep disturbance and postoperative sleep 
prospective.

14

Fadayomi, Ayòtúndé B.; Ibala, Reine; Bilotta, 
Federico; Westover, Michael B.; Akeju, Oluwaseun.  
Critical Care Medicine46(12):e1204-e1212, 
December 2018.
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Forest plot for all studies and subgroup analyses by study 
characteristics. A, Forest plot showing pooled analysis of 
studies categorized into prospective and retrospective study 
design. B, Forest plot showing pooled analysis of studies 
categorized into studies with median/mean age less than 65 
yr and greater than or equal to 65 yr.

Copyright © 2019 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All rights reserved. 15

Fadayomi, Ayòtúndé B.; Ibala, Reine; Bilotta, Federico; 
Westover, Michael B.; Akeju, Oluwaseun

Critical Care Medicine46(12):e1204-e1212, December 2018.

A Systematic Review and Meta-Analysis Examining the Impact of Sleep Disturbance on Postoperative Delirium

A Systematic Review and Meta-Analysis Examining the Impact of Sleep Disturbance on Postoperative Delirium

Forest plot for all studies and subgroup analyses by study 
characteristics. A, Forest plot showing pooled analysis of 
studies with crude odds ratio. B, Forest plot showing pooled 
analysis after restricting to those with sleep disturbance 
before onset of delirium.

Copyright © 2019 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All rights reserved. 16
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Oluwaseun

Critical Care Medicine46(12):e1204-e1212, December 2018.
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Sleep Restriction on Circadian secretory pattern

17

The Journal of Clinical Endocrinology & Metabolism, Volume 89, Issue 5, 1 
May 2004, Pages 2119–2126, 

TNF α IL-6

Neuroinflammation and Perioperative NeuroCognitive Disorders

18

Subramaniyan S, Terrando N. Neuroinflammation and Perioperative Neurocognitive 
Disorders. Anesth Analg. 2019;128(4):781–788. 
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Novel risk markers and long-term outcomes of delirium: The 
Successful Aging after Elective Surgery (SAGES) Study Design 
and Methods
Schmitt EM,, et al. Novel risk markers and long-term outcomes of delirium: the successful aging after 
elective surgery (SAGES) study design and methods. J Am Med Dir Assoc. 2012;13(9):818.

19

Postoperative Delirium

– Current Postoperative Delirium Burden
– Sleep and Delirium- What is the connection
– Enhancing Natural Sleep- Current work

20
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Brain age from the electroencephalogram of sleep
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a b s t r a c t

The human electroencephalogram (EEG) of sleep undergoes profound changes with age. These changes
can be conceptualized as “brain age (BA),” which can be compared to chronological age to reflect the
degree of deviation from normal aging. Here, we develop an interpretable machine learning model to
predict BA based on 2 large sleep EEG data sets: the Massachusetts General Hospital (MGH) sleep lab
data set (N ¼ 2532; ages 18e80); and the Sleep Heart Health Study (SHHS, N ¼ 1974; ages 40e80). The
model obtains a mean absolute deviation of 7.6 years between BA and chronological age (CA) in healthy
participants in the MGH data set. As validation, a subset of SHHS containing longitudinal EEGs 5.2 years
apart shows an average of 5.4 years increase in BA. Participants with significant neurological or psy-
chiatric disease exhibit a mean excess BA, or “brain age index” (BAI ¼ BA-CA) of 4 years relative to
healthy controls. Participants with hypertension and diabetes have a mean excess BA of 3.5 years. The
findings raise the prospect of using the sleep EEG as a potential biomarker for healthy brain aging.

! 2018 Elsevier Inc. All rights reserved.

1. Introduction

Human sleep undergoes robust and predictable changes with
age, reflected in both overall sleep architecture and electroen-
cephalogram (EEG) oscillations/waveforms. At the level of sleep
architecture (macrostructure), older participants sleep earlier and
wake earlier, have shorter sleep duration, increased sleep frag-
mentation, and reduced percentages of rapid eye movement sleep,
as well as (at least in males) deep non-rapid eye movement sleep
(Mander et al., 2017; Scullin, 2017). At the level of EEG micro-
structure, older participants exhibit reduced slow waves during
deep sleep (Carrier et al., 2001; Larsen et al., 1995); decreased sleep
spindle amplitude, density, and duration (Purcell et al., 2017); and
less phase coupling between slow oscillations and sleep spindles
(Helfrich et al., 2017). However, no study has yet addressed the
inverse problem: how accurately can a person’s age be predicted
from the sleep EEG? What factors make a person’s “BA” older or
younger than their chronological age (CA)?

