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Abstract

Rationale: Poor sleep quality is common in the intensive care unit
(ICU) and may be associated with adverse outcomes. Hence, ICU-
based efforts to promote sleep are gaining attention, motivating
interest in methods to measure sleep in critically ill patients.
Actigraphy evaluates rest and activity by algorithmically processing
gross motor activity data, usually collected by a noninvasive
wristwatch-like accelerometer device. In critically ill patients,
actigraphy has been used as a surrogate measure of sleep; however,
its use has not been systematically reviewed.

Objectives: To conduct a systematic review of [CU-based studies that
used actigraphy as a surrogate measure of sleep, including its feasibility,
validity, and reliability as a measure of sleep in critically ill patients.

Methods: We searched PubMed, EMBASE, CINAHL, Proquest,
and Web of Science for studies that used actigraphy to evaluate sleep
in five or more patients in an ICU setting.

Results: Our search yielded 4,869 citations, with 13 studies meeting
eligibility criteria. These 13 studies were conducted in 10 countries,
and eight (62%) were published since 2008. Across the 13 studies, the
mean total sleep time of patients in the ICU, as estimated using

actigraphy, ranged from 4.4 to 7.8 hours at nighttime and from 7.1 to
12.1 hours over a 24-hour period, with 1.4 to 49.0 mean nocturnal
awakenings and a sleep efficiency of 61 to 75%. When compared side-
by-side with other measures of sleep (polysomnography, nurse
assessments, and patient questionnaires), actigraphy consistently
yielded higher total sleep time and sleep efficiency, fewer nighttime
awakenings (vs. polysomnography), and more overall awakenings (vs.
nurse assessment and patient questionnaires). None of the studies
evaluated the association between actigraphy-based measures of sleep
and outcomes of patients in the ICU.

Conclusions: In critically ill patients, actigraphy is being used
more frequently as a surrogate measure of sleep; however, because
actigraphy only measures gross motor activity, its ability to estimate
sleep is limited by the processing algorithm used. Prior ICU-based
studies involving actigraphy were heterogeneous and lacked data
regarding actigraphy-based measures of sleep and patient outcomes.
Larger, more rigorous and standardized studies are needed to better
understand the role of actigraphy in evaluating sleep and sleep-
related outcomes in critically ill patients.

Keywords: sleep deprivation; accelerometry; critical care; critical
illness; intensive care units
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In the intensive care unit (ICU) setting,
critically ill patients commonly experience
poor nighttime sleep quality, characterized
by frequent arousals, fragmentation, and an
increased proportion of light stages of sleep
(1, 2). Additionally, critically ill patients
experience a disproportionate amount of
their sleep during the daytime, disrupting
circadian rhythms (3). As a consequence,
survivors of critical illness frequently cite
poor sleep as a source of stress and anxiety
in the ICU (4-8) and experience sleepiness
after ICU discharge (9).

The role of sleep disturbance in the ICU
has gained attention over the past decade, in
large part due to interest in the relationship
between sleep and delirium, a common
ICU syndrome associated with prolonged
length of stay and long-term impairments
(10-12). Because poor sleep is considered
a potentially modifiable risk factor for
delirium, ICU-based efforts to promote
sleep are recommended by the Society of
Critical Care Medicine (11) and listed as a
top-five research priority by an expert panel
of ICU delirium researchers (13).

Numerous ICU-based sleep-
promoting interventions have been
investigated, including multifaceted
strategies to minimize nocturnal noise,
light, and disruptions, as well as trials of
medications believed to promote sleep
and/or circadian rhythm alignment
(14). A key challenge underlying these
ICU-based studies is the difficulty of
obtaining reliable, valid, and feasible sleep
measurements. Polysomnography (PSG),
the gold standard for measuring sleep
in healthy adults, has provided key
knowledge regarding sleep architecture in
critically ill patients, but is not feasible
during large-scale intervention efforts due
to high cost, need for frequent patient
monitoring, and difficulty of obtaining
recordings beyond 24 hours (15). Hence,
other more feasible modes of sleep
measurement, such as actigraphy, are
gaining attention.

