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An impressive effect of the infection with SARS-Co-19 is the impairment of

oxygen uptake due to lung injury. The reduced oxygen diffusion may potentially

be counteracted by an increase in oxygen affinity of hemoglobin. However,

hypoxia and anemia associated with COVID-19 usually decrease oxygen affinity

due to a rise in [2,3-bisphosphoglycerate]. As such, COVID-19 related changes in

the oxygen dissociation curve may be critical for oxygen uptake and supply, but

are hard to predict. A Pubmed search lists 14 publications on oxygen affinity in

COVID-19. While some investigations show no changes, three large studies found

an increased affinity that was related to a good prognosis. Exact causes remain

unknown. The cause of the associated anemia in COVID-19 is under discussion.

Erythrocytes with structural alterations of membrane and cytoskeleton have

been observed, and virus binding to Band 3 and also to ACE2 receptors in

erythroblasts has been proposed. COVID-19 presentation is moderate in many

subjects suffering from sickle cell disease. A possible explanation is that COVID-

19 counteracts the unfavorable large right shift of the oxygen dissociation curve in

these patients. Under discussion for therapy are mainly affinity-increasing drugs.

KEYWORDS

hemoglobin oxygen affinity, sickle cells, anemia, erythroblasts, in vivo oxygen
dissociation curve

1. Introduction

Infection with SARS-CoV-19 causes multiple organ failure. An especially impressive
effect is the impairment of oxygen uptake. The underlying general pathophysiology of
COVID-19 has been previously reviewed by various authors, e.g. (1, 2). The impairment of
oxygen uptake specifically relates to (a) impaired oxygen diffusion due to edema formation
in the injured lung, (b) V/Q mismatch due to microvascular thrombosis, loss of hypoxic
pulmonary vasoconstriction, or bronchopulmonary anastomoses, and (c) impaired oxygen
transport in blood due to anemia resulting from cell damage or reduced cell production. In
addition, ECMO treatment may cause hemolysis and a rise in COHb concentration. Further,
changes in oxygen affinity of hemoglobin occur [reviewed by 3] which may affect oxygen
uptake and delivery: In the lung an increase in affinity may facilitate O2 uptake while oxygen
delivery to consuming cells is enhanced by decreasing affinity.

Pubmed searches for COVID-19 AND hemoglobin (1,090 articles), COVID-19 AND
erythrocytes (559 articles) or COVID-19 AND erythrocyte function (310 articles) yield a
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large body of publications. Most decisive for red cell function is,
however, hemoglobin oxygen affinity. Yet, only 14 publications
address COVID-19 AND hemoglobin oxygen affinity, which is still
2 times more than in the first quarter of 2021, when we wrote
our first review (3). Only 8 of these publications, however, contain
actual measurements, the remaining are reviews, comments or
letters to the editor. Some aspects in the more recent articles
are new and help to refine our understanding of oxygen uptake,
transport and delivery in COVID-19. In particular, the presence
of the ACE2 receptor in part of the erythroblasts which allows
binding of SARS-CoV-2 may be relevant (4). Similarly, binding of
SARS-CoV-2 to Band 3 has been suggested by in silico data. Before
discussing the most recent findings on the oxygen dissociation
curve, a description of the physiological basis and a summary of
the previous review are useful.

2. Determinants of hemoglobin
oxygen affinity

Oxygen affinity is an intrinsic property of hemoglobin in red
blood cells that can be modified by a variety of factors [reviewed
e.g., by 5]. For determination of oxygen affinity the oxygen
dissociation curve (ODC) has to be measured. Characteristic
properties of the ODC are the half saturation pressure P50 and
the slope n (see below) in the logarithmic Hill plot. A low P50 is
favorable for oxygen binding to Hb in the lung capillaries, while
a high P50 is favorable for oxygen delivery to the consuming cells.
In vivo variations in pH (higher in the lungs than the consuming
tissues), PCO2 (lower in the lungs) and temperature (lower in
the lungs than in tissues with high energy turnover) as well as
additional, partly unknown factors may cause such variations in
affinity. The resulting in vivo ODC is therefore steeper than the
standardized in vitro curve (see below).

Various factors are important for oxygen affinity. There are
intraerythrocytic (e.g., cell age) and extraerythrocytic (e. g. plasma
concentrations of influencing substances) effects. An overview is
presented in Table 1.

2.1. Intraerythrocytic effects

Besides the type of Hb (HbA in most subjects), the following
substances produced in the red cells are especially relevant: While
2,3- bisphosphoglycerate (2,3-BPG) and adenosin triphosphate
(ATP) increase P50, glutathione (GSH) reduces it moderately.
A new analysis of the GSH effect was published recently (6).
Additionally all not freely diffusing anions (especially Hb− because
of its high concentration) influence the Donnan equilibrium and
increase the intraerythrocytic [H+].

2.2. Extraerythrocytic effects

In addition to intraerythrocytic factors, properties of blood
plasma are also influential. In contrast to in vitro investigations
exchange with the interstitial space is relevant in vivo especially in
the oxygen consuming tissues. In COVID-19 the small extracellular

TABLE 1 Internal (erythrocytes) and external (plasma and interstitial
fluid) regulators of Hb-O2 affinity.

Parameter Change
of P50

Known change
during COVID-19

Internal

Type of Hb ∧ or ∨ No change

2,3-BPG ∧ Slight increase?

ATP ∧ ∧?

GSH ∨ No change

Production of acids (e.g.,
lactic acid)

∧ Possibly increased

Cellular concentration of
non-diffusing substances
(Donnan equilibrium)

∧ ?

Non-diffusing anions
(Donnan equilibrium)

∨ Depending on plasmaprotein
concentration

Cell age ∨ ?

External

Temperature ∧ ∧

Osmolality ? ?

pH ∨ Variable

PCO2 , ∧ Variable, initially low

HCO3
−

∨ Variable

Other diffusible anions
(mainly Cl− . La−)

∧ Variable

Non-diffusing anions
(Donnan equilibrium)

∨ Depending on plasmaprotein
concentration

Data from sources evaluated in Böning et al. (3) and Mairbäurl and Weber (5).

space in the lungs may be increased by the accumulation of
interstitial or even alveolar edema fluid. The concentrations of CO2,
Cl−, lactic and other fixed acids as well as water (osmolality) in
the erythrocyte equilibrate with the surrounding fluid; but because
of the Donnan effect especially of Hb the concentrations of freely
exchangeable anions are lowered compared to the plasma. All acids
and bases influence the pH, but those entering the red cell (e.g.,
CO2, Cl−, lactic acid) can additionally bind to Hb at its end-
terminal nitrogen. Lactic acid is produced not only in the muscles,
but also within the red cells and interchanges slowly after binding
to the monocarboxylate-transporter 1 (7–9). A relevant influence
of nitric oxide on hemoglobin oxygen affinity on the other hand is
disputed because of its very low concentration compared to Hb (5).

3. Methods for the determining O2
affinity

The classical method for the determination of O2 affinity is
measurement of oxygen saturation (SO2) or content in vitro after
equilibration of blood with varying PO2 at standard conditions
(pH 7.4, PCO2 40 mmHg, temperature 37◦). While PCO2 and
temperature can be set by the investigator, pH varies slightly
because of the Haldane effect and has to be corrected for (see
below). These in vitro conditions resemble the situation in the

Frontiers in Medicine 02 frontiersin.org

https://doi.org/10.3389/fmed.2023.1098547
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-10-1098547 February 21, 2023 Time: 15:19 # 3

Böning et al. 10.3389/fmed.2023.1098547

healthy lungs with a very small extracellular volume. The influence
of temperature and acids can be studied by equilibration at different
conditions (PCO2, temperature) or after addition of acids or bases
(e.g., HCl, lactic acid). A drawback is the required volume of
blood; approximately a minimum of 5 ml is necessary for one
curve with five points when using sphere tonometers. We have
previously reduced this to 2–3 ml for 10 points by adding oxygen to
desaturated blood in a syringe (10). A frequently used apparatus is
the Hemox-Analyzer (11–13) where only 50 µl of blood are added
to 50 ml buffer solution (100 mmol/l sodium chloride, 5 mmol/l
potassium chloride, 30 mmol/l imidazole buffer, 5 mmol/l sodium
phosphate, 5 mmol/l glucose) and equilibrated with oxygen or
nitrogen. Advantages are the ability to investigate minimal red cell
volumes as well as isolated erythrocytes, and possible manipulation
of experimental conditions. The lack of CO2 in this assay has
rightfully been criticized by Harutyunyan et al. (14). In addition,
the buffer lacks Ca++, bicarbonate, proteins, and lipids. Further,
substances in the plasma which interchange with red cells or
influence the membrane potential (e.g., bicarbonate and lactate)
are largely diluted resulting in their efflux from the erythrocytes
into the buffer solution. As such, characteristic in vivo effects of
these compounds may completely disappear in vitro. Some of the
drawbacks can be abolished by using a plasma-like solution and
adding CO2 to the equilibration gas, as previously described by e.g.,
(15). A new apparatus where only some microliters of undiluted
native blood are necessary might be useful in the future (16).

Because of lacking laboratory facilities, small available blood
volumes or risk of infection, most investigators of COVID-19 have
calculated P50 values from single blood samples after routine blood
gas analysis. The following equations published by Severinghaus
(17) are most often applied for correction to standard conditions
(pH 7.4, base excess 0 mequ/l, 37◦C):

Correction for Bohr shift by CO2 and fixed acid (e.g., lactic
acid):

1log PO2 = − 0.481pH + 0.00131base excess (1)

Correction for temperature shift:

1log PO2 = 0.0241T (2)

Presentation in the Hill diagram (18):

log SO2/(100− SO2) = n∗logPO2 + K (3)

The slope n is rather constant over a large range of SO2 [e.g.,
(19)] allowing to calculate a standard P50 from one pair of PO2 and
SO2 measurements. However, n may be influenced by additional
factors such as physical training (20) or illness, e.g., peripheral
artery disease (21) or cystic fibrosis (19).

Yet, various modulating factors were initially not known and
are therefore not considered in these equations, especially the effect
of organic phosphates like 2,3-BPG (22, 23) and the modulation
of the Bohr effect as a function of oxygen saturation at values
below 20 as well as above 90% SO2 (24, 25). To avoid influences
of the latter, Severinghaus (17) suggested to use only samples
between 20 and 80% SO2 for the P50 calculation. As long as the
deviations from the standard conditions are small, these effects are
of no major relevance. A more important problem is, however,
whether these factors are equally large in vivo. Specifically, we have

observed considerably in vivo deviations of P50 as well as of the
Bohr coefficients in various studies [discussed e.g., in (19, 26)],
which may be attributable to the constant exchange of substances
between blood, interstitial fluids, and even parenchymal cells.

4. Summary of our first review

In our initial review on the topic (3), four papers containing
measurements of oxygen affinity were considered (27–30). The
techniques used in these for the determination of O2 affinity were
either the Hemox-Analyzer or calculation from single arterial or
venous blood samples applying Severinghaus’ equations to obtain
the standard half saturation pressure P50.

In these reports, no right shift of the ODC was detected
as would normally be expected in patients with hypoxia due
to a counterregulatory increase in [2,3-BPG] (5). The largest
investigation (30) even showed a left shift calculated from
thousands of venous or arterial blood samples (23.4 mmHg
compared to the accepted value of 26.7 mmHg in healthy subjects).
This was astonishing since the patients additionally suffered from
marked anemia. Anemia might cause an increase in P50 to more
than 30 mmHg resulting from high 2,3-BPG concentrations (15);
additionally Hill’s n tended to higher values at SO2 above 50%
in this investigation. At that time, we speculated that a high
concentration of methemoglobin (MetHb) as observed in some
investigations [summarized by Scholkmann et al. (31)] might have
reversed the anemia effect in COVID-19 patients and caused a left
shift of the ODC. Additionally we suggested that various commonly
observed, yet not very well-understood in vivo effects might have
caused a further left shift in Vogel’s (30) investigation.

In this context, the following methodological problems have
to be considered: P50 in COVID-19 patients was compared to
values obtained in patients with other (non-COVID) diseases, while
a comparison with healthy subjects would have been preferable.
Measurement of complete ODCs at different physiological
conditions (pH, PCO2, temperature) with established methods
especially including determination of 2,3-BPG had not been
performed. The latter has been measured only in one study
on erythrocytic metabolism in moderate COVID-19, but only
arbitrary units were presented hinting to slightly elevated
concentrations (32). Reasons for the surprising paucity of data on
[2,3-BPG] in COVID-19 might be that the appropriate commercial
test kits are no longer available and that the physiological
laboratories specialized in [2,3-BPG] measurements are not
prepared for work with infectious samples.

5. New publications on hemoglobin
oxygen affinity in COVID-19

Pubmed and Google Scholar were searched up to December,
2022 for “COVID-19 AND oxygen dissociation curve” as well as
“COVID-19 AND hemoglobin oxygen affinity.” An overview is
presented in Table 2.

Early after the publication of our review Vogel et al. (33)
communicated that they had meanwhile measured methemoglobin
levels and detected no increase in the majority of cases. Specifically,
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TABLE 2 Oxygen affinity in COVID-19 patients.

