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Abstract

Background: This study compared the efficacy of high-flow nasal cannula (HFNC)
oxygen therapy with conventional oxygen therapy (COT) using a simple face mask
for clearing carbon monoxide (CO) from the bloodstream in a rat model of severe
CO poisoning. Methods: Twenty-eight male Wistar rats were assigned to four
groups: severe CO intoxication treated with HFNC, a sham group (no intoxication
or treatment), severe CO intoxication treated with COT, and a control group with
severe CO intoxication receiving no treatment. Their arterial blood gas and metabolic
parameters were analyzed and compared to determine treatment effectiveness. Results:
Significant differences were observed among the groups in terms of carboxyhemoglobin
(COHD), pH, bicarbonate (HCOs3), hemoglobin, sodium (Na), potassium (K), calcium
(Ca), glucose and lactate levels. Both treatment groups had lower COHb and lactate
levels compared to the untreated control group, with COHD clearance being significantly
higher in the HFNC group than in the COT group (20.33% =+ 3.58% vs. 41.17% =+
6.49%; p < 0.001). Additionally, pH levels were higher in the HFNC group than in the
COT group (7.32 £ 0.07 vs. 7.27 £ 0.05; p = 0.486). Conclusions: HFNC oxygen
therapy was found to be more effective than COT in promoting CO elimination and
improving arterial blood gas parameters, indicating its potential as a superior treatment
strategy for severe CO poisoning.
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1. Introduction

Acute carbon monoxide (CO) poisoning is a serious toxicolog-
ical condition and a leading cause of poisoning-related mor-
tality worldwide. In the United States alone, approximately
50,000 individuals seek emergency medical care annually due
to CO poisoning. CO is a colorless, odorless, tasteless and
non-irritating gas produced by the incomplete combustion of
carbon-containing substances. The initial symptoms of CO
poisoning, including headache, dizziness and nausea, are of-
ten nonspecific, making early diagnosis challenging. In se-
vere cases, prolonged exposure can result in unconsciousness
and death, while long-term complications include neurological
deficits, left ventricular dysfunction and cardiac arrhythmias
[1-7].

The management of severe CO poisoning involves early
detection and appropriate oxygen therapy to facilitate CO elim-
ination and prevent complications. In patients with neurologi-
cal symptoms, it is recommended to perform an electrocardio-
gram (ECG) and assess cardiac ischemia biomarkers within the

first 6 hours.

CO exerts its toxic effects by binding to hemoglobin (Hb)
with an affinity over 200 times greater than that of oxygen,
leading to a significant reduction in oxygen-carrying capacity
and subsequent tissue hypoxia. The rapid elimination of CO
is essential to prevent neurological and cardiovascular com-
plications, and standard treatment approaches include the use
of 100% normobaric oxygen (NBOz) and hyperbaric oxygen
therapy (HBOT), both of which accelerate CO dissociation
from Hb. The half-life of carboxyhemoglobin (COHb) is
approximately 320 minutes in individuals breathing ambient
air [8—10], but this decreases to 71 minutes with 100% oxygen
administered via a non-rebreather mask and is further reduced
to 20 minutes with HBOT [10].

High-flow nasal cannula (HFNC) oxygen therapy has gained
increasing attention as a treatment for acute respiratory failure
due to its ability to deliver humidified oxygen at high flow
rates through a soft nasal cannula [11]. Unlike standard nasal
cannulas, which provide a maximum flow rate of 6 liters per
minute, HFNC can deliver up to 60 liters per minute, ensuring
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a higher fraction of inspired oxygen (FiO2) and improved
alveolar ventilation. Additionally, HFNC generates a positive
pressure effect that synchronizes with the patient’s inspiratory
effort, thereby enhancing oxygenation and increasing the par-
tial pressure of oxygen (PaO-) [12]. This technique also facili-
tates more effective carbon dioxide (CO3) clearance compared
to conventional oxygen therapy (COT) by reducing rebreathing
and providing higher oxygen flow rates [12]. Recently, HFNC
has been introduced as an alternative to oxygen delivery via a
simple face mask for patients with hypoxemia [13]. However,
limited studies have evaluated its role in CO poisoning. Ex-
isting clinical data suggest that HFNC is more effective than
COT in reducing COHb levels in patients with CO poisoning,
but further investigation is needed to establish its efficacy in
this setting [ 14—16].

However, no experimental studies have directly compared
the efficacy of HFNC and COT delivered via a simple face
mask in the management of CO poisoning. To address this
gap, this study evaluated the effectiveness of HFNC oxygen
therapy compared to COT in facilitating CO clearance from
the bloodstream using a severe CO toxicity rat model.

2. Materials and methods

Twenty-eight adult male Wistar albino rats (300-350 g) were
purchased from the Experimental Animal Center at Dicle Uni-
versity, housed under specific pathogen-free conditions at a
controlled temperature of 24 °C with a 12-hour light/dark
cycle, and fed a standard diet and given unrestricted access to
food and water. All experimental procedures adhered to the
European Community Council Directive and were approved
by the local animal ethics committee.

The rats were randomly assigned to four groups, each con-
sisting of seven animals. Group 1 included rats with severe
CO intoxication treated with HFNC oxygen therapy. Group 2
served as the sham group and was neither exposed to CO nor
treated. Group 3 comprised rats with severe CO intoxication
treated with COT, while Group 4 included rats with severe CO
intoxication that received no treatment (control group).

Rats in the sham group were placed in a 45-liter plastic
chamber and exposed to ambient air for 30 minutes. CO
intoxication was induced following the method described by
Gokdemir GS et al. [17]. The CO exposure protocol was
selected based on a literature review to achieve an acute COHb
level of 80% while minimizing mortality [18-20]. A pilot
study determined that exposure to 4000 ppm CO at a flow
rate of 3 L/min for 30 minutes was the most effective in
inducing severe CO toxicity and was therefore applied to the
experimental groups.

After exposure, the remaining rats were placed in a 45-liter
plastic chamber and subjected to a 3000-ppm CO—air mixture
for 30 minutes using a 101CO cylinder supplied by HABAS,
administered at a flow rate of 4 L/min (Fig. 1A). After CO
exposure, the rats that were still conscious were randomly al-
located to three treatment subgroups. The COT group received
oxygen at 10 L/min via a simple face mask, ensuring an oxygen
concentration of more than 50%. The control group remained
in ambient air for 30 minutes without oxygen supplementation
(Fig. 1B). For HFNC oxygen delivery, a BMC NC10 nasal
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cannula (small size, yellow designation) and an HFNC device
(BMCH-80 series, BMC Medical Co., Ltd., Beijing, China)
were used (Fig. 2). The device settings were adjusted for
temperature, flow rate and FiO according to the physiological
condition of the rats. To improve tolerance to high oxygen
flow, the initial flow rate was set at 30 L/min and increased
stepwise to 60 L/min over 10 minutes. The HFNC group
received 100% humidified and heated oxygen at a maximum
flow rate of 60 L/min (Fig. 2).

The rats were anesthetized via an intraperitoneal injection of
30 mg/kg ketamine hydrochloride (Ketalar; 08699844771904,
Eczacibasi, Istanbul, Turkey) and 5 mg/kg xylazine (Rompun,
2% solution; 724089483584, Bayer, Leverkusen, NRW, Ger-
many). A midline abdominal incision was made, and a 1-
mL blood sample was collected from the left ventricle of the
heart using a specialized blood gas syringe. The sample was
immediately analyzed for COHDb levels using a blood gas ana-
lyzer (ABL800, Radiometer, Copenhagen, Denmark). Arterial
blood gas parameters, including pH, bicarbonate (HCO3), Hb
and COHD levels, were measured along with metabolic pa-
rameters such as sodium (Na), potassium (K), calcium (Ca),
glucose and lactate levels. The treatment outcomes were
compared with those of the control and sham groups to assess
therapeutic efficacy. At the end of the experiment, the rats
were euthanized using an overdose of midazolam anesthesia.
An additional 5 mL of blood samples were collected in yellow-
capped biochemistry tubes for further liver function analysis.
Liver tissue specimens were excised from both the left and
right lobes. The right lobe was stored at —80 °C for oxidative
stress analysis, while samples from the left lobe were fixed in
10% neutral buffered formalin for histological and immuno-
histochemical evaluation.

The data were analyzed using SPSS version 20.0 (IBM
Corp, Armonk, NY, USA). Results were expressed as mean
=+ standard deviation (SD), minimum and maximum values
or as absolute numbers and percentages where appropriate.
Comparisons between two groups were conducted using the
Student’s #-test, while multiple-group comparisons were per-
formed using one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post hoc test. A p-value < 0.05 was con-
sidered statistically significant.

