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Study Objectives: Delirium is a postoperative complication accompanied by disturbances in attention, cognition, arousal, and psychomotor activity. Wrist 
actigraphy has been advocated to study inactivity and inferred sleep patterns during delirium. We hypothesized that altered patterns of motor activity or 
immobility, reflective of disordered sleep and wakefulness patterns, would serve as predictive markers of hypoactive postoperative delirium.
Methods: Eighty-four elderly surgical patients were classified into three groups based on the timing of hypoactive delirium following surgery: intact with no 
delirium throughout postoperative days (POD) 0–5 (n = 51), delirium during POD 0–1 (n = 24), and delirium during POD 2–5 (n = 13). Delirium was detected 
on daily Confusion Assessment Method evaluations and chart review. Actigraphy measures were calculated from accelerometry signals acquired on the first 
postoperative day (POD 0, 16:00–23:00) and night (POD 0, 23:00–POD 1, 06:00).
Results: Actigraphy metrics showed substantial interpatient variability. Among the three patient groups, only those without delirium showed greater 
movement during the day compared to night and also fewer minutes of night immobility (P = .03 and P = .02, Wilcoxon rank-sum tests). These patients were 
poorly discriminated from those with delirium during either POD 0–1 or POD 2–5, using differences in day and night activity (C-statistic, 95% confidence 
interval [CI]: 0.66 [0.53–0.79] and C-statistic, 95% CI: 0.71 [0.55–0.87], respectively). Inclusion of low-frequency signals improved performance of immobility 
measures without affecting those based on activity. Cognitively intact patients during POD 0–5 were distinguished from those with delirium during POD 
0–1, based on differences in the number of day and night immobile minutes (C-statistic 0.65, 95% CI: [0.53–0.78]). Actigraphy metrics with the strongest 
association to delirium incidence were not reliably correlated with an increased risk during POD 0–5, when accounting for patient age, sex, intensive care unit 
admission, and Charlson Comorbidity Index (adjusted odds ratio of 1.7, 95% CI: [1.0–3.0], P = .09, likelihood ratio test).
Conclusions: Early postoperative wrist actigraphy metrics that serve as markers of sleep and wakefulness offer limited capacity as sole predictors or 
markers of hypoactive delirium.
Clinical Trial Registration: Registry: ClinicalTrials.gov; Title: Electroencephalography Guidance of Anesthesia to Alleviate Geriatric Syndromes (ENGAGES) 
Study; Identifier: NCT02241655; URL: https://clinicaltrials.gov/ct2/show/NCT02241655
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INTRODUCTION

Delirium is a frequent surgical complication defined by acute 
impairments in attention and cognition.1 This syndrome is also 
commonly accompanied by disruptions in psychomotor activ-
ity2 and sleep architecture. Putative risk factors for delirium 
after surgery include preoperative3,4 and postoperative5 disrup-
tions of sleep architecture and circadian rhythms.6 In a small 
case series, postoperative patients with delirium show similar 
levels of motor activity during day and night, providing more 
evidence that sleep disturbances may accompany this com-
plication.7,8 Sleep quality may be a modifiable risk factor that 
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can be intervened upon in the perioperative period, as tempo-
ral relationship to the onset of delirium has mechanistic and 
clinical implications.

Actigraphy can reveal altered sleep-wake patterns that may 
precede or coincide with delirium.9–11 This inexpensive, nonin-
vasive technique has been validated against polysomnography 
for identifying periods of sleep and wakefulness. Wrist actigra-
phy can also detect circadian motor activity patterns10 that may 
reflect delirium risk.3,7,8 It is unknown whether wrist actigraphy 
measurements acquired within the first 24 hours after surgery 
can predict subsequent delirium. Standardized approaches to 
analyzing actigraphy data in the early postoperative period 

BRIEF SUMMARY
Current Knowledge/Study Rationale: Delirium is associated with alterations of sleep and psychomotor activity. Immobility and activity measures 
derived from wrist actigraphy in the early postoperative period have unknown utility for predicting delirium in high-risk patients.
Study Impact: Markers of activity and immobility had only weak discriminative capacity for concurrent delirium and poorly predicted those with 
subsequent delirium. These data suggest that actigraphy within the first 24 hours after surgery is unlikely to be useful for delirium prediction.
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would also need to account for potential activity restrictions, 
due to pain, monitoring and intravenous devices, or sanctioned 
bed rest. Although the inclusion of lower frequency of accel-
erometer signals has been explored in patients with limited 
mobility,12–17 it is not known whether this approach improves 
discriminative capacity of actigraphy markers for delirium.

The goal of this exploratory study is to evaluate whether 
actigraphy measures based on the first day and night after sur-
gery, would mark or predict hypoactive delirium. The prevalent 
hypoactive delirium subtype is accompanied by psychomotor 
retardation, rather than the agitation2 associated with noctur-
nal hyperactivity or “sundowning.”18 A group with hypoactive 
delirium may provide a more homogenous motor phenotype, 
with slower or fewer movements compared to other subtypes. 
We hypothesized that altered patterns of motor activity or im-
mobility, that reflect sleep and wakefulness patterns, would al-
low us to discriminate the presence and timing of hypoactive 
postoperative delirium. Therefore, we used metrics of activ-
ity and immobility as surrogate measures of sleep, in lieu of 
software-based scoring.