Authors COVID-19
group

Comparison
group

P50 (mmHg)
COVID-19

P50 (mmHg)
comparison

Signif.
p

[Hb] (g/dl) Method Annotations

De Martino et al.
(27)

12m, 9f 10m, 11f
ARDS

Data lacking 26.7 ns ∼13 G v. No clear deviation
from theoretical
standard ODCs, but
tendency for a right
shift

Daniel et al. (28) 7m, 7f 5m, 6f
no diagnosis

29.0± 2.3 28.5 + 1.8 ns 9.3± 2.3
14.3± 1.1

H Anemia in
COVID-19 patients

Renoux et al. (29) 7 7 healthy
7 sepsis

29.7 [27.2; 31.0] 26.7 [26.3; 29.3];
27.6 [27.0; 30.6]

ns 11.6 [9.0; 14.4]
10.7 [9.8; 12.4]

H v. SO2 of all and Hb
of healthy subjects
not communicated

Vogel et al. (30) 43m and f 828
critically ill

23.4± 3.1 24.6± 5.4 < 0.001 8.1± 1.2
9.4± 2.0

C a and v. Comparison
to standard P50 26.7
p < 0.0001

Gille et al. (38) 70m, 30f 69m, 31f histor.
control

26 [25.2–26.8] 25.9 [24.0–27.3] ns 14 [12.6; 15.2]
13.2 [11.4; 14.7]

a. Diagnosis in
historical control not
communicated!

Pascual-Guàrdia
et al. (42)

79m, 60f 73, historical
control or negative
PCR

not calculated not calculated 13.3± 1.8
11.8± 2.4

C a. P50 not calculated,
but many PO2 values
differ > 2 SD from
mean. Sex of
comparison patients
not communicated.

Pascual-Guàrdia
et al. (42)

110m,
105f

379, historical
control or negative
PCR

not calculated not calculated C v. P50 not calculated,
but many PO2 values
differ more than 2
SD from mean. Sex
of comparison
patients not
communicated.

Laredo et al. (45) 89m, 35f 104m, 37f 27.4± 0.3 27.5± 0.2 < 0.05 11.1 [9.6; 13.2]
10.8 [9.4; 12.7]

C Probably a and v.
Lower Bohr
coefficient in
COVID-19.

Ceruti et al. (50) 25 survivors 7 deceased 23.0± 1.6 32.2± 7.9 < 0.01 11.5± 2.0 C a. Comparison
deceased vs.
survivors

Hlutkina et al. (51) 15 15 healthy 31.8 [29.5; 34.3] 27.9 [27.5; 28.9] < 0.05 12.1 [9.2; 13.0]
14.1 [11.7; 14.4]

C v. SO2 not
communicated

Valle et al. (56) 517 314 26.3± 1.2 vitro
25.7± 1.4 vivo

26.8± 2.9 vitro
27.1± 2.8 vivo

0.001 0.001 13.0± 1.8
13.0± 2.3

C a. Higher survival in
patients with initial
P50 < 27 mmHg

Bergamaschi et al.
(57)

289m
In vivo

289m
In vitro

25.4 [24.5–6.4]
in vivo

27.2 [26.3–28.2]
in vitro

0.01 12.9 [11.7–141] C Mild form of illness,
age 75 (63–82) years

Explanations: m, male; f, female; ARDS, viral pneumonia-induced acute respiratory distress syndrome; ns, not significant. P50 calculated for standard conditions. vitro, in vitro; vivo, in vivo.
Methods: H, Hemoxanalyzer; C, calculation from arterial or venous measurements by applying Hill or Severinghaus equations; D, calculation from arterial or venous measurements by applying
Dash equations; G, graphical representation in the SO2-PO2 diagram. Annotations: a, arterial; v, venous.

MetHb exceeded 3% in only 30 of 3,518 samples. This finding was
also supported by Gille et al. (34) in a comment (see below). In
other studies, however, elevated MetHb levels might play a relevant
role: Alamdari et al. (35) reported an average of 16.4 ± 9.1 SD% in
21 severely ill patients treated in the intensive care unit. Caution
is warranted as some MetHb formation may also occur during
the time between blood sampling and measurement. In our own
investigations (30) measurements were performed immediately
after blood sampling. Alamdari et al. (35), however, state that their
samples were transported on ice to the laboratory. But formation

of MetHb is an autoxidative process without molecule collisions
which cannot be prevented by cooling. As such, MetHb may cause
a left shift of the ODC in patients with COVID-19, especially when
treated with drugs favoring MetHb formation such as chloroquine
and hydrochloroquine. These substances were not applied in the
patients studied by Vogel et al. (30).

Hence, the cause for the low P50 in Vogel’s paper remains
unknown and the measurement of 2,3-BPG becomes ever more
important. Unfortunately, we had to recognize that previously
utilized commercial test kits are no longer produced (36), which
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is likely the reason why none of the above mentioned papers on
oxygen affinity in COVID-19 with the notable exception of the
report by Thomas et al. (32) measured [2,3-BPG], and even the
Thomas paper determined only relative concentrations (Personal
communication A. D’Alessandro). As such, it remains unclear
whether the detected left shift in Vogel′s study occurred because
of a lack of the (physiologically expected) increase in 2,3-BPG
or whether it was caused by unknown factors despite elevated
[2,3-BPG]. Various substances (e.g., ATP, Cl−, lactate, glutathione)
may have influenced oxygen affinity in this investigation (36). The
concentration of NO in blood is low but its binding mechanism
to Hb is similar to MetHb formation at high oxygen saturation; as
such NO may possibly influence the position of the ODC during
the lung passage (37); this effect, however, disappears at low oxygen
saturation in the tissue capillaries.

While our first review was in press, Gille et al. (38) published a
similar study as Vogel et al., but did not detect a change in the ODC
in their COVID-19 patients compared to a non-uniform group
of patients with infection, airway disease, interstitial lung disease,
or heart failure. MetHb was also not increased, similar to Vogel’s
investigation. Subsequently the authors also wrote a letter to the
editor with respect to our review (34). A careful analysis of both
papers yields the following conclusions (39):

(1) Gille et al. evaluated data from 100 patients with COVID-
19 and compared them to 100 patients with acute respiratory
failure (infection, airway disease, interstitial lung disease, or heart
failure) who had been assessed prior to the emergence of the
COVID-19 pandemic. They did not detect differences in the P50
[median 26 (25.2–26.8) versus 25.9 (24–27.3) mmHg]. The number
of measurements was, however, much smaller than in Vogel‘s study
(19.463 from 43 COVID-19 patients and 828 critically ill patients
with acute respiratory failure), and the average Hb concentration
was markedly higher (median 14.0 g/l versus mean value 8.1 g/dl).

As PO2 scatters markedly at saturations higher than 97%, Gille
et al. excluded these values. According to various investigations,
[e.g., (24, 25)] also the Bohr effect is markedly reduced above 90%
SO2. Therefore, this exclusion is reasonable.

Vogel et al. (30) did not exclude data, instead, they evaluated
all measurements between 20 and 100% SO2. Mean values of
approximately 94% SO2 were similar for COVID-19 patients and
the control group. The Bohr effect correction was negligible (pH
7.382 ± 0.077 SD). Outliers were present in both groups, therefore
the detected P50 difference can be assumed to be real. One may
conclude that the different results in the studies by Vogel et al. and
Gille et al. do not seem to be caused by different methods, but to
depend on other causes such as different severity of the illness; this
notion is supported by the fact that all patients in Vogel’s study
received ventilator support, and that [Hb] was much lower than
in Gille’s study.

In Figure 2 Gille et al. present the time course of the standard
P50 over 18 days in COVID-19 patients and non-COVID patients.
They do not find a significant difference, albeit a tendency for
lower mean values in the COVID-19 patients relative to the control
group is visible (e.g., a 2 mmHg difference on days 8–10). Possibly
the number of measurements (maximally 15 on each day) was
too low or the variability of diseases in the non-COVID patients
(infections, airway disease, interstitial lung disease, heart failure,
surgical interventions) too high. In any case lack of significance
does not proof the absence of an effect.

Surprisingly Gille et al. added COHb to O2Hb for the
calculation of SO2. This is not correct in our eyes, but used in some
apparatus (40). Accordingly, the calculated P50 is lowered, but [CO-
Hb] is rather small in this investigation and therefore the effect
presumably negligible.

Additionally, 55 subjects with high CO-Hb and 30 subjects with
sickle cell disease (see below) were studied. As expected, the ODC
was left shifted in the CO-Hb group.

(2) Similar to the previous report by Vogel et al., the findings
of Gille et al. exclude MetHb as main factor for a left shift of
the in vivo ODC in COVID-19. As mentioned above, a possible
influence of variable NO-binding to Hb might yield an alternative
explanation for the reported left shift (36). On the other hand,
erythroblasts express ACE2 on the plasma membrane and are
therefore potentially vulnerable to SARS-CoV-2 infection in cases
of viremia (41); this, again, might influence oxygen affinity.

Pascual-Guàrdia et al. (42) published a rather large
investigation (approximately 1,100 arterial or venous samples) in
COVID-19 patients who in most cases were not critically ill (no
mechanical ventilation, mean Hb concentrations of 13.3 ± 1.8 SD
g/dl) and compared them to an even larger group of patients with
pulmonary dysfunction caused by other illnesses. The authors did
not observe a significant change in oxygen affinity, but scattering
was very large. In 35 venous samples the difference between
measured and calculated SO2 (by use of three published standard
curves) was larger than two standard deviations (approx.± 6%).

In a letter to the editor we (43) therefore suggested that changes
in Hb-concentration or other indicators of severe illness (e. g.
mechanical ventilation) might have influenced P50 in these patients.
Possibly the effects of critical illness with profound anemia were
similar to those reported by Vogel et al. (30), and might thus have
caused the large scatter in the study by Pascual-Guàrdia et al.

Subsequently Pascual-Guàrdia et al. (44) presented data for
severely ill patients only. In this group, again, no significant change
in P50 was detectable, but the scattering remained improbably
large. Therefore, the data of Pascual-Guàrdia neither supports nor
contradicts those measured by Vogel et al. (30).

Laredo et al. (45) published a letter to the editor reporting
a large investigation comparing patients treated in the intensive
care unit (5,291 measurements in COVID-19 patients in 2020
versus 3,449 measurements in Non-COVID patients in 2018–
2019); more than 60% were mechanically ventilated. The reference
group suffered from bacterial pneumonia (n = 80, 56%), influenza
(n = 32%), and non-infectious injuries; this selection is similar to
that by Gille et al. (38). Average arterial SO2 was high in both groups
[95.7 (93.9–96.8)% in COVID-19 patients vs. 95.1 (91.7–96.3)%
in Non-COVID patients with slightly higher values in COVID-19
patients (p = 0.03), the corresponding PO2 amounted to 107 mmHg
(91–128) and 95 mmHg (77–115), respectively (p = 0.002)]. Yet, at
least 100 SO2 values were lower than 70%. The medians of PCO2
[43 mmHg (38–48) vs. 42 mmHg (37–49), (p = 0.87)] and pH [7.41
(7.38–7.45) vs. 7.40 (7.34–7.44), (p = 0.04)] were in the normal
range, but individual values scattered considerably.

The authors applied a relatively complicated equation for P50
calculation: the constants for correction to standard conditions
(PCO2 = 38 mmHg, pH = 7.4) were obtained from each patient′s
data, for comparison the median was used. Hb concentration
amounted to 11.1 [9.6–13.2] and 10.8 [9.4–12.7] g/dl, respectively,
corresponding to moderate anemia.
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In COVID-patients, the calculated standard curves were only
slightly yet significantly left-shifted by 0.1 mmHg as compared
to the reference group (27.5 ± 0.2 SD mmHg). This shift is
physiologically negligible. Interestingly, however, the calculated
Bohr coefficient for CO2 was slightly reduced in COVID-19
patients, which reduces the in vivo P50 further.

The main problem with P50 calculation in this investigation is
that many PO2 were very high (up to > 300 mmHg in Figure 1 of
Laredo’s article). The large scattering as well as the disappearance of
the Bohr effect reduce the probability of a correct P50-calculation
from these values. Laredo er al. did not exclude values above
95% like some other authors. But when considering all single
standardized values (SO2 versus PO2) presented in Figure 1 of
Laredo’s article, it is visible that below 95% saturation the majority
of points in the COVID-patients are left-shifted compared to the
Non-COVID group.

To summarize: This investigation shows only a minor effect of
COVID-19 on the ODC, but experimental limitations may have
obscured a potentially larger effect. Specifically, a potential left shift
at high oxygen saturation and a corresponding right shift at low
saturation levels may have cancelled each other out and resulted in
a seemingly unchanged mean value.

An article possibly clarifying the discrepancies in preceding
publications might be “Temporal Changes in the Oxyhemoglobin
Dissociation Curve of Critically Ill COVID-19 Patients” by Ceruti
et al. (46). Arterial blood gases were repeatedly assessed in the
intensive care unit (3,514 analyses in 32 patients) and the standard
P50 values of the first 3 days were compared to those measured over
the last 3 days. Most patients showed a left shift similar to the study
by Vogel et al. (30). A difference between early P50 and late P50
was detected (20.63 ± 2.1 vs. 18.68 ± 3.3 mmHg, p = 0.03 for all
patients); however, when values of deceased patients (the number
is not communicated) were analyzed, an increase in median P50
was observed compared to data in survivors (24.1 vs. 18.45 mmHg,
p = 0.01).

