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Abstract
Introduction In an experimental study on carbon monoxide (CO) exposure in swine, we aimed to compare the influence of
oxygen therapy using a non-rebreathing mask (NRM) to continuous positive airway pressure (CPAP) and two pressure support
ventilation (PSV) devices on the decrease of the terminal elimination half-life of carboxyhemoglobin (COHb t1/2). This was the
primary outcome.
Methods Eight spontaneously breathing pigs were sedated by propofol and exposed to 940 ppm CO several times (n = 25) to
obtain COHb levels of 30%. CPAPb (high flow open system, CPAP Boussignac® [7.5 cmH2O]), PSV-Vy (open system, Vylife
Boussignac®), and PSV-Leg (closed system, Legendair® [inspiratory/expiratory airway pressure 12/4 cmH2O]) devices were
used in a randomized order and compared to NRM (O2 at 15 l min−1) and atmospheric air (AA). The primary outcomewas COHb
t1/2. Multiple comparisons were performed using Dunn’s tests.
Results Median FiO2 and minute ventilation were significantly higher in the PSV-Leg group than the NRM group (p < 0.05).
Median COHb t1/2 was 251, 85, 82, 93, and 58 min for AA, NRM, CPAPb, PSV-Vy, and PSV-Leg, respectively. All the
interventions were superior to AA in terms of CO elimination (p < 0.001), but there was no statistically significant difference
between CPAP or PSV and NRM. There was only a trend between PSV-Leg and NRM (p = 0.18). The median AUCs for ln
(COHb) × time (h) were 170, 79, 83, 100, and 64 for AA, NRM, CPAPb, PSV-Vy, and PSV-Leg respectively, with a statistically
significant difference only between AA and PSV-Leg (p = 0.002).
Conclusion In conclusion, in our study on CO intoxication in swine, the use of the closed PSV-Leg system led to the shortest
COHb t1/2. These results suggest that PSV-Leg can be more efficient than NRM in eliminating CO and support the design of a
clinical study to assess this hypothesis.
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Introduction

Carbon monoxide (CO) is one of the most frequent causes of
toxic deaths in the world [1]. The main objective of oxygen
therapy for CO poisoning is to increase the CO elimination
rate, i .e., to decrease the elimination half-life of
carboxyhemoglobin (COHb t1/2). The final objective of this
therapeutic approach is to prevent delayed neurological
sequelae.

The mode of oxygen administration strongly influences its
efficacy: COHb t1/2 ranges from 320 min at atmospheric room
air (AA) to 71 min with normobaric oxygen therapy coupled
to a non-rebreather mask (NRM) at 15 l min−1 and to 21 min
with hyperbaric oxygen (HBO) therapy at a pressure of 1.5 to
3.0 atm absolute (ATA) [2, 3].

Nevertheless, the clinical benefit of HBO therapy for the
prevention of neurological sequelae is still under debate. HBO
therapy could even expose the victims to deleterious effects
[4–6]. While oxygen seems to be the natural antidote for CO
poisoning, there is some concern regarding the role of massive
oxygen therapy on free-radical production, leading to further
cellular damage [4, 6]. Moreover, HBO therapy is not uni-
formly available in all areas at all times, which leads to sig-
nificant delays in initiating therapy [7]. This led us to investi-
gate other convenient ways to improve CO elimination.
Continuous positive airway pressure (CPAP) with high flow
oxygen device and pressure support ventilation (PSV) may
positively influence fraction of inspired oxygen (FiO2) and
minute ventilation and may be candidates for CO intoxication
treatment [8]. Our hypothesis was that these ventilation tech-
niques, which are more convenient and more widely available
than HBO, could be more efficient in eliminating CO than
NRM. However, as these techniques had not been previously
evaluated in this context, a preliminary assessment was re-
quired in order to ensure that our hypothesis was plausible
and could be safely tested in a clinical setting, find the most
promising ventilation support, and estimate the number of
patients required for a clinical study. We therefore performed
a pilot experimental study on swine in which we compared the
effect of CPAP and two PSV devices to NRM and atmospher-
ic air (as a control without treatment) on COHb t1/2.