Actigraphy is a noninvasive sensor
technology, usually involving a wristwatch-
like device, which uses an accelerometer
to estimate rest-activity cycles. More
specifically, these devices continuously
record multiplanar gross motor activity,
translating movements into activity counts
over a predefined epoch length (i.e., 15, 30,
or 60 s). These activity counts are then
processed by computer algorithms that use
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predetermined thresholds to label each
epoch as “sleep” or “wake.”

In healthy adults, actigraphy has been
validated against PSG and is often used to
measure sleep in the outpatient setting (16).
When compared with PSG and other
sleep modalities, actigraphy has two
major theoretical advantages. First, it is
affordable and unobtrusive. Second, it
collects objective data continuously over
prolonged periods, allowing for precise
longitudinal evaluations of rest and
activity. Furthermore, with current data-
management capabilities, actigraphy may
prove useful for evaluating sleep-related
outcomes as part of large-scale intervention
studies (17).

A recent systematic review evaluated
the use of actigraphy to measure physical
activity in critically ill patients (18).
However, for critically ill patients in the ICU
setting, the use of actigraphy as a surrogate
measure of sleep, particularly with regard to
its feasibility, validity, and reliability, has not
been systematically evaluated. Therefore, to
synthesize knowledge in this area and
inform future investigations, we aimed to
conduct a systematic review of studies that
used actigraphy to evaluate sleep in critically
ill patients in the ICU setting.

Methods

This systematic review was performed and
reported in accordance with established
guidelines (19, 20).

Search Strategy

We designed our search strategy with the
assistance of two university librarians and
the use of a computerized search builder
program (21). PubMed, EMBASE,
CINAHL, Proquest Digital Dissertations,
and Web of Science were searched from
each database’s start date until December 5,
2016. To capture all actigraphy-based
studies in critically ill patients and prevent
erroneous exclusion of studies that
evaluated sleep as a secondary outcome
(i.e., “sleep” term absent in the abstract and
keywords), we designed our search strategy
a priori without a “sleep” search term (see
online supplement) and manually reviewed
full-text articles, as necessary, to determine
whether sleep was evaluated. Our search
strategy had no restrictions based on date,
language, or study type.

Study Selection

Two screeners (K.E.S. and B.R.)
independently reviewed citation titles and
abstracts for the following: 1) publication of
primary data in a peer-reviewed journal; 2)
measurement of actigraphy in at least five
patients in an ICU setting; and 3) use of
actigraphy to objectively estimate sleep.
All potentially relevant citations were
retrieved as full-text articles, which were
subsequently evaluated by the two screeners.
Disagreements between reviewers were
resolved via discussion and, if necessary,
input from a third person (B.B.K.). For
studies selected for inclusion, we manually
searched each study’s reference list to
identify other potentially eligible articles.

Data Abstraction and Risk of

Bias Assessment

For each included article, data abstraction
was independently performed by two
reviewers (K.E.S., B.R,, or B.B.K.); discordant
entries were resolved by a third reviewer
(B.B.K. or A.Q.T.). Relevant data collection
included study characteristics, patient
population, actigraph device characteristics,
actigraph-based sleep data (i.e., total sleep
time, sleep efficiency, and number of
awakenings), and other measures of sleep
(i.e., concurrent use of PSG). Risk of bias was
assessed using the Newcastle Ottawa Scale for
observational studies (22) and the Cochrane
Risk of Bias tool for randomized control trials
(23) (see online supplement).

Results

Study Selection

Our search strategy identified 4,869 studies,
1,258 of which were duplicates (Figure 1). We
screened 3,611 titles and abstracts, yielding
1,037 articles for full-text review. Overall, 13
articles met the criteria for inclusion.

