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A B S T R A C T

Background: Total liquid ventilation (TLV) of the lungs could provide radically new benefits in critically ill
patients requiring lung lavage or ultra-fast cooling after cardiac arrest. It consists in an initial filling of the
lungs with perfluorocarbons and subsequent tidal ventilation using a dedicated liquid ventilator. Here, we
propose a new paradigm for a lung-conservative TLV using pulmonary volumes of perfluorocarbons below
functional residual capacity (FRC).
Methods and findings: Using a dedicated technology, we showed that perfluorocarbon end-expiratory volumes
could be maintained below expected FRC and lead to better respiratory recovery, preserved lung structure and
accelerated evaporation of liquid residues as compared to complete lung filling in piglets. Such TLV below FRC pre-
vented volutrauma through preservation of alveolar recruitment reserve. When used with temperature-controlled
perfluorocarbons, this lung-conservative approach provided neuroprotective ultra-fast cooling in a model of hyp-
oxic-ischemic encephalopathy. The scale-up and automating of the technology confirmed that incomplete initial
lung filling during TLV was beneficial in human adult-sized pigs, despite larger size and maturity of the lungs. Our
results were confirmed in aged non-human primates, confirming the safety of this lung-conservative approach.
Interpretation: This study demonstrated that TLV with an accurate control of perfluorocarbon volume below
FRC could provide the full potential of TLV in an innovative and safe manner. This constitutes a new paradigm
through the tidal liquid ventilation of incompletely filled lungs, which strongly differs from the previously
known TLV approach, opening promising perspectives for a safer clinical translation.
Fund: ANR (COOLIVENT), FRM (DBS20140930781), SATT IdfInnov (project 273).
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.
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1. Introduction

The development of protective mechanical ventilation was a
major step forward for critically ill patients in intensive care units
over the last decades. One of the next medical breakthroughs could
be the use of total liquid ventilation (TLV) of the lungs with perfluoro-
carbons (PFC). This method consists in lungs filling with residual vol-
umes of perfluorocarbons, above which a tidal volume of liquid is
added and removed at each respiratory cycle. Importantly, TLV
should not be confounded with partial liquid ventilation (PLV), which
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Research in context

Evidence before this study

Total liquid ventilation (TLV) consists in lungs filling with residual
volumes of perfluorocarbons, above which a tidal volume of liquid
is added and removed at each respiratory cycle using a dedicated
liquid ventilator. This should not be confounded with the so-called
“partial liquid ventilation”, which consists in lung filling with per-
fluorocarbons and further gaseous ventilation with a conventional
ventilator. Until now, it was usually admitted that TLV should abol-
ish the air-liquid interface through a complete filling of the lungs
with liquids. When afforded with temperature-controlled perfluor-
ocarbons, it can also use the lungs as heat exchangers and induce
ultra-fast cooling and potent experimental neuroprotection after
resuscitated cardiac arrest. The clinical translation of TLV was lim-
ited by the lack of dedicated ventilators and the need for long-term
studies in clinically relevant conditions. Moreover, precise recom-
mendations regarding ideal residual and tidal volumes during TLV
were still needed until now.

Added value of this study

Here, we propose a radically new way of pulmonary ventilation for
critical care situations. It consists in an automatized TLV of the
lungs with liquid volumes below functional residual capacity
(FRC) throughout the procedure. Using sophisticated and up-to-
date engineering and imaging techniques, we evaluated both
immediate and delayed effects of this procedure in several animal
models, including non-human primates. We also demonstrated
that TLV provides ultrafast cooling even in large animals and pre-
vent neurological sequels following hypoxic brain injury.

Implications of all the available evidence

This study demonstrates that TLV could be induced in a totally safe
and efficient manner using an accurate control of perfluorocarbon
volume below FRC. This constitutes a new paradigm as our method
consists in tidal liquid ventilation of incompletely filled lungs,
which strongly differs from the previously known TLV approach,
opening promising perspectives for a safer clinical translation. This
also differs from partial liquid ventilation, that was shown to
increase the rate of lung trauma due to “high-volume” ventilation
in patients presenting with acute respiratory distress. This new
paradigm of TLV below FRC could relaunch the clinical investiga-
tions with liquid ventilation in a safe manner. For instance, the
clinical translation of TLV for ultra-fast cooling and neuroprotec-
tion could be considered in the near future after cardiac arrest.
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consists in lung filling with PFC and further gaseous ventilation with
conventional ventilator [1�3]. This failed to provide benefits in
patients presenting with acute-respiratory distress syndrome [2].
More generally, PFC are also proposed for other medical applications
such as aerosols for respiratory diseases [4,5], blood substitutes [6] or
contrast product for imaging [7,8].

Due to the high solubility of the PFC for gases, TLV can ensure nor-
mal gas exchanges and provides pulmonary benefits [9], as shown in
animal models of respiratory diseases [10�12]. When afforded with
temperature-controlled PFC, it can also use the lungs as heat
exchangers [13�16] and afford ultra-fast cooling and potent experi-
mental neuroprotection after resuscitated cardiac arrest [13,14].
However, its clinical translation was limited by the lack of liquid ven-
tilators able to adequately control PFC pulmonary flows during TLV
and the absence of consensus regarding adequate respiratory
parameters [17]. Recently, our group has developed a prototype that
can continuously regulate expiratory flow as well as PFC volumes
and pressures, which was a great cornerstone for TLV translation
[18,19]. At this step, precise recommendations are still needed to pro-
vide an efficient procedure, regarding targeted PFC volumes, filling
pressures and PFC target temperatures. This is particularly required
after the negative clinical experiences with PLV, which produced
volu- or barotrauma in patients presenting with acute-respiratory
distress syndrome [2]. Even if TLV should not produce the same side
effects through the primary of control liquid volumes throughout the
respiratory cycle, this invites to be very cautious prior to any other
trial with liquid ventilation. Here, our goal was therefore to properly
assess the short and long-term effect of TLV at different levels of lung
filling in highly clinically relevant conditions.

Therefore, we propose a new, fully safe and protective approach for
TLV that allows tidal ventilation of the lungs after incomplete lung fill-
ing with PFC. We tested different strategies with various filling and
tidal volumes and determined the procedure with the best tolerance
through liquid redistribution into initially partly filled lungs rather
than inflation of fully filled lungs. This showed that TLV could be much
better tolerated when the lungs are filled below the expected volume
of the functional residual capacity (FRC), despite incomplete initial
degassing. We tested this approach in healthy piglets and further con-
firmed our results in pathophysiological conditions in a piglet model
of hypoxic-ischemic encephalopathy. This confirmed that beyond
being safe, this procedure could still be beneficial through its ultra-fast
cooling properties. Then, we attempted to integrate the concept of TLV
using liquid volumes below FRC using a new liquid ventilator. Beyond
the automating of the whole process, we scaled up the technology and
confirmed that TLV at residual volumes below FRC can provide a safe
procedure while enabling the full potential of TLV in human adult-
sized animals, as well as non-human primates. Such tidal liquid venti-
lation strongly differs from the previously known TLV approach, open-
ing promising perspectives for a safer clinical translation.

2. Material and methods

The animal instrumentation and the ensuing experiments were
conducted in accordance with French official regulations after
approval by the ethical committee for animal use. Experimental pro-
tocols, designs of liquid ventilator and imaging methods are
described as Supplementary Material and Methods.

