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Editor's key points

Preoxygenation is routinely performed before induction of anaesthesia, but the incidence of hypoxaemia during induction of anaesthesia, and its contributory factors are not known.

Hypoxaemia occurred in 6.6% of patients in whom preoxygenation was carried out before induction of anaesthesia.

There may be several risk factors for hypoxaemia after preoxygenation and induction of general anaesthesia.

Major complications of airway management under general anaesthesia is still a matter of concern. [START_REF] Cook | Major complications of airway management in the UK: results of the Fourth National Audit Project of the Royal College of Anaesthetists and the Difficult Airway Society. Part 1: anaesthesia[END_REF][START_REF] Auroy | Mortality related to anaesthesia in France: analysis of deaths related to airway complications[END_REF] Hypoxaemia remains the most common cause of death, especially during induction of anaesthesia as reported by the ASA Closed Claims analysis. [START_REF] Peterson | Management of the difficult airway: a closed claims analysis[END_REF] In a retrospective study including 95,407 electronic anaesthesia records, 7.4% of patients experienced hypoxaemia (SpO 2 ≤90%) at induction of anaesthesia. [START_REF] Ehrenfeld | The incidence of hypoxaemia during surgery: evidence from two institutions[END_REF] It has been over 30 years since the first demonstration that arterial O 2 desaturation (SpO 2 ≤95%) occurs quickly after induction of anaesthesia, if preoxygenation is omitted. [START_REF] Thorpe | Arterial oxygen saturation during induction of anaesthesia[END_REF][START_REF] Drummond | Arterial oxygen saturation before intubation of the trachea. An assessment of oxygenation techniques[END_REF] Preoxygenation is now recommended as a standard of care together with the anticipation of difficult airway control. Of note, despite many reports and guidelines, no large prospective study has ever been done to identify risk factors for hypoxaemia, or to explore the role of preoxygenation.

The aim of the current prospective study was to determine the incidence of hypoxaemia during induction of anaesthesia, and its contributory factors, in a large population after a standardized preoxygenation procedure.

Methods

The Ethical Committee for clinical research of Assistance Publique -Hôpitaux de Paris, France, (Chairperson: Pr Dhote) approved this study in May 2014. The ethics committee waived the requirement for written informed consent. The French law on biomedical research (Article L.1121-1-1 and Article R.1121-3 of the public health code) did not apply to this non-interventional study. Thus, we did not register our study on a publicly accessible site as this was an observational study.

. In this multicentre, prospective analysis, all adult patients scheduled for orthopaedic, vascular, or gynaecological surgery, or ear, nose and throat surgery, abdominal surgery or gastrointestinal endoscopy under general anaesthesia in two academic hospitals (Avicenne and Pitié-Salpêtrière) and one general hospital (André Grégoire) were prospectively evaluated over a 6-month period for inclusion in the study.

Patients undergoing thoracic surgery and those who were haemodynamically unstable and/or required oxygen upon arrival at the operating theatre were excluded.

The following information was collected during a preoperative visit: age; sex; American Society of Anaesthesiology (ASA) score; pre-existing medical conditions of interest such as smoking; chronic obstructive pulmonary disease (COPD); recognized difficult mask ventilation risk factors; 7 body mass index (BMI) of greater than 26, calculated as weight in kilograms divided by the square of height in meters; presence of a beard; lack of teeth; history of snoring; recognized risk factors for difficult tracheal intubation i.e. Mallampati>2 (Mallampati classification consisted of 4 classes to predict difficult intubation: Class I: everything visible (tonsillar pillars), Class II: uvula fully visible, fauces visible, Class III: only soft palate and base of uvula visible, Class IV: soft palate not visible), limited jaw protrusion, thyromental distance (<6.5 cm), and mouth opening (<30 mm). [START_REF] Apfelbaum | American Society of Anesthesiologists Task Force on Management of the Difficult Airway. Practice guidelines for management of the difficult airway: an updated report by the American Society of Anesthesiologists Task Force on Management of the Difficult Airway[END_REF] All patients were supine (except for obese patients who had a raised head position of 10° to 25°), and were routinely monitored by electrocardiography, a non-invasive blood pressure measurement, pulse oximetry, expired oxygen fraction (FeO 2 ), and end-tidal carbon dioxide tension (EtCO 2 ) before induction of general anaesthesia.

