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Abstract

Background: An estimated 28,900 deaths around the world in 2021 were attributed to unintentional
CO poisoning. Following inhalation, CO binds to hemoglobin with an affinity 220240 times greater
than that of oxygen to form carboxyhemoglobin (COHb). While the constituents of CO exposure are
known to determine CO uptake in the blood, much less is understood regarding individual
variability of the response to a given CO stimulus. Thus, the purpose of this paper was to explore the
relationship between hemoglobin mass (HbM, a proxy for blood hemoglobin content) and the
magnitude of the ensuing carboxyhemoglobinemia. Methods: This is a theoretical work based solely
on considerations and published data. Discussion: Currently considered the gold standard for HbM
assessment, the CO-rebreathing technique relies on the dilution principle i.e. the lower the HbM
values the higher the ACOHDb following a standardized CO bolus administration or an outdoors
exposure. Accordingly, previously published prediction equations with HbM and ACOHDb as the
predictor and outcome variables, respectively, are reviewed with particular reference to the
(confounding) factor of pulmonary ventilation. As far as treatment to CO poisoning is concerned,
dynamic exercise emerges as a supplement to oxygen therapy to facilitate CO removal from human
body. Screening procedures aiming to identify individuals susceptible to CO poisoning should
henceforth include HbM assessments.

Keywords: carbon monoxide rebreathing; carboxyhemoglobin; dynamic exercise; pulmonary
ventilation; oxygen therapy

1. Introduction

In recent news, 14 people were hospitalized after exhibiting symptoms of carbon monoxide (CO)
poisoning in Northern Greece; the inhalation was attributed to a gas leak from the hotel’s heating
system. Common symptoms —widely reported in these cases of CO poisoning— include headache,
weakness, dizziness, confusion, shortness of breath, drowsiness that precede the loss of
consciousness in the victims. An estimated amount of 28,900 deaths for 2021 were attributed to
unintentional CO poisoning. The severity of the CO toxicity symptoms might be reflected to an extent
on the concomitant rise in carboxyhemoglobin (COHb, measured as a percentage) levels. Previous
attempts have been made to account for the time kinetics of CO distribution inside the human body
or even the diffusion of CO in compartments other than blood. For a comprehensive overview of the
topic, the reader is further directed to the multi-compartmental model developed by Bruce and Bruce
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[1] that expanded the seminal work by Coburn, et al. [2]. It is therefore important to investigate the
overlooked determinants of individual variability in response to CO poisoning [3].

2. Carboxyhemoglobinemia During CO-Rebreathing

The magnitude of the COHDb increase is determined by not only the CO level and the duration
of the exposure but also other underlying factors that might demonstrate high inter-individual
variability with the first and foremost example being hemoglobin content of the blood. Though
traditionally used, the concentration-based index of hemoglobin concentration is dependent on
plasma volume and as such might provide erroneous information on hemoglobin content especially
in cases of hemoconcentration (as occurs during exercise, dehydration among other physiological
instances). Yet, this is not the case for hemoglobin mass (HbM). Accordingly, individuals at the lowest
and highest end of the HbM spectrum should be characterized as cohorts at high and low risk for CO
poisoning, respectively. Low CO doses have been currently being applied relative to body mass (BM)
and biological sex for diagnostic purposes [4]. The dilution principle implies that the higher the
increase in COHb following a standardized CO bolus administration the lower HbM values.
Alternatively viewed, a higher baseline HbM might be suspected to protect the human body from a
toxic (or even lethal) elevation of COHb. A COHb of 40% has been considered as a reasonable
threshold for lethality whereas excessive symptoms are experienced when COHb is >20% in healthy
adults [5].

Despite the ever-increasing amount of publications that rely on CO-rebreathing to measure HbM
and the resultant intravascular volumes, a scarcity of studies have published individual raw ACOHb
data. As such, it remains tedious to extrapolate the highest COHb values attained from the reported
HbM values. A relatively old formula [6] has recently resurfaced to estimate the CO bolus required
to elevate ACOHD to a prespecified value [7]. The exact same equation could be modified to assess
ACOHD in response to a CO bolus as a function of HbM and BM (Figure 1):

[1]  ACOHb [%] =100* CO[mL] / (HbM[g] * 1.34[mL-g])

=100* CO[mL-kg'] * BM[kg] / (HbM][g] * 1.34[mL-g])

An illustrative example of the application of eq. [1] might be reflected on how close reported
COHbD values lie to calculated values. Assuming back to back (duplicate) doses of 1.0 and 0.8 mL-kg-
! (for healthy men and women, respectively) account for a total CO bolus of 2.0 and 1.6 mL-kg, the
calculated ACOHD values actually coincide with the values reported [women: 12.2 vs 12.5 = 2.4 %;
men: 10.1 vs 10.2 + 1.1 %] in the study by DiMarco, et al. [8]. Marginal differences emerged when data
from previous studies were also used [9]. It is imperative that researchers report separate ACOHb
data for each time point (of HbM) so that this reverse calculation be feasible.
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Figure 1. The increase in carboxyhemoglobin (ACOHDb, %) as a function of hemoglobin mass (HbM, g) (indicative
values ranging between 400 and 1100g) at different CO doses (mL).
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Carboxyhemoglobinemia in Applied Environments

Eq.11is only applicable in the cases of CO bolus administration applied in controlled rebreathing
procedures. Thus, the minor differences in the COHb response should be viewed in light of the rather
limited CO dose allowed to be provided in laboratory settings. From an occupational perspective,
outdoors exposure will not be fitted to match the margin of safety for each individual.
Notwithstanding the debilitating effect on exercise performance, COHb values as low as 5% over a
4-hour exposure time have been shown to impair cognitive function [10] and increase the incidence
of work accidents [11]. Exposure to CO should instead be expressed as ambient air CO concentration
that has been thought to be proportional to blood COHb concentration [2]. Forbes, et al. [12] expressed
ACOHD as a function of exposure time and air CO concentration for different physical activity levels.
Their work was extended by Pace, et al. [13] that highlighted that total blood volume would act as a
governing factor of the increase in COHb:

[2] ACOHD [%] = [CO] [ppm] * Vr[L-min1] * t [min]/ ki * TBV [L]

Where TBV: total blood volume to be measured using the CO-rebreathing technique

Vr1: pulmonary ventilation

t: exposure time
ki: regression coefficient (equal to 4650 for the data in Pace, Consolazio, White Jr. and Behnke [13])

Eq. [2] should be further viewed with caution since it is designed for lengthy exposures and
apply for COHD values far from equilibrium with air CO concentration. A hyperbolic relationship
between duration of exposure and ambient CO concentration is discernible in the standards set by
respective occupational health bodies. The World Health Organization recommends short-term
exposure limits of 25-35 ppm for up to 60 min or 90-100 ppm for 15 min. On the other end of the dose
spectrum, a steady-state exposure to CO concentrations as low as 10 ppm is allowed for a work shift
of 8 hours. Simply put, the product of exposure duration and ambient CO concentration could serve
as a proxy index of the environment-elicited exogenous CO strain ([COJ*t in ppm*min). Deciphering
individual variability to CO poisoning demands that factors that differentiate the response to this
standardized exogenous CO strain be elucidated.

The CO-rebreathing technique allows for the valid assessment of total blood volume [4,14]. A
group of researchers that have been assessing HbM and intravascular volumes for the last 15 years
using this technique convincingly reported that differences in lean body mass, (endurance) training
level and sex account for HbM and total blood volume heterogeneity in the population scale [15].
Accordingly, high inter-individual differences of as high as 2.5 L magnitude in total blood volume
stores occurring between pupils of a younger age (9 yrs) and adults would result in COHb increases
as higher as 6.0 % (19.71 vs. 13.68 %) for the life-threatening CO exposure that has been historically
described at a school facility [16]; representative values selected for [CO], Vr, t and TBV were 500
ppm, 5.5/7 L-min-!, 100 min, 3/5.5 L for children and adults, respectively. Along the same line of
reasoning, Figure 2 demonstrates that for hour-long exposures to high ambient CO concentrations
that could put human health in danger, the COHb increase might be altered by as much as ~10% for
a TBV difference of 3-4 L (as that reported between a trained 80 kg endurance athlete compared to a
60 kg non-exercising individual [15]).
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Figure 2. The increase in carboxyhemoglobin (ACOHDb, %) as a function of exposure duration (min) and ambient
CO concentration (ppm) at different states of total blood volume. Solid and dashed lines represent a blood
volume of 4L and 8L, respectively. Blue, orange and grey lines represent ambient concentrations of 100, 500, 1000
ppm, respectively. Values are derived using Eq.2.

Eq. [2] elegantly highlights that the ratio pulmonary ventilation/HbM seems critical for ACOHb
when humans are exposed to high CO-concentration environments. Surprisingly, the difference in
ACOHb becomes marginal when males are compared to females [Table 3 in Zavorsky, et al. [17]].
Specifically, no difference in COHDb is observed between males and females that inhaled a similar CO
dose for a time interval of 30 minutes. Females are known to possess lower total blood volume values
and HbM [15,18] and thus would be expected to experience a higher ACOHDb for the same exposure.
Even though there have been reports of higher incidence of CO poisoning-induced syncope [19],
recent data indicating lower severity classification and higher cure and improvement rate in females
[20] speak against this case. These findings may be accounted for by lower values of pulmonary
ventilation [17,21] and lung-diffusion capacity [17] in females that act to delay CO loading in the
lungs. Yet, pulmonary ventilation could be a double-edged sword. During uptake it facilitates
loading of the gas in the blood whereas during the washout/elimination period or in cases of
endogenous production it has been modeled to remove CO to the environment [2]. Quite
interestingly, HbM but not alveolar ventilation rate seem to explain sex differences on CO elimination
[17]. Quite counterintuitively, a larger HbM has been shown to hasten CO removal once COHb has
reached a threshold level of 10-15% [17]. The effect of HbM was speculated to be dampened at high
alveolar ventilation rates even though the authors only calculated HbM using anthropometric data.
The kinetics of CO elimination will be subsequently addressed only in the context of breathing
supplementary oxygen since poisoned individuals are typically treated in this manner. Future studies
are warranted to investigate sex-based differences on ACOHb while controlling for the plethora of
earlier stated confounding factors.

The previous discussion emphasizes a number of constraints associated with the use of Eq. [2].
The use of multiple linear regression might not be appropriate since inter-individual variation in the
hemoglobin content of the blood is not accounted for; not all individuals possessing a standard
volume of blood will demonstrate the same ACOHDb for a given exposure and Vr. By solving the
differential equation first proposed by Coburn, Forster and Kane [2] to model CO removal to the
environment over time, Tikuisis, et al. [22] elegantly reflected the fact that CO concentration in the
blood mainly depends on HbM:

[3] ACOHD [%] = [CO] [ppm] * (Ps — 47) [mmHg]* 102 * t [min] / (1.39 * f * HbM [g])

where Ps: barometric pressure and [3 is inversely proportional to CO lung-diffusion capacity and
alveolar ventilation.
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Another notable observation arising from Eq. [3] is that ACOHb might be theoretically altered
even within individual as part of an adaptive response i.e. repeated exposure to CO could augment
HbM that would subsequently blunt the increase in COHDb in response to a given stimulus. Indeed,
an erythropoietic response has been shown to unfold in groups of individuals that are regularly
exposed to considerable amounts of CO such as chronic smokers [23], firefighters [24], workers that
inhale exhaust fumes [25] or cooks that use "smoky" fires [26]. Schmidt, et al. [27] recently reported
an erythropoiesis-related elevation in HbM following the 3-week exposure of non-smoking non-
athletes to multiple daily CO doses that would maintain COHb levels at 8%. Remarkably, the
“upscaling pattern” previously expected to unfold across athletes [28] seems to be spreading across
researchers. In an approach more oriented towards application, Urianstad, Villanova, Odden,
Hansen, Molmen, Porcelli, Ronnestad and Cardinale [7] had elite cyclists live and train in natural
hypoxia while the experimental group was additionally inhaling CO twice daily in the late
afternoon/evening hours with a target COHb of 10%. In the most recent study, eight well-trained
swimmers were inhaling three daily doses that would elevate their COHb to 15% for a time interval
of four weeks [29]. Independent of the target COHb concentration and as far as intra-individual
susceptibility to CO poisoning is concerned, the magnitude of the reduction in ACOHb is shown to
be regrettably small if for a HbM gain of 50g (evident in the former studies). From a cross-adaptation
perspective, occupational groups would not seem to benefit from strategies aiming to enhance the
buffering action of the additional hemoglobin molecules and include exercise training [30], hypoxic
acclimatization [31] and long-term heat acclimation [32]. Interestingly, these strategies only allow for
minor haematological gains but would act to reverse smoking-elicited cardiopulmonary disorders
[33] and further elicit thermoregulatory adaptations [34-36] especially desirable in the occupational
group of firefighters and endurance athletes exercising in polluted environments. And if not for the
direct evaluation of HbM by means of the CO-rebreathing technique, self-reports of physical activity
and health status might provide the foundation for evidence-based guidelines on the selection of
individuals to be exposed to CO in occupational settings [15].

3. Prevention and Cure

In the undesirable event of CO poisoning, individuals should act to accelerate CO elimination.
On-site access to 100% normobaric oxygen is deemed necessary to reduce the COHb half-life [37] -
by increasing the partial pressure of oxygen- before professional medical care arrives. The use of
oxygen concentrators renders oxygen therapy possible even on-field. In severe cases, even the
application of hyperbaric oxygen therapy (2.5-3.0 ATA) might be enforced to drop COHDb half-life
down to ~ 20-25min in healthy individuals [38]. Other countermeasures could be considered if the
deleterious effect of hypocapnia on cerebral oxygen delivery is to be avoided. Specifically,
normocapnic hyperoxic hyperpnea has been proposed to accelerate CO clearance (i.e. a rectangular
hyperbolic relationship between CO half-life and minute ventilation applies) when compared to pure
oxygen administration [39]. Beyond its ability to maintain normocapnia, dynamic exercise has been
alluded to act in an unconventional manner and augment the former effect of normocapnic hyperoxic
hyperpnea on CO elimination. The exercise-induced increase in cardiac output could alleviate the
perfusion-limited CO elimination from the lungs evident at high ventilatory rates. As such, the
standard “triple” therapy to CO poisoning consists of dynamic exercise, hyperventilation and
normobaric hyperoxia [40]. Regardless of the physiological mechanisms serving as guidelines to the
selection of the most appropriate countermeasure, minimizing the time elapsing between exposure
and treatment remains of the highest priority as far as CO poisoning-symptom severity is to be
reduced [41]. The wide range of COHb measured in poisoned patients might have been mediated by
differences in the time elapsing between withdrawal from the CO source and blood sampling [42].

Prevention dominates over cure; since CO is a colorless, odorless, tasteless gas, the precautionary
measure of installing audible low-cost CO sensors should be enforced especially in occupational areas
where a CO leak might affect an overly amount of people. Despite showing limited precision [43],
the non-invasive determination of COHb arising from the use of pulse CO-oximetry could help
diagnose individuals expected to manifest clinical symptoms.
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4. Conclusions

HbM has been mostly used as a surrogate index of aerobic performance [15]. Nevertheless, the
inter-individual susceptibility to carbon monoxide poisoning was currently investigated by revisiting
(the implications of) equations that solidify the inverse relationship between HbM/TBV and ACOHb.
Aiming at the expansion of this basis, future research need further elaborate on the potential buffering
action of hemoglobin molecules against undesirable increases in COHb. To that end, application of
the CO-rebreathing technique (coupled with measures of pulmonary ventilation) could be used as a
screening method if population groups vulnerable to CO poisoning are to be identified - including
but not limited to children, females, individuals diagnosed with anemia/hypovolemia, occupational
groups that are exposed to high ambient CO concentration. Subsequently, the ACOHb response (and
the putative symptoms to a given CO dose) of the individuals screened at a higher risk of poisoning
should be investigated (and compared to the low-risk group) in laboratory or real-
world/occupational situations.
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Abbreviations

The following abbreviations are used in this manuscript:

co Carbon monoxide
COHb  Carboxyhemoglobin
HbM Hemoglobin mass

BM Body mass

Vr Pulmonary ventilation
TBV Total blood volume

Ps Barometric pressure
ppm Parts per million

ATA Atmospheres absolute
WHO  World Health Organization
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