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Abstract

Background: Dysregulation of coagulation occurs commonly in sepsis, ranging from mild coagulopathy with decreased
platelets to disseminated intravascular coagulation (DIC). We investigated the effect of induced normothermia on
coagulation during lipopolysaccharide (LPS)-induced endotoxaemia in healthy volunteers.

Methods: Twelve volunteers received an infusion of bacterial lipopolysaccharide (Escherichia coli; 2 ng kg™!) and were
assigned to either induced normothermia or control. Induced normothermia to maintain core temperature at 37°C
consisted of external surface cooling, cold i.v. fluids, and medication to reduce shivering (buspirone, clonidine, and
magnesium sulphate). The primary outcome was the DIC score (International Society on Thrombosis and Haemostasis
guideline). Prothrombin time (PT), activated partial thromboplastin time (aPTT), D-dimer, plasma von Willebrand factor
(vWf{), and rotational thromboelastometry (ROTEM) were measured before and 1, 3, 6, and 8 h after LPS infusion. Dif-
ferences between groups were tested with a mixed effects model.

Results: In control subjects, lipopolysaccharide caused a fever, transiently decreased platelet levels and lowered acti-
vated partial thromboplastin time, while prolonging prothrombin time and increasing D-Dimer and vWf{ levels.
Normothermia prevented the DIC-score exceeding 4, which occurred in 50% of control subjects. Normothermia also
reduced the fall in platelet count by 67x10° L™1([95%CI:27-107]; p=0.002), aPTT (mean difference:3s [95%CI:1-5]; p=0.005)
and lowered vWTf levels by 89% ([95%CI:6-172]; p=0.03), compared to the fever group. ROTEM measurements were un-
affected by lipopolysaccharide.

Conclusion: In human endotoxaemia, induced normothermia decreases markers of endothelial activation and DIC.
Maintaining normothermia may reduce coagulopathy in hyperinflammatory states.
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Editor’s key points

e Normothermia may limit the activation of coagulation
in sepsis, although proof-of-concept studies in humans
are lacking.

o Twelve volunteers received a bacterial lipopolysac-

charide infusion with or without induced
normothermia.
e Induced normothermia prevented fever, reduced

platelet count, and reversed other measures indicative
of activation of coagulation after lipopolysaccharide
infusion, including subclinical DIC.

e Maintaining normothermia may reduce coagulopathy
in hyperinflammatory states such as sepsis.

The dysregulated host immune response in sepsis results in
activation of coagulation, microthrombi formation, and con-
sumption of platelets and coagulation factors. These patho-
logical features are reflected by low platelet count, prolonged
prothrombin time (PT), increased D-dimer concentrations and
overt disseminated intravascular coagulation (DIC) in severe
sepsis, associated with multiple organ failure.’ Sepsis often
presents with fever, defined as a core body temperature of
>38.3°C.2 Fever is commonly thought to be a functional
response to infection as it improves pathogen clearance and
immune cell mobility.> However, fever may also have harmful
effects. The increased metabolic cost of fever may compro-
mise cellular oxygenation, promoting multiple organ injury.’
Fever may also contribute to an exaggerated proin-
flammatory response, with increased cytokine production and
vasodilatory shock. In patients with septic shock presenting
with fever, induced normothermia reduced vasopressor re-
quirements,* although not all studies have reported beneficial
effects.”

While profound hypothermia decreases platelet function
and impairs both the synthesis and kinetics of clotting fac-
tors,® induced normothermia may both limit inflammation®
and reduce activation of coagulation. However, proof-of-
concept data are lacking on how cooling affects the procoa-
gulant host response. Experimental human endotoxaemia
provides a controlled setting to study the effects of fever
control on the host immune response. The model of endo-
toxaemia induced by lipopolysaccharide (LPS) is characterised
by a procoagulant response, with increased concentrations of
von Willebrand factor (viWf) and tissue factor, together with a
(transient) decrease in platelet count and prolonged PT,
thereby closely resembling sepsis-associated coagulopathy.”

In this study, we investigated the effect of induced
normothermia on coagulation during LPS-induced endotox-
aemia in healthy volunteers. We hypothesised that cooling to
normothermia would limit the endothelial-mediated procoa-
gulant host response.