After priming the anaesthesia circuit with O 2 , preoxygenation by experienced staff was performed on patients wearing face-masks. A machine circuit was used, with a pre-set gas flow of 12 L min -1 O 2 . The patients were asked to breathe normally (tidal volume breathing) for at least 3 min (using a timer) up until 5 min when FeO 2 reached a level of a least 90%. Difficult preoxygenation was defined as a FeO 2 level of less than 90%. To obtain a single-usage face-mask that gave the best seal without leaks, the mask had to be adjusted according to capnographic curves. During preoxygenation, FeO 2 was measured at each breath, using a calibrated gas analyzer located in the ventilator, with a sample line connected to the filter placed between the Y-piece and the mask. As previously reported, difficult mask ventilation was defined as inadequate, unstable, or requiring two providers with or without neuromuscular blockade, and an impossible mask ventilation was defined as inability to ventilate with the mask, with or without neuromuscular blockade. [START_REF] Langeron | Prediction of difficult mask ventilation[END_REF][START_REF] Apfelbaum | American Society of Anesthesiologists Task Force on Management of the Difficult Airway. Practice guidelines for management of the difficult airway: an updated report by the American Society of Anesthesiologists Task Force on Management of the Difficult Airway[END_REF][START_REF] Kheterpal | Incidence and predictors of difficult and impossible mask ventilation[END_REF] Difficult tracheal intubation was defined as tracheal intubation requiring multiple attempts and failed tracheal intubation as an inability to intubate. Minimal SpO 2 values were recorded during airway management. Hypoxaemia and severe hypoxaemia were defined as SpO 2 of ≤ 95% and ≤ 90%, respectively, at any time during the procedure. The anaesthetists in charge of the patient collected all this information. For each patient, the study period finished at the end of airway management, and the anaesthetic procedure was performed as usual.

The primary endpoint was the incidence of hypoxaemia defined as the pulse oximetry of arterial oxyhaemoglobin saturation (SpO 2 ) ≤95%. The patient's risk factors for hypoxaemia were investigated during the preoperative visit (i.e. characteristics and medical history of the patient, recognized risk factors for difficult mask ventilation and difficult tracheal intubation) as well as during induction of anaesthesia (difficult preoxygenation, difficult mask ventilation and difficult tracheal intubation). The secondary end point was the incidence of difficult preoxygenation (FeO 2 <90%).

Statistical analysis

The sample size was determined using a method based on the multiple logistic regression model. We presumed an overall incidence of 5% hypoxaemia (SpO 2 ≤95%). COPD is the factor used in the calculation that has the lowest probability of occurrence (5%). With an alpha value of 0.05, a power of 0.8 and the coefficient of determination between factors from 0.05 to 0.15, a sample of 2000 patients is necessary to highlight an odds ratio of 2.5. The data are summarized as mean (standard deviation) or (range). Categorical variables are presented as absolute and relative frequencies. The association between patients' characteristics and hypoxaemia was assessed by univariate analysis using a chi-squared test or the Fisher's exact test for categorical variables, and a Student's t-test for continuous variables. All factors with p-values of <0.10 in the univariate analysis were included in a multiple logistic regression model. A backwards-stepwise variable selection algorithm was performed using a stopping rule based on a p-value cut-off of 0.05.

Odds ratios and 95% confidence intervals are quoted when necessary. The same analysis strategy was carried out for the association between hypoxaemia and risk factors during the induction of anaesthesia and that between difficult preoxygenation and preoperative risk factors. Diagnostic performance measures of risk factor, and risk factors for difficult intubation, were estimated with a confidence interval of 95%.

All the tests were two-sided at a significance level of 0.05. Analyses were performed using the 3.1.2 version of R statistical software.