METHODS

Patients and Recruitment
All patients were enrolled in the recently completed study of 
Electroencephalography Guidance of Anesthesia to Allevi-
ate Geriatric Syndromes (ENGAGES, NCT02241655). This 
prospective randomized controlled trial was designed to test 
whether avoidance of electroencephalographic suppression 
during surgery is associated with a lower incidence of postop-
erative delirium.19 ENGAGES was approved by the Human Re-
search Protection Office at the Washington University School 
of Medicine in St. Louis. Patients enrolled in ENGAGES were 

at least 60 years of age and scheduled for major elective sur-
gery under general anesthesia. This substudy of ENGAGES 
was conducted between January 19, 2015 and September 14, 
2015 and halted due to equipment availability. Complete ac-
tigraphy recordings were collected from 114 patients. Eighty-
three patients were included in our final data set; reasons for 
exclusion are detailed in Figure 1. Those who demonstrated 
only hyperactive or mixed subtypes were excluded from analy-
ses. Patients were not withdrawn due to arm restraints (n = 6).

Delirium Assessments and Classification
Determination of delirium was based on validated bedside 
clinical instruments and review of medical records. Trained 
research staff determined whether delirium was present, us-
ing the Confusion Assessment Method (CAM) or the Intensive 
Care Unit (CAM-ICU) version.20,21 The CAM was used for all 
verbally responsive patients, whereas the CAM-ICU was used 
for those who were intubated or otherwise nonverbal. Assess-
ments on postoperative day (POD) 0 were completed at least 2 
hours after completion of surgery. Daily assessments were then 
performed between 13:00 and 20:00 through postoperative day 
5 (POD 5) or hospital discharge. We supplemented the sensitiv-
ity for our primary outcome by employing a validated review 
of participants’ electronic medical record for evidence of delir-
ium.22 Nursing CAM-ICU assessments from each 12-hour shift 
and Richmond Agitation-Sedation Scale23 scores were incorpo-
rated in the review to assess abnormal psychomotor activity.

Patients were also grouped according to the presence and 
timing of delirium (Figure 1). Delirium motor subtypes include 
hypoactive, hyperactive, and mixed.2 Patients were categorized 
as hypoactive if they displayed psychomotor retardation or a 
decreased level of consciousness. Those with psychomotor agi-
tation or hypervigilance were categorized with the hyperactive 
form. The infrequent mixed subtype was reserved for patients 

Figure 1—Enrollment flow chart.

* = 5 patients included in both groups. POD = postoperative day.
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who displayed both hyperactive and hypoactive characteristics 
within the same interview. Patients with delirium were further 
categorized relative to the day of surgery, as either concurrent 
(POD 0–1) or after actigraphy measurements (POD 2–5). Our 
three groups included: no delirium on all postoperative assess-
ments (Intact POD 0–5, n = 57), hypoactive delirium incident 
on the day of surgery or on postoperative day 1 (Delirium POD 
0–1, n = 19), hypoactive delirium during the interval from post-
operative days 2 through 5 (Delirium POD 2–5, n = 13). Five 
patients were included in both Delirium groups, given presenta-
tion of hypoactive delirium during both POD 0–1 and POD 2–5.

Actigraphy Acquisition and Preprocessing
Although actigraphy is relatively inexpensive to acquire, a 
short time window within the first 24 hours after surgery was 
selected based on the rationale that early changes in motor ac-
tivity patterns would lend clinical utility for intervention. The 
following three actigraphy bracelet models provided acceler-
ometry signals: ASPW wActiSleep Plus, ASPB, and wGT3X-
BT (ActiGraph Corp., Pensacola, Florida, United States). 
Patients wore one of these devices on their nondominant wrist 
immediately following their procedure until removal on POD 
1. Accelerometer signals, acquired by these devices at 30 Hz 
sampling rate, were both preprocessed and exported through 
ActiLife software (v6.11.5, ActiGraph Corp). Specifics of data 
filtering and detection of counts in ActiLife have not been 
fully disclosed by the manufacturer. Counts were calculated 
from the filtered accelerometry time-series,24 summed within 
1-minute bins, and exported in comma-separated value (CSV) 
formatted data files.

We considered whether the exclusion of low frequencies 
during preprocessing of accelerometry signals would reduce 
the discriminability of actigraphy markers for hypoactive de-
lirium. Prior investigations suggested that the inclusion of low 
frequency signals might increase sensitivity of these devices 
for detecting movement.12–17 These lower frequencies are rou-
tinely excluded during the processing of raw accelerometer sig-
nals to filter out noise and signal drift, prior to quantification of 
activity counts. For ActiGraph devices, activation of the Low 
Frequency Extension (LFE) reduces the high-pass filter cutoff 
frequency for attenuating lower frequencies. If lower ampli-
tude motion is contained in these lower frequencies, either sen-
sitivity for detecting movement or specificity for quantifying 
immobility may be improved. Relatively impaired limb move-
ments may be expected in elderly patients who have recently 
undergone major surgery. Thus, we performed analyses, with 
and without the LFE active, to determine if discriminability 
among patient groups could be improved through the inclusion 
of lower signal frequencies.