This decrease of arterial P50 in the majority of patients which
supports oxygenation in the lungs might be an important advantage
for survivors and explain the differing results in former studies.
Unfortunately, however, these P50 values are improbably low
which we have criticized in a letter to the editor (47). Ceruti
et al. (46) used equations published by Dash et al. (48) which
are rather complicated compared to those of Severinghaus. As
they presented no comparing measurements in healthy subjects,
a check for a possible calculating error was impossible. Yet,
we had never seen such low values in human blood of adults
with normal HbA. According to Duhm (49) the standard P50
for human red cells completely depleted of 2,3-BPG decreases
to only 16 mmHg.

We have therefore recalculated the results using the Hill
equation (equ. 3) after correction to standard conditions and
assuming n = 2.7 (47). When applying this procedure to Ceruti’s
data for all patients in their Table 1 (probably means of initial
values), we obtained an average P50 of 26.9 + 1.9 SD mmHg, which
is almost equal to Severinghaus’ standard value of 26.7 mmHg.
Similarly, the individual values for each patient in their Table 2
were much higher after recalculation (22.9–32.3 mmHg) than
those given in Ceruti’s paper. Only 7 single values were lower
than 25 mmHg. We evaluated also the data for the 25 and the
75% percentile of SO2 in Ceruti’s Table S1. The P50 calculated

from these values are lower (23.0 and 22.5 mmHg) but still
higher than the means in Ceruti’s paper (initially 20.6, at the end
18.7 mmHg). Exclusion of samples with SO2 higher than 95%
to avoid the large scattering of PO2 did not change the mean
standard P50.

As such, it became obvious that the P50 values calculated by
Ceruti et al. cannot be correct. Yet, the observed temporal decrease
in survivors is likely real as a systematic error should similarly
affect all calculated values during the stay on the intensive care unit.
Unfortunately, a control group of patients with other illnesses as in
the paper by Vogel et al. (30) was not included in this study.

In their answer to our letter, Ceruti et al. (50) conceded that the
originally reported low P50 values resulted from a calculation error
and announced a revised paper. They communicated that at the end
of the stay surviving patients presented a P50 of 23.0 + 1.6 compared
to 32.2 + 7.9 mmHg in deceased patients. A possible cause might be
that anemia was less severe in the recovered patients and therefore
[2,3-BPG] concentration lower.

One recently published paper by Hlutkina et al. (51) shows
an increase in the standard P50 in 15 patients at admission to
the hospital compared to 15 healthy subjects (median 31.8 versus
27.9 mmHg) calculated from venous measurements with rather
low saturations (median 60%). The authors suggest an effect of
increased NO concentrations, which had been previously reported
by Mortaz et al. (52).

Since right shifts of the ODC in venous blood have been
observed during exercise, e.g., (20, 53, 54) as well as in disease
(21, 55), this is not entirely surprising. Such a right shift facilitates
oxygen delivery to consuming tissues, yet it simultaneously impacts
oxygen uptake in the lungs. Notably, in the investigation by
Vogel et al. (30) the reported left shift is only visible in samples
with saturations above 50%. Yet, when we recalculated P50-
values from the medians in the article of Hlutkina and Zinchuk
applying Severinghaus’ equations for correction to standard values
and Hill‘s equation for calculation of P50, we obtained for both
groups 30.1 mmHg. We contacted the authors who assured us
that their measurements and calculations were correct. A possible
explanation for this discrepancy might be that the medians for PO2,
SO2 and pH were measured in different blood samples, a problem
which does not exist for mean values. Yet, as a consequence the
results of this article have to be taken with a huge grain of salt.
In Vogel′s et al. article (30) the left shift is not very pronounced
when calculated from means, but clearly visible in the apparently
not normal distribution of the single values.

The last paper that came to our knowledge was written by
Valle et al. (56). They evaluated arterial blood gas measurements
below 92% SO2 for P50 calculation at entry to the hospital before
treatment in 552 COVID-19 patients (75 were accepted into the
intensive care unit) and 314 non-COVID respiratory patients
applying the equations also used by Vogel et al. (30). Mean
standard P50 was slightly lower in COVID-19 patients (26.3 ± 1.2
versus 26.8 ± 2.9 mmHg, p < 0.001). This difference was more
pronounced for in vivo conditions, i.e., blood pH, temperature,
PCO2, and carboxyhemoglobin levels of the patient (25.7 ± 1.4
versus 27.1 ± 2.8 mmHg, p < 0.001). In spite of this still small
general effect arterial oxygen content was markedly higher in
COVID-patients compared to the Non-COVID group with in vivo
P50 below 27 mmHg [17.2 (15.7–18.7) vs. 15.2 (13.0–16.6) mL/dL
(P < 0.001)]. Interestingly, however, [Hb] was negatively correlated
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with both in vitro and in vivo P50 showing that the known right-
shift effect of anemia was preserved. The prevalence of hypoxemia
(73.3 vs. 57.3%, p < 0.001), hypocapnia (59.4 vs. 35.7%, p < 0.001),
combined hypoxemia and hypocapnia (59.4 vs. 27.8%, p < 0.001)
and alkalosis (53.4 vs. 30.9%) was greater in COVID-19 patients
than in the reference group.

Surprisingly, both P50s and P50i increased significantly over
18 days in the hospital in a subgroup of 33 subjects with
regular measurements every 3 days from 25.8 to 27.5 mmHg.
The percentage of patients with P50i < 27 mmHg decreased from
78.8% at baseline to a minimum of 21.2% 6 days later and still
amounted to only 45.5% after 18 days. In 6 patients P50 rose
by more than 4 mmHg. An important result is that mortality
was significantly lower (12.9 versus 23.7%, p = 0.014) in patients
with low (< 27 mmHg) as compared to those with high P50i
(> 27 mmHg) at entrance to the hospital.

It seems astonishing that these relatively small changes may
have affected survival, yet it should be considered that in the lungs
at approximately 90% saturation the PO2 differences are increased
(see Table 3). It is also possible that the changes are larger during
movements or vary during the day. Since anemia was positively
correlated with P50, this seems to be an additional factor for bad
outcome.

Interestingly mortality correlates with body temperature during
the stay in the hospital (57). One causal factor might be the
decreasing oxygen affinity hindering O2 uptake in the lungs when
the temperature rises. The authors suggest cooling (e. g. of the
inspired gas) as a possible therapeutic means.

Very recently Bergamaschi et al. (58) published a letter to
the editor about measurements in 289 COVID-19 patients. They
observed no change of in vitro standard P50, but low in vivo P50.
This effect was more marked in surviving than in deceased patients
[25.2 (24.4–26.3) versus 25.8 (24.7–26.9) mmHg; p < 0.012].

5.1. Comparison of methods

So far, the results from the various studies on hemoglobin
oxygen affinity in COVID-19 are rather heterogeneous. A probable
cause is that according to Ceruti et al. (46) changes partly depend
on the severity or prognosis of the illness. In line with this notion,
in the study by Pascual-Guardia et al. (44) the P50-outliers mainly

TABLE 3 PO2 to obtain 90% oxygen saturation in dependence on P50 (all
values in mmHg).

P50 PO2 for 90% SO2 Difference against
P50 = 27 mmHg

24 54.2 −6.8

25 56.4 −4.5

26 58.7 −2.3

27 60.9 0.0

28 63.2 2.3

29 65.4 4.5

30 67.7 6.8

31 69.9 9.0

32 72.2 11.3

belonged to the critically ill group. Further likely causes for these
variations may comprise: mixtures of venous and arterial samples,
inequality of comparison groups, time delay until measurement,
treatment of samples (on ice?), treatment of patients, or acidotic
pH in arterial blood due to hypercapnia in severe cases.

Existing studies so far comprise 3 types of analyses:
measurement of complete ODCs, calculation of P50 from single
values determined in arterial blood, calculation of P50 from single
values determined in venous blood. An overview is presented
in Table 2.

5.2. Complete ODCs

We detected only 2 publications which measured complete
ODCs, both using the Hemox Analyzer. In the study by Daniel
et al. (28) P50 was rather high (29,0 ± 2.3 mmHg) in 14 COVID-
19 patients, but not significantly different from a reference group
of 11 patients with unknown diagnosis (28.5 ± 1.8 mmHg). As
mentioned above, in this assay all potential in vivo effects from
soluble factors outside the red blood cells are extremely diluted
(1:1000) in the buffer solution. However, [2,3-BPG] in the red cells
should remain rather stable during the short-lasting experiments.
At first glance one may hypothesize that its concentration should
be increased due to anemia (Hb 9.4 g/l). The number of COVID-
19 patients is rather small (14) and the reference group consists
of severely ill patients, too, yet without anemia (14.3 ± 1.1 g/dl).
Renoux (29) measured similar P50 values in seven COVID-19
patients, but the values of their reference group consisting of
healthy subjects did again not differ. Additional problems might
be that variations of buffer composition (and thus different
pH) and type of anticoagulant (e. g. acid citrate dextrose) can
influence the P50 values (59). The standard deviation of the method
is ± 1.1 mmHg with the original buffer according to Mawjood
(60). General problems for all measurements are storage duration
(when did the blood arrive in the laboratory?) and conditions (e.g.,
storage temperature).

5.3. P50 calculation from single arterial
samples

Three large studies using P50 calculation from arterial samples
show a left shift of the ODC (30, 33, 46, 56). In two the outcome
is positively correlated to a low half saturation pressure (46, 56), in
one P50 was higher in anemic subjects with a bad prognosis (56).
Patients in whom oxygen affinity-and thus, oxygen loading in the
lungs - increased over the hospital stay had a higher probability of
survival (56). In the patients reported by Ceruti et al. (50) the P50
difference between surviving and deceased patients is dramatic: P50
of 23.0 + 1.6 compared to 32.2 + 7.9 mmHg in the corrected version
of their paper!

5.4. P50 calculation from single venous
samples

Hlutkina and Zinchuk (51) calculated an increased P50 in
COVID-19 patients from venous blood samples [SO2 59.9 (44.7;
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72.8)]. Other authors like Vogel et al. measured also venous
saturations but did not present them separately. On their figures,
however, a rightward deviation at low SO2 from the standard curve
is visible. Similarly in the article by DeMartino and colleagues
(27) a tendency for a right shift in both patients and control
subjects can be seen.

5.5. Confounding factors

Further complicating the interpretation of the published results
is the fact that the investigated patients are often old and
suffering from various additional health problems. On the other
hand, the comparison with critically ill subjects with various
non-COVID-19 diagnosis may be misleading, if their illnesses also
affect hemoglobin oxygen affinity. In various articles the diagnoses
and comorbidities of the reference groups are variable or not clearly
defined. In chronic obstructive pulmonary disease P50 is often
markedly decreased (61) due to a systemic inflammatory response.

The changes of the mostly calculated in vitro P50 for standard
conditions are partly rather small and therefore not always
statistically provable; in vivo the left shift is probably more relevant
and, importantly, seems to increase survival rate, as indicated e.g.,
in 56. When hyperventilation diminishes arterial PCO2 leading to
a lower in vivo P50 as is often the case during the initial phase of the
illness, this may have a transitory positive result.

Especially problematic is the impaired oxygen uptake in the
injured lungs, i.e., in a situation where oxygen saturation is
physiologically high. Here, a change of only 1 mmHg in P50
reduces or increases the PO2 necessary to obtain 90% saturation
by 2.3 mmHg (Table 3), for 80% saturation the corresponding
value is 1.7 mmHg. The same calculation for 95% increases this
effect to 3 mmHg. When considering the results of Ceruti et al.
(P50 of 23.0 ± 1.6 compared to 32.2 ± 7.9 mmHg in surviving vs.
deceased patients), the corresponding P90 varies by 20 mmHg, a
physiologically important effect in injured lungs (50).

5.6. Causes for the left shift

Causes for the reported left shift might be reduction of 2,3-BPG
and/or concentration changes of other ODC-modulating molecules
in the erythrocyte (e.g., ATP, glutathione, chloride, CO2). Changes
in red cell age because of hemolysis or altered erythropoiesis may
also be important: The half saturation pressure of old erythrocytes
is reduced due to lower [2,3-BPG] (62). Another factor might be
that effective hyperventilation with reduction of alveolar PCO2
and an increase in red cell pH as commonly seen in anemia
is not possible in many COVID-19 patients. This failure of an
adaptive ventilatory response might reduce 2,3-BPG synthesis and
thus, promote a left shift in spite of anemia. In any case, even
a “normal” standard P50 in anemic patients is in fact already a
reduced one. Damages of the red cell membrane, as described e.g.,
in Thomas et al. (32), might change substance concentrations in
the erythrocyte or allow exit of Hb molecules which influences
affinity (e.g., plasma pH is about 0.2 units higher than cell pH). If
erythropoiesis is suppressed because of cell damages already in the
bone marrow (see Chapter 6), the proportion of old erythrocytes

with low [2,3-BPG] rises resulting in lowered P50. Finally MetHb
as cause for P50 changes probably plays no important role. In 4 of
the articles described in this chapter (38, 46, 56, 58) mean values
did not exceed 1%.

