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Summary

Background: The effects of mild hypothermia (HT) on acute lung injury

(ALI) are unknown in species with metabolic rate similar to that of humans,

receiving protective mechanical ventilation (MV). We hypothesized that mild

hypothermia would attenuate pulmonary and systemic inflammatory

responses in piglets with ALI managed with a protective MV.

Methods: Acute lung injury (ALI) was induced with surfactant deactivation

in 38 piglets. The animals were then ventilated with low tidal volume, moder-

ate positive end-expiratory pressure (PEEP), and permissive hypercapnia

throughout the experiment. Subjects were randomized to HT (33.5°C) or nor-
mothermia (37°C) groups over 4 h. Plasma and tissue cytokines, tissue apop-

tosis, lung mechanics, pulmonary vascular permeability, hemodynamic, and

coagulation were evaluated.

Results: Lung interleukin-10 concentrations were higher in subjects that

underwent HT after ALI induction than in those that maintained normother-

mia. No difference was found in other systemic and tissue cytokines. HT did

not induce lung or kidney tissue apoptosis or influence lung mechanics or

markers of pulmonary vascular permeability. Heart rate, cardiac output, oxy-

gen uptake, and delivery were significantly lower in subjects that underwent

HT, but no difference in arterial lactate, central venous oxygen saturation,

and coagulation test was observed.

Conclusions: Mild hypothermia induced a local anti-inflammatory response

in the lungs, without affecting lung function or coagulation, in this piglet

model of ALI. The HT group had lower cardiac output without signs of glo-

bal dysoxia, suggesting an adaptation to the decrease in oxygen uptake and

delivery. Studies are needed to determine the therapeutic role of HT in ALI.

Background

Acute respiratory distress syndrome (ARDS) and acute

lung injury (ALI) are severe forms of respiratory failure

with no etiological treatment; mechanical ventilation

(MV) has been the cornerstone of supportive therapies

for ARDS for several decades. Because injurious MV

can amplify preexisting damage (1–6), ventilation with

low tidal volume (VT), moderate/high positive end-

expiratory pressure (PEEP), and permissive hypercapnia

is the current standard of care, also known as lung

protective MV (7,8).
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Induced hypothermia is the controlled lowering of

body temperature for therapeutic purposes (9). Its use

has been extended to several clinical situations where

tissue dysoxia is an important issue, like management

after cardiac arrest, during cardiopulmonary bypass and

preservation of organ grafts, due to a nonspecific

decrease in enzymatic activity, among others mecha-

nisms (10–15).
Recent experimental studies suggest that hypothermia

might have a beneficial role in lung injury. In rat ALI

models, animals treated with deep hypothermia (≤30°C)
had a better gas exchange and lung mechanics and less

lung inflammation, edema, and signs of oxidative stress

injury (16–21). Potentially serious and life-threatening

adverse effects on hemodynamics, coagulation, and

immune response prevent wide clinical use of deep hypo-

thermia for long periods of time (9). Experimental stud-

ies in rats and rabbits using mild hypothermia (HT, 33–
34°C) found also some protective effects on injured

lungs, principally reduced lung edema and systemic

inflammatory response, but significantly less than deep

hypothermia (22–26). Beneficial effects described in these

experimental models cannot be directly extrapolated to

humans because induction of hypothermia, a hypometa-

bolic state, may be more relevant in species with higher

oxygen uptake (VO2) related to body mass, like small

mammals (27). Furthermore, some of these studies used

injurious MV (high VT and low PEEP) (22,25,26) that

differs from the current standard of care. For these

reasons, it is unknown whether HT has an additive bene-

ficial effect in mammals with an indexed VO2 similar to

humans using a lung protective MV on ALI.

With these facts in mind, we designed this study to

evaluate whether mild hypothermia would attenuate

local and systemic inflammatory response in piglets with

experimentally induced acute lung injury receiving pro-

tective MV. Secondary goals were to investigate the

effects of mild hypothermia on gas exchange, lung

mechanics and permeability, apoptosis in the injured

lung and remote organs, and the potential adverse

effects on hemodynamics and coagulation.

Methods

Animal preparation

This study used 38 2-week-old anesthetized Large White

piglets (4.9 � 0.2 kg). The Universidad del Desarrollo

Ethics Committee and the National Bioethics Adviser’s

Committee approved the experimental protocol. All

experimental procedures were in accordance with the

Guiding Principles in the Care and Use of Laboratory

Animals adopted by the American Physiological

Society. Sample size was estimated by comparison of

independent means using the statistical program EPI-

DAT� 4.0 (DXSP, Xunta de Galicia, Spain). The esti-

mated sample size was 19 animals per group to observe

a difference >10% in inflammatory response with an a
error of 0.05 and b error ≤0.2, based on the lung func-

tion improvement reported in humans with mild hypo-

thermia (28).