Actigraphy Measures
Following data import of ActiLife-exported CSV data files, 
subsequent analyses were performed using MATLAB software 
(Mathworks, Natick, Massachusetts, United States) toolboxes 
and custom-written scripts. Measures of root mean-squared 
activity (RMSactivity) were calculated by combining counts 
(binned in 1-minute intervals) across all three accelerometer 
axes (X, Y, and Z):

RMSactivity = √(X2 + Y2 + Z2)

Actigraphy metrics from both day and night periods may show 
aberrant patterns indicating altered sleep-wake cycles. Using 
similar boundaries as other investigators, we defined the day-
time epoch as POD 0 16:00–23:00, and the nighttime epoch 
as POD 0 23:00 to POD 1 06:00.8 For each patient and epoch, 
we calculated actigraphy metrics to quantify both the extent of 
movement and immobility. In contrast to our prior approach 
that combined epochs of inactivity (RMSactivity equal to 0) and 
periods of activity (RMSactivity greater than 0),25 immobility and 
activity metrics were assayed separately for direct comparison 
to existing literature. Median activity count (MAC) was calcu-
lated from all minutes with nonzero RMS activity within each 
epoch. For each patient, median rather than mean26,27 was taken 
given the likely skew in the activity count distribution during 
each patient’s recording. MACDay-Night assesses the difference in 
activity between day and night.28 Patients active during the day 
and with minimal movement and sleep microarousals at night 
would have strongly positive MACDay-Night measures.

As the hypoactive subtype of delirium is associated with 
psychomotor retardation and a reduced level of arousal,29 we 
reasoned that the extent of inactivity would also serve as a 
useful marker. We quantified inactivity using the number of 
immobile minutes (NOIM), defined as the total number of 
minutes with an RMSactivity count of zero.7,8 Analogous to our 
measures for movement within each time epoch, NOIM were 
calculated for the day (NOIMDay) and night (NOIMNight). The 
total duration over both periods (NOIMTotal) and the difference 
in nighttime and daytime minutes (NOIMNight-Day) were also 
derived. We assumed that NOIM would serve as a reasonable 
surrogate for minutes of sleep and that NOIMNight-Day would be 
positive for patients who slept less in the daytime.

Statistical Analyses
Nonparametric statistical approaches were applied using 
MATLAB functions and custom-written scripts. Because this 
was an exploratory hypothesis-generating study, no sample 
size calculations were performed. Median and interquartile 
ranges were calculated for activity and immobility measure-
ments.30 In comparing patient characteristics, Wilcoxon rank-
sum tests were used to assess differences in age or Charlson 
Comorbidity Index, whereas chi-square tests were applied to 
evaluate differences in proportions of females or postopera-
tive admission to the ICU. Wilcoxon rank-sum tests assessed 
differences in median actigraphy measures, without correc-
tion of α for multiple comparisons. We used the concordance 
statistic (C-statistic) to discriminate actigraphy metrics be-
tween groups. To calculate the C-statistic, we calculated the 
area under the curve (AUC) generated by receiver operat-
ing characteristic (ROC) analysis. The C-statistic indicates 
the performance at distinguishing two groups across varied 
thresholds of sensitivity and specificity, ranging from chance 
(0.5) to ideal (1.0). Ninety-five percent confidence intervals 
(CI) were calculated using bootstrapping (MATLAB “bootci” 
function, 1,000 iterations, normal approximated interval with 
bootstrap bias and standard error). CI excluding 0.5 would be 
consistent with discriminability above chance.
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Odds ratios were also computed using logistic regression to 
assess the relationships between standardized (z-scored) actig-
raphy measures and delirium at any point during POD 0–5. 
Univariate models included all activity and immobility mea-
sures, with and without LFE. Multivariable logistical regres-
sion models were then constructed to determine the optimal 
performance based on the top three measures. We used L1 
penalized (lasso) logistic regression with z-scored actigraphy 
measures as predictors and the outcome being delirium at any 
point during the interval of POD 0–5. These analyses were im-
plemented in the “glmnet” R package. The penalty parameter 
was chosen by leave-one-out cross-validation. This approach 
yielded a top set of actigraphy metrics. We report estimated 
joint odds ratio (OR) for these variables by usual logistic re-
gression, along with CIs and likelihood ratio P values.