An interesting aspect is that measurements in venous blood
show no significant effect on P50 (27, 29) or even a rise in P50
(29, 51). This finding is reminiscent of the results of Vogel et al.
(30), where the P50 values calculated for low SO2 tended to lie
to the right of the standard curve. Similarly, measurements in
venous blood during physical exercise often show a deviation
to the right [e.g., (21, 63, 64)]. The causes for this right-shift
are not fully explained. A possible cause are shifts of anions
(Cl− or HCO3

−), which enter red cells in the peripheral tissues
and exit them again in the lungs. The decrease in Cl− might
be further enhanced in COVID-19 due to an increase in the
pulmonary distribution space resulting from interstitial or alveolar
edema fluid.

Astonishingly no author has considered a possibly varied
Donnan effect caused by changes in the intraeythrocytic Hb
concentration. A reduction of [Hb]ery increases pHery resulting in
lowered P50 when applying pHplasma for the calculation. But this
effect is probably negligible. In the studies with P50 determinations
only 3 (29, 30, 46) communicate Hct values necessary for the
calculation. The resulting [Hbery] is only slightly decreased (mean
values 29.7–32.9 g/l compared the normal value of 33 g/l).

5.7. Conclusion from chapter 5

According to 4 studies in more than 600 patients COVID-
19 has a remarkable effect on the ODC, causing in arterial
blood a left, and in venous blood a right shift. This notion
is based on measurements in several thousand blood samples.
Lacking effects in other (mostly smaller) studies might result
from a variety of confounding influences, e.g., comorbidities.
Since extended laboratory measurements (complete ODCs and
2,3-BPG determinations) or comparative measurements between
laboratories have been rarely performed, exact causes remain
unknown.

6. Effects of COVID-19 on
erythropoiesis and oxygen supply

SARS-CoV-2 infectivity has been demonstrated in erythroid
progenitor cells (41). This invasion of erythroid precursors and
progenitors by SARS-CoV-2 is a cardinal feature of COVID-19
disease which may in part explain the evolving hypoxia (65). The
infection of erythroid progenitor cells can lead to hematopoietic
stress which may result in RBC morphological abnormalities,
inability to respond to environmental cues, and premature egress
from the bone marrow. These findings provide a mechanistic
concept for the association of COVID-19 disease with RBC
abnormalities. For example, dysregulated iron homeostasis has
been reported and unusual RBC morphological abnormalities
have been observed in COVID-19 patients. The recognition
of RBC precursors as a direct target of SARS-CoV-2 has led
to the hypothesis that SARS-CoV-2 induced dysregulation of
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hemoglobin- and iron-metabolism may contribute to severe
systemic courses of COVID-19 (66). The premature egress from
the bone marrow may in part reflect a physiological response
to hypoxia. Indeed, COVID-19 patients appear to have elevated
RBC distribution width (RDW) and altered erythrocyte shape
(67). Moreover a differential impact of SARS-CoV-2 variants on
erythropoiesis in COVID-19 patients with a more prominent
impact of the original Wuhan variant compared with the Delta
and Omicron variants has been proposed (68). Altered RBC
morphology and composition due to impaired erythropoiesis could
be one reason for the modulation of RBC function including
oxygen binding in COVID-19. Additional mechanisms by which
SARS-CoV-2 infection may affect mature RBCs are presently
under discussion and may potentially explain functional alterations
including changes in the ODC.

7. Possible pathomechanisms
underlying functional and structural
damage of red blood cells

The viral infection with SARS-CoV-2 causes significant damage
to RBCs that are altered in number, size, rigidity, morphology,
hemoglobin content, and distribution width. These changes are
associated with functional alterations of RBCs such as changes
in RBC metabolism, hemolysis, oxidative stress, NO-metabolism,
and oxygen dissociation (3, 69). Damages of RBC membranes and
cytoskeleton could be involved in several of the functional and
structural RBC abnormalities induced by SARS-CoV-2 infection
(69). One cause for the morphological alteration of RBCs could
be related to the SARS-CoV-2 virus binding to membrane cluster
of differentiation 147 (CD147) receptors and Band3 protein, the
most abundant transmembrane protein in the RBCs, on the RBC
membrane (70, 71). It should be pointed out that experimental
proof for the predicted interaction between red blood cells and
SARS-CoV-2 based on in silico modeling is lacking so far. However,
should SARS-CoV-2 indeed bind directly to red blood cells,
devastating consequences in terms of hemolytic activity and RBC
properties may be expected.

These proposed mechanisms reduce the functional capacity of
erythrocytes for oxygen transport and result in the development
of tissue hypoxia (70). Oxygen delivery to tissues can also be
decreased by hyperviscosity due to impaired RBC deformability
and increased oxidative stress in RBCs (67, 72). The mechanisms
leading to increased oxidative stress and impaired deformability
of RBCs are not fully resolved up to now. Thomas et al.
(32) describe several possible mechanisms which could lead
to functional and structural alterations of RBCs. The authors
propose that increases in glycolytic metabolites in COVID-
19 RBCs are consistent with a theoretically improved capacity
of hemoglobin to off-load oxygen as a function of allosteric
modulation by high-energy phosphate compounds, possibly as
an adaptive response to counteract COVID-19-induced hypoxia.
The N-terminus of AE1/Band 3 stabilizes deoxyhemoglobin and
fine-tunes oxygen off-loading. RBCs from COVID-19 patients
may be incapable of responding to environmental variations in
hemoglobin oxygen saturation when traveling from the lungs
to peripheral capillaries and, as such, may have a compromised

capacity to transport and deliver oxygen. Moreover a damage
of the N-terminus of AE1 may compromise the RBC′s capacity
to inhibit glycolysis and activate the pentose phosphate pathway
in response to oxidative stress, making the RBCs from COVID-
19 patients more susceptible to increased oxidative stress. ROS
can then react with membrane lipids and proteins, causing lipid
peroxidation and modifying membrane proteins, resulting in
phosphatidylserine exposure on the RBC surface. This membrane
rearrangement is expected to generate an imbalance in cation
homeostasis and a concomitant decrease in deformability and–
together with oxidative damage of the endothelium–provides a
mechanistic explanation for the high incidence of thromboembolic
complications and coagulopathies in COVID-19 patients (69).
Furthermore, RBCs of COVID-19 patients contain increased
levels of glycolytic intermediates, accompanied by oxidation
and fragmentation of ankyrin, β-spectrin, and the N-terminal
cytosolic domain of Band 3 (AE1). Significant alterations in
RBC glycolysis in COVID-19 (67) must also be considered in
relation to the ODC shift discussed above. Significantly altered
RBC metabolism of lipids, in particular short- and medium-chain
saturated fatty acids, acyl-carnitines, and sphingolipids, has been
observed (73). A further indicator for RBC membrane alterations
are changes in the polyunsaturated fatty acid composition of
the RBC membrane which correlate with inflammatory marker
expression in COVID-19 patients (74). Further, RBCs of COVID-
19 patients reveal increased levels of intraerythrocytic NO and
reduced amounts of NO in the serum. This finding could be
related to the development of silent hypoxia in some cases
of severe disease, as the high levels of intraerythrocytic NO
may counteract the release of oxygen at the tissue level and
provide an explanation for the reported left shift of the ODC.
Damage to AE1 and alterations of the erythrocyte membrane
and cytoskeleton by SARS-CoV-2 infection are irreversible. As
RBCs circulate for up to 120 days without de novo protein
synthesis capacity, these effects may not only explain alterations
of gas exchange and oxygen affinity properties in COVID-
19 patients, but also some of the long-lasting sequelae of
COVID-19 (32). It can further be assumed that damage of the
erythrocyte membrane reduces the life time of red blood cells,
and the resulting anemia will aggravate tissue hypoxia in COVID-
19 patients.

8. COVID-19 and sickle cell anemia

COVID-19 is surprisingly important in patients suffering from
Sickle Cell disease (SCD). SCD results from the exchange of one
amino acid (valin for glutamic acid) in one or two β-chains of Hb
(75). This exchange causes aggregation of Hb molecules impairing
oxygen binding and reducing the deformability of the erythrocytes,
the latter resulting in microvascular occlusion and hemolysis,
e.g., after sequestration in the spleen. End-organ ischemia or
even infarction, anemia, and sterile inflammation are subsequent
complications. Yet, Plasmodium falciparum–the mosquito-borne
parasite invading erythrocytes and causing malaria–has minimized
ability to complete its reproductive cycle and cause severe disease
in heterozygote carriers of the sickle cell trait. This evolutionary
benefit has led to the wide distribution of SCD in equatorial
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Africa and regions with populations originating from slave
trade (76).

Sickle cell disease (SCD) patients typically present a large right
shift of the ODC, which impedes oxygen loading in the lungs.
This property of HbS is further amplified by a high 2,3-BPG
concentration (76, 77). Standard P50 of up to 42 mmHg have
been observed [reviewed e.g., by Milner et al. 1974 (78)], of which
4 mmHg may be caused by 2,3-BPG according to Henry et al. (75).
Interestingly, high affinity hemoglobins (HbF and thalassemia Hb)
are occasionally also present in the blood of SCD patients and may
reduce symptoms (76).

In their recent study on oxygen affinity in COVID-19, Gille
et al. (38) also assessed the ODC in 30 subjects with SCD. As
expected, the ODC was right-shifted but the extent of this shift was
rather low [30 (26.9–31.9) mmHg]. Hydroxycarbamide reduced
the right shift [28.2 (27–31.2) mmHg, p = 0.014], while blood
transfusion had no significant effect. Unfortunately, no information
about the state of the transfused blood (2,3-BPG content normal
or reduced due to potential loss during conservation) or the time
of measurement after transfusion–which may both influence [2,3-
BPG]–are provided.

Various authors [e. g. Parsons et al. (79)] consider SCD
a complication of COVID-19 based on the common finding
of microthrombosis with occlusion of individual capillaries in
critically ill patients (vaso-occlusive crisis). Yet, if COVID-19
decreases P50 in arterial blood as often observed (see Chapters 4
and 5), this effect should reverse the characteristic right shift of the
ODC in SCD. Indeed COVID-19 presentation is mild in children
and moderate in many adults suffering from SCD [reviewed by 80].
Measurements of oxygen affinity in these patients are necessary to
test this hypothesis.

9. Drugs modulating oxygen affinity
in COVID-19

9.1. Potential therapeutic agents to
modify Hb-O2-affinity

When exploring potential agents or methods to modify Hb-
O2-affinity in a therapeutic way, three questions emerge: Firstly,
in which patients could it be desirable to modify Hb-O2-affinity?
Secondly, what should be the targeted P50? Thirdly, by which means
is it possible to achieve this target without detrimental side effects?

9.2. In which patients could it be
desirable to modify O2-Hb affinity?

To a certain degree impairment of pulmonary oxygen uptake
can be compensated by increased work of breathing and in a
clinical setting by delivery of oxygen. However, in some patients
these compensatory mechanisms reach their limit. Either because
work of breathing becomes harmful (81), or because enriching the
alveolar oxygen concentration becomes insufficient to outweigh
the degree of lung pathology. In these circumstances sedoanalgesia
and mechanical ventilation are indicated to reduce the work

of breathing (thereby also reducing oxygen consumption) and
to deliver oxygen with positive pressure and lung protective
ventilation (81, 82). Once this becomes insufficient, too, and
other strategies [e.g., proning (83), pulmonary vasodilators] prove
insufficient, extracorporeal membrane-oxygenation (ECMO) can
be initiated to remove deoxygenated blood from the venous system,
enrich it with oxygen outside the human body, and return it to
the patient’s circulation (84). However, this is not without risks
and its availability is limited especially in a pandemic setting.
Hence, it is a subgroup of critically ill patients with severe
respiratory failure in whom modification of Hb-O2-affinity may be
worth exploring.

9.3. What should be the targeted P50?

Which Hb-O2-affinity is optimal for tissue oxygen delivery
under various environmental and pathophysiological conditions
has been debated for decades (85). In patients with normal oxygen
content but impaired cardiac output, decreasing Hb-O2-affinity
may appear desirable to improve oxygen delivery in peripheral
tissue, e.g., during cardiac surgery performed in a state of deep
hypothermia (86–88). However, in a hypoxic environment or when
pulmonary oxygen uptake is the limiting factor in the oxygen
cascade, increasing Hb-O2-affinity may be considered the desired
target (85).