BA serves as a potential aging biomarkerwhere the variation of BA
between individuals of the same chronological age may carry impor-
tant information about the risk of cognitive impairment, neurological
orpsychiatricdisease, ordeath.Variousbiomarkersof aginghavebeen
proposed to better predict lifespan and functional capability, ranging
from molecular and cellular levels to structural level biomarkers. At
the molecular and cellular level, aging-related biomarkers include
leukocyte telomere length (Kruketal.,1995), Ink4/Arf locusexpression
(Krishnamurthyet al., 2004), N-glycanprofile (Vanhooren et al., 2010),
mitochondrial DNA deletions (Eshaghian et al., 2006), and DNA-
methylation status at CpG sites across the genome (Petkovich et al.,
2017) among others. At the structural level, brain anatomy changes
dramatically throughout life (Raz and Rodrigue, 2006). For example,
cortical volume (Cole et al., 2017), thalamic volume (Redline et al.,
2004), and white matter integrity (Mander et al., 2017), each de-
creases with aging. Using magnetic resonance images (MRI), chrono-
logical age can be predicted with mean absolute deviation (MAD) of
5 years in healthy participants (Franke et al., 2010). Various diseases,
including Alzheimer’s disease, schizophrenia, epilepsy, traumatic
brain injury, bipolardisorder,majordepression, cognitive impairment,
diabetesmellitus, andHIV, are associatedwith excess BA, that is, older
MRI BA than chronological age (Cole, 2017; Cole et al., 2018; Cole and
Franke, 2017; Franke et al., 2010, 2012).
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a b s t r a c t

The human electroencephalogram (EEG) of sleep undergoes profound changes with age. These changes
can be conceptualized as “brain age (BA),” which can be compared to chronological age to reflect the
degree of deviation from normal aging. Here, we develop an interpretable machine learning model to
predict BA based on 2 large sleep EEG data sets: the Massachusetts General Hospital (MGH) sleep lab
data set (N ¼ 2532; ages 18e80); and the Sleep Heart Health Study (SHHS, N ¼ 1974; ages 40e80). The
model obtains a mean absolute deviation of 7.6 years between BA and chronological age (CA) in healthy
participants in the MGH data set. As validation, a subset of SHHS containing longitudinal EEGs 5.2 years
apart shows an average of 5.4 years increase in BA. Participants with significant neurological or psy-
chiatric disease exhibit a mean excess BA, or “brain age index” (BAI ¼ BA-CA) of 4 years relative to
healthy controls. Participants with hypertension and diabetes have a mean excess BA of 3.5 years. The
findings raise the prospect of using the sleep EEG as a potential biomarker for healthy brain aging.
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participants) was around 0 years, whereas BAI for the group with
significant neurological and psychiatric disease (167 participants)
increased up to 4 years with a significant difference (t-test p-value
< 0.01). Therefore, at the population level, participants with sig-
nificant neurological or psychiatric disease had on average BA
4 years older than their chronological age. Furthermore, in the
healthy group, the MAD was 7.6 years, and correlation between CA
and BA was 0.83; while in the group with significant neurological
and psychiatric disease, the MAD was larger at 9.5 years and cor-
relation smaller at 0.74.

Although often not associated with any formal neurological or
psychiatric diagnosis, there is biological plausibility and accumu-
lating evidence for the idea that hypertension and diabetes mellitus
accelerate brain aging (Gorelick et al., 2011, 2017). We therefore
explored whether EEG BA is sensitive to hypertension and diabetes.
These participants were identified using the diagnosis from 5 years
before to 1 year after the PSG recording, as well as the self-reported
medication intake form collected at the time of PSG recording. As
compared in Fig. 4B, the control group was defined as participants
taking no medications, having no diagnoses of hypertension or
diabetes, and no significant neurological or psychiatric disease. The
control group had a mean excess BA of BAI ¼ "1.1 years (n ¼ 472).
The “contrast” group was defined as participants with both hy-
pertension and diabetes, which had BAI ¼ 2.4 years (n ¼ 137). The
attributable excess BA was 3.5 years (p ¼ 0.0002).

3.6. Model-derived age norm

The parametric formulation of our BA model allows studying
individual differences at the level of EEG features. To do this, we
first derived an “age norm”, that is, typical EEG feature values at
different CAs with matched BAs. Specifically, the age norm of age x
was obtained by averaging EEG features from all healthy partici-
pants who had both CA and BA within [x-5, xþ5] years.

The age norm showed that when following a normal aging
process, the features most negatively correlated with age were
delta band (<4 Hz) powers in stage N3 sleep in the occipital and
central areas; and features that most positively correlate with age
were theta band (4e8 Hz) powers in stage N1 sleep in frontal, oc-
cipital, and central areas. The details are described in Table S6.