RESULTS

Differential Activity Between Day and Night May 
Predict Hypoactive Delirium
We compared motor activity measures among three groups of 
patients designated by presence and timing of delirium: no hy-
poactive postoperative delirium during POD 0–5 (Intact POD 
0–5 group, n = 51), hypoactive postoperative delirium in the 
POD 0–1 interval (Delirium POD 0–1 group, n = 24), and hypo-
active delirium during the POD 2–5 period (Delirium POD 2–5 
group, n = 13). Demographic characteristics of these patients 
are provided in Table 1. These groups had no significant differ-
ences in median Charlson Comorbidity Index31 or age (P > .05 
for all comparisons, Wilcoxon rank-sum test). There were no 
significant differences in sex between groups (P > .05 for all 
comparisons, chi-square test). Compared to those intact on 
POD 0–5, a higher proportion of postoperative ICU admission 
was noted in those with delirium on POD 0–1 (P = .02, chi-
square test) and POD 2–5 (P = .03, chi-square test).

Activity counts over 1-minute epochs showed substantial 
variability in the timing and number of counts across patients 
within the first 14 hours after surgery (over eight orders of 
magnitude, Figure 2A). For the Intact POD 0–5 group, greater 
MACs are observed during the daytime (16:00–23:00) than 
for the nighttime (23:00–06:00, Figure 2A). Only the Intact 
POD 0–5 cohort showed a significant difference between day 
and night activity (MACDay-Night, 75 × 103 counts compared to 
41 × 103 counts, P = .03, Wilcoxon rank-sum test). Thus, this 
surrogate marker of an intact sleep-wake cycle was only ob-
served in the group without detectable delirium throughout 
POD 0–5 (Table 2).

Compared to cognitively intact patients, those with hypoac-
tive delirium during POD 0–1 were expected to show reduced 
motor activity, related to psychomotor retardation during con-
current actigraphy. No significant differences were observed for 
MACDay, MACNight, or MACTotal when comparing patients in the 
Intact POD 0–5 and Delirium POD 0–1 groups. MACDay-Night 
differed between patients who were intact during POD 0–5 and 
patients with delirium over the interval from POD 0–1 (21 × 103 
compared to −2 × 103 counts, P = .03, Wilcoxon rank-sum test).

Patients presenting with hypoactive delirium during POD 
2–5 could have a prodromal period of reduced motor activ-
ity. Instead, comparisons between patients Intact POD 0–5 and 
Delirium POD 2–5 groups showed no significant differences 
in MAC between time epochs (P > .05, Wilcoxon rank-sum 
test). However, the difference between day and night (MACDay-

Night) was greater among those of the Intact POD 0–5 compared 
to Delirium POD 2–5 (21 × 103 compared to −5 × 103 counts, 
P = .02, Wilcoxon rank-sum test).

Greater Durations of Immobility May Accompany 
Hypoactive Delirium
We reasoned that the NOIM28 would complement graded con-
tinuous measures of motor activity. Like our measures of mo-
tor activity, NOIM measures showed substantial inter-patient 

Table 1—Patient demographics.
Outcome Group

Intact POD 0–5 (n = 51) Delirium POD 0–1 (n = 24) Delirium POD 2–5 (n = 13)
Age, years, median (IQR) 68 (10) 72 (16) 69 (14)
Female sex, n (%) 21 (41) 9 (38) 3 (23)
Charlson Comorbidity Index, median (IQR) 4 (3) 4 (1) 5 (4)
ICU admission, n (%) 24 (47) * † 19 (79) * 11 (85) †
Surgery type, n (%)

Cardiac 18 (35) 13 (54) 6 (46)
Gastrointestinal 4 (8) 0 (0) 0 (0)
Gynecologic 4 (8) 0 (0) 0 (0)
Hepatobiliary-pancreatic 10 (20) 5 (21) 4 (31)
Thoracic 5 (10) 3 (13) 1 (8)
Urologic 3 (6) 0 (0) 0 (0)
Vascular 8 (16) 3 (13) 2 (15)
Other 2 (4) 0 (0) 0 (0)

* = intact POD 0–5 versus delirium POD 0–1, P = .02, chi-square test. † = intact POD 0–5 versus delirium POD 2–5, P = .03, chi-square test. ICU = intensive 
care unit, IQR = interquartile range, POD = postoperative day.
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variability (Figure 2B). In contrast to the MAC measures, 
there were no significance differences between NOIMDay and 
NOIMNight within patients who were intact during POD 0–5 
(Table 2, Wilcoxon rank-sum test, all P > .05). Furthermore, 
there were no significant differences in NOIM measures among 
any of the groups (Wilcoxon rank-sum test, all P > .05). Thus, 
with the default actigraphy signal preprocessing, NOIM did 
not distinguish epochs of day and night, nor groups defined by 
the presence of postoperative delirium.