Results

Two thousand, three hundred and ninety eight patients were included in this study.

One thousand one hundred and twenty patients (47%) came from the Pitié-Salpêtrière, 905 (38%) from Avicenne and 373 (15%) from André Grégoire hospitals. The patient's characteristics and relevant pre-existing medical conditions are listed in During induction of anaesthesia and after preoxygenation, airway management was performed as follows: mask ventilation with subsequent tracheal intubation in 1771 (74%) cases, rapid sequence induction in 264 (11%) patients, supraglottic airway in 257 (10.7%) cases, and mask ventilation alone, in 103 (4.3%) patients. The incidence of hypoxaemia differed according to the type of airway management used (figure 1). In both univariate and multivariate analyses, 3 risk factors for hypoxaemia were identified at induction of anaesthesia: difficult preoxygenation, difficult mask ventilation and difficult tracheal intubation (Table 2).

Secondary criteria: Preoxygenation After 3 min of preoxygenation, FeO 2 was <90% in 1202 (50%) patients with a mean FeO 2 value of 86 (8) %. After 5 min, FeO 2 was still <90% in 723 (30%) patients with a mean FeO 2 value of 85 (8)%. The patient's risk factors for difficult preoxygenation identified during the preoperative visit were male sex, BMI>30 kg m -2 , ASA>2, smokers, COPD, hypertension, ischaemic heart disease, anticipated difficult mask ventilation, anticipated difficult tracheal intubation, and emergency surgery (Table 3).

In multivariate analysis, male sex (OR 

Discussion

This prospective study highlights important risk factors for hypoxaemia at the induction of anaesthesia. Some of them can be screened and detected preoperatively and may allow anaesthesiologists to well anticipate, manage and to consequently decrease the occurrence of hypoxaemia.

It is noteworthy that difficult preoxygenation (FeO 2 < 90%) was observed in up to 30% of patients in this study. We also confirm that difficult mask ventilation and difficult tracheal intubation are risk factors for hypoxaemia and we demonstrate that both of these factors can be anticipated with a high negative predictive value.

In the present study, the incidence of severe hypoxaemia (SpO 2 ≤ 90%) at the induction of anaesthesia is lower (1.4%) than the one previously reported (7.4%) probably because of the prospective and observational design of our study (Hawthorne effect and strict procedure for preoxygenation). [START_REF] Peterson | Management of the difficult airway: a closed claims analysis[END_REF] Five pre-operative independent risk factors of hypoxaemia were identified: COPD, hypertension, anticipated difficult mask ventilation, anticipated difficult tracheal intubation, and emergency surgery.

In patients with COPD, induction of anaesthesia and preoxygenation may exacerbate gas exchange disturbance by decreasing the ventilation-perfusion ratio (atelectasis formation). [START_REF] Bruells | Physiology of gas exchange during anaesthesia[END_REF] Furthermore, in patients with COPD, preoxygenation may dampen hypoxic pulmonary vasoconstriction, increasing the pulmonary shunt. [START_REF] Melot | Deleterious effect of nifedipine on pulmonary gas exchange in chronic obstructive pulmonary disease[END_REF] The link between hypertension and hypoxaemia after anaesthetic induction is not obvious, we can hypothesise that anaesthetic drugs may impact on the vascular tone and promote vasodilation. In combination with atelectasis formation this could promote a ventilation-perfusion ratio imbalance and increase pulmonary shunt and arterial oxygen desaturation. Another point related to hypertension and hypoxaemia could be linked to interactions between difficult mask ventilation, obstructive sleep apnoea and hypertension. [START_REF] Sato | Mask Ventilation during Induction of General Anesthesia: Influences of Obstructive Sleep Apnea[END_REF][START_REF] Chung | STOP-Bang Questionnaire: A Practical Approach to Screen for Obstructive Sleep Apnea[END_REF][START_REF] Khanna | Using the STOP-BANG questionnaire to predict hypoxaemia in patients recovering from noncardiac surgery: a prospective cohort analysis[END_REF] Difficult mask ventilation and difficult tracheal intubation are both predictors of airway complications. [START_REF] Langeron | Prediction of difficult mask ventilation[END_REF][START_REF] Apfelbaum | American Society of Anesthesiologists Task Force on Management of the Difficult Airway. Practice guidelines for management of the difficult airway: an updated report by the American Society of Anesthesiologists Task Force on Management of the Difficult Airway[END_REF][START_REF] Kheterpal | Incidence and predictors of difficult and impossible mask ventilation[END_REF][START_REF] Law | Canadian Airway Focus Group. The difficult airway with recommendations for management--part 2--the anticipated difficult airway[END_REF][START_REF] Frerk | Difficult Airway Society intubation guidelines working group. Difficult Airway Society 2015 guidelines for management of unanticipated difficult intubation in adults[END_REF][START_REF] Langeron | Difficult intubation and extubation in adult anaesthesia[END_REF] and promote hypoxaemia by increasing the duration of the procedure. [START_REF] Rose | The airway: problems and predictions in 18,500 patients[END_REF] Prediction of difficult mask ventilation.