In his study on physiology at extreme altitudes on Mount
Everest carried out in 1981, John B. West described the progressive
left shift of the ODC at increasing altitude reaching an in vivo
P50 of 20 mmHg in an individual climber (89). Dominelli et al.
studied humans with high affinity hemoglobin and compensatory
polycythemia and were able to show that a left shifted ODC
mitigated the decline in exercise performance in acute hypoxia
through a higher arterial oxygen content (90). The authors
concluded that increased Hb-O2-affinity is a superior strategy for
preserving exercise tolerance in acute hypoxia. Similar conclusions
had already been drawn in the 1970s by Eaton et al. (91) as well as
Hebbel et al. (92), and more recently by Yalcin et al. (93). According
to mathematical modeling, an increase in Hb-O2-affinity resulting
from a P50 change of -3 mmHg only slightly increases SO2 (by
1%) in arterial blood in normoxia (PaO2 90 mmHg), while in
hypoxia (PaO2 45 mmHg), the increased Hb–O2 affinity increases
arterial SO2 by 4–5% (5) (see also Table 3: PO2 required to
obtain 90% saturation as a function of P50). A review on the
influence of high Hb-O2-affinity on humans in hypoxia was
recently published by Webb et al. (94). In COVID-19 patients,
Valle et al. showed an association of an increased Hb-O2-affinity
with a lower mortality rate (56). To define a therapeutic target,
more research is needed with regards to balancing the benefits
of more rapid pulmonary oxygen uptake (and increased arterial
oxygenation) with the associated reduced rate of peripheral oxygen
unloading. In this context, it will also be important to consider
that the in vivo P50 alterations in the lungs will be dissimilar
to the changes in peripheral tissue due to differing acid-base
and temperature conditions (54). As such, in hypoxic respiratory
failure an increased Hb-O2-affinity appears beneficial. However,
the optimum degree of the desired ODC left-shift still needs to
be identified.
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9.4. By which means is it possible to
achieve this target without detrimental
side effects?

9.4.1. “Old” blood transfusions
Storage of red blood cells for transfusion increases Hb-O2

affinity with time due to 2,3-BPG depletion (95, 96). Three
large randomized controlled trials (RCTs) compared transfusion
of fresh versus stored red blood cells in critically ill adults: the
ABL (97), INFORM (98), and TRANSFUSE (99) trial with the
latter recruiting almost 5,000 patients. None of these showed
a difference in outcomes between the groups and in a meta-
analysis no effect on mortality was found (100). However, the
TRANSFUSE trial showed a lower mortality for older transfusions
in a pre-specified subgroup with more severely ill patients. In
ARDS patients, an observational study found no association
between transfusion of older units and survival. Nevertheless,
transfusion of “old” red cell units was associated with a lower
chance for successful weaning from renal replacement therapy
(101). Free hemoglobin acts as a potent vasoconstrictor, even at
low concentrations (102). Indeed, transfusion of “old” red cell
units was associated with increased plasma hemoglobin levels and
increased pulmonary artery pressure (103). Furthermore, only a
fraction of transfused red cells remains in the circulation for
more than 24 h (104) and this proportion is lower following
transfusion of “older” blood (105). In addition, storage of red
cells alters their rheological properties unfavorably (106) and may
disrupt physiologic vasodilatory responses (107). Thus, while it is
possible to increase Hb-O2 affinity with the transfusion of 2,3-BPG
depleted blood, multiple confounding properties and side effects of
transfusions exist.

9.4.2. 5-Hydroxymethylfurfural (5-HMF)
5-Hydroxymethylfurfural (5-HMF) is an aromatic aldehyde

formed during non-enzymatic browning and caramelization of
carbohydrate-containing foods after thermal treatment (the so
called “Maillard” reaction) (108). Yalcin et al. showed that 5-
HMF increases Hb-O2 affinity (93). Woyke et al. demonstrated
this dose dependent effect in vitro in whole blood and discussed
its potential use in COVID-19 patients (109, 110). Mahon et al.
demonstrated that 5-HMF increased the Hb-O2 affinity in a
swine model of hypoxia, resulting even in beneficial effects on
pulmonary artery pressure and a trend toward improved mortality
(111). Similar results were obtained by Lucas et al. (108) in a
hamster model. In combination with α-ketoglutaric acid, 5-HMF
has been shown to increase maximal aerobic capacity during
the peri-operative period in lung surgery (112), and resulted
in a predictable left-shift in healthy volunteers (109). Hence,
while further research is still needed, 5-HMF (with or without
α-ketoglutaric acid) is available and may represent a potential
agent of choice to increase Hb-O2 affinity in patients with severe
respiratory failure.

9.4.3. Voxelotor (GBT440)
Voxelotor (previously known as GBT440), a specific agent for

use in patients with sickle cell disease, has been approved by the
US Food and Drug Administration (FDA) in 2019. Data from
animal models had shown that GBT440 binds specifically to Hb,

increases the Hb-O2 affinity, prevents sickling and prolongs red
blood cell half-life (113). Voxelotor causes a dose dependent left
shift in Hb-O2-affinity. Howard et al. (114) and the multicenter,
randomized controlled HOPE trial (115) showed a disease-
modifying potential. However, the lack of reduction of clinically
important pain episodes has been criticized (77). Voxelotor has
also been tested in healthy volunteers exercising under hypoxic
conditions and showed the expected increase in oxygen content
(116), however, it has not been trialed in respiratory failure
or ARDS models.

9.4.4. GBT1118
GBT1118, a voxelotor analogue, is a small molecule that

reversibly binds to the NH2-terminal chain of Hb and increases
Hb-O2-affinity. In a mouse model of ARDS, Putz et al. (117)
showed that a single dose of GBT1118 improved oxygen saturation,
severity of illness, and survival. the effect was associated with
reduced hypoxia in the kidney and liver, but was independent of
airspace inflammation and alveolar-capillary barrier permeability
(117). Similar findings were reported by Dufu et al. (118). Thus,
GBT1118 represents a promising agent to induce a left shifted ODC
in respiratory failure once further research is available.

9.4.5. Nebulized epoprostenol
Woyke et al. exposed venous blood samples from healthy

volunteers to the pulmonary vasodilators epoprostenol and iloprost
(119). With epoprostenol, they detected an increased Hb-O2 affinity
in all subgroups under laboratory conditions, however, further
research is required to validate this effect in vivo.

9.4.6. Volatile anesthetic agents
According to Ronzani et al. (120), the volatile anesthetic

agents isoflurane, desflurane and sevoflurane affect the ODC
in a concentration dependent manner. While low to medium
concentrations of isoflurane or desflurane were associated with
a right shift, high concentrations of desflurane and sevoflurane
increased Hb-O2 affinity. Sevoflurane might be of particular
interest as it has been studied in ARDS patients where it not
only improved oxygenation but also decreased levels of markers of
epithelial injury and inflammation (121).

9.5. Conclusion concerning the
treatment of COVID-19

While it is possible to increase Hb-O2 affinity with the
transfusion of 2,3-BPG depleted blood, multiple confounding
properties and side effects of transfusions exist. Meanwhile, several
agents that specifically increase Hb-O2 affinity are available. The
voxelotor analogue GBT1118 has shown reliable effects on the
ODC, even with promising outcomes in murine respiratory failure
models. Further research is still required; yet, 5-HMF (with or
without α-ketoglutaric acid) is available and may represent a
potential agent of choice to increase the Hb-O2 affinity in patients
with severe respiratory failure. Finally, nebulized epoprostenol and
sevoflurane (inhaled at high doses)–two agents which are already
used in ARDS patients–increase Hb-O2 affinity under laboratory
conditions, and studying whether these can be exploited in a
therapeutic way may be of particular interest in the near future.
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9.6. Treatment of COVID-19 in sickle cell
disease

According to Safo and Kato (122) the main therapeutic
strategy for sickle cell anemia should aim to stabilize the R-
state of hemoglobin, which has higher oxygen affinity and would
be expected to have slower kinetics of polymerization. 5-HMF
forms a high-affinity Schiff-base adduct with HbS and inhibits red
cell sickling by allosterically shifting oxygen equilibrium curves
toward the left (123). Therefore, similar drugs as in the treatment
of COVID-19 have been suggested, for instance 5-HMF and
Voxeletor (124).

Another possible strategy seems to be the reduction of iron
supply, because this element is important for replication of the virus
(66). Interestingly the severety of COVID-19 in SCD children with
sickle cell disease is low (80). In this paper the authors state that
“COVID-19 presentation was mild in children and moderate in
many SCD adults.”

The postulated therapeutic strategy by Safo and Kato (122)
has stimulated the laboratory investigation of aromatic aldehydes,
aspirin derivatives, thiols and isothiocyanates that can stabilize
the R-state of hemoglobin in vitro. One representative aromatic
aldehyde agent, 5-hydoxymethyl-2-furfural (5-HMF, also known
as Aes-103) increases oxygen affinity of sickle hemoglobin and
reduces hypoxia-induced sickling in vitro and protects sickle cell
mice from effects of hypoxia. 5-HMF has completed pre-clinical
testing and has entered clinical trials. The development of Hb
allosteric modifiers as direct anti-sickling agents is an attractive
investigational goal for the treatment of SCD.

10. General conclusion

SARS-CoV-19 damages red cells as early as during their
production in the medulla ossea. Studies on the effects of COVID-
19 on hemoglobin oxygen affinity have been performed in some
hundred patients with contrasting results, probably due to varying
methods and non-uniform groups of COVID-19 patients as well
as comparison subjects. Most investigators have calculated half
saturation pressures from single blood samples, only few have

analyzed complete dissociation curves but with rather artificial
methods. In the majority of severely ill patients a left shift of the
curve was found, especially in those with a good prognosis. This
change favors oxygen loading into the blood in the lungs. The
cause for the changes is unknown because an analysis of red cell
constituents was rarely performed.

In SCD the negative effects of COVID-19 seem to be
mitigated, possibly because the effects of a SARS-CoV-2 infection
counteract the unfavorable large right shift of the ODC by the
hereditary illness. In the long term, further investigations will
prove increasingly difficult, as most controls will no longer be
real non-infected controls once a majority of the population has
been infected by SARS-CoV-2 over the past years (125). Also,
comparison with other illnesses may be misleading, if those also
affect hemoglobin oxygen affinity.

Author contributions

DB, DV, and WB wrote sections of the manuscript. WK
contributed to each section. All authors contributed to conception
and design of the study, manuscript revision, read, and approved
the submitted version.

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.

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.

References

1. Guo L, Jin Z, Gan T, Wang E. Silent hypoxemia in patients with COVID-19
pneumonia: a review. Med Sci Monit. (2021) 27:e930776. doi: 10.12659/MSM.930776

2. Ahmad S, Matalon S, Kuebler W. Understanding COVID-19 susceptibility and
presentation based on its underlying physiology. Physiol Rev. (2022) 102:1579–85.
doi: 10.1152/physrev.00008.2022

3. Böning D, Kuebler W, Bloch W. The oxygen dissociation curve of blood in
COVID-19. Am J Physiol Lung Cell Mol Physiol. (2021) 321:L349–57. doi: 10.1152/
ajplung.00079.2021

4. Shahbaz S, Xu L, Osman M, Sligl W, Shields J, Joyce M, et al. Erythroid precursors
and progenitors suppress adaptive immunity and get invaded by SARS-CoV-2. Stem
Cell Rep. (2021) 16:1165–81. doi: 10.1016/j.stemcr.2021.04.001

5. Mairbäurl H, Weber R. Oxygen transport by hemoglobin. Compr Physiol. (2012)
2:1463–89. doi: 10.1002/cphy.c080113

6. Fenk S, Melnikova E, Anashkina A, Poluektov Y, Zaripov P, Mitkevich V, et al.
Hemoglobin is an oxygen-dependent glutathione buffer adapting the intracellular

reduced glutathione levels to oxygen availability. Redox Biol. (2022) 58:102535. doi:
10.1016/j.redox.2022.102535

7. Johnson R, Edwards H, Dill D, Wilson J. Blood as a physicochemical system.
XIII the distribution of lactate. J Biol Chem. (1945) 157:461–73. doi: 10.1016/S0021-
9258(18)51082-6

8. Böning D, Klarholz C, Himmelsbach B, Hütler M, Maassen N. Causes of
differences in exercise-induced changes of base excess and blood lactate. Eur J Appl
Physiol. (2007) 99:163–71. doi: 10.1007/s00421-006-0328-0

9. Wahl P, Yue Z, Zinner C, Bloch W, Mester JA. Mathematical model for lactate
transport to red blood cells. J Physiol Sci. (2011) 61:93–102. doi: 10.1007/s12576-010-
0125-8

10. Cristancho E, Diaz SS, Serrato Roa M, Böning D. Método simplificado
para determinar la curva de disociación de oxígeno, CDO (Simplified method to
determination of the oxygen dissociation curve, (Odc)). Acta Biol Colomb. (2019)
24:354–60. doi: 10.15446/abc.v24n2.69420

Frontiers in Medicine 12 frontiersin.org

https://doi.org/10.3389/fmed.2023.1098547
https://doi.org/10.12659/MSM.930776
https://doi.org/10.1152/physrev.00008.2022
https://doi.org/10.1152/ajplung.00079.2021
https://doi.org/10.1152/ajplung.00079.2021
https://doi.org/10.1016/j.stemcr.2021.04.001
https://doi.org/10.1002/cphy.c080113
https://doi.org/10.1016/j.redox.2022.102535
https://doi.org/10.1016/j.redox.2022.102535
https://doi.org/10.1016/S0021-9258(18)51082-6
https://doi.org/10.1016/S0021-9258(18)51082-6
https://doi.org/10.1007/s00421-006-0328-0
https://doi.org/10.1007/s12576-010-0125-8
https://doi.org/10.1007/s12576-010-0125-8
https://doi.org/10.15446/abc.v24n2.69420
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-10-1098547 February 21, 2023 Time: 15:19 # 13

Böning et al. 10.3389/fmed.2023.1098547

11. Asakura T. Automated method for determination of oxygen equilibrium curves
of red cell suspensions under controlled buffer conditions and its clinical applications.
Crit Care Med. (1979) 7:391–5. doi: 10.1097/00003246-197909000-00008

12. Guarnone R, Centenara E, Barosi G. Performance characteristics of hemox-
analyzer for assessment of the hemoglobin dissociation curve. Haematologica. (1995)
80:426–30.

13. Festa R, Asakura T. The use of oxygen dissociation curve analyser in transfussion
therapy. Transfusion. (1979) 19:107–13. doi: 10.1046/j.1537-2995.1979.19279160278.x

14. Harutyunyan G, Harutyunyan G, Mkhoyan G, Harutyunyan V, Soghomonyan S.
Haemoglobin oxygen affinity in patients with severe COVID-19 infection: still unclear.
Br J Haematol. (2020) 190:725–6. doi: 10.1111/bjh.17051

15. Böning D, Enciso G. Hemoglobin-oxygen affinity in anemia. Blut. (1987) 54:361–
8. doi: 10.1007/BF00626019

16. Woyke S, Strohle M, Brugger H, Strapazzon G, Gatterer H, Mair N, et al. High-
throughput determination of oxygen dissociation curves in a microplate reader-a
novel, quantitative approach. Physiol Rep. (2021) 9:e14995. doi: 10.14814/phy2.14995

17. Severinghaus J. Simple, accurate equations for human blood O2 dissociation
computations. J Appl Physiol Respir Environ Exerc Physiol. (1979) 46:599–602. doi:
10.1152/jappl.1979.46.3.599

18. Hill A. The possible effects of the aggregation of the molecules of haemoglobin on
its dissociation curves. Proc Physiol. (1910) 22:4–7. doi: 10.1371/journal.pone.0041098

19. Böning D, Littschwager A, Hütler M, Beneke R, Staab D. Hemoglobin oxygen
affinity in patients with cystic fibrosis. PLoS One. (2014) 9:e97932. doi: 10.1371/journal.
pone.0097932

20. Braumann K, Böning D, Trost F. Oxygen dissociation curves in trained and
untrained subjects. Eur J Appl Physiol. (1979) 42:51–60.

21. Braumann K, Kleemann W, Martens U, Maassen N, Maass U, Schmidt W, et al.
Hemoglobin oxygen affinity in patients suffering from arterial occlusive disease of legs.
Klin Wochenschr. (1988) 66:397–403. doi: 10.1007/BF01737943

22. Benesch R, Benesch R. The effect of organic phosphates from the human
erythrocyte on the allosteric properties of hemoglobin. Biochem Biophys Res Commun.
(1967) 26:162–7.

23. Chanutin A, Curnish R. Effect of organic and inorganic phosphates on the
oxygen equilibrium of human erythrocytes. Arch Biochem. (1967) 121:96–102.

24. Garby L, Robert M, Zaar B. Proton- and carbamino-linked oxygen affinity of
normal human blood. Acta Physiol Scand. (1972) 84:482–92. doi: 10.1111/j.1748-1716.
1972.tb05198.x

25. Meier U, Böning D, Rubenstein H. Oxygenation dependent variations of the
Bohr coefficient related to whole blood and erythrocyte pH. Pflügers Arch. (1974)
349:203–13. doi: 10.1007/BF00592448

26. Böning D, Pries A. Unknown in vivo factors influencing the oxygen dissociation
curve?. Respir Physiol Neurobiol. (2013) 188:79–80.

27. DeMartino A, Rose J, Amdahl M, Dent M, Shah F, Bain W, et al. No evidence of
hemoglobin damage by SARS-CoV-2 infection. Haematologica. (2020) 105:2769–73.
doi: 10.3324/haematol.2020.264267

28. Daniel Y, Hunt B, Retter A, Henderson K, Wilson S, Sharpe C, et al. Haemoglobin
oxygen affinity in patients with severe COVID-19 infection. Br J Haematol. (2020)
190:e126–7. doi: 10.1111/bjh.16888

29. Renoux C, Fort R, Nader E, Boisson C, Joly P, Stauffer E, et al. Impact of COVID-
19 on red blood cell rheology. Br J Haematol. (2021) 192:e108–11. doi: 10.1111/bjh.
17306

30. Vogel D, Formenti F, Retter A, Vasques F, Camporota LA. Left shift in the
oxyhaemoglobin dissociation curve in patients with severe coronavirus disease 2019
(COVID-19). Br J Haematol. (2020) 191:390–3. doi: 10.1111/bjh.17128

31. Scholkmann F, Restin T, Ferrari M, Quaresima V. The role of methemoglobin
and carboxyhemoglobin in COVID-19: a review. J Clin Med. (2020) 10:50. doi: 10.
3390/jcm10010050

32. Thomas T, Stefanoni D, Dzieciatkowska M, Issaian A, Nemkov T, Hill R, et al.
Evidence of structural protein damage and membrane lipid remodeling in red blood
cells from COVID-19 patients. J Proteome Res. (2020) 19:4455–69. doi: 10.1021/acs.
jproteome.0c00606

33. Vogel D, Formenti F, Camporota L. The increased hemoglobin oxygen affinity in
COVID-19. Am J Physiol Lung Cell Mol Physiol. (2021) 321:L637. doi: 10.1152/ajplung.
00280.2021

34. Gille T, Sese L, Aubourg E, Bernaudin J, Richalet J, Planes C. Is there a shift of
the oxygen-hemoglobin dissociation curve in COVID-19?. Am J Physiol Lung Cell Mol
Physiol. (2022) 322:L174–5. doi: 10.1152/ajplung.00390.2021

35. Alamdari D, Moghaddam AB, Amini S, Keramati M, Zarmehri AM, Alamdari
AH, et al. Application of methylene blue -vitamin C –N-acetyl cysteine for treatment
of critically ill COVID-19 patients, report of a phase-I clinical trial. Eur J Pharmacol.
(2020) 885:6. doi: 10.1016/j.ejphar.2020.173494

36. Böning D, Bloch W, Kuebler W. The increased hemoglobin oxygen affinity in
COVID-19 letter to the editor. reply to Vogel et al. Am J Physiol Lung Cell Mol Physiol.
(2021) 321:L349–57.

37. Premont R, Reynolds J, Zhang R, Stamler J. Role of nitric oxide carried by
hemoglobin in cardiovascular physiology: developments on a three-gas respiratory
cycle. Circ Res. (2020) 126:129–58. doi: 10.1161/CIRCRESAHA.119.315626

38. Gille T, Sese L, Aubourg E, Fabre E, Cymbalista F, Ratnam K, et al. The affinity
of hemoglobin for oxygen is not altered during COVID-19. Front Physiol. (2021)
12:578708. doi: 10.3389/fphys.2021.578708

39. Boning D, Bloch W, Kuebler W. Reply to Gille et al. Am J Physiol Lung Cell Mol
Physiol. (2022) 322:L176–7. doi: 10.1152/ajplung.00461.2021

40. Kirk B, Raber M, Duke KRA. Simplified method for determining the P50 of
blood. J Appl Physiol. (1975) 38:1140–2.

41. Huerga Encabo H, Grey W, Garcia-Albornoz M, Wood H, Ulferts R, Aramburu
I, et al. Human erythroid progenitors are directly infected by SARS-CoV-2:
implications for emerging erythropoiesis in severe COVID-19 patients. Stem Cell Rep.
(2021) 16:428–36. doi: 10.1016/j.stemcr.2021.02.001

42. Pascual-Guardia S, Ferrer A, Diaz O, Caguana A, Tejedor E, Bellido-Calduch S,
et al. Absence of relevant clinical effects of SARS-CoV-2 on the affinity of hemoglobin
for O2 in patients with COVID-19. Arch Bronconeumol. (2021) 57:757–63. doi: 10.
1016/j.arbres.2021.03.015

43. Böning D, Bloch W, Kuebler W. About “Absence of relevant clinical effects of
SARS-CoV-2 on the affinity of hemoglobin for O2 in patients with COVID-19”. Arch
Bronconeumol. (2022) 58:526. doi: 10.1016/j.arbres.2021.12.011

44. Pascual-Guàrdia S, Ferrera A, Diaz O, Caguanaa A, Tejedor E, Rodríguez-
Chiaradiaay DA, et al. Reply About «Absence of relevant clinical effects of SARS-CoV-2
on the affinity of hemoglobin for O2 in patients with COVID-19. Arch Bronconeumol.
(2022) 58:374–5. doi: 10.1016/j.arbres.2022.01.005

45. Laredo M, Curis E, Masson-Fron E, Voicu S, Megarbane B. Does COVID-19
alter the oxyhemoglobin dissociation curve? - An observational cohort study using
a mixed-effect modelling. Clin Chem Lab Med. (2021) 59:e416–9. doi: 10.1515/cclm-
2021-0387

46. Ceruti S, Minotti B, Glotta A, Biggiogero M, Bona G, Marzano M, et al. Temporal
changes in the oxyhemoglobin dissociation curve of critically ill COVID-19 patients. J
Clin Med. (2022) 11:788. doi: 10.3390/jcm11030788

47. Boning D, Bloch W, Kuebler W. Comment on Ceruti et al. Temporal changes in
the oxyhemoglobin dissociation curve of critically ill COVID-19 patients. J. Clin. Med.
2022, 11, 788. J Clin Med. (2022) 11:3376. doi: 10.3390/jcm11123376

48. Dash RK, Bassingthwaighte J. Simple accurate mathematical models of blood
Hbo2 and HbCO2 dissociation curves at varied physiological conditions: evaluation
and comparison with other models. Eur J Appl Physiol. (2016) 116:97–113. doi: 10.
1007/s00421-015-3228-3

49. Duhm J. Effects of 2,3-diphosphoglycerate and other organic phosphate
compounds on oxygen affinity and intracellular pH of human erythrocytes. Pflügers
Arch. (1971) 326:341–56. doi: 10.1007/BF00586998

50. Ceruti S, Minotti B, Glotta A, Biggiogero M, Bona G, Marzano M, et al. Reply
to Boning et al. Comment on "Ceruti et al. Temporal changes in the oxyhemoglobin
dissociation curve of critically ill COVID-19 patients. J. Clin. Med. 2022, 11, 788". J
Clin Med. (2022) 11:4547. doi: 10.3390/jcm11154547

51. Hlutkina NZ. Hemoglobin oxygen affinity and gaseous transmitters (nitric oxide,
hydrogen sulfide) in patients with COVID-19. Ann Clin Case Rep. (2022) 7:2172.

52. Mortaz E, Malkmohammad M, Jamaati H, Naghan P, Hashemian S, Tabarsi P,
et al. Silent hypoxia: higher no in red blood cells of COVID-19 patients. BMC Pulm
Med. (2020) 20:269. doi: 10.1186/s12890-020-01310-8

53. Rasmussen B, Klausen K, Clausen J, Trap-Jensen J. Pulmonary ventilation, blood
gases and blood pH after training of the arms or the legs. J Appl Physiol. (1975)
38:250–6.

54. Böning D, Schweigart U, Tibes U, Hemmer B. Influences of exercise and
endurance training on the oxygen dissociation curve of blood unter in vivo and in vitro
conditions. Eur J Appl Physiol. (1975) 34:1–10.

55. Böcker A, Reimers E, Nonnast-Daniel B, Kuhn K, Koch K, Scigalla P, et al. Effect
of erythropoietin treatment on O2 affinity and performance in patients with renal
anemia. Contrib Nephrol. (1988) 66:165–75.

56. Valle A, Rodriguez J, Camina F, Rodriguez-Segade M, Ortola J, Rodriguez-Segade
S. The oxyhaemoglobin dissociation curve is generally left-shifted in COVID-19
patients at admission to hospital, and this is associated with lower mortality. Br J
Haematol. (2022) 199:332–8. doi: 10.1111/bjh.18431

57. Tharakan S, Nomoto K, Miyashita S, Ishikawa K. Body temperature correlates
with mortality in COVID-19 patients. Crit Care. (2020) 24:298. doi: 10.1186/s13054-
020-03045-8

58. Bergamaschi G, Barteselli C, Del Rio V, Borrelli de Andreis F,
Pellegrino I, Mengoli C. Impaired respiratory function reduces haemoglobin
oxygen affinity in COVID-19. Br J Haematol. (2022). doi: 10.1111/bjh.
18620 [Epub ahead of print].