Inclusion of Low Frequencies May Enhance 
Immobility Measures
Activation of the low frequency extension (LFE) allowed the 
processing of lower signal frequencies that are conventionally 
attenuated prior to the detection of activity counts. Inclusion 
of these lower frequencies could potentially affect the specific-
ity of immobility metrics (see Methods). Differences in tempo-
ral profiles of activity and immobility at an individual patient 

level were difficult to discern (Figure S1 in the supplemental 
material). Relationships of MAC measures within or between 
patient groups were unchanged with LFE active (Table 3) 
compared to identical analyses with LFE inactive (Table 2). 
High variability persisted in NOIMDay and NOIMNight epochs 
(Table 3). In contrast to our previous analysis with the LFE 
inactive, paired comparisons for patients intact during POD 
0–5 showed a greater NOIMNight compared to NOIMDay (269 
compared to 253 minutes, Wilcoxon rank-sum test, P = .02). 
This finding was mirrored by lower interquartile ranges for 
NOIMDay (LFE inactive: 140 minutes, LFE active: 125 min-
utes) and greater intra-individual NOIMNight-Day for patients 
in this group. Overall, these results are consistent with LFE 
activation conferring greater NOIM specificity for detecting 
immobility and sleep.

NOIMNight-Day was greater in patients without delirium com-
pared to those with delirium on POD 0–1 (Table 3, P = .03, 
Wilcoxon rank-sum test). Otherwise, there were no differences 

Figure 2—Temporal profiles of activity and immobility for patients categorized based on delirium onset relative to 
postoperative day.

Each row depicts measures from an individual, with patients separated into three groups: Intact POD 0–5, Delirium POD 0–1, and Delirium POD 2–5. 
Participants in each group are arranged in descending order from top to bottom by total daytime activity counts. Color scale indicates the magnitude of 
activity counts within a 1-minute interval. (A) Actigraphy measures were calculated for two epochs, Daytime (1600–2300, POD 0) and Nighttime (2300, 
POD 0 - 0600, POD 1). Activity counts at 1-minute increments are plotted on a logarithmic scale due to the range across measurements. MN = midnight. 
(B) Time course of 1-minute increments classified as patients being either immobile (black) or active (white). POD = postoperative day.

Table 2—Median activity counts and number of immobile minutes during daytime, nighttime, and combined epochs.
Median Activity Counts (MAC) × 103 Number of Immobile Minutes (NOIM)

MACDay MACNight MACTotal MACDay-Night NOIMDay NOIMNight NOIMTotal NOIMNight-Day

Intact POD 0–5 75 (99) * 41 (56) * 134 (135) 21 (75) † ‡ 268 (140) 286 (83) 548 (153) 35 (119)
Delirium POD 0–1 40 (70) 40 (65) 101 (91) −2 (39) † 290 (104) 302 (142) 584 (190) −2 (43)
Delirium POD 2–5 20 (133) 45 (110) 93 (200) −5 (69) ‡ 288 (162) 304 (193) 604 (243) 19 (120)

Values are presented as median (interquartile range). Day interval spans 420 minutes from POD 0, 16:00 to POD 0, 23:00. Night interval (also 420 minutes) 
is from POD 0 23:00 to POD 1 06:00. MAC = median counts per minute when RMSActivity > 0. NOIM = total number of minutes with RMSActivity = 0. Significant 
differences are in bold. * = MACDay versus MACNight, intact POD 0–5, P = .03, Wilcoxon rank-sum test. † = MACDay-Night, intact POD 0–5 versus delirium POD 
0–1, P = .03, Wilcoxon rank-sum test. ‡ = MACDay-Night, intact POD 0–5 versus delirium POD 2–5, P = .02, Wilcoxon rank-sum test. MAC = median activity 
counts, NOIM = number of immobile minutes, POD = postoperative day, RMS = root mean-squared.
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in the median NOIMNight, NOIMTotal, or NOIMDay between 
groups with the LFE (Wilcoxon rank-sum test, all P < .05). 
Similarly, with the LFE active, comparisons of NOIM mea-
sures between patients with delirium during POD 2–5 and 
those without delirium POD 0–5 yielded no significant differ-
ences. Thus, overall, while implementation of the LFE may aid 
in detecting immobile periods, the magnitude of the effects be-
tween groups remain small and of questionable clinical utility.

Discriminability for Early and Late Hypoactive Delirium 
Based on Activity and Immobility Measures
To address how well actigraphy measures could discriminate 
between patient outcome groups, we calculated C-statistics fol-
lowing ROC analyses. We focused on the day-night difference 
metrics that previously showed differences between groups. 
C-statistic and confidence intervals for MAC and NOIM mea-
sures (LFE active) are provided in Table 4. MACDay-Night poorly 
discriminated patients who were Intact POD 0–5 from those 
with delirium (POD 0–1: C-statistic 0.66, 95% CI: [0.53–0.79]; 
POD 2–5: C-statistic 0.71, 95% CI: [0.55–0.87]). All other 
comparisons of MACDay, MACDay-Night, MACNight, and MACTotal 
had confidence intervals overlapping 0.5, suggesting no capac-
ity for distinguishing between patients intact during POD 0–5 
and those with delirium during the same period. Overall, the 
contrast of activity between day and night was poorly predic-
tive for the presence of delirium during either POD 0–1 or 
POD 2–5.