One of the major aspects of airway management is the ability to ventilate the patient's lungs. Langeron et al., reported a 5% incidence on difficult mask ventilation and established a predictive risk score that is now recommended in whole or in part in guidelines from many countries. [START_REF] Langeron | Prediction of difficult mask ventilation[END_REF] More recently, Kheterpal et al., developed a fourgrade scale and found a difficult mask ventilation incidence of 1.2%. [START_REF] Kheterpal | Incidence and predictors of difficult and impossible mask ventilation[END_REF] We used the four-grade scale and found that the difficult mask ventilation incidence was 6%, in close agreement with results reported in the study of Langeron et al. [START_REF] Langeron | Prediction of difficult mask ventilation[END_REF] We prospectively examined the ability of the predictive risk score developed by Langeron et al., to screen individuals with or without difficult mask ventilation using the fourgrade scale (validation study). We found a high negative predictive value (0.96 [0.95-0.96]), which meant that 84.9% of our patients would have been preoperatively excluded through difficult mask ventilation. This is in agreement with the Danish anaesthesia database. [START_REF] Nørskov | Prediction of difficult mask ventilation using a systematic assessment of risk factors vs. existing practice -a cluster randomised clinical trial in 94,006 patients[END_REF] In the present study, tidal volume breathing was used as the preoxygenation method. This approach failed (FeO 2 <90%) in 30% of patients and was an independent factor of hypoxaemia. There is a need to improve the practice towards new methods. The use of positive airway pressure can be a useful approach to reduce absorption atelectasis during preoxygenation. In addition, apnoeic diffusion oxygenation is a well-known method for oxygenation improvement. High-flow nasal cannula oxygen may be implemented in the operating theatre to manage patients at risk of hypoxaemia.

Limitations

Limitations of the study include that we excluded patients undergoing thoracic surgery and those who were haemodynamically unstable and/or required oxygen upon arrival at the operating theatre because such factors can be confounding. The incidence of hypoxaemia may be higher in those patients. The design of the study included strict preoxygenation procedures of up to 5 min, and the use of a timer, and thus the incidence of reported difficult preoxygenation (FeO 2 <90%) and subsequent hypoxaemia (SpO 2 ≤95%) was probably underestimated. In addition, this is a derivation study, not a validation one.

Conclusions

This study shows that hypoxaemia (SpO 2 <95%) occurs in 6.6% of patients during the induction of anaesthesia. We have found that difficult mask ventilation and difficult tracheal intubation are significant risk factors for hypoxaemia and that both of these can be anticipated with a high negative predictive value. Preoxygenation failed (FeO 2 <90%) in 30% of patients and was an independent factor of hypoxaemia. This result strongly suggests that physicians should become familiar with techniques improving preoxygenation. * RSI vs all other airway managements, p<0.001.