Methods
Study design

This study was reviewed and approved by the Amsterdam
University Medical Centre Medical Ethical Committee
(NL53460.018.15) and performed according to the Declaration
of Helsinki, including Good Clinical Practice. The External
Surface Cooling In huMan endOtoxemia (ESCIMO) study was a
human volunteer open-label, non-RCT conducted at the
Amsterdam University Medical Centre.

Inclusion criteria

Healthy male volunteers >18 yr with unremarkable medical
history and physical examination were eligible.

Procedures

Every subject received an indwelling arterial catheter, placed
in the radial artery of the subjects’ non-dominant arm, for
measurement of BP and blood sampling. A rectal temperature
probe was inserted to measure core temperature. Other vital
parameters were monitored with ECG and pulse oximetry.
Ambient temperature in the room was set at 21°C. All subjects
received Escherichia coli LPS (National Institutes of Health
Clinical Centre, Bethesda, MD, USA) 2 ng kg™ *.

Sample collection and analysis and outcomes

Citrated blood samples (BD™ Vacutainer™ Citrate Tubes,
Becton, Dickinson and Company, UK) were obtained from the
arterial catheter just before and at 1, 3, 6, and 8 h after LPS
administration. Blood was centrifuged at 1500 g and the su-
pernatant was stored at —80°C for later analysis of vW{ antigen
analysis by enzyme-linked immunosorbent assay using a
homemade assay with antibodies from DAKO (Glostrup,
Denmark), with a standard curve using standard human
plasma from Siemens calibrated to WHO International Stan-
dard 07 316 and a coefficient of variation of 6%.

Rotational thromboelastometry

Citrated whole blood was analysed with the rotational
thromboelastometry (ROTEM) delta device at 37°C. The vari-
ables measured were: clotting time (CT), clot amplitude (CA)
after 5 (CAS5), 10, 15, 20, 25, and 30 min, a-angle (alpha),
maximum clot firmness (MCF), clot lysis at 30, 45, and 60 min,
and the maximum lysis in percentage (ML). If an error appeared
during the test or it seemed that a subtest (such as extrinsically
activated test [EXTEM], intrinsically activated test [INTEM], or
fibrin-based extrinsically activated test [FIBTEM]) did not run
properly, that particular test was repeated immediately with
blood retrieved from the same sample in order to provide a
reliable result. The G value was assessed using the formula
(5000 xMCF) (100—MCF) and expressed as dynes cm?.2° The DIC
score was calculated according to the International Society on
Thrombosis and Haemostasis (ISTH) guideline.’!

Protocol

The first six participants received LPS alone (control [fever]
group). The following six participants were included in the
normothermia group who received LPS and who were subse-
quently cooled to normothermia. In the normothermia group,
cooling was initiated 1 h after commencing LPS infusion for 7 h
using an external surface cooling device (Arctic Sun®© tem-
perature management system, Becton, Dickinson and Com-
pany, UK), set at a target temperature of 36.0—37.0°C. To
counteract shivering and thermal discomfort during cooling,
buspirone 30 mg was given orally at the initiation of induced
normothermia. In addition, the subjects received clonidine
(75 pg bolus followed by a continuous infusion of
1-2 ug kg~ h~1) and magnesium sulphate (4 g bolus followed
by a maximum continuous infusion of 2 gh ! for 150 min).'***
To prevent nausea, ondansetron 4 mg was given i.v.
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Fig 1. DIC scores in volunteers with endotoxaemia and fever and volunteers with endotoxaemia treated with induced normothermia. a
shows DIC scores over time. Lipopolysaccharide was given to all volunteers at T=0. Cooling to normothermia (37°C) was initiated at T=1in
the normothermia group. The grey box in Fig 1a represents the period of induced normothermia. The dashed line represents the fever
group and the solid line represents the normothermia group. Data are presented as medians with bars representing the inter-quartile
ranges. b shows the frequency of DIC scores in both groups over all time points. DIC, disseminated intravascular coagulation. *P<0.05,

N.S., not significant.

Primary outcome

The primary outcome was DIC score.

Secondary outcomes

We also analysed prothrombin time (PT)/ activated partial
thromboplastin time (aPTT), D-dimer, fibrinogen, platelet
count, vWf antigen concentrations, and ROTEM parameters.