Using this model-derived age norm, we could examine reasons
for deviation from CA quantitatively. For example, Fig. 5A shows the
EEG spectrogram of a 29-year-old female with multiple medical
problems, including diabetes mellitus, obesity, smoking, a cere-
brovascular accident, congestive heart failure, and acute renal fail-
ure. Her brain activity resembled that of a much older adult. Her BA
was 63 years. As shown in Fig. 5B, when compared to the age norm,
her sleep EEG exhibited (1) less delta to theta ratio during deep N3
sleep; and (2) less theta and alpha band bursts, that is, more
continual theta and alpha, during N2 sleep.

Note that our results only showed that BAI reflects age and pa-
thology at the population level. Nevertheless this example sug-
gested the possibility that BAI may, with further studies, serve as a
personalized biomarker of brain health. Other examples are shown
in Figures S5eS7 in the supplementary material.

4. Discussion

The concept of differential agingdthe idea that a 50-year-old
can “have the heart of a 20-year-old” or that the lungs of a 30-year-
old smoker “work like they’re 80”dis useful clinically and is gaining
scientific traction. Similarly, while cognitive decline is a “normal”
part of aging, some individuals clearly age better than others. In this
work, we have developed a machine learning model that leverages
statistical changes across the adult lifespan in the pattern of brain
activity during sleep. We call the predicted age "brain age" or BA.
Model predictions are highly correlated with CA (r ¼ 0.83, MAD ¼
7.6 years) for healthy participants, and at the population level, the
model accurately tracks advancing age. More interestingly, this
study presents preliminary evidence that excess BA (EEG BA in
excess than chronological age) reflects underlying brain pathology.
In particular, our findings show that significant neurological or
psychiatric disease accelerate brain aging, as do hypertension and
diabetes. These findings suggest that features of brain activity
during sleep, reflected in EEG, can be harnessed using machine
learning to provide an easily accessible and low-cost biomarker of
brain health.

One strength of our study is the use of large data sets: 2532 sleep
EEGs from the MGH Sleep Lab, and 1974 sleep EEGs from the SHHS
data set (Dean et al., 2016; Quan et al., 1997; Redline et al., 1998).

A B

Fig. 4. (A) Histograms of BAIs for participants with (red) and without (blue) significant neurological or psychiatric disease defined in Table S1. The dashed lines show the Gaussian fit
to these distributions. The difference of group means is 4 years. *p-value ¼ 6.1 $10"7 < 0.05. (B) Histograms of BAIs for participants with (red) and without (blue) hypertension and
diabetes. The difference of group means is 3.5 years. *p-value ¼ 1.8 $ 10"4 < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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begins with stage N1, transitions to stage N2 followed by
stage N3 and on to REM sleep. The cycle then begins
again and is repeated approximately every 90–120 min.
Each of these sleep stages, or a combination, may be
important for specific health benefits [7]. N1 sleep is
characterized by the loss of occipital alpha (8–12 Hz)
oscillations that are associated with relaxed wakefulness,
and decreased beta (13–25 Hz) oscillation power
(Figure 1a) [7]. N2 sleep is characterized by slow-delta
oscillations, K-complexes, and sleep spindle oscillations
(12–16 Hz) (Figure 1b) [7,25!!]. K-complexes are tran-
sient low-frequency oscillations that reflect reduced
cortical neuronal activity [7,25!!]. Spindle oscillations
reflect rebound bursting in thalamocortical neurons
[7,25!!]. Slow-delta oscillations, which are larger in
amplitude than N2 sleep slow oscillations, dominate
N3 sleep (Figure 1c) [7,25!!]. Slow-delta oscillations
are a result of profound cortical and thalamic hyperpo-
larization [7,25]. They likely result from decreased
brainstem inputs to the thalamus and cortex due to
GABAergic and galanergic inhibition of brainstem
arousal nuclei [7–9,10!!]. REM sleep is
associated with an activated EEG pattern that is
comprised of mixed frequencies, and the absence of
K-complexes or sleep spindles (Figure 1d) [7,25!!].

EEG Oscillations during general anesthesia
Slow-delta oscillations
Slow-delta oscillations are a shared feature of sleep and GA
(Figures 1 and 2). Recent studies suggest that slow-delta
oscillations identical to those observed in vivo require an
intact thalamocorticalnetwork[26!].This is consistentwith
the slow-delta oscillations that were first observed in corti-
cal EEG by Frédéric Bremer in the 1930s when he per-
formed a surgical transection at the level of the mesen-
cephalon in cats [27]. This brain preparation, which severed
excitatory brainstem inputs to the thalamus and cortex, was
termed cerveau isolé (isolated cerebrum) [27].

