High-flow Nasal Cannula in the treatment of acute Carbon Monoxide poisoning: a pilot study
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Abstract
Background
The first-line treatment in the Emergency Department (ED) for carbon monoxide (CO) poisoning is oxygen therapy via non-rebreathing face mask (NRFM). However, this method of oxygen delivery does not guarantee a fraction of inspired oxygen of 100%, as it should be desirable. 
Methods
In this pilot prospective randomized clinical trial, we aimed at exploring the role of High-Flow Nasal Cannula (HFNC) in the treatment of patients admitted to the ED for CO poisoning in terms of reduction of carboxyhaemoglobin (COHb) levels and neurological sequelae. Eight enrolled patients were randomly assigned to treatment with NRFM (n=5) or HFNC (n=3). Changes in COHb over the following 24 hours were monitored. Before ED discharge and at a 6-week follow up visit, patients underwent a neurocognitive assessment. 
Results
Baseline values of COHb were similar among the two groups (16.4 [13.4–22.0]% vs. 28.4 [25.9–29.4]%, for NRFM and HFNC, respectively; p=0.25). At ED discharge COHb levels were significantly lower compared to those at admission (0.9 [0.7–1.3]%, p=0.0065). At the Bayesian mixed model, the interaction of HFNC therapy with time emerged as a significant factor for reducing COHb levels (p=0.022), compared to NRFM. The neurocognitive evaluation did not show any significant difference between ED discharge and the follow-up visit in terms of neurological impairment. 
Conclusions 
This pilot study demonstrates that oxygen therapy delivered through HFNC accelerates the reduction of COHb in patients with acute CO poisoning, compared to standard treatment. Such results should prompt a larger validation in the ED setting.
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Introduction
Carbon monoxide (CO) poisoning is one of the most common causes of Emergency Department (ED) referral for acute and chronic intoxication.1 Figures show that in Europe CO poisoning causes 6000 hospital admissions and more than 350 deaths each year.2 Currently, the therapeutic goal in patients with acute poisoning is rapid CO elimination, which occurs in the lungs through a competitive oxygen binding with haemoglobin.3
The therapeutic approach in the Emergency Department (ED) relies on the prompt administration of oxygen via non-rebreathing face mask with a 15L/minute oxygen flow.4,5 Nevertheless, this technique does not allow one to provide a constant fraction of inspired oxygen (FiO2). On the other hand, hyperbaric oxygen (HBO) therapy exposes the patient to a FiO2 of 100% with an increase in atmospheric pressure (2.5 atm).6 Even though it can be routinely used, no specific criteria exist to identify patients that may benefit from HBO therapy in case of acute CO poisoning, and a clear efficacy of HBO after 12 hours from exposure has not been demonstrated.7 In addition, during CO intoxication, the development of neurological and cognitive impairment, (e.g. personality disorders, movement disorders, dementia, depression, focal neurological deficit, dysphasia and eating disorders)8–10 may either become immediately manifest or be delayed.11
High-flow nasal cannula (HFNC) is a valid alternative to classical oxygen therapy:12–14 it has been widely used in critically ill patients, such in the Intensive Care Unit (ICU), where it has been shown to allow better oxygenation in the post-extubation period, compared to the non-rebreathing face mask.15,16 However, the evaluation of its efficacy in the treatment of patients with CO poisoning has been scarcely investigated.
Thus, in this pilot study we aimed at evaluating the role of HFNC in the management of patients with acute CO poisoning presenting to the ED, with particular attention to their ability in decreasing carboxyhaemoglobin (COHb) values and preventing cognitive impairment.