3. Results

Table | presents the comparison of arterial blood gas param-
eters, electrolytes and metabolites among the treated (HFNC
and COT) and non-treated (sham and control) groups. Signif-
icant differences can be observed in mean COHb, pH, HCO3,
Hb, Na, K, Ca, glucose and lactate levels across all groups.
In addition, both treatment groups (HFNC and COT) demon-
strated significantly lower COHb and lactate levels compared
to the control group.

As shown in Table 2, COHb levels were significantly lower
in the HFNC group than in the control group (20.33% =+
3.58% vs. 89.84% £ 1.96%; p < 0.001). Lactate levels were
also significantly reduced in the HFNC group (3.79 £+ 0.41
vs. 7.81 £ 1.58 mmol/L; p = 0.002). Similarly, the COT
group exhibited significantly lower COHb (41.17% =+ 6.49%
vs. 89.84% £ 1.96%; p < 0.001) and lactate (5.06 £ 0.99 vs.
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FIGURE 1. Carbon monoxide exposure and oxygen therapy in a rat model. (A) Rats at exposed to severe carbon monoxide
poisoning in a plastic chamber; (B) A rat receiving COT with an oxygen flow rate of 10 L/min for 30 minutes via a simple face
mask.
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FIGURE 2. A rat receiving HFNC oxygen therapy with an oxygen flow rate of 60 L/min for 30 minutes.
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Parameters

pH

COHb (%)

Lactate (mmol/L)

Hb (g/dL)

K (mEq/L)

Ca (mg/dL)

Na (mEq/L)

Glucose (mg/dL)

HCOg3 (mmol/L)

HFNC group
(n=7)
Mean £+ SD
(Min—Max)
7.32 £ 0.07
7.25-7.38

20.33 +3.58
17.02-23.64

3.79 £ 0.41
3.40-4.17

12.29 + 1.08
11.29-13.28

4.59 £ 0.54
4.09-5.08

0.59 +£0.17
0.44-0.75

18.40 + 1.00
17.40-19.30

153.00 £ 4.90
148.40-157.60

150.10 £ 12.50
138.60-161.70

Sham group
(n=7)
Mean + SD
(Min—Max)

7.40 £+ 0.05
7.35-7.44

0.71 £0.35
0.39-1.04

1.83 £ 0.29
1.56-2.10

13.79 £ 0.49
13.33-14.24

3.20 £ 0.24
2.98-3.42

0.79 = 0.08
0.72-0.86

146.40 £+ 2.10
144.40-148.40

89.90 £ 9.00
81.50-98.20

23.20 £ 0.90
22.40-23.90

COT group
(n=7)
Mean £+ SD
(Min—Max)

7.27 £ 0.05
7.22-7.32

41.17 £ 6.49
35.17-47.17

5.06 = 0.99
4.14-5.97

12.61 £ 0.56
12.10-13.13

5.06 = 0.92
4.21-5.91

0.63 £0.12
0.51-0.74

148.40 £ 6.80
142.20-154.70

139.60-218.10

17.10 = 1.90
15.30-18.90

Control group
(n=7)
Mean £ SD
(Min—-Max)
7.20 £ 0.06
7.15-7.25

89.84 £ 1.96
88.03-91.66

7.81 £ 1.58
6.35-9.28

13.65 £0.92
12.69-14.61

6.40 = 1.37
4.96-7.84

0.95+0.24
0.70-1.20

144.80 £+ 4.20
140.50-149.20

178.90 £42.40 224.70 £26.40
200.30-249.20

20.00 + 2.04
17.50-22.50
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TABLE 1. Comparison of arterial blood gas parameters, electrolytes and metabolite levels among the groups.

p*

<0.001

<0.001

<0.001

0.003

<0.001

0.002

0.029

<0.001

<0.001

Note: Data are expressed as numbers, percentages, mean and standard deviation (SD) or minimum and
maximum values.
*One-way ANOVA.
HFNC group: Severe CO intoxication treated with high-flow nasal cannula oxygen therapy (HFNC);
Sham group: No CO intoxication, no treatment; COT group: Severe CO intoxication treated with
conventional oxygen therapy (COT); Control group: Severe CO intoxication without treatment; COHb:
Carboxyhemoglobin; HCOs: Bicarbonate; Na: Sodium; K: Potassium,; Ca: Calcium; Hb: hemoglobin.