Study Characteristics

The 13 studies included 10 observational
studies (77%) and three randomized
controlled trials (RCTs; 23%) (Table 1).
Study locations included North America (n =3,
23%), Europe (n = 3, 23%), Asia (n = 3,
23%), the Middle East (n = 2, 15%) South
America (n = 1, 7%), and Australia (n = 1,
7%). Five studies (38%) were published in or
before 2004, and the remaining eight (62%)
were published between 2008 and 2015.
Seven studies (54%) enrolled patients in
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4,869 studies identified through database ’

‘ searches

—»( 1,258 duplicates removed J

‘ 3,611 titles and abstracts screened ’

A

—»( 2,574 citations excluded )

‘ 1,037 full-text articles screened ’

1,024 full-text articles
excluded

references

0 studies identified from I

13 studies included in systematic review ’

Figure 1. Flow chart for identifying eligible studies.

medical or medical-surgical ICUs (24-30),
two (15%) in cardiothoracic surgical ICUs
(31, 32), two (15%) in coronary care units
(33, 34), one (7%) in a surgical ICU (35), and
one (7%) in a burn ICU (36).

Overall, the 13 studies enrolled 277
patients, and eight of these studies (62%)
enrolled 20 or fewer patients (24, 27-30, 32,
33, 36) (Table 1). Four studies (31%)
included mechanically ventilated patients
(24, 25, 28, 30), three (23%) enrolled no
mechanically ventilated patients (34-36),
and six (46%) did not specify the mechanical
ventilation status (26, 27, 29, 31-33).

Risk of Bias Assessment

Among the three RCTs, all three had
adequate randomized sequence generation
and selective reporting, two had adequate
allocation concealment, and one had
adequate blinding procedures (online
supplement). Among the 10 observational
studies, only two had adequate outcome
assessments (online supplement).

Actigraphy Measurements

and Outcomes

Of the 13 studies in this review, 11 (85%)
involved actigraph placement on the wrist

Systematic Review

(24, 25, 27-34, 36) and two (15%) involved
placement on the ankle (26, 35) (Table 2). Of
the 11 studies involving actigraph placement
on the subject’s wrist, three (27%) placed it
on the nondominant wrist (30, 31, 34), one
(9%) placed it on the dominant wrist (28),
five (45%) placed it on the wrist with the
least instrumentation or injury (24, 27, 32,
33, 36), and two (18%) did not specify the
placement (25, 29). The 13 studies used
eight actigraph models from eight different
manufacturers, and two of these studies
did not report the actigraph model or
manufacturer. To estimate sleep from gross
activity data, three studies reported that the
sleep scoring method used algorithms
validated in healthy adults (31, 33, 36), and
the other 10 did not report the scoring
method. Notably, no study reported the use,
development, or validation of an ICU-
specific algorithm to estimate sleep from
activity data.

Across these 13 studies, the median
(interquartile range [IQR]) duration of
actigraphy measurement was 36 (24-72)
hours per patient. Nine (69%) captured
sleep over a complete 24-hour period, with
three (23%) recording critically ill patients
for exactly 24 hours (27, 31, 34), and six

(46%) recording for more than 24
consecutive hours (26, 28-30, 35, 36). The
other four studies primarily evaluated
nighttime sleep, with three (23%) measuring
for <16 hours (24, 32, 33), and one (8%)
recording over 4 nights (25). The definition
of nighttime sleep also varied among the
studies, ranging from 18:00-08:00 (35) to
21:00-06:00 (34), 22:00-06:00 (26), 22:00—
07:00 (25), 23:00-06:00 (33), 23:00-06:59
(31), and 23:00-07:59 (36).

Using actigraphy, the minimum mean
recorded total nighttime sleep over an 8- to
14-hour period was 4.4 hours and the
maximum was 7.8 hours. Over a 24-hour
period, the minimum mean sleep time was
7.1 hours and maximum was 12.1 hours.
The mean number of nocturnal awakenings
ranged from 1.4 to 49.0 per night, and
minimum and maximum mean sleep
efficiency (total sleep time divided by total
time spent in the bed) was 61% and 75%,
respectively (Table 2). Mean sleep latency
(time to fall asleep) was 39 minutes, and the
total time awake during the nighttime sleep
period (as defined by each individual sleep
study, i.e., 22:00 to 06:00) ranged from
12 minutes to 3.4 hours.

Seven studies (54%) compared
actigraphy with one or more other measures
of sleep, including PSG (24, 32), nurse
report (24-26, 28, 33), patient self-report
(25, 26, 33, 36), and the bispectral index
(BIS) (25). In each study, actigraphy
consistently yielded higher sleep time and
efficiency totals than other measures
(Figure 2). When nocturnal awakenings
were assessed, actigraphy demonstrated
fewer mean nighttime awakenings than
PSG, but more mean awakenings than
nurse- or patient-reported sleep.

