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A B S T R A C T   

Investigations on acute carbon monoxide (CO) poisoning struggle to highlight a relevant discriminant criterion 
related to CO poisoning severity for predicting complications, such as delayed neurological syndromes. In this 
context, it remains difficult to demonstrate the superiority of one method of oxygen (O2) administration over 
others or to identify the optimal duration of normobaric 100% oxygen (NBO) treatment. Myoglobin, as hemo-
globin, are a potential binding site for CO, which could be a source of extravascular CO storage that impacts the 
severity of CO poisoning. It is not possible in routine clinical practice to estimate this potential extravascular CO 
storage. Indirect means of doing so that are available in the first few hours of poisoning could include, for 
example, the carboxyhemoglobin half-life (COHbt1/2), which seems to be influenced itself by the level and 
duration of CO exposure affecting this store of CO within the body. However, before the elimination of CO can be 
assessed, the COHbt1/2 toxicokinetic model must be confirmed: research still debates whether this model mono- 
or bi-compartmental. The second indirect mean could be the assessment of a potential COHb rebound after COHb 
has returned to 5% and NBO treatment has stopped. Moreover, a COHb rebound could be considered to justify 
the duration of NBO treatment. On an experimental swine model exposed to moderate CO poisoning (940 ppm 
for ±118 min until COHb reached 30%), we first confirm that the COHb half-life follows a bi-compartmental 
model. Secondly, we observe for the first time a slight COHb rebound when COHb returns to 5% and oxygen 
therapy is stopped. On the basis of these two toxicokinetic characteristics in favor of extravascular CO storage, 
we recommend that COHbt1/2 is considered using the bi-compartmental model in future clinical studies that 
compare treatment effectiveness as a potential severity criterion to homogenize cohorts of the same severity. 
Moreover, from a general toxicokinetic point of view, we confirm that a treatment lasting less than 6 hours 
appears to be insufficient for treating moderate CO poisoning.   

1. Background 

Carbon monoxide (CO) is estimated to be responsible for approxi-
mately 40,000 deaths and significantly affects more than one million 
people per year worldwide[1,2]. CO poisoning results in delayed 

neurological sequelae (DNS) at 6 weeks in 37% of cases[3]. It has been a 
major unresolved medical and public health problem for over 120 years 
[2]. Accidental CO poisoning in the US alone bears a cost to society of 
over $1.3 billion a year as a direct result of medical costs and lost 
earnings[4]. 
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It is therefore essential that patients at risk of DNS are identified 
promptly so that effective early treatment can be proposed to avoid that 
risk. Nevertheless, the American College of Emergency Physicians 
(ACEP) has concluded that no clinical variables seemed to accurately 
identify severely poisoned patients for whom hyperbaric oxygen (HBO) 
therapy would be most likely to provide this benefit[5]. Furthermore, 
the exact role of HBO therapy and of its protocol adapted for the severity 
of the poisoning are still controversial[2]. Indeed, in the absence of 
reliable severity criteria that might otherwise allow us to compare ho-
mogeneous cohorts, it is difficult to demonstrate the superiority of one 
treatment over another[6,7]. In this context, normobaric oxygen (NBO) 
therapy is considered as a therapeutic option to treat moderate CO 
poisoning, leading to an outcome that is comparable with that of HBO 
therapy[2, 6, 8, 9]. 

An individual’s carboxyhemoglobin (COHb) level is easily measured 
in clinical practice but, unfortunately, publications confirmed poor 
correlations between an isolated COHb level and the severity of CO 
poisoning [10]. By contrast, in guidelines, a COHb level >25% has been 
retained as a potential severity criterion; but regardless of when the 
blood is drawn once CO exposure has stopped, what post-exposure 
treatment is applied, or of the CO exposure duration estimated, which 
makes it an unreliable criterion[7, 11, 12]. 

The assessment of a COHb level alone cannot be relevant because it 
does not take into account the complexity of CO pathophysiology[2,13]. 
Approximatively 80% of the CO is bonded to hemoglobin (Hb) to form 
COHb. The remaining is bonded to other metalloprotein as myoglobin 
(Mb) for ≈15% to form carboxymyoglobin (COMb) and less than 5% to 
other compound stores as neuroglobin and cytochromes[14–17]. This is 
considered as CO extravascular storage and could be correlated to CO 
poisoning severity, but it is not possible to technically evaluate this CO 
storage in clinical or experimental practice. Thus, the objective but not 
specific clinical selection criteria that tend to be used to judge severe CO 
poisoning include transient or prolonged unconsciousness, abnormal 
neurological signs, cardiovascular dysfunction, severe acidosis, or hav-
ing been exposed to CO for >24 hours. These criteria, however, have not 
yet demonstrated their effectiveness as truly discriminating criteria[18]. 
It is therefore necessary to reexamine early severe criteria of CO 
poisoning[19]. 

Whereas an isolated level of COHb is of limited value, to date, the 
relevance of COHb toxicokinetics, i.e., the COHb half-life (COHbt1/2) 
estimation, as a specific early means of identifying CO storage and/or 
poisoning severity has not been accurately assessed by studies that 
compare treatments. 

