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Background: Patients in the ICU are thought to have abnormal circadian rhythms, but quantita-
tive data are lacking.
Methods: To investigate circadian rhythms in the ICU, we studied core body temperatures over a
48-h period in 21 patients (59 = 11 years of age; eight men and 13 women).
Results: The circadian phase position for 17 of the 21 patients fell outside the published range
associated with morningness/eveningness, which determines the normative range for variability
among healthy normal subjects. In 10 patients, the circadian phase position fell earlier than the
normative range; in seven patients, the circadian phase position fell later than the normative range.
The mean *+ SD of circadian displacement in either direction (advance or delay) was 4.44 +3.54 h.
There was no significant day-to-day variation of the 24-h temperature profile within each patient.
Stepwise linear regression was performed to determine if age, sex, APACHE (Acute Physiology
and Chronic Health Evaluation) III score, or day in the ICU could predict the patient-specific
magnitude of circadian displacement. The APACHE III score was found to be significantly predic-
tive of circadian displacement.
Conclusions: The findings indicate that circadian rhythms are present but altered in patients in
the ICU, with the degree of circadian abnormality correlating with severity of illness.
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Abbreviations: ANOVA = analysis of variance; APACHE = Acute Physiology and Chronic Health Evaluation; CBT = core
body temperature; PMC = Presbyterian Medical Center; UMCG = University Medical Center Groningen; UPMC = Uni-

versity of Pennsylvania Medical Center

Imost all human physiologic processes exhibit cir-
adian (ie, near-24-h) rhythms reflecting the syn-
chronization of the body’s functions with each other
and with the external environment. The suprachias-
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matic nuclei in the hypothalamus contain the biologic
clock that orchestrates circadian rhythms.!2 In nor-
mal subjects, environmental time cues such as the light-
dark cycle entrain (ie, synchronize) circadian rhythms,
keeping them at a relatively constant 24-h period with
a fixed temporal relationship to the environment. When
left unsynchronized, the circadian pacemaker tends
to drift, having an intrinsic period of about 24.2 h on
average in humans.?

The circadian clock cannot be measured directly
in humans, so surrogate markers have been used to
measure its output. Under controlled circumstances,
core body temperature (CBT), which is higher during
the day than during the night, and plasma melatonin,
which displays a pattern opposite to that of CBT, are
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considered reliable physiologic markers of circadian
rhythmicity.+9 Plasma cortisol has also been used as a
circadian indicator, but studies have cast doubt on the
robustness of cortisol as a marker of circadian rhyth-
micity in humans.”10

Limited data evaluating circadian rhythms in the ICU
have suggested that these rhythms are considerably
aberrant in patients.5911-18 Two retrospective studies'!-'2
evaluating circadian rhythms in patients in the ICU
using CBT recordings showed an absence of circa-
dian rhythmicity in 20% and 80% of patients in the
ICU, respectively. The remaining patients showed large
within-subject variability not normally observed in
healthy individuals.!? A third study'® documented rel-
atively stable circadian rhythms in CBT for comatose
patients in the ICU, but did not report CBT rhythms
for noncomatose patients in the ICU.

Such altered circadian rhythms may have important
physiologic ramifications. For example, the efficacy,
half-life, and toxicity of medications are influenced by
circadian rhythms.!920 Abnormal circadian rhythmicity
is thought to be detrimental for recuperation from
sepsis.5?! Furthermore, sleep loss resulting from cir-
cadian rhythm disturbances may adversely affect respi-
ratory muscle performance.222 As such, understanding
circadian rhythms and their possible alterations in
patients may be important for recovery in the ICU.2*

The primary goals of the current study were to iden-
tify any abnormalities in the timing of the circadian
rhythm as measured by CBT, while taking into account
masking factors potentially affecting CBT, and to find
demographic and/or clinical correlates of such abnor-
malities. We hypothesized that circadian rhythms in
patients in the ICU would be significantly misaligned
(temporally shifted) as compared with normal control
subjects.