Materials and Methods
Patients
This pilot prospective randomized clinical trial was conducted in the Emergency Department of the Azienda Ospedaliero-Universitaria Maggiore della Carità, Novara, Italy. The trial was approved by the local Institutional Review Board (CE 138/18). Written informed consent was collected from all the patients at the time of enrolment.
Patients were included if they met the following criteria:
· Age ≥ 18 years
· Carbon monoxide intoxication as major problem leading to ED admission
· COHb concentration ≥ 10% at the time of enrolment
Patients were excluded in case of:
· Age < 18 years
· Glasgow Coma Scale ≤ 13
· Refusal to give consent
Design of the study
Patients with acute CO poisoning (confirmed by a routine blood gas analysis) were initially treated with oxygen via a non-rebreathing face mask with a 15 L/min flow. After their acceptance to participate to the study, they were randomly assigned to oxygen therapy either via non-rebreathing face mask or HFNC (OptiflowTM, Fisher & Paykel Healthcare, Auckland, New Zealand), and the assigned treatment was given to them. At this time (T0), demographic and anamnestic data were collected and vital signs (arterial blood pressure, heart rate, peripheral oxygen saturation, respiratory rate, external temperature and Glasgow Coma Scale) and ECG were recorded.
Vital signs and blood gas analysis were then collected every 30 minutes for the following two hours (T1, T2, T3, T4) and at 6, 12, 18 and 24 hours from enrolment (T5, T6, T7 and T8, respectively). In case of decision of the treating ED physician to start HBO therapy, the enrolment continued until transport of the patient to the equipped centre. Once the treatment with HBO was completed, data collection reprised according to the predetermined design, as soon as the patient had returned to the ED. At the time of discharge from the ED (T9) patients were re-evaluated and underwent a focused neurocognitive assessment.
After 6 weeks from T0, all the enrolled patients were scheduled for a follow-up visit in hospital, where vital signs, blood gas analysis, ECG, and neurocognitive re-evaluation were performed (T10).
Neurocognitive assessment
Neurocognitive assessment was structured based on The Carbon Monoxide Neuropsychological Screening Battery (CONSB). This is a smart and sensitive tool in detecting true deficits in performances, and is composed by the following six tests:17
· General Orientation: the subject is asked to answer several questions (name, age, birthday, highest grade of school completed, occupation, current date and orientation and a brief description of the events that led to hospitalization).
· Digit Span: direct and reverse digit memory testing has been used as reported in the Wechsler Adult Intelligence Scale (WAIS ).18
· Trail Making Test (TMT): TMT is divided into two parts (A and B). Part A requires that the person connects in the shortest time the numbers 1 to 25 in sequence with a pencil. In part B a sheet is presented to the subject where numbers and letters are arranged randomly. To perform the test, the subject must simultaneously perform two tasks: connect both numbers and letters (ie: 1-A-2-B-3-C- etc ...) in progressive and alternating order, thus joining in alternating numbers and letters.19
· Digit Symbol: symbols-numbers association, as reported in the Measurement and Treatment Research to Improve Cognition in Schizophrenia (MATRICS) Consensus Cognitive Battery (MCCB) test. The patient is asked to perform the test in 90 seconds.20,21
· Aphasia Screening: The Mississippi Aphasia Screening Test (MAST) was developed as a brief, repeatable screening test aimed to detect changes in language abilities. It is composed by 9 subtests that range from 1 to 10 items per subscale and can be administered in 5 to 15 minutes.22
· Block Design: the "drawing with cubes" test will be used as reported in the WAIS. The subject is given cubes with faces in two different colours (white and red) and models of geometric designs to be reproduced with the cubes themselves.18
Statistical analysis
The study aimed to evaluate whether oxygen therapy delivered through HFNC devices in patients admitted to the ED for acute CO poisoning was different to the non-rebreathing face mask therapy with a 15 L/minute oxygen flow (currently the first-line therapy), in terms of reduction of COHb concentration and delayed neurological sequelae incidence. Data were anonymized before analysis collected on an electronic spreadsheet. Data were summarized according to groups as median and [25th-75th percentile] and analysed using the Wilcoxon test. Categorical variables, whenever dichotomous or nominal, were reported as frequencies and percentages and analysed through the Chi-square test.
A Bayesian Generalized Linear Mixed Models has been computed accounting for a random intercept effect term within repeated measurements. The treatment effect has been considered as a fixed effect in the model interacting with the time covariate. Uninformative priors have been considered on the fixed and random effect terms using an inverse Wishart prior to the (co)variances and a normal prior for the fixed effects.
Computations have been performed using R 3.6.2 with the MCMCglmm and rms packages.


