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Abstract

Objective: To characterize acute alterations of circadian and ultradian rest-activity rhythms in
critically ill patients and their association with brain dysfunction, systemic multiorgan
dysfunction, and melatonin rhythms.

Design: Prospective study observing a cohort for 48 hours beginning within the first day of
intensive care unit admission.

Setting: Intensive care units within an academic medical center.

Patients: Patients presenting from the community with acute onset of either intracerebral
hemorrhage (ICH) or sepsis as representative neurologic and systemic critical illnesses. Healthy
control patients were studied in the community, during hospital bedrest, and during sleep
deprivation.

Measurements and Main Results: Circadian and ultradian characteristics of rest-activity
patterns were measured by wrist actigraphy, severity of neurologic and systemic illness by
Glasgow Coma Scale (GCS) and Sequential Organ Failure Assessment (SOFA), and central
circadian rhythm by melatonin profile. We studied 112 critically ill patients, including 53 with
sepsis and 59 with ICH, along with 53 control participants. Total daily activity was markedly
reduced and rest-activity rhythmicity was undetectable, neither of which was replicated by hospital
bedrest in healthy controls. Circadian rest-activity rhythm fragmentation and attenuation and
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ultradian disorganization was associated with GCS and SOFA in adjusted models. Rest-activity
rhythms showed no detectable phase coherence with melatonin rhythms.

Conclusions: Critically ill patients rapidly enter a state of behavioral quiescence proportionate
to their illness severity with concomitant disturbance of circadian and ultradian rest-activity
rhythms and loss of phase coherence with the melatonin rhythm. Quiescence characteristics in
rest-activity rhythms were not different in patients with and without delirium, suggesting them to
be distinct phenomena. Animal models of severe physiologic stress have shown that specific
neural pathway separate from the sleep-wake regulatory pathway induce behavioral quiescence
and rest-activity arrhythmia, and facilitate recovery of cellular homeostasis. Whether quiescence is
a conserved protective response pathway in humans is not yet understood.
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Introduction

As more patients survive critical illness and experience chronic disability, common Post-
Intensive Care Syndrome impairments like sleep disturbance are being recognized as
therapeutic targets.(1) Circadian misalignment and sleep deprivation are pervasive during
and after critical illness and may contribute broadly to critical illness morbidity through their
effects on brain health, autonomic stability, cardiovascular function, immune function and
metabolic homeostasis.(2, 3) Recent work in animal models has shown that severe
physiologic stressors induce a sleep-like state of behavioral quiescence, rest-activity
arrhythmia and increased arousal threshold that may have an important role in facilitating
homeostasis recovery.(4-6) Whether that distinct pathway and brain state are conserved in
humans is unknown.

During critical illness, electrographic sleep macrostructure markers are replaced or obscured
by findings which resemble neither wake nor sleep.(7-9) Analogously, actigraphy estimation
of sleep onset and offset become imprecise.(10, 11) If humans experience a stress-induced
brain state that is distinct from sleep and wake rather than a derangement of those states,
then methods based on inference to a sleep-wake paradigm may be invalid. Alternative
methods to analyze circadian and ultradian rhythmicity (variability, phase, amplitude,
architectural organization) have been informative in animal models as well as in non-
critically ill human populations, and measure the brain state transitions in these patients
more directly.(10, 12-15) The objective of this study was to characterize acute alterations of
circadian and ultradian rest-activity rhythms in critically ill patients and their association
with brain dysfunction, systemic multiorgan dysfunction, and melatonin rhythms.

Methods

Critically Ill Patients

Patients presenting to intensive care units (ICUs) at Northwestern Memorial Hospital
between April 2014 and December 2018 were prospectively enrolled in an observational
cohort study. This paper reports cross-sectional data from the first 48 hours of assessment.
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The study was approved by the Institutional Review Board (IRB). Written informed consent
was obtained from patients or their legally authorized representative. We enrolled patients
>18 years old with either spontaneous intracerebral hemorrhage (ICH) as a representative
neurologic critical illness or acute sepsis as a representative systemic critical illness.
Intracerebral hemorrhage was diagnosed by a board certified neurologist, excluding
hemorrhages attributed to trauma, hemorrhagic conversion of ischemic stroke, structural
lesions, or vascular malformations, as we have described elsewhere in detail.(16) Sepsis was
diagnosed by a board certified intensivist as organ dysfunction caused by an acute infection
evidenced by an increase in the Sequential Organ Failure Assessment (SOFA) score of 2
points or more, consistent with the current consensus definition.(17) We restricted inclusion
to patients presenting emergently from the community with demonstrably acute onset of
symptoms and excluded patients unlikely to survive for at least 24 hours or unlikely to
require at least 48 hours of ICU care, those with baseline need for renal replacement therapy
or with hemoglobin concentrations less than 7 g/dL.

We characterized rest-activity rhythms with actigraphy. Actigraphy utilizes wearable devices
with accelerometers to detect and record body movement over time.(10) In this study we
used the common research implementation consisting of a watch-like wrist actigraphy
device that quantified movement recorded in 30-second epochs. An activity-light monitor
(Actiwatch-L; Philips/Respironics, Bend, OR, USA) was affixed to the hospital bed at the
patients’ eye level to record illuminescence and another to the patients’ dominant wrist (or
non-dominant wrist in the context of dominant extremity hemiparesis) to record physical
activity, as we have previously described.(18) Study measurements were initiated within 24
hours of emergency department presentation and within two hours of enrollment and
continued until death, ICU discharge or for 48 hours, whichever occurred first.
Measurements included Glasgow Coma Scale hourly for encephalopathy severity, Richmond
Agitation Sedation Scale (RASS) and Confusion Assessment Method for the Intensive Care
Unit (CAM-ICU) at least twice daily, continuous light and activity monitoring, blood
melatonin sampling every two hours, disease-specific prognostic scores (ICH Score for ICH,
Sequential Organ Failure Assessment [SOFA] for sepsis), and other common clinical
variables as detailed in Supplemental Table 1 and described elsewhere.(16, 19-21)

Control Groups

Age-matched community dwelling volunteers underwent wrist actigraphy during usual life
routines. Hospital bedrest volunteers and sleep deprivation volunteers underwent actigraphy
monitoring in our hospital clinical research unit for 24 hours while confined to bedrest in
dim light conditions with an intravenous catheter in place or maintained continuously awake,
reinforced by research staff members being physically present to provide alertness
stimulation as needed. Finally, we studied a group of critically ill patients receiving a
continuous infusion of cisatracurium to induce complete neuromuscular paralysis
concomitant with intravenous sedation for management of severe hypoxemic respiratory
failure in order to characterize the contribution of high intensity care activities on the
actigraphy record.
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Actigraphy Analyses

We used standardized, previously published methods to calculate nonparametric wrist
actigraphy variables.(22) Activity counts reflect the peak acceleration detected over each 30-
second epoch. The activity index is the percentage of 30-second measurement epochs within
the hour in which movement was detected, M10 and L5 are the average activity over the
most active 10 hours and least active 5 hours of the day, respectively, and relative amplitude
is the ratio of the difference between M10 and L5 and the sum of M10 and L5. Intradaily
variability quantified the fragmentation of rest-activity, converging to zero for a sine wave
pattern and two for Gaussian noise, conventionally calculated based on a 60 minute
sampling interval alone (IV-60), although we also calculated intradaily variability across
multiple sampling intervals (IVm) given recent research indicating that the IVm approach is
superior to 1V-60.(22, 23) We also characterized fragmentation using the coefficient of
variation (relative standard deviation), a general statistic not specific to circadian analysis
techniques that is defined as the ratio of the sample standard deviation to the mean. Fractal
analysis was performed on actigraphy records using detrended fluctuation analysis over
intervals from four minutes to eight hours and power law exponents were obtained for each
record to characterize the integrity of ultradian rhythms. Lower power law exponents
indicate degradation of the normal positive temporal autocorrelation in activity rhythms
toward irregular disruption and randomness.(13) We selected the analysis interval based on
prior research showing that scale-invariant correlations within the temporal interval of
minutes to eight hours diminish with worsening cognitive impairment in ambulatory human
patients, a finding linked to suprachiasmatic nucleus (SCN) pathology in humans and
characteristic of experimental animals with central circadian rhythm disruption due to SCN
lesions.(14, 15)