2.1. Piglets preparation and follow-up

Piglets were anesthetized by zolazepam (25mg/kg i.m.), tiletamine
(25mg/kg i.m.) and propofol (5�10mg/kg i.v.). After endotracheal intu-
bation, animals were submitted to conventional mechanical gas ventila-
tion with tidal volume of 8ml/kg and respiratory rate of 25 per min
(Minerve, Esternay, France). Inhaled fraction of oxygen (FiO2) was set at
30%. Animals received analgesics (buprenorphine, 30mg/kg i.v.) and
were paralyzed by the administration of vecuronium bromide (0.1mg/kg
i.v.). Catheters were inserted into the cephalic vein and the femoral artery
for the continuous evaluation of mean arterial pressure and heart rate,
respectively. Rectal temperaturewas also recorded throughout the proce-
dures. Hemodynamic data were digitized (Hem, Notocord v4.2, Noisy-
sur-Seine, France).

In a first set of experiments (safety experiment), newborn piglets
were submitted to normothermic TLV without any initial injury, in order
to evaluate proper pulmonary effects of the procedure. As described in
detail as supplemental material, different conditions of expiratory volume
of liquid (EV= 15 or 30ml/kg) or tidal volume of liquid (TV = 8 or 16ml/
kg) were tested. In some experiments, a CT-scan was conducted and ani-
mals were euthanized at the end of the procedure. In other experiments,
animals resumed to conventional mechanical ventilation after 30min of
TLV. They returned to spontaneous breathing after 5 h. Clinical recovery
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was then evaluated during 3days before euthanasia and lung removal for
post-mortem analysis. Animals were also submitted to a similar surgical
procedure with 5h of conventional mechanical ventilation without TLV
(Sham group).

In the second set of experiments (efficiency experiment), animals
were submitted to hypoxic-ischemic injury in order to evaluate the
benefits of hypothermic TLV. Hypoxia-ischemia encephalopathy
(HIE) was induced by 30min of hypoxia at FiO2 = 10%, followed by an
interruption of the mechanical ventilation and clamping of the endo-
tracheal tube. After 7min of respiratory arrest, and subsequent car-
diac arrest, a cardiopulmonary resuscitation was started with manual
chest compression, resumption of mechanical ventilation, increase of
the inhaled fraction of oxygen (FiO2) to 100% and bolus administra-
tion of epinephrine (4mg/kg, i.v.). The experimental design was set
after preliminary experiments determining the balance between the
severity of hypoxic-ischemic insult and the ability to obtain success-
ful resuscitation after apnea. After resumption of spontaneous circu-
lation, piglets were randomly allocated to the Control or TLV group.
In the control group, piglets were maintained under conventional
mechanical ventilation during 6 h after HIE induction. In the TLV
group, piglets were rapidly cooled to 32 °C by TLV according to the
safest setting previously determined (EV = 15ml/kg and TV = 8ml/
kg). An additional group of piglets was submitted to the surgical pro-
cedure with no hypoxia-ischemia (Sham group).

In all set of experiments, arterial blood samples were taken for the
evaluation of blood pH, pCO2, pO2 and lactate levels (Epoc, Kitvia, Lab-
arthe-Inard, France). After awakening, animals were followed during 3 or
7days in the safety or efficiency experiments, respectively. They received
analgesics (buprenorphine, 30mg/kg i.m. b.i.d.) and appropriate cares
throughout follow-up. Survival and clinical recovery was assessed. We
evaluated the daily neurological function with a notation grid developed
for piglets (Table S1). In accordance with our ethical committee, animals
with a severe dyspnea or neurological dysfunction score higher than 70%
at day 1 or 40% at day 2, respectively, were euthanized with an overdose
of pentobarbital. At the end of the follow-up, all animals were euthanized
and the lungs were withdrawn. Lung morphology was evaluated by his-
tological evaluation. For the evaluation of the neurological protection
afforded by hypothermic TLV (efficiency experiment), two catheters were
inserted into the internal carotid arteries after euthanasia and brain was
perfused with 4% paraformaldehyde. Brain was then collected and
stained with Fluorojade-C. The number of degenerating neurons was
evaluated in the cortex, caudate and putamen nuclei and hippocampus.
2.2. Adult pigs preparation and follow-up

Adult pigs weighing 60�70kg were anesthetized by acepromazine
(1mg/kg, i.m.), ketamine (10mg/kg, i.m.), propofol (5�10mg/kg, i.v.) and
morphine (0.1mg/kg, i.v.). Anesthesia was maintained by inhaled isoflur-
ane (2.5%). After endotracheal intubation, pigs were paralyzed (rocuro-
nium, 6mg/kg, i.v.) and submitted to conventional mechanical
ventilation (TV of 8ml/kg and respiratory rate of 10 per min; FiO2 = 30%).
An arterial catheter was inserted into the caudal artery for mean arterial
pressure monitoring and arterial blood sampling. Rectal, tympanic, oeso-
phageal and vesical temperature probes were inserted for the evaluation
of body cooling in different compartments during TLV. The exact proce-
dure is described as supplemental material.

After 30min of TLV, conventional mechanical ventilation was
resumed. They were progressively rewarmed and awakened after
6 h. They returned to animal facility with no oxygen supplementa-
tion. All pigs were followed for 10 days after the TLV procedure for
clinical respiratory function assessment. They received analgesics
and appropriate care. At the end of the follow-up, animals were
euthanized by an overdose of pentobarbital and heart-lungs were
withdrawn for immediate evaluation of PFC residues in lungs by ex
vivo CT-scan imaging. After imaging, we sampled representative
tissue of each lobe of the lungs and stored them in formaldehyde 4%.
Conventional histology was then performed on these samples.

2.3. Macaques preparation and follow-up

Two 13-years aged adults monkeys (Macaqua Fascicularis) weighting
10.6 and 11.7 kg were enrolled in the study. They underwent an initial
anesthesia using a mixture of dexmedetomidine (15mg/kg i.m.) and
ketamine (3mg/kg i.m.) for an initial CT-scan examination, as described
in supplemental material. Two-weeks later, they were reanesthetized
and intubated for mechanical ventilation (respiratory rate = 20 cycles/
min; VT = 8ml/kg). Anesthesia was maintained by alphaxan (6mg/kg/
h). After the administration of rocuronium (6mg/kg, i.v.), animals
underwent 20min of hypothermic TLV using the automated and up-
scaled ventilator previously used in large pigs. EV and TV were main-
tained at 15 and 8ml/kg throughout TLV. Respiratory rate was set at
6 cycles/min. The temperature of the PFC was controlled as previously
described to cool body core to 32 °C. After TLV, animals resumed to con-
ventional mechanical ventilation during 6 h for slow rewarming using
external pads. After awakening, animals underwent a close clinical fol-
low-up. Three weeks later, they were sedated for a very short period
using dexmedetomidine for blood samples withdrawing and respiratory
gas exchanges evaluation. Animals were awakened rapidly using the
anesthetics antagonist atipamezole. A last anesthesia was conducted
four weeks later for a final CT-scan examination and evaluation of lung
parenchyma integrity. Since no any abnormality was observed, animals
were thereafter hosted in a rehabilitation center.