Slow-delta oscillations are also observed when GA is
induced or maintained with anesthetics (propofol, ethers)
that facilitate inhibitory post-synaptic currents (IPSCs) by
enhancing GABAA receptor decay-time and conductance
(Figure 2a and b) [3,4,19,22!!,28!,29–33]. Similar to sleep,
a mechanism to explain these GABAergic slow-delta
oscillations likely involves loss of excitatory inputs from
brainstem arousal centers to the cortex [7,10!!]. However,
numerous lines of evidence suggest that inhibition of
brainstem arousal nuclei that send excitatory inputs to the
cortex is not sufficient to explain GA-induced slow-delta
oscillations.

General anesthesia and sleep neural oscillations Akeju and Brown 179
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Sleep stages have distinct EEG signatures that result from differences in the neural circuits that are involved in their generation and maintenance.
The spectrogram, which is the decomposition of the EEG signal by frequency as a function of time, makes these differences clear. These
signatures are also visible in the raw EEG signal (black traces represent first 10 s of data shown in spectrogram). (a) EEG slowing and the loss of
the awake state alpha oscillations are distinguishing features of N1 sleep. (b) Slow-delta (0.1–4 Hz) oscillations, K-complexes (black arrow on
spectrogram and raw EEG), and spindle oscillations (12–16 Hz, red arrow on spectrogram and raw EEG) are distinguishing features of N2 sleep.
(c) The predominance of slow-delta oscillations is a distinguishing feature of N3 sleep. (d) Activated ‘saw-tooth’ EEG without the awake-state
alpha oscillations are distinguishing features of REM sleep.
dB, decibels; EEG, electroencephalogram; Hz, Hertz; N1, non-rapid eye movement stage 1 sleep; N2, non-rapid eye movement stage 3 sleep; N3,
non-rapid eye movement stage 3 sleep; REM, rapid eye movement.
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Sleep slow-delta oscillations are synchronous with rela-
tively brief periods of inactivity in cortical neurons [34].
In contrast, slow-delta oscillations observed under pro-
pofol-induced slow-delta oscillations are asynchronous
with prolonged periods of inactivity in cortical neurons
[19]. A source localization study of propofol GA and sleep
described more putative cortical sources for propofol GA
slow-delta oscillations compared to sleep [31]. This sug-
gests that significantly greater enhancement of IPSCs in
cortical circuits could in part explain the functional dif-
ferences between sleep and GA-induced slow-delta
oscillations.

An empirical clinical observation supports the notion that
GA slow-delta oscillations result from significant
enhancement of IPSCs in cortical circuits. The amplitude
of GA slow-delta oscillation increases in a dose dependent
fashion until a plateau is reached [32], after which,
increased drug administration results in burst suppres-
sion, which is characterized by brief bursts of spikes, sharp
waves, or slow waves of relatively high amplitude alter-
nating with periods of relatively flat EEG, termed iso-
electricity [3,20,22!!]. Further drug increases results in a

brain state that is characterized by only isoelectric periods
(Figure 2c) [3,20,22!!]. Notably, burst suppression and
isoelectricity are brain states of relative cortical quies-
cence that are not observed during normal sleep or in
cerveau isolé preparations [27]. Rather, they are closely
associated with cortical pathologies such as diffuse anoxic
brain injury, hypothermia and Ohtahara syndrome [3,35].

Alpha oscillations
Alpha oscillations are not a characteristic feature of non-
REM sleep [7]. This is highlighted by the fact that Hans
Berger, the inventor of electroencephalogram, first dis-
tinguished an ‘awake restful with eyes closed’ state from
sleep by associating occipital alpha oscillations (8–12 Hz)
with wakefulness [36]. Although not a part of the empiri-
cal characterization of sleep, short bursts of alpha power,
which likely reflect micro-arousals or complete arousals,
have been described during REM sleep [25!!,37,38].
Anesthetics that enhance IPSCs through GABAA receptor
targeting induce and maintain strong alpha oscillations
(Figure 2a and b). However, in contrast to the occipital
alpha oscillations that are associated with wakefulness,
GABAA associated alpha oscillations are frontally
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Figure 2
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General anesthesia. Each anesthetic drug has a different EEG signature that results from differences in the neural circuits that are involved in state
generation and maintenance. The spectrogram, which is the decomposition of the EEG signal by frequency as a function of time, makes these
differences clear. These signatures are also visible in the raw EEG signal (black traces represent first 10 s of data shown in spectrogram). (a)
Slow-delta (0.1–4 Hz) and alpha (8–12 Hz) oscillations are the predominant EEG signatures of propofol-general anesthesia. This finding is
consistent with the EEG signatures of other intravenous GABAA receptor targeting anesthetics (i.e., benzodiazepines, etomidate) during general
anesthesia. (b) Slow-delta oscillations, theta (4–8 Hz), and alpha oscillations are the predominant EEG signatures of sevoflurane-general
anesthesia. This finding is consistent with the EEG signatures of other modern day derivatives of ether during general anesthesia (desflurane,
isoflurane). The close similarities between the EEG signatures of propofol and modern day derivatives ether anesthesia has been suggested to
result from enhancement of GABAA receptor IPSCs. (c) Isoelectricity is observed when high doses of anesthetics such as sevoflurane and
propofol are administered. Significantly enhancement of IPSCs in cortical circuits is a mechanism to explain isoelectricity. (d) Gamma oscillations
("30–45 Hz) that are interspersed with slow-delta (black arrow on spectrogram and raw EEG) oscillations are the predominant EEG signatures of
general anesthesia maintained with the NMDA receptor antagonist ketamine.
dB, decibels; EEG, electroencephalogram; GABAA, gamma amino butyric acid A; Hz, Hertz; IPSCs, inhibitory post synaptic currents; NMDA, N-
methyl-D-aspartate.
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dominant, larger in amplitude, and highly coherent
[18,21,29,30,33,39,40].