Statistical Analyses

The sample size for this study was determined based on calculations for two other study
aims, not for the analyses presented here. We used Spearman’s rank order correlation and
Wilcoxon rank sum tests for univariate comparisons with continuous or ordinal variables.
We selected variables for inclusion into multivariable models by a priori selection based on
published associations, and assessed inclusion of other covariates based on univariate
associations and covariate removal for parsimony based on model fit using Akaike
Information Criteria to yield the reported final models. Activity amplitude was log-
transformed for use as a dependent variable in linear regression. Change over time effects
were assessed using repeated measures ANOVA in order to avoid assumptions about
patterns of change. Rest onset timing was assessed using Rayleigh z and Rao spacing tests to
evaluate for unimodal versus uniform distribution and were compared to healthy patient
groups using Watson’s U2 and Rao tests, consistent with recommendations for
complementary tests for circular data analyses.(24) These circular statistical tests evaluate
the hypothesis that the distribution of melatonin acrophase timing is distributed randomly
and uniformly throughout the 24 hour day, or when comparing two groups, that the
distribution of the acrophase timing over the day is the same in both groups with respect to
mean time and the dispersion of individual acrophase times around that mean. We assessed
phase coherence between M10, L5 and melatonin acrophase using a significance test of the
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correlation coefficient for angular variables. Statistical analyses were performed in R version
3.5.2 (R Foundation for Statistical Computing, Vienna, Austria).

We studied 112 critically ill patients, including 53 with sepsis and 59 with ICH. The
demographic and clinical characteristics of the cohort are shown in the Table with further
details provided in the Online Supplemental Table 2. Most patients had no baseline
functional impairment (65%) and preexisting dementia was rare (6%). At the time of study
enrollment, median GCS was 13 [interquartile range 10, 15], the median ICH Score for
patients with ICH was 2 [1,3], and the median SOFA was 5 [2.75, 9] for patients with sepsis,
of which 89% had septic shock at the time of initial presentation. By the time the circadian
rhythm characterization began, after initial stabilization but within the first 24 hours of
hospitalization, 31.3% of patients remained vasopressor dependent. In addition to the 112
critically ill patients described above, actigraphy was obtained in 101 control patients
including 53 age-matched community-dwelling control participants, 31 hospital bedrest
control participants, 13 sleep deprivation control participants, and 4 patients under
pharmacologic paralysis.

Activity Intensity, Variability and Rest-Activity Rhythm Amplitudes

Rest-activity patterns of the critically ill patients are shown in Figure 1, divided by level of
neurologic impairment per GCS score into categories of unimpaired (GCS 15; alert, oriented
and following commands), intermediate (GCS 9-14), and comatose (GCS 3-8), alongside
actigraphy records from the reference control groups. Tactile stimuli and arousals, estimated
using the actigraphy records of the pharmacologically paralyzed control patients, showed
that those care-related stimuli were spread uniformly throughout the day and contributed
trivially to the overall actigraphy record. Rest-activity rhythms in the age-matched
community control participants showed a typical circadian rhythm with daytime activity and
quiescence at night. Patients in the sleep deprivation protocol exhibited no rest-activity
rhythmicity (p=0.26) and activity levels just mildly lower than the daytime activity measured
in community dwelling participants. Healthy controls confined to hospital bedrest exhibited
a decrease in absolute activity levels but preserved rest-activity rhythmicity (p<0.001) and a
more modest decrease in the activity index compared to community dwelling.

Activity levels were uniformly lower in critically ill patients compared to controls and
diminished by neurologic status (activity index amplitudes: ambulatory controls, 91%;
bedrest controls, 66%; GCS unimpaired, 36%; intermediate encephalopathy, 39%; comatose,
18%; and M10: ambulatory controls, 326; bedrest controls, 189; unimpaired, 20.7;
intermediate encephalopathy, 16.2; comatose, 3.9). In the critically ill participants, total
daily activity, M10 and relative amplitude were associated with GCS. Better GCS was also
correlated with lower coefficient of variation (rho —0.45, p<0.0001) but not intradaily
variability, either measured at usual hourly intervals (IV-60, p=0.56) or averaged across
sampling intervals (IVm, p=0.61). In adjusted models, median GCS (p 0.14, 95% confidence
interval [0.075, 0.21], p<0.001), SOFA score (p 0.079 [0.016, 0.14], p=0.015), and
premorbid disability by modified Rankin Scale (p —0.20 [-0.37, —0.036], p=0.018) were
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independently associated with activity amplitudes and M10 (median GCS g 0.17 [0.099,
0.25], p<0.001; SOFA B 0.11 [0.037, 0.17], p=0.0029; mRS p —0.20 [-0.38, —0.034],
p=0.020). There were no associations between illness type (sepsis or ICH) and any measure
of rest-activity rhythmicity by univariate tests or after adjustment for median GCS.
Moreover, use of mechanical ventilation and use of sedation were not associated with rest-
activity rhythmicity after adjustment for GCS.