Four studies (31%) used actigraphy to
detect differences in sleep as a part of ICU-
based interventions involving acupressure
before bedtime (26), nocturnal melatonin
use (25, 30), or early-morning bright-light
therapy (35). Two of these four studies
demonstrated statistically significant
improvements: one in night activity and
circadian rhythms with early-morning
bright-light therapy (35), and the other
in sleep quantity with nighttime
acupressure (26).

Three studies correlated actigraphic
movements with other relevant nonsleep
outcomes such as delirium, pain, and
agitation (28, 35, 36). Raymond and
colleagues concluded that poor sleep, as
assessed using actigraphy, was associated
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Table 1. Characteristics of studies that used actigraphy to measure sleep in critically ill patients

Author Country

Beecroft and
colleagues

Canada 2008 (24)

Bourne and
colleagues
United Kingdom
2008 (25)

Chen and
colleagues

Taiwan 2012 (26)

Hamze and
colleagues
Brazil 2015 (27)

Kroon and
colleagues

Australia 2000 (33)

Mistraletti and
colleagues
Italy 2009 (28)

Ono and
colleagues
Japan 2011 (35)

Raymond and
colleagues

Canada 2004 (36)

Redeker and
colleagues
United States
1996 (31)

Shilo and
colleagues
Israel 1999 (29)

Shilo and
colleagues
Israel 2000 (30)

Study Population

Medical-surgical ICU;
stable (n = 12, 67% MV,
median age 68,

25% female)

General ICU;
tracheostomized,

ICU LOS>5d (n = 24,
100% MV, mean age
64 =12, 54% female)

ICU; APS<15 (n = 85,
intervention mean
age 72 = 18, control
mean age 69 * 15,
24% female)*

General ICU; GCS score
of 15 and presentation
of disturbed sleep patterns
(n =12, mean age
58 = 11, 25% female)*
CCU (n = 13, age not
reported, 100% female)*

Medical-surgical ICU
(n =13, 100% MV,
mean age 60 * 16,
54% female)

SICU; postesophagectomy
(n =22, 0% MV, mean
age 64 =10, 0% female)

Burn ICU (n = 16, 0% MV,
mean age 35+ 9,
19% female)

CT-SICU; post-CABG

(n = 22, mean age 64 = 10,

100% female)*

Respiratory ICU; stable,
conscious, LOS > 4 d
(n = 20, mean age
60 = 11, 55% female)*

Respiratory ICU; stable
respiratory-failure
(n=28,50% MV,
mean age 62 * 14,
62% female)

Study Design

Observational; actigraphy
VS. nurse report vs.
PSG to measure sleep

RCT; melatonin (n = 12)
vs. placebo (n = 12) to
improve sleep

RCT; acupressure (n = 41)
vs. control (n = 44) to
improve sleep

Observational; sleep
awakenings in relation
to care interventions

Observational; actigraphy
vs. nurse report vs. patient
self-report of sleep

Observational; motor activity
and its relation to sleep,
agitation, pain, anxiety

RCT; bright (n = 10) vs.
normal (n = 12) light to
improve sleep

Observational; sleep
and its relation to pain
and analgesic medication
requirement

Observational; sleep in
women post-CABG
over time

Observational case
control; sleep and
urine melatonin
secretion in ICU
(n = 14) vs general
ward (n = 6) patients

Observational case
control; melatonin
vs placebo to improve
sleep in ICU vs. general
ward (n = 6) patients

Sleep Outcomes

TNST, SE, NA

TNST, SE

TNST, TWT, WF

NA from care
interventions

TNST, TWT, SL, NA

Movements per hour

TST, circadian cycle

TST, TNST, TWT, NA

TST, TNST, TDST,
NA, MSI, MWT,
NPER

TST, number of
sleep periods

TST, TNST, NA

Key Finding

No correlation between
actigraphy, nurse report,
and PSG measures
of sleep

No correlation between
actigraphy and BIS
measures of sleep

Valerian acupressure
increases sleep
duration, decreases
awake time, and
decreases waking
frequency