Measures of immobility were also assessed for discrimi-
native capacity. Using NOIMNight-Day, patients with delirium 
during POD 0–1 were discriminated from patients intact dur-
ing POD 0–5 (C-statistic for either 0.65, 95% CI: [0.53–0.78]) 
However, NOIMNight, NOIMDay and NOIMTotal did not effectively 
distinguish actigraphy measures among these two groups (data 

not shown), as the CIs for C-statistic included 0.5. Thus, NOIM 
based on night actigraphy measures alone may be informative 
but is only a poor marker for early delirium during POD 0–1. 
Without the LFE active, measures of immobility did not allow 
discrimination between patient groups while activity measures 
remained poorly effective (Table S1 in the supplemental mate-
rial). Comparisons of NOIM measures for patients in the Delir-
ium POD 2–5 and Intact POD 0–5 groups show discriminative 
performance no better than chance. Use of LFE, as a techni-
cal advancement to improve detection of immobility periods, 
allowed discriminability as a marker of hypoactive delirium 
without affecting discriminability based on MAC. Paralleling 
measures of activity, only NOIM differences between day and 
night epochs passed statistical thresholds during comparisons 
between study groups.

We also assessed how each activity and immobility measure 
related to the risk of delirium any time between POD 0 and 5. 
Table 5 displays the unadjusted ORs of a standard deviation 
change in each actigraphy variable. Although immobility mea-
sures were not related to an increased likelihood of delirium, 
a reduced risk of this complication (per standard deviation of 
metric) was only associated with MACDay-Night with LFE (OR 
0.53, 95% CI: [0.31–0.91], P = .02) or without LFE (OR 0.53, 
95% CI: [0.31–0.91], P = .02). When these estimates were ad-
justed for age, sex, Charlson Comorbidity Index, and ICU ad-
mission, however, neither passed significance testing (Table 
S2 in the supplemental material). Thus, the differential of day 
and night activity may only have modest value as an indicator 
of delirium risk in the postoperative period.

Last, multivariable regression models were constructed 
to assess whether combinations of the top three perform-
ing metrics provided additional discriminability beyond the 
poorly predictive measures that would not survive multiple 

Table 3—Median activity counts and number of immobile minutes during daytime, nighttime, and combined epochs with 
LFE active.

Median Activity Counts (MAC) × 103 Number of Immobile Minutes (NOIM)
MACDay MACNight MACTotal MACDay-Night NOIMDay NOIMNight NOIMTotal NOIMNight-Day

Intact POD 0–5 87 (107) * 51 (62) * 149 (144) 24 (83) † ‡ 253 (125) § 269 (86) § 505 (154) 39 (122) ||
Delirium POD 0–1 46 (76) 45 (73) 118 (96) −2 (44) † 264 (88) 279 (150) 515 (215) 9 (55) ||
Delirium POD 2–5 23 (146) 49 (123) 105 (218) −4 (76) ‡ 268 (159) 289 (196) 518 (269) 22 (120)

Values are presented as median (interquartile range). Day interval spans 420 minutes from POD 0, 16:00 to POD 0, 23:00. Night interval (also 420 minutes) 
is from POD 0 23:00 to POD 1 06:00. MAC = median counts per minutes when RMSActivity > 0. NOIM = total number of minutes with RMSActivity = 0. Significant 
differences are in bold. * = MACDay versus MACNight, intact POD 0–5, P = .03, Wilcoxon rank-sum test. † = MACDay-Night, intact POD 0–5 versus delirium POD 
0–1, P = .03, Wilcoxon rank-sum test. ‡ = MACDay-Night, intact POD 0–5 versus delirium POD 2–5, P = .02, Wilcoxon rank-sum test. § = NOIMDay versus 
NOIMNight, intact POD 0–5, P = .02, Wilcoxon rank-sum test. || = NOIMNight-Day, intact POD 0–5 versus delirium POD 0–1, P = .03, Wilcoxon rank-sum test. 
LFE = low frequency extension, MAC = median activity counts, NOIM = number of immobile minutes, POD = postoperative day, RMS = root mean-squared.

Table 4—Discriminability between groups based on median activity counts or number of immobile minutes.
Difference in Median Activity Counts (MAC) × 103, MACDay-Night Difference in Immobile Minutes, NOIMNight-Day

Delirium POD 0–1 Delirium POD 2–5 Delirium POD 0–1 Delirium POD 2–5
Intact POD 0–5 0.66 (0.53–0.79) * 0.71 (0.55–0.87) * 0.65 (0.53–0.78) * 0.59 (0.41–0.77)
Delirium POD 0–1  0.58 (0.38–0.77) 0.56 (0.35–0.79)

C-statistic values are listed for discriminating paired group, with 95% confidence interval (CI). Values are only provided for LFE active. * = 95% CI does not 
include 0.5. LFE = low frequency extension, MAC = median activity counts, NOIM = number of immobile minutes, POD = postoperative day.
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comparisons corrections. These models were adjusted for co-
variates of age, ICU admission, and medical comorbidities. The 
actigraphy measures most strongly predictive of delirium dur-
ing POD 0–5 included NOIMNight with LFE, NOIMNight-Day with 
LFE, and MACDay-Night with LFE. When considered together, 
a C-statistic for the combined measures was only 0.67 (95% 
CI: [0.56–0.77]. A 90% increase in odds of delirium would be 
predicted by 1-unit change in the weighted versions of these 
three metrics (unadjusted OR: 1.9, 95% CI: [1.2–3.4]), but did 
not survive significance testing when adjusted for covariates 
(adjusted OR 1.7 [1.0–3.0] P = .09, likelihood ratio test). Thus, 
even combinations of actigraphy measures perform poorly at 
discriminating individuals with delirium against those without 
this complication during POD 0–5.