Rest-Activity Rhythm Timing

Figure 2 shows rest-activity timing for the ambulatory and hospital bedrest control
participants and critically ill patients based on the time of rest onset (the start time of L5).
Ambulatory and hospital bedrest control participants demonstrated a unimodal circadian
pattern (p<0.001) with clustering of L5 onset at mean time 00:23, and no significant
between-group difference in timing of distribution. In contrast, rest onset in the critically ill
groups appeared to be randomly distributed throughout the day (all p>0.05 testing against a
null hypothesis of uniform circular distribution) as a group and for each arousal subgroup
(unimpaired, intermediate encephalopathy or comatose).

Ultradian Rest-Activity Architecture

Abnormal circadian activity characteristics were associated with derangements in ultradian
activity rhythms. In a model adjusting for age (p —0.00014 [-0.0015, 0.77]) and premorbid
dementia (g —0.036 [-0.15, 0.079]), the power law exponent from detrended fluctuation
analysis was associated with GCS ( 0.0099 [0.0011, 0.019], p=0.028) but not SOFA (B
0.0048 [-0.0016, 0.011], p=0.14). Figure 3 illustrates the correlation between power law
exponent and activity amplitude (rho 0.78, p<0.0001) and intradaily variability (rho —0.78,
p<0.0001), which illustrates that disturbance of ultradian rhythms is closely linked to
disrupted circadian rhythms. Iliness type (sepsis or ICH) was not associated with power law
exponent.

Rest-Activity and Delirium

Delirium was detected by CAM-ICU assessment in 10 (8.9%; 1 hyperactive [RASS >0] and
6 hypoactive [RASS <0]) patients within the initial 24 hour circadian characterization
interval, and another 21 (18.8%) were unassessable at all evaluation timepoints.
Unassessable patients had lower arousal, as measured by GCS, and correspondingly lower
activity levels, compared to assessable patients. Compared to patients without delirium,
patients with delirium had higher total daily activity (median 32335 vs 14941, p=0.015) but
no difference in circadian or ultradian measures of activity (activity index, IV-60, IVm, RA,
and power law exponent; all p>0.1). Inclusion of delirium as a covariate in the adjusted
models of activity amplitude and M10 showed that delirium was not independently
associated with either outcome, and the significant relationships with GCS, SOFA and
premorbid disability persisted.

Rest-Activity Rhythms and Melatonin Rhythms

There were no correlations between the 24 hour melatonin rhythm amplitude and any
summary measure of activity (total daily activity: correlation coefficient rho 0.11, p=0.32;

Crit Care Med. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maas et al.

Page 7

activity variability: rho 0.11, p=0.35), nonparametric circadian measures (absolute activity
amplitude: rho 0.17, p=0.14; activity index: rho 0.17, p=0.13; relative amplitude: rho 0.026,
p=0.83; 1\V-60: rho —0.12, p=0.30; IVm: -0.17, p=0.14), or power law exponent of ultradian
activity (rho 0.13, p=0.25). There was no temporal correlation between melatonin acrophase
and either M10 onset (angular correlation coefficient rho 0.02, p=0.84) or L5 onset (rho
-0.17, p=0.09).

Discussion

We observed that patients with both neurologic and systemic critical illness rapidly entered a
state of profound behavioral quiescence with the onset of illness. Comparison to healthy
patients experimentally confined to hospital bedrest confirmed that the physical constraints
of care did not account for the loss of circadian rhythmicity and only partially explained the
reduction in total activity. Moreover, experimental continuous sleep deprivation for a similar
time interval did not cause a similar reduction in spontaneous activity. Beyond quiescence,
we observed a severe temporal disorganization of rest-activity rhythm in both circadian and
ultradian scales along with dissociation from melatonin rhythms. Delirium was less common
than quiescence and not independently associated with quiescence characteristics in
circadian or ultradian rest-activity rhythms, suggesting that delirium and quiescence are
distinct phenomena.