Results
Patients
Between November 2019 and January 2020, we included in this pilot study 8 patients referring to our tertiary Emergency Department with acute CO poisoning. The main causes of CO intoxication were home fireplace and gas stoves (38% each). Among the included patients, five were randomly assigned to the standard treatment, whereas three underwent oxygen therapy through HFNC. The random sequence assignment was respected for all patients. Seven patients were female, and one was male, with an overall median age of 63 [51-78] years. All patients but one underwent treatment with HBO during ED stay. The remaining characteristics of the enrolled population are detailed in Table 1.
Vital signs at ED presentation
At the time of enrolment, no patient exhibited signs of hemodynamic instability. Systolic blood pressure was 120 [118 – 140] mmHg, whereas diastolic blood pressure was 70 [65 – 80] mmHg and heart rate was 100 [89 – 118] bpm. In particular, no difference was observed when vital signs were compared according to the assigned treatment (Table 2). 
Regarding respiratory rate, at baseline it was 18 [17-18] breaths/minute, again with no differences among the two groups (Table 2). Analogously, peripheral oxygen saturation (SpO2) was similar between patients treated with non-rebreathing face mask and HFNC (95 [94 - 96]% vs. 94 [94 - 95]%, respectively; p = 0.873).
Blood gas analysis
At ED presentation, the median blood pH at blood gas analysis was 7.400 [7.378 – 7.428] with a median HCO3- of 26.1 [25.1 – 27.3] mmol/L and a median arterial partial pressure of carbon dioxide (paCO2) of 37.1 [36.5 – 40.4] mmHg. The median value of blood lactate was 1.4 [0.7 – 1.9] mmol/L. No differences were observed among the two treatment groups for all these variables (Table 2). 
Effects of assigned treatments on COHb kinetics 
The baseline value of COHb was 22.7 [15.7 – 28.9]%, with no difference among patients randomly assigned to non-rebreathing face mask and HFNC treatments (16.4 [13.4 – 22.0]% vs. 28.4 [25.9 – 29.4]%, respectively; p = 0.25). At ED discharge COHb levels were significantly lower compared to those at admission (0.9 [0.7 – 1.3]%, p = 0.0065).
When the variation of COHb over the study period were analysed through the Bayesian mixed model, time emerged as a strong factor responsible for the reduction of COHb levels (p < 0.0001), whereas the treatment of intervention per se did not (p > 0.05). However, when the latter was adjusted for the interaction with time (Table 3), HFNC therapy emerged as a significant factor for reducing COHb levels (p = 0.022). In practice, as shown in Figure 1, oxygen delivered through HFNC determined a sharper and more rapid decrease in COHb levels, compared to non-rebreathing face mask.
Neurocognitive assessment
A neurocognitive assessment was performed at the time of discharge for all the patients, as planned, except for one patient assigned to the control group who refused to undergo such investigation. One patient (enrolled in the control group) was lost at the follow-up visit after 6 weeks. Globally, no differences were observed in terms of neurocognitive impairment in the enrolled population between T9 and T10. In addition, no differences emerged when the neurocognitive assessment were evaluated according to the received treatment at both time points (Table 4). 


Discussion
Our pilot study shows that HFNC is a very promising tool for oxygen therapy in patients admitted to the Emergency Department for acute CO poisoning. Despite the small number of enrolled patients, we demonstrate that they provide a faster reduction of COHb levels, compared to the standard oxygen therapy. However, it was not possible to draw conclusions concerning their role in preventing neurocognitive sequelae, even though HFNC was not inferior to standard therapy.