A model to explain the generation of anesthesia-induced
coherent alpha oscillations suggests that an increase in
GABAA decay-time and conductance results in cortical
alpha oscillatory dynamics [18]. At the same time,
increased GABAA decay-time and conductance in the
thalamus leads to enhanced rebound spiking of relay
cells, strengthening the intrinsic alpha oscillatory
dynamic of the thalamus [18]. The net result is reciprocal
thalamic-cortical alpha oscillation coupling [18]. It is
important to note that GA-induced alpha oscillations
occur in a frequency range and spatial distribution that
is similar to sleep spindles (12–16 Hz)
[18,21,29,30,33,39,40]. However, sleep spindles have a
transient envelope with a refractory period of several
seconds [7,25], whereas GA-induced alpha oscillations
do not exhibit such a refractory period
[18,21,29,30,33,39,40]. Further, GA alpha oscillations
have only been found to occur with slow-delta oscillations
[[21,28!,29,30,32,33,40]21,22,28!,29,30,32,33,40], and the
amplitude of GA alpha oscillations is modulated signifi-
cantly by the phase of the slow-delta oscillations [33].

Gamma oscillations
Gamma oscillations (>30 Hz) or ‘active EEG’ are a char-
acteristic feature of REM sleep (Figure 2d) [7,25!!].
Ketamine, which is an N-methyl-D-aspartate (NMDA)
receptor antagonist commonly administered to produce
GA, is also associated with gamma oscillations [41]. How-
ever, REM sleep gamma oscillations are distinct from
ketamine-GA gamma oscillations. Ketamine effectively
blocks excitatory NMDA receptors on fast-spiking corti-
cal interneurons to down regulate interneuron activity,

and decrease GABA release at the interneuron–pyramidal
neuron junction [42,43]. The net result of decreased
cortical inhibitory tone is markedly excited pyramidal
neuronal activity [42,43]. A prediction of the ketamine-
induced ‘excited’ cortical state is high-frequency neural
oscillations. Consistent with this prediction gamma oscil-
lations, which are tightly constrained to a narrow fre-
quency band ("30–45 Hz), are a characteristic feature
of ketamine-GA is (Figure 2d) [41!]. Ketamine-GA
gamma oscillations alternate with slow-oscillations in a
characteristic ‘gamma-burst’ pattern (Figure 2d) [41!,44].
With decreasing drug concentrations, the slow-delta oscil-
lations are first to dissipate [41!]. It is possible that the
ketamine slow-delta oscillations result in part from
reduced activity of glutamatergic projections from the
parabrachial nucleus to the basal forebrain and the thala-
mus [10!!], or by direct drug action in the thalamus
[45,46]. However, mechanisms to explain the dynamics
of ketamine-induced slow and gamma oscillations are an
area of active investigation.

EEG oscillations during anesthesia-induced
brain states of sedation
Compared to GA, sedation is a closer behavioral approxi-
mation to sleep because arousal to consciousness can be
achieved from sedated states. However, sedatives do not
produce physiological sleep.

Beta oscillations
Beta oscillations are associated with sedative states
induced by anesthetics that enhance IPSCs through
GABAA receptor targeting (Figure 3a) [33,47,48]. In
contrast, non-REM sleep is associated with a decrease
of beta oscillations (Figure 1) [49]. A model to explain
sedation-associated beta oscillations suggests that they
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Sedation states. Each anesthetic drug has a different EEG signature that results from differences in the neural circuits that are involved in state
generation and maintenance. The spectrogram, which is the decomposition of the EEG signal by frequency as a function of time, makes these
differences clear. These signatures are also visible in the raw EEG signal (black traces represent first 10 s of data shown in spectrogram). (a) Beta
("13–30 Hz) oscillations are the predominant EEG signature of sedation maintained by propofol and other medications that enhance GABAA