2.4. Statistical analysis

Data were expressed as mean§ SEM or, when indicated, as indi-
vidual values and medians. Statistical analysis were conducted using
a dedicated software (Sigmastat, Systat software, San Jose, CA, USA).
Continuous parameters were compared between groups using either
one-way ANOVA or 2-way ANOVA for repeated measures, depending
upon the parameters. These analyses were followed by a Hold-sidak
analysis if necessary. Values were not compared between the differ-
ent time points to avoid multiple comparisons. Neurological scores
were compared using a Kruskall-Wallis analysis followed by a Mann-
Whitney test. Survival was compared between groups using a log-
rank test. Significant differences were determined at p� 0.05.

3. Results

3.1. Acute effects of total liquid ventilation with different conditions of
lung filling

In preliminary experiments, we assessed lung volume by chest com-
puterized tomography (CT-scan) in four anesthetized piglets. As illus-
trated by Fig. 1, lung end-expiratory volume achieved 13.8§ 1.8ml/kg
and 37.7§ 8.8ml/kg at PEEP =0 and 5 cmH2O, respectively. It is consis-
tent with previous findings showing physiological FRC in the middle of
this range, around 25�30ml/kg in babies [20]. Accordingly, we decided
to evaluate the effect of TLV with end-expiratory volumes of PFC (EV)
close to these “extreme” physiological volumes, i.e., below or close to esti-
mated FRC at either 15 or 30ml/kg, respectively. We used a dedicated
device for small animals [18,19], as illustrated by Fig. 2A and Suppl. Fig.
S1. TLVwas inducedwith perfluoctylbromide (PFOB) TLV [21,22]. As illus-
trated in Fig. 2B, we crossed the evaluation of the two selected EV levels
with two different levels of tidal volume (TV) set at either 8 or 16ml/kg
(TV8-EV15, TV16-EV15, TV8-EV30, TV16-EV30 groups, respectively). In all
groups, animals were submitted to 30min of TLV (n = 5 in each group),
with respiratory rate fixed tomaintain similar respiratory minute volume
in all groups (i.e., 9 vs 4.5 cycles in the groups with TV=8 or 16ml/kg,
respectively). An additional group of Sham animals were submitted to
conventional gas ventilation without TLV (n = 5).



Fig. 1. Evaluation of lung volumes in normal conditions in anesthetized piglets submitted to gas ventilation. A- Picture of a thoracic computerized tomography (CT)-scan in one
anesthetized piglet during mechanical ventilation. Images were obtained during prolonged expiratory pause. B- 3D reconstruction of the lung with an acquisition during a pro-
longed expiratory pause with positive end-expiratory pressure (PEEP) set at 0 cmH2O. C- 3D reconstruction of the lung with an acquisition during a prolonged expiratory pause
with positive end-expiratory pressure (PEEP) set at 5 cmH2O. D- Measured lung volumes in 6 piglets during a prolonged expiratory pause at PEEP = 0 or 5 cmH2O. Circles represent
individual values and bold line mean values in each condition, respectively.

Fig. 2. Evaluation of different ventilation strategy for total liquid ventilation in piglets. A- Schematic representation of the liquid ventilators for TLV, including piston pumps and
valves to drive the liquid into and from the lung, thermal exchanger, condenser for perfluorocarbon condensing and oxygenator. The liquid ventilator also includes sensors, graphic
user interface and electronic algorithm to control the entire process [19]. B- Experimental protocol including five groups of piglets submitted to 30min of TLV with different tidal
volumes (TV of 8 or 16ml/kg) and end-expiratory volumes (EV of 15 or 30ml/kg), as compared to Sham animals with conventional mechanical ventilation only. The four corre-
sponding groups are so-called TV8-EV15, TV16-EV15, TV8-EV30 and TV16-EV30, respectively. C- Volumes of perfluorocarbons within the lungs at the end of expiration during TLV and
static pulmonary pressures measured during end-expiratory and end-inspiratory pauses, respectively. D- Blood pH and carbon dioxide and oxygen partial pressure (pCO2 and pO2,
respectively). *, p< 0.05 vs Sham; y, p< 0.05 vs TV8-EV15; z, p< 0.05 vs TV16-EV15.
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As illustrated by Fig. 2C, the target EV of 15 and 30ml/kg were
roughly maintained throughout TLV in the corresponding groups.
Surprisingly, end-expiratory static pressure was negative in the two
groups with EV set at 15ml/kg, as compared to +6�8 cmH2O in the
groups filled with 30ml/kg of EV (Fig. 2C). This peculiar finding can
be explained by the active exhalation driven by the piston pump dur-
ing TLV. In the TV8-EV15 and TV8-EV30 groups, this led to slight
depression and could suggest that the actual EV was yet below FRC.
End-inspiratory alveolar pause pressure also increased along with TV
and EV in the different groups, achieving a maximal value
�20 cmH20 in TV8-EV30. As shown in Fig. 2D, blood oxygenation and
pH were not significantly modified during TLV in the different groups
vs Sham animals. However, a significant increase in arterial blood
CO2 pressure (pCO2) was observed in TV8-EV15 and TV16-EV15 groups
as compared to Sham. This could be expected as TLV parameters
were fixed by the study design and no change in respiratory rate was
allowed during TLV. Heart rate and mean arterial pressure were not
modified by TLV as compared to Sham (Suppl. Fig. S2).
3.2. Animal recovery after total liquid ventilation

After the episode of 30min of TLV, the piglets were submitted to 5h
of conventional mechanical ventilation, after which they were weaned
from ventilation and awakened. Oxygen enrichment was permitted
Fig. 3. Morphological alterations and perfluorocarbon (PFC) residues in the different group
parenchyma on magnetic resonance imaging using T1W sequence, apparent transverse rela
The T1W allows visualizing lung parenchyma and anatomy. Reduced R2* suggests enhanced
Average value of apparent transverse relaxation rate R2* in the entire lungs in the different g
nary edema. C- Average volume of PFC residues in the different groups (as percentage of en
Blue and green areas represent lung parenchyma and PFC-filled spots, respectively. A tube fil
E- Normal pulmonary histological appearance in a Sham piglet. F- Abnormal pulmonary histo
bronchiolitis. G- Abnormal pulmonary histological appearance in a piglet from the TV16-EV
Abnormal pulmonary histological appearance in a piglet from the TV16-EV30 group demonstr
pretation of the references to colour in this figure legend, the reader is referred to the web ve
during 24 h using semi-hermetic cages. After return to spontaneous
breathing, gas exchange and hemodynamic parameters were not signifi-
cantly modified in animals previously submitted to TLV vs Sham (Fig. 2D
and Suppl. Fig. S2). A non-significant decrease in pO2 was observed in
TV16-EV30 as compared to other groups (Fig. 2D). Yet, two animals of this
very group rapidly presented severe acute respiratory failure after awak-
ening. They were euthanized and gross post-mortem analysis showed
macroscopic lung congestion and hemorrhage.

The days after TLV, animals from the TV8-EV15, TV16-EV15 and TV8-
EV30, groups did not show any sign of respiratory dysfunction as
compared to Sham. These animals were followed during 3 days with
no sign of acute respiratory discomfort. Conversely, respiratory dis-
comfort and dyspnea were observed in the three surviving animals
from the TV16-EV30 group. Respiratory rate achieved
145§ 9 breaths/min after 24 h, as compared to 41§ 8 breaths/min in
Sham animals (p< 0.05). Two animals were euthanized for persistent
polypnea after 24 h in the TV16-EV30 group and the last one after 48 h
following TLV, respectively.
3.3. Morphological effects of total liquid ventilation on lung structure
and evaluation of perfluorocarbons residues

All animals were euthanized at the end of the clinical follow-up for
post-mortem analysis. A dual-nuclei magnetic resonance imaging (MRI)
s of piglets submitted to total liquid ventilation (TLV). A- Typical appearance of lung
xation rate (R2*) map and 19F dual-nuclei imaging in piglets from the different groups.
hemorrhage or edema in the TV16-EV30 group [32]. 19F signal shows PFC residues. B-

roups. Low values indicate morphological alterations including hemorrhage and pulmo-
tire lung volume). D- 3-D reconstruction of entire lungs after 19F dual-nuclei imaging.
led with 100% PFC is located under the sample for absolute quantification of 19F images.
logical appearance in a Sham piglet demonstrating interstitial inflammation and foci of
30 group including hyaline membranes, alveolitis, hemorrhage and serous edema. H-
ating alveolar and bronchiolar distension. *, vs TV8-EV15; See legend in Fig. 1. (For inter-
rsion of this article.)
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protocol was developed for the concomitant analysis of lung lesions and
PFC residues in the entire lungs (Fig. 3A and Suppl. Fig. S3). As illustrated
in Fig. 3A and B, average relaxation rate R2* was significantly decreased
in TV16-EV30, but not TV8-EV30 and TV16-EV15, as compared to TV8-EV15,
evidencing hemorrhage or pulmonary edema in the first group. Along
with these abnormalities on R2* mapping, 19F dual imaging also showed
a non-significant increase in the amount of PFC residues in the TV16-EV30

group as compared to the three other groups (Fig. 3C). As illustrated by
Fig. 3D, the 3D reconstruction of lung parenchyma (in blue) indeed
showed that PFC residues (in green) were more frequent and localized in
the TV16-EV30 group, as compared to others. It is reasonable to hypothe-
size that PFC persistence was linked to parenchymal alterations that slow
or inhibit PFC elimination.

The histological examinations of the lungs confirmed severe pulmo-
nary alterations in the TV16-EV30 as compared to all other groups. Indeed,
we observed normal appearance in the Sham, TV8-EV15, TV16-EV15 and
TV8-EV30 groups (Fig. 3E, respectively). We only observed non specific
foci of infection in some areas (Fig. 3F). In the TV16-EV30, we observed typ-
ical alterations of diffuse alveolar damage including severe alveolitis, alve-
olar hemorrhage and hyaline membranes (Fig. 3G). Some areas showed
alveolar or bronchiolar dilation with a typical “balloon-like” pattern com-
patible with overdistension in the latter group (Fig. 3H).

3.4. Repartition of perfluorocarbons during total liquid ventilation and
consequences on lung mechanics

In order to understand PFC distribution during TLV, we submitted
two additional anesthetized piglets to chest CT-scan imaging during
Fig. 4. Evaluation of perfluorocarbons (PFC) pulmonary repartition during total liquid ventilati
during prolonged pauses at end-inspiration or end-expiration in one anesthetized piglet positio
umes (EV and TV set at 8/16 and 15/30ml/kg, respectively). B- Lung regions of interest (ROI) on a
ROI, taking into account its own attenuation as compared to lung normal attenuation (+2300 and
(sternal), intermediate and lower (dorsal) ROI. C- Amount of PFOB in each ROI, along with the tot
measurement. Five points were analyzed with the following expected volumes: 1) 15ml/kg (ex
tions), 3) 30�31ml/kg (inspiration in TV16-EV15 and expiration in TV8-EV30 and TV16-EV30 condi
EV30). Mean values were calculated in case of replication, at 15 and 30�31ml/kg. D- Relationsh
in a piglet. Dashed red lines emphasizes inflexion points. (For interpretation of the references to c
TLV with 15min at TV8-EV15 and then 10min at each other condi-
tions (TV16-EV15, TV8-EV30 and TV16-EV30). PFOB could be identified
easily as it is highly hyperattenuating as compared to lung paren-
chyma. As illustrated by Fig. 4A, CT-scan confirmed incomplete lung
filling in the TV8-EV15, TV16-EV15 and TV8-EV30 conditions, as com-
pared to TV16-EV30. Under the first two conditions (EV of 15ml/kg),
upper lobes appeared completely free of PFC. Under the two other
conditions (EV of 30ml/kg), upper lobes contains PFC but the density
was attenuated as compared to the lower lobes, suggesting still
incomplete filling in those upper lobes. The relative abundance of
PFOB was then further assessed within different pulmonary regions
of interest (Fig. 4B). The calculated percentage of PFOB within each
region of interest was plotted against the total volume of liquid into
the lung (Fig. 4C). It confirmed that lower and intermediate regions
of interest are maximally filled by the PFC, even at low total volumes.
Conversely, the upper regions of interest are empty at low volumes
and received the additional PFC when the volume increases (Fig. 4D).
This area could act as a protective alveolar recruitment reserve at low
EV, while overdistension could occur at higher EV, e.g., in the TV16-
EV30 group. In the latter group, the PFC content was dramatically
increased in the upper (sternal) ROI at inspiration (46ml/kg of PFOB
in the entire lungs), confirming that TLV exceeding FRC in those con-
ditions.

We further evaluated the pressure�volume relationship in two
piglets during lung filling with increasing volumes of PFC. As illus-
trated in Fig. 4D, two slope breaks were evidenced after the adminis-
tration of approximately 20 and 40ml/kg of PFC, respectively. At
20ml/kg, the first change likely corresponds to the beginning of
on (TLV) in piglets. A- Transverse images of thoracic computerized tomography (CT-scan)
ned in dorsal recumbency and submitted to TLV with various end-expiratory or tidal vol-
typical thoracic CT-scan picture. The amount of perfluoctylbromide was calculated in each
�600 Houndsfield Units, respectively). The so-called zones U, I and L corresponds to upper
al volume of PFC in the lungs. A pooled analysis was done among inspiration and expiration
piration in TV8-EV15 and TV16-EV15 conditions), 2) 24ml/kg (inspiration in TV8-EV15 condi-
tions), 4) 38ml/kg (inspiration in TV8-EV30 conditions) and 5) 46ml/kg (inspiration in TV16-
ip between pulmonary pressure and PFC volume during a slow instillation into the trachea
olour in this figure legend, the reader is referred to theweb version of this article.)
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alveolar recruitment of the upper region of the lung. At 40ml/kg, the
second slope break likely corresponds to an overdistension of already
completely filled lungs. Interestingly, this happens at rather low alve-
olar pressures, averaging 15 cmH20.

3.5. Protective approach for total liquid ventilation after experimental
hypoxic-ischemic encephalopathy in newborns

Beyond determining safe parameters, we then assessed whether
this conservative approach of TLV could still provide the full potential
of TLV benefits in piglets. Accordingly, we aimed at investigating the
neuroprotective effect of hypothermic TLV in a model of pediatric
cardiac arrest and neonatal hypoxic-ischemic encephalopathy (HIE).
HIE was induced by 30min of hypoxia (FiO2 lowered at 10%) and
7min of apnea in anesthetized and paralyzed piglets. Animals were
resuscitated using external chest compression and epinephrine
administration. As illustrated by Fig. 5A, piglets were either submit-
ted to a normothermic follow-up (38 °C, Control group; n = 6) or to
hypothermic TLV started 5min after resuscitation (TLV group; n = 6).
In the latter group, TLV was maintained during 30min with a target
temperature of 33 °C and lung-conservative liquid ventilation (EV
and TV = 15 and 8mL/kg, respectively). Animals subsequently
resumed to conventional gas ventilation for hypothermia mainte-
nance with external blankets during 3 h under conventional mechan-
ical ventilation. In both Control and TLV groups, animals were
Fig. 5. Evaluation of lung-conservative total liquid ventilation (TLV) in pathophysiological conditio
the hypoxic-ischemic injury. After resuscitation, animals were either treated by conventional mec
was submitted to a Sham procedure with no HIE induction. B- Neurological dysfunction scores a
and bold lines represent individual andmedian values, respectively. C- Blood concentration of the
tal groups. E- Typical histological appearance of the hippocampus after hemalun-eosin and fluoroj
few degenerating neurons in Sham and TLV groups, as compared frequent degenerating neurons
analyzed field, in each areas of interest of the central nervous system. *, p< 0.05 vs Sham; y, p< 0.
weaned from mechanical ventilation after 6 h following HIE injury. A
third group was submitted to conventional mechanical ventilation
without hypoxia-ischemia (Sham group; n = 4).

As illustrated by Suppl. Fig. S4, the lung-conservative approach of
TLV did not alter its capacity to maintain correct gas exchanges as
compared to conventional ventilation and its ability to induce ultra-
fast cooling in pathophysiological conditions. For instance, tempera-
ture achieved the 33 °C threshold within 10 to 20min after TLV in
oesophageal and rectal compartments, respectively (Suppl. Fig. S4A).

Animals were followed during 7 days after awakening. In the Con-
trol group, one animal died before the neurological evaluation at day
1 and all others were euthanized prematurely for severe neurological
dysfunctions such as cerebral palsy or seizures. In the TLV group, neu-
rological recovery was improved and only three animals presented a
neurological dysfunction requiring premature euthanasia. Neurologi-
cal dysfunction score was significantly attenuated in TLV vs Control
groups at day 2 after HIE (Fig. 5B). Blood concentrations of brain
injury biomarker S100B also evidenced a high increase at the time of
euthanasia in Control but not TLV groups as compared to Sham
(Fig. 5C). The benefits of TLV are also illustrated by survival analysis
over the 7 days of follow-up in Fig. 5D. Histological analyses of the
brain further confirmed a significant reduction in degenerating neu-
rons count after euthanasia in the TLV vs Control groups (Fluoro-jade
C staining, Fig. 5E and F). This shows the potent neuroprotective
potential of hypothermic TLV.
n of hypoxic-ischemic encephalopathy (HIE) in piglets. A- Experimental protocol describing
hanical ventilation under normothermia (Control group) or hypothermic TLV. A third group
fter HIE induction or Sham procedure (0% = lack of dysfunction; 100%=death). Open circles
S100B protein as amarker of brain injury. D- Kaplan-Meyer survival curves in all experimen-
ade-C staining (left and right column rows, respectively). The latter staining show no or very
in Control group. F- Number of positive fluoro-Jade C cells, expressed ad mean number per
05 vs Control.
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3.6. Technology up-scale for automatized TLV in large animals

The previous experiments showed that lung-conservative
approach of TLV could provide safe TLV with full benefits in both
physiological and pathophysiological conditions in piglets. One
would argue that those findings could not be extrapolated in large
animals due to higher body mass, chest size and lung maturity.
Accordingly, we up-scaled our liquid ventilator and designed a tech-
nology for large animals up to 100 kg. All the components were
adapted with specific materials for medical applications (Fig. 6A). In
addition, we aimed at automatizing the TLV process. A specific algo-
rithm was developed to estimate the volume of liquid into the lungs
and maintain EV at a given target, as we demonstrated that it was a
critical parameter. Thereby, expiratory TV was continuously and
automatically modified by the ventilator to exactly maintain the EV
set by the investigator (Fig. 6B). Similarly, PFC initial temperature and
rewarming rate was calculated [16], as our main goal was here to use
TLV for the induction of rapid hypothermia.

3.7. Total liquid ventilation using the same approach could provide
ultrafast cooling and safety in large pigs

Relevant settings for TLV in large animals were determined by
preliminary experiments (See Supplemental Material and Methods).
As illustrated in Fig. 6C, four pigs weighing 67§ 3 kg were submitted
to 30min of TLV with TV and EV set at 8 and 10ml/kg, respectively
(Suppl. Fig. S5). It allowed to maintain EV below FRC. The target tem-
perature range of 31�33 °C was achieved within <20min in the
entire body (Fig. 6D). Gas exchanges were normal after 30min of TLV
as compared to baseline ventilation (Suppl. Fig. S5). After 30min of
TLV, animals resumed to conventional gas ventilation and were
slowly rewarmed. They were weaned from ventilation within 4 to
6 h, after which they returned to the animal room without any oxy-
gen supplementation. All animals presented an excellent recovery
with no sign of respiratory discomfort. Blood oxygen saturation
remained above 97�98% in all animals from the first day after TLV to
the end of the follow-up (Fig. 6E). After 10 days, they were eutha-
nized for lung harvesting. As illustrated in Fig. 6F, CT-scan imaging of
explanted lungs did not show any visible macroscopic foci of PFC res-
idues since the entire lung parenchyma was diffusely hypoattenuat-
ing. Histological analysis also revealed normal appearance in both
inferior and superior lung regions. In some areas, mild alveolar or
bronchiolar dilation were only observed with minor thickening of
the alveolar wall, as typically observed after mechanical ventilation
(Fig. 6G). No any lesion of alveolitis or alveolar damage was observed.
This confirms that the incomplete lung filling with low volumes of
PFC was perfectly tolerated in the different regions. The lung-conser-
vative approach of TLV with lung filling below FRC then provided a
safe procedure with full potential regarding gas exchanges and ultra-
fast cooling properties in large animals.

3.8. Validation of the concept of lung-protective liquid ventilation in
non-human primates

In order to demonstrate the ultimate safety of the lung-conserva-
tive approach of TLV with lung filled below FRC, we confirmed our
results in mature and aged non-human primates. Indeed, previous
Fig. 6. Evaluation of total liquid ventilation with a new dedicated technology for large pigs. A
perfluocarbon flow (upper raw), pressure at mouth and pulmonary volume of perfluocarbon
sentation of experimental protocol in large pigs submitted to 30min of hypothermic TLV fol
were followed during 10 days before euthanasia for post-mortem analyses. D- Body tempera
of target temperature (32�33 °C) within 20min in all compartments. E- Blood pH and carbon
erized tomography (CT-scan) of an explanted lung in a pig at the end of the follow-up. No m
G- Morphological appearance of the lung upon histological examinations. The left panel show
and alveolae, as typically observed after mechanical ventilation.
results were only obtained in new born or young adults pigs. One
would also argue that the poor tolerance of partial liquid ventilation
in a previous clinical trial in humans could suggest a particular sensi-
tivity of primates to liquid ventilation [2]. Therefore, we conducted
an ultimate experiment in aged non-human primates in order to rule
out any species or age specificity. We enrolled two 13-years monkeys
(Macaca fascicularis) weighting 10.6 and 11.7 kg, respectively. This
allowed evaluating lung-conservative TLV in old animals for which
ageing could alter the response to TLV, which was never tested previ-
ously to our knowledge. Animals underwent a first anesthesia for CT-
scan examination of the lung parenchyma (Fig. 7A) and evaluation of
baseline FRC after 3D-reconstruction of the lung (Fig. 7B). We
obtained FRC values averaging 26 and 32ml/kg for the two animals,
respectively. This is consistent with the expected FRC in primates.
Then, we decided to test lung-conservative TLV targeting EV and TV
of 15 and 8ml/kg, respectively, which allowed remaining below FRC
throughout TLV. Two weeks after the initial CT-scan, monkeys were
indeed reanesthetized and submitted to 20min of TLV with tempera-
ture-controlled PFC. As illustrated by Fig. 7C, rectal temperatures
decreased very rapidly and achieved a target temperature of 32 °C in
the entire body within 15min. Lung compliance was not modified by
TLV, demonstrating a lack of immediate lung trauma (Fig. 7D). The
acute tolerance of TLV was also excellent regarding hemodynamics
(Suppl. Table 2) or gas exchange (Fig. 7E). After TLV, monkeys were
rewarmed under conventional mechanical ventilation during 6 h.
Then, they were weaned from ventilation and awakened without any
sign of dyspnea or hypoxemia. During the further follow-up, respira-
tory function was completely normal and no behavioral change was
observed. Three weeks after the TLV procedure, gas exchanges were
again evaluated and showed normal values for arterial pH, CO2 partial
pressure or oxygen saturation (Fig. 7E). Another CT-scan analysis was
also conducted 4weeks after TLV, which demonstrated no any sign of
lung parenchyma abnormalities (Fig. 7F and G). Thanks to the excel-
lent clinical status of the animals and the lack of any sequels follow-
ing the TLV episode, we decided to transfer both monkeys to a
rehabilitation center.
4. Discussion

Here, we propose a new approach for TLV through incomplete
lung filling with PFC below FRC and subsequent tidal liquid ventila-
tion. This represents a radical paradigm shift as compared to previous
beliefs [10,11], that considered that lungs should be primarily
completely filled with PFC and fully degassed since the filling phase.
This lung-conservative approach of TLV was further automatized
with an up-scaled device for large animals continuously controlling
EV below FRC ranges. PLV was tested in humans but the largest trial
raised skepticism regarding the actual safety of this procedure [2].
Those negative results were poorly deciphered a posteriori and it
was often overstated that any way of liquid ventilation enhanced
trauma risks by itself, regardless its exact way of induction. Therefore,
it was critical to evaluate lung mechanics precisely during TLV and its
delayed consequences after resumption to spontaneous breathing.
Here, we show that TLV could be induced safely when controlling EV
below expected FRC. This procedure was still able to provide ultra-
fast cooling in piglets and large pigs, as well as in non-human pri-
mates, reinforcing previous results in small animals. We confirmed
- Schematic representation of the new specifically designed liquid ventilator. B- Typical
during the first 5min of total liquid ventilation (TLV) in a 63 kg pig. C- Schematic repre-
lowed by conventional gaseous ventilation and rewarming, before awakening. Animals
tures in the different compartments during the TLV episode, showing a rapid decrease
dioxide and oxygen partial pressure (pCO2 and pO2, respectively). F- Thoracic comput-
acroscopic foci of perfluorocarbons can be observed, suggesting complete elimination.
s normal appearance. The right panel show an area with dilation of bronchioles (arrow)



Fig. 7. Evaluation of the long-term tolerance of lung conservative total liquid ventilation (TLV) in two aged non-human primates (Macaca fascicularis). A- Transverse images of tho-
racic computerized tomography (CT-scan) at the initial stage (i.e., two weeks before the TLV episode). B- 3D reconstruction of the lung in the same animal at the initial stage. C- Rec-
tal temperature of the two primates submitted to an episode of hypothermic TLV, followed by rewarming during conventional mechanical ventilation before awakening. D-
Pulmonary compliance of the two primates before and after the episode of hypothermic TLV. E- Arterial blood pH, partial pressure of CO2 and hemoglobin oxygen saturation in the
two primates at baseline, during the episode of TLV and 3weeks later. F- CT-scan four weeks after the TLV episode. G- 3D reconstruction of the lung in the same animal four weeks
after the TLV episode.
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that such fast cooling with lung-conservative TLV could still be pro-
tective in pathophysiological conditions using a piglet model of HIE.
This opens promising perspectives for target temperature manage-
ment in cardiac arrest patients, beyond the other applications of liq-
uid ventilation for lung lavage, drug delivery or lung imaging.

Until now, most reports with TLV were done in animal models of
pediatric respiratory diseases with EV and TV averaging 20�30ml/kg
and 15�30ml/kg, respectively [10,11,23]. For instance, Tredici et al.
induced TLV in rabbits using an initial filling with 20ml/kg of PFC
and TV of 17.5�20ml/kg [23]. The main rationale was that TLV
should completely abolish the air-liquid interface and optimize pul-
monary recruitment. However, the long-term pulmonary recovery
was rarely evaluated [24] after resumption to spontaneous breathing,
which obviously often limited the translation of the results. Here, we
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show that such approach could actually be deleterious and that
incomplete filling with low EV should be preferred, even if the air-liq-
uid interface is not fully abolished in the initial phase. As illustrated
by the pressure-volume relationship, an inflexion point occurs
around 40ml/kg of liquid volume and 15 cmH20 of alveolar pressure,
suggesting that beyond this point, hyperinflation and alveolar over-
distension might happen [25]. This could also bring possible explana-
tions for the failure of PLV in patients with acute respiratory distress
syndrome [2]. Actually, the previously mentioned pivot trial tested
the static intra-tracheal administration of 10 or 20ml/kg of perflu-
bron during conventional gas ventilation at PEEP = 13 cmH2O and
TV = 8�10ml/kg [2]. This led to high end-inspiratory alveolar pres-
sure averaging 30 cmH2O, which is far above the alveolar pressures
observed in the present study. This could have led to very high lung
volume that completely compromised the putative benefits of PLV.
Overall, our finding suggests that the best-tolerated conditions of TLV
are associated with a lung filling below FRC, which could be responsi-
ble for a certain level of derecruited alveoli in upper pulmonary
regions. This alveolar reserve could allow subsequent and safe addi-
tion of tidal volume of liquid during liquid ventilation. A certain level
of heterogeneity in liquid distribution at expiration could therefore
be paradoxically more conservative.

An important finding is also that lung-conservative TLV exerts
very fast cooling in both piglets and adult pigs. This is the first study
to confirm this finding in animals weighing up to 80 kg, further
emphasizing the body-weight independent cooling rate of TLV
[19,26]. Such cooling was shown to provide potent neurological ben-
efits after cardiac arrest in adult rabbits. However, we here further
show that benefits can also be observed in a neonatal model of car-
diac arrest after hypoxic-ischemic encephalopathy. This supports the
hypothesis of a very narrow therapeutic window of hypothermia
after ischemic injury. In humans treated by therapeutic hypothermia,
target temperature is usually achieved after at least 3�4 h of cooling
while TLV affords whole-body cooling in <30min [27,28]. Some tech-
niques were shown to provide rapid regional cooling but TLV is able
to cool the entire body rapidly, and not a single body compartment
such as the brain with helmets or intra-sinusal cooling [29].

Here, we demonstrate that the rapid achievement of mild hypo-
thermia after resuscitation could be also neuroprotective after neona-
tal cardiac arrest and hypoxic brain injury. It reinforces previous
findings showing the superiority of hypothermic TLV in animal mod-
els of adult cardiac arrest as compared to normothermic TLV [14,30].
It also opens promising perspectives for the application of liquid ven-
tilation after delivery in newborns combining severe respiratory dis-
tress, meconial aspiration and secondary cardiac arrest. The
combined benefit of ultra-fast cooling [14] and lung lavage [10] could
lead to potent benefits, as compared to the current management
with slow hypothermia and bronchoalveolar lavage with saline.
Importantly, the effect of hypothermia may also be mitigated by its
duration. Here, TLV was only used for cooling induction and hypo-
thermia was maintained for only 3 h, as compared to 72 h in patients.
We are indeed suggesting that early institution after ischemia is suffi-
cient to stop further damages, and thus, longer maintenance of hypo-
thermia might not be necessary. Therefore, these important findings
reinforces our previous conclusion in animal models of adult cardiac
arrest in rabbits [13,14]. For the latter conditions, we also further
show that large animals can be cooled as fast as small animals, allow-
ing to expect similar benefits after resuscitation. Together, these find-
ings support the fact that the clinical translation of TLV could have a
maximal benefit-to-risk ratio after pediatric and adult cardiac arrest.

Finally, we also overcame a technological challenge in the present
study. For the first time, we developed and used an automatized liq-
uid ventilator able to perform TLV in large animals up to 80 kg. To our
knowledge, this is also the first demonstration of the pulmonary con-
sequences of TLV in large animals after resumption to spontaneous
breathing. Previous results were observed in dogs with cyclic lung
lavage with PFC [31] but this was not allowing a liquid ventilation
with the corresponding myriad of benefits. Here, we also showed
that lung-conservative TLV was extremely well tolerated in old non-
human primates, ruling out a peculiar sensitivity of the mature pri-
mate lungs to liquid filling or to PFC. The latter hypothesis could also
have explained the poor tolerance of liquid ventilation in humans in
previous clinical trials with PLV [2]. Our results were obtained in 13-
years old monkeys, further showing that the good tolerance persisted
in mature or aged lungs. Until now, the delayed effect of liquid venti-
lation after resumption to spontaneous breathing was indeed very
poorly evaluated, especially in adult or aged animals as compared to
newborn animals. Our findings then makes again TLV a realistic strat-
egy for further applications in humans. At this step, the technology
simply needs to be assessed for regulatory purposes before consider-
ing a clinical translation.

In conclusion, this study demonstrated that TLV with an accurate
and reliable control of lung volumes of perfluorocarbons below FRC
could provide the full potential of TLV in a novel and safe manner,
despite incomplete initial degassing. This constitutes a paradigm shift
through the “tidal” liquid ventilation of partly filled lungs, which
strongly differs from the previously known TLV approach, opening
promising perspectives for a safe clinical translation.

Funding sources

This study was supported by a Grant from the Agence Nationale
pour la Recherche (COOLIVENT), a Grant DBS20140930781 from the «
Fondation pour la Recherche M�edicale » (FRM) and a Grant (project
273) from SATT IdfInnov. The UPSud/CNRS/CEA/SHFJ MRI platform,
Orsay, France, was supported by the France Life Imaging network
(Grant ANR-11-INBS-0006). The funders did not have any role in
study design, data collection, data analysis, interpretation, writing of
the report.

Author contributions

Conception and design of the experiments (MK, EB, LDR, AC, JDR,
HW, AB, BG, PM, RT); In vivo experiments (MK, EB, FL, AH, JR, NM,
RT); Lung pathology (PB); Imaging (LDR, RMD, GG, VP, PP, EB, FL, MK,
RT); Liquid ventilator (EFP, MS, MN, PM); Statistical analyses (MK,
RT); Data analyses (All authors); Drafting and revision the manuscript
(All authors); Approving the final version (All authors).

Declaration of Competing Interest

R Tissier and A Berdeaux are named as inventor on a patent on
cooling with liquid ventilation (US20120226337 A1). P Micheau, M
Nadeau and H Walti declares owning patents on liquid ventilation
(US Patents # 7,726,311; Preliminary US patent 61/838,896). A Ber-
deaux, M Kohlhauer, H Walti, M Nadeau, P Micheau and R Tissier are
shareholders of a start-up company dedicated to the clinical research
on total liquid ventilation (Orixha).

Acknowledgments

The authors are greatly indebted to Estelle Chavret-Reculon, Mor-
gane Weissenburger and Magali Dumont for their exceptional sup-
port to the non-human primate experiments. The core for the latter
experiments is supported by 2 “Investissements d'avenir” (ANR-10-
IAIHU-06 and ANR-11-INBS-0011-NeurATRIS) and the “DIM-NeRF Ile
de France”.

Appendix A. Supplementary materials

Supplementary material associated with this article can be found in
the online version at doi: https://doi.org/10.1016/j.ebiom.2019.08.026.

https://doi.org/10.1016/j.ebiom.2019.08.026


12 M. Kohlhauer et al. / EBioMedicine 52 (2020) 102365
References

[1] Wolfson MR, Shaffer TH. Pulmonary applications of perfluorochemical liquids:
ventilation and beyond. Paediatr Respir Rev 2005;6:117–27.

[2] Kacmarek RM, Wiedemann HP, Lavin PT, Wedel MK, Tutuncu AS, Slutsky AS. Par-
tial liquid ventilation in adult patients with acute respiratory distress syndrome.
Am J Respir Crit Care Med 2006;173:882–9.

[3] Fujino Y, Goddon S, Chiche JD, Hromi J, Kacmarek RM. Partial liquid ventilation
ventilates better than gas ventilation. Am J Respir Crit Care Med 2000;162:650–7.

[4] Goikoetxea E, Murgia X, Serna-Grande P, Rivas A, et al. In vitro surfactant and per-
fluorocarbon aerosol deposition in a neonatal physical model of the upper con-
ducting airways. PLoS One 2014;9:e106835.

[5] Aramendia I, Fernandez-Gamiz U, Lopez-Arraiza A, et al. Experimental evaluation
of perfluorocarbon aerosol generation with two novel nebulizer prototypes. Phar-
maceutics 2019;11:19.

[6] Jahr JS, Guinn NR, Lowery DR, Shore-Lesserson L, Shander A. Blood substitutes and
oxygen therapeutics: a review. Anesth Analg 2019 [In press]. doi: 10.1213/
ANE.0000000000003957.

[7] Chapelin F, Capitini CM, Ahrens ET. Fluorine-19 MRI for detection and quantifica-
tion of immune cell therapy for cancer. J Immunother Cancer 2018;6:105.

[8] Li X, Sui Z, Li X, et al. Perfluorooctylbromide nanoparticles for ultrasound imaging
and drug delivery. Int J Nanomedicine 2018;13:3053–67.

[9] Clark Jr. LC, Gollan F. Survival of mammals breathing organic liquids equilibrated
with oxygen at atmospheric pressure. Science 1966;152:1755–6.

[10] Avoine O, Boss�e D, Beaudry B, et al. Total liquid ventilation efficacy in an ovine model
of severemeconium aspiration syndrome. Crit Care Med 2011;39:1097–103.

[11] Wolfson MR, Hirschl RB, Jackson JC, et al. Multicenter comparative study of con-
ventional mechanical gas ventilation to tidal liquid ventilation in oleic acid
injured sheep. ASAIO J 2008;54:256–69.

[12] Hirschl RB, Merz SI, Montoya JP, et al. Development and application of a simplified
liquid ventilator. Crit Care Med 1995;23:157–63.

[13] Kohlhauer M, Lidouren F, Remy-Jouet I, Mongardon N, Adam C, Bruneval P, et al.
Hypothermic total liquid ventilation is highly protective through cerebral hemo-
dynamic preservation and sepsis-like mitigation after asphyxial cardiac arrest.
Crit Care Med 2015;43:e420–30.

[14] Chenoune M, Lidouren F, Adam C, et al. Ultrafast and whole-body cooling with
total liquid ventilation induces favorable neurological and cardiac outcomes after
cardiac arrest in rabbits. Circulation 2011;124(1�7):901–11.

[15] Shaffer TH, Forman DL, Wolfson MR. Physiological effects of ventilation with liquid
fluorocarbon at controlled temperatures. Undersea Biomed Res 1984;11:287–98.

[16] Nadeau M, Sage M, Kohlhauer M, et al. Optimal control of inspired perfluoro-
carbon temperature for ultrafast hypothermia induction by total liquid ventila-
tion in an adult patient model. IEEE Trans Biomed Eng 2017:2760–70.

[17] Costantino ML, Micheau P, Shaffer TH, Tredici S, Wolfson MR. Clinical design func-
tions: round table discussions on the bioengineering of liquid ventilators. ASAIO J
2009;55:206–8.
[18] Robert R, Micheau P, Cyr S, Lesur O, Praud JP, Walti H. A prototype of volume-con-
trolled tidal liquid ventilator using independent piston pumps. ASAIO J
2006;52:638–45.

[19] Nadeau M, Micheau P, Robert R, et al. Core body temperature control by total liq-
uid ventilation using a virtual lung temperature sensor. IEEE Trans Biomed Eng
2014;61:2859–68.

[20] Y€uksel B, Greenough A. Functional residual capacity to thoracic gas volume (FRC:
TGV) ratio in healthy neonates. Respir Med 1995;89:429–33.

[21] Chenoune M, De Rochefort L, Bruneval P, et al. Evaluation of lung recovery after
static administration of three different perfluorocarbons in pigs. BMC Pharmacol
Toxicol 2014;15:53.

[22] Miller TF, Milestone B, Stern R, Shaffer TH, Wolfson MR. Effects of perfluorochem-
ical distribution and elimination dynamics on cardiopulmonary function. J Appl
Physiol 2001;90:839–49.

[23] Tredici S, Komori E, Funakubo A, et al. A prototype of a liquid ventilator using
a novel hollow-fiber oxygenator in a rabbit model. Crit Care Med
2004;32:2104–9.

[24] Jackson JC, Standaert TA, Truog WE, Hodson WA. Full-tidal liquid ventilation with
perfluorocarbon for prevention of lung injury in newborn non-human primates.
Artif Cells Blood Substit Immobil Biotechnol 1994;22:1121–32.

[25] Hickling KG. The pressure-volume curve is greatly modified by recruitment. A
mathematical model of ARDS lungs. Am J Respir Crit Care Med 1998;158:194–
202.

[26] Nadeau M, Sage M, Praud J-PJP, Tissier R, Walti H, Micheau P. Optimal control of
inspired perfluorocarbon temperature for induction of hypothermia by total liq-
uid ventilation in juvenile lamb model. Proc Annu Int Conf IEEE Eng Med Biol Soc
EMBS 2016;2016:2704–7.

[27] Polderman KH, Varon J. How low should we go?: hypothermia or strict normo-
thermia after cardiac arrest? Circulation 2015;131:669–75.

[28] Sonder P, Janssens GN, Beishuizen A, Henry CL, Rittenberger JC, Callaway CW,
et al. Efficacy of different cooling technologies for therapeutic temperature man-
agement: a prospective intervention study. Resuscitation 2018;124:14–20.

[29] Castren M, Nordberg P, Svensson L, Taccone F, Vincent JL, Desruelles D, et al. Intra-
arrest transnasal evaporative cooling: a randomized, prehospital, multicenter
study (PRINCE: pre-ROSC IntraNasal cooling effectiveness). Circulation
2010;122:729–36.

[30] Darbera L, Chenoune M, Lidouren F, Kohlhauer M, Adam C, Bruneval P, et al.
Hypothermic liquid ventilation prevents early hemodynamic dysfunction and
cardiovascular mortality after coronary artery occlusion complicated by cardiac
arrest in rabbits. Crit Care Med 2013;41:e457–65.

[31] Harris SB, Darwin MG, Russell SR, O'Farrell JM, Fletcher M, Wowk B. Rapid (0.5 °C/
min) minimally invasive induction of hypothermia using cold perfluorochemical
lung lavage in dogs. Resuscitation 2001;50:189–204.

[32] Cutillo AG, Ailion DC. Modeling the nuclear magnetic resonance behavior of lung:
from electrical engineering to critical care medicine. Bioelectromagnetics 1999
(Suppl. 4):110–9.

http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0005
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0005
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0010
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0010
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0010
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0015
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0015
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0020
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0020
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0020
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0025
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0025
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0025
https://doi.org/10.1213/ANE.0000000000003957
https://doi.org/10.1213/ANE.0000000000003957
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0035
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0035
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0040
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0040
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0045
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0045
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0050
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0050
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0050
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0055
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0055
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0055
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0060
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0060
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0065
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0065
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0065
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0065
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0070
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0070
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0070
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0070
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0075
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0075
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0080
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0080
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0080
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0085
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0085
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0085
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0090
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0090
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0090
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0095
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0095
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0095
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0100
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0100
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0100
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0105
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0105
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0105
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0110
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0110
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0110
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0115
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0115
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0115
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0120
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0120
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0120
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0125
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0125
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0125
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0130
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0130
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0130
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0130
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0135
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0135
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0140
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0140
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0140
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0145
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0145
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0145
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0145
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0150
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0150
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0150
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0150
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0155
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0155
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0155
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0160
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0160
http://refhub.elsevier.com/S2352-3964(19)30548-1/rf0160

	A new paradigm for lung-conservative total liquid ventilation
	1. Introduction
	2. Material and methods
	2.1. Piglets preparation and follow-up
	2.2. Adult pigs preparation and follow-up
	2.3. Macaques preparation and follow-up
	2.4. Statistical analysis

	3. Results
	3.1. Acute effects of total liquid ventilation with different conditions of lung filling
	3.2. Animal recovery after total liquid ventilation
	3.3. Morphological effects of total liquid ventilation on lung structure and evaluation of perfluorocarbons residues
	3.4. Repartition of perfluorocarbons during total liquid ventilation and consequences on lung mechanics
	3.5. Protective approach for total liquid ventilation after experimental hypoxic-ischemic encephalopathy in newborns
	3.6. Technology up-scale for automatized TLV in large animals
	3.7. Total liquid ventilation using the same approach could provide ultrafast cooling and safety in large pigs
	3.8. Validation of the concept of lung-protective liquid ventilation in non-human primates

	4. Discussion
	Funding sources
	Author contributions
	Declaration of Competing Interest
	Acknowledgments
	Appendix A. Supplementary materials
	References