Sample size estimation

Statistical analyses were performed using Version 1.2.1335
(R Studio Team (2020). RStudio: Integrated Development for
R. RStudio, PBC, Boston, MA). As no previous study has
examined the effect of fever control on LPS-induced endo-
toxaemia in humans, a formal power calculation was not
possible. As a proxy of inflammation-driven coagulopathy,
interleukin-6 (IL-6) was used. In a previous study in rats'?,
fever control resulted in a decrease in plasma IL-6 concen-
trations compared with controls (35 [5] ng m1~! us 130 [30] ng
ml~Y). Thereby, n=3 volunteers per group assuming an alpha
of 0.05, would have >80% power to detect decreases in IL-6.
As the primary outcome was different and our study is in
humans with larger variation, we included n=6 per group.

Statistical analysis

Depending on normality of the data, baseline differences be-
tween groups were calculated with either the Student’s t-test

or the Wilcoxon ranked sums test. To compare changes over
time within groups, a paired Student’s t-test or the Wilcoxon
ranked sums test was performed between T=0 and the
maximum or minimum value during the study period. Linear
mixed models were used to analyse differences in continuous
variables between groups over time, using time point and
group as fixed effects and subject ID as random effect. Nested
models with and without group as a variable were compared
to determine differences between groups. If data were non-
parametric, data were transformed before statistical testing.
Normally distributed data were presented as mean (standard
deviation). Non-parametric data were presented as median
(25—75th percentile). Results from the linear mixed models
were presented as B-coefficient (B) and 95% confidence interval
(95% CI). A P-value below 0.05 was considered statistically
significant.

Results
Study participants

Twelve healthy male volunteers aged 18—35 yr participated.

Physiological response to LPS infusion

Mean peak temperature increased to 38.7°C (0.3) 3 h after the
start of the LPS infusion, whereas normothermia maintained
normal body temperature (mean peak temperature at T=3 h
37.2°C [0.3]; P<0.0001). LPS increased HR from 59 (6) beats
min~? at baseline to 93 (11) 4 h after the start of the infusion.
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Fig 2. Conventional coagulation tests over time in volunteers with endotoxaemia and fever and volunteers with endotoxaemia treated
with induced normothermia. Lipopolysaccharide was given to all volunteers at T=0. Cooling to normothermia (37°C) was initiated at T=1
in the normothermia group. The grey box represents the period of induced normothermia. The dashed line represents the fever group and
the solid line represents the normothermia group. a—e: data are presented as means with standard deviation. f: data are presented as
medians with inter-quartile range. aPTT, activated partial thromboplastin time; PT, prothrombin time; vWf Ag, von Willebrand factor
antigen. *P<0.05, **P<0.01, N.S., not significant.
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Fig 3. Clot formation and lysis parameters of rotational thromboelastometry (ROTEM) in volunteers with endotoxaemia and fever and
volunteers with endotoxaemia treated with induced normothermia. Lipopolysaccharide was given to all volunteers at T=0. Cooling to
normothermia (37°C) was initiated at T=1 in the normothermia group. The light grey box represents the period of normothermia. The dark
grey box represents the reference range for specific ROTEM tests. The dashed line represents the fever group and the solid line represents
the normothermia group. Data are presented as means with standard deviation. CT, clotting time; DIC, disseminated intravascular
coagulation; EXTEM, extrinsically activated test; ECA5-FCAS, EXTEM clot amplitude after 5 min—fibrin-based extrinsically activated test
(FIBTEM) clot amplitude after 5 min. INTEM, intrinsically activated test, MCF, maximum clot firmness; ML, maximum lysis. *P<0.01, N.S,,
not significant.
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Over 8 h of LPS infusion, peripheral leukocyte count increased
from 5.5 (1.5)x10° L cells at baseline to 13.7 (3.2)x10° L cells,
accompanied by an increase in C-reactive protein from 0.4
(0.3-0.9) mg ml ! at baseline to 7.7 (6.9—10.0) mg ml ..

Primary outcome

Calculated ISTH DIC scores were lower in subjects receiving
the normothermia intervention, compared with the control
group (Fig 1a). Half of the subjects in the fever group reached a
DIC score above 4 at some time point during the study period,
whereas none of the subjects in the normothermia group
reached a DIC score above 4 (Fig 1b).