receptor IPSCs (i.e., ether anesthetics, benzodiazepines, zolpidem). (b) Slow-delta and spindle (12–16 Hz; red arrow on spectrogram and raw EEG)
oscillations are the predominant EEG signatures of dexmedetomidine-sedation. These dexmedetomidine-induced EEG signatures very closely
approximate the EEG signatures of N2 sleep (Figure 1b).
dB, decibels; EEG, electroencephalogram; GABAA, gamma amino butyric acid A; Hz, Hertz; IPSCs, inhibitory post synaptic currents.
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Anesthetics produce unconsciousness by acting on subcortical and cortical circuits. (a) A mechanism to explain non-REM sleep is GABA- and
galanin-mediated inhibition of brainstem arousal nuclei from sleep active cells in the preoptic area of the hypothalamus. Decreased firing rate of
locus ceruleus cells and norepinephrine release from efferent projections to the preoptic area is a putative mechanism to explain activation of
sleep active cells and non-REM sleep initiation. Decreased norepinephrine to the cortex, thalamus, and basal forebrain also contribute to
decreased arousal. Other sites that are not depicted (i.e., cells in the parafacial zone) may play important roles in non-REM sleep. (b) Propofol,
ether anesthetics, and other medications that significantly enhance GABAA receptor IPSCs decrease arousal by enhancing the inhibitory activity of
GABAergic interneurons in the cortex and thalamus. They also inhibit the major excitatory brainstem nuclei that project directly and indirectly to
the cortex. (c) Ketamine likely decreases the level of arousal by directly targeting the thalamus and also by blocking glutamatergic projections
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Low-dose nocturnal dexmedetomidine prevents ICU delirium.  A 
Randomized, Placebo-controlled Trial.  Am J Respir Crit Care Med 2018

during their ICU stay, is unlikely to have
been influenced by the level of sedation
maintained during the study (5). Low-dose
dexmedetomidine was safe. The way in

which dexmedetomidine may have
influenced sleep quality, and the
relationship between sleep quality and
delirium incidence, remain unclear.

To date, systematic reviews of
randomized controlled trials have failed to
identify a safe and effective pharmacologic
strategy to either prevent or treat delirium
in critically ill adults (8, 14, 15). The
methodological face-value challenges
within these studies are numerous. In the
studies describing interventions such as
haloperidol or simvastatin administration,
both delirious and nondelirious patients
were enrolled, blurring the differences
between prevention and treatment (30, 31).
Moreover, some publications combine
coma and delirium as a spectrum of
“brain failure,” combining iatrogenic
and potentially preventable drug-induced
excessive sedation with delirium symptoms
(32). Studies with antipsychotics have
been disappointing, not only for their
ineffectiveness but also for their failure to
demonstrate any impact on outcomes
considered meaningful by patients, such
as mortality or discharge destination (33).
Finally, no clinical interventional studies
evaluating a pharmacologic prevention
strategy, ours included, have considered
patient perceptions of the often nightmare-
like symptoms associated with delirium
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Figure 2. Kaplan-Meier curve for the time to the first occurrence of delirium between dexmedetomidine
(dexmed.) and placebo groups during the ICU stay for those patients still at risk for developing
delirium each day for the first time (log rank P value = 0.006). Patients with persistent coma on
any given day were deemed not to have delirium.
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The prevention of delirium in elderly with
obstructive sleep apnea (PODESA) study:
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Abstract

Background: Delirium is a common problem that occurs in 5–50% of elderly individuals following surgery. Patients
who develop delirium after surgery are at increased risk for serious complications. Recent studies suggest that patients
with obstructive sleep apnea (OSA), a sleep disorder characterized by repeated episodes of complete or partial blockage
of the upper airway – are at greater risk to develop delirium. OSA is more common in elderly individuals but is often
undiagnosed. Identification and treatment of unrecognized OSA may reduce the incidence of postoperative delirium.
However, few studies have investigated the effect of perioperative treatment of OSA to prevent postoperative delirium.

Methods: This multi-centre randomized controlled trial will enrol 634 elderly patients undergoing elective hip/knee
replacement surgery. The study has been approved by the Research Ethics Boards of the three participating institutions.
Patients will be screened with the STOP-Bang questionnaire. Those with a score of 3 or greater will have a portable home
sleep study using the ApneaLink™ Air device. Patients identified to have OSA will be randomized to 1) Auto-titrating
continuous positive airway pressure (APAP) applied during sleep for 72 h after surgery or until discharge if they are
discharged before 72 h or 2) Control group – routine care, no APAP. All patients will be evaluated for delirium for 72 h
after surgery or until discharge if they are discharged before 72 h. The primary outcome is the occurrence of delirium –
assessed twice daily using the Confusion Assessment Method for 72 h or until discharge if the hospital stay is <72 h.