Materials and Methods

A prospective exploratory randomized trial on swine was con-
ducted using eight male Landrace pigs (77 kg, [72–88]). This
animal experimental study was approved by the Université
Catholique de Louvain’s ethics committee for animal experi-
mentation (UCL, Brussels, Belgium) (ref 2013/UCL/MD/001
and ref 2015/UCL/MD/28). Formal approval was obtained for
the use of the photographs taken during the experiments.

Intubation was performed on the animals using a cuffed
endotracheal tube (7.5 to 8.0) 15 to 20 min after they had been
pre-medicated with intramuscular injections of tiletamine/
zolazepan (Zoletil® 100, Virbac© (6 mg kg−1) and Xylazin
(Rompun® 2%, Bayer©) (2 mg kg−1)). The pigs were sedated
with a continuous intravenous administration of propofol (1.5
to 2.3 mg kg−1) in order to maintain spontaneous breathing
throughout the study. Intubation was required to avoid ob-
structive apneic episodes during sedation and to record minute
ventilation and end-tidal CO2 levels during the experiment. In
order to try to reproduce non-invasive positive pressure ven-
tilation (NiPPV), we did not connect the device directly to the
endotracheal tube but to a non-invasive nasobuccal mask
(Fig. 1).

The animals were then placed in the lateral decubitus posi-
tion for the whole duration of the study. The propofol infusion
rate was adjusted to obtain a balance between sedation and
awakening, and pCO2 values were maintained between 35
and 40 mmHg. Propofol was also titrated to control hemody-
namic changes, spontaneous motor activity and palpebral re-
flexes, hypoventilation, and responses to noxious stimuli.
Target levels of intoxication were obtained by administering
a combination of 940 ppm (0.94%) CO gas, 20% O2, and
79.906% N2 (Pulmo1®, Air Liquide Medical systems©).
This was administrated via a secured system using the endo-
tracheal tube during spontaneous breathing. All exhaust gases
from the respiratory circuit were scavenged and released out-
side the building (Fig. 2). The CO concentration in the ambi-
ent air was continuously tested (PAC7000®, Drager©,
Germany).

Catheters were inserted into the carotid or femoral artery to
continuously measure blood pressure and to determine COHb
levels (%). All blood samples were analyzed for pH, paCO2

(mmHg), paO2 (mmHg), lactate (mmol l−1), and COHb using
the blood gas analyzer ABL90Flex® (Radiometer™,
Radiometer Medical Aps, Denmark). For each experiment,
minute ventilation (ml min−1), invasive blood pressure
(mmHg), FiO2 (%), heart rate (min−1), SpO2 (%), end-tidal
CO2 (mmHg), and temperature (°C) were measured continu-
ously using a pneumotachograph and a Datex-Ohmeda®
S/5™ l ight monitor (Datex-Ohmeda©, Finland) .
Table warming was adjusted to maintain a target temperature
of 37.5 °C.

Three different devices were investigated and compared to
NRM: CPAP Boussignac® (CPAPb, Vygon©, Ecouen,
France) and two PSV devices: Legendair® ventilator
(Airox©, France) (PSV-Leg) and Vylife® (Vygon©, Ecouen,
France) (PSV-Vy). The CPAPb system provides continuous
positive pressure by injecting high-speed gas into a cylinder
through angled side channels. This open system is fed by pure
oxygen at 25–30 l min−1 and delivers FiO2 values from 0.7 to
1.0, depending on changes in respiratory rate and current vol-
ume [9, 10]. The pressure created from the flow of gas was
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monitored and maintained at 7.0–7.5 cm H2O [11]. PSV-Vy is
an open system, whereas PSV-Leg is a closed system. For
both devices, positive airway pressure was set at + 12 cm
H2O for the inspiratory phase and + 4 cm H2O for the expira-
tory phase, with pure oxygen, FiO2, at 1.0.