Secondary outcomes
Prothrombin/activated partial thromboplastin time

LPS prolonged PT in the control group, but remained unaltered
in subjects allocated to normothermia (Fig 2b). LPS decreased
aPTT from 25.7 (3.3) s at baseline to 20.8 (1.0) s at T=3 h, which
was prevented in the normothermia group (Fig 2c). LPS did not
alter fibrinogen concentrations (Fig 2d).

Platelet count/vWf antigen concentrations

LPS resulted in thrombocytopenia, but induced normothermia
resulted in higher platelet counts (Fig 2a). LPS increased vWf
antigen concentrations, which was prevented by induced
normothermia (Fig 2f).

D-dimer

LPS infusion resulted in an increase in D-dimer 3 h after the
LPS infusion, which persisted until the end of the study period.
D-dimer values were similar between control and induced
normothermia (Fig 2e; Supplementary Table S1).

ROTEM

There was a large variation in ROTEM values, and these largely
remained within normal reference ranges. (Fig 3;
Supplementary Table S2). INTEM CT was higher after induced
normothermia compared with the control group (Fig 3d). Dif-
ferences in INTEM CT concentrations were observable 1 h after
starting LPS infusion, before cooling was initiated. Despite
differences in platelet concentrations between control and
induced normothermia groups, EXTEM CA5—FIBTEM CAS (a
measure of platelet function) were similar (Fig 3f).

Discussion

The main finding of this study is that induced normothermia
reversed LPS-induced thrombocytopenia and DIC scores
compared with subjects who developed fever. Elevated vW{
antigen concentrations were also decreased. Normothermia
appears to reverse derangements in coagulation, as seen
during sepsis-induced coagulopathy.

LPS-induced endotoxaemia in human volunteers resulted
in derangements of the coagulation system resembling those
noted in sepsis-induced consumption coagulopathy and DIC.
The coagulation abnormalities induced by LPS are similar with
previous studies on sepsis-induced coagulopathy, including
activation of the endothelium and increased secretion of vWf{,
resulting in activation of platelets.'”> These platelets have a

high capacity to aggregate, causing clumping of platelets with
an ensuing decrease in circulating platelets.'®” LPS also pro-
longed PT, presumably as a result of activation and con-
sumption of coagulation factors in the formation of
microthrombi. Together, LPS induces an increase in DIC
scores.'® The decrease in aPTT after LPS is most likely caused
by coagulation factor VIII as LPS is known to increase factor
v

Induced normothermia prevented several LPS-induced
derangements in coagulation. Induced normothermia main-
tained platelet concentrations. Overall, prolongation of PT and
increase in D-dimer levels were less outspoken in the
normothermia group compared to the fever group. This
resulted in decreased DIC scores after induced normothermia,
and in a reduction of the number of volunteers with severe DIC
scores. Of note, fibrinogen concentrations were unaffected by
cooling. In LPS-induced endotoxaemia, fibrinogen concentra-
tions increase after 24 h, beyond the time frame of this study.’

Induced normothermia may reduce DIC through an effect
on the endothelium, as we found that cooling to normo-
thermia reduced concentrations of vWf which is a marker of
endothelial activation.”®™?! Our study cannot dissect cause
from effect. Induced normothermia may inhibit the con-
sumption of platelets and coagulation factors and subsequent
microthrombi formation, which may have prevented endo-
thelial damage.'® However, this may not be in line with the
finding that LPS-induced thrombocytopenia is transient. A
more likely explanation is that induced normothermia
reduced endothelial cell activation with less activation of the
ensuing coagulation cascade. The effect on the aPTT may also
be explained by less endothelial cell activation with less vWf
release. As vWT{ is the carrier of factor VIII in plasma, decrease
in vWf in the normothermia group compared with controls
may in part explain normalisation of aPTT concentrations in
the normothermia group.

Consistent with the decrease in aPTT, INTEM CT in controls
was prolonged compared with induced normothermia.
Notably, the differences in INTEM CT between control and
induced normothermia were already apparent at T=1, so the
differences between groups may not have been a result of
normothermia. Other LPS-induced coagulation derangements
were not detected by ROTEM results. As ROTEM values are
influenced by platelet function and counts,?” and ROTEM de-
tects DIC, this finding was unexpected.m’24 However, the
impact of LPS on ROTEM values appears to be subtle, which
may be attributable to the small number of subjects studied.