Discussion: Delirium is associated with increased morbidity and mortality, and higher healthcare costs. With the aging
population, the incidence of postoperative delirium will likely increase as the number of elderly individuals undergoing
surgery rises. The results of our study will be published in a peer-reviewed journal and presented at local and international
medical conferences. Our study findings may lead to improved surgical outcomes, enhanced patient safety and reduced
healthcare costs.

Trial registration: This study was retrospectively registered at clinicaltrials.gov NCT02954224 on November 3, 2016.

Keywords: Aged, Continuous positive airway pressure, Delirium, Sleep apnea, Obstructive, Perioperative period

* Correspondence: jean.wong@uhn.ca
1Department of Anesthesia, Toronto Western Hospital, University Health
Network, University of Toronto, 399 Bathurst Street, Toronto, ON M5T 2S8,
Canada
Full list of author information is available at the end of the article

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Wong et al. BMC Anesthesiology  (2018) 18:1 
DOI 10.1186/s12871-017-0465-5

Sleep/Wake Protocol Implementation to Improve Sleep Quality 
in the ICU (NCT03313115)
1.Contributors: Joseph Tonna
Date created: 2018-08-21 03:01 PM | Last Updated: 2019-05-11 
04:47 PM

Suvorexant and Sleep/Delirium in ICU Patients
Eikermann M et al.  
Orexin receptor antagonist -blocks awake state

Original Article

A randomised trial of peri-operative positive airway pressure for
postoperative delirium in patients at risk for obstructive sleep
apnoea after regional anaesthesia with sedation or general
anaesthesia for joint arthroplasty*
J. W. Nadler,1 J. L. Evans,2 E. Fang,3 X. A. Preud’Homme,4 R. L. Daughtry,5 J. B. Chapman,6

M. P. Bolognesi,7 D. E. Attarian,8 S. S. Wellman9 and A. D. Krystal10,11

1 Assistant Professor of Anaesthesiology, University of Rochester, Rochester, NY, USA
2 Resident, University of Pittsburgh Medical Center, Pittsburgh, PA, USA
3 Resident, Singapore General Hospital, Singapore
4 Assistant Professor of Psychiatry, 5 Technician Coordinator, 6 Certified Registered Nurse Anaesthetist, 7 Professor of
Orthopaedic Surgery, 8 Professor of Orthopaedic Surgery, 9 Assistant Professor of Orthopaedic Surgery, 10 Adjunct
Professor of Psychiatry, Duke University, Durham, NC, USA
11 Professor of Psychiatry, Executive Vice Chair for the Langley Porter Psychiatric Institute (LPPI), University of
California at San Francisco, San Francisco, CA, USA

Summary
Previous pilot work has established an association between obstructive sleep apnoea and the development of acute
postoperative delirium [1–3], but it remains unclear to what extent this risk factor is modifiable in the ‘real world’
peri-operative setting. In a single-blind randomised controlled trial, 135 elderly surgical patients at risk for obstruc-
tive sleep apnoea were randomly assigned to receive peri-operative continuous positive airway pressure (CPAP) or
routine care. Of the 114 patients who completed the study, 21 (18.4%) experienced delirium. Delirium was equally
common in both groups: 21% (12 of 58 subjects) in the CPAP group and 16% (9 of 56 subjects) in the routine care
group (OR = 1.36 [95%CI 0.52–3.54], p = 0.53). Delirious subjects were slightly older – mean (SD) age 68.9 (10.7)
vs. 64.9 (8.2), p = 0.07 – but had nearly identical pre-operative STOP-Bang scores (4.19 (1.1) versus 4.27 (1.3),
p = 0.79). Subjects in the CPAP group used their devices for a median (IQR [range]) of 3 (0.25–5 [0–12]) nights
pre-operatively (2.9 (0.1–4.8 [0.0–12.7]) hours per night) and 1 (0–2 [0–2]) nights postoperatively (1.4 (0.0–5.1 [0.0–
11.6]) hours per night). Among the CPAP subjects, the residual pre-operative apnoea–hypopnea index had a signifi-
cant effect on delirium severity (p = 0.0002). Although we confirm that apnoea is associated with postoperative delir-
ium, we did not find that providing a short-course of auto-titrating CPAP affected its likelihood or severity.
Voluntary adherence to CPAP is particularly poor during the initiation of therapy.
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ABSTRACT