The complete experimental protocol was composed of four
consecutive phases (Fig. 3): (I): the intoxication phase with
determination of baseline COHb blood level followed by iter-
ative sampling every 10 min until COHb levels reached 30%
(± 2%). (II): the Bno intervention phase,^ with disconnection
of the CO circuit. During that period, the animals were placed
under ambient air (AA) for 10 min. This corresponded to the
virtual delay between the extraction of the victim from the
toxic environment and the arrival of the first responders in
the context of human exposure. This delay was required for
the installation of the respiratory device. (III): the treatment
phase, with blood samples collected every 6 min until COHb
returned to 5%. (IV): the post-treatment phase without any
intervention for 60 min at AA in order to document the de-
crease in COHb or rule out a rebound.

Each day, one protocol was applied to a single pig, using a
randomized treatment that was assigned after the intoxication
phase. In order to limit the number of animals required and
due to economic constraints, the same animal could be ex-
posed to a new intoxication phase and new randomized treat-
ment using the same protocol the following day.

A minimum time of 12 h was established between experi-
ments and we determined COHb levels before each experi-
ment so as to exclude significant residual exposure, and we
measured lactate levels so as to exclude end-organ damage.

Overall, four experiments were conducted with ambient air
(AA), eight with NRM, five with CPAPb, five with PSV-Leg,
and three with PSV-Vy.

The animals were euthanized at the end of the experiments
once the study had been completed using a T-61®
(embutramide/mebezonium iodide/tetracaine hydrochloride)
injection.

The homogeneity of the intoxication phase was verified by
comparing COHb levels and other parameters between the
experimental groups at any time. The COHb t1/2 was assessed

Fig. 2 CO intoxication phase. 1 Pig. 2 Anesthesia with propofol 2%. 3
Spontaneous breathing through endotracheal tube. 4 Gas source
containing CO 940 ppm. 5 Balloon with gas reserve for inhalation. 6/7
One-direction valve. 8 Exhaled gas scavenger. 9 Gas evacuation outside

the room. 10 Pneumotachograph and FiO2 measurement. After the intox-
ication phase, the endotracheal tube was kept in the same position and
was covered by an adapted facial mask connected to the respiratory de-
vice (Fig. 1)

Fig. 1 Experimental ventilation interface. The mask was adapted using an elastic strip to cover their labial commissure and limit air leaks
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using non-compartmental analysis. The areas under the curve
(AUCs) ln (COHB) × time (h) were calculated. Results were
expressed as medians [range], and continuous outcomes were
compared using the Kruskal-Wallis test and Dunn’s test for
multiple comparisons using GraphPad Prism 4® software
(α = 0.05).

Results

The clinical parameters were similar during all the phases of
the experiment among the different intervention groups
(Supplementary table, online resource). There was no signif-
icant increase in lactate levels, and no rebounds in COHb
levels were observed up to 1 h after the treatment had ended.

Measurements for delivered oxygen therapy were the
highest in the PSV-Leg group in terms of median FiO2

(p < 0.05 when compared to NRM, CPAPb, and PSV-Vy),
minute ventilation (p < 0.05 when compared to NRM and
CPAPb), and respiratory rate (p < 0.05 when compared to
NRM and CPAPb) (Table 1). Median pO2 values were signif-
icantly higher in the PSV-Leg group when compared to the
CPAPb group (p < 0.05), and there was no difference in me-
dian pCO2 values between the intervention groups (Table 1).

With regard to COHb toxicokinetics, the median terminal
half-life of COHb was 251, 85, 82, 93, and 58 min for AA,
NRM, CPAPb, PSV-Vy, and PSV-Leg, respectively (Fig. 4
and Table 1). All the interventions (NRM, CPAPb, PSV-Vy,
and PSV-Leg) were superior to the reference group (AA) in
terms of COHb t1/2 (p < 0.001). However, there was no statis-
tically significant difference between the intervention groups,
with a trend only between PSV-Leg (58 min, n = 5) and NRM
(85 min, n = 8) (p = 0.18).

The median AUCs for ln (COHb) × time (h) were 170, 79,
83, 100, and 64 for AA, NRM, CPAPb, PSV-Vy, and PSV-

Leg, respectively, with a statistically significant difference on-
ly between AA and PSV-Leg (p = 0.002).

Discussion

Our pilot experimental study in swine on CO intoxication and
non-invasive pressure support ventilation with the closed
Legendair® system showed promising results in terms of
COHb t1/2 and the AUCs for COHb but did not indicate that
there were benefits to using CPAP or PSV-Vy for CO elimi-
nation in comparison to NRM.

Non-invasive ventilation modes are widely used to treat
acute respiratory failure in pre-hospital settings and emergency
units, but, to our knowledge, our study is the first one to eval-
uate CPAP and PSV specifically in relation to CO intoxication.
Several explanations can be hypothesized in light of our results
and a few important limitations need to be acknowledged.

Firstly, our results confirm that NRM may not deliver
100% oxygen and, conversely to HBO, all ventilation sup-
ports can only lead to a limited value of pO2 and a marginal
increase in fractional atmospheric pressure [12]. Indeed, the
Haldane equation for the reaction of CO in a blood sample is
[HbCO]/[HbO2] =M pCO/pO2, where [HbO2] = oxyhemo-
globin rate, pCO = partial pressure in CO dissolved, pO2 =
partial pressure in oxygen dissolved, and M =Haldane con-
stant. Nevertheless, several in vivo studies showed the benefit
of the influence of ventilation on COHb half-life [7].
Improving ventilation without excessive increasing pO2 could
limit the adverse effects of hyper-oxygenation. Moreover, our
results suggest that ventilation therapies are not equal in terms
of CO elimination. Oxygenation using NRM is considered the
first standard treatment for CO poisoning. The FiO2 delivered
at 15 l min−1 using NRM is expected to reach up to 100%.
However, due to unavoidable leaks around the mask and
rebreathing, a maximum concentration of 85% is usually
reached [13, 14] . In our study, the mean FiO2 obtained was
72%. For CPAPb, the mean FiO2 was limited to 58% for
inspiratory flow in our experimental conditions, which runs
contrary to the results of Templier et al.’s bench laboratory test
[10]. We observed similar results for PSV-Vy, with a mean
FiO2 of 51%. Both CPAPb and PSV-Vy are considered open
systems. These open-system devices offer the advantage of
more comfort for the patient, but the drawback of this is that
atmospheric room air is inspired at the same time, thus
resulting in lower FiO2 levels in the gas mixture depending
on inspiratory flow. Conversely, the PSV-Leg is considered a
closed system and delivered higher levels of FiO2 (92%) than
NRM, CPAPb, and PSV-Vy. Interestingly, the PSV-Leg
yielded the best results in terms of COHb t1/2. Compared to
NRM and CPAP, PSV is an effective ventilation mode for
partly overcoming the potentially noxious effects of the seda-
tion which decreases MV. It also improves pO2. Nevertheless,

Fig. 3 Experimental protocol. Phase I: intoxication; Phase II: no
treatment (atmospheric room air); Phase III: treatment phase with
different oxygenation/ventilation devices; Phase IV: no treatment (atmo-
spheric room air) to assess COHb levels and verify the absence of a
rebound
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PSV-Vy and PSV-Leg used the same pressure levels and
mode, yet the potential benefit of PSV-Leg mainly seems re-
lated to its higher levels of oxygen delivery. In addition, the
trigger on PSV-Vy is unchangeable compared to that of PSV-
Leg, so an inspiratory delay may lead to an increased inspira-
tory flow and thus decrease FiO2.