4% of care interventions
cause awakenings;
of these, 38% occur
at night

No significant difference
in TNST, but significant
difference in NA and
SL when comparing
actigraphy vs. nurse
report vs. patient
self-report

Actigraphy measurements
of movements per hour
correlate with nurse-
reported sleep

Compared with normal
light, bright-light
therapy better entrains
circadian sleep—wake
rhythms and decreases
nighttime activity

Patients hospitalized
for burns experience
low sleep durations
with highly
fragmented sleep

After CABG, women
experience substantial
daytime sleep and
fragmented nighttime
sleep, which improve
over time

Compared with patients
in the ward, patients
in the ICU obtain less
sleep, with short and
inconsistent sleep
periods throughout
the day and night

Melatonin improves
sleep duration (TNST)
and quality (NA) in
patients in the ICU

1078

(Continued)

AnnalsATS Volume 15 Number 9| September 2018



SYSTEMATIC REVIEW

Table 1. (Continued)
Author Country

Study Population Study Design Sleep Outcomes Key Finding

Melatonin secretion is
lower and measures of
sleep are worse in
patients in the CCU
than in healthy control
subjects

Observational; actigraphy vs. TST, SE, NA, WASO Compared with PSG,
PSG to measure sleep actigraphy

overestimates sleep

and underestimates
wake time

Observational case
control; urine melatonin
secretion and sleep in
ICU vs. healthy patients

Takaesu and
colleagues
Japan 2015 (34)

CCU (n = 23, 0% MV,
age not reported,
30% female)

TNST, TDST, SL,
WASO, SE

van der Kooi and
colleagues the
Netherlands 2013 (32)

CT-SICU; postoperation
(n = 7, median age,
14% female)*

Definition of abbreviations: APS = acute physiology score; BIS = bispectral index; CABG = coronary artery bypass graft; CCU = coronary care unit; CT-SICU =
cardiothoracic surgery ICU; GCS = Glasgow coma score; ICU = intensive care unit; LOS = length of stay; MSI = mean nighttime sleep interval; MV = mechanically
ventilated; MWT = mean wake time; NA = number of awakenings; NPER = percentage of total sleep at night; PSG = polysomnography; RCT = randomized
controlled trial; SE = sleep efficiency; SICU = surgical ICU; SL = sleep latency; TDST = total daytime sleep time; TNST = total nighttime sleep time; TST = total

sleep time; TWT = total wake time; WASO = wake after sleep onset; WF = waking frequency.
*Number of patients on mechanical ventilation not reported.

with worse pain sensitivity and increased
analgesic requirements (36). Mistraletti
and colleagues found that actigraphic
movements correlated with agitation,
sedation, pain, and anxiety (28), and Ono
and colleagues demonstrated a trend toward
lower postoperative delirium in patients
exhibiting decreased actigraph-measured
nighttime activity (35). No studies evaluated
the association of actigraphic measures of
sleep with patient outcomes (i.e., length of
stay, mortality, and post-ICU cognitive or
physical function).

Discussion

In this systematic review of 13 studies
involving actigraphy in critically ill patients,
we found that sleep in the ICU, as evaluated
using actigraphy, is generally fragmented
and decreased in quantity as compared with
guideline-based recommendations for sleep
(37). This finding is particularly striking
given that actigraphy yielded higher sleep
quantity and efficiency totals in critically
ill patients than other modes of sleep
measurement. Nevertheless, given the
relative lack of prior research involving
actigraphy in critically ill patients, we found
that the included studies exhibited marked
heterogeneity in the populations and sample
sizes enrolled, interventions performed,
and sleep-related outcomes measured.
Additionally, all studies used actigraphy for
descriptive purposes without evaluating for
possible associations between actigraphy-
based measures of sleep and clinically
important patient outcomes. Hence, we

Systematic Review

were unable to make broad conclusions
regarding actigraphy and sleep in critically
ill patients in the ICU, and were unable to
pool data for a meta-analysis.