59. Vanhille D, Nussenzveig R, Glezos C, Perkins S, Agarwal A. Best practices for
use of the hemox analyzer in the clinical laboratory: quality control determination
and choice of anticoagulant. Lab Hematol. (2012) 18:17–9. doi: 10.1532/LH96.
12001

Frontiers in Medicine 13 frontiersin.org

https://doi.org/10.3389/fmed.2023.1098547
https://doi.org/10.1097/00003246-197909000-00008
https://doi.org/10.1046/j.1537-2995.1979.19279160278.x
https://doi.org/10.1111/bjh.17051
https://doi.org/10.1007/BF00626019
https://doi.org/10.14814/phy2.14995
https://doi.org/10.1152/jappl.1979.46.3.599
https://doi.org/10.1152/jappl.1979.46.3.599
https://doi.org/10.1371/journal.pone.0041098
https://doi.org/10.1371/journal.pone.0097932
https://doi.org/10.1371/journal.pone.0097932
https://doi.org/10.1007/BF01737943
https://doi.org/10.1111/j.1748-1716.1972.tb05198.x
https://doi.org/10.1111/j.1748-1716.1972.tb05198.x
https://doi.org/10.1007/BF00592448
https://doi.org/10.3324/haematol.2020.264267
https://doi.org/10.1111/bjh.16888
https://doi.org/10.1111/bjh.17306
https://doi.org/10.1111/bjh.17306
https://doi.org/10.1111/bjh.17128
https://doi.org/10.3390/jcm10010050
https://doi.org/10.3390/jcm10010050
https://doi.org/10.1021/acs.jproteome.0c00606
https://doi.org/10.1021/acs.jproteome.0c00606
https://doi.org/10.1152/ajplung.00280.2021
https://doi.org/10.1152/ajplung.00280.2021
https://doi.org/10.1152/ajplung.00390.2021
https://doi.org/10.1016/j.ejphar.2020.173494
https://doi.org/10.1161/CIRCRESAHA.119.315626
https://doi.org/10.3389/fphys.2021.578708
https://doi.org/10.1152/ajplung.00461.2021
https://doi.org/10.1016/j.stemcr.2021.02.001
https://doi.org/10.1016/j.arbres.2021.03.015
https://doi.org/10.1016/j.arbres.2021.03.015
https://doi.org/10.1016/j.arbres.2021.12.011
https://doi.org/10.1016/j.arbres.2022.01.005
https://doi.org/10.1515/cclm-2021-0387
https://doi.org/10.1515/cclm-2021-0387
https://doi.org/10.3390/jcm11030788
https://doi.org/10.3390/jcm11123376
https://doi.org/10.1007/s00421-015-3228-3
https://doi.org/10.1007/s00421-015-3228-3
https://doi.org/10.1007/BF00586998
https://doi.org/10.3390/jcm11154547
https://doi.org/10.1186/s12890-020-01310-8
https://doi.org/10.1111/bjh.18431
https://doi.org/10.1186/s13054-020-03045-8
https://doi.org/10.1186/s13054-020-03045-8
https://doi.org/10.1111/bjh.18620
https://doi.org/10.1111/bjh.18620
https://doi.org/10.1532/LH96.12001
https://doi.org/10.1532/LH96.12001
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-10-1098547 February 21, 2023 Time: 15:19 # 14

Böning et al. 10.3389/fmed.2023.1098547

60. Mawjood A, Ima K. Automatic measurement of the red cell oxygen dissociation
curve identical with the whole blood curve. Jap J Physiol. (1999) 49:379–87. doi:
10.2170/jjphysiol.49.379

61. Baldi S, Pinna G, Mombaruzzo P, Biglieri M, De Martini A, Palange P. C-Reactive
protein correlates with tissue oxygen availability in patients with stable COPD. Int J
Chron Obstruct Pulmon Dis. (2008) 3:745–51. doi: 10.2147/copd.s3819

62. Schmidt W, Böning D, Braumann K. Red cell age effects on metabolism and
oxygen affinity in humans. Respir Physiol. (1987) 68:215–25.

63. Braumann K, Böning D, Trost F. Bohr effect and slope of the oxygen dissociation
curve after physical training. J Appl Physiol Respir Environ Exerc Physiol. (1982)
52:1524–9. doi: 10.1152/jappl.1982.52.6.1524

64. Braumann K, Böning D, Trost F. Oxygen dissociation curves in trained and
untrained subjects. Eur J Appl Physiol. (1979) 42:51–60. doi: 10.1007/bf00421104

65. Elahi S. Hematopoietic responses to SARS-CoV-2 infection. Cell Mol Life Sci.
(2022) 79:187. doi: 10.1007/s00018-022-04220-6

66. Kronstein-Wiedemann R, Stadtmuller M, Traikov S, Georgi M, Teichert M,
Yosef H, et al. SARS-Cov-2 infects red blood cell progenitors and dysregulates
hemoglobin and iron metabolism. Stem Cell Rev Rep. (2022) 18:1809–21. doi: 10.1007/
s12015-021-10322-8

67. Grau M, Ibershoff L, Zacher J, Bros J, Tomschi F, Diebold K, et al. Even
patients with mild COVID-19 symptoms after SARS-CoV-2 infection show prolonged
altered red blood cell morphology and rheological parameters. J Cell Mol Med. (2022)
26:3022–30. doi: 10.1111/jcmm.17320

68. Saito S, Shahbaz S, Sligl W, Osman M, Tyrrell D, Elahi S. Differential impact
of SARS-CoV-2 isolates, namely, the Wuhan Strain, Delta, and Omicron variants on
erythropoiesis. Microbiol Spectr. (2022) 10:e0173022. doi: 10.1128/spectrum.01730-22

69. Russo A, Tellone E, Barreca D, Ficarra S, Lagana G. Implication of COVID-19
on erythrocytes functionality: red blood cell biochemical implications and morpho-
functional aspects. Int J Mol Sci. (2022) 23:2171. doi: 10.3390/ijms23042171

70. Cosic I, Cosic D, Loncarevic I. RRM prediction of erythrocyte band3 protein
as alternative receptor for SARS-CoV-2 virus. Appl Sci. (2020) 10:4053. doi: 10.3390/
app10114053

71. Alipoor S, Mirsaeidi M. SARS-CoV-2 cell entry beyond the ACE2 receptor. Mol
Biol Rep. (2022) 49:10715–27. doi: 10.1007/s11033-022-07700-x

72. Al-Kuraishy H, Al-Gareeb A, Al-Hamash S, Cavalu S, El-Bouseary M, Sonbol F,
et al. Changes in the blood viscosity in patients with SARS-CoV-2 infection. Front Med.
(2022) 9:876017. doi: 10.3389/fmed.2022.876017

73. Soma P, Bester J. Pathophysiological changes in erythrocytes contributing to
complications of inflammation and coagulation in COVID-19. Front Physiol. (2022)
13:899629. doi: 10.3389/fphys.2022.899629

74. Sertoglu E, Yucel C, Balik A, Tasci C, Bilge S, Ertugrul M, et al. Evaluation
of erythrocyte membrane fatty-acid compositions in association with interleukin-6
levels in patients with COVID-19. Nutrition. (2022) 96:111581. doi: 10.1016/j.nut.2021.
111581

75. Sundd P, Gladwin M, Novelli E. Pathophysiology of sickle cell disease. Annu Rev
Pathol. (2019) 14:263–92. doi: 10.1146/annurev-pathmechdis-012418-012838

76. Kato G, Piel F, Reid C, Gaston M, Ohene-Frempong K, Krishnamurti L, et al.
Sickle cell disease. Nat Rev Dis Primers. (2018) 4:18010. doi: 10.1038/nrdp.2018.10

77. Henry E, Metaferia B, Li Q, Harper J, Best R, Glass K, et al. Treatment of sickle
cell disease by increasing oxygen affinity of hemoglobin. Blood. (2021) 138:1172–81.
doi: 10.1182/blood.2021012070

78. Milner P. Oxygen transport in sickle cell anemia. Arch Int Med. (1974) 133:565–
72. doi: 10.1001/archinte.1974.00320160059006

79. Parsons S, Scott A, Macdonald I. The effect of posture and environmental
temperature on cardiovascular reflexes in normal subjects and diabetes mellitus. Clin
Auton Res. (1992) 2:147–51. doi: 10.1007/BF01818954

80. Sayad B, Karimi M, Rahimi Z. Sickle cell disease and COVID-19: susceptibility
and severity. Pediatr Blood Cancer. (2021) 68:e29075. doi: 10.1002/pbc.29075

81. Brochard L, Slutsky A, Pesenti A. Mechanical ventilation to minimize
progression of lung injury in acute respiratory failure. Am J Respir Crit Care Med.
(2017) 195:438–42. doi: 10.1164/rccm.201605-1081CP

82. Brower R, Matthay M, Morris A, Schoenfeld D, Thompson B, Wheeler A.
Ventilation with lower tidal volumes as compared with traditional tidal volumes for
acute lung injury and the acute respiratory distress syndrome. N Engl J Med. (2000)
342:1301–8. doi: 10.1056/NEJM200005043421801

83. Guerin C, Reignier J, Richard J, Beuret P, Gacouin A, Boulain T, et al. Prone
positioning in severe acute respiratory distress syndrome. N Engl J Med. (2013)
368:2159–68. doi: 10.1056/NEJMoa1214103

84. Peek G, Mugford M, Tiruvoipati R, Wilson A, Allen E, Thalanany M,
et al. Efficacy and economic assessment of conventional ventilatory support versus
extracorporeal membrane oxygenation for severe adult respiratory failure (Cesar): a
multicentre randomised controlled trial. Lancet. (2009) 374:1351–63. doi: 10.1016/
S0140-6736(09)61069-2

85. Dempsey J. With haemoglobin as with politics - should we shift right or left?. J
Physiol. (2020) 598:1419–20. doi: 10.1113/JP279555

86. Srinivasan A, Morkane C, Martin D, Welsby I. Should modulation of P50 be
a therapeutic target in the critically ill?. Expert Rev Hematol. (2017) 10:449–58. doi:
10.1080/17474086.2017.1313699

87. Yeragani V, Pohl R, Berger R, Balon R, Ramesh C, Glitz D, et al. Decreased heart
rate variability in panic disorder patients: a study of power-spectral analysis of heart
rate. Psychiatry Res. (1993) 46:89–103.

88. Valeri C, Yarnoz M, Vecchione J, Dennis R, Anastasi J, Valeri D, et al. Improved
oxygen delivery to the myocardium during hypothermia by perfusion with 2,3 DPG-
enriched red blood cells. Ann Thorac Surg. (1980) 30:527–35. doi: 10.1016/s0003-
4975(10)61725-0

89. West J. Human physiology at extreme altitude on Mount Everest. Science. (1984)
223:784–8.

90. Dominelli P, Wiggins C, Baker S, Shepherd J, Roberts S, Roy T, et al. Influence of
high affinity haemoglobin on the response to normoxic and hypoxic exercise. J Physiol.
(2020) 598:1475–90. doi: 10.1113/JP279161

91. Eaton J, Skelton T, Berger E. Survival at extreme altitude: protective effect of
increased hemoglobin-oxygen affinity. Science. (1974) 183:743–4. doi: 10.1126/science.
183.4126.743

92. Hebbel R, Eaton J, Kronenberg R, Zanjani E, Moore L, Berger E. Human llamas:
adaptation to altitude in subjects with high hemoglobin oxygen affinity. J Clin Invest.
(1978) 62:593–600. doi: 10.1172/JCI109165

93. Yalcin O, Cabrales P. Increased hemoglobin O2 affinity protects during acute
hypoxia. Am J Physiol Heart Circ Physiol. (2012) 303:H271–81. doi: 10.1152/ajpheart.
00078.2012

94. Webb K, Dominelli P, Baker S, Klassen S, Joyner M, Senefeld J, et al. Influence
of high hemoglobin-oxygen affinity on humans during hypoxia. Front Physiol. (2021)
12:763933. doi: 10.3389/fphys.2021.763933

95. Valtis D. Defective gas-transport function of stored red blood-cells. Lancet.
(1954) 266:119–24. doi: 10.1016/s0140-6736(54)90978-2

96. Riggs T, Shafer A, Guenter C. Acute changes in oxyhemoglobin affinity. Effects
on oxygen transport and utilization. J Clin Invest. (1973) 52:2660–3.

97. Lacroix J, Hebert P, Fergusson D, Tinmouth A, Cook D, Marshall J, et al. Age
of transfused blood in critically ill adults. N Engl J Med. (2015) 372:1410–8. doi:
10.1056/NEJMoa1500704

98. Heddle N, Cook R, Arnold D, Liu Y, Barty R, Crowther M, et al. Effect of short-
term vs. long-term blood storage on mortality after transfusion. N Engl J Med. (2016)
375:1937–45. doi: 10.1056/NEJMoa1609014

99. Cooper D, McQuilten Z, Nichol A, Ady B, Aubron C, Bailey M, et al. Age of
red cells for transfusion and outcomes in critically ill adults. N Engl J Med. (2017)
377:1858–67. doi: 10.1056/NEJMoa1707572

100. Shah A, Brunskill S, Desborough M, Doree C, Trivella M, Stanworth S.
Transfusion of red blood cells stored for shorter versus longer duration for all
conditions. Cochrane Database Syst Rev. (2018) 12:CD010801. doi: 10.1002/14651858.
CD010801.pub3

101. Graw J, Bunger V, Materne L, Krannich A, Balzer F, Francis R, et al. Age of red
cells for transfusion and outcomes in patients with ARDS. J Clin Med. (2022) 11:245.
doi: 10.3390/jcm11010245

102. Donadee C, Raat N, Kanias T, Tejero J, Lee J, Kelley E, et al. Nitric
oxide scavenging by red blood cell microparticles and cell-free hemoglobin as a
mechanism for the red cell storage lesion. Circulation. (2011) 124:465–76. doi: 10.1161/
CIRCULATIONAHA.110.008698

103. Berra L, Pinciroli R, Stowell C, Wang L, Yu B, Fernandez B, et al. Autologous
transfusion of stored red blood cells increases pulmonary artery pressure. Am J Respir
Crit Care Med. (2014) 190:800–7. doi: 10.1164/rccm.201405-0850OC

104. Ashby W. The determination of the length of life of transfused blood corpuscles
in man. J Exp Med. (1919) 29:267–81. doi: 10.1084/jem.29.3.267

105. Luten M, Roerdinkholder-Stoelwinder B, Schaap N, de Grip W, Bos H, Bosman
G. Survival of red blood cells after transfusion: a comparison between red cells
concentrates of different storage periods. Transfusion. (2008) 48:1478–85. doi: 10.1111/
j.1537-2995.2008.01734.x

106. Relevy H, Koshkaryev A, Manny N, Yedgar S, Barshtein G. Blood banking-
induced alteration of red blood cell flow properties. Transfusion. (2008) 48:136–46.
doi: 10.1111/j.1537-2995.2007.01491.x

107. Alexander J, El-Ali A, Newman J, Karatela S, Predmore B, Lefer D, et al.
Red blood cells stored for increasing periods produce progressive impairments in
nitric oxide-mediated vasodilation. Transfusion. (2013) 53:2619–28. doi: 10.1111/trf.
12111

108. Lucas A, Ao-Ieong E, Williams A, Jani V, Muller C, Yalcin O, et al.
Increased hemoglobin oxygen affinity with 5-hydroxymethylfurfural supports cardiac
function during severe hypoxia. Front Physiol. (2019) 10:1350. doi: 10.3389/fphys.2019.
01350

Frontiers in Medicine 14 frontiersin.org

https://doi.org/10.3389/fmed.2023.1098547
https://doi.org/10.2170/jjphysiol.49.379
https://doi.org/10.2170/jjphysiol.49.379
https://doi.org/10.2147/copd.s3819
https://doi.org/10.1152/jappl.1982.52.6.1524
https://doi.org/10.1007/bf00421104
https://doi.org/10.1007/s00018-022-04220-6
https://doi.org/10.1007/s12015-021-10322-8
https://doi.org/10.1007/s12015-021-10322-8
https://doi.org/10.1111/jcmm.17320
https://doi.org/10.1128/spectrum.01730-22
https://doi.org/10.3390/ijms23042171
https://doi.org/10.3390/app10114053
https://doi.org/10.3390/app10114053
https://doi.org/10.1007/s11033-022-07700-x
https://doi.org/10.3389/fmed.2022.876017
https://doi.org/10.3389/fphys.2022.899629
https://doi.org/10.1016/j.nut.2021.111581
https://doi.org/10.1016/j.nut.2021.111581
https://doi.org/10.1146/annurev-pathmechdis-012418-012838
https://doi.org/10.1038/nrdp.2018.10
https://doi.org/10.1182/blood.2021012070
https://doi.org/10.1001/archinte.1974.00320160059006
https://doi.org/10.1007/BF01818954
https://doi.org/10.1002/pbc.29075
https://doi.org/10.1164/rccm.201605-1081CP
https://doi.org/10.1056/NEJM200005043421801
https://doi.org/10.1056/NEJMoa1214103
https://doi.org/10.1016/S0140-6736(09)61069-2
https://doi.org/10.1016/S0140-6736(09)61069-2
https://doi.org/10.1113/JP279555
https://doi.org/10.1080/17474086.2017.1313699
https://doi.org/10.1080/17474086.2017.1313699
https://doi.org/10.1016/s0003-4975(10)61725-0
https://doi.org/10.1016/s0003-4975(10)61725-0
https://doi.org/10.1113/JP279161
https://doi.org/10.1126/science.183.4126.743
https://doi.org/10.1126/science.183.4126.743
https://doi.org/10.1172/JCI109165
https://doi.org/10.1152/ajpheart.00078.2012
https://doi.org/10.1152/ajpheart.00078.2012
https://doi.org/10.3389/fphys.2021.763933
https://doi.org/10.1016/s0140-6736(54)90978-2
https://doi.org/10.1056/NEJMoa1500704
https://doi.org/10.1056/NEJMoa1500704
https://doi.org/10.1056/NEJMoa1609014
https://doi.org/10.1056/NEJMoa1707572
https://doi.org/10.1002/14651858.CD010801.pub3
https://doi.org/10.1002/14651858.CD010801.pub3
https://doi.org/10.3390/jcm11010245
https://doi.org/10.1161/CIRCULATIONAHA.110.008698
https://doi.org/10.1161/CIRCULATIONAHA.110.008698
https://doi.org/10.1164/rccm.201405-0850OC
https://doi.org/10.1084/jem.29.3.267
https://doi.org/10.1111/j.1537-2995.2008.01734.x
https://doi.org/10.1111/j.1537-2995.2008.01734.x
https://doi.org/10.1111/j.1537-2995.2007.01491.x
https://doi.org/10.1111/trf.12111
https://doi.org/10.1111/trf.12111
https://doi.org/10.3389/fphys.2019.01350
https://doi.org/10.3389/fphys.2019.01350
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-10-1098547 February 21, 2023 Time: 15:19 # 15

Böning et al. 10.3389/fmed.2023.1098547

109. Woyke S, Mair N, Ortner A, Haller T, Ronzani M, Rugg C, et al. Dose-
and sex-dependent changes in hemoglobin oxygen affinity by the micronutrient 5-
hydroxymethylfurfural and alpha-ketoglutaric acid. Nutrients. (2021) 13:3448. doi:
10.3390/nu13103448

110. Woyke S, Rauch S, Strohle M, Gatterer H. Modulation of Hb-O2 affinity to
improve hypoxemia in COVID-19 patients. Clin Nutr. (2021) 40:38–9.

111. Mahon R, Ciarlone G, Roney N, Swift J. Cardiovascular parameters in a swine
model of normobaric hypoxia treated with 5-hydroxymethyl-2-furfural (5-HMF).
Front Physiol. (2019) 10:395. doi: 10.3389/fphys.2019.00395

112. Matzi V, Lindenmann J, Muench A, Greilberger J, Juan H, Wintersteiger
R, et al. The impact of preoperative micronutrient supplementation in lung
surgery. A prospective randomized trial of oral supplementation of combined alpha-
ketoglutaric acid and 5-hydroxymethylfurfural. Eur J Cardiothorac Surg. (2007)
32:776–82. doi: 10.1016/j.ejcts.2007.07.016

113. Oksenberg D, Dufu K, Patel M, Chuang C, Li Z, Xu Q, et al. GBT440 increases
haemoglobin oxygen affinity, reduces sickling and prolongs RBC half-life in a murine
model of sickle cell disease. Br J Haematol. (2016) 175:141–53. doi: 10.1111/bjh.14214

114. Howard J, Hemmaway C, Telfer P, Layton D, Porter J, Awogbade M, et al.
A phase 1/2 ascending dose study and open-label extension study of voxelotor in
patients with sickle cell disease. Blood. (2019) 133:1865–75. doi: 10.1182/blood-2018-
08-868893

115. Vichinsky E, Hoppe C, Ataga K, Ware R, Nduba V, El-Beshlawy A, et al. A phase
3 randomized trial of voxelotor in sickle cell disease. N Engl J Med. (2019) 381:509–19.
doi: 10.1056/NEJMoa1903212

116. Stewart G, Chase S, Cross T, Wheatley-Guy C, Joyner M, Curry T, et al.
Effects of an allosteric hemoglobin affinity modulator on arterial blood gases and
cardiopulmonary responses during normoxic and hypoxic low-intensity exercise. J
Appl Physiol. (2020) 128:1467–76. doi: 10.1152/japplphysiol.00185.2019

117. Putz N, Shaver C, Dufu K, Li C, Xu Q, Hutchaleelaha A, et al. GBT1118,
a compound that increases the oxygen affinity of hemoglobin, improves survival in

murine hypoxic acute lung injury. J Appl Physiol. (2018) 124:899–905. doi: 10.1152/
japplphysiol.00079.2017

118. Dufu K, Yalcin O, Ao-Ieong E, Hutchaleelala A, Xu Q, Li Z, et al. GBT1118,
a potent allosteric modifier of hemoglobin O2 affinity, increases tolerance to severe
hypoxia in mice. Am J Physiol Heart Circ Physiol. (2017) 313:H381–91. doi: 10.1152/
ajpheart.00772.2016

119. Woyke S, Mair N, Haller T, Ronzani M, Plunser D, Oberacher H, et al. The
impact of nebulized epoprostenol and iloprost on hemoglobin oxygen affinity: an
ex vivo experiment. Am J Physiol Lung Cell Mol Physiol. (2022) 322:L898–903. doi:
10.1152/ajplung.00084.2022

120. Ronzani M, Woyke S, Mair N, Gatterer H, Oberacher H, Plunser D, et al. The
effect of desflurane, isoflurane and sevoflurane on the hemoglobin oxygen dissociation
curve in human blood samples. Sci Rep. (2022) 12:13633. doi: 10.1038/s41598-022-
17789-6

121. Jabaudon M, Boucher P, Imhoff E, Chabanne R, Faure J, Roszyk L, et al.
Sevoflurane for sedation in acute respiratory distress syndrome. A randomized
controlled pilot study. Am J Respir Crit Care Med. (2017) 195:792–800. doi: 10.1164/
rccm.201604-0686OC

122. Safo M, Kato G. Therapeutic strategies to alter the oxygen affinity of sickle
hemoglobin. Hematol Oncol Clin North Am. (2014) 28:217–31. doi: 10.1016/j.hoc.2013.
11.001

123. Abdulmalik O, Safo M, Chen Q, Yang J, Brugnara C, Ohene-Frempong K, et al.
5-hydroxymethyl-2-furfural modifies intracellular sickle haemoglobin and inhibits
sickling of red blood cells. Br J Haematol. (2005) 128:552–61. doi: 10.1111/j.1365-2141.
2004.05332.x

124. Woyke S, Gatterer H, Rauch S, Strohle M. Reply - Letter to the editor -
Nutritional interventions to modulate haemoglobin-oxygen affinity in COVID-19
patients. Clin Nutr. (2020) 39:3842. doi: 10.1016/j.clnu.2020.10.049

125. Szeghy R, Ratchford S. COVID-19 controls causing a kerfuffle. J Appl Physiol.
(2022) 133:1220–1. doi: 10.1152/japplphysiol.00381.2022

Frontiers in Medicine 15 frontiersin.org

https://doi.org/10.3389/fmed.2023.1098547
https://doi.org/10.3390/nu13103448
https://doi.org/10.3390/nu13103448
https://doi.org/10.3389/fphys.2019.00395
https://doi.org/10.1016/j.ejcts.2007.07.016
https://doi.org/10.1111/bjh.14214
https://doi.org/10.1182/blood-2018-08-868893
https://doi.org/10.1182/blood-2018-08-868893
https://doi.org/10.1056/NEJMoa1903212
https://doi.org/10.1152/japplphysiol.00185.2019
https://doi.org/10.1152/japplphysiol.00079.2017
https://doi.org/10.1152/japplphysiol.00079.2017
https://doi.org/10.1152/ajpheart.00772.2016
https://doi.org/10.1152/ajpheart.00772.2016
https://doi.org/10.1152/ajplung.00084.2022
https://doi.org/10.1152/ajplung.00084.2022
https://doi.org/10.1038/s41598-022-17789-6
https://doi.org/10.1038/s41598-022-17789-6
https://doi.org/10.1164/rccm.201604-0686OC
https://doi.org/10.1164/rccm.201604-0686OC
https://doi.org/10.1016/j.hoc.2013.11.001
https://doi.org/10.1016/j.hoc.2013.11.001
https://doi.org/10.1111/j.1365-2141.2004.05332.x
https://doi.org/10.1111/j.1365-2141.2004.05332.x
https://doi.org/10.1016/j.clnu.2020.10.049
https://doi.org/10.1152/japplphysiol.00381.2022
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

	The oxygen dissociation curve of blood in COVID-19–An update
	1. Introduction
	2. Determinants of hemoglobin oxygen affinity
	2.1. Intraerythrocytic effects
	2.2. Extraerythrocytic effects

	3. Methods for the determining O2 affinity
	4. Summary of our first review
	5. New publications on hemoglobin oxygen affinity in COVID-19
	5.1. Comparison of methods
	5.2. Complete ODCs
	5.3. P50 calculation from single arterial samples
	5.4. P50 calculation from single venous samples
	5.5. Confounding factors
	5.6. Causes for the left shift
	5.7. Conclusion from chapter 5

	6. Effects of COVID-19 on erythropoiesis and oxygen supply
	7. Possible pathomechanisms underlying functional and structural damage of red blood cells
	8. COVID-19 and sickle cell anemia
	9. Drugs modulating oxygen affinity in COVID-19
	9.1. Potential therapeutic agents to modify Hb-O2-affinity
	9.2. In which patients could it be desirable to modify O2-Hb affinity?
	9.3. What should be the targeted P50?
	9.4. By which means is it possible to achieve this target without detrimental side effects?
	9.4.1. ``Old'' blood transfusions
	9.4.2. 5-Hydroxymethylfurfural (5-HMF)
	9.4.3. Voxelotor (GBT440)
	9.4.4. GBT1118
	9.4.5. Nebulized epoprostenol
	9.4.6. Volatile anesthetic agents

	9.5. Conclusion concerning the treatment of COVID-19
	9.6. Treatment of COVID-19 in sickle cell disease

	10. General conclusion
	Author contributions
	Conflict of interest
	Publisher's note
	References