There are additional limitations to our study. To reduce
shivering, medication including magnesium sulphate was
used. Thereby, we cannot dissect whether the external cooling
or the medications contributed to differences in coagulation.
High magnesium concentrations inhibit blood coagulation
and thrombus formation?® and potentially limit inflammation
in experimental studies,’®?° possibly augmented by the
sympatholytic effects of magnesium by blocking norepi-
nephrine release.’” Magnesium influences systemic inflam-
mation, as shown by magnesium-deficient rats faced with an
endotoxin challenge resulting in increased production of in-
flammatory cytokines.?” Magnesium also suppresses inflam-
matory markers in cells treated with LPS, possibly through
antagonising calcium and L-type calcium channels.?® These
effects may be augmented by the sympatholytic effects of
magnesium, which also blocks norepinephrine release by
blocking N-type calcium channels.®® An o2-adrenoreceptor
agonist, such as clonidine, does not induce platelet
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aggregation®"*? or affect coagulation,®® but may also have

anti-inflammatory effects.®>*?3* We attempted to include a
third control group receiving only medication but without
induced normothermia. Because of hypotension, we prema-
turely stopped inclusion in this group. However, as external
cooling requires some form of sedation or analgesia to combat
shivering, this study reflects pragmatic clinical practice.
Lastly, for pragmatic reasons, we did not randomise subjects
in this study.

In order to unravel the underlying mechanisms of induced
normothermia on hyperinflammatory states, future studies
may focus on omic analyses to determine specific pathways
that may be orchestrating these effects on coagulation. Such
analyses will not only provide mechanistic insights, but may
also be used in the future to apply different temperature
management strategies to patient-specific endotypes.

In summary, induced normothermia reverses LPS-induced
derangements of the coagulation system, including markers of
endothelial activation and DIC, suggesting a decrease in
endothelial-driven coagulation. Induced normothermia
should be further studied as a potential treatment in hyper-
inflammatory states such as sepsis.

Authors’ contributions

Designed the study: MH, SdB, MS, JH, NJ.

Performed the analyses: MH, NH, AdB

Collected the data: MH, NH, SdB, NSW, AdB, NJ

Drafted the manuscript: MH, NH, JM, NJ

Critically reviewed the manuscript: all authors

Read and approved the final version of this manuscript: all
authors

Declarations of interest

The authors declare that they have no conflicts of interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.bja.2021.02.033.

References

1. Angus DC, van der Poll T. Severe sepsis and septic shock.
N Engl ] Med 2013; 369: 84051

2. Peres Bota D, Lopes Ferreira F, Melot C, Vincent JL. Body
temperature alterations in the critically ill. Intensive Care
Med 2004; 30: 8116

3. Hasday JD, Fairchild KD, Shanholtz C. The role of fever in
the infected host. Microbe. Infect 2000; 2: 1891—-904

4. Schortgen F, Clabault K, Katsahian S, et al. Fever control
using external cooling in septic shock: a randomized
controlled trial. Am ] Respir Crit Care Med 2012; 185:
1088—95

5. Gao Y, Zhu J, Yin C, Zhu J, Zhu T, Liu L. Effects of target
temperature management on the outcome of septic pa-
tients with fever. Biomed Res Int 2017; 2017: 3906032

6. Polderman KH. Mechanisms of action, physiological ef-
fects, and complications of hypothermia. Crit Care Med
2009; 37: S186—202

7. Raetz CR, Ulevitch RJ, Wright SD, Sibley CH, Ding A,
Nathan CF. Gram-negative endotoxin: an extraordinary

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

lipid with profound effects on eukaryotic signal trans-
duction. FASEB ] 1991, 5: 2652—60

. Elin RJ, Wolff SM, McAdam KP, et al. Properties of refer-

ence Escherichia coli endotoxin and its phthalylated de-
rivative in humans. J Infect Dis 1981; 144: 329—36

. Pernerstorfer T, Stohlawetz P, Hollenstein U, et al. Endo-

toxin-induced activation of the coagulation cascade in
humans: effect of acetylsalicylic acid and acetaminophen.
Arterioscler Thromb Vasc Biol 1999; 19: 2517—23