The growing interest in sleep in the
ICU has highlighted a clear need for a widely
available, feasible, and reliable tool to
measure sleep in critically ill patients (1, 2,
14, 38). Indeed, increased recognition of the
significant morbidity associated with post-
intensive care syndrome has heightened
interest in minimizing its modifiable risk
factors in the ICU (12). Given that poor
sleep represents a major risk factor for
delirium, and delirium has established
associations with the devastating cognitive,
physical, and mental health impairments
that comprise post-intensive care syndrome,
sleep optimization has become a clear priority
for both delirium researchers and the Society of
Critical Care Medicine (39). Surprisingly, only
one study in our review evaluated actigraphy-
based measures of sleep and delirium (35),
highlighting a key area for future research.

Despite the growing interest in sleep in
critically ill patients, research in this area
continues to be hindered by the lack of a
widely accepted method to measure sleep in
the ICU setting. PSG, the well-established
gold standard for evaluating sleep and
sleep-based interventions, involves
simultaneous electroencephalogram (EEG),
electromyogram, and electrooculogram
recordings, and therefore is cumbersome,
labor intensive, and costly to implement.
Additionally, PSG interpretation requires
a dedicated sleep expert, and in critically
ill patients is complicated by EEG
derangements caused by common ICU

medications and illnesses such as sepsis and
renal failure (1, 40). Finally, PSG has been
shown to be intolerable for most patients in
the ICU beyond 24 hours (15). Hence, in the
ICU setting, PSG is considered infeasible for
large-scale intervention studies (15).

As a potentially less cumbersome
alternative to PSG, BIS involves a single
integrated EEG sensor, but few data are
available to support its utility for evaluating
sleep in the ICU (38). More recently,
subjective questionnaires, such as the
Richards-Campbell Sleep Questionnaire
(RCSQ), have gained popularity for large-
scale ICU sleep measurements (41-43).
Although it is a validated, inexpensive,
feasible, and scalable tool for evaluating
sleep, the RCSQ is vulnerable to subject and
recall bias, rater fatigue across repeated daily
assessments, and lack of completion in the
setting of abnormal patient cognition (42).
Furthermore, the RCSQ has poor interrater
reliability and agreement when it is
completed by proxies instead of patients
(44). Actigraphy addresses many of the
shortcomings of these other modes of
evaluating sleep, as it is less expensive and
less cumbersome than PSG and BIS, and,
in contrast to subjective questionnaires,
provides objective and continuous surrogate
measurements of sleep.

In this systematic review, we observed
that studies that used actigraphy to measure
sleep reported wide ranges in total sleep time
(7.1-10.3 h), nocturnal sleep time (4.4-7.8 h),
sleep efficiency (61-75%), and, most
dramatically, nocturnal awakenings (1.4-
49.0/h). This variance existed even when we
compared studies that used the same actigraph
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Table 2. Sleep measures using actigraph devices*

Study Device Device; Recording Total Total Total Wake Total Sleep Sleep
Placement Epoch’ Time¥ Sleep Nighttime Wake after  Awakenings* Latency*  Efficiency,
Setting Time* Sleep*S Time* Sleep %*
Onset?
Beecroft et al. (24) Wrist AW64 30 s 8-12 h — 4.4 (3.3) — — 49.0 (34.0) — 61 (41)
Bourne et al. (25) Wrist AW — 4n — — — — — — 73 (53, 93)"1
75 (67, 83)~"

Chen et al. (26) Ankle GTIM — 59 h — 7.3 (1.3)" 0.8 (1.4) — 4.6 (6.2 — —

7.8 (0.3 0.2 (0.3 2.3 (2.8)**

7301258 0.8 (1.2)858 4.3 (4.4)58

714" 0.9 (1.4)" 6.3 (8.2"
Hamze et al. (27) Wrist AS — 24 h — — — — —_ —_ —
Kroon et al. (33) Wrist —60s 7h — 5.1 (1.3) 1.9 (1.3) — 14 (8) 0.4 (1.00 74 (19)
Mistraletti et al. (28) Wrist BT-P 15-20 s 2-6d — — — — — — -
Ono et al. (35) Ankle AC-210 120 s 6d 7.3(0.9)" — — — — — —