CO is an odourless, colourless, tasteless, not irritating gas, produced through the incomplete combustion of carbon-based compounds.23 Even though it has been investigated for its potential protective role, as for other metabolic products,24–26 external CO inhalation may cause severe tissue hypoxia, as this molecule binds haemoglobin with an affinity 250-fold more elevated than oxygen.27 Therefore, CO poisoning may occur even at low concentrations, acting on the haemoglobin dissociation curve by displacing oxygen (Haldane effect).28,29 Thus, according to the severity of the exposure to external CO, patients can present to the ED with a vast array of cardiovascular, respiratory and neurological symptoms, ranging from mild headache, dizziness and nausea to acute myocardial infarction, acute respiratory distress syndrome and coma.30–32 However, no linear correlation exists between either blood COHb levels or COHb clearance and the severity of symptoms and clinical improvement in CO-intoxicated patients.33 Thus, the diagnosis of acute CO poisoning in the ED must rely mainly on the presence of three items: symptoms of CO intoxication, exposure to a source of CO and increased COHb levels.34 However, the detection of such condition in the ED is tricky, as symptoms are more often mild and non-specific35–37 and vital signs may be mildly altered or even normal, especially for what concerns SpO2. As a matter of fact, the plethysmographic signal of classic pulse oximetry does not recognize the difference between COHb and oxygen-Hb, so that CO intoxication and profound hypoxia may be missed.38–40 In this regard, a specific pulse CO oximetry has been developed in order to overcome this issue, especially in the pre-hospital setting. However, it has been shown that its accuracy is far lower than the one obtained by laboratory measurements and, more important, that normal COHb pulse CO oximetry values are not able to exclude CO intoxication.41 Fortunately, the recent introduction of the use of CO detectors by the prehospital emergency service health workers, significantly improved the approach to this condition: in the presence of CO environmental contamination, an acoustic signal alerts the staff increasing safety and making it easier the diagnosis. Finally, what can be considered a normal value of COHb at blood gas analysis is very different among patients, depending, as an example, on their smoker status: the World Health Organization defines as abnormal COHb levels >2% in non-smoker but >10% in active smoker.42
Thus, for the Emergency Physician, once the hard task of the diagnosis has been accomplished, a prompt treatment must be initiated. As the difference in binding haemoglobin is disadvantageous for oxygen, the aim of the immediate treatment is to provide enough oxygen to displace CO from haemoglobin, relying on the amount that is given. For this reason, clinical guidelines recommend to start normobaric oxygen therapy at a FiO2 of 100%.4 With this system, the half-life of COHb can be reduced from 320 minutes in room air to around 75 minutes,5 and the most commonly used method to deliver oxygen at a such FiO2 is through non-rebreathing face mask. However, this mode has been shown not to be able to provide a continuous FiO2 of 100%, but rather an inconstant one, which oscillates between 54% and 75%,43 missing the therapeutic target.
An adjunctive treatment proposed by guidelines is HBO therapy,34 which is performed at an atmospheric pressure of 2.5-3 atm. With this treatment, COHb half-life decreases to 30 minutes. However, HBO is not considered mandatory by the guidelines of the American College of Emergency Physicians,44 so that its adoption mostly relies on the treating physician’s choice. As a matter of fact, many studies have investigated whether this therapy provides a clear improvement for short and long-term recovery, with discordant results. A meta-analysis of 1361 patients and seven randomized controlled trials has shown no benefits in terms of neurological impairment.45 One of the major limitations of such paper was the heterogeneity of the enrolled studies,34 which is, however, an intrinsic limitation of all meta-analyses.46–48 More recently, a meta-analysis conducted on 9 cohorts and 2023 patients with CO intoxication, has demonstrated no differences in terms of neither moderate and severe sequelae nor all-cause mortality, when HBO was compared to normobaric oxygen therapy.49 Nevertheless, the authors showed a significant reduction in the risk of memory impairment with HBO therapy.49
In this regard, however, one should bear in mind that HBO therapy is not readily available in most hospitals and Emergency Departments: this means that each session of HBO therapy must be programmed and patients need to be sent to the facilities that can provide this treatment and come back to the hospital at the end of the session. If further sessions are needed, new transportations will have to be organized, with use of resources and time. Moreover, logistic issues might affect the timing at which this therapy is delivered, overwhelming clinical priorities. Thus, due to the impossibility of providing a maximal and constant FiO2 with standard therapy, as well as to the uncertainty of the efficacy of a treatment such as HBO, which may be cumbersome on an organizational point of view, we aimed at exploring whether a new device such as High-Flow Nasal Cannula could overcome these problems. In fact, HFNC, whose use in the treatment of hypoxia and acute respiratory failure is constantly increasing, is composed of a humidifier with integrated flow generator that delivers high flow warmed and humidified oxygen to spontaneously breathing patients, through nasal cannula. FiO2 can be set between 21% and 100%, with an oxygen flow up to 60 L/min,50 which, in theory, allows the device to reach the therapeutic target for CO poisoning, accelerating COHb reduction. 
For this, we enrolled eight CO-intoxicated patients, who were randomly assigned to standard oxygen therapy via non-rebreathing face mask and HFNC to evaluate whether the reduction in COHb was significantly influenced by the method of oxygen delivery. Despite the small number of patients, our results confirmed our hypothesis: oxygen therapy delivered through HFNC accelerates the reduction of COHb concentration, compared to the standard therapy (Figure 1). Of note, our results were obtained without interfering with the standard care of patients. In particular, if patients had to transiently leave our hospital for an HBO session, this was done according to the usual indications and organizational procedures. Once they had returned to the ED, the assigned therapy was restarted until the end of the inclusion in the study. The fact that during the transportation to the facility which could provide HBO treatment oxygen was delivered via non-rebreathing face mask, thus transiently reducing the effects of HFNC, in our opinion is a further confirmation of the potential role of HFNC in treating CO poisoning. These results should be confirmed, however, on a larger cohort of patients.
Concerning the neurological impairment, one patient refused to perform neurocognitive assessment and was, thus, excluded from this evaluation, whereas another one was lost at the six-week follow-up. For those who accepted to participate to this part of the study, no neurocognitive worsening was observed between the time of discharge and the one of the follow-up (Table 4), regardless of the method of oxygen delivery during ED stay. This result, again as part of a pilot study, shows that treating CO-intoxicated patients with oxygen therapy via HFNC seems at least not be harmful in terms of neurological sequelae. However, before drawing conclusions on this issue, further inclusions and evaluations are required.
Limitations
First, the number of enrolled patients is small. However, this is an intrinsic limitation of all pilot studies.51 Second, patients randomly assigned to the intervention group, had to suspend therapy with HFNC during their transportation for undergoing HBO, transiently shifting to non-rebreathing face mask, and reducing the actual exposure to the intervention. Nevertheless, the fact that, despite this uniform gap for all the three patients assigned to the intervention group, HFNC emerged as significantly able to reduce COHb, is a further confirmation of our results. Third, the neurocognitive assessment was not completed by all the enrolled patients. However, no differences emerged nether between the two investigated time points nor between the two treatment groups, suggesting that HFNC may not be harmful compared to non-rebreathing face mask.