Parameter

pH*
COHb*
Lactate*
Hb*

K*

Ca*

Na*

#

Glucose

HCO5*

Sham
P
0.062
<0.001
<0.001
0.009
0.001
0.134
0.078
0.001
<0.001

TABLE 2. Subgroup analysis.

HFNC vs.

CoT Control
P P
0.486 0.004
<0.001 <0.001
0.055 0.002
0.865 0.025
0.658 0.078
0.982 0.003
0.311 0.027
0.197 <0.001
0.488 0.327

*Tukey s HSD, *Games—Howell post hoc test.
HFNC: High-flow nasal cannula oxygen therapy; COT: Conventional oxygen therapy; COHb:
Carboxyhemoglobin; HCOs: Bicarbonate; Na: Sodium; K: Potassium; Ca: Calcium; Hb: hemoglobin.

COT
p
0.002
<0.001
<0.001
0.050
0.006
0.255
0.864
<0.001
<0.001

Sham vs.

Control
P
<0.001
<0.001
<0.001
0.990
0.008
0.279
0.933
<0.001
0.011

COT vs.

Control
P
0.100
<0.001
0.013
0.116
0.247
0.006
0.547
0.016
0.023
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7.81 = 1.58 mmol/L; p =0.013) levels compared to the control
group.

A direct comparison between the HFNC and COT groups
further demonstrated the superior efficacy of HFNC in CO
clearance. The HFNC group had significantly lower COHb
levels than the COT group (20.33% =+ 3.58% vs. 41.17%
+ 6.49%; p < 0.001). Additionally, the pH levels were
numerically higher in the HFNC group (7.32 £ 0.07 vs. 7.27
+ 0.05; p = 0.486), although this difference was not statisti-
cally significant. Moreover, no significant differences were
observed between the HFNC and COT groups in terms of
lactate (p = 0.055) or HCOg3 (p = 0.488) levels, as detailed in
Table 2.

These findings highlight the effectiveness of HFNC in low-
ering COHD levels and maintaining better pH values, suggest-
ing its potential advantage over COT for CO elimination in this
experimental model.

4. Discussion

HEFNC oxygen therapy is a noninvasive respiratory support
technique that offers several advantages over conventional
oxygen delivery methods. Its effectiveness depends on the
flow rate, which remains a subject of investigation, particularly
in patients with acute exacerbations of chronic obstructive
pulmonary disease (COPD). Previous studies have reported
that HFNC at flow rates exceeding 30 L/min provides the most
accurate fraction of FiOy [21]. Recently, a study compared
HENC at flow rates of 30 and 50 L/min with noninvasive
ventilation in patients with COPD exacerbations to determine
its efficacy and safety [22].

Despite its increasing use in clinical practice, no experi-
mental studies have directly compared HFNC with COT for
the management of CO poisoning. This study is the first to
evaluate the efficacy of HFNC oxygen therapy in facilitating
CO elimination in a rat model of severe CO toxicity. CO exerts
its toxic effects by binding to Hb with an affinity significantly
higher than that of oxygen, leading to tissue hypoxia. Prompt
administration of oxygen therapy is essential to displace CO
from Hb, restore oxygen delivery to tissues and mitigate CO’s
toxic effects.

COT is typically administered using a bag-valve-mask
device to deliver high concentrations of oxygen; however,
achieving a consistent FiOy of 100% with this approach
remains a challenge. In contrast, HFNC therapy can deliver
up to 100% humidified and heated oxygen at flow rates of
up to 60 L/min, with adjustable room air intake to maintain a
stable and higher FiO5 than COT [23]. The ability to control
these parameters independently ensures more precise oxygen
delivery, leading to improved clinical outcomes. Beyond
its capacity for FiO, regulation, HFNC provides several
physiological benefits. For instance, it generates positive
end-expiratory pressure (PEEP) in the lower airways, which
functions similarly to continuous positive airway pressure
by preventing alveolar collapse during exhalation [24] and
enhances alveolar recruitment, thereby increasing the available
surface area for gas exchange [24, 25]. Additionally, HFNC
reduces anatomical dead space, increases lung volumes,
and promotes alveolar recruitment, collectively improving
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alveolar ventilation [25]. Although HFNC therapy offers
the advantages of PEEP generation, improved oxygenation
and enhanced patient comfort and compliance, it has certain
limitations, particularly in individuals with compromised
respiratory function [26]. Moreover, one of the primary
drawbacks is its relatively high cost compared to low-flow
nasal cannulas, as well as the requirement for specialized
training to initiate and manage therapy. Other potential
limitations include its unsuitability for patients with altered
consciousness, facial injuries, excessive secretions with an
increased risk of aspiration or hemodynamic instability [27].