In the light of results obtained using a swine model, in the following 
we discuss two potential indices that could provide an indirect estima-
tion of this CO storage that potentially reflect the severity of CO 
poisoning: first, the COHbt1/2 profile; and, secondly, a COHb rebound 
after COHb returns to 5% when treatment is stopped. 

First, before evaluating the role of COHbt1/2 as a severity criterion in 
future prospective clinical studies comparing different treatments, it is 
necessary to confirm the right toxicokinetic model that corresponds to 
the accurate COHb elimination profile. Yet there is still active debate 
surrounding whether the COHbt1/2 toxicokinetic model is mono- or bi- 
compartmental[19–22]. Only a few studies have mentioned biphasic 
COHbt1/2 elimination and these tend to do so only in atmospheric 
air-treated (AA) studies: on dogs (Godin, 1972), humans (Myhre, 1974), 
dogs again (Wagner, 1975), sheep (Shimazu, 1990 and confirmed in 
2000), and human smokers (Croenenberg, 2007)[23–25]. To date, only 
two studies of NBO therapy have been published (both on dogs), and 
they contradict one another: Schwerma (1948) favors of a biphasic 
profile, while Sasaki (1975) favors a mono-compartmental profile[25, 
26]. Additionally, based on a retrospective clinical study, Weaver’s 
research published in 2001 favors a model of mono-compartmental 
elimination [21,22]. More recently, Bruce (2006) published a mathe-
matical model using data from an AA-treated human cohort modeled as 
‘NBO-treated’ and demonstrated a bi-compartmental COHbt1/2 

elimination[17]. 
Theoretically, after cessation of CO exposure, a mono-exponential 

washout would be consistent with the hypothesis that CO is being 
removed from either a single vascular compartment or a vascular 
compartment in rapid equilibrium with extravascular tissues[27]. 

Then again, a bi-compartmental toxicokinetic model shows a 
biphasic COHb elimination profile and is consistent with the myoglobin 
CO affinity leading to the extravascular storage of CO. The initial rapid 
decrease (α-phase) with a steep slope (α-cst) is correlated to CO that is 
removed from COHb in blood and is exhaled by the lungs and is asso-
ciated with a CO distribution to extravascular tissues as myoglobin 
(MbCO). This is followed by a slower phase (β-phase) with a softer slope 
(β-cst) that correlate with CO exhalation from intra- and extravascular 
compartments characterized by a slow transfer of CO between Mb and 
Hb [17, 20, 28].Fig. 1 

In concrete terms, breathing a high concentration of CO for a short 
period results in a high percentage of COHb but a short COHbt1/2 due to 
the low extravascular distribution of CO during this brief period of 
exposure [20]. On the opposite end of the spectrum, exposure to a lower 
CO concentration for a longer period will result in a lower COHb level, 
but will lead to a higher tissue CO burden with a longer COHbt1/2[17]. In 
guidelines, a CO exposure duration estimated to be at least 24 hours at 
any COHb level is considered a severity criterion and is a current se-
lection criterion for HBO[7]. 

It seems that the duration and level of CO exposure (difficult to es-
timate in practice and rarely reported in clinical studies), CO body 
storage (not measurable in clinical practice) and the severity of CO 
intoxication (without reliable objective criteria for early identification) 
could be correlated. We hypothesize that the COHbt1/2, which is avail-
able in clinical practice, could be an indirect reflection of these three 
factors[11, 17, 19–22, 28, 30]. 

Secondly, in addition to the demonstration of a bi-compartmental 
COHbt1/2 model, another objective argument in favor of CO storage 
would be to observe a significant COHb rebound after cessation of 
treatment once the COHb returns to <5%. This could in fact signify a 
delayed CO release from extravascular storage. To date, the behavior of 
COHb it returns to <5% has only rarely been explored in humans[31]. 
Only Anderson in 1978 suggested that if exposure was long enough to 
reach equilibrium, COMb could account for COHb rebounding to sig-
nificant levels several hours after therapy, but no data from that study 
were published[32]. And, Dolan, citing Anderson, noted only that in 
patients who had received HBO therapy for severe CO poisoning until 
COHb was no longer detectable, COHb could be detected again several 
hours later, possibly as a result of the slow release of CO from tissular 
compartments. He therefore claimed that patients with severe CO 
poisoning could benefit from having a new COHb sample taken several 
hours following HBO[32,33]. 

Furthermore, no systematic review, randomized control trials or 
cohort studies indicate the optimal duration of NBO 100% O2 treatment 
after moderate CO poisoning[34]. Even O2 itself has not been rigorously 
evaluated as a therapy for decreasing the side effects of CO poisoning 
and may not be devoid of O2-induced side effects[35–39]. The duration 
of NBO treatment should therefore be adapted as accurately as possible 
and be correlated to the severity of the poisoning without over-treating 
the patient in order to avoid DNS. Objective arguments to balance NBO 
dose (level and duration) are needed. In clinical practice, to date, in 
NBO, the usual therapeutic approach for CO poisoning is empirical and 
recommends the use of continuous O2 therapy for at least 6–12 hours or 
until COHb levels fall to <5% or even ≤3%, considered as a safe level[7, 
9, 11, 21, 34, 40–42]. Following this, further evaluation of COHb levels 
is described as unnecessary, but this strategy has not been investigated 
in detail[7]. 