Conclusions
This pilot study demonstrates that oxygen therapy delivered through High-Flow Nasal Cannula accelerates the reduction of carboxyhaemoglobin in patients with acute carbon monoxide poisoning. Our results, obtained on a very small number of patients, should prompt a larger validation of such treatment in the Emergency Department setting. This would eventually allow a deeper evaluation of the role of HFNC in preventing delayed neurological symptoms.
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Tables
Table 1 – Patients characteristic
	Patients characteristic (n = 8)

	Gender (M/F)
	1/7 

	Age (years)
	63 [51 – 78]

	Body Mass Index (kg/m2)
	22.0 [21.5 – 23.5]

	WBCs (x 103/mL)
	9.32 [8.88 – 9.92]

	Hb (g/dL)
	14.1 [13.7 – 14.4]

	PLTS (x 103/mL)
	235 [196 – 255]

	Creatinine (mg/mL)
	0.80 [0.66 – 0.81]

	eGFR (mL/min)
	89.0 [61.8 – 108.0]

	Na+ (mEq/L)
	140 [138 – 140]

	K+ (mEq/L)
	4.0 [3.9 – 4.6]

	Smoking habit (n)
    Non-smoker
    Former smoker
    Current smoker
	
6
1
1

	Oxygen therapy before ED arrival (n, %)
	4 (50%)


ED: emergency department; Hb: hemoglobin; PLTs: platelet count; WBCs: white blood cells count.     