A randomized controlled trial investigating HFNC oxygen
therapy in patients with CO poisoning found no significant
reduction in the half-life of COHb (fCOHD t; /5) compared to
NBO; therapy. However, the study suggested the potential
benefits of HFNC in maintaining stable f{COHbD t; /o values
and enhancing COHD clearance in cases of mild CO poisoning
compared to standard NBO, therapy [28]. Similarly, Akkan et
al. [29] analyzed 81 patients with acute CO intoxication and
reported no significant difference in CO elimination rates be-
tween HFNC and COT during the first 60 minutes of treatment.
In contrast, a study of 33 patients with acute CO poisoning
demonstrated that HFNC resulted in shorter f{COHDb t; /5 values
than a non-rebreather face mask, suggesting that HFNC may
be as effective as HBOT in promoting CO elimination [14]. A
retrospective analysis of 71 patients with acute CO poisoning
further confirmed that HFNC effectively reduced fCOHb t; /;
values [15]. Similarly, Tomruk et al. [16] reported that HFNC
therapy achieved greater reductions in COHb levels than COT.
Overall, these findings are consistent with the results of the
present study, which demonstrated that HFNC oxygen therapy
was superior to COT in reducing COHb levels.

Plasma lactate levels are commonly elevated in CO poison-
ing due to impaired oxygen delivery and the resulting shift
to anaerobic metabolism. A strong positive correlation has
been reported between lactate and COHb levels, reflecting the
severity of CO-induced hypoxia [30]. In this study, all groups
exposed to CO exhibited increased lactate concentrations. The
control group, which experienced severe CO intoxication with-
out treatment, had significantly higher mean COHb and lactate
levels than the sham group, which was not exposed to CO
(COHb: 89.84% + 1.96% vs. 0.71% =+ 0.35%; p < 0.001;
lactate: 7.81 £ 1.58 vs. 1.56 £ 2.10 mmol/L; p < 0.001).
These findings indicate the pronounced physiological impact
of untreated CO poisoning. In addition, treatment with HFNC
and COT resulted in significantly lower COHb and lactate
levels compared to the untreated control group. Although the
difference did not reach statistical significance, mean lactate
levels were lower in the HFNC group than in the COT group
(3.79 £ 0.41 vs. 5.06 £ 0.99 mmol/L; p = 0.055). This
trend suggests that HFNC may provide more effective lactate
clearance, potentially due to its higher oxygen delivery and
improved ventilation.

This study has several limitations that should be acknowl-
edged. First, the small sample size (n = 7 rats/group) reduces
statistical power, which may limit the generalizability of the
results. Additionally, the use of a rat model introduces in-
herent limitations, as physiological responses to CO toxicity
in rodents may not fully translate to human pathophysiology,
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thereby restricting the direct applicability of the findings to
clinical practice. Second is the absence of long-term outcome
data, as the study focused solely on immediate physiological
changes following treatment, and this may have limited the
ability to determine the sustained effects of HFNC oxygen
therapy and its potential advantages over COT in managing
CO poisoning. Furthermore, the study might have been under-
powered to definitively establish the superiority of HFNC in
enhancing CO clearance. Thus, further well-designed clinical
trials with larger sample sizes and long-term follow-up are
necessary to comprehensively evaluate the efficacy of HFNC
oxygen therapy in both acute and chronic CO poisoning.

5. Conclusions

In this experimental model of severe CO intoxication, HFNC
oxygen therapy demonstrated greater efficacy in improving
arterial blood gas parameters compared to COT. HFNC treat-
ment resulted in significantly lower COHb levels and higher
pH values, suggesting enhanced CO clearance in severe CO
toxicity. These findings indicate that HFNC may be a more ef-
fective therapeutic approach for managing severe CO poison-
ing and support the potential of HFNC as an alternative treat-
ment strategy, particularly in patients presenting with severe
CO poisoning. However, further research, including studies
with larger sample sizes and clinical trials in human subjects, is
necessary to confirm its effectiveness and feasibility in clinical
practice.
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