If COHb rebound occurs after treatment has ceased, the clinical 
implication should be continuous 100% NBO beyond the time just 
needed to return to 5% COHb, with an objective argument of opting for a 
treatment time of up to 6 or 12 hours in order to remove potential CO 
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extravascular storage that is clinically unmeasurable. This treatment 
duration might have an impact not only on the patient’s outcome, but 
also on the length of their hospital stay and the costs incurred in and by 
emergency departments. Optimizing the duration of NBO therapy is also 
supported by recent studies indicating that CO, once stored in the brain, 
is more difficult to eliminate from here than it is from other tissues [43]. 

Using a swine model, therefore, our goal was first to reach a 
conclusion regarding whether our COHbt1/2 toxicokinetic model is 
mono- or bi-compartmental. The correlation between an accurately 
calculated COHbt1/2 and the severity of CO poisoning could then be 
explored in future prospective studies. Our second goal was to study the 
COHb profile one hour after the cessation of NBO treatment in order to 
explore a potential late release of CO after a return to a COHb level of 
<5%. 

2. Materials & methods 

Based on a previously published study investigating the half-life 
COHb elimination (COHbt1/2) using a model of swine treated testing 
several normobaric oxygenation (NBO) methods, we aimed first to 
investigate whether the COHb toxicokinetic model is to be understood as 
mono- or bi- compartmental, and, secondly, to assess the COHb late 
terminal behavior when COHb has dropped below 5% and treatment has 
been stopped. The experimental conditions are outlined in a previous 
paper[44]. The study was approved by the Université Catholique de 
Louvain’s ethics committee for animal experimentation (UCL, Brussels, 
Belgium) (ref 2013/UCL/MD/001 and ref 2015/UCL/MD/28). Briefly, 
eight pigs (25 experimentations) were acutely exposed to CO at 0.094% 
or 940 ppm until the COHb level reached 30%. During the treatment 
phase, their COHbt1/2 were then investigated on atmospheric air, or 
using NBO therapies with different devices (non-rebreathing mask 
(NRM), continuous positive airway pressure (CPAP), non-invasive pos-
itive airway pressure (NiPPV) on two different devices (NiPPV-V and 
NiPPV-L) delivering %FiO2 at 72 [59–83]; 54 [49–73]; 51 [51–53] and 
92 [76–93], respectively). Our main objective was to assess the 
COHbt1/2 until COHb level reached 5%. This toxicokinetic analysis was 
focused on phase III of the experiment as shown in Fig. 2., which, as an 
illustration of the protocol, includes only the eight procedures using 
NRM. 

Firstly, we assessed the toxicokinetic COHbt1/2 model using the 
experimental COHb values obtained during washout under NBO in 
phases III (n=21). We plotted COHb values as percentages (%) on a log 
scale vs. time on a linear scale, using the linear regression method with 
the least square method[17]. To decide on the best model, we compared 

the models using the Bayesian information criterion (BIC). 
Secondly, we also collected data during the final phase (phase IV) on 

AA (Fig. 2). When any therapy was stopped because the COHb level 
target had reached 5%, blood was sampled every 6 min for 60 min[44]. 
Our analysis focused on potential COHb rebound during phase IV. In the 
case of no COHb decay, COHbt1/2 would be impossible to assess. We 
therefore tested whether data corresponded to a quadratic model that is 
used to assess the importance of a potential rebound. In order to assess 
this rebound, we did not consider swine that were immediately on AA 
after CO exposure without NBO treatment (the control group; n=4). 

All analyses were performed using JMP statistical software version 
Pro 16.0.0 (SAS Institute Inc., Cary, NC, USA). To gain functional un-
derstanding of the COHb response following the different treatments 
stopped, polynomial regression models using the least square method 
were fitted to the data. Three mathematical expressions (i.e., linear, 
quadratic and exponential) were tested to mathematically shape the 
evolution during phase IV. Corrected-Akaike criterion (AICc) and r2 

values were assessed to compare and evaluate the adequacy of the 
models tested. In addition, we performed a visual inspection of the re-
siduals to exclude any potential bias. The best fit was selected based on a 
2 AICc improvement (lower scores) when comparing 2 models. In any 
case, p<0.05 was considered to be statistically significant. 

Fig. 1. COHb blood concentration vs time profiles during CO elimination on semi-logarithmic scale for CO which would exhibit a mono- or bi-compartmental model. 
Inspired by [19,29], where ‘α’ is the distribution constant, ‘β’ is the terminal elimination constant. ‘A’ is the y-axis intercept for the α-phase and ‘B’ the y-axis intercept 
for the β-phase; ‘t’ is the time after the end of intoxication. COHbt1/2-α=0.693/α and COHbt1/2-β=0.693/β[19]. 

Fig. 2. COHb samples during CO exposure and the NRM treatment arm on 
eight swine[44]. For the example, the curve for one of the eight experiments on 
NRM (in bold) is split into the four phases of the protocol (dashed black hori-
zontal lines). Phase I: Median CO exposure time to reach COHb at 30% being 
118 min [±10.4]; Phase II: no treatment (AA) for 10 min; Phase III (treatment): 
Median time needed to reach COHb at 5% on NRM being 163.2 min [±15.3]. 
This time varied on other oxygenation/ventilation modalities (not included in 
Fig. 2; see Table 1); Phase IV: last hour only on AA to verify occurrence of a 
percentage COHb rebound. From[44]. 
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3. Results 

With regard to our first question, concerning whether we observed a 
mono- or bi-compartmental toxicokinetic model on this swine model, 
overall, for all treatments, a bi-compartmental model provided the best 
fit for our data (▴BIC compared to mono-compartment=− 302.8) (Fig. 3;  
Table 1). When analyzing the data for each pig individually, the bi- 
compartmental model was the most appropriate, except in the case of 
two experiments on two different pigs (Fig. 3). 