MATERIALS AND METHODS

Subjects

CBT was measured in 28 noncomatose patients in the ICU
at the University of Pennsylvania Medical Center (UPMC) in
Philadelphia, Pennsylvania; in the ICU at Presbyterian Medical
Center (PMC) in Philadelphia, Pennsylvania; and in the ICU at the
University Medical Center Groningen (UMCG) in Groningen, The
Netherlands. The facility at UPMC is a medical ICU with 12 acute-
care beds and 12 intermediate-level-care (step-down) beds; the
facility at PMC is a mixed medical and surgical ICU with 15 acute-
care beds; and the facility at UMCG is a mixed medical and sur-
gical ICU with 12 acute-care beds. To be enrolled in the study,
patients had to be afebrile and not on any fever-reducing medica-
tions or sedatives. If mechanically ventilated, they also had to be
on a stable ventilatory setting prior to enrollment. In these subjects,
tube feeding was continuous during the day but there was no feed-
ing during the night. This study was approved by the Institutional
Review Board of the University of Pennsylvania under protocol
number 280000, as well as by the Medical Ethical Committee of
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the UMCG under protocol number S-10-89G. Patients or their
legally authorized representatives gave written consent prior to
participation.

Recordings

CBT recordings were made for 48 h at a rate of one sample every
5 min. CBT was measured with a temperature-sensing Foley urinary
catheter (C.R. Bard, Inc) in 11 patients and with a Mallinckrodt 12F
temperature-sensing rectal probe (Mallinckrodt Inc) in 10 patients.
Urinary bladder temperature monitoring is a well-investigated
and validated method to determine CBT, with a low likelihood of
being accidentally extruded and a high degree of accuracy.*2326
Rectal temperature probes have also been successfully used and
validated in numerous investigations of CBT.2627

During the 48-h study period, patients were monitored for hypo-
thermia or fever (exclusion criteria), and they did not receive any
antibiotics, nonsteroidal antiinflammatory drugs, aspirin, corti-
costeroids or any other medications that would have suppressed
a potential fever. For all patients in the ICU, APACHE (Acute
Physiology and Chronic Health Evaluation) III scores were assessed
on the first day of CBT measurement.

Analyses

First, hourly averages of CBT were computed for each subject.
The first 24 h were labeled “day 1” and the second 24 h were labeled
“day 2.” Subsequently, the data were analyzed with repeated-
measures analysis of variance (ANOVA) in a time (24 levels) by
day (2 levels) design, to evaluate the day-to-day variation of the
24-h CBT profile.

Contingent upon the absence of significant day-to-day varia-
tion, a harmonic regression model of two sinusoids, with a funda-
mental period of 24 h and a harmonic period of 12 h, respectively,
was fitted to the individual patient’s original 48-h time series
(ie, the 5-min samples, not the hourly averages).272 As a marker of
the circadian phase position of the rhythm in CBT, the clock time
of the CBT minimum in the regression model was assessed. In
addition, the CBT range was determined as the difference between
the minimal and the maximal temperatures in the regression model.

For each patient, circadian phase position values were compared
with a database of healthy, extreme morning- and evening-type
individuals studied under constant-routine conditions.2”-30 This
database had been established previously to expose the bound-
aries of interindividual variability in circadian phase among healthy
individuals, and may, therefore, serve as a reference for evaluating
circadian abnormalities. For patients in the current study who had
a circadian phase position of the CBT minimum that was outside
the reference interval, which ranged from 04:38 to 06:45, the abso-
lute time difference between the observed circadian phase position
and the nearest boundary of the reference interval was computed
as a measure of the magnitude of circadian displacement. This cir-
cadian displacement was a primary outcome measure of the study.

To assess associations of demographic and medical variables
with the degree of circadian displacement, correlation analysis
(Pearson’s r) and stepwise linear regression were performed. Finally,
one-way ANOVA was employed to detect differences in circadian
displacement between mechanically ventilated and nonventilated
patients, and among disease categories: renal insufficiency, myas-
thenia gravis, COPD exacerbation, and ARDS.

RESULTS

Seven of the 28 patients were excluded from the
analyses because a fever (CBT >38°C) developed in
the 5 days before or during the study period, leaving
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a group of 21 patients in the ICU. Of these 21 patients,
nine were hospitalized in the ICU at the UPMC in
Philadelphia, Pennsylvania; six were hospitalized in the
ICU at PMC in Philadelphia, Pennsylvania; and six were
hospitalized in the ICU at the UMCG in Groningen,
The Netherlands. Seventeen of the 21 patients were
on mechanical ventilation; all were tube fed. Table 1
summarizes the demographic and clinical information
of the study population.

Repeated-measures ANOVA of the hourly averages
across the 48 h of CBT recording in all 21 patients
showed no significant effects for day (F[1,20] = 0.045,
P = .84) and for time by day interaction (F[23,460] =
0.809, P=.54). Thus, there was little day-to-day varia-
tion of the 24-h CBT profile within each patient. Analy-
ses were, therefore, continued by fitting a harmonic
regression model to each patient’'s CBT time series. The
24-h rhythm component of CBT was statistically sig-
nificant® in each subject (P <.001). The range between
the minimum and maximum of CBT was found to be
0.82 £ 0.60°C. The normative range for body tem-
perature in healthy subjects under constant routine
conditions (experimental conditions even more con-
trolled than those in the ICU) is 0.5°C, and in ambula-
tory healthy subjects it goes up to about 1°C.3233 The
mean * SD for the circadian phase position, as esti-
mated by the timing of the CBT minimum in the regres-
sion model, was 10:07 (HH:MM) =+ 417 min.

The individual subjects’ circadian phase positions
are shown in Figure 1. Substantial interindividual var-
iability in the timing of the CBT rhythm was observed:
Circadian phase position values spanned almost the
entire 24 h of the day. A Kolmogorov-Smirnov test
confirmed that the distribution of circadian phase posi-
tions of the CBT rhythm was not significantly different
from a uniform distribution across the 24 h of the day
(Z=1.12, P = .16). This indicates that the minimum
of CBT was not consistently anchored in the early-
morning hours, as is typical for healthy normal indi-

Table 1—Subject Demographics and Clinical

Information

Demographics and Clinical Information Data

No. subjects 21

Male (female) 8 (13)

Age, mean * SD, min-max, y 59+11, 33-75
APACHE III score, mean = SD, min-max 49 + 22 29-95
Mechanically ventilated 17

Renal insufficiency 10
Myasthenia gravis 3
COPD exacerbation 6
ARDS 2

First day of CBT recording,* mean * SD, min-max 19.9 * 18.9, 2-45

Data are presented as No. subjects unless indicated otherwise.
APACHE = Acute Physiology and Chronic Health Evaluation; CBT =
core body temperature; max = maximum; min = minimum.

“Relative to day of ICU admission.
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FIGURE 1. Subjects’ circadian phase positions. Each triangle indi-
cates an individual patient’s clock time of the estimated CBT min-
imum, plotted against clock time (in hours). Data from all 21 patients
in the ICU included in the study are shown. The gray bar indicates
the reference interval for healthy normal subjects (04:38-06:45),
taken from a database of healthy extreme morning- and evening-
type individuals studied under constant-routine conditions.2” The
vast majority of healthy normal subjects would be expected to have
circadian phase positions inside this relatively narrow reference
interval. In contrast, the circadian phase positions of patients in
the ICU were distributed over the entire 24 h of the day. CBT =
core body temperature.

viduals, but could be positioned at any hour of the day.
This finding demonstrates that the timing of circa-
dian rhythms was abnormal in the patients in the ICU.

For 17 of the 21 patients, the circadian phase posi-
tion fell outside the reference interval for healthy nor-
mal subjects of between 04:38 and 06:45 (gray bar
in Fig 1). For these 17 patients, the mean * SD of cir-
cadian displacement, defined as the absolute deviation
from the nearest boundary of the reference interval,
was 4.44 = 3.54 h. For 10 of them, the circadian phase
position was closest to the early boundary of the ref-
erence interval (ie, 04:38), which suggests that the cir-
cadian rhythm in these patients was relatively advanced.
For the remaining seven patients, the circadian phase
position was closest to the late boundary of the refer-
ence interval (ie, 06:45), which suggested that the cir-
cadian rhythm in these patients was relatively delayed.

Stepwise linear regression yielded the APACHE
III score as the only variable to be significantly predic-
tive of circadian displacement (r=0.750; F[1,19] =24.4;
P <.001). Higher APACHE III scores were associ-
ated with larger circadian displacements, as shown
in Figure 2. One-way ANOVA revealed a trend for
an effect of mechanical ventilation (F[1,19] = 3.81;
P =.066): the mean = SE of circadian displacement
was 0.61 = 0.35 h for the four nonventilated subjects,
and 4.30 £0.90 h for the 17 mechanically ventilated
subjects. No statistically significant differences in cir-
cadian displacement were found among the different
disease categories (F[3,17] =0.33; P = .81).

Di1scussioN

The main finding of this study was that, although cir-
cadian rhythms were detectable in the CBT recordings
of all 21 patients in the ICU investigated, they showed
abnormal circadian phase positions. To minimize mask-
ing effects on CBT measurements, we required the
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FIGURE 2. Scatter plot of APACHE III score vs circadian dis-
placement (in hours) in all 21 subjects, with trend line. Higher
APACHE III scores were associated with greater circadian dis-
placement (r=0.750, P <.001). APACHE = Acute Physiology
And Chronic Health Evaluation.

patients to be afebrile, off any fever-reducing medica-
tions, and on a stable ventilatory setting (if mechanically
ventilated) prior to enrollment in the investigation.
As such, most patients were studied several weeks into
their hospital stay (20 days on average), and were poten-
tially in the recovery period of their illness. This limited
the overall severity of illness as measured by APACHE
I1I scores. Even so, we observed substantial circadian
displacement in the patients. Moreover, circadian dis-
placement was greatest in patients with the highest
APACHE III scores. Of the 21 patients, only four had
a circadian phase position of the CBT minimum that
fell inside the reference interval for healthy normal
subjects as bracketed by extreme morning- and evening-
type individuals.?”

Our finding of altered circadian phase positions in ICU
patients is consistent with the results of Gehlbach et al,?
who documented abnormally timed circadian rhythm
in the melatonin profiles of 11 of 15 patients who were
mechanically ventilated and IV-sedated and admit-
ted to the ICU 1 to 3 days earlier. Although the mel-
atonin profiles were derived from urinary sampling
of a melatonin metabolite, which limits the tempo-
ral resolution of the data, the circadian rhythm was
found to be stable across 2 measurement days. Simi-
larly, Tweedie and colleagues!! found that the timing
of circadian rhythm in CBT varied substantially among
15 patients who spent at least 8 days in the ICU. In
this study, the peak of the circadian rhythm also varied
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by several hours from day to day within subjects. Our
data differed from those of Tweedie et al'! in that we
observed only small day-to-day variation in the timing
of the CBT rhythm within patients. This may be a con-
sequence of the various steps we took (eg, exclusion
of febrile patients and those with fever-reducing medi-
cations) to limit masking effects on CBT recordings.

Other ICU studies have documented circadian dis-
ruptions of a different nature. Dauch and Bauer!?
recorded the CBT profiles of 31 patients suffering
from severe cerebral damage and showed only 20%
to have a sinusoidal shape in their CBT profile. How-
ever, this result was not supported by proper statis-
tical analysis, because the CBT measurements were
transformed into rank numbers before analysis (the
time of day with the lowest temperature was ranked
as 1, the time of day with the second lowest tempera-
ture was ranked as 2, and so forth). No consideration
was given to the absolute temperatures, or to the range
of oscillation as actually observed. Paul and Lemmer3*
recorded the tympanic temperature and sampled
plasma melatonin in 24 analgo-sedated patients. They
did not detect significant circadian rhythms in body
temperature in any of their patients, but tympanic tem-
perature is less accurate in capturing circadian rhyth-
micity than is CBT.? For plasma melatonin, they
reported that compared with those of healthy con-
trol subjects, the 24-h profiles were greatly disturbed,
with elevated daytime levels and reduced nighttime
levels.> This would appear to indicate that circadian
rhythmicity in the analgo-sedated patients was phase
shifted and/or dampened, but the authors suggested
that their results could have been confounded by medi-
cations used such as benzodiazepines. Mundigler et al®
examined melatonin profiles in critically ill septic and
nonseptic patients and observed significant disrup-
tions in the circadian rhythm of the nonseptic patients.
In this study, as in the study of Gehlbach et al,? the
melatonin profiles were derived from a urinary metab-
olite. The observations of Mundigler et al® may have
been systematically biased by having patients wear
eye masks to block the melatonin-suppressing effect
of light exposure during the hours of 10:00 PM to
6:00 AM, but not at other times of the day.® Regard-
less of the methodologic limitations of these previous
studies, they all point to circadian abnormalities in
patients in the ICU.

Our finding that the circadian phase position of the
CBT rhythm was more aberrant with greater APACHE
III scores suggests that the severity of illness may
directly or indirectly contribute to changes in the cir-
cadian rhythms in patients in the ICU. Altered circadian
phase positions in patients in the ICU may also result
from abnormal temporal cues (zeitgebers) in the ICU
environment, which can cause desynchronization of the
circadian pacemaker. Indeed, studies have suggested
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that zeitgebers are abnormal in the ICU.24% Light pat-
terns, in particular, appear to be different for patients
in the ICU compared with normal control subjects.*3
Ambient light is a relatively potent zeitgeber in human
beings, but if patients in the ICU receive insufficient
and/or improperly timed light, changes in the circa-
dian rhythmicity, such as those observed in the current
study, may result.

In the context of circadian abnormalities, it is note-
worthy that patients in the ICU have abnormal sleep-
wake patterns.!33742 Patients in the ICU tend to sleep
in short bouts approximately evenly dispersed over day
and night. Whether the sleep-wake pattern influences
circadian rhythmicity directly is under debate,* but
sleep is also associated with shielding from light expo-
sure due to eyelid closure. Thus, even if light levels
in the ICU are not disruptive to circadian rhythms
per se, diurnal sleep bouts may still result in abnor-
mal light exposure and consequently disrupt circadian
rhythmicity.

Moreover, altered circadian rhythmicity may play
arole in the pathogenesis of abnormal sleep-wake pat-
terns. Environmental noise has been shown to be dis-
ruptive to sleep in the ICU,'344 but it is not the only
sleep-disturbing factor.® In view of the normal regu-
latory relationship between circadian rhythmicity and
sleep propensity, 14647 our finding of significantly altered
CBT rhythms in patients in the ICU could help fur-
ther explain why sleep is abnormal in the ICU. If sleep
is beneficial for clinical recovery, as is widely believed,
then it may be worthwhile to investigate means to nor-
malize circadian rhythms in the ICU, because this may
lead to reduced sleep disruption.