  [CI] 2.04 [1.69-2.46]), COPD 1.67 [1.20-2.31], hypertension 1.29 [1.06-1.58], emergency surgery 1.86 [1.53-2.27], and anticipated difficult mask ventilation 1.35 [1.04-1.75] were found to be independent risk factors for difficult preoxygenation. Prediction of difficult mask ventilation and difficult tracheal intubation. A pre-operative risk factor for difficult mask ventilation was observed in 363 (15.1%) of patients. Difficult mask ventilation was observed in 140 (6%) of the 2084 patients ventilated through a face-mask. Sensitivity, specificity, and positive and negative predictive values are shown in Table 4. The negative predictive value of a preoperative difficult mask ventilation risk factor was 0.96 [0.95-0.96]. A pre-operative difficult tracheal intubation risk factor was found in 435 (18.1%) of patients. Difficult tracheal intubation was observed in 149 (6%) of the 2035 intubated patients. Sensitivity, specificity, and positive and negative predictive values are shown in Table 5. The negative predictive value of pre-operative risk factors for difficult tracheal intubation was 0.95 [0.94-0.96].

Figure 1 :

 1 Figure 1: Incidence of hypoxaemia according to airway management.

Table 1 .

 1 Primary outcomeHypoxaemia (SpO 2 ≤95%) was observed in 158/2398 (6.6%) patients and severe hypoxaemia (SpO 2 ≤90%) occurred in 34 of those 158 patients (with the incidence of 1.4% (34/2398 patients).

	During the pre-operative visit, patients' risk factors for hypoxaemia (SpO 2 ≤95%)
	were age, BMI, ASA score >2, COPD, hypertension, diabetes, obstructive sleep
	apnoea, anticipated difficult mask ventilation, anticipated difficult tracheal intubation,
	and emergency surgery (Table 1). In multivariate analyses, 5 independent risk
	factors were identified: COPD (OR [CI 95%]: 2.18 [1.36-3.49]), hypertension 1.79
	[1.21-2.48], anticipated difficult mask ventilation 1.87 [1.26-2.79], anticipated difficult
	tracheal intubation 1.85 [1.28-2.67], and emergency surgery 1.59 [1.11-2.26], p<0.05.

Prediction of difficult tracheal intubation.

We observed difficult tracheal intubation in 6% of patients. In contrast with difficult mask ventilation, there are numerous methods or scales to assess and predict difficult tracheal intubation. We aimed to detect one of the five components of the recommended preoperative airway physical examination: Mallampati>2, limited jaw protrusion, thyromental distance (<6.5 cm), and mouth opening (<30 mm) to screen individuals with or without difficult tracheal intubation. We found an excellent negative predictive value (0.95 [0.94-0.96]) meaning that 81.9% of our patients would have been preoperatively excluded for difficult tracheal intubation. This result supports the relevance of the national anaesthesia societies' recommendation of preoperative assessment on patient airway management. [START_REF] Frerk | Difficult Airway Society intubation guidelines working group. Difficult Airway Society 2015 guidelines for management of unanticipated difficult intubation in adults[END_REF][START_REF] Langeron | Difficult intubation and extubation in adult anaesthesia[END_REF] Incidence of hypoxaemia according to airway management We found that hypoxaemia occurred more frequently with rapid-sequence induction of anaesthesia, compared to other airway management. Up to 12.9% of our patients experienced hypoxaemia with rapid-sequence induction, an incidence in agreement with those of previous studies in a pre-hospital setting (13.3%). [START_REF] Helm | Incidence of transient hypoxia during pre-hospital rapid sequence intubation by anaesthesiologists[END_REF] Of note, updated guidelines place greater emphasis than in the past on maintenance of oxygenation in rapid sequence induction. [START_REF] Frerk | Difficult Airway Society intubation guidelines working group. Difficult Airway Society 2015 guidelines for management of unanticipated difficult intubation in adults[END_REF][START_REF] Langeron | Difficult intubation and extubation in adult anaesthesia[END_REF] Techniques to improve preoxygenation 
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