DISCUSSION

Summary of Findings
We explored actigraphy metrics as concurrent or predictive 
markers for altered sleep/wakefulness patterns in the context 
of hypoactive postoperative delirium. We assumed that im-
mobility would mark periods of sleep or hypoactive delirium 
while activity would primarily mirror wakeful intervals. Pa-
tients in whom delirium did not develop during POD 0–5 
showed greater activity and lower duration of immobility dur-
ing the day compared to during the night. This pattern dur-
ing the first 24 hours following surgery presumes a cycle of 
daytime wakefulness and nocturnal sleep continued from the 
preoperative period. Within-individual differences in daytime 
and nighttime measures for both activity and immobility only 
poorly discriminated patients who were intact on POD 0–5 
from those with delirium during the intervals of POD 0–1. 
Measures based on activity, but not immobility, detected those 
in whom delirium subsequently developed on POD 2–5. Last, 
inclusion of lower frequency signals, through activation of the 
LFE, augmented sensitivity for detecting within-group and 
between-group differences in immobility metrics. This extra 
preprocessing did not adversely affect discriminability based 
of activity measures. We caution that these effects are small, 
merely useful for hypothesis generation, and would not sur-
vive correction for multiple comparisons. The large variance 
of activity across patients suggests difficulty in employing 
these measures for prognostic purposes at an individual level. 
Overall, our data suggest that this variance, coupled with the 
nonspecific nature of wrist activity, highlights substantial im-
pediments in using actigraphy alone as surrogate measures of 
sleep and wakefulness to predict hypoactive delirium in the 
early postoperative period.

Comparison to Previous Studies
Multiple lines of evidence suggest a relationship between 
sleep disruption and postoperative delirium. Evidence of this 
relationship is supported by the (1) independent risk for de-
lirium associated with sleep disturbances, such as obstructive 
sleep apnea,31,32 (2) reduction of delirium incidence with sleep 
promotion interventions (ie, exogenous melatonin, earplugs, 
improved sleep hygiene, etc.),33–35 and (3) shared features of 

circadian rhythm disorders and delirium.5,36,37 Our results are 
consistent with a correlation between sleep disturbance and 
delirium but suggest that components of clinical polysomnog-
raphy may more directly address this putative relationship in 
patients with delirium and critical illness.37,38

Our study extends earlier investigations of postoperative de-
lirium and actigraphy in the surgical population.7,8,28 Jacobson 
and colleagues28 compared actigraphy measures of 13 postsur-
gical patients, 6 of whom had delirium. Results showed that 
patients with delirium had greater median activity at night, 
a lower difference between night and day activity, and fewer 
resting minutes during both night and day. A subsequent study7 
reported on 79 patients who had undergone cardiac surgery 
who were stratified by duration and timing of delirium over the 
first 5 postoperative days: no delirium or delirium only on the 
first postoperative day (n = 46), delirium of 2 to 3 days dura-
tion (n = 16), or delirium lasting 4 or more days (n = 17). The 
principal findings included greater day-night amplitude (MAC-
Day-Night) and lower duration of daytime immobility for patients 
with delirium of short duration.7 A separate report from the 
same group also compared actigraphy between 32 patients 
who had undergone cardiac surgery and who did not have de-
lirium and 38 with delirium on POD 1.8 The cohort of patients 
with delirium showed no significant differences in immobil-
ity duration for day or night when compared to controls. In-
stead, the group with delirium showed a lower median daytime 
restlessness index (ratio of number of minutes with activity to 
the number of immobile minutes) on POD 1 and less activity 

Table 5—Univariate classification odds ratio for one 
standard deviation change in the respective actigraphy 
variable for the presence of delirium during the interval 
from POD 0–5.

OR (95% CI) P
MACDay – MACNight 0.53 (0.31–0.91) .02 *
MACDay – MACNight LFE 0.53 (0.31–0.91) .02 *
MACDay 0.79 (0.48–1.29) .34
MACDay LFE 0.79 (0.48–1.29) .35
MACTotal 0.97 (0.62–1.53) .90
MACTotal LFE 0.98 (0.63–1.54) .93
MACNight 1.19 (0.76–1.85) .44
MACNight LFE 1.20 (0.77–1.88) .41

NOIMNight – NOIMDay 0.66 (0.41–1.06) .11
NOIMNight – NOIMDay LFE 0.66 (0.41–1.06) .09
NOIMTotal LFE 0.68 (0.42–1.09) .11
NOIMNight LFE 0.80 (0.51–1.25) .34
NOIMNight 0.82 (0.52–1.28) .38
NOIMTotal 1.00 (0.64–1.56) .99
NOIMDay LFE 1.19 (0.76–1.88) .45
NOIMDay 1.21 (0.77–1.99) .41

MAC = Median Counts/Minutes when RMSActivity > 0. NOIM = Total number 
of minutes with RMSActivity = 0. * = P < .05, likelihood ratio test. LFE = low 
frequency extension, MAC = median activity counts, NOIM = number of 
immobile minutes, OR = odds ratio, POD = postoperative day.
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during the 5-hour epoch of the lowest activity (L5) during the 
first 24 hours after surgery. Our findings based on activity and 
immobility measures are consistent with these reports.