In answer to our second question regarding COHb rebound, on more 
than a thousand COHb assessments during all treatments over the phase 
III period (COHb decay from 30% to 5%), absolutely no rebound was 
observed at any moment, not even 0.1% COHb (Fig. 2. Phase III)[44]. 
However, over the first hour after termination of the different NBO 
methods (n=19), once COHb had returned to 5%, a steady state of COHb 
level, or even a slight rebound, was observed. The profile curves 
methodologically did not allow for a calculation of COHbt1/2 value 
(Fig. 4). 

The quadratic model fitted the data the best (ΔAICc=− 10.04 
compared to the linear model, r2=0.08, p=0.0003) and the plot of the 
residuals did not reveal any particular bias. This observation suggests 
that a parabola is a better fit for our dataset than a linear or exponential 
model. The fit was improved when the treatment was introduced in the 
quadratic model as an independent factor (ΔAICc=− 43.03 compared to 
the model without covariates, r2=0.33, p<0.0001), reflecting that the 
shape of the curve depends on the treatment previously received. 
Compared to other treatments, the strongest rebound was observed in 
NiPPV-L (p<0.0001; Figs. 4 and 5). 

4. Discussion 

While analyzing the COHbt1/2 profiles of swine exposed to CO and 
treated on NBO, the COHbt1/2 is biphasic following a bi-compartmental 
toxicokinetic model. This confirms Shimazu’s findings from studying 
sheep treated using atmospheric air and contrasts with Weaver’s con-
clusions drawn in a retrospective clinical study of human patients. This 

Fig. 3. Bi-compartmental COHbt1/2 elimination observed during ‘treatment phase III’ with all treatments; AA; NiPPV-V; CPAP; NRM; NiPPV-L. COHb elimination 
curves for each treatment suggest individually that the distribution and elimination of CO from the blood are best explained by a bi-compartmental model, with the 
exception of the two experiments marked with arrows. 
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bi-compartmental CO distribution suggests an extravascular CO storage. 
Moreover, while NBO treatment for CO poisoning (≈118 min) at 

COHb 30% brought COHb down to 5% and was stopped, during one 
hour on atmospheric air, %COHb failed to decrease. On the contrary, we 
observed a slight rebound of COHb, which also accords with potential 
extravascular CO storage, meaning that further consideration of the 
duration of NBO treatment is necessary. 

4.1. On the bi-compartmental model 

In a previous study, we considered a non-compartmental assessment 
to avoid ambiguity regarding mono- vs bi-compartmental models and to 
compare the data with clinical studies suggesting the mono- 
compartmental COHbt1/2 toxicokinetic model[21]. In this much more 
detailed data analysis, which includes a large number of samples, the 
bi-compartmental model was confirmed for all experiments, except for 
two; in these two experiments, a mono-compartmental model was 
applied because it provided the best fit for the data (arrows in Fig. 3). 
Indeed, and in a very interesting way, one of the pigs treated with NiPPV 
(NiPPV-L-4) showed such a fast early COHbt1/2 that the second β-phase 
did not appear. Conversely, for one of the swine treated with CPAP 
(CPAP-1), due to a technical problem, CO values from 6 to 48 min were 

Table 1 
Comparison between different toxicokinetic approaches (as seen in Fig. 1; right) on different O2 therapy modalities compared to median COHbt1/2 (min)* using mono- 
compartmental analysis in the previous study which, despite a lack of statistical power(p=0.18), favored NiPPV-L (58 min, n=5) as opposed to NRM (85 min, n=8) 
[44].   

NRM CPAP NiPPV-V NiPPV-L AA All 

COHbt1/2 from (*) 85 [46–116] 82 [40–94] 93 [92–113] 58 [52–79] 251 [130− 273]  
COHbt1/2-α 56.2 ±16.2 34.03 ±13.5 26.9 ±5.0 23.6 ±3.9 41.6 ±5.7 39.4 ±6.2 
COHbt1/2-β 70.0 

±22.1 
99.6 
±17.3 

120.6 
±10.0 

174.7 
±63.8 

310.5 
±23.5 

141.8 
±22.4 

α-cst 0.022 
±0.0055 

0.0032 
±0.0084 

0.028 
±0.0047 

0.0032 
±0.0042 

0.018 
±0.0032 

0.026 
±0.0027 

β-cst 0.026 
±0.0079 

0.0081 
±0.0021 

0.0058 
±0.00053 

0.0053 
±0.0013 

0.0023 
±0.00015 

0.012 
±0.0034 

A 15.7 ±0.8 16.0 ±3.4 12.3 ±1.8 21.6 ±2.0 6.6 ±0.4 15.1 ±1.2 
B 12.7 ±1.0 15.1 ±1.4 17.5 ±1.7 8.7 ±1.2 21.2 ±1.1 14.5 ±1.0 
A/B ratio 1.33 ±0.18 0.90 ±0.20 0.73 ±0.15 2.56 ±0.64 0.32 ±0.036 1.21 ±0.19 
AUC0-∞ 2614.8 

±231.2 
2716.3 
±368.0 

3505.0 
±173.0 

2263.6 
±340.4 

9946.5 
±1032.6 

3844.8 
±579.1 

AUC0¡t 1849.1 
±169.3 

2041.9 
±312.6 

2661.2 
±144.5 

1292.7 
±42.0 

6574.5 
±525.4 

2629.9 
±376.0 

Time to reach 5% 163.2 ±15.3 168.7 ±22.4 217.1 ±5.9 110.15 ±4.1 647.9 ±64.0 237.7 ±38.7  

Fig. 4. After treatment phase III on NRM, CPAP, NiPPV-V or NiPPV-L: %COHb 
evolution during phase IV, the additional hour without any treatment with 
blood samples taken every 6 min (11 samples for each) (n=19). 

Fig. 5. Phase IV. COHb expressed in percentage from last measured value of 
Phase III (range 4.5–5.2% considered individually as 100%) according to time 
post-phase III (min). This phase IV is the last hour without any intervention (on 
AA). Data are expressed as means ± SD. The lines represent the quadratic 
regression model according to each treatment. This allows us, firstly, to ho-
mogenize the starting values, to compare curves and to better visualize the 
evolution of %COHb if it continues to fall as in treatment during phase III or if it 
stabilizes or even rises in phase IV. 
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not collected and the α-phase could not be modeled. This is consistent 
with Weaver’s clinical study where only few late samples were made 
[21]. As already developed by Shimazu (bi-compartmental model 
observed on AA-treated sheep) and Weaver (mono-compartmental 
model observed in NBO-treated humans) and supported later by Bruce 
(bi-compartmental model observed in a mathematical model developed 
from data on AA-treated humans), the argument between mono- vs 
bi-compartmental COHb elimination is a methodological one[17, 20, 
22]. An early rapid fall with shorter COHbt1/2 (α-phase) is probably not 
observed in Weaver’s retrospective clinical study, in which early COHb 
measurements are missing, and is quickly followed by a second longer 
COHbt1/2 (β-phase) that is more significant[20]. Early sampling is most 
often lacking in clinical practice during the α-phase, which is concom-
itant with the removal of the patient from the toxic environment, 
transport by ambulance, and/or admission to the emergency depart-
ment. Usually, only two or three samples are taken from a patient with 
CO poisoning. As a result, we cannot observe a precise COHbt1/2 and are 
even less able to observe a biphasic character[3]. 

Further factors could generate confusion. Mono-compartmental 
elimination could be observed in the case of bi-compartmental distri-
bution if the intravascular compartment is in rapid equilibrium with the 
extravascular tissues[27]. In the context of CO, MbCO levels fall more 
slowly during washout than the COHb, even if CO links Mb with a lower 
relative affinity ‘M’ constant than for Hb (39 compared to 218, respec-
tively). The slow rate of exchange of CO between blood and muscle 
tissues, compared to that of O2, results from both the blood-tissue 
conductance for CO and the pressure difference driving this flow[28]. 
Therefore, the mono-compartmental model is theoretically not expected 
[45–47]. Conversely, a bi-compartmental elimination could be observed 
in spite of a mono-compartmental elimination if some peripheral organs 
are poorly perfused[20]. In this swine model, blood pressure, heart 
frequency and lactate were continuously monitored and physiological 
values remained steady. Thus, these results supported a 
bi-compartmental COHbt1/2 toxicokinetic model. 

In retrospective clinical studies, COHbt1/2 is calculated on the basis 
of only two COHb blood samples collected at random times (t1 and t2) 
where COHbt1/2 = (t2-t1) x ln[2] ÷ ln(COHbt1 - COHbt2). This ‘two point 
method’ assumes that COHb follows a mono-exponential elimination[3, 
17, 48]. Bruce warned against this method. He demonstrated on 
AA-treated humans (n=12) significant COHbt1/2 discrepancies depend-
ing on the time of sampling. COHbt1/2 was assessed at 208±78 min; 275 
±75 min or 358±73 min if the two blood samples considered were 
collected at five and 67 min (i.e., pre-hospital transport time estimated 
to be the rapid fall α-phase); 67 and 131 min (i.e., moment of admission 
to emergency department) or 131 and 259 min (i.e., during potential 
waiting before entry in HBO chamber estimated to be the slow fall 
β-phase), respectively. Nevertheless, using a bi-compartmental model 
including all samples and thus reflecting real COHb toxicokinetics, a 
biphasic COHbt1/2 was assessed at 236.2 ±34.4 min for the first α-phase 
and 302.3±38.9 for the β-phase[17]. In this swine model, we compared 
COHbt1/2 assessed on mono- and bi-compartmental models highlighting 
the same discrepancies (Table 1). Different analyses are shown in this 
table to illustrate the variety of comparative toxicokinetic analyses 
possible between the different treatments studied. Moreover, the results 
for the α-phase may well have been underestimated because, in order to 
mimic ‘real’ life, the protocol included an initial 10 minute 
post-exposure period without any treatment (AA) between the end of CO 
poisoning and the start of treatment (Fig. 2); this was intended to 
replicate the victim’s removal from the toxic environment and the 
arrival of emergency services [44]. 

In addition, the impact of the specific characteristics of the absorp-
tion phase (CO exposure level and duration) have been poorly studied 
[49]. While the reference studies such as Peterson’s (human experi-
mental study, 1970) reported a COHbt1/2 at 320 min on AA or Weaver’s 
study on NBO (human clinical study, 2001) published a COHbt1/2 at 74 
±25 min (mean±SD), both present a very wide range from 128 to 

409 min (n=39) and from 26 to 148 min (n=93), respectively [21,50]. 
For Peterson, variations in COHbt1/2 did not appear to be related to the 
duration of exposure or to the concentration inhaled but no assessment 
was reported[50]. Weaver accepted that COHbt1/2 may be affected by 
CO exposure duration and dose but provided no exploration of the 
matter [2,22]. Bruce used modelling data to estimate COHbt1/2-α and -β 
to be 20 and 15% longer, respectively, for a long exposure to low CO 
concentrations compared to a shorter exposure to higher CO concen-
trations [17]. 

These wide COHbt1/2 ranges might be explained: (a) by variations in 
ventilation, although ventilation is not impacted during a moderate CO 
poisoning; (b) exclusively by an inter-individual variability, but this is 
not suggested in Benignus’s study [17,51]; or (c) by the uncertain FiO2 
level administered which, moreover, is seldom reported in clinical 
studies. Indeed, the adequate installation of the NRM exercises a sig-
nificant influence by varying the delivered FiO2 and sometimes there is 
an interval between the end of CO exposure and O2 treatment initiation 
(1.2±2.5 hours) [3]. Further explanations for the wide COHbt1/2 ranges 
include (d) the random sampling times or the lack of samples inherent in 
retrospective studies; but, in the end, we hypothesize that (e) COHbt1/2 
discrepancies could also correlate to the absorption phase due to het-
erogeneity of duration and level of CO exposure resulting in different 
severities of CO poisoning and therefore potentially requiring different 
treatments[17]. To test the COHbt1/2 relevance as a severity criterion in 
future clinical studies, however, it was necessary to confirm the correct 
bi-compartmental toxicokinetic model to apply [52]. 

This biphasic nature of the COHbt1/2 curve does not seem altered by 
the various factors that might affect the COHbt1/2 value, such as peak 
COHb level, CO exposure concentration, CO duration or FiO2 level 
supply [17, 19, 53]. This last is in accordance with this study where 
results confirm that the biphasic profile is not influenced either by the 
different devices used or the FiO2 supply. Unfortunately, the number of 
animals included in the study made it impossible to test and to confirm 
the constancy of the biphasic profile after different COHb levels had 
been reached or under different CO exposure protocols (CO exposure 
level x duration). In this swine protocol, CO the exposure time target did 
not last the four to five hours necessary to reach the COHb plateau phase 
corresponding to the equilibrium between CO absorption and elimina-
tion[44]. However, this biphasic elimination observed after 118 min SD 
±10.4 CO exposure, considered as an intermediate time exposure, was 
also observed after short exposure (<6 min) as shown in Wagner, Godin 
or Shimazu in experimental dog or sheep studies. By contrast, in cases of 
longer CO exposure, Wagner puts forward that the distribution phase 
could not be observed since the CO distribution may have been almost 
complete in the muscle tissue[52]. However, COHb elimination after 
long CO exposure to moderate CO levels (±500 ppm), as seen in the 
studies on human smokers or sheep exposed for 5 or even 10 hours, also 
confirmed a biphasic elimination, even if this was more discreet[17, 19, 
53]. 

Globally, a longer COHbt1/2 would be observed in cases of longer CO 
exposure allowing higher CO tissue storage regardless of high or low CO 
exposure concentrations and should be considered as more severe 
poisoning[49]. It will be necessary to establish an average threshold of 
what would be considered a long or short COHbt1/2. The current 
COHbt1/2 reference is an average of 74 minutes but is assessed on the 
mono-compartmental model[21]. And, at this stage, no COHbt1/2-α or 
-β, references for human on NBO are known except for estimations using 
mathematical models with COHbt1/2-α at 86.9 ±10.5 min and 
COHbt1/2-β at 160.7±11.9 min[17]. It would seem that COHbt1/2 dis-
crepancies issues arising from CO exposure characteristics are more 
pronounced for the α-phase than for the β-phase[21, 49, 54]. Moreover, 
COHbt1/2-α seems to be lower as the %COHb peak level increases, 
regardless of whether this higher %COHb level was due to a longer CO 
exposure or a higher inhaled CO concentration[17]. Fig. 6 provides an 
overview of the relationships between exposure conditions, perceived 
CO poisoning severity and COHb elimination profile. 
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In addition, to illustrate the importance of bicompartmental analysis, 
the different toxicokinetic approaches described in Fig. 1 can be detailed 
(Table 1). In this study design used a similar protocol for all experiments 
(940 ppm x 118 min [±10.4]) and no significant difference was 
observed for COHbt1/2-α suggesting that distribution of CO occurs with 
similar intensity whatever the treatment (Table 1). By contrast, the 
associated A-constant reflecting the y-axis intercept for the α-phase was 
significantly higher for NiPPV-L, CPAP and NRM when compared to AA 
with values of 23.6%, 16.0%, 15.7% and 6.6%, respectively (p=0.0004, 
0.03 and 0.02 respectively). And, B-associated constant was significantly 
lower in the NiPPV-L group when compared to AA (p<0.0001), NiPPV-V 
(p=0.003) and CPAP (p=0.02) and not significant when compared to 
the NRM treated group (p=0.13). This observation reflects a smaller 
contribution of the β-phase when compared to the α-phase for %COHb 
decrease in NiPPV-L (8.7% versus 21.6%, p=0.02). For other groups of 
treatment, the differences between A-constant and B-constant are not 
significant except for AA-treated pigs for which B-constant (21.2%) is 
significantly higher than α-constant (6.6%), (p=0.002). To demonstrate 
this relative importance of both elimination phases, it’s interesting to 
compute the ratio of A- and B- constants. NiPPV-L treated pigs had a 
significantly higher ratio A/B than every other group, corroborating the 
observation that the α-phase contributes more to the elimination of 
COHb in NiPPV-L treated pigs than in every other groups. This benefit in 
favour of NiPPV-L is also supported by the fact that the time to reach 5% 
COHb was the lowest in NiPPV-L treated pigs (110.1 min), despite not 
reaching significant difference with other treatment groups (p=0.15 
with NIPPV-V [217.1 min], p=0.55 with CPAP [168.7 min], and p=0.55 
with NRM [163.2 min]. Supporting these observations, similar differ-
ences are also observed when comparing AUC0− t values which reflect 
the total exposure to COHb till time to reach 5%. This is why it might be 
interesting to investigate in future clinical studies, not only the two 
elimination phases separately, COHbt1/2-α and COHbt1/2-β, but also 
their A/B ratio and AUC0− t. 

Assessment of the COHb biphasic elimination could thus allow us to 
open up the field for further investigations. We encourage a systematic 
evaluation of this COHbt1/2 from several venous COHb samples taken 
during treatment, including very early samples gained during the pa-
tient’s transport in an ambulance. COHbt1/2 might accurately reflect the 
CO burden and, therefore, the real severity of CO intoxication. Never-
theless, whatever the reason for having an extended COHbt1/2, the 
treatment modalities or duration could be adapted to consider a higher 
COHbt1/2 as a criterion of CO poisoning severity. This COHbt1/2 should 
be considered as a potential criterion for inclusion and comparison in 
future clinical studies, in which it is essential to homogenize the cohorts 
compared under different treatments[2]. 

4.2. On COHb rebound 

In our previous study, visually and without statistical analysis 
regarding this secondary point, we prematurely concluded that there 
was no COHb rebound. But, by focusing statistical analysis accurately on 
this point, a rebound up to 1 h after the treatment had ended was 
demonstrated as significant[44]. As discussed above and according to 
biphasic CO elimination, this rebound could result from significant 
extravascular CO storage[47, 55, 56]. In practice, these extravascular 
bindings could then delay the complete elimination of CO but, unfor-
tunately, the estimation of this CO burden level is not accessible in 
clinical investigations[17, 20, 47, 50]. Thus, a rebound and its level of 
importance could reflect the severity of CO poisoning and suggests the 
use of ongoing treatment when COHb returns to 5% and for a minimum 
of 6 hours following exposure. 

In this protocol, not having reached the five hours of CO exposure 
time necessary to reach a %COHb equilibrium state between absorption 
and elimination[19,57], at the end of treatment, a %COHb remaining at 
5% for one hour or even a modest COHb rebound might not be expected. 
Nevertheless, rebound is systematically observed albeit subtly. The CO 
body burden therefore seems to occur even as a result of a moderate 
duration of CO exposure. This rebound could be more significant in cases 
of longer exposure, even if this extravascular CO only accounts for up to 
15% of the global CO body burden[15]. Nevertheless, we are not able to 
estimate the clinical impact of this CO burden on other 
metalloprotein-binding CO such as cytochromes or neuroglobin which 
could be significant, even in small amounts. 

Another perspective could be that the fall of arterial pO2 at the end of 
treatment (switching to AA after phase III) could allow more free CO in 
the blood to bind to Hb and thus cause %COHb to increase. Bruce 
observed this phenomenon in his mathematical model when switching 
from AA to O2 therapy in the early phase of treatment[17,28]. Never-
theless, the Haldane constant (M-value) at 218 means that Hb has 
218-fold more affinity for CO than O2[46]. But, more accurately, the 
overall affinity for a gas is its equilibrium constant (KEq) corresponding 
to the ratio between its association and dissociation constant being, 
respectively, Ka and Kd (KEq=Ka/Kd). M-value is the ratio KEq CO/ KEq 
O2. In the case of CO, what explains the high global affinity of Hb for CO 
is not a fast linking of CO to Hb compared with O2, but a very slow COHb 
dissociation (kd≈0.008 s− 1), i.e., 2500 times slower than HbO2 
(kd≈20 s− 1)[58,59]. Thus, ventilation, which did not change between 
the switch from O2 to AA therapy, should have enough time to eliminate 
the free CO already in the blood and the CO slowly released from COHb 
on AA when treatment stopped. For this reason, this COHb rebound 
presents an argument in favor of a delayed CO release from extravas-
cular CO storage and not from a new uptake of CO previously released by 
Hb during O2 therapy. 

Moreover, as briefly suggested by Wazawa on AA-treated rabbits, we 
could hypothesize that this slight rebound may arise as a result of the 
endogenous CO production resulting from the physiological hemoglobin 
catabolism, which contributes to the physiological basal COHb rate from 
0.4% to 0.8%[20,60]. Nevertheless, this production is continuously 
present and in the order of 6.1 µl/h/kg or 0.007 ml/min in humans of 
similar weight to the swine used in this study (±80 kg). Hemoglobin 
catabolism should therefore produce only ±0.5 ml CO during the hour 
of observation. So, it does not seem consistent that the observed CO 
rebound corresponds exclusively to endogenous CO production. 
Furthermore, rebound from a tissular storage is also observed in cases of 
lithium intoxication once hemodialysis has removed circulating lithium. 
In this context, serum concentrations often rebound, so repeated or 
prolonged treatment may be required[61]. In our opinion, whatever the 
reason for this rise or stagnation of COHb, it might be wise to continue 
NBO beyond the time necessary to reach a %COHb level of 5% as long as 
COHbt1/2 does not commence its normal decrease under AA. 

This therapeutic point of view is in accordance with the theoretical 
complete clearance (±97%) of COHb expected after five-fold COHbt1/2 

Fig. 6. Global overview of the impact of CO exposure criteria (duration x level) 
on the peak %COHb and COHbt1/2 expected. This could approximate severity 
CO poisoning in relation to potential CO storage. Pending future studies, the 
two reference thresholds that could be considered as severity criteria are COHb 
peak >25% and COHbt1/2 > 74 min[12, 21, 22]. 
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(5 ×74 ±25 min [26− 148]). The theoretical total O2 treatment time 
could then be estimated at 370 min (±6 h), but 12 hours if we consider 
the extreme range at 148 min[62]. Despite this, in clinical practice, the 
decision to stop O2 therapy is taken when COHb is estimated to be below 
5% and the patient is asymptomatic[34]. The duration of 100% nor-
mobaric O2 therapy seems to vary depending on empiric decisions or 
residual subjective symptoms. To illustrate this point, recent prospective 
clinical studies examined the influence of CPAP or NRM on COHbt1/2 for 
CO poisoned patients with a NBO treatment duration targeting only a 
COHb return close to 5%. It was reported that patients were discharged 
from ED after 127 minutes in the CPAP group and 201 minutes in the 
NRM group[63]. It is also interesting to note that in half of the signifi-
cant studies comparing NBO to HBO selected in meta-analyses assessing 
HBO efficiency, NBO was only administered for less than or equal to 
6 hours[6,42]. This could be a significant bias in these comparative 
studies and highlights the heterogeneity of treatment strategies. More-
over, among these few studies selected by meta-analyses which provided 
an NBO of >6 h, none identified a benefit of HBO[42, 62, 64]. Ideally, 
for severe CO poisoning, a homogenous NBO duration, probably 
12 hours, should be achieved and compared with HBO. 

Based on [1] this COHbt1/2 bi-compartmental toxicokinetic evi-
dence, [2] a rebound objectively observed for the first time, [3] the 
mathematical model suggesting an extravascular CO store and [4] 
waiting for future clinical impact assessments of CO body burden, we 
confirm the suggested strategy of providing a minimum of 6 hours NBO 
for all cases of CO poisoning. If the decision to use NBO rather than HBO 
is made, conditions the for stopping NBO after 6 hours could be: 
particular attention to delivered FiO2 close to 1.0 (optimal NRM place-
ment); a CO exposure duration estimated at less than five hours; 
COHbt1/2-α very low compared to COHbt1/2-β; an estimated COHbt1/2-β 
of less than or close to 74 minutes; and an asymptomatic patient. 
Otherwise, there are arguments for a higher CO body burden level and to 
continuing treatment for up to 12 hours. 

5. Conclusion 

This experimental model that subjected swine to moderate CO 
poisoning confirms that the COHb half-life is biphasic and thus follows a 
bi-compartmental model. It also provides the first observation of a slight 
COHb rebound when COHb returns to 5% and oxygen therapy is 
stopped. On the basis of these two toxicokinetic profiles in favor of extra 
vascular CO storage, it suggests that future studies might consider the 
COHbt1/2 from multiple samples and, using a bi-compartmental model, 
assess it as a potential criterion for discerning the severity of CO 
poisoning. Nevertheless, this relationship between the COHb elimina-
tion profile and/or the COHbt1/2 value as a reflection of CO storage and/ 
or the potential use of the COHbt1/2 value as a criterion for estimating 
the severity of CO poisoning remain to be confirmed. The significant 
goal is to homogenize cohorts of the same severity in further large 
multicenter randomized clinical trials regarding the management of CO 
poisoning. Furthermore, the extent of COHb rebound needs to be 
assessed on other CO exposure protocols in order for it to be confirmed 
as well as its correlation with CO storage. While waiting for further 
studies to emerge, our findings suggest that a treatment lasting less than 
6 hours does not seem to be adapted for any case of moderate CO 
poisoning. 
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