71 (1.4

Raymond et al. (36) Wrist MML 60 s 12.6 d 8328 55(1.8) 3.4 (1.7) — 26 (9.5) — —
Redeker et al. (31)1 Wrist MML 60 s 24 h 12.1 (4.6) 53(1.9) 0.3 (0.3) — 16.6 (26.4) — —
Shilo et al. (29) Wrist SM — 72 h — — — — — — —
Shilo et al. (30) Wrist SM 20 s 3d — 6.3 (1.1)" — — 1.4 (3.7)" — —
Takaesu et al. (34) Wrist _— 24 h — 5.6 (1.2)" — 1.0 (0.7)" — 09(1.2" 70(14)"
Van der Kooi et al. (32) Wrist AW 30 s 16 h — — — — — —

Definition of abbreviations: AC-210 = active tracer; AS = ActiSleep actigraph; AW = Actiwatch; AW64 = Actiwatch Model 64; BT-P = BioTrainer-Pro;
d = days; GT1M = ActiGraph GT1M; h = hours; ICU = intensive care unit; IQR = interquartile range; MML = MicroMini Motionlogger actigraph; n = nights;
s = seconds; SM = Somnitor.

*All sleep measures are presented as mean (SD) hours, except for those reported by Beecroft and colleagues (24), who used the median (IQR). All time values
are presented in hours, unless otherwise noted, and, as needed, were rounded and/or converted to hours from other time units. Dashes represent
unavailable data. Three studies (31, 33, 36) reported the use of a sleep scoring method that used an algorithm validated in healthy adults, and the other 10 did
not report the sleep scoring algorithm used.

TEpochs are the preset frequency (i.e., every 15 or 30 s) for activity data collection.

*“Recording time” is the total time devices recorded data in the ICU per patient. In studies where this was not consistent and ranges were not reported (27,
36), this value was obtained by dividing the total recording time by the number of included patients. “Total sleep time” is the time spent sleeping during both
daytime and nighttime, not including the time spent awake during the sleep period. “Total nighttime sleep” is the time spent sleeping during the night period
(see footnote §). “Total wake time” is the time spent awake during the nighttime sleeping periods. “Wake after sleep onset” is the time spent awake from sleep
onset to final awakening. “Sleep fragmentation index” is the percentage of disruption of sleep during sleep periods. “Total awakenings” is the number of
awakenings recorded during nighttime sleep periods. “Sleep latency” is the time spent between the attempt to sleep and the start of sleep. “Sleep efficiency”

is the total sleep time divided by the total time spent in the bed (expressed as a percentage).
SDefined as 22:00-07:00 (25), 22:00-06:00 (26), 23:00-06:00 (33), 23:00-07:59 (36), 23:00-06:59 (31), 21:00-06:00 (34), 18:00-08:00 (35).

"Intervention group.

195% confidence interval.
**Control group.

Intervention group on Day 1.

Hntervention group on Day 2 with valerian acupressure performed.

§$8Control group on Day 1.
"Control group on Day 2.

MData presented for postoperative Day 2 only. The study involved 4 weeks of actigraphy recording, but many patients were not critically ill or in the ICU after
postoperative Day 2; hence, only actigraphy data for this single day are presented.

model, manufacturer, and epoch setting (31,
36), and when we excluded the two studies that
placed the actigraph on the ankle (as opposed to
the wrist). This wide range may be explained, in
part, by the heterogeneous study populations,
different definitions of the “nighttime” sleep
period, varying data-processing modes, and the
relatively small size of the studies, which
enrolled 277 patients in total, or approximately
21 patients per study. These results could be
strengthened by larger studies involving longer
actigraphy recording times.