Table 2 – Baseline differences among the two populations
	
	Non-rebreathing face mask (n=5)
	High-flow nasal cannula (n=3)

	Gender (M/F)
	0/5
	1/2

	Age (years)
	62 [26-76]
	63 [61-76]

	Body Mass Index (kg/m2)
	22 [21.0-23.0]
	25.5 [23.8-27.3]

	WBCs (x 103/mL)
	9.46 [9.17-9.78]
	9.12 [8.64-9.72]

	Hb (g/dL)
	14.2 [13.9-14.3]
	13.9 [13.5-15.8]

	PLTS (x 103/mL)
	244 [196-257]
	225 [211-240]

	Creatinine (mg/mL)
	0.79 [0.56-0.80]
	0.80 [0.75-0.89]

	eGFR (mL/min)
	102 [64-126]
	82 [66-89]

	Na+ (mEq/L)
	139 [137-140]
	140 [139-141]

	K+ (mEq/L)
	4.6 [4.0-4.7]
	3.9 [3.7-4.0]*

	Oxygen therapy before ED arrival (n, %)
	2 (40%)
	2 (67%)

	Arterial systolic pressure (mmHg)
	140 [115-140]
	120 [120-120]

	Arterial diastolic pressure (mmHg)
	70 [66-90]
	65 [65-70]

	Heart rate (bpm)
	104 [89-120]
	95 [92-105]

	Respiratory rate (breaths/min)
	18 [18-19]
	18 [16-18]

	SpO2 (%)
	95 [94-96]
	94 [94-95]

	pH
	7.42 [7.3-7.45]
	7.37 [7.37-7.39]

	COHb (%)
	16.4 [13.4-22.0]
	28.4 [25.9-29.4]

	Lactate (mmol/L)
	0.7 [0.7-1.1]
	1.9 [1.8-1.9]


COHb: carboxyhaemoglobin; ED: emergency department; Hb: haemoglobin; PLTs: platelet count; SpO2: peripheral oxygen saturation; WBCs: white blood cells count.     * p<0.05

Table 3 - Bayesian mixed model for variation of COHb due to intervention over the study period 
	Parameter
	p

	(Intercept)
	0.000001

	Time
	0.000001

	Intervention (HFNC)
	0.093079

	Time : Intervention
	0.022895



HFNC: High-flow nasal cannula
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Table 4 – Neurocognitive assessment

	
	Non-rebreathing face mask (n=4)
	High-flow Nasal Cannula (n=3)
	Non-rebreathing face mask (n=3)
	High-flow Nasal Cannula (n=3)

	
	T9
	T10

	Space orientation (n, %)
	4 (100%)
	3 (100%)
	-
	-

	Time orientation (n,%)
	4 (100%)
	3 (100%)
	-
	-

	Digit Span (points)
	12.0 [10.3-14.0]
	13.0 [11.0-13.5]
	8.0 [7.5-12.0]
	10.0 [10.0-12.5]

	Trail making figure A (seconds)
	44.0 [22.5-58.5]
	62.0 [58.5-76.0]
	58.0[38.5-125.0]
	60.0 [55.5-71.5]

	Trail making figure A correctly completed (n, %)
	3 (75%)
	3 (100%)
	3 (100%)
	3 (100%)

	Trail making figure B correctly completed (n, %)
	1 (25%)
	0 (0%)
	1 (25%)
	0 (0%)

	Digit symbol (points)
	38.0 [19.5-51.0]
	0.0 [0.0-15.0]
	24.0 [12.0-44.5]
	25.09 [15-31.5]

	MS Aphasia (points)
	100 [96-100]
	98 [98-98]
	100 [92-100]
	95 [93-97]

	Block design (points)
	14.0 [2.0-27.0]
	8.0 [5.5-16.5]
	4.0 [2.0-21.0]
	16.0 [11.0-25.0]






Figure legend
Figure 1 
Graphical representation of the changes in COHb levels over time points, according to the treatment group: High-Flow Nasal Cannula (1 – green lines) vs. Non-rebreathing face mask (0 – rose lines).

ΔCOHb_%: percentage changes in carboxyhaemoglobin from baseline 
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