The suprachiasmatic nucleus functions as the pacemaker of the central circadian rhythm,
relaying signals to various brain regions and indirectly to peripheral tissues through
regulated secretion of melatonin from the pineal gland and autonomic signals.(25) Sleep is
regulated by input from the circadian clock and a sleep homeostat, with some interaction
between those parallel processes.(26) Sleep duration and fragmentation are well established
as important health determinants in ambulatory patients, yet their significance during critical
illness is unknown. Sleep is a complex phenomenon comprising multiple parallel processes,
and it is not known how each individual component may persist or cease in the context of
altered mental states due to sedation or encephalopathy. For example, glymphatic clearance
and memory consolidation are both increased by sleep, however, anesthetic medications,
which are widely used in critically ill patients, replicate the glymphatic flow augmentation
of sleep but impede memory consolidation.(27, 28) Traditional EEG scoring methods for
sleep are unusable due to encephalopathy changes and proposed alternative methods are
descriptive rather than based on biological sleep function, so it is not possible to infer which
underlying sleep-associated neurophysiologic process may remain functional during rest
intervals.(29-32) Conceptualizing isoelectric brain activity as “atypical sleep” is perhaps
like considering shock stabilization with multiple concurrent vasopressors “atypical
normotension”: superficially similar but physiologically misrepresentative.(32)

Stress-induced behavioral quiescence may be an altogether distinct brain state triggered by
adaptive mechanisms rather than a blurred state on the spectrum between wake and sleep,
and potentially health promoting. Animal models used to explore the basic neurobiology of
sleep rhythms have found that various strong physiologic stressors induce a state that is
superficially indistinguishable from normal, timed sleep but is effectuated by a distinct
neuronal process.(4—6) Importantly, stress-induced sleep in animals does not modify all
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body functions identically to timed sleep, and occurs in tandem with mechanisms that act to
restore cellular homeostasis, indicating that it is a protective, adaptive process.(6)
Actigraphy has been used in critically ill patients in prior studies where analyses focused on
quantifying total activity and average differences between daytime and nighttime activity,
most with the objective of assessing sedation, delirium and mobilization.(11) Although
actigraphy does not measure sleep onset and offset precisely compared to EEG, these data
show that nonparametric circadian and power law exponent measurements of the actigraphy
record revealed a loss of rhythmicity and activity autocorrelation that was correlated with the
severity of the underlying physiologic stressor, which parallels the characteristics of stress-
induced sleep in animals.(11) Given the noninvasiveness of actigraphy, rhythmicity
parameters may be useful as severity biomarkers trended over the course of illness, and
could additionally provide insights into the interaction between sleep rhythms, circadian
normalization, and health outcomes after critical illness. In particular, power law analysis is
correlated with changes in cognitive status in ambulatory patient populations, and a growing
body of literature supports its utility in characterizing sleep-wake architecture.(13-15, 33)

The neurologic symptoms of severe illness, described as “phrenitis” by ancient Greeks and
subject of speculation through the pre-modern era, are so common to the human experience
that they received little attention as a significant medical problem until recently when the
cognitive symptoms of critical illness encephalopathy, especially its well-known
manifestation in the form of delirium, have been studied.(34, 35) Other than categorizing
delirium as hyperactive and hypoactive, the behavioral manifestations of encephalopathy
have received comparatively less attention than cognitive deficits, and the physiologic
implications of the most prominent features- behavioral quiescence and rest-activity
fragmentation- are not well understood in humans. Thorough exploration of the physiology
of behavioral changes during critical illness may be important for guiding interventions,
whether targeted at restoring circadian rhythms and normal sleep after illness, or early
mobilization. In these data, delirium did not contribute as an explanatory variable to
circadian or ultradian characteristics of rest-activity independent of the contributions of
overall encephalopathy, as measured by the GCS, overall multiorgan dysfunction severity
(SOFA) and premorbid vulnerability (mRS). There has been substantial attention to early
mobilization of critically ill patients as a means to improve functional outcomes, but a
systematic review of the recent literature shows limited evidence of efficacy.(36) The
cellular mechanisms of skeletal muscle growth and repair are circadian clock regulated, with
17% of skeletal muscle genes exhibiting circadian transcriptome oscillation, and loss of
circadian regulation mechanisms leads to severe sarcopenia.(37) Without concomitant
normal peripheral clock function in muscle, physical exertion may be futile for attenuating
muscle wasting. Likewise, sleep consolidation may be incompatible with quiescence.