As compared with other measures of
sleep, we observed that actigraphy tended to
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estimate higher sleep durations and sleep
efficiency in critically ill patients. This
observation is likely due to reliance on
traditional actigraphy software programs,
which score rest and activity (surrogate
measures of “sleep” and “wake,” respectively)
using algorithms that were validated in
healthy, noncritically ill ambulatory adults.
In critically ill patients in the ICU who are
debilitated, sedated, and/or mechanically
ventilated, these traditional actigraphy
interpretation algorithms (i.e., those that
have been validated to estimate sleep in
healthy adults) can therefore miscategorize

patients as asleep who are actually awake
but exhibiting limited movement (45). To
date, actigraphy has not undergone
rigorous validation against other measures
in the ICU setting, nor have algorithms
been developed to account for unique
movement characteristics in this patient
population. For this reason, actigraphy has
generally been considered to be unreliable
for sleep measurement in the ICU (46),
including by the authors of three studies in
this review (24, 25, 32). However, as
interest in ICU patient activity and
mobility grows, “big data” methods

AnnalsATS Volume 15 Number 9| September 2018



SYSTEMATIC REVIEW

(n=5)
(n=3)
61.3 75
4.4 63 7.8 70.8 2.3 13.3 485
(n=1) (n=2) (n=2)
Polysomnography
40 [l 42
419 605 79 41
(n=2) (n=3)
Nurse
Assessment b3 85
23 35 5.4 45 579 776 4.8
Patient (n=3) (n=1) (n=2)
Assessment
41 50 3.8llls.3
25 4.0 6.5 455 4.6
o 1 2 3 4 5 6 7 8 0 10 20 30 40 50 60 70 80 90 O 10 20 30 40 50

Total Nighttime Sleep (Hours)

Sleep Efficiency (%)

Awakenings Per Night

Figure 2. Modified box plots of sleep indices from the seven of 13 included studies (54%) that compared actigraphy against at least one other measure of
sleep (polysomnography, nurse assessment, and/or patient assessment) in critically ill patients in the ICU. Dark vertical lines represent medians of actual
reported values, and box borders represent minimums and maximums. ICU = intensive care unit.

(i.e., machine learning) may be used
to develop and test novel actigraphy
interpretation algorithms (47), thus
expanding the role of actigraphy in
evaluating sleep and other important
patient outcomes.

Another promising role for actigraphy
in sleep ICU studies is suggested by the
results of the RCTs included in this review
(25, 26, 35). Indeed, given that actigraphy
was able to measure the effects of sleep-
promoting interventions in the ICU, its
greatest utility may be in large-scale
interventional studies, where obtaining
numerical sleep data is less important than
identifying between-group differences and
trends.

Finally, this review highlights a growing
interest in actigraphy. Fifty percent of the
observational studies and all of the RCTs
involving actigraphy were published in the
last 10 years. Additionally, the significant
geographic range of prior studies suggests
the widespread appeal and feasibility of
actigraphy. Indeed, although current
actigraphy interpretation algorithms tend to
overestimate sleep duration and efficiency,
the ease of use and low cost of actigraphy
make it a viable option for any study aiming

to evaluate before-and-after trends
resulting from ICU-based sleep
interventions. Moreover, given the growing
interest in ICU outcomes, delirium
prevention, and sleep promotion,
investigations involving actigraphy in
critically ill patients will likely accelerate in
the upcoming years.

Strengths and Limitations

Key strengths of this systematic review
include a comprehensive search strategy and
the use of broad screening criteria to capture
all possible studies. Additionally, to our
knowledge, this is the first systematic review
of actigraphy as a surrogate measure of
sleep in the ICU. Key limitations include
the fact that by focusing specifically on
sleep, our review may have overlooked
studies involving sleep-related measures
such as circadian rhythm alignment.
Additionally, given the varied nomenclature
for ICUs, it is possible that some studies
that evaluated sleep in specialty ICUs
were not captured by our search string,
despite our comprehensive search strategy.
Nevertheless, our review represents an
up-to-date and extensive review of the use of

actigraphy as a surrogate measure of sleep in
critically ill patients in the ICU.

Conclusions

Actigraphy is an increasingly popular
surrogate measure for sleep in critically ill
patients. Although actigraphy-based
studies reinforce the understanding that
critically ill patients, in general, experience
poor sleep in the ICU setting, they also
report wide ranges of sleep quality and
quantity, tend to estimate higher sleep
durations than other measurement
modalities, and are limited by a lack of ICU-
specific actigraphy data-processing
algorithms. With rising interest in efforts to
promote sleep in critically ill patients,
further investigation is needed to better
understand the role of actigraphy

in evaluating sleep and sleep-related
outcomes in critically ill patients in the
ICU. B
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