Taura P, Rivas E, Martinez-Palli G, et al. Clinical markers of
the hypercoagulable state by rotational thrombelas-
tometry in obese patients submitted to bariatric surgery.
Surg Endosc 2014; 28: 543—51

Wada H, Thachil J, Di Nisio M, et al. Guidance for diagnosis
and treatment of disseminated intravascular coagulation
from harmonization of the recommendations from three
guidelines. ] Thromb Haemost 2013; 11: 7617

Delaunay L, Bonnet F, Liu N, Beydon L, Catoire P,
Sessler DI. Clonidine comparably decreases the thermo-
regulatory thresholds for vasoconstriction and shivering
in humans. Anesthesiology 1993; 79: 470—4

Testori C, Sterz F, Behringer W, Spiel A, Firbas C, Jilma B.
Surface cooling for induction of mild hypothermia in
conscious healthy volunteers - a feasibility trial. Crit Care
2011; 15: R248

Fujimoto K, Fujita M, Tsuruta R, et al. Early induction of
moderate hypothermia suppresses systemic inflamma-
tory cytokines and intracellular adhesion molecule-1 in
rats with caerulein-induced pancreatitis and endotox-
emia. Pancreas 2008; 37: 176—81

. Ostrowski SR, Haase N, Muller RB, et al. Association be-

tween biomarkers of endothelial injury and hypocoagul-
ability in patients with severe sepsis: a prospective study.
Crit Care 2015; 19: 191

Reiter R, Derhaschnig U, Spiel A, et al. Regulation of
protease-activated receptor 1 (PAR1) on platelets and
responsiveness to thrombin receptor activating peptide
(TRAP) during systemic inflammation in humans. Thromb
Haemost 2003; 90: 898—903

Schrottmaier WC, Kral JB, Zeitlinger M, Salzmann M,
Jilma B, Assinger A. Platelet activation at the onset of
human endotoxemia is undetectable in vivo. Platelets
2016; 27: 479-83

Gutmann FD, Murthy VS, Wojciechowski MT, Wurm RM,
Edzards RA. Transient pulmonary platelet sequestration
during endotoxemia in dogs. Circ Shock 1987; 21: 185—-95
Reitsma PH, Branger J, Van Den Blink B, Weijer S, Van Der
Poll T, Meijers JC. Procoagulant protein levels are differ-
entially increased during human endotoxemia. ] Thromb
Haemost 2003; 1: 1019—-23

Ruggeri ZM. The role of von Willebrand factor in thrombus
formation. Thromb Res 2007; 120: S5—9

Reininger AJ. Function of von Willebrand factor in hae-
mostasis and thrombosis. Haemophilia 2008; 14: 11-26
Muller MC, Meijers JC, Vroom MB, Juffermans NP. Utility of
thromboelastography and or thromboelastometry in
adults with sepsis: a systematic review. Crit Care 2014; 18:
R30

Lier H, Vorweg M, Hanke A, Gorlinger K. Thromboelas-
tometry guided therapy of severe bleeding. Essener Runde
algorithm. Hamostaseologie 2013; 33: 51—61

Muller MCA, Meijers JC, van Meenen DM, Thachil J,
Juffermans NP. Thromboelastometry in critically ill


https://doi.org/10.1016/j.bja.2021.02.033
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref1
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref1
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref1
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref2
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref2
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref2
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref2
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref3
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref3
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref3
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref4
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref4
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref4
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref4
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref4
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref5
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref5
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref5
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref6
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref6
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref6
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref6
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref7
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref7
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref7
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref7
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref7
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref8
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref8
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref8
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref8
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref9
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref9
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref9
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref9
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref9
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref10
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref10
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref10
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref10
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref10
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref11
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref11
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref11
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref11
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref11
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref12
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref12
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref12
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref12
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref12
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref13
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref13
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref13
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref13
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref14
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref14
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref14
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref14
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref14
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref14
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref15
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref15
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref15
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref15
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref16
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref16
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref16
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref16
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref16
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref16
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref17
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref17
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref17
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref17
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref17
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref18
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref18
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref18
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref18
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref19
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref19
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref19
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref19
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref19
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref20
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref20
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref20
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref21
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref21
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref21
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref22
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref22
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref22
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref22
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref23
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref23
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref23
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref23
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref24
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref24

1118 | Harmon et al.

25.

26.

27.

28.

29.

patients with disseminated intravascular coagulation.
Blood Coagul Fibrinolysis 2019; 30: 181—7

Lu L, Zhan Y, Yu]J, Sui L. Prevalence of thrombocytopenia
and its association with serum magnesium. Biol Trace Elem
Res 2016; 169: 46—51

Lin CY, Tsai PS, Hung YC, Huang CJ. L-type calcium
channels are involved in mediating the anti-inflammatory
effects of magnesium sulphate. Br J Anaesth 2010; 104:
44-51

Rochelson B, Dowling O, Schwartz N, Metz CN. Magne-
sium sulfate suppresses inflammatory responses by hu-
man umbilical vein endothelial cells (HUVECs) through
the NFkappaB pathway. J Reprod Immunol 2007; 73: 101—-7
Esen F, Erdem T, Aktan D, et al. Effect of magnesium
sulfate administration on blood-brain barrier in a rat
model of intraperitoneal sepsis: a randomized controlled
experimental study. Crit Care 2005; 9: R18—23

Nakagawa M, Oono H, Nishio A. Enhanced production of
IL-1 beta and IL-6 following endotoxin challenge in rats
with dietary magnesium deficiency. ] Vet Med Sci 2001; 63:
4679

30.

31.

32.

33.

34.

Shimosawa T, Takano K, Ando K, Fujita T. Magnesium
inhibits norepinephrine release by blocking N-type cal-
cium channels at peripheral sympathetic nerve endings.
Hypertension 2004; 44: 897—902

Pinthong D, Songsermsakul P, Rattanachamnong P,
Kendall DA. The effects of imidazoline agents on the ag-
gregation of human platelets. ] Pharm Pharmacol 2004; 56:
213-20

Hsu CY, Knapp DR, Halushka PV. The effects of alpha
adrenergic agents on human platelet aggregation.
J Pharmacol Exp Ther 1979; 208: 366—70

Ganter MT, Hofer CK, Spahn DR, et al. The effect of
clonidine on perioperative blood coagulation. J Clin Anesth
2005; 17: 456—62

Flanders CA, Rocke AS, Edwardson SA, Baillie JK,
Walsh TS. The effect of dexmedetomidine and clonidine
on the inflammatory response in critical illness: a sys-
tematic review of animal and human studies. Crit Care
2019; 23: 402

Handling editor: Gareth Ackland


http://refhub.elsevier.com/S0007-0912(21)00173-2/sref24
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref24
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref24
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref25
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref25
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref25
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref25
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref26
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref26
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref26
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref26
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref26
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref27
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref27
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref27
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref27
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref27
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref28
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref28
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref28
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref28
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref28
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref29
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref29
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref29
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref29
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref29
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref30
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref30
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref30
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref30
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref30
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref31
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref31
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref31
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref31
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref31
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref32
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref32
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref32
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref32
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref33
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref33
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref33
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref33
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref34
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref34
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref34
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref34
http://refhub.elsevier.com/S0007-0912(21)00173-2/sref34

	Induced normothermia ameliorates the procoagulant host response in human endotoxaemia
	Editor's key points
	Methods
	Study design
	Inclusion criteria

	Procedures
	Sample collection and analysis and outcomes
	Rotational thromboelastometry
	Protocol
	Primary outcome
	Secondary outcomes

	Sample size estimation
	Statistical analysis

	Results
	Study participants
	Physiological response to LPS infusion
	Primary outcome
	Secondary outcomes
	Prothrombin/activated partial thromboplastin time
	Platelet count/vWf antigen concentrations
	D-dimer
	ROTEM


	Discussion
	Authors' contributions
	Declarations of interest
	Appendix A. Supplementary data
	References