PURPOSE: Studies suggest that melatonin may prevent delirium, a condition of acute brain dysfunction
occurring in 20%-30% of hospitalized older adults that is associated with increased morbidity and mortal-
ity. We examined the effect of melatonin on delirium prevention in hospitalized older adults while measur-
ing sleep parameters as a possible underlying mechanism.
METHODS: This was a randomized clinical trial measuring the impact of 3 mg of melatonin nightly on inci-
dent delirium and both objective and subjective sleep in inpatients age !65 years, admitted to internal
medicine wards (non-intensive care units). Delirium incidence was measured by bedside nurses using the
confusion assessment method. Objective sleep measurements (nighttime sleep duration, total sleep time
per 24 hours, and sleep fragmentation as determined by average sleep bout length) were obtained via actig-
raphy. Subjective sleep quality was measured using the Richards Campbell Sleep Questionnaire.
RESULTS: Delirium occurred in 22.2% (8/36) of subjects who received melatonin vs in 9.1% (3/33) who
received placebo (P = .19). Melatonin did not significantly change objective or subjective sleep measure-
ments. Nighttime sleep duration and total sleep time did not differ between subjects who became delirious
vs those who did not, but delirious subjects had more sleep fragmentation (sleep bout length 7.0 § 3.0 vs
9.5 § 5.3 min; P = .03).
CONCLUSIONS: Melatonin given as a nightly dose of 3 mg did not prevent delirium in non-intensive care
unit hospitalized patients or improve subjective or objective sleep.
! 2018 Elsevier Inc. All rights reserved. ! The American Journal of Medicine (2018) 131:1110"1117

KEYWORDS: Delirium; Sleep; Melatonin

INTRODUCTION
Delirium occurs in an estimated 20%-30% of elderly
patients admitted to hospital wards.1 Individuals !65 years,
especially those with dementia, evidence of prior cognitive
decline, or prior neurologic insult such as stroke, are at
increased risk. Major consequences of delirium include
increased in-hospital2 and 1-year mortality rates,3 as well
as worsened neurocognitive outcomes.4-6 Delirious patients
stay hospitalized longer7,8 and are more likely to discharge
to a facility instead of home.9 No US Food and Drug
Administration"approved therapies exist for the treatment
or prevention of delirium, although clinicians frequently
prescribe antipsychotics and anxiolytics to control associ-
ated agitation, despite data clearly demonstrating their lack
of efficacy and risk of serious side effects.10 Sleep depriva-
tion has been hypothesized as a cause of hospital delirium,
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This pilot study explores sleep disruption after total knee arthroplasty and the impact of melatonin on sleep and
postoperative pain. Sleep time was decreased on the last preoperative night and first two postoperative nights.
Sleep efficiency was decreased on all three postoperative nights. Compared to placebo, melatonin increased
sleep efficiency by 4.4% (mean; 95% CI −1.6, 10.4; P = 0.150) and sleep time by 29 min (mean; 95% CI −2.0,
60.4; P= 0.067). Melatonin appeared to have no effect on subjective sleep quality or daytime sleepiness, pain at
rest or painwith standardized activity. In conclusion, sleep quality is impaired after total knee arthroplasty and ex-
ogenous melatonin does not appear to improve postoperative sleep or pain to a significant degree.

© 2015 Elsevier Inc. All rights reserved.

Sleep disruption is a challenge commonly faced by patients and care
providers in the perioperative period [1,2] and has been shown to affect
postoperative performance after total knee arthroplasty [3]. Postoperative
sleepdisruption is likely influencedby environmental factors [4] and anes-
thetic exposure [5,6] and is known to be exacerbated by postoperative
pain [7]. In a reciprocal manner, sleep disruption has been shown to exac-
erbate pain perception [8,9].

Melatonin is an inexpensive over-the-counter dietary supplement
with an established safety profile [10] that has shown promise in man-
aging sleep disorders and amelioration of chronic and acute pain. Evi-
dence suggests that exogenous melatonin can be efficacious in
improving sleep disruption in tracheostomized patients in the ICU [11]
as well as those experiencing jet lag [12,13].

Previous studies have found conflicting results regarding the poten-
tial for melatonin to improve sleep and pain in the perioperative period
[14]. These discrepanciesmay result fromdifferences in surgical and an-
esthetic conditions, differences in melatonin dose and administration
regimens, variations in study quality, different methods of assessing
pain and sleep quality, and different patient populations. There is no
consensus as to what dose, duration, and timing of melatonin adminis-
tration in the perioperative period are most likely to improve sleep
quality or quantity. This study was designed to explore the effect of a
stable regimen of exogenous perioperative melatonin, administered
over 6 consecutive nights, on postoperative pain, sleep quality, and
sleep efficiency in patients undergoing total knee arthroplasty under re-
gional anesthesiawith sedation. To our knowledge, this study is the first
to examine perioperative subjected sleep quality as well as sleep time
and efficiency as measured by the validated objective tool of wrist
actigraphy in this population.
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