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Distinct diurnal temperature rhythm patterns
in critical illness myopathy: secondary analysis
of two prospective trials
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Abstract

Background Critical illness myopathy (CIM) increases mortality and causes long-term disabilities. CIM is characterized
by reduced muscle excitability, muscle atrophy, weakness, and impaired glucose metabolism. Functional circadian
rhythms are important for skeletal muscle homeostasis. Circadian rhythms are often disrupted during critical illness in
the Intensive Care Unit (ICU). This analysis investigates whether diurnal temperature rhythms differ in critically ill CIM
compared to no-CIM patients.

Methods This is a secondary analysis of two prospective trials including critically ill patients with CIM (n=32) or
no-CIM (n=30) based on electrophysiological tests. Diurnal body temperature rhythms were compared between CIM
and no-CIM groups in reference to n=16 participants included in a bed rest study. Cosinor analysis was performed to
determine the rhythm parameters and classify into rhythm classes. Aggregated and longitudinal data were compared
between groups using non-parametric tests. Rhythm parameters were correlated with muscle atrophy, weakness and
insulin sensitivity.

Results CIM and no-CIM patients had severe multiorgan failure (median SOFA score 12 in both groups, p=0.39).
The temperature rhythm nadir timepoint was shifted in CIM patients (10:43 [09:21, 12:22]) and no-CIM (11:12 [09:43,
13:30]) compared to the healthy bed rest group (5:03 [3:22, 6:36]) p <0.001. CIM patients showed lower temperature
rhythm mesors than no-CIM patients (p=0.041). The temperature rhythm amplitude was lower in both CIM and
no-CIM patients compared to the healthy bed rest group (CIM: 0.3 °C [0.2, 0.4]; no-CIM: 0.2 °C [0.2, 0.3]; healthy bed
rest: 0.5 °C [0.2, 0.6]; p<0.01). Compared to no-CIM patients, CIM patients had higher temperature rhythm amplitudes
(p=0.021) and showed a less pronounced reduction in temperature rhythm amplitudes during ICU stay (p=0.017). A
higher temperature rhythm amplitude correlated negatively with M. vastus lateralis myocyte cross-sectional area.

Conclusions Heterogeneous phase shifts of diurnal temperature rhythms in CIM and no-CIM groups compared

to healthy bed rest volunteers may indicate ICU-related circadian disruption. Suppression of temperature rhythm
amplitude during ICU stay could represent an adaptive response to this disruption. Blunted amplitude suppression
observed in CIM compared to no-CIM patients might reflect reduced adaptation, potentially contributing to muscle
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regulation in skeletal muscle during critical illness.
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Critically ill patients are susceptible to developing critical
illness myopathy (CIM). CIM is characterized by reduced
muscle membrane excitability, skeletal muscle atrophy,
symmetric weakness, and loss of muscle function [1].
This devastating complication contributes to mortality
and to long-term physical disability in the post-intensive
care syndrome in survivors [1]. Critically ill patients also
tend to have a circadian rhythm disruption due to their
severe illness and the ICU environment, where light
exposure, nutrition, and noise do not follow the typical
day-night rhythm [2-5].

Diurnal body temperature is a widely used biomarker
of circadian regulation [6, 7] that is routinely assessed
and is feasible in critical illness [8]. Moreover, body tem-
perature is of interest due to its bidirectional interaction
with the skeletal muscle. Muscle function varies accord-
ing to the time of day [9]. Exercise performance is typi-
cally better in the early evening, which correlates with
the physiological body temperature peak [10]. In addi-
tion, muscle activity itself is a powerful synchronizer that
helps restore diurnal temperature rhythms [11].

Functional circadian rhythms are important for skel-
etal muscle homeostasis [12—-14]. In skeletal muscle, the
molecular clock controls the expression of genes involved
in the regulation of muscle mass and metabolism [12-
15]. Disruption of the skeletal muscle clock causes mus-
cle atrophy and impaired glucose metabolism [12, 16].

The phenotype of CIM shows striking similarities,
including muscle atrophy, weakness, and impaired glu-
cose metabolism [17]. Whether specific alterations in the
diurnal temperature rhythm are associated with CIM has

this analysis aims to compare diurnal body temperature
rhythms between no-CIM and CIM patients from two
prospective ICU trials [18, 19] in reference to healthy vol-
unteers included in a bed rest study [20]. We hypothesize
that CIM patients present with distinct diurnal tempera-
ture rhythm characteristics that differ from non-CIM
critically ill patients and healthy controls.

Results

This analysis included #=32 CIM, n=30 no-CIM
patients, and n =16 healthy bed rest volunteers. Baseline
characteristics, clinical, histological and metabolic data
in the CIM and no-CIM groups are shown in Table 1.

For the Cosinor analysis, 1 day was available per
healthy bed rest volunteer, while 24 days [17; 31] per
CIM patient, and 20 days [16; 27] per no-CIM patient
were investigated. The R? model fit was 0.88 [0.60; 0.95]
in the healthy bed rest group, and 0.51 [0.41; 0.58] in the
CIM compared to 0.50 [0.43; 0.57] in the no-CIM groups
(p=0.67).

Cosinor analysis and temperature rhythm classification
for exemplary ICU days are illustrated for the healthy
bed rest group (Fig. 1a), and for the CIM (Fig. 1b) and
no-CIM (Fig. 1c) groups (and in Fig.S1, Supplementary
Material 1). The temperature rhythms in the majority of
critically ill patients were classified into either a ‘lower
amplitude, or ‘phase-shifted’ category compared to
healthy bed rest volunteers on all days of interest. Indi-
vidual original temperature data and Cosinor overlays are
shown in the Supplementary Material 2.
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Table 1 Baseline characteristics
CIMn=32 No-CIM p-value
n=30
Age [years] 64 [45;71] 46 [40; 62] p=0.025
Male [n, %] 22 [69] 18 [60] p=0.65
Female [n, %] 10 [31] 12 [40]
BMI [kg/m?] 27[23;31] 27024300 p=077
SOFA 12[11;14] 12[9;14] p=0.39
APACHE 23[18;29] 21 [16; 25] p=0.21
SAPS2 50 [38; 63] 49 [40; 58] p=056
Days with temperature>38°C 15 [7; 19] 14[5;15] p=027
(n]
Days until first awakening [n] 1219:17] 11[8;19] p=042
MRC at first awakening 30[28;34] 38[29,411 p=0.10
MRC at discharge 38[3.0;4.1]1 40[34,44] p=022
Day of M.vastus lateralis biopsy 18 [16; 21] 15 [14; 20] p=0.12
MCSA type | fibers [um?] 3150 [2420;  3850[2600; p=0.14
3790] 4950]
MCSA type lla fibers [um?] 2410[1230; 3510[2320; p=0.049
3850] 4770]
MCSA type IIb fibers [um?] 2190[1080; 3100[2130; p=006
2790] 3630]
Insulin sensitivity index [(mg/  0.025[0.019; 0.030[0.025; p=0.24
min/kg)/mU/L)] 0.036] 0.044]
Day of hyperinsulinemic-eugly- 19 [17; 22] 17 [14; 20] p=0.12

cemic clamp

Temperature rhythm phases were shifted in CIM and
no-CIM patients compared to healthy bed rest volunteers.
Healthy bed rest volunteers represented with the temper-
ature rhythm nadir at 05:03 [03:22, 06:36], and the peak
at 17:04 [15:23, 19:35], showing the physiological diurnal
temperature rhythm (Fig. 1a) [20, 22, 23]. The circular
Rayleigh plot illustrated a high interindividual variability
in temperature rhythm nadir timing in CIM and no-CIM
groups, without a consistent phase direction (Fig. 2).
Compared to healthy bed rest volunteers, CIM and no-
CIM patients had phase-shifted temperature rhythms
(p<0.01), with the aggregated median nadir at 10:43
[09:21, 12:22] in the CIM vs. at 11:12 [09:43, 13:30] in the
no-CIM group (Fig. 3a) (p=0.20).

In the longitudinal analysis across ICU time periods,
temperature rhythm nadir time remained highly variable
in both groups: no differences between CIM and no-CIM
patients (group effect: p=0.721), no significant changes
over time within groups (time effect: p=0.243), and no
interaction between group and time (interaction effect:
p=0.837) were observed (Fig. 3b, c).

Temperature rhythm mesors were higher in both CIM and
no-CIM patients compared to healthy bead rest volunteers,
but lower in CIM than in no-CIM patients.

The healthy bed rest group had a mesor of 36.8 °C [36.7;
37.1] (Fig. 4a). The aggregated temperature mesors in
CIM patients was 37.2 °C [37.1; 37.4] vs. no-CIM patients
37.4 °C [37.2; 37.7] (p=0.041; Fig. 4a). In the longitudinal
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analysis across ICU time periods, there was no significant
difference in mesor between CIM and no-CIM patients
(group effect, p=0.700), no significant change over time
(time effect, p=0.181), and no significant interaction
between group and time (interaction effect p=0.383)
(Fig. 4b, c). The linear regression model for temperature
rhythm mesor adjusted for CIM, age, sex and fever (Table
S1, Supplementary Material 1) explained 48% of the vari-
ance in mesor values (adjusted R*=0.47). In the model,
CIM had the strongest negative ( =-0.10, 95% CI [-0.15;
-0.05], p<0.01) and fever ($=0.92, 95% CI [0.87; 0.96],
p<0.01) the strongest positive effects on mesor values.
Age and sex had no significant effects on mesor in the
model.

Temperature rhythm amplitude was lower in both CIM and
no-CIM patients than in healthy bed rest volunteers, but
the amplitude reduction over time was less marked in CIM
compared to no-CIM groups.

In the healthy bed rest group, the temperature rhythm
amplitude was 0.5 °C [0.2; 0.6], whereas it was lower
for both CIM and no-CIM patients when amplitude
was aggregated for all ICU days (Fig. 5a). CIM patients
showed higher temperature rhythm amplitudes com-
pared to no-CIM patients in the aggregated analy-
sis (p=0.021, Fig. 5a). The longitudinal analysis across
ICU stay showed that temperature rhythm amplitudes
decreased in the no-CIM and CIM groups (time effect:
p<0.01, Fig. 5b, c). The interaction between group and
time showed a less pronounced reduction in temperature
rhythm amplitude over time in CIM patients compared
to no-CIM patients (p <0.017; Fig. 5b, c).

Interindividual variability of temperature rhythm
amplitude was higher in CIM compared to no-CIM
patients during the last ICU days (p=0.002), indicat-
ing greater heterogeneity in diurnal temperature rhythm
amplitude. Variability analyses for additional rhythm
parameters across ICU time periods are provided in
Table S3, Supplementary Material 1.

The linear regression model for temperature rhythm
amplitude adjusted for CIM, age, sex and fever is shown
in Table S2, Supplementary Material 1. CIM ($=0.07,
95% CI [0.04; 0.10], p<0.01) and fever (B=0.14, 95%
CI [0.11; 0.16], p<0.01) were significantly associated
with higher temperature rhythm amplitude, while age
(p=-0.001, 95% CI [-0.002; 0.00], p=0.02) was associated
with a significantly lower temperature rhythm amplitude
in the model. Sex had no effect on temperature rhythm
amplitude in this model. The model explained 8% of the
variance in temperature rhythm amplitude (adjusted

=0.08).
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Fig. 1 Diurnal temperature rhythms — Cosinor analysis. Diurnal temperature rhythms in CIM and no-CIM patients were classified in comparison to the
healthy bed rest group: blue lines show comparable temperature rhythms; red flat dotted lines indicate lower temperature rhythm amplitudes; green
lines indicate phase-shifted temperature rhythm nadirs with maintained amplitudes. a Healthy bed rest volunteers showed the physiological diurnal tem-
perature rhythm, n=16, raw data publicly available [20]. b CIM patients presented with phase-shifted, relatively higher-amplitude temperature rhythms
than no-CIM patients; example shown for the day before discharge. CIM patients (n=16) were more likely to be classified as having a phase shift com-
pared to no-CIM patients (n=16) on the day before ICU discharge (p=0.01; Chi-square test). ¢ In no-CIM patients, lower temperature rhythm amplitudes
predominated on the day before ICU discharge. Data were presented at £SICM Lives [54]. CIM Critical lliness Myopathy
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Fig. 2 Rayleigh plotalCU day 5 b ICU Day 10 c Last 5 ICU days with available temperature data: High variability in the timing of the temperature rhythm
nadir was observed in both CIM and no-CIM groups, without a consistent phase direction. Each arrow represents the temperature rhythm nadir of an

individual patient; the bold vector indicates the group average

A higher temperature rhythm amplitude correlated with
MCSA of M. vastus lateralis myofibers in critical illness.

In critically ill patients who received skeletal muscle
biopsy, temperature rhythm amplitude correlated nega-
tively with MCSA of type I, IIa and IIb myofibers, but not
with clinical muscle strength or metabolic study data on
the day before ICU discharge (Fig. 6a, b).

24-h temperature rhythm periods were observable and
became more pronounced towards ICU discharge in CIM
and no-CIM patients.

Continuous wavelet transformation revealed that 24-h
temperature rhythm components were detectable in both
CIM and no-CIM patients (Fig. 7). Temperature rhythm
period varied as a function of time in the ICU in both, the
CIM and no-CIM groups. Early during ICU stay, the peri-
odic signal appeared more diffuse (Fig.S2, Supplementary
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Fig.3 Time of temperature rhythm nadir (minimum phase). a Aggregated
median time of nadir during ICU stay: healthy bed rest 05:03 [03:22, 06:36];
CIM 10:43 [09:21, 12:22]; no-CIM 11:12 [09:43, 13:30]. b Longitudinal trend
of temperature rhythm nadir at ICU day 5, ICU day 10, and the last 5 ICU
days with available data: no differences between CIM and no-CIM patients
(group effect: p=0.721); no significant change over time within groups
(time effect: p=0.243). ¢ Relative effects demonstrated no interaction
between group and time (interaction effect: p=0.837). Brunner-Munzel
analysis. CIM Critical lliness Myopathy
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Fig. 4 Temperature rhythm mesor. a Aggregated median mesor during
ICU stay: healthy bed rest 36.8 °C [36.7; 37.1]; CIM 37.2 °C [37.1; 37.4]; no-
CIM 374 °C [37.2; 37.7] (p=0.041). b Longitudinal trend of mesor at ICU
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over time within groups (time effect: p=0.181). c Relative effects indicated
no interaction between group and time (interaction effect: p=0.383).
Brunner-Munzel analysis. CIM Critical lliness Myopathy

Material 1), while over time, a strengthening of the 24-h
period was observed in the wavelet power spectrum in
both groups (Fig. 7). Most importantly, visual group-
level comparison of the wavelet-derived amplitude over
time revealed the same pattern as observed in the cosinor
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Fig. 5 Temperature rhythm amplitude. a Aggregated median amplitude
during ICU stay: healthy bed rest 0.5 °C [0.2; 0.6]; CIM 0.3 °C [0.2; 0.4]; no-
CIM 0.2 °C [0.2; 0.3]; (p=0.021). b Longitudinal trend of amplitude at ICU
day 5, ICU day 10, and the last 5 ICU days with available data: CIM vs. no-
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tude during ICU stay (time effect: p<0.01). ¢ Relative effects emphasized
a more pronounced amplitude reduction in no-CIM vs. CIM patients over
time (interaction effect: p=0.017). Brunner-Munzel analysis. CIM Ccritical
lliness Myopathy
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results: patients with CIM showed higher amplitudes
than no-CIM patients during ICU stay (Fig.S3, Supple-
mentary Material 1).

Discussion

The diurnal body temperature rhythm is an evolution-
arily conserved output of circadian regulation [7]. The
temperature rhythm amplitude is precisely regulated by
minor temporal imbalances between metabolic heat gen-
eration and thermoregulatory heat loss [7]. This requires
the interplay between central circadian pacemaker and
thermoregulatory peripheral tissues and organs, such as
skeletal muscle for metabolic heat generation, or the skin
for heat loss [7, 24, 25].

In this study, we identified phase shifts, lower ampli-
tudes, and higher mesors of diurnal temperature rhythms
in both CIM and no-CIM patients compared to healthy
bed rest volunteers. While temperature rhythm ampli-
tude declined during ICU stay in both groups of critically
ill patients, the amplitude reduction was less pronounced
in CIM patients, resulting in relatively higher tempera-
ture rhythm amplitudes than in no-CIM patients. This
was accompanied by relatively lower temperature rhythm
mesor values in the CIM compared to the no-CIM group.
In both CIM and no-CIM groups, 24-h rhythm periods
were detectable and became more pronounced towards
ICU discharge.

Heterogeneous phase shifts in diurnal temperature
rhythms in the CIM and no-CIM groups, compared to
healthy controls, may reflect conflicting ICU time cues.

Consistent with our findings, phase-shifted body tem-
perature rhythms have previously been reported in criti-
cally ill patients [26—28]. This may reflect disruption of
circadian and thermoregulatory control through com-
bined effects of inflammation, medication, and loss of
external time cues (e.g., room lighting, nutrition timing,
mobilization). Similarly, circadian disruption during crit-
ical illness has been demonstrated at the molecular level
in immune cells [2].

Given the systemic nature of circadian regulation, the
disrupted temperature rhythm may also reflect circadian
dysregulation within skeletal muscle. However, direct
correlation between temperature rhythm disruption and
muscular clock gene dysregulation in skeletal muscle tis-
sue would require 24-h time series biopsies, which are
not feasible in critically ill patients.

Importantly, we identified a distinct temperature
rhythm pattern associated with CIM. Temperature
rhythm amplitude declined during ICU stay in CIM and
no-CIM groups, but relatively less amplitude suppression
was observed in CIM.
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Suppression of temperature rhythm amplitude during ICU
stay could represent an adaptive response to ICU-related
circadian disruption.

Interestingly, no-CIM patients showed a more pro-
nounced reduction in temperature rhythm amplitude
during ICU stay, possibly reflecting an adaptive response
to immobilization and conflicting time cues in the ICU.
Temperature rhythm amplitude reductions have been
similarly observed in healthy individuals during immo-
bilization [29], induced phase shifts [30], and shift work
[31]. Thus, no-CIM patients appeared to regulate tem-
perature rhythms comparably to healthy individuals,
whereas CIM patients did not. Blunted amplitude sup-
pression observed in CIM compared to no-CIM patients
may indicate reduced adaptation, potentially linked to
skeletal muscle catabolism.

Relatively higher temperature rhythm amplitude in
critically ill patients was linked to CIM and skeletal muscle
atrophy.

Higher temperature rhythm amplitudes in critical ill-
ness, as observed in CIM compared to no-CIM patients,
have been suggested as a marker of excessive circadian
activation [25]. In previous studies, higher temperature
rhythm amplitudes were associated with worse survival
in critical illness, particularly sepsis [26, 32]. Body tem-
perature, metabolism and inflammation are all circadian
regulated and interact closely [7, 25]. In healthy indi-
viduals, temperature rhythm amplitude correlated with
robust metabolite rhythms in plasma [33]. We hypoth-
esize that in critical illness with circadian disruption, the
relatively higher temperature rhythm amplitude observed
in CIM compared to no-CIM patients reflects maladap-
tive circadian and metabolic activation. We propose
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that temperature rhythms with phase-shifts and blunted
amplitude suppression in CIM compared to no-CIM
patients may indicate maladaptive diurnal temperature
regulation associated with skeletal muscle catabolism.
Whether this maladaptation causally contributes to mus-
cle catabolism remains to be clarified.

Mice with skeletal muscle Bmall overexpression devel-
oped insulin resistance under sleep deprivation, indicat-
ing impaired metabolic adaptability to homeostatic stress
[34]. In CIM patients, we also observed insulin resistance
[17], possibly related to common ICU associated sleep
disruption. Moreover, in rats with systemic inflamma-
tion, external circadian disruption through constant light
exposure was associated with increased muscle atrophy
compared to a standard 12-h light—12-h dark cycle [35].

In this analysis, a higher body temperature rhythm
amplitude correlated also with a smaller MCSA in M.
vastus lateralis myofibers, further supporting our result
on a histological level. The negative correlation between
temperature rhythm amplitude and MCSA was particu-
larly pronounced in type IIb myofibers. These fibers are
known to be preferentially affected by circadian disrup-
tion in mice [12]. In CIM, type II myofibers are also pri-
marily affected [36]. Type IIb myofibers more likely rely
on glycolytic metabolism and are vulnerable to metabolic
stress, as well as to circadian disruption [12, 18, 36]. In
chronic inflammatory atrophic conditions, circadian
disruption and a more pronounced type IIb myofiber

atrophy have been reported [37-39]. The link between
temperature rhythm and skeletal muscle clock rhythm
disruption remains hypothetical, as time-series biopsies
were not performed. This is currently being explored in a
complementary molecular animal study.

Confounders and limitations
Body temperature rhythms reflect diurnal regulation.
However, body temperature and its rhythm in the ICU
are influenced by various factors, such as age, sex, inflam-
mation, organ support systems, artificial temperature
control, medications, nutrition, or fluid status. Moreover,
the observed higher interindividual variability in temper-
ature rhythm amplitude observed in CIM patients during
late ICU stay may reflect diverging recovery trajectories.
A potential concern is that fitting a fixed 24-h period
Cosinor model to a non-24-h rhythm may introduce
bias. However, our wavelet analysis demonstrated the
presence of underlying ~ 24-h oscillatory components in
both CIM and no-CIM groups, which became more pro-
nounced towards ICU discharge, the time point at which
group differences in temperature rhythm amplitude were
particularly relevant. In addition, wavelet-derived ampli-
tude patterns over the ICU stay closely mirrored those
identified by Cosinor analysis. The consistency between
both methods supports the use of fixed 24-h Cosinor
modeling in this setting.
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Higher age was associated with CIM and with smaller
MCSA of type I, Ila, and IIb myofibers. Since CIM
patients were older, age was considered a potential con-
founder of the observed association between CIM and
higher temperature rhythm amplitude. However, in our
multivariable linear regression model adjusting for CIM,
age, sex, and fever, age was independently associated
with a lower temperature rhythm amplitude, while CIM
remained significantly associated with a higher tempera-
ture rhythm amplitude. This indicates that age does not
explain the increased temperature rhythm amplitude in
CIM. Temperature rhythm amplitude reduction in ageing
has been described before [40].

As expected, fever was associated with a higher tem-
perature rhythm mesor and amplitude. However, CIM
remained independently associated with a lower tem-
perature rhythm mesor and a higher amplitude in the
adjusted model. This suggests that temperature rhythm
alterations in CIM cannot be explained by fever alone.
The model explained only a small proportion of the vari-
ance in temperature rhythm amplitude, indicating that
additional factors may contribute. High temperature
rhythm amplitudes [41] and greater temperature changes
in a 24-h period were associated with sepsis development
even in afebrile ICU patients [42]. Therefore, our findings
may reflect more severe sepsis in CIM patients. How-
ever, both groups were severely ill and the sepsis severity
based on the SOFA score was similar between CIM and
no-CIM groups. Still, systemic inflammation likely plays
a key role for circadian rhythm disruption and for skel-
etal muscle wasting in critical illness [39].

The data are limited by the small sample size, which did
not allow for adjustments of all confounders. The retro-
spective study design and the ICU setting limit the gener-
alizability of this hypothesis-generating analysis. The bed
rest group is a reference for physiological temperature
rhythms under immobilization [20] but does not repli-
cate the conditions of critical illness.

Conclusions

Heterogeneous phase shifts of diurnal temperature
rhythms in CIM and no-CIM groups compared to
healthy bed rest volunteers may indicate ICU-related cir-
cadian disruption. Suppression of temperature rhythm
amplitude during ICU stay could represent an adaptive
response to this disruption. Blunted amplitude suppres-
sion observed in CIM compared to no-CIM patients
might reflect reduced adaptation, potentially linked to
muscle catabolism. This hypothesis-generating analysis
underlines the need for mechanistic studies exploring
circadian regulation in skeletal muscle during critical
illness.
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Methods

Aims

Aim of this analysis was to compare diurnal body tem-
perature rhythms between CIM and no-CIM patients
from two prospective ICU trials [18, 19] in reference to
n =16 participants included in a bed rest study [20]. Criti-
cally ill patients were classified CIM (n=32) or no-CIM
(n=30) based on electrophysiological tests in the prior
studies [18, 19]. Further aims were to test correlations
between temperature rhythm parameters and baseline
characteristics, histological muscle atrophy metrics in
the form of MCSA values of type I, IIa, and IIb myofibers
from M. vastus lateralis biopsies, clinical muscle strength
quantified by the Medical Research Council (MRC)
strength scale, and metabolic insulin sensitivity index
determined by hyperinsulinemic-euglycemic clamp. The
detailed study protocols are described in previous publi-
cations [18, 19, 21, 36].

Study design and setting

This is a secondary data analysis of two prospective clini-
cal trials (ISRCTN77569430 and ISRCTN19392591)
which focused on CIM and skeletal muscle metabo-
lism and mobilization in critical illness [18, 19]. The tri-
als included mechanically ventilated adult patients with
a Sequential Organ Failure Assessment (SOFA) Score
of >8 [18, 19]. Patients or legal proxies provided written
informed consent prior to their inclusion to the study.
The Charité Ethics Committee approved the clinical tri-
als (EA2/061/06, EA2/041/10) and this secondary data
analysis (EA1/284/22 January 2023, amended 01 August
2024). The trials were conducted at two tertiary care
ICUs at Charité—Universitdtsmedizin Berlin.

External time cues were not aligned with physiologi-
cal rhythms in the ICU setting. If artificial nutrition was
indicated, enteral 24-h continuous nutrition was the
clinical standard during the study period. Patients were
treated in standard ICU rooms, featuring northeast- or
southeast-facing windows of approximately 11 m? [43].

Conventional lighting in our ICU rooms achieved a
circadian effective irradiance (a measure based on the
action spectrum for melatonin suppression) between
0.29 and 0.5 W/m? as indicated by spectroradiomet-
ric measurements [43—45]. While low illuminance lev-
els influence melatonin secretion in healthy individuals
under controlled conditions [44, 45], thresholds in criti-
cal illness remain unclear. ICU patients frequently show
altered melatonin physiology and disrupted rhythms [46,
47]. Even exposure to complete darkness (<1 1x) or bright
light (>10,000 Ix) did not result in a consistent melatonin
response in critically ill patients [47].

Mobilization methods evolved over time, ranging
from standard physiotherapy to protocol-based phys-
iotherapy, and to protocol-based plus advanced muscle
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activation measures, as outlined in the study protocols
[17, 19, 36]. Physiotherapeutic measures were typically
performed during the early shift in the ICU, specific time
points were not documented. Still, patients were mainly
immobilized.

We refer to temperature rhythms as diurnal rather than
circadian, since temperature measurements were per-
formed under standard ICU conditions without experi-
mental control of masking factors such as light, nutrition,
or mobility.

Groups

Critically ill patients who received electrophysiologi-
cal CIM diagnostics were selected from both prospec-
tive clinical trials and were grouped based on whether
they developed CIM or not. CIM was diagnosed through
direct muscle stimulation compound muscle action
potential (dmCMAP) in both trials [18]. The CIM group
was characterized by the dmCMAP < 3 mV, while patients
with dmCMAP >3 mV were classified as no-CIM [48]. To
complement the electrophysiological diagnosis of CIM,
additional metrics were reported for the CIM and no-
CIM groups. These metrics included histological muscle
atrophy measurements, represented by MCSA values
of type I, Ila, and IIb myofibers from M. vastus latera-
lis biopsies; clinical muscle strength, assessed using the
Medical Research Council (MRC) strength scale; and
metabolic insulin sensitivity index, determined via a
hyperinsulinemic-euglycemic clamp.

As a reference, we used publicly available temperature
data from male volunteers (mean age 31 years) that par-
ticipated in a study that investigated the effects of head-
down tilt (-6°) bed rest, a commonly used space-flight
analogue, with and without exercise on diurnal body
temperature rhythms [20].

Diurnal temperature rhythm analysis
In ICU patient care, temperature was continuously mea-
sured using a thermometer attached to the urinary blad-
der catheter. Measurements were stored electronically
every 30 min and data from the whole ICU stay were con-
sidered for analysis. Urinary bladder temperature mea-
surements have a high accuracy in critically ill patients,
when compared to the gold standard of pulmonary artery
temperature measurements and are less invasive [49]. For
the healthy bed rest group, continuously reported 24-h
rectal temperature after one week of bed rest were used.
Temperature data of ICU and healthy bed rest groups
were preprocessed (Tables S4 and S6, Supplementary
Material 1). An overview of excluded temperature values
is provided in Table S4, Supplementary Material 1.
Cosinor analysis was performed based on the pre-pro-
cessed temperature data. Therefore, single-component
cosinor models were fitted per patient and day using
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Fig. 8 Cosinor analysis and rhythm parameters of an ICU patient with
physiological temperature rhythm. The blue dots represent the measured
body temperature, the blue line indicates the fitted cosinor model with
confidence intervals. The nadir is observed in the early morning hours,
while the peak is observed in the late afternoon

the CosinorPy library (v2.1) [50]. We used a 1-compo-
nent Cosinor model as the primary approach due to
its clinical interpretability. For transparency, a 2-com-
ponent Cosinor analysis was additionally performed.
Details are provided in Table S5, Supplementary Material
1. The period was set to 24 h. The temperature rhythm
parameters (endpoints) time-of-day of temperature nadir
(reflecting the minimum phase), amplitude and mesor
were the outputs of the cosinor analysis, and the R? indi-
cated the goodness of fit (Fig. 8). The temperature nadir
time (minimum phase) was estimated for all fits, includ-
ing those with suppressed amplitudes.

Rhythm classification was determined for ICU day 5,
ICU day 10, and the day before ICU discharge using the
compareRhythms R library [51], which took temperature
as an input and performed a cosinor-based classification
in comparison to the healthy bed rest group. Compar-
eRhythms by default classified the diurnal temperature
rhythms of CIM or no-CIM patients into three catego-
ries for each investigated ICU day relative to healthy bed
rest volunteers: lower amplitude’ (CompareRhythms cat-
egory: loss), ‘phase-shifted’ (CompareRhythms category:
change), and ‘comparable rhythm' (CompareRhythms
category: same) [51]. Rhythms were considered present
when the adjusted p-value of the Cosinor fit was<0.05
and the amplitude exceeded a predefined threshold. To
define this amplitude cut-off, we calculated the average
max-min difference in the raw temperature profiles of
healthy bed rest individuals, which was 1.10 °C. Half of
this value, 0.55 °C, was used as the biological amplitude
cut-off (the default cut-off in this context).

Phase-shifted temperature rhythm compared with
healthy bed rest individuals (CompareRhythms cate-
gory: change): The modeled diurnal temperature rhythm



Mewes et al. Annals of Intensive Care (2025) 15:171

of the investigated CIM or no-CIM patient showed a
p-value<0.05 and an amplitude >0.55 °C, but differed in
one or more Cosinor rhythm parameters compared to
the healthy bed rest group.

Lower temperature rhythm amplitude compared with
healthy bed rest individuals (CompareRhythms category:
loss): The modeled diurnal temperature rhythm of the
investigated CIM or no-CIM patient had either ampli-
tude <0.55 °C and/or an adjusted p-value >0.05.

Comparable temperature rhythm in comparison with
healthy bed rest individuals (CompareRhythms category:
same): The fitted temperature rhythm had a p-value <0.05
and an amplitude > 0.55 °C in the investigated CIM or no-
CIM patient, and the temperature rhythm parameters did
not differ significantly from the healthy bed rest group.

The temperature rhythm constitutes complex wave-
forms with multiple oscillatory components. To further
support interpretation of fixed 24-h period Cosinor
modeling, we assessed the presence of underlying ~24-h
oscillatory components using wavelet analysis. We pro-
vided average spectrograms for ICU days 1-5, 5-10,
and last ICU days for the CIM and no-CIM groups. We
performed time—frequency analysis using continuous
wavelet transforms implemented in the pyBOAT pack-
age [52], employing the complex Morlet wavelet due to
its good time and frequency localization properties. For
each time series, we computed the wavelet power spec-
trum (spectrogram), capturing the temporal evolution of
power across a range of frequencies. To facilitate mean-
ingful averaging across multiple recordings, each indi-
vidual spectrogram was first normalized by its maximum
value. The resulting normalized spectrograms were then
averaged across all samples. Finally, the averaged spectro-
gram was globally normalized so that the total sum of all
power values equaled 1, enabling visual group-level com-
parisons of relative power distributions across time and
frequency. Bright yellow regions indicated periods at a
given point in time with a high relative power.

Statistical analysis

The descriptive analysis results were expressed as
median and 25th and 75th percentiles. Group compari-
sons of temperature rhythm parameters and assigned
rhythm classes were based on aggregations for the entire
ICU stay or longitudinally, or for specific single days of
interest. Non-parametric Brunner—Munzel tests and
longitudinal procedures, nparcomp package [53], and
Chi-Square tests were used. The Brown-Forsythe test
was used to compare interindividual variability of tem-
perature rhythm parameters between the CIM and no-
CIM groups. Temperature rhythm parameters were
correlated with clinical, histological, and metabolic study
data by Spearman correlation.
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To account for potential confounding, we performed
a linear regression analysis for each rhythm parameter
and adjusted for CIM, age, gender, and fever. A statisti-
cian (KR) was involved in the formal analyses. Data pre-
processing and analyses have been implemented using
RStudio, R, Python and SciPy, versions, packages and ref-
erences are listed in Table S6, Supplementary Material 1.

Abbreviations

APACHE Acute physiology and chronic health evaluation
Bmal1 Basic helix-loop-helix ARNT like 1

BMI Body mass index

CIM Critical illness myopathy

DMCMAP  Direct muscle stimulation compound muscle action potential
ICU Intensive care unit

MCSA Myocyte cross-sectional area

MRC Medical research council

R? Coefficient of determination

SAPS2 Simplified acute physiology score Il

SOFA Sequential organ failure assessment

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/513613-025-01582-5.

Supplementary material 1.

Supplementary material 2.

Acknowledgements

We would like to thank all patients and legal proxies for their consent and
participation in the two prospective clinical trials. We would like to thank

the nursing staff, the physiotherapists, the medical team and all research
associates involved in the two prospective clinical trials. We extend our
thanks to the student assistant Maurice Reich who contributed his expertise
at the early stages of this secondary analysis. Professional language editing
contributed minor stylistic adjustments to the initial draft. After the final
version was written and revised by the authors, grammar, spelling, and
readability were reviewed using,Al-assisted copy editing’, as defined in the
Annals of Intensive Care guidelines and not subject to mandatory disclosure.
We report its use here in the interest of full transparency. All scientific content,
structure, analyses, and interpretations were developed by the authors. All
corrections were reviewed and approved by the authors. The visual abstract
was created using BioRender. Created in BioRender. Engelhardt, L. (2025). https
://BioRender.com/d10zbzp.

Author contributions

DM Data curation, analysis, visualization, writing, review and editing. SWC
Methodology, Funding acquisition of prospective studies, interpretation,
review and editing. KR Statistical analysis, methodology, interpretation,

review and editing. SB Data analysis, methodology, visualization, review

and editing. CS Methodology, review and editing. AK Methodology,
interpretation, review and editing. JF Interpretation, review and editing. TW
Interpretation, review and editing. FB Data curation, review and editing. LS
Data analysis, visualization, review and editing. LH Review and editing. BA
Methodology, review and editing. FB Methodology, review and editing. LJE
Conceptualization, methodology, data curation, analysis, visualization, funding
acquisition, supervision, interpretation, writing, review and editing. All authors
read and approved the manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. The following
sources of funding are related to the work presented in this manuscript. LJE
is a participant in the BIH Charité Junior Digital Clinician Scientist Program
funded by the Charité-Universitatsmedizin Berlin, and the Berlin Institute

of Health at Charité. LJE is funded by the BIH Gender Equality Fund and

the Lydia-Rabinowitsch Grant Charité — Universitdtsmedizin Berlin. The

two underlying prospective trials were part of partial project 3 (CIM and


https://doi.org/10.1186/s13613-025-01582-5
https://doi.org/10.1186/s13613-025-01582-5
https://BioRender.com/d10zbzp
https://BioRender.com/d10zbzp

Mewes et al. Annals of Intensive Care (2025) 15:171

timely electrical muscle stimulation) of Klinische Forschergruppe (KFO) 192
(Regulation und Fehlregulation von Muskelwachstum), funded by Deutsche
Forschungsgemeinschaft (German Research Foundation, DFG) (WE4386
1-2,34181657), and BIH research twinning grant 3 (SWC, JF). This secondary
data analysis is related to the German Research Foundation (Deutsche
Forschungsgesellschaft) grant 541063275 —TRR 418 Foundations of Circadian
Medicine partial project CO1 funded from October 2025 (CS, AK, FB, LJE).
Preliminary data were included in the grant application. The funders had no
role in the conceptualization, design, data collection, analysis, decision to
publish, or preparation of this manuscript.

Data availability

The analyzed anonymous datasets are available from the corresponding
author or dai-researchdata@charite.de on reasonable request. Preliminary
results were presented in abstract form at ESICM Lives 2024 and published
[54].

Declarations

Ethics approval and consent to participate

The Charité Ethics Committee approved the clinical trials (EA2/061/06,
EA2/041/10) and this secondary analysis (EA1/284/22 January 2023, amended
01 August 2024). Patients or legal proxies provided written informed consent
prior to their inclusion to the study.

Consent for publication

Patients or legal proxy were informed and consent was obtained for
the anonymous publication of results. The manuscript does not contain
identifiable persons’s data.

Competing interests

The authors declare no competing interest related to the submitted work.
Grants outside of the submitted work are reported by the following authors: JF
was supported by the DFG (FI 965/9-1, FI 965/10-1) and the German Center
for Cardiovascular Research, partner site Greifswald (DZHK 8125400153). FB
(Balzer) received grants from DFG, Einstein Stiftung Berlin (Einstein Foundation
Berlin), Gemeinsamer Bundesausschuss (Federal Joint Committee) and
Koninklijke Philips N.V. FB (Balzer) received grants from or had contracts with
BIH, Berlin University Alliance, Charité Foundation, German Federal Ministry
of Education & Research, German Federal Ministry of Health, Hans Boeckler
Foundation and Honda Research Institute during the last 36 months. FB
received royalties or license fees from Elsevier, consulting fees from Medtronic,
payments or honoraria for presentations or writings from GE and travel
support from Deutsche Gesellschaft fur Anédsthesiologie und Intensivmedizin
and Robert-Koch-Institut. CS received grants from the German Research
Society (DFG), Einstein Foundation Berlin Berlin, Federal Joint Committee,
Federal Ministry of Education and Research (BMBF), Robert Koch Institute
(RKI), Federal Ministry of Education and Research, the European Commission,
Koninklijke Philips N.V. F. C, Dr. F. Kdhler Chemie GmbH, Sintetica. CS discloses
ownership of patent 15753 627.7 issued in Europe (Germany / Austria /
Switzerland / Liechtenstein / France / United Kingdom / The Netherlands)

as inventor, a U.S. patent PCT/EP 2015/067731 issued as inventor, a patent
3174 588 issued in Europe (Germany /Switzerland / Liechtenstein / France
/The Netherlands) as inventor, an international patent 10 2014 215 211.9
licensed, an international patent 10 2018 114 364.8 licensed, an international
patent 10 2018 110 275.5 licensed, an international patent 50 2015 010

534.8 licensed, an international patent 50 2015 010 347.7 licensed, and an
international patent 10 2014 215 212.7 licensed. CS discloses participation

on a Data Safety Monitoring Board of Prothor and an advisory board of Lynx
and Takeda Pharmaceutical Company Limited. CS discloses unpaid roles in
Association of the Scientific Medical Societies in Germany AWMF), DFG review
boards German National Academy of Sciences—Leopoldina, Berlin Medical
Society, European Society of Intensive Care Medicine, European Society of
Anaesthesiology and Intensive Care, German Society of Anaesthesiology and
Intensive Care Medicine, German Interdisciplinary Association for Intensive
care and Emergency Medicine, German Sepsis Foundation. SB reports

salaried employment at Pfizer Pharma GmbH. Pfizer had no involvement in
the conception, design, execution, or interpretation of the study, nor in the
preparation or decision to submit the manuscript for publication.

Page 13 of 15

Author details

'Department of Anesthesiology and Intensive Care Medicine, Charité —
Universitdtsmedizin Berlin, corporate member of Freie Universitét Berlin
and Humboldt-Universitat zu Berlin, Augustenburger Platz 1, 13353 Berlin,
Germany

2ECRC Experimental and Clinical Research Center, Charité —
Universitdtsmedizin Berlin, corporate member of Freie Universitét Berlin
and Humboldt-Universitét zu Berlin, Lindenberger Weg 80, 13125 Berlin,
Germany

3Institute of Biometry and Clinical Epidemiology, Charité -
Universitdtsmedizin Berlin, corporate member of Freie Universitét Berlin
and Humboldt-Universitat zu Berlin, Charitéplatz 1, 10117 Berlin, Germany
“Institute of Medical Informatics, Charité — Universitdtsmedizin Berlin,
corporate member of Freie Universitét Berlin and Humboldt-Universitat
zu Berlin, Charitéplatz 1, 10117 Berlin, Germany

*Laboratory of Chronobiology, Charité — Universittsmedizin Berlin,
corporate member of Freie Universitét Berlin and Humboldt-Universitat
zu Berlin, Charitéplatz 1, 10117 Berlin, Germany

Department of Internal Medicine B Cardiology, University Medicine
Greifswald, Fleischmannstr. 41, 17475 Greifswald, Germany

’DZHK (German Center for Cardiovascular Research), Partner Site,
Greifswald, Germany

8Institute for Theoretical Biology, Humboldt-Universitat zu Berlin,
Philippstr.13, 10115 Berlin, Germany

*Klinik fur Anasthesie und Intensivmedizin, Universitatsklinikum Ruppin-
Brandenburg, Ruppiner Kliniken GmbH, Medizinische Hochschule
Brandenburg Theodor Fontane, Fehrbelliner Stral3e 38, 16816 Neuruppin,
Germany

1%Hasso-Plattner-Institute, University of Potsdam, Prof.-Dr.-Helmert-
Stral3e 2-3, 14482 Potsdam, Germany

Friede Springer Cardiovascular Prevention Center at Charité, Charité —
Universitdtsmedizin Berlin, corporate member of Freie Universitét Berlin
and Humboldt-Universitat zu Berlin, Hindenburgdamm 30, Haus IlIA,
12203 Berlin, Germany

2Berlin Institute of Health at Charité — Universitatsmedizin Berlin, BIH
Biomedical Innovation Academy, BIH Charité Junior Digital Clinician
Scientist Program, Charitéplatz 1, 10117 Berlin, Germany

Received: 5 June 2025 / Accepted: 25 September 2025
Published online: 27 October 2025

References

1. Schefold JC, Wollersheim T, Grunow JJ, Luedi MM, Z'Graggen WJ, Weber-
Carstens S. Muscular weakness and muscle wasting in the critically ill. J
Cachexia Sarcopenia Muscle. 2020;11:1399-412. https://doi.org/10.1002/jcsm
.12620.

2. Lachmann G, Ananthasubramaniam B, Winsch VA, Scherfig L-M, von Haefen
C, Knaak C, et al. Circadian rhythms in septic shock patients. Ann Intensive
Care. 2021;11(1):64. https://doi.org/10.1186/513613-021-00833-5.

3. Maas MB, Iwanaszko M, Lizza BD, Reid KJ, Braun RI, Zee PC. Circadian gene
expression rhythms during critical illness. Crit Care Med. 2020,48:21294. https:
//doi.org/10.1097/CCM.0000000000004697.

4. Luetz A, Grunow JJ, Morgeli R, Rosenthal M, Weber-Carstens S, Weiss B, et al.
Innovative ICU solutions to prevent and reduce delirium and post-intensive
care unit syndrome. Semin Respir Crit Care Med. 2019;40:673-86. https://doi.
0rg/10.1055/5-0039-1698404.

5. Felten M, Dame C, Lachmann G, Spies C, Rubarth K, Balzer F, et al. Circadian
rhythm disruption in critically ill patients. Acta Physiol. 2023;238:e13962. https
///doi.org/10.1111/apha.13962.

6.  Brooks TG, Lahens NF, Grant GR, Sheline YI, FitzGerald GA, Skarke C. Diurnal
rhythms of wrist temperature are associated with future disease risk in the UK
Biobank. Nat Commun. 2023;14:5172. https://doi.org/10.1038/541467-023-40
977-5.

7. Refinetti R. Circadian rhythmicity of body temperature and metabolism.
Temperature. 2020;7:321-62. https;//doi.org/10.1080/23328940.2020.174360
5.

8. Knauert MP, Ayas NT, Bosma KJ, Drouot X, Heavner MS, Owens RL, et al.
Causes, consequences, and treatments of sleep and circadian disruption in
the ICU: an official American Thoracic society research statement. Am J Respir
Crit Care Med. 2023;207:¢49-68. https://doi.org/10.1164/rccm.202301-0184ST.


https://doi.org/10.1002/jcsm.12620
https://doi.org/10.1002/jcsm.12620
https://doi.org/10.1186/s13613-021-00833-5
https://doi.org/10.1097/CCM.0000000000004697
https://doi.org/10.1097/CCM.0000000000004697
https://doi.org/10.1055/s-0039-1698404
https://doi.org/10.1055/s-0039-1698404
https://doi.org/10.1111/apha.13962
https://doi.org/10.1111/apha.13962
https://doi.org/10.1038/s41467-023-40977-5
https://doi.org/10.1038/s41467-023-40977-5
https://doi.org/10.1080/23328940.2020.1743605
https://doi.org/10.1080/23328940.2020.1743605
https://doi.org/10.1164/rccm.202301-0184ST

Mewes et al. Annals of Intensive Care

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

(2025) 15:171

Douglas CM, Hesketh SJ, Esser KA. Time of day and muscle strength: a circa-
dian output? Physiology. 2021;36:44-51. https://doi.org/10.1152/physiol.0003
0.2020.

Teo W, Newton MJ, McGuigan MR. Circadian rhythms in exercise perfor-
mance: implications for hormonal and muscular adaptation. J Sports Sci Med.
2011.10: 600-6. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3761508.
Accessed 30 May 2025

Ciorciari AM, Irizarry E, Montaruli A, Lamia KA. Exercise as a synchronizer:
effects on circadian re-entrainment of core body temperature and metabo-
lism following light-dark cycle inversion in mice. J Pineal Res. 2025,77:€70057.
https://doi.org/10.1111/jpi.70057.

Schroder EA, Harfmann BD, Zhang X, Srikuea R, England JH, Hodge BA, et

al. Intrinsic muscle clock is necessary for musculoskeletal health. J Physiol.
2015;593:5387-404. https://doi.org/10.1113/JP271436.

Gutierrez-Monreal MA, Wolff CA, Rijos EE, Viggars MR, Douglas CM, Pagala V,
et al. Targeted Bmal1 restoration in muscle prolongs lifespan with systemic
health effects in aging model. JCl Insight. 2024,9:e174007. https://doi.org/10.
1172/jciinsight.174007.

Dyar KA, Ciciliot S, Wright LE, Biens@ RS, Tagliazucchi GM, Patel VR, et al.
Muscle insulin sensitivity and glucose metabolism are controlled by the
intrinsic muscle clock. Mol Metab. 2014;3:29-41. https://doi.org/10.1016/j.mo
Imet.2013.10.005.

Van Moorsel D, Hansen J, Havekes B, Scheer FAJL, Jorgensen JA, Hoeks J, et
al. Demonstration of a day-night rhythm in human skeletal muscle oxidative
capacity. Mol Metab. 2016;5:635-45. https://doi.org/10.1016/j.molmet.2016.0
6.012.

Harfmann BD, Schroder EA, Kachman MT, Hodge BA, Zhang X, Esser KA.
Muscle-specific loss of Bmal1 leads to disrupted tissue glucose metabolism
and systemic glucose homeostasis. Skelet Muscle. 2016;6(1):12. https://doi.or
9/10.1186/513395-016-0082-x.

Weber-Carstens S, Schneider J, Wollersheim T, Assmann A, Bierbrauer J,

Marg A, et al. Critical illness myopathy and GLUT4: significance of insulin and
muscle contraction. Am J Respir Crit Care Med. 2013;187:387-96. https://doi.
0rg/10.1164/rccm.201209-16490C.

Weber-Carstens S, Schneider J, Wollersheim T, Assmann A, Bierbrauer J, Marg
A, etal. Critical illness myopathy and GLUT4. Am J Respir Crit Care Med.
2013;187:387-96. https.//doi.org/10.1164/rccm.201209-16490C.
Wollersheim T, Grunow JJ, Carbon NM, Haas K, Malleike J, Ramme SF, et al.
Muscle wasting and function after muscle activation and early protocol-
based physiotherapy: an explorative trial. J Cachexia Sarcopenia Muscle.
2019;10:734-47. https://doi.org/10.1002/jcsm.12428.

Mendt S, Gunga H-C, Felsenberg D, Belavy DL, Steinach M, Stahn AC. Regular
exercise counteracts circadian shifts in core body temperature during long-
duration bed rest. npj Microgravity. 2021;7:1-6. https://doi.org/10.1038/54152
6-020-00129-1.

Carbon NM, Engelhardt LJ, Wollersheim T, Grunow JJ, Spies CD, Mérdian

S, et al. Impact of protocol-based physiotherapy on insulin sensitivity and
peripheral glucose metabolism in critically ill patients. J Cachexia Sarcopenia
Muscle. 2022. https://doi.org/10.1002/jcsm.12920.

De Jonghe B. Paresis acquired in the intensive care unit: a prospective multi-
center study. JAMA. 2002;288:2859. https://doi.org/10.1001/jama.288.22.2859.
Del Bene VE. Temperature. In: Walker HK, Hall WD, Hurst JW, editors. Clinical
methods: the history, physical, and laboratory examinations. 3rd ed. Boston:
Butterworths; 1990. p. 990-3.

Periasamy M, Herrera JL, Reis FCG. Skeletal muscle thermogenesis and its role
in whole body energy metabolism. Diabetes Metab J. 2017;41(5):327. https://
doi.org/10.4093/dm;j.2017.41.5.327.

Coiffard B, Diallo AB, Mezouar S, Leone M, Mege J-L. A tangled threesome:
circadian rhythm, body temperature variations, and the immune system.
Biology. 2021;10:65. https://doi.org/10.3390/biology10010065.

Tweedie IE, Bell CF, Clegg A, Campbell IT, Minors DS, Waterhouse JM. Retro-
spective study of temperature rhythms of intensive care patients. Crit Care
Med. 1989;17:1159-65. https://doi.org/10.1097/00003246-198911000-00012.
Gazendam JAC, Van Dongen HPA, Grant DA, Freedman NS, Zwaveling

JH, Schwab RJ. Altered circadian rhythmicity in patients in the ICU. Chest.
2013;144(2):483-9. https://doi.org/10.1378/chest.12-2405.

Boots RJ, Mead G, Garner N, Rawashdeh O, Bellapart J, Townsend S, et al.
Temperature rhythms and ICU sleep: the TRIS study. Minerva Anestesiol.
2021,87:794-802. https://doi.org/10.23736/50375-9393.21.15232-0.
Bonmati-Carrién M-A, Santhi N, Atzori G, Mendis J, Kaduk S, Dijk D-J, et al.
Effect of 60 days of head down tilt bed rest on amplitude and phase of

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

Page 14 of 15

rhythms in physiology and sleep in men. NPJ Microgravity. 2024;10:1-13. http
s://doi.org/10.1038/541526-024-00387-3.

Carrier J, Monk TH, Buysse DJ, Kupfer DJ. Amplitude reduction of the circadian
temperature and sleep rhythms in the elderly. Chronobiol Int. 1996;13:373—
86. https://doi.org/10.3109/07420529609012661.

Reinberg A, Vieux N, Ghata J, Chaumont AJ, Laporte A. Circadian rhythm
amplitude and individual ability to adjust to shift work. Ergonomics.
1978;21:763-6. https://doi.org/10.1080/00140137808931779.

Coiffard B, Merdji H, Boucekine M, Helms J, Clere-Jehl R, Mege J-L, et al.
Changes in body temperature patterns are predictive of mortality in septic
shock: an observational study. Biology. 2023;12:638. https://doi.org/10.3390/
biology12050638.

Windred DP, Anderson C, Jeppe KJ, Ftouni S, Grant LK, Nijagal B, et al. Higher
central circadian temperature amplitude is associated with greater metabo-
lite rhythmicity in humans. Sci Rep. 2024;14:16796. https://doi.org/10.1038/s4
1598-024-67297-y.

Brager AJ, Heemstra L, Bhambra R, Ehlen JC, Esser KA, Paul KN, et al. Homeo-
static effects of exercise and sleep on metabolic processes in mice with an
overexpressed skeletal muscle clock. Biochimie. 2017;132:161-5. https://doi.o
rg/10.1016/j.biochi.2016.11.014.

ChenY, Cheng M, SuT, Gao T, Yu W. Constant light exposure aggravates
POMC-mediated muscle wasting associated with hypothalamic alteration of
circadian clock and SIRT1 in endotoxemia rats. Biochem Biophys Res Com-
mun. 2019;508:811-7. https://doi.org/10.1016/j.bbrc.2018.12.020.
Wollersheim T, Woehlecke J, Krebs M, Hamati J, Lodka D, Luther-Schroeder A,
et al. Dynamics of myosin degradation in intensive care unit-acquired weak-
ness during severe critical illness. Intensive Care Med. 2014;40:528-38. https:/
/doi.org/10.1007/500134-014-3224-9.

Dowling P, Gargan S, Swandulla D, Ohlendieck K. Fiber-type shifting in sarco-
penia of old age: proteomic profiling of the contractile apparatus of skeletal
muscles. Int J Mol Sci. 2023;24:2415. https://doi.org/10.3390/ijms24032415.
Choi YI, Park DK, Chung J-W, Kim KO, Kwon KA, Kim YJ. Circadian rhythm
disruption is associated with an increased risk of sarcopenia: a nationwide
population-based study in Korea. Sci Rep. 2019;9:12015. https://doi.org/10.10
38/541598-019-48161-w.

da Morena Silva F, Esser KA, Murach KA, Greene NP. Inflammation o'clock:
interactions of circadian rhythms with inflammation-induced skeletal muscle
atrophy. J Physiol. 2023. https://doi.org/10.1113/JP284808.

Gubin DG, Gubin GD, Waterhouse J, Weinert D. The circadian body tempera-
ture rhythm in the elderly: effect of single daily melatonin dosing. Chronobiol
Int. 2006,23:639-58. https://doi.org/10.1080/07420520600650612.

Coiffard B, Diallo AB, Culver A, Antonini F, Hammad E, Leone M, et al. Exacer-
bation of circadian rhythms of core body temperature and sepsis in trauma
patients. J Crit Care. 2020,60:23-6. https://doi.org/10.1016/}.jcrc.2020.07.010.
Drewry AM, Fuller BM, Bailey TC. Body temperature patterns as a predictor of
hospital-acquired sepsis in afebrile adult intensive care unit patients: a case-
control study. Crit Care. 2013;17(5):R200. https://doi.org/10.1186/cc12894.
Luetz A, Piazena H, Weiss B, Finke A, Willemeit T, Spies C. Patient-centered
lighting environments to improve health care in the intensive care unit. Clini-
cal Health Promotion. 2016. https://doi.org/10.29102/clinhp.16002.

Thapan K, Arendt J, Skene DJ. An action spectrum for melatonin suppression:
evidence for a novel non-rod, non-cone photoreceptor system in humans. J
Physiol. 2001;535:261-7. https://doi.org/10.1111/j.1469-7793.2001.t01-1-0026
1X.

Brainard GC, Hanifin JP, Greeson JM, Byrne B, Glickman G, Gerner E, et al.
Action spectrum for melatonin regulation in humans: evidence for a novel
circadian photoreceptor. J Neurosci. 2001;21:6405-12. https://doi.org/10.152
3/JNEUROSCI.21-16-06405.2001.

Olofsson K, Alling C, Lundberg D, Malmros C. Abolished circadian rhythm

of melatonin secretion in sedated and artificially ventilated intensive care
patients. Acta Anaesthesiol Scand. 2004,48:679-84. https://doi.org/10.1111/j.
0001-5172.2004.00401 x.

Perras B, Meier M, Dodt C. Light and darkness fail to regulate melatonin
release in critically ill humans. Intensive Care Med. 2007,33:1954-8. https://do
i.0rg/10.1007/500134-007-0769-x.

Weber-Carstens S, Koch S, Spuler S, Spies CD, Bubser F, Wernecke KD, et al.
Nonexcitable muscle membrane predicts intensive care unit-acquired paresis
in mechanically ventilated, sedated patients. Crit Care Med. 2009;37:2632-7.
https://doi.org/10.1097/CCM.0b013e3181a92f28.

Lefrant J-Y, Muller L, de La Coussaye JE, Benbabaali M, Lebris C, Zeitoun N,

et al. Temperature measurement in intensive care patients: comparison of
urinary bladder, oesophageal, rectal, axillary, and inguinal methods versus


https://doi.org/10.1152/physiol.00030.2020
https://doi.org/10.1152/physiol.00030.2020
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3761508
https://doi.org/10.1111/jpi.70057
https://doi.org/10.1111/jpi.70057
https://doi.org/10.1113/JP271436
https://doi.org/10.1172/jci.insight.174007
https://doi.org/10.1172/jci.insight.174007
https://doi.org/10.1016/j.molmet.2013.10.005
https://doi.org/10.1016/j.molmet.2013.10.005
https://doi.org/10.1016/j.molmet.2016.06.012
https://doi.org/10.1016/j.molmet.2016.06.012
https://doi.org/10.1186/s13395-016-0082-x
https://doi.org/10.1186/s13395-016-0082-x
https://doi.org/10.1164/rccm.201209-1649OC
https://doi.org/10.1164/rccm.201209-1649OC
https://doi.org/10.1164/rccm.201209-1649OC
https://doi.org/10.1002/jcsm.12428
https://doi.org/10.1038/s41526-020-00129-1
https://doi.org/10.1038/s41526-020-00129-1
https://doi.org/10.1002/jcsm.12920
https://doi.org/10.1001/jama.288.22.2859
https://doi.org/10.4093/dmj.2017.41.5.327
https://doi.org/10.4093/dmj.2017.41.5.327
https://doi.org/10.3390/biology10010065
https://doi.org/10.1097/00003246-198911000-00012
https://doi.org/10.1378/chest.12-2405
https://doi.org/10.23736/S0375-9393.21.15232-0
https://doi.org/10.1038/s41526-024-00387-3
https://doi.org/10.1038/s41526-024-00387-3
https://doi.org/10.3109/07420529609012661
https://doi.org/10.1080/00140137808931779
https://doi.org/10.3390/biology12050638
https://doi.org/10.3390/biology12050638
https://doi.org/10.1038/s41598-024-67297-y
https://doi.org/10.1038/s41598-024-67297-y
https://doi.org/10.1016/j.biochi.2016.11.014
https://doi.org/10.1016/j.biochi.2016.11.014
https://doi.org/10.1016/j.bbrc.2018.12.020
https://doi.org/10.1007/s00134-014-3224-9
https://doi.org/10.1007/s00134-014-3224-9
https://doi.org/10.3390/ijms24032415
https://doi.org/10.1038/s41598-019-48161-w
https://doi.org/10.1038/s41598-019-48161-w
https://doi.org/10.1113/JP284808
https://doi.org/10.1080/07420520600650612
https://doi.org/10.1016/j.jcrc.2020.07.010
https://doi.org/10.1186/cc12894
https://doi.org/10.29102/clinhp.16002
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00261.x
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00261.x
https://doi.org/10.1523/JNEUROSCI.21-16-06405.2001
https://doi.org/10.1523/JNEUROSCI.21-16-06405.2001
https://doi.org/10.1111/j.0001-5172.2004.00401.x
https://doi.org/10.1111/j.0001-5172.2004.00401.x
https://doi.org/10.1007/s00134-007-0769-x
https://doi.org/10.1007/s00134-007-0769-x
https://doi.org/10.1097/CCM.0b013e3181a92f28
https://doi.org/10.1097/CCM.0b013e3181a92f28

Mewes et al. Annals of Intensive Care (2025) 15:171

50.

52.

53.

pulmonary artery core method. Intensive Care Med. 2003;29:414-8. https://d
0i.org/10.1007/500134-002-1619-5.

Moskon M. CosinorPy: a python package for cosinor-based rhythmometry.
BMC Bioinform. 2020;21:485. https://doi.org/10.1186/512859-020-03830-w.
Pelikan A, Herzel H, Kramer A, Ananthasubramaniam B.Venn diagram analysis
overestimates the extent of circadian rhythm reprogramming. FEBS J. 2021. h
ttps://doi.org/10.1111/febs.16095.

Monke G, Sorgenfrei FA, Schmal C, Granada AE. Optimal time frequency
analysis for biological data - pyBOAT. bioRxiv. 2020. https://doi.org/10.1101/2
020.04.29.067744.

Konietschke F, Placzek M, Schaarschmidt F, Hothorn LA. nparcomp: an R
software package for nonparametric multiple comparisons and simultaneous
confidence intervals. J Stat Softw. 2015,64:1-17.

Page 15 of 15

54.  Engelhardt LJ, Mewes D, Spies C, Wollersheim T, Kramer A, Ananthasubrama-
niam B, et al. Circadian temperature rhythms and the development of critical
iliness myopathy (Best abstracts). Intensive Care Med Exp. 2024;12:87. https://
doi.org/10.1186/540635-024-00658-z.

Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1007/s00134-002-1619-5
https://doi.org/10.1007/s00134-002-1619-5
https://doi.org/10.1186/s12859-020-03830-w
https://doi.org/10.1111/febs.16095
https://doi.org/10.1111/febs.16095
https://doi.org/10.1101/2020.04.29.067744
https://doi.org/10.1101/2020.04.29.067744
https://doi.org/10.1186/s40635-024-00658-z
https://doi.org/10.1186/s40635-024-00658-z

	﻿Distinct diurnal temperature rhythm patterns in critical illness myopathy: secondary analysis of two prospective trials
	﻿Abstract
	﻿Introduction
	﻿Results
	﻿Temperature rhythm phases were shifted in CIM and no-CIM patients compared to healthy bed rest volunteers.
	﻿Temperature rhythm mesors were higher in both CIM and no-CIM patients compared to healthy bead rest volunteers, but lower in CIM than in no-CIM patients.
	﻿Temperature rhythm amplitude was lower in both CIM and no-CIM patients than in healthy bed rest volunteers, but the amplitude reduction over time was less marked in CIM compared to no-CIM groups.
	﻿A higher temperature rhythm amplitude correlated with MCSA of ﻿M. vastus lateralis﻿ myofibers in critical illness.
	﻿24-h temperature rhythm periods were observable and became more pronounced towards ICU discharge in CIM and no-CIM patients.

	﻿Discussion
	﻿Heterogeneous phase shifts in diurnal temperature rhythms in the CIM and no-CIM groups, compared to healthy controls, may reflect conflicting ICU time cues.
	﻿Suppression of temperature rhythm amplitude during ICU stay could represent an adaptive response to ICU-related circadian disruption.
	﻿Relatively higher temperature rhythm amplitude in critically ill patients was linked to CIM and skeletal muscle atrophy.

	﻿Confounders and limitations
	﻿Conclusions
	﻿Methods
	﻿Aims
	﻿Study design and setting
	﻿Groups
	﻿Diurnal temperature rhythm analysis
	﻿Statistical analysis

	﻿References


