SUPPLEMENTAL MATERIAL
Airway ultrasound as predictor of difficult direct laryngoscopy: a systematic review and meta-analysis.

Andrea Carsetti,*1,2 Massimiliano Sorbello,3 Erica Adrario,1,2 Abele Donati1,2 and Stefano Falcetta,2



1Department of Biomedical Sciences and Public Health, Università Politecnica delle Marche, Ancona, Italy, 2Anaesthesia and Intensive Care Unit, Azienda Ospedaliero Universitaria Ospedali Riuniti, Ancona, Italy, 3Anaesthesia and Intensive Care, Policlinico San Marco University Hospital, Catania, Italy.





Table of contents
Study protocol	2
Search strategy	6
Supplemental Table	7
Supplemental Figures	22




STUDY PROTOCOL

Study title: Neck ultrasound as predictor of difficult direct laryngoscopy: a systematic review and metanalysis

Date and version: 20/10/2019 v. 1.0

Sponsor: Azienda Ospedaliero Universitaria Ospedali Riuniti di Ancona – Ancona, Italy

Founding: none

Principal investigator:
Stefano Falcetta, MD
SOD Clinica di Anestesia e Rianimazione Generale, Respiratoria e del Trauma Maggiore
Azienda Ospedaliero Universitaria Ospedali Riuniti di Ancona – Ancona, Italy




Background
Unsuccessful airway management leads to serious morbidity and mortality and the unanticipated difficult intubation is a potentially life-threatening event during anaesthesia. Several bedside screening tests are used in clinical practice to identify patients at high risk of difficult airway. However, their accuracy and benefit remain unclear as the clinical tests currently in use have shown a limited discriminatory capacity and limited sensitivity and specificity in identifying patients at risk of difficult intubation 1–5. Hence the need to develop adequate tools to successfully predict not a difficult intubation but a difficult airway, possibly including in the clinical evaluation some objective parameters to increase sensibility and specificity and reduce inter-observer variability, thus reducing the number of variables in the prediction equation.
For many years ultrasounds have been used as a complementary tool to predict difficulty in airway management, both by a qualitative and quantitative perspective. 
To date, many studies have been published with the aim to find an effective ultrasound indicator to predict a difficult airway, but with significant limitations due to large variability of the sample homogeneity, to the kind of population included, and to the absence of a standardized protocol for ultrasound assessments. 
The aim of this systematic review and meta-analysis is to evaluate whether preoperative upper airway ultrasound (UA-US) can predict a difficult airway in adult patients undergoing elective surgery under general anaesthesia. Moreover, the mean difference of UA-US parameters between patients with easy and difficult direct laryngoscopy will be investigated.

Review question and hypothesis
The research question is: can preoperative neck ultrasound predict difficult direct laryngoscopy in adult patients undergoing elective surgery under general anaesthesia?
We hypothesised that UA-US parameters may predict difficult laryngoscopy as their value may be significantly different between patients with easy laryngoscopy and patients with difficult laryngoscopy.


Methods
Eligibility criteria for studies
Inclusion criteria:
· Studies enrolling population ≥18 years old
· Studies using US to assess neck soft tissue or upper airway to predict difficult direct laryngoscopy
· Studies defining difficult laryngoscopy according to Cormack-Lehane classification 6 7
· Studies considering elective surgery requiring tracheal intubation under general anaesthesia
Exclusion criteria:
· Studies enrolling patients that require rapid sequence induction
· Studies enrolling patients with history of previous difficult intubation
· Studies enrolling patients with expected difficult laryngoscopy
Patient population
Adult patients undergoing elective surgery under general anesthesia.

Primary outcome
The primary outcome of the study is to assess the predictive value of neck ultrasound to anticipate difficult direct laryngoscopy.

Secondary outcome
The secondary outcome of the study is to determine the mean difference of ultrasound parameters between patients with easy and difficult direct laryngoscopy.

Searches strategy
MEDLINE, Scopus and Web of Science databases will be searched electronically.
The following terms will be included:
1. Airway ultrasound
2. Neck ultrasound
3. Difficult laryngoscopy
4. Difficult airway
5. Direct laryngoscopy
Reference lists of eligible studies and review articles will be reviewed.
No limitations will be imposed on publication dates, but only English language studies conducted on humans will be included.

Types of study to be included
Observational trials will be included.
Conference proceedings, abstracts, non-English language publications and studies not involving adult humans will be excluded.

Selection of studies
Two investigators will independently perform the first screen (title and abstract), and the full-text screen of the studies retrieved by our search. The same investigators will independently extract the data. Discrepancies at any step of the process (first screening, full-text screening and data extraction) will be resolved by consensus or by the opinion of a third investigator.

Data extraction
The following data will be extracted from each study:
· Position of patient for US assessment
· Head in neutral position
· Head in extended position
· Application of external laryngeal manipulation during direct laryngoscopy
· Diagnostic accuracy to predict difficult direct laryngoscopy for the US parameter considered
· Sensibility
· Specificity
· AUC
· Cut-off value
· Value of the US parameter measured
· Value in patient with easy direct laryngoscopy
· Value in patient with difficult direct laryngoscopy
Risk of bias (quality) assessment
As per the Cochrane DTA handbook 8, the QUADAS-2 tool will be used to assess for risk of bias 9. The tool will be used by both independent reviewers, and any disagreements will be discussed with the senior author, when necessary.

Strategy for data synthesis
The statistical analyses will be performed using R 3.6.1 (The R Foundation for Statistical Computing, 2019) and RevMan, version 5.3 (Cochrane Collaboration). Hierarchical summary ROC (HSROC) model will be used to assess the accuracy of each US parameter to predict difficult direct laryngoscopy (HSROC package on R). Only US parameters assessed by five or more studies will be considered for quantitative HSROC analysis 10. In presence of an appropriate number of studies, a subgroup analysis will be considered to investigate the potential sources of heterogeneity.
The difference in US parameters between the two groups will be analysed using the inverse variance random-effects model and will be expressed as mean differences (MD). A 2-tailed p value of less than 0.05 will be set for statistical significance. Heterogeneity will be assessed using the X2 test and the I2 test, with I2 greater than 50% being considered substantial 11. The possibility of publication bias will be assessed by the visual estimate of funnel plot and by the regression test of Egger test and Begg test when 10 or more trials were pooled 12.
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Search strategy


1. Airway ultrasound
1. Neck ultrasound
1. 1 OR 2
1. Difficult laryngoscopy
1. Difficult airway
1. Direct laryngoscopy
1. 4 OR 5 OR 6
1. 3 AND 7
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Supplemental Table 1 Characteristics of the selected studies.
	Study
	Design
	Sample size
	Type of patients
	Exclusion criteria
	Definition of difficult laryngoscopy
	BURP
	US measurements
	Head position

	Ezri 2003
	Prospective
	50
	Adult obese (BMI >35 kg/m2) undergoing surgery
	Pregnancy, upper airway pathology, cervical spine fractures, full stomach, hiatus hernia, gastro-oesophageal reflux, history of difficult laryngoscopy/intubation
	CL grade 3-4
	Yes
	· DSVC (EL: 1.75 ±0.18 cm; DL: 2.8 ±0.27 cm; p<0001)
· Skin to trachea at thyroid isthmus (EL: 2.28 ±0.5 cm; DL: 2.5 ±0.13 cm; p=0.16)
· Skin to trachea at suprasternal notch (EL: 2.74 ±0.66 cm; DL: 3.3 ±0.43 cm; p=0.013)
	?

	Komatsu 2007
	Prospective
	64
	Adult obese (BMI >35 kg/m2) undergoing surgery
	Pregnancy, removable upper dentures, upper airway pathology, cervical spine fractures, full stomach, hiatus hernia, gastro-oesophageal reflux, history of difficult laryngoscopy
	CL grade 3-4
	No
	· DSVC (EL: 2.23 ±0.38 cm; DL: 2.04 ±0.3 cm; p=0.049)

	Neutral

	Adhikari 2011
	Prospective
	51
	Adult undergoing surgery
	Facial fractures; maxillo-facial abnormalities; tumors; cervical spine fractures
	CL grade 3-4
	?
	· Anteroposterior thickness of geniohyoid muscle of the tongue (base of the tongue): NR (p>0.05)
· Thickness of anterior neck soft tissue
· DSHB (EL: 1.37 [95%CI 1.27-1.46] cm; DL: 1.69 [95%CI 1.19-2.19] cm)
· DSE (EL: 2.37 [95%CI 2.29-2.44] cm; DL: 3.47 [95%CI 2.88-4.07] cm)
· DSVC: NR (p>0.05)
· Thyroid isthmus: NR (p>0.05)
· Suprasternal notch: NR (p>0.05)
	Neutral

	Wojtczak 2012
	Prospective
	12
	Adult obese undergoing surgery
	Not reported
	?
	?
	· HMD neutral position (EL: 5.75 ±0.43 cm; DL: 5.13 ±0.53 cm; p>0.05)
· HMD extended position (EL: 6.55 ±0.41 cm; DL: 5.26 ±0.58 cm; p<0.01)
· Tongue volume (EL: 168 ±34 cm3; DL: 137 ±29 cm3; p>0.05)
· Volumes of the muscles of the floor of the mouth (EL: 37.7 ±13 cm3; DL: 34.8 ±11 cm3)
	Neutral and extended

	Hui 2014
	Prospective
	100
	Adult (age >17) undergoing surgery
	No direct laryngoscopy, anatomical abnormality of the upper airway, no neuromuscular blocking agents
	CL grade 3-4
	?
	· Sublingual ultrasound (hyoid bone visible or not) (Se 70%; Sp 97%)
	Neutral

	Wu 2014
	Prospective
	203
	Adult undergoing surgery
	Facial, cervical, pharyngeal and epiglottis surgical or trauma history, patients with most teeth lost, arthritis.
	CL grade 3-4
	No
	· DSHB (Se 85.7%, Sp 85.1%, AUC 0.92 [95% CI 0.87-0.95], cut-off ≥1.28 cm)
· DSE (Se 100%, Sp 66.3%, AUC 0.90 [95% CI 0.85-0.94], cut-off ≥1.78 cm)
· DSVC (Se 75%, Sp 80.6%, AUC 0.85 [95% CI 0.79-0.89], cut-off ≥1.1 cm)
	Neutral

	Andruszkiewicz 2016
	Prospective
	199
	Adult undergoing surgery
	Predicted difficult intubation
	CL grade 3-4
	?
	· HMD
· neutral position (EL: 4.32 ±0.42 cm; DL: 3.99 ±0.56 cm; p=0.0014)
· extended position (EL: 4.82 ±0.46 cm; DL: 4.28 ±0.64 cm; p=0.0009)
· HMDR (EL: 1.12 ±0.07 cm; DL: 1.07 ±0.08 cm; p=0.0022)
· Tongue width (EL: 5.14 ±0.46 cm; DL: 5.21 ±0.45 cm; p=0.4848)
· Tongue volume (EL: 111.2 ±22.2 cm3; DL: 121.7 ±27.1 cm3; p=0.0415)
· Tongue cross sectional area (EL: 21.6 ±3.09 cm2; DL: 23.1 ±3.57 cm2; p=0.0333)
	Neutral and extended

	Pinto 2016
	Prospective
	74
	Adult undergoing surgery 
	Facial/cervical fractures, maxillofacial abnormalities, cervical tumors, goiter, tracheostomy tube, obesity, pregnancy
	CL grade 3-4
	No
	· DSE (Se 64.7%, Sp 77.2%, cut-off ≥2.75 cm)
	Neutral

	Reddy 2016
	Prospective
	94
	Adult undergoing surgery
	RSI, cervical spine pathology, scheduled for fibreoptic tracheal intubation, uncooperative patients, pregnancy
	CL grade 3-4
	?
	· DSVC (Se 85.7%, Sp 57%, AUC 0.73 cut-off >0.23 cm)
· Pre-E/E-VC (Se 1.2%, Sp 86.7%, cut-off 2-3 cm)
	Sniffing position, extended

	Mohammadi 2016
	Prospective
	47
	Adult undergoing surgery
	edentulousness, anatomical abnormalities of the craniocervical region, a mouth opening of <4 cm, inability to hyperextend the neck, body mass index of ≥40, fractures of the maxillofacial or cervical bones.
	CL grade 3-4
	?
	· Pre-E/E-VC (Se 87.5%; Sp 30%)
	Extended

	Parameswari 2017
	Prospective
	130
	Adult undergoing surgery (age 18-60)
	Features of difficult airway, maxillofacial abnormalities, restricted neck movements, obesity (BMI >40), limited mouth opening
	CL grade 3-4
	?
	· Volume of tongue (Se 66.7%, Sp 62.7%, cut-off >100 cm3)
· Volume of floor of mouth (Se 50%, Sp 55.9%) 
· DSE (Se 75%, Sp 63.6%, AUC 0.693, cut-off >1.8 cm)
· DSHB (Se 58.3%, Sp 56.8%)
	Neutral

	Yao 2017
	Prospective
	484
	Adult undergoing surgery
	Maxillofacial trauma or malformation; maxillofacial, oral, or tongue cancer; neck tumor compressions; awake tracheal intubations
	CL grade 3-4
	?
	· Mandibular condylar mobility (Se 81% [95% CI 60%-95%], Sp 91% [95% CI 87%-94%], AUC 0.93 [95% CI 0.90-0.96], cut-off ≤10 mm)
	Extended

	Yao 2017 (2)
	Prospective
	2254
	Adult undergoing surgery
	Upper airway anatomical deformity, trauma, or tumour; identified difficult airway or difficult airway history that required awake tracheal intubation; subglottic airway stenosis.
	CL grade 3-4
	Yes
	· Tongue thickness (Se 63% [95% CI 54%-71%], Sp 66% [95% CI 64%-68%], AUC 0.69 [95% CI 0.67-0.71], cut-off >6 cm)
	Extended

	Chan 2018
	Prospective
	113
	Adult undergoing surgery
	Limited mouth opening, head and neck pathologies, underwent tracheostomy, had limited neck extension (<30°)
	CL grade 2b-3-4
	?
	· Pre-E/E-VC (Se 79.5%, Sp 39.2%, AUC 0.648, cut-off >1 cm)
	Extended

	Falcetta 2018
	Prospective
	301
	Adult undergoing surgery
	RSI, uncooperative or pregnant patients, history of previous difficult intubation, expected difficult laryngoscopy
	CL grade 2b-3-4
	Yes
	· DSE (Se 82%, Sp 91%, AUC 0.906 [95% CI 0.86-0.93], cut-off ≥2.54 cm)
· DSVC (Se 53%, Sp 66%, AUC 0.54 [95% CI 0.48-0.60])
· Pre-epiglottis area (Se 85%, Sp 88%, AUC 0.93 [95% CI 0.89-0.95], cut-off ≥5.04 cm2)
	Neutral

	Petrisor 2018
	Prospective
	25
	Adult obese (BMI >40 kg/m2) undergoing surgery
	Videolaryngoscopy planned, RSI
	CL grade 3-4
	?
	· HMD
· Neutral position (Se 100%, Sp 42.86%, AUC 0.66 [95% CI 0.44-0.83], cut-off ≤4.47 cm, p=0.17)
· Ramped position (Se 100%, Sp 61.9%, AUC 0.82 [95% CI 0.62-0.94], cut-off ≤4.97 cm, p=0.0007)
· Extended position (Se 100%, Sp 71.4%, AUC 0.87 [95% CI 0.67-0.97], cut-off ≤5.5 cm, p<0.0001)
· Pre-epiglottic soft tissue (Se 75%, Sp 75%, AUC 0.63 [95% CI 0.41-0.82], cut-off ≤1.38 cm, p=0.49)
	Neutral, ramped and maximal extension

	Rana 2018
	Prospective
	120
	Adult (age 20-60) undergoing surgery
	Interincisor gap <3 cm; edentulous patients; head and neck anatomical pathologies; altered level of consciousness; inability to follow commands
	CL grade 3-4
	No
	· HMDR (neutral/extended) (Se 75%, Sp 85.3%, AUC 0.871, cut-off ≤1.085)
· Pre-E/E-VC (Se 82%, Sp 80%, AUC 0.868, cut-off >1.77)
	Neutral and extended

	Yilmaz 2018
	Prospective
	74
	Adult obese (BMI >35 kg/m2) undergoing bariatric surgery
	Upper airway pathologies, limitation in head–neck movement, contraindication of general anesthesia, or a history of difficult laryngoscopy or intubation
	CL grade 3-4
	No
	· DSVC (EL: 1.32 ±0.3 cm; DL: 1.21 ±0.28 cm; p=0.26)
· Thyroid isthmus (EL: 1.78 ±0.39 cm; DL: 1.55 ±0.32 cm; p=0.13)
· Suprasternal notch (EL: 2.32 ±0.52 cm; DL: 2.26 ±0.55 cm; p=0.875)
	Extended

	Abo Sabaa 2019
	Prospective
	30
	Adult undergoing surgery
	Awake intubation, cervical spine fractures, tracheostomy tube
	CL grade 3-4
	No
	· HMD (Se 75%, Sp 94.4%, AUC 0.85, cut-off ≤5.6 cm)
· Epiglottis to vocal cords distance (Se 75%, Sp 100%, AUC 0.92, cut-off ≤1.2 cm)
	Extended

	Alessandri 2019
	Prospective
	194
	Adult undergoing ENT-surgery
	Facial, cervical, pharyngeal and epiglottic cancer or trauma; previous thyroid surgery or tracheotomy; pregnancy
	CL grade 2b-3-4
	?
	· DSHB (AUC 0.66 [95% CI 0.547-0.772])
· DSE (AUC 0.644 [95% CI 0.54-0.749])
· DSVC (AUC 0.586 [95% CI 0.471-0.702])
· Thyroid isthmus (AUC 0.584 [95% CI 0.464-0.704])
· Suprasternal notch (AUC 0.609 [95% CI 0.504-0.713])
	Neutral

	Fulkerson 2019
	Prospective
	144
	Adult undergoing surgery
	Pre-existing airway malformation or pathology, previous surgical alteration of sonographic landmarks in the anterior neck, contraindication to the sniffing position), or a beard of sufficient size to limit image acquisition, history of difficult intubation
	CL grade 3-4
	No
	· DSE (EL: 2.14 ±0.48 cm; DL: 2.0 ±0.47 cm; p=0.304)
· DSVC (EL: 0.7 ±0.23 cm; DL: 0.73 ±0.15 cm; p=0.631)
· DSHB (EL: 0.97 ±0.31 cm; DL: 0.93 ±0.22 cm; p=0.681)
· HMD (EL: 5.28 ±0.69 cm; DL: 5.10 ±0.65 cm; p=0.341)
	Sniffing

	Koundal 2019
	Prospective
	200
	Adult (age 20-60) undergoing surgery
	Edentuolus patients, interincisor gap <3 cm, head and neck pathologies, altered level of consciousness, inability to follow commands, obesity (BMI >30), pregnancy 
	CL grade 3-4
	No
	· DSHB (Se 48%, Sp 82%, AUC 0.680 [95% CI 0.594-0.767], cut-off ≥0.99)
· DSE (Se 89.7%, Sp 64.8%, AUC 0.819 [95% CI 0.758-0.880], cut-off ≥1.615 cm)
· HMDR (Se 65%, Sp 77%, AUC 0.762 [95% CI 0.686-0.838], cut-off ≤1.087)
· Pre-E/E-VC (Se 82.8%, Sp 83.8%, AUC 0.871 [95% CI 0.820-0.923], cut-off ≥1.785)
	Neutral and extended

	Wang 2019
	Prospective
	499
	Adult undergoing surgery
	Maxillofacial deformities and fractures; limited mouth opening; limited neck movement; non endotracheal intubation; and agomphiasis
	CL grade 3-4
	?
	· Width of the base of the tongue (EL: 2.81 ±0.03 cm; DL: 3.02 ±0.05 cm; p=nr)
· Thickness of the base of the tongue (EL: 2.56 ±0.04 cm; DL: 2.85 ±0.09 cm; p=0.002)
· Angle between the epiglottis and glottis (Se 81%, Sp 89%, AUC 0.902 [95% CI 0.846-0.957], cut-off ≤50°)
· Length of the thyrohyoid membrane (EL: 2.07 ±0.03 cm; DL: 1.83 ±0.07 cm; p<0.001)
· Thickness of the lateral pharyngeal wall (EL: 0.94 ±0.02 cm; DL: 0.91 ±0.04 cm; p=0.432)
	Sniffing position

	Yadav 2019
	Prospective
	310
	Adult undergoing surgery 
	Facial fractures, cervical spine instability, RSI, poor submandibular space compliance
	CL grade 3-4
	No
	· Tongue thickness (Se 71%, Sp 72%, AUC 0.72 [95% CI 0.62-0.81])
· DSHB
· Neutral position (Se 68%, Sp 69%, AUC 0.72 [95% CI 0.62-0.82], cut-off 0.66 cm)
· Sniffing position (Se 68%, Sp 72%, AUC 0.73 [95% CI 0.63-0.84], cut-off 0.77 cm)
· DSE
· Neutral position (Se 65%, Sp 69%, AUC 0.73 [95% CI 0.63-0.83], cut-off 2.03 cm)
· Sniffing position (Se 65%, Sp 63%, AUC 0.7 [95% CI 0.6-0.8], cut-off 1.9 cm)
	Neutral and sniffing position

	Abdelhady 2020
	Prospective
	80
	Adult (age: 18-60) undergoing surgery
	Pre-existing airway malformations or pathology like facial or cervical fractures, maxillofacial abnormalities, cervical tumors or goiter, history of difficult intubation, patients with tracheostomy tubes, pregnant patients and BMI >40 
	CL grade 3-4
	?
	· DSE (Se 80%, Sp 70.8%, AUC 0.759, cut-off >1.85 cm)
	Neutral

	Daggupati 2020
	Prospective
	310
	Adult undergoing surgery
	Anatomical airway abnormality; mouth opening <3 cm; emergency surgery
	CL grade 3-4
	No
	· DSE (Se 82%, Sp 95%, AUC 0.934 [95% CI 0.889-0.980], cut-off >2.09 cm)

	Sniffing position

	Martinez-Garcia 2020
	Prospective
	50
	Adult undergoing surgery
	History of difficult airway; congenital or acquired abnormalities of the superior airway, such as facial or maxillary fractures, tumors or cervical spine fractures; patients scheduled for fiber-optic intubation; cervical or cranio-facial radiotherapy treatments; tracheostomized patients; pregnant women; full stomach; edentulous patients
	CL grade 3-4
	No
	· DSHB (Se 75.01%, Sp 41.18%, AUC 0.57 [95% CI 0.40-0.73], p=0.46)
· DSE (Se 93.75%, