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Recently, chronic intermittent inhalation of low-dose carbon monoxide (CO) has
been postulated as a practice to increase total hemoglobin mass with potential
beneficial effects on endurance performance. In this perspective article, we
discuss the potential performance enhancing capabilities as well as the safety
concerns, which include individual variability in CO response, and acute and
chronic health effects. It is also important to note that according to the World-
Anti-Doping-Agency (WADA), CO inhalation could fall under "M1. Manipulation of
Blood and Blood Components” and therefore could be considered a prohibited
method if used as a hon-diagnostic tool.
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1 Introduction

Recent media reports have purported that professional cyclists are attempting to
improve their exercise performance by inhaling carbon monoxide (CO) (https://
escapecollective.com/exclusive-tour-riders-are-inhaling-carbon-monoxide-in-super-altitude-
recipe/). Although this practice was never proven effective in elite athletes and is beyond any
ethical discussion, it raises important questions about the performance enhancing and
adverse effects of CO inhalation in competitive endurance sports.

CO is a molecule with a dual nature. While primarily known for its harmful effects at
high doses (Smollin and Olson, 2010), research has revealed potential therapeutic (Bansal
et al.,, 2024; Motterlini and Otterbein, 2010) and diagnostic applications (Schmidt and
Prommer, 2005; Siebenmann et al., 2017; Zavorsky and Smoliga, 2017) for low-dose CO
administration. At physiological levels and slightly elevated pharmacological
concentrations, CO plays crucial roles in the body, including modulating inflammation
and oxidative stress, as well as regulating mitochondrial biogenesis and angiogenesis (Bansal
et al,, 2024; Motterlini and Otterbein, 2010). Moreover, CO administration (mainly by CO
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rebreathing) was reported to directly increase erythropoietin
concentration (Montero and Lundby, 2019) with potential effects
on red blood cell mass and exercise performance. In research and
clinical practice, low-dose CO is utilized as a tracer to assess lung
diffusion capacity and total hemoglobin mass (tHb-mass) (Schmidt
and Prommer, 2005; Siebenmann et al., 2017; Zavorsky and Smoliga,
2017; Amann, 2012; Robach et al., 2012; Nummela et al., 2021;
Saunders et al., 2013).

2 Is the inhalation of low-dose CO a
prohibited method for elite athletes?

Before focusing on the physiological effects and on potential
adverse effects of CO inhalation it is important to clarify that the
current prohibited list of the World-Anti-Doping-Agency (WADA)
could be interpreted in a way that the inhalation of CO to increase
red blood cell mass and thereby performance is already prohibited at
all times under “M1. Manipulation of Blood and Blood Components”
(https://www.wada-ama.org/en/resources/world-anti-doping-code-
and-international-standards/prohibited-list). This would obviously
not apply to the use of CO as a tracer in diagnostic procedures such
as tHb-mass- or lung diffusion capacity measurements.

3 Effects of low-dose CO inhalation on
total hemoglobin mass and exercise
performance

Studies investigating the effects of low-dose CO on tHb-mass
and exercise performance have yielded mixed results. Acute low-
dose CO administration has been shown to reduce oxygen-carrying
capacity and decrease maximal oxygen uptake (VO,;.,) as CO
occupies O, binding sites on Hb and prevents Hb from fulfilling its
role in oxygen transport (Schmidt and Prommer, 2005; Klausen
et al,, 1983). However, these effects are transient, with CO typically
cleared from the system within 12 h (Schmidt and Prommer, 2005).
Recent research has shown that acute low-dose CO does not affect
exercise economy (i.e., oxygen consumption during submaximal
exercise) in recreationally active men (Kane et al., 2016). In addition,
single daily low-dose CO inhalation (1.2 mL/kg body weight) over a
12-day period did not significantly affect tHb-mass, VO,ax, lactate
threshold, economy, or peak power output in moderately trained
men (VOsmay 49 mL/min/kg) (Ryan et al., 2016).

In contrast, Wang et al. reported that inhaling a CO bolus
(1 mL/kg body mass) five times a week prior to treadmill training
increased tHb-mass by 3.7% in trained soccer players (VOjmax
58 mL/min/kg), although a 2.8% increase was also observed in
the control group (Wang et al., 2019). Pecorella et al. (2015) reported
no improvement in single-leg VO, after CO inhalation (1 h/day
for 5 days, 200 ppm) in healthy subjects, although increases in
muscle mitochondrial density, myoglobin content and glucose
transporter (GLUT 4) were found (Pecorella et al., 2015).

In addition to these findings, Schmidt et al. (2020) showed that
chronic intermittent low-dose CO inhalation of moderately trained
athletes (VO, ., 56 mL/min/kg), aimed at continuously increasing
COHDb concentration in the blood by about 5% over a period of
3 weeks, resulted in a 4.8% increase in tHb-mass (comparable to the
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effects of altitude training). After 1 week, EPO levels tended to
increase, as did reticulocytes and the immature reticulocyte fraction.
EPO levels were suppressed after CO administration ceased.
Furthermore, CO administration shifted the oxygen dissociation
curve to the left, with possible effects on oxygen unloading and tissue
oxygenation. In addition to physiological adaptations, a relationship
between individual changes in tHb-mass and VO,,,,x was reported,
with an increase in VO,,,,, of approximately 4 mL/min per 1 g
increase in tHb-mass, although VO, was not significantly
increased. Furthermore, a recent study found that the addition of
twice-daily CO inhalation (increasing CO levels to ~10%) to a live-
high and train-high (LHTH) training camp (3 weeks at 2,100 m)
induced larger increases in tHb-mass compared to LHTH without
CO breathing in male cyclist (VOymax > 70 mL/min/kg) (Urianstad
et al,, 2024). Although improvements in endurance performance
(i.e., maximal power output during incremental exercise testing,
power output at lactate threshold, and VO,n.) were found
group,
improvements were similar between the LHTH training group
with and without additional CO inhalation (Urianstad et al.,
2024). It should be noted that there is a scientific debate as to
whether tHb-mass is increased (Robach and Lundby, 2012; Millet
et al,, 2019) and endurance performance at sea level improved after

compared to a sea level control performance

altitude training in elite athletes (Siebenmann and Dempsey, 2020;
Millet and Brocherie, 2020).

Overall, the limited number of studies with participants of
varying fitness level, from recreationally active to highly-trained,
and the inconsistent study results do not allow a definitive
conclusion to be drawn. Methodological issues also need to be
considered. For example, the lack of statistical indicators
(i.e., lack of information on main- and interaction effects), as in
the study by Wang et al. (2019), could call into question the true
effect of the application, at least when combined with exercise. For
application in elite endurance athletes, it should also be mentioned
that the absolute training intensity, especially in high-intensity
sessions, might be impaired by increased COHb concentrations
(due to reductions in VO,,,., and time to exhaustion (Schmidt and
Prommer, 2005; Ekblom and Huot, 1972; Hogan et al, 1990;
2002)
concentration and perceived exertion during submaximal exercise

Richardson et al., and increased heart rate, lactate
(Kane et al,, 2016)) and thereby the quality of training may suffer

from the hypoxaemic state.

4 Potential health concerns and other
considerations

While high doses of CO are undeniably lethal (Smollin and
Olson, 2010), the safety of low-dose exposure remains a subject of
debate. Various health effects associated with CO exposure, ranging
from mild cardiovascular and neurobehavioral effects to severe
(Schmidt et al, 2020),
consideration. The following concerns merit further investigation:

consequences warrant  careful

a. Individual variability: Symptoms, signs and prognosis of acute
CO poisoning often vary among individuals and do not
consistently correlate with COHDb levels (Bansal et al., 2024;
Schmidt et al., 2020; Raub et al., 2000).
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b. CO poisoning: CO poisoning includes both, tissue hypoxia and
direct cellular changes through various mechanisms, e.g.,
mitochondrial inhibition, free radical generation, apoptosis,
immune-mediated injury, inflammatory effects (Hampson
et al., 2012; Rose et al., 2017).

c. Short and long-term adverse health effects: Numerous
human clinical trials have concluded that CO levels up
to 6.4% COHDb can be considered safe (Bansal et al., 2024).
During CO-rebreathing for tHb-mass determination
COHb of up to 10% reported
(Siebenmann et al., 2017); for comparison regular

levels have been
smokers have COHbD levels of around 3-8% and heavy
smokers may reach levels >20% (Bansal et al., 2024;
Hess, 2017). Depending on the COHDb level, adverse
symptoms include headache, dizziness, fatigue, nausea/
vomiting, altered mental status, chest pain, shortness of
breath, loss of consciousness and death (Rose et al., 2017;
2017; Weaver, 2009). Mild CO
symptoms (e.g., headache, fatigue) may occur at COHb

Hess, intoxication
concentrations >10%, with severe symptoms manifesting at
COHb >20-25% (Siebenmann et al., 2017). Severe CO
poisoning can result in brain (e.g., cognitive dysfunction,
neurological deficits, neuronal necrosis and apoptosis) and
myocardial injury (Rose et al., 2017). Currently, it is not
possible to establish a safe upper limit for continuous
intermittent CO use due to limited long-term studies
(Schmidt et al., 2020).

d. Occupational exposure limits: While workers are permitted
exposure to 35-50 ppm of CO for a 40-h work week (increasing
COHD to about 5%), these limits are designed for occupational
safety and may not account for potential effects of long-term
exposure or use for performance enhancement (Schmidt et al.,
2020; Hess, 2017).

e. Oxygen dissociation curve shift: CO administration shifts the
oxygen dissociation curve to the left (Hogan et al, 1990),
potentially hindering oxygen unloading and tissue oxygenation
(Schmidt et al.,, 2020). However, the relatively short half-life of
COHD suggests only a transient hypoxemia effect. Conversely,
prolonged administration may result in a rightward shift due to
reduced mean erythrocyte age caused by erythropoiesis
(Schmidt et al., 1987), though this hypothesis requires
further validation.

f. Potential for misuse: There is a risk that athletes might abuse
CO, potentially resulting in serious health problems or death
(Schmidt et al., 2020).

5 Conclusion

The measurement of tHb by the CO rebreathing technique is a
well-established method in exercise science (Siebenmann et al.,
2017) and training practice. Single measurements seem not to

References

Amann, M. (2012). Pulmonary system limitations to endurance exercise
performance in humans. Exp. Physiol. 97 (3), 311-318. doi:10.1113/expphysiol.
2011.058800

Frontiers in Physiology

10.3389/fphys.2024.1490205

influence performance (Ryan et al., 2016). It should be noted that
the blood CO concentration at the time of measurement can vary
between individuals due to different life habits (including smoking)
and environmental exposures (e.g., urban pollution). The limited
research on low-dose (chronic intermittent) CO exposure suggests
stimulated erythropoiesis, which may have potential performance-
enhancing effects in athletes by increasing the number of circulating
erythrocytes and oxygen transport capacity (evidence low to
moderate) (Schmidt et al, 2020). However, this finding raises
complex ethical issues and significant health concerns when used
by elite athletes. With the exception for diagnostic application, the
inhalation of carbon monoxide can be interpreted as a prohibited
method by WADA. Therefore, further studies in elite athletes to gain
more information on its potential performance enhancing effects
may be scientifically interesting but could be viewed critically if
endurance performance improvements are confirmed.

Author contributions

HG: Writing-original draft, Writing-review and editing. TD:

Writing-original ~ draft, Writing-review and editing. SW:
Writing-original ~ draft, Writing-review and editing. MEF:
Writing-original ~ draft, Writing-review and editing. YS:
Writing-original ~ draft, Writing-review and editing. WS:

Writing-original draft, Writing-review and editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Bansal, S., Liu, D., Mao, Q., Bauer, N., and Wang, B. (2024). Carbon monoxide as a
potential therapeutic agent: a molecular analysis of its safety profiles. J. Med. Chem. 67
(12), 9789-9815. doi:10.1021/acs.jmedchem.4c00823

frontiersin.org


https://doi.org/10.1113/expphysiol.2011.058800
https://doi.org/10.1113/expphysiol.2011.058800
https://doi.org/10.1021/acs.jmedchem.4c00823
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1490205

Gatterer et al.

Ekblom, B., and Huot, R. (1972). Response to submaximal and maximal exercise at
different levels of carboxyhemoglobin. Acta Physiol. Scand. 86 (4), 474-482. doi:10.
1111/j.1748-1716.1972.tb05350.x

Hampson, N. B., Piantadosi, C. A., Thom, S. R,, and Weaver, L. K. (2012). Practice
recommendations in the diagnosis, management, and prevention of carbon monoxide
poisoning. Am. J. Respir. Crit. Care Med. 186 (11), 1095-1101. doi:10.1164/rccm.
201207-1284CI

Hess, D. R. (2017). Inhaled carbon monoxide: from toxin to therapy. Respir. Care 62
(10), 1333-1342. doi:10.4187/respcare.05781

Hogan, M. C,, Bebout, D. E,, Gray, A. T., Wagner, P. D., West, J. B., and Haab, P. E.
(1990). Muscle maximal O2 uptake at constant O2 delivery with and without CO in the
blood. J. Appl. Physiol. 69 (3), 830-836. doi:10.1152/jappl.1990.69.3.830

Kane, L. A,, Ryan, B. J., Schmidt, W., and Byrnes, W. C. (2016). Acute, low-dose CO
inhalation does not alter energy expenditure during submaximal exercise. Int. J. Sports
Med. 37 (1), 19-24. doi:10.1055/s-0035-1554641

Klausen, K., Andersen, C., and Nandrup, S. (1983). Acute effects of cigarette smoking
and inhalation of carbon monoxide during maximal exercise. Eur. J. Appl. Physiol.
Occup. Physiol. 51 (3), 371-379. doi:10.1007/BF00429074

Millet, G. P., and Brocherie, F. (2020). Hypoxic training is beneficial in elite athletes.
Med. Sci. Sports Exerc 52 (2), 515-518. doi:10.1249/MSS.0000000000002142

Millet, G. P., Chapman, R. F,, Girard, O., and Brocherie, F. (2019). Is live high-train
low altitude training relevant for elite athletes? Flawed analysis from inaccurate data. Br.
J. Sports Med. 53 (15), 923-925. doi:10.1136/bjsports-2017-098083

Montero, D., and Lundby, C. (2019). Arterial oxygen content regulates plasma
erythropoietin independent of arterial oxygen tension: a blinded crossover study.
Kidney Int. 95 (1), 173-177. d0i:10.1016/j.kint.2018.09.015

Motterlini, R., and Otterbein, L. E. (2010). The therapeutic potential of carbon
monoxide. Nat. Rev. Drug Discov. 9 (9), 728-743. doi:10.1038/nrd3228

Nummela, A., Eronen, T., Koponen, A., Tikkanen, H., and Peltonen, J. E. (2021).
Variability in hemoglobin mass response to altitude training camps. Scand. J. Med. Sci.
Sports 31 (1), 44-51. doi:10.1111/sms.13804

Pecorella, S. R, Potter, J. V., Cherry, A. D., Peacher, D. F., Welty-Wolf, K. E., Moon, R.
E, et al. (2015). The HO-1/CO system regulates mitochondrial-capillary density
relationships in human skeletal muscle. Am. J. Physiol. Lung Cell Mol. Physiol. 309
(8), L857-L871. doi:10.1152/ajplung.00104.2015

Raub, J. A., Mathieu-Nolf, M., Hampson, N. B, and Thom, S. R. (2000). Carbon
monoxide poisoning--a public health perspective. Toxicology 145 (1), 1-14. doi:10.1016/
$0300-483x(99)00217-6

Richardson, R. S., Noyszewski, E. A., Saltin, B., and Gonzalez-Alonso, J. (2002). Effect
of mild carboxy-hemoglobin on exercising skeletal muscle: intravascular and
intracellular evidence. Am. J. Physiol. Regul. Integr. Comp. Physiol. 283 (5),
R1131-R1139. doi:10.1152/ajpregu.00226.2002

Robach, P., and Lundby, C. (2012). Is live high-train low altitude training relevant for
elite athletes with already high total hemoglobin mass? Scand. J. Med. Sci. Sports 22 (3),
303-305. doi:10.1111/j.1600-0838.2012.01457.x

Frontiers in Physiology

04

10.3389/fphys.2024.1490205

Robach, P., Siebenmann, C., Jacobs, R. A., Rasmussen, P., Nordsborg, N., Pesta, D.,
et al. (2012). The role of haemoglobin mass on VO(2)max following normobaric ’live
high-train low’ in endurance-trained athletes. Br. J. Sports Med. 46 (11), 822-827.
doi:10.1136/bjsports-2012-091078

Rose, J.]., Wang, L., Xu, Q., McTiernan, C. F,, Shiva, S., Tejero, J., et al. (2017). Carbon
monoxide poisoning: pathogenesis, management, and future directions of therapy. Am.
J. Respir. Crit. Care Med. 195 (5), 596-606. doi:10.1164/rccm.201606-1275CI

Ryan, B. J., Goodrich, J. A., Schmidt, W., Kane, L. A., and Byrnes, W. C. (2016). Ten
days of intermittent, low-dose carbon monoxide inhalation does not significantly alter
hemoglobin mass, aerobic performance predictors, or peak-power exercise tolerance.
Int. J. Sports Med. 37 (11), 884-889. doi:10.1055/s-0042-108197

Saunders, P. U., Garvican-Lewis, L. A., Schmidt, W. F., and Gore, C. J. (2013).
Relationship between changes in haemoglobin mass and maximal oxygen uptake after
hypoxic exposure. Br. J. Sports Med. 47 (Suppl. 1), i26-i30. doi:10.1136/bjsports-2013-
092841

Schmidt, W., Boning, D., and Braumann, K. M. (1987). Red cell age effects on
metabolism and oxygen affinity in humans. Respir. Physiol. 68 (2), 215-225. doi:10.
1016/s0034-5687(87)80007-5

Schmidt, W., and Prommer, N. (2005). The optimised CO-rebreathing method: a new
tool to determine total haemoglobin mass routinely. Eur. J. Appl. Physiol. 95 (5-6),
486-495. doi:10.1007/s00421-005-0050-3

Schmidt, W. F. J., Hoffmeister, T., Haupt, S., Schwenke, D., Wachsmuth, N. B., and
Byrnes, W. C. (2020). Chronic exposure to low-dose carbon monoxide alters
hemoglobin mass and V O2max. Med. Sci. Sports Exerc 52 (9), 1879-1887. doi:10.
1249/MSS.0000000000002330

Siebenmann, C., and Dempsey, J. A. (2020). Hypoxic training is not beneficial in elite
athletes. Med. Sci. Sports Exerc 52 (2), 519-522. doi:10.1249/MSS.0000000000002141

Siebenmann, C., Keiser, S., Robach, P., and Lundby, C. (2017). CORP: the assessment
of total hemoglobin mass by carbon monoxide rebreathing. J. Appl. Physiol. 123 (3),
645-654. doi:10.1152/japplphysiol.00185.2017

Smollin, C., and Olson, K. (2010). Carbon monoxide poisoning (acute). BMJ Clin.
Evid. 2010, 2103.

Urianstad, T., Villanova, S., Odden, 1., Hansen, J., Molmen, K. S., Porcelli, S., et al.
(2024). Carbon monoxide supplementation: evaluating its potential to enhance altitude
training effects and cycling performance in elite athletes. . Appl. Physiol. doi:10.1152/
japplphysiol.00469.2024

Wang,J., Ji, Y., Zhou, L., Xiang, Y., Heinonen, L, and Zhang, P. (2019). A new method
to improve running economy and maximal aerobic power in athletes: endurance
training with periodic carbon monoxide inhalation. Front. Physiol. 10, 701. doi:10.
3389/fphys.2019.00701

Weaver, L. K. (2009). Clinical practice. Carbon monoxide poisoning. N. Engl. J. Med.
360 (12), 1217-1225. doi:10.1056/NEJMcp0808891

Zavorsky, G. S., and Smoliga, J. M. (2017). The association between cardiorespiratory
fitness and pulmonary diffusing capacity. Respir. Physiol. Neurobiol. 241, 28-35. doi:10.
1016/j.resp.2017.03.007

frontiersin.org


https://doi.org/10.1111/j.1748-1716.1972.tb05350.x
https://doi.org/10.1111/j.1748-1716.1972.tb05350.x
https://doi.org/10.1164/rccm.201207-1284CI
https://doi.org/10.1164/rccm.201207-1284CI
https://doi.org/10.4187/respcare.05781
https://doi.org/10.1152/jappl.1990.69.3.830
https://doi.org/10.1055/s-0035-1554641
https://doi.org/10.1007/BF00429074
https://doi.org/10.1249/MSS.0000000000002142
https://doi.org/10.1136/bjsports-2017-098083
https://doi.org/10.1016/j.kint.2018.09.015
https://doi.org/10.1038/nrd3228
https://doi.org/10.1111/sms.13804
https://doi.org/10.1152/ajplung.00104.2015
https://doi.org/10.1016/s0300-483x(99)00217-6
https://doi.org/10.1016/s0300-483x(99)00217-6
https://doi.org/10.1152/ajpregu.00226.2002
https://doi.org/10.1111/j.1600-0838.2012.01457.x
https://doi.org/10.1136/bjsports-2012-091078
https://doi.org/10.1164/rccm.201606-1275CI
https://doi.org/10.1055/s-0042-108197
https://doi.org/10.1136/bjsports-2013-092841
https://doi.org/10.1136/bjsports-2013-092841
https://doi.org/10.1016/s0034-5687(87)80007-5
https://doi.org/10.1016/s0034-5687(87)80007-5
https://doi.org/10.1007/s00421-005-0050-3
https://doi.org/10.1249/MSS.0000000000002330
https://doi.org/10.1249/MSS.0000000000002330
https://doi.org/10.1249/MSS.0000000000002141
https://doi.org/10.1152/japplphysiol.00185.2017
https://doi.org/10.1152/japplphysiol.00469.2024
https://doi.org/10.1152/japplphysiol.00469.2024
https://doi.org/10.3389/fphys.2019.00701
https://doi.org/10.3389/fphys.2019.00701
https://doi.org/10.1056/NEJMcp0808891
https://doi.org/10.1016/j.resp.2017.03.007
https://doi.org/10.1016/j.resp.2017.03.007
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1490205

	Low-dose carbon monoxide inhalation to increase total hemoglobin mass and endurance performance: scientific evidence and im ...
	1 Introduction
	2 Is the inhalation of low-dose CO a prohibited method for elite athletes?
	3 Effects of low-dose CO inhalation on total hemoglobin mass and exercise performance
	4 Potential health concerns and other considerations
	5 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