Secondly, our study in swine mimicked CO intoxication in
humans to a certain extent but differed on several counts. Pigs
were selected because they share some physiological cardio-
respiratory characteristics with humans [15]. However, the
relative affinity of swine hemoglobin for CO compared to
O2 (the Haldane constant [M]) at 37 °C is assumed to be
130, whereas the median (M) constant in humans is around
218 [16, 17]. This lower affinity for CO in swine hemoglobin
may result in shorter laboratory experiments. We considered

30% COHb a significant level of intoxication because this
level is supposed to induce clinically relevant symptoms in
human intoxication and require HBO therapy [4]. The animals
in the experiment had a bodyweight comparable to human (72
to 88 kg) and a facial size compatible with CPAP and PSV
masks. Nevertheless, we needed to sedate them during the
experiment and, as a first pilot experiment had shown numer-
ous obstructive apneic episodes in pigs sedated under
propofol, intubation was required. In order to reproduce
non-invasive ventilation conditions, we did not directly con-
nect the system to the endotracheal tube but to a nasobuccal
mask (Fig. 1).

Thirdly, the power of the statistical analysis was limited by
the small number of animals included in each intervention
sub-group. This may explain why the difference observed

Fig. 4 Toxicokinetic profile of COHb for each treatment group. Atmospheric air (n = 4), CPAPb (n = 5), NRM (n = 8), PSV-Leg (n = 5), and PSV-Vy
(n = 3)

Table 1 Median [range] respiratory parameters in swine during
treatment. COHb t1/2 elimination half-life of carboxyhemoglobin, AUC
area under the curve, FiO2 fraction of inspired oxygen, pCO2 partial

pressure of carbon dioxide, pO2 partial pressure of oxygen, MV minute
ventilation in mL/min. AA atmospheric air, NRM high concentration
non-rebreathing mask, CPAPb CPAP Boussignac, PSV-Vy PSV-Vylife,

PSV-Leg PSV-Legendair

AA (n = 4) NRM (n = 8) CPAP (n = 5) PSV-Vy (n = 3) PSV-Leg (n = 5)

COHb t1/2 (min) 251 [130–273] 85 [46–116] 82 [40–94] 93 [92–113] 58 [52–79]

AUC (ln COHb x time
(h))

170 [126–222] 79 [57–105] 83 [55–95] 100 [95–102] 64 [60–65]

FiO2 (%) 21 72 [59–83] 54 [49–73] 51 [51–53] 92 [76–93]

pCO2 (mmHg) 45 [30–58] 43.3 [39.2–52.5] 47.8 [46.5–48.3] 40.6 [37.1–46.7] 44.6 [39.4–48.6]

pO2 (mmHg) 88 [49–173] 369.4 [230.1–418.2] 281.0 [234.0–441.2] 286.2 [247.1–300.5] 475.0 [323.4–478.6]

MV (ml min−1) 6090 [1800–15,040] 6539 [5587–10,312] 7418 [6788–8460] 8096 [6695–8602] 9726 [9377–11,404]
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between the PSV-Leg group (n = 5) and the NRM group (n =
8) was not statistically significant. Moreover, in an explorato-
ry setting, we performed several analyses without considering
alpha risk inflation.

Finally, we cannot totally exclude the possibility that prior
CO poisoning could have affected the terminal elimination
half-life of CO in subsequent trials by virtue of end-organ
damage. However, another experimental study found that
long-term exposure to 200 ppm CO > 24 h did not lead to
pathological changes in tissues or organs [18]. Moreover, be-
fore each experiment, we determined COHb levels so as to
exclude significant residual exposure to CO and measured
lactate levels for every COHb sample so as to exclude end-
organ damage.

Conclusion

In conclusion, in our study on CO intoxication in swine, the
closed PSV-Leg system gave the shortest COHb t1/2 (median
58 vs. 85 min with NRM) and the lowest AUC for COHb
(median 63 vs. 79 with NRM). The results of our pilot study
suggest that non-invasive ventilation, such as the closed PSV-
Leg system, can be more efficient than NRM at eliminating
CO when HBO is unavailable and supports the design of a
clinical study to evaluate this hypothesis.
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