Circadian molecular rhythms are ubiquitous in human cells. Approximately 43% of
mammalian protein-encoding genes demonstrate circadian transcription rhythms, mostly in
an organ-specific pattern.(38) The ability to respond to changing time patterns in the
environment is an important adaptive mechanism for health preservation, and abrupt changes
like sleep deprivation in otherwise stable individuals can have immediate, deleterious effects
like impaired metabolic stability, endocrine functions and immune responsiveness.(39, 40)

In contrast to an experimental context with healthy test subjects for whom abrupt system
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perturbations have no adaptive benefit, in the context of critical physiologic instability,
collateral pathways overwhelming circadian control mechanisms may be beneficial to
stabilize stressors with greater immediacy.(41) For example, usual circadian fluctuations in
core body temperature give way to intermittent fevers in the context of sepsis. Attempts to
alter illness response physiology back to normal circadian patterns prematurely may be
harmful.

Expression of many genes directly affecting function and growth in muscle tissue show
circadian patterns.(42) Muscle function measurably fluctuations in humans on a diurnal
cycle, and various animal models have shown that loss of circadian inputs result in impaired
muscle function and growth, even independent of physical activity.(37, 42, 43) Human data
describing early mobilization after critical illness are mixed and inconclusive, summarized
in a recent Cochrane review as showing insufficient evidence for affecting “physical
function or performance, adverse events, muscle strength and health-related quality of life.”
(36) Circadian research on muscle physiology indicates that intact circadian rhythmicity and
phase-congruent timing of activity is required for anabolic responses to physical activity.(44,
45) If behavioral quiescence is associated with cellular stabilizing functions in humans akin
to those seen in animal models, early mobilization during that window, if misapplied, could
be a harmful disruption. Monitoring for reestablishment of circadian activity rhythms and
normalization of ultradian rhythm integrity as biomarkers of the transition from protective
quiescence to regular behavior patterns merits exploration as a personalized medicine
mobilization strategy.(46) Moreover, augmenting the relatively crude ordinal activity scales
or customary actigraphy measurements with rhythmicity measurements, as we have done in
this sample, may improve the characterization of sleep and activity recovery after illness.
(47)

There are limitations to this approach. The most important, which we have discussed above,
is that we could not measure the status of various basic physiologic processes that comprise
healthy sleep, like glymphatic clearance. This prevents us from comparing actigraphy rest-
activity measurements with physiologic changes to develop additional insights into how rest
intervals during stress quiescence resemble and differ from the physiology of sleep. We
measured and compared rest-activity rhythms with melatonin rhythms to analyze circadian
rhythmicity, and while melatonin is the most commonly used and robust marker of circadian
phase in physiologically stable humans, melatonin alterations during critical illness may
diminish its reliability as a circadian biomarker.(48) Using ICH and sepsis as representative
populations was helpful in contrasting neurologic and systemic critical illness, but those
conditions do not represent all forms of critical illness, so generalizability will require
further studies. Use of physical restraints was not measured and may have influenced
activity measurements. Finally, our own data show that environmental stimuli and physical
constraints alter actigraphy records, changing both total activity and rhythmicity patterns,
which means extrinsic abnormalities confound the effects of intrinsic abnormalities. This
confounding was partially mitigated by increasing the uniformity of extrinsic factors by
studying all patients within the early phase of illness onset to reduce cumulative effects,
selecting two model diseases that are managed with relatively uniform care practices, by the
uniformity of the environment and nursing practices within the single institution, and by
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confirming that we could still observe a graded effect of illness severity on our measurement
endpoints consistent with intrinsic disease effects.