We are aware of only one investigation that has evaluated 
whether preoperative actigraphy measures predict subsequent 
delirium.3 With a smaller sample size of patients with delirium 
(n = 7), Leung and colleagues reported that wakefulness after 
sleep onset, a measure of sleep fragmentation, was greater in 
the preoperative period in 7 patients in whom delirium devel-
oped during POD 1–3, compared to 43 patients who were CAM 
negative, over the postoperative period.3 We are unable to eas-
ily account for the discrepancy in the robustness of findings 
relative to our study. Based on our data, the onset of poor post-
operative variability in sleep-wake cycles compared to base-
line could serve as a clinical tool for detecting hypoactivity in 
prodromal or subclinical cases of delirium.

Study Limitations
We acknowledge the various limitations of our analyses. First, 
our actigraphy metrics were primarily based on two 7-hour ep-
ochs within the first 24-hours of surgery, to more closely com-
pare our data to prior investigations. There are no biological 
constraints to justify these temporal demarcations, however. 
Second, our sample size was modest. This raises the potential 
of type II error with our group analyses. Additionally, delirium 
outcome groups had a higher incidence of initial postopera-
tive intensive care unit admission compared to those without 
this complication, such that postsurgical care could account for 
group differences. Finally, we did not correct for the number of 
statistical tests applied in this exploratory study. Any positive 
findings require caution, given the possibility of type I errors.

The delirium categorization of patients is also a possible 
source of uncertainty. Due to the inherent fluctuations in the 
severity and character of delirium, discrete daily CAM assess-
ments combined with subsequent delirium chart review may 
not have identified all patients with delirium in our cohort. 
Additionally, we attempted to study a homogenous subset of 
delirium through the exclusion of patients with identified hy-
peractive or mixed forms of delirium. It is probable that some 
hyperactive features may have escaped detection due to the 
frequency of our delirium assessments. Furthermore, clinical 
use of actigraphy for predicting delirium would not be based 
on prior identification of motoric subtypes. Finally, factors that 
independently affect both mobility and delirium incidence, in-
cluding residual general anesthesia, opioid administration, and 
acute postoperative pain, could have confounded our results.

Implications for Future Research
The use of actigraphy to assess sleep-wake patterns in the 
postoperative period is limited by both technique and patient 
characteristics. Actigraphy is unable to distinguish passive 
motion of the device from voluntary motor activity of the 
wrist. Accelerometers within these devices are unable to dis-
tinguish immobility due to sleep, restful wakefulness, or inat-
tention during delirium. Furthermore, physical restraints due 
to intravenous lines, monitoring equipment, or activity restric-
tions pose an additional impediment in this population. How-
ever, given the technical difficulty and cost associated with 

polysomnography, actigraphy will continue to be a useful ob-
jective tool for estimating patterns of sleep and motor activity 
in the clinical setting.

Although our data suggest that measures of immobility may 
be useful for predicting delirium at a group level, the likelihood 
of clinical diagnostic capability on a single patient level remains 
remote. The possibility that gross measures of motor activity 
alone can serve as markers of concurrent or future delirium ap-
pears unlikely due to a lack of specificity. In this sense, one 
could propose that wrist actigraphy could instead play a role as 
a screening rather than confirmatory diagnostic tool. For exam-
ple, patients without differential activity or immobility between 
day and night could be considered at risk for delirium and fol-
lowed with greater surveillance. Our study provides emphasis 
on measures of immobility to complement graded measures 
motor activity for future prospective investigations.

In summary, our data suggest that early postoperative wrist 
actigraphy measures were poorly effective as markers for con-
current or subsequent hypoactive delirium. High variance 
across patients and low discriminative capacity represent sub-
stantial limitations for the use of actigraphy in predicting this 
common neurological complication of major surgery.

ABBRE VI ATIONS

AUC, area under the curve
CAM, Confusion Assessment Method
CAM-ICU, Confusion Assessment Method for the Intensive 

Care Unit
CI, confidence interval
C-statistic, concordance statistic
ENGAGES, Electroencephalography Guidance of Anesthesia 

to Alleviate Geriatric Syndromes
L5, five cumulative hours of lowest amplitude activity
LFE, low frequency extension
MAC, median activity counts
NOIM, number of immobile minutes
POD, postoperative day
RMS, root mean-squared
ROC, receiver operating characteristic
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