Knowledge of the circadian phase position in criti-
cally ill patients may also have direct physiologic and
therapeutic implications. For instance, pulmonary and
peripheral muscle strength vary across the circadian
cycle.#4 Patients with COPD show circadian fluctu-
ations in pulmonary function, with circadian differences
between peak and trough values of FEV, and peak
expiratory flow rates of 25% to 50%.194 It may, thus,
be useful to wean patients who are mechanically ven-
tilated, especially those with COPD, when respiratory
muscle strength is at its circadian peak. This time
may be predictable based on the temporal relationship
between the pulmonary function rhythm and the CBT
rhythm. Patients at risk of respiratory failure with little
physiologic reserve may benefit particularly from cir-
cadian rhythm-tailored weaning strategies. Healing
may be impacted by circadian rhythms,> and align-
ment of central and peripheral oscillators by zeitgebers,
such as feeding regimes, may benefit patients.>'5

Drug efficacy and half-life depend on circadian
timing. Therefore, chronotherapy (the administration of
drugs at specific circadian times) may benefit patients
in the ICU by potentially enhancing drug efficacy
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and/or decreasing toxicity.'%2 Because CBT rhythms
appeared to be relatively stable across days in our
48-h study period, and are comparatively easy and
inexpensive to measure, CBT recordings may be useful
as a circadian marker in future research to evaluate the
efficacy of circadian-based drug delivery strategies.

We used only one circadian phase marker in our
study. We selected CBT rather than plasma melatonin
as a marker because melatonin secretion is suppressed
by light exposure, and light patterns in the ICU are
abnormal and elevated at night.* Moreover, sleep (and,
therefore, eye closure) in the ICU is fragmented and
distributed across the entire 24-h day.!® As a conse-
quence, there is considerable potential for masking
(confounding) effects on plasma melatonin profiles
because of light exposure in the ICU. Furthermore,
the effects on melatonin levels of medications typi-
cally used to treat patients in the ICU have not been
studied comprehensively. Our successful use of CBT
profiles to mark the circadian phase represents an
important methodologic advance, given the need for
investigators to identify biologically valid and reproduc-
ible measurements pertaining to sleep and circadian
rhythmicity. Nonetheless, CBT cannot be examined
as a circadian phase marker in patients with fever or
hypothermia. For this reason, CBT and melatonin-
based measurements will likely be complementary
in examining circadian rhythms. It should also be noted
that we used two different techniques to measure
CBT, which may have increased the variability in the
results.

Although several factors cause masking effects on
CBT profiles, the most important are typically absent
from the ICU environment. Ambient temperature in
the ICU varies little because of active climate control.
Physical activity and postural changes influence CBT,*
but patients in the ICU are generally not physically
active and typically undergo postural changes by stan-
dardized protocols (and the patients were not upright).
The onset of sleep is associated with a gradual drop in
CBT,» and the occurrence of wakefulness gradually
reverses this effect; however, the sleep-related effect
can only develop fully if sleep is consolidated. In patients
in the ICU, sleep and wakefulness are very fragmented
and almost evenly distributed over the 24 h of the
day®; therefore, masking from sleep is unlikely to
occur systematically. Food intake has also been found
to affect CBT,*® but when patients in the ICU are tube
fed, this effect should be minimal. All the patients in
this study were tube fed according to the same algo-
rithms (during the day, not at night). Nonetheless, both
feeding®5257 and eye closure>® can affect and entrain
circadian rhythms. Finally, hypothermia and fever
(or fever-reducing medications) may mask circadian
rhythmicity measured by CBT, but these effects were
avoided because we selected patients who were neither
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hypothermic nor febrile. The patients did not develop
fever during the 48 h they were studied.

CONCLUSIONS

In conclusion, we demonstrated that the circadian
rhythm of CBT in critically ill patients in the ICU to
be considerably shifted relative to normal control sub-
jects. Patients with higher APACHE III scores showed
greater circadian phase displacement. However, cir-
cadian rhythmicity was relatively stable in patients
over 48 h of recording. Increased knowledge and con-
sideration of patients” circadian rhythmicity may have
a positive impact on therapeutic interventions (eg, drug
administration, weaning) and the quality of sleep in
the ICU. Although the causes of circadian abnormal-
ities were not elucidated by the current study, and
further research is necessary, the finding of abnormal
circadian rhythms in the ICU strongly suggests that
appropriately timed patient care and treatment strat-
egies aimed at realigning circadian rhythms may be
beneficial for clinical recovery in critically ill patients.
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