Conclusions

These data show that critically ill patients rapidly enter a state of behavioral quiescence
proportionate to their illness severity with concomitant disturbance of rest-activity rhythms
within the circadian and ultradian time scales and loss of phase coherence with the
melatonin rhythm. Comparative animal models of stress induced behavioral quiescence and
activity dysrhythmia suggest the phenomena are activated by a neural pathway distinct from
normal sleep-wake regulation and may be protective in those organisms. Further
investigation is needed to understand the underlying mechanisms and physiologic
consequences of stress-induced quiescence in humans.
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Figure 1. Activity levelsin Critically |11 Patients Compared to Control Groups
Figure 1 shows activity levels in critically ill patients (blue) and control groups (green)

across the day. Critically ill patients are separated into groups by Glasgow Coma Scale
scores (GCS). The upper panels show the activity index as boxplots with the hourly median
values superimposed as a trendline. The lower panel shows the average activity with an inset
panel that uses a smaller y-axis scale to better display difference between the different
groups of critically ill patients.

Crit Care Med. Author manuscript; available in PMC 2021 June 01.

Page 13



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Maas et al.

Page 14

Figure 2. Timing of Maximum Rest Interval (L5) Onset
Figure 2 shows the timing of the onset of the maximum five hour rest interval for critically

ill patients (blue) and healthy control participants (green). Points indicate individual
measurements and the solid line is the circular kernel density estimation plot.
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Figure 3. Power Law Characteristics and Activity

Intradaily Variability (IVm)

Figure 3 shows the power law exponent derived from detrended fluctuation analysis of
actigraphy records plotted against activity amplitude (left panel) and sampling interval
averaged intradaily variability (IVm; right panel). The power law exponent is a measure of
ultradian rhythm integrity (near 1 is normal for healthy humans and 0.5 is randomness

suggestive of poor biological control), whereas activity amplitude and IVm are measures of

circadian rhythm integrity. The solid line and shaded area show the moving average

trendline and its 95% confidence interval, respectively. These data show that deterioration in

circadian rhythms, as measured by activity amplitude (rhythm strength) and intradaily

variability (rhythm fragmentation) is strongly correlated with ultradian rhythm deterioration

(lower fractal power law exponent).
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Table:

Patient Characteristics

Baseline Characteristicson Admission

N, Mean or Median

Number of critically ill patients 112
Sepsis (%) 53 (47.3)
Intracerebral hemorrhage (%) 59 (52.7)

Age (mean (SD)) 63.74 (16.66)

Sex = male (%) 65 (58.6)

Race (%)

Asian 4(3.6)
Black 35 (31.2)
White 73 (65.2)

Ethnicity (%)

Hispanic or Latino 13 (11.7)
Not Hispanic or Latino 97 (87.4)
Unknown or Not Reported 1(0.9)

Pre-existing dementia 7(6.3)

Baseline disability by modified Ranking Scale (median [IQR]) 0[0,2]

Glasgow Coma Scale at initial presentation (median [IQR])

13.00 [10.00, 15.00]

ICH Score (median [IQR], only reported for patients with ICH)

1.00 [1.00, 2.00]

Sepsis patients in shock at initial presentation (%)

46 (88.5)

Exposures During Circadian Char acterization I nterval

Median Glasgow Coma Scale score over 24 hours (median [IQR])

14.00 [10.00, 15.00]

Glasgow Coma Scale score nadir (median [IQR])

14.00 [8.00, 15.00]

Median Richmond Agitation Sedation Scale score over 24 hours (median [IQR])

0.00 [-2.00, 0.00]

Richmond Agitation Sedation Scale score nadir (median [IQR])

-1.00 [-3.25, 0.00]

Delirium by CAM-ICU (%) 10 (8.9)
Sequential Organ Failure Assessment score (SOFA; median [IQR]) 5[2.75, 9]
SOFA for sepsis patients only 713, 11]
Mechanical ventilation (%) 43 (38.4)
Intravenous sedatives (%) 46 (41.1)
SOFA blood pressure categories (%)
0: No hypotension 57 (50.9)
1: MAP <70 mmHg 20 (17.9)
3: Dopamine >5, epinephrine <0.1, or norepinephrine <0.1 mcg/kg/min 12 (10.7)
4: Dopamine >15, epinephrine >0.1, or norepinephrine >0.1 mcg/kg/min 23(20.5)
Acute kidney injury by KDIGO category (%)
No AKI 79 (71.2)
Stage 1 15 (13.5)
Stage 2 11 (9.9)
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Baseline Characteristics on Admission N, Mean or Median
Stage 3 6(5.4)
Renal replacement therapy (%) 2(1.8)
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