Surgical preparation and anesthesia:

Animals were premedicated with intramuscular acepro-

mazine (1.1 mg�kg�1) and ketamine (20 mg�kg�1). After

local infiltration with 1% lidocaine, each animal’s

trachea was cannulated via cut down with a cuffed tra-

cheostomy tube (3.5 mm internal diameter; Mallinck-

rodt Shiley, St. Louis, MO, USA), the left jugular vein

with a 4F double lumen catheter (Arrow, Reading, PA,

USA) and the right axillary artery with a 4F thermistor-

tipped catheter (PiCCO� PV2014L08; Pulsion Medical

Systems, Munich, Germany). Anesthesia and neuromus-

cular blockade were maintained by continuous infusion

of propofol (10 mg�kg�1�h�1), fentanyl (4 lg�kg�1�h�1), and

pancuronium (0.2 mg�kg�1�h�1) throughout the experiment.

Mechanical ventilation

Animals were ventilated with an EVITA XL® ventilator

(Dr€ager Medical, L€ubeck, Germany) using the volume

control mode. Initial settings were as follows:

VT = 10 ml�kg�1, PEEP = 5 cmH2O, fraction of

inspired oxygen (FiO2) = 0.5, inspiratory time = 0.75 s,

and respiratory rate (RR) = 20 breaths�min�1. After

ALI was induced, ventilator settings were modified to

noninjurious parameters (8): VT = 6 ml�kg�1, PEEP =
10 cmH2O, FiO2 = 0.6, and the same inspiratory time.

RR was adjusted (to a maximum of 40 breaths�min�1)

to achieve a partial pressure of carbon dioxide (PaCO2)

70 � 10 mmHg. This PaCO2 target was selected in base

of the known protective effects of hypercapnic acidosis

in various ALI models, with or without tidal volume

limitation (29).

Acute lung injury

After surgical preparation, each animal was placed in

lateral decubitus and a 10% solution of Tween® 20

[polyoxyethylene (20) sorbitan monolaurate; Sigma-

Aldrich, St. Louis, MO, USA] in saline (1 ml�kg�1) was

instilled in the airway of the dependent lung via a 2-mm

catheter. The procedure was repeated with the animal

rotated to the opposite side. Residual fluid was suc-

tioned from the airway. Lung injury was targeted to

achieve a partial pressure of oxygen (PaO2) in arterial

blood <200 mmHg with PEEP = 10 cmH2O and

FiO2 = 1 in supine position at 20 min after Tween® 20
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instillation. If this target was not met, Tween® 20 instil-

lation was repeated (30).

Experimental groups

Immediately after ALI target was achieved, block ran-

domization was used to allocate piglets to the mild hypo-

thermia (33.5 � 0.5°C; n = 19) or normothermia (NT,

37 � 0.5°C; n = 19) group. Temperature was measured

at the thoracic esophagus (YSI reusable temperature

probe; Yellow Springs Instrument Co., Inc., Yellow

Springs, OH, USA). In the HT group, body temperature

was reduced to the target over a 20-min period using con-

vective methods (cold gel packs). In the NT group, body

temperature was maintained using an external heater.

Room temperature was maintained at 25°C.

Measurements

Following ALI and the achievement of target tempera-

ture, hemodynamic and respiratory measurements were

recorded at baseline and at 60, 120, and 240 min.

Pulmonary measurements:

PaO2, pH, and PaCO2 were assessed with an i-STAT®

blood gas analyzer and EG6+ cartridges (Abbott Labo-

ratories, Princeton, NJ, USA) in blood samples from the

arterial catheter. The i-STAT device corrects the pH

measurements for the provided body temperature.

Oxygenation was assessed by the PaO2/FiO2 ratio and

alveolar-arterial oxygen tension (A-aPO2), defined as

(Pbar–Pwater) 9 FiO2–(PaCO2/0.8), where Pbar is baro-

metric pressure and Pwater is water vapor pressure. Min-

ute ventilation (Vmin) was computed from the product of

expiredVT and RR. Static respiratory system compliance

(CRS) was calculated as VT/(Ppl�PEEPTOT), where Ppl is

plateau pressure measured after a 4-s inspiratory hold

and PEEPTOT is total PEEP measured after a 4-s expira-

tory hold. These variables were recorded from the venti-

lator display.

Hemodynamic measurements

Heart rate (HR), mean arterial pressure (MAP), and

central venous pressure (CVP) were monitored (Infinity

Delta XL®; Dr€ager Medical, L€ubeck, Germany). Zero

pressure was set at the midaxillary line. Cardiac output

(CO), stroke volume (SV), systemic vascular resistance

index (SVRI), and extravascular lung water (EVLW)

were evaluated in triplicate by transpulmonary thermod-

ilution using a commercially available device (PiCCO®;

Pulsion Medical Systems, Munich, Germany) according

to the manufacturer’s instructions. The body surface

area of each piglet was calculated by K/weight (in kilo-

grams)2/3, where K = 0.112 for pigs (31). Central venous

hemoglobin oxygen saturation (ScvO2) was assessed in

blood samples from the jugular catheter using the

i-STAT® analyzer and EG6+ cartridges. Oxygen deliv-

ery (DO2) and VO2 were calculated according to stan-

dard formulas. At 240 min after achieving target

temperature, lactate was measured amperometrically

using i-STAT® CG4+ cartridges (Abbott Laboratories).

Pulmonary vascular permeability markers

Bronchoalveolar lavage (BAL) was performed at base-

line and at the end of the experiment with 10 ml normal

saline; samples were centrifuged at 1000 RCF, and

supernatant total protein content was determined with

the bicinchoninic acid method (Pierce microplate BCA

protein assay kit, reducing agent compatible; Thermo

Scientific, Rockford, IL, USA) to avoid interference

with Tween® 20. EVLW was measured by transpulmo-

nary thermodilution as described above. Wet-to-dry

ratio of the lung: Immediately after euthanasia, the lung

was removed, drained of blood, and weighed. Then, the

dry weight of the lung was determined after 3-day incu-

bation in a heat chamber at 70°C (32). At the end of the

study period, 5 ml arterial blood was extracted and

plasma was frozen for subsequent analysis. While under

anesthesia, the animals were euthanized by 10% potas-

sium chloride infusion until the detection of ventricular

fibrillation or asystole. After thoracotomy and laparot-

omy, lungs and kidneys were removed.

Measurement of cytokines and biochemical markers

Nondependent right lung (33) and kidney fragments were

frozen in liquid nitrogen and stored at �80°C. Each

frozen tissue sample (150 mg) was crushed with a mortar

and pestle on dry ice and homogenizedwith 0.75 ml tissue

protein extraction reagent (T-PER, Pierce, Rockford, IL,

USA) supplemented with EDTA-free halt protease inhib-

itor cocktail (Thermo Scientific). After centrifugation at

10 000 g for 5 min at 4°C, pellets were discarded and su-

pernatants were transferred to clean microcentrifuge

tubes. Total protein concentrations in supernatants were

determined using the reducing agent compatible micro-

plate BCA protein assay kit (Thermo Scientific) and

adjusted with T-PER buffer to 5 mg�ml�1 (lung) or

7 mg�ml�1 (kidney) and then frozen in liquid nitrogen. In

lung and kidney supernatants and plasma samples,

porcine tumor necrosis factor alpha (TNF-a), interleu-
kin-1 beta (IL-1b), and interleukin-10 (IL-10) concentra-

tions were quantified by ELISA using commercial kits

(R&D Systems, Minneapolis, MN, USA). In lung and

kidney supernatants, cellular apoptosis was evaluated by

quantifying caspase-3 activity using a colorimetric cas-

pase-3 assay kit (Sigma-Aldrich, St. Louis,MO,USA).
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Coagulation

We evaluated the effects of mild hypothermia on coagu-

lation at 240 min using prothrombin time (PT) and

kaolin-activated clotting time (ACTk) cartridges

(Abbott Laboratories) and an i-STAT® analyzer.

Statistical analysis

Data are expressed as means � standard error of the

mean (SEM). Normality was assessed with the Anderson–
Darling test. The Wilcoxon signed-rank test and the

Friedman test with Bonferroni correction were con-

ducted to compare consecutive measurements of studied

variables. Comparisons between groups were analyzed

with the Mann–Whitney U-test. Significance was set at

P < 0.05. All statistical analyses were performed using

SPSS 20.0 (SPSS Inc., Chicago, IL, USA). Figures were

plotted with GRAPHPAD PRISM version 5.0c for Mac

(GraphPad Software, La Jolla, CA, USA).

Results

All animals completed the experimental protocol. Three

animals required a second Tween® 20 instillation to

achieve the ALI target. Central temperatures were kept

within target ranges throughout the study period (Table

S1). No adverse effect of convective temperature control

was observed.

Pulmonary measurements

In all animals, Tween® 20 instillation caused severe

pulmonary dysfunction, reducing the PaO2/FiO2 ratio

from 346 � 10 mmHg to 155 � 6 mmHg (P < 0.01)

and CRS from 1.58 � 0.10 ml�cmH2O
�1�kg�1 to

0.93 � 0.04 ml�cmH2O
�1�kg�1 (P < 0.01). No signifi-

cant difference was found between the HT and NT

groups in PaO2/FiO2 ratio, A-aPO2, pH, PaCO2, Vmin,

CRS, or mean airway pressure at 60, 120, and 240 min

(Figure 1, Table S1).

Hemodynamic measurements

After ALI, HR increased (133 � 5 beats�min�1 to

162 � 6 beats�min�1, P < 0.01), SV decreased

(31 � 1 ml to 27 � 1 ml, P = 0.01), and ScvO2

decreased (0.83 � 0.01–0.77 � 0.1, P < 0.01), with no

significant change in MAP, CVP, CO, or SVRI. CO and

HR decreased progressively only in the HT group (both

P < 0.01, Figure 1). No significant difference in SV,

MAP, or CVP was found between NT and HT groups in

successive measurements. At 240 min, SVRI was higher

in the HT group than in the NT group (Table S1).

At the end of the experiment, VO2 and DO2 were

lower in the HT group (P = 0.001 and P = 0.011,

respectively; Figure 2). Arterial lactate was 1.64 �
0.34 mmol�L�1 and 2.32 � 0.51 mmol�L�1 in the HT

and NT groups at the end of the study, respectively

(P = 0.38). ScvO2 was also similar between groups

(Table S1).

Pulmonary vascular permeability markers

As expected, EVLW increased in all subjects at

30 min after ALI, from 11.6 � 0.3 ml�kg�1 to

14.8 � 0.3 ml�kg�1 (P < 0.01). No significant difference

0 60 120 180 240
50

100

150

200

250

300
HT

NT

Time (minutes)

A
-a

P
O

2 
(m

m
H

g)

0 60 120 180 240
100

120

140

160

180

200
NT

HT *

*

Time (minutes)

H
R

 (
be

at
s·

m
in

–1
)

0 60 120 180 240
200

300

400

500
NT

HT

Time (minutes)

V
m

in
 (

m
l·k

g–1
·m

in
–1

)

0 60 120 180 240
2.5

3.0

3.5

4.0

4.5

5.0
NT

HT

*

Time (minutes)

C
O

 (
l·m

in
–1

·m
2 )

Figure 1 Pulmonary and hemodynamic

measurements in the mild hypothermia and

normothermia groups. A-aPO2, alveolar-

arterial oxygen tension; Vmin, minute ventila-

tion; HR, heart rate; CO, cardiac output. All

data are presented as means � SEM.

*P < 0.01.
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in BAL protein content, EVLW, or wet-to-dry ratio was

observed between HT and NT groups (Table 1).

Biomarkers: lung, kidney, and plasma cytokines and

caspase-3 activity

We found no differences between groups in the plasma

or kidney TNF-a, IL-1b, or IL-10 concentration at the

end of the study period. However, in lung, IL-10 con-

centration was higher in the HT than in the NT group

(P < 0.001), with no difference in TNF-a or IL-1b con-

centration. No significant difference in lung or kidney

caspase-3 activity was found between groups (Table 2,

Figure 3).

Coagulation

No significant bleeding occurred. At the end of the

observation period, PT was 23 � 9 s and 37 � 12 s

(P = 0.1) and ACTk was 65 � 8 s and 85 � 12 s

(P = 0.5) in the HT and NT groups, respectively.

Discussion

The main finding of this study was that lung IL-10

concentrations were higher in piglets with ALI receiving

protective MV under mild hypothermia than in subjects

maintaining normothermia, supporting that mild hypo-

thermia induces a local anti-inflammatory response in

the injured lungs. Animals treated with hypothermia

showed no difference in other systemic and tissue cyto-

kines or in lung or kidney tissue apoptosis with respect

to subjects that were maintained with NT during the

observation period. Also, pulmonary mechanics, lung

vascular permeability, and coagulation function were

similar between both groups. Mild hypothermia reduced

CO, VO2, and DO2 without modifying arterial lactate

and ScvO2.

The protective effects of hypothermia on ALI are well

established. Direct effects of hypothermia on lung

inflammation have been studied in depth and include

suppression of cellular and innate immune response

(16–21,23–25). Deep hypothermia inhibits ICAM-1 up-

regulation in injured lung tissue preventing neutrophil

adhesion, activation, and alveolar sequestration (23).

Also, it has been shown to decrease the release of inflam-

matory cytokines from alveolar macrophages and the

activation of nuclear factor-jB in the lung, a pivotal

pathway for the elaboration of inflammatory cytokines

(18). Hypothermia induced in a mild to moderate degree

also has been shown to decrease lung injury, but mostly

when compared with hyperthermia (22,25,34,35). Indi-

rect effects of hypothermia on lung inflammation are

only partially known. As the metabolic rate decreases

during hypometabolic state as hypothermia, VO2 and

VCO2 also decrease. By virtue of this physiological

advantage, hypothermia may ensure adequate gas

exchange at lower minute ventilation than normother-

mia. In this regard, deep hypothermia has been used as

a means for lung rest in a model of acute lung injury

(16). However, the effect of mild hypothermia on gas

exchange in humans appears to be minor (28) and
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Figure 2 Oxygen delivery and oxygen uptake in the mild hypother-

mia and normothermia groups. DO2, oxygen delivery; VO2, oxygen

uptake. All data are presented as means � SEM. *P < 0.05.

Table 1 Vascular permeability markers in the mild hypothermia and normothermia

Baseline

P

240 min

PNT HT NT HT

BAL protein content (g�L�1) 0.23 � 53 0.33 � 14 1 6.15 � 67 7.98 � 98 0.171

EVLW (ml�kg�1) 11 � 0.5 12 � 0.5 0.141 17 � 0.9 18 � 1.1 0.265

Wet-to-dry ratio (ml�kg�1) 10.3 � 0.4 10.3 � 0.2 0.968

NT, normothermia; HT, mild hypothermia; BAL, bronchoalveolar lavage; EVLW, extravascular lung water.

All data are presented as means � SEM.
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evidence for the anti-inflammatory effects of mild hypo-

thermia versus normothermia is scarce (21,23–25).
Methodological issues such as the studied species,

etiology of ALI, and MV strategy have limited the abil-

ity to extrapolate results of previous studies to humans.

Using a mammalian species with similar VO2 as the

human, a chemically induced lung injury, and

contemporary ventilation strategy, the current study

overcomes some of the methodological flaws that limit

the translational clinical benefit of previous experimen-

tal findings to the human ARDS setting. Because stan-

dard and maximal VO2 adjusted to body mass are lower

in large versus small mammals, we used piglets as an

experimental pediatric model because their VO2 is simi-

lar to that of humans (27,36). The effect of a hypometa-

bolic state such as hypothermia may be magnified in

species with higher VO2, as seen in previous studies in

rodents (27,37).

We used a model of lung injury induced by surfactant

deactivation because it is the main pathogenic

mechanism of acute and neonatal respiratory distress

syndrome (38). Tween® 20, a nonionic detergent, deacti-

vates pulmonary surfactant while sparing the alveolar–
capillary membrane ultrastructure (39). Like previous

studies, we observed a rapid development of ALI in

piglets after tracheal Tween® 20 instillation, character-

ized by severe hypoxemia, loss of lung compliance, and

pulmonary edema (40,41).

Our MV protocol was consistent with contemporary

care of ARDS. MV strategy is relevant because inade-

quate MV settings, as used in previous experimental

works, might increase inflammatory response in lungs

and distant organs, commonly named VILI (ventilator-

induced lung injury). We chose a MV strategy with low

VT plus moderate/high PEEP and hypercapnic acidosis.

This protective MV synergistically reduces the inflam-

matory response in the injured lung (1,3,8,29,42), and it

is now considered the standard of care of ARDS. We

found no significant difference in lung IL-1b or TNF-a
concentration between study groups. But it is important

to consider that it might be difficult to demonstrate

beneficial effects of new therapies, like mild hypother-

mia, using this protective MV. Others studies of mild

hypothermia found no differences in these cytokines

even using injurious MV settings (25,26). Noteworthy,

we observed an increase in the anti-inflammatory cyto-

kine IL-10. This cytokine has pleiotropic effects in

immunoregulation and inflammation. The main biolog-

ical function of IL-10 seems to be the limitation and

termination of inflammatory responses. Also, it has an

important regulatory role in the differentiation and

proliferation of several immune cells such as T cells, B

cells, natural killer cells, and antigen-presenting cells. A

previous study in rats also found that IL-10 was

involved in the protective effects of hypothermia on

survival during endotoxemia (43). Thus, it is possible

that the anti-inflammatory effect in the lung HT is

regulated predominantly by increased anti-inflamma-

tory mediators and not by decreasing pro-inflammatory

mediators.

Table 2 Plasma and kidney cytokines in the mild hypothermia and

normothermia groups at the end of the study

NT HT P

Plasma

TNF-a (pg�ml�1) 513 � 115 706 � 190 0.93

IL-1b (pg�ml�1) 190 � 130 102 � 80 0.54

IL-10 (pg�ml�1) 12 � 5 16 � 4 0.34

Kidney

TNF-a (pg�mg protein�1) 5.6 � 2.9 5.3 � 1.4 0.09

IL-1b (pg�mg protein�1) 46.3 � 19.4 29 � 11.3 0.45

IL-10 (pg�mg protein�1) 1.8 � 0.1 2.0 � 0.1 0.15

Caspase-3 activity

(pmol pNA�lg protein�1)

62 � 16 100 � 28 0.32

NT, normothermia; HT, mild hypothermia; TNF-a, tumor necrosis

factor alpha; IL-1b, interleukin-1 beta; IL-10, interleukin-10; pNA,

p-nitroaniline.

All data are presented as means � SEM.
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Figure 3 Lung concentrations of cytokines and caspase-3 activity in

the mild hypothermia and normothermia groups at the end of the

study. TNF-a, tumor necrosis factor alpha; IL-1b, interleukin-1 beta;

IL-10, interleukin-10; pNA, p-nitroaniline. All data are presented as

means � SEM. *P < 0.001.
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Deregulation of apoptosis has been implicated in

many diseases, including lung injury (44). We measured

lung and kidney caspase-3 activity as a marker of apop-

tosis to evaluate remote organ lesions (3). Despite the

known pro-apoptotic effect of IL-10, we found no dif-

ference in lung and kidney apoptosis between experi-

mental groups. We are aware that this single

measurement is insufficient to evaluate functional cell

survival, and future studies should include an apoptosis/

necrosis index, but our results are relevant because tissue

apoptosis in the lung and remote organs has not been

studied in models of lung injury treated with hypother-

mia (3).

The effects of hypothermia on DO2 and VO2 are well

known, as expected HT animals had lower CO, DO2,

and VO2 (9). We found no difference in the arterial lac-

tate and ScvO2 between groups. Because there is a

matching between DO2 and VO2, a low CO under hypo-

thermia probably is, to some extent, an adaptation to a

hypometabolic state.

The increased SVRI at 240 min in the HT group

probably reflects mathematical coupling with CO, mag-

nified by the mild (nonsignificant) hypertensive effect of

hypothermia. Hypothermia increases blood viscosity

and hemoglobin affinity for oxygen, which can result in

tissue hypoxia. However, we did not detect low ScvO2

and high lactate in HT group. Is possible that the per-

missive hypercapnia, secondary to protective MV, coun-

teracts the effect of the hypothermia on hemoglobin

affinity for oxygen.

The effect of hypothermia on coagulation is well

known. Prolonged PT is evident in hypothermic patients

and experimental animals, and in in vitro cooled plasma

samples (45,46). Acidosis, frequently observed in

patients with ALI/ARDS, increases the effect of hypo-

thermia on coagulation (47,48). Despite the respiratory

acidosis present in this model, we observed no differences

between groups in coagulation test results or bleeding at

the end of the observation period. However, we did not

study the effects of HT on platelet function, the synthesis

and kinetics of clotting enzymes, or plasminogen activa-

tor inhibitors, which may also be affected.

A few case reports have examined mild hypothermia

and ALI in humans. Villar and Slutsky (49) conducted a

small, nonrandomized, controlled study in 19 moribund

adults with severe ARDS almost 20 years ago, finding

improved lung function and outcomes in patients trea-

ted with mild hypothermia. As this study was performed

prior to the use of currently accepted MV strategies, the

results are difficult to apply in contemporary clinical

practice.

Our study has some limitations. Hypothermia was

induced shortly after ALI, which differs from the usual

clinical setting where therapeutic interventions are initi-

ated many hours or days after the initial insult. Second,

differences between NT and HT groups in hemodynam-

ic parameters (e.g., HR, CO, VO2) did not achieve a

plateau during the observation period. We think that

the duration of the model (240 min) may also have

influenced the lack of effect of hypothermia on pro-

inflammatory cytokines, Vmin, lung mechanics, and lung

permeability, which could have been found in a longer

period of observation or after hemodynamic/metabolic

plateau have been reached. Future studies should thus

employ an extended time period. Third, the results of

this pediatric experimental model could not be general-

ized to other age-groups. Young mammals characteris-

tically have higher oxygen uptakes than adults, posing a

significant issue in therapies that induce hypometabolic

states. Fourth, we evaluated biotrauma only partially

using some cytokines and apoptosis markers implicated

in local and remote organ injury. Potential positive or

deleterious effects in distant organs cannot be dis-

carded.

In conclusion, mild hypothermia had a therapeutic

role in subjects with ALI and lung protective mechani-

cal ventilation, increasing local anti-inflammatory

response and decreasing VO2 with no significant adverse

effect on global tissue perfusion or coagulation in this

experimental model. However, the clinical advantages,

risks, and indications of prolonged mild hypothermia

remain unknown and should be investigated in further

studies.

Acknowledgments

Additional Contributions: The authors wish to thank

Dr. Rodrigo Soto (Chief of ECMO program, Cl�ınica

Alemana de Santiago, Chile) and Dr. Ricardo Ronco

(Chairman of Pediatrics, Cl�ınica Alemana de Santiago,

Chile) for scientific editing of this manuscript. This work

was supported by grant 11075041 from CONICYT

(Comisi�on Nacional de Investigaci�on Cient�ıfica y

Tecnol�ogica, Chile) to P. Cruces.

Conflict of interest

No conflicts of interest declared.

Supporting information

Additional Supporting Information may be found in the

online version of this article:

Table S1 Pulmonary and hemodynamic measure-

ments in the mild hypothermia and normothermia

groups.

© 2013 John Wiley & Sons Ltd

Pediatric Anesthesia 23 (2013) 1069–1077

1075

P. Cruces et al. Hypothermia, ALI, and protective mechanical ventilation



References

1 Ranieri M, Suter P, Tortorella C et al.

Effects of mechanical ventilation on inflam-

matory mediators in patients with acute

respiratory distress syndrome: a randomized

controlled trial. JAMA 1999; 282: 54–61.

2 Slutsky AS, Tremblay IN. Multiple system

organ failure: is mechanical ventilation a

contributing factor? Am J Respir Crit Care

Med 1998; 157: 1721–1725.

3 Imai Y, Parodo J, Kajikawa O et al. Injuri-

ous mechanical ventilation and end organ

apoptosis and organ dysfunction in an

experimental model of acute respiratory

distress syndrome. JAMA 2003; 289:

2104–2112.

4 Parsons PE, Eisner MD, Thompson BT

et al. Lower tidal volume ventilation and

plasma cytokine markers of inflammation in

patients with acute lung injury. Crit Care

Med 2005; 33: 1–6.

5 Nahum A, Hoyt J, Schmitz L et al. Effects

of mechanical ventilation strategy on dissem-

ination of intratracheally instilled Escheri-

chia coli in dogs. Crit Care Med 1997; 25:

1733–1743.

6 Tremblay J, Valenza F, Riveiro SP et al.

Injurious ventilatory strategies increase cyto-

kines and c-fos m-RNA expression in an iso-

lated rat lung model. J Clin Invest 1997; 99:

944–952.

7 Amato MB, Barbas CS, Medeiros EM et al.

Effect of a protective-ventilation strategy on

mortality in the acute respiratory distress

syndrome. N Eng J Med 1998; 338: 347–354.

8 The Acute Respiratory Distress Syndrome

Network. Ventilation with low tidal volumes

as compared with traditional tidal volumes

for acute lung injury and the acute respira-

tory distress syndrome. N Eng J Med 2000;

342: 1301–1308.

9 Polderman KH. Mechanism of action, physi-

ological effects, and complications of hypo-

thermia. Crit Care Med 2009; 37:

S186–S202.

10 Rittenhouse EA, Mori H, Dillard DH et al.

Deep hypothermia in cardiovascular surgery.

Ann Thorac Surg 1974; 17: 63–98.

11 Belzer FO, Southard JH. Principles of solid-

organ preservation by cold storage. Trans-

plantation 1988; 45: 673–676.

12 Moshkovitz Y, David TE, Caleb M et al.

Circulatory arrest under moderate systemic

hypothermia and cold retrograde cerebral

perfusion. Ann Thorac Surg 1998; 66:

1179–1184.

13 The Hypothermia after Cardiac Arrest Study

Group. Mild therapeutic hypothermia to

improve the neurologic outcome after cardiac

arrest. N Engl J Med 2002; 346: 549–556.

14 Bernard SA, Gray TW, Buist MD et al.

Treatment of comatose survivors of

out-of-hospital cardiac arrest with induced

hypothermia. N Engl J Med 2002; 346:

557–563.

15 McIntyre LA, Fergusson DA, H�ebert PC

et al. Prolonged therapeutic hypothermia

after traumatic brain injury in adults: a sys-

tematic review. JAMA 2003; 289: 2992–2999.

16 Hong SB, Koh Y, Lee IC et al. Induced

hypothermia as a new approach to lung rest

for the acutely injured lung. Crit Care Med

2005; 33: 2049–2055.

17 Lim CM, Hong SB, Koh Y et al. Hypother-

mia attenuates vascular manifestations of

ventilator-induced lung injury in rats. Lung

2003; 181: 23–34.

18 Lim CM, Kim EK, Koh Y et al. Hypother-

mia inhibits cytokine release of alveolar mac-

rophage and activation of nuclear factor kb

in endotoxemic lung. Intensive Care Med

2004; 30: 1638–1644.

19 Lim CM, Kim MS, Ahn JJ et al. Hypother-

mia protects against endotoxin-induced acute

lung injury in rats. Intensive Care Med 2003;

29: 453–459.

20 Huang PS, Tang GJ, Chen CH et al. Whole-

body moderate hypothermia confers protec-

tion from wood smoke-induced acute lung

injury in rats: the therapeutic window. Crit

Care Med 2006; 34: 1160–1166.

21 Kim K, Kim W, Rhee JE et al. Induced

hypothermia attenuates the acute lung injury

in hemorrhagic shock. J Trauma 2010; 68:

373–381.

22 Suzuki S, Hotchkiss J, Takahashi T et al.

Effect of core body temperature on ventila-

tor-induced lung injury. Crit Care Med 2004;

32: 144–149.

23 Kira S, Daa T, Kashima K et al. Mild hypo-

thermia reduced expression of intercellular

adhesion molecule-1 (ICAM-1) and the accu-

mulation of neutrophils after acid-induced

lung injury in the rat. Acta Anaesthesiol

Scand 2005; 49: 351–359.

24 Chu SJ, Perng WC, Hung CM et al. Effects

of various body temperatures after lipopoly-

saccharide-induced lung injury in rats. Chest

2005; 128: 327–336.

25 Morita Y, Oda S, Sadahiro T et al. The

effects of body temperature control on

cytokine production in a rat model of ventila-

tor-induced lung injury. Cytokine 2009; 47:

48–55.

26 Cruces P, Ronco R, Erranz B et al. Mild

hypothermia attenuates mechanical ventila-

tion-induced lung injury in a rat model. Exp

Lung Res 2011; 37: 549–554.

27 Pasquis P, Lacaisse A, Dejours P. Maximal

oxygen uptake in four species of small mam-

mals. Respir Physiol 1970; 9: 298–309.

28 Aslami H, Binnekade JM, Horn J et al. The

effect of induced hypothermia on respiratory

parameters in mechanically ventilated

patients. Resuscitation 2010; 81: 1723–1725.

29 Ismaiel NM, Henzler D. Effects of hypercap-

nia and hypercapnic acidosis on attenuation

of ventilator-associated lung injury.Minerva

Anestesiol 2011; 77: 723–733.

30 D�ıaz F, Erranz B, Donoso A et al. Surfac-

tant deactivation in a pediatric model induces

hypovolemia and fluid shift to the extravas-

cular lung compartment. Pediatr Anesth

2013; 23: 250–257.

31 Roch A, Michelet P, Lambert D et al. Accu-

racy of the double indicator method for

measurement of extravascular lung water

depends on the type of acute lung injury. Crit

Care Med 2004; 32: 811–817.

32 Cilley RE, Wang JY, Coran AG. Lung injury

produced by moderate lung overinflation in

rats. J Pediatr Surg 1993; 28: 488–493.

33 Pavone L, Albert S, DiRocco J et al. Alveo-

lar instability caused by mechanical ventila-

tion initially damages the nondependent

normal lung. Crit Care 2007; 11: R104.

34 Akinci OI, Celik M, Mutlu GM et al. Effects

of body temperature on ventilator-induced

lung injury. J Crit Care 2005; 20: 66–73.

35 Ball MK, Hillman NH, Kallapur SG et al.

Body temperature effects on lung injury in

ventilated preterm lambs. Resuscitation 2010;

81: 749–754.

36 Armstrong RB, Delp MD, Goljan EF et al.

Distribution of blood flow in muscles of min-

iature swine during exercise. J Appl Physiol

1987; 62: 1285–1298.

37 Drabek T, Kochanek PM, Stezoski J et al.

Intravenous hydrogen sulfide does not induce

hypothermia or improve survival from

hemorrhagic shock in pigs. Shock 2011; 35:

67–73.

38 Todd DA, Marsh MJ, George A et al. Sur-

factant phospholipids, surfactant proteins,

and inflammatory markers during acute lung

injury in children. Pediatr Crit Care Med

2010; 11: 82–91.

39 Yoshida S. Effects of surfactants or fat sol-

vent on static pressure-volume hysteresis of

excised dog lung. Am J Physiol 1962; 203:

725–730.

40 Sun RY, Nieman GF, Hakim TS et al.

Effects of lung volume and alveolar surface

tension on pulmonary vascular resistance.

J Appl Physiol 1987; 62: 1622–1626.

41 Bredenberg CE, Paskanik AM, Nieman GF.

High surface tension pulmonary edema.

J Surg Res 1983; 34: 515–523.

42 Halter JM, Steinberg JM, Gatto LA et al.

Effect of positive end-expiratory pressure

and tidal volume on lung injury induced by

alveolar instability. Crit Care 2007; 11: R20.

43 Huet O, Kinirons B, Dupic L et al. Induced

mild hypothermia reduces mortality during

© 2013 John Wiley & Sons Ltd

Pediatric Anesthesia 23 (2013) 1069–1077

1076

Hypothermia, ALI, and protective mechanical ventilation P. Cruces et al.



acute inflammation in rats. Acta Anaesthesiol

Scand 2007; 51: 1211–1216.

44 Bem RA, Bos AP, Matute-Bello G et al.

Lung epithelial cell apoptosis during acute

lung injury in infancy. Pediatr Crit Care Med

2007; 8: 132–137.

45 Watts DD, Trask A, Soeken K et al. Hypo-

thermic coagulopathy in trauma: effect of

varying levels of hypothermia on enzyme

speed, platelet function, and fibrinolytic

activity. J Trauma 1998; 44: 846–854.

46 Rohrer MJ, Natale AM. Effect of hypother-

mia on the coagulation cascade. Crit Care

Med 1992; 20: 1402–1405.

47 Martini WZ, Pusateri AE, Uscilowicz JM

et al. Independent contributions of hypother-

mia and acidosis to coagulopathy in swine. J

Trauma 2005; 58: 1002–1009.

48 Martini WZ. Coagulopathy by hypothermia

and acidosis: mechanisms of thrombin gener-

ation and fibrinogen availability. J Trauma

2009; 67: 202–208.

49 Villar J, Slutsky AS. Effects of induced hypo-

thermia in patients with septic adult respira-

tory distress syndrome. Resuscitation 1993;

26: 183–192.

© 2013 John Wiley & Sons Ltd

Pediatric Anesthesia 23 (2013) 1069–1077

1077

P. Cruces et al. Hypothermia, ALI, and protective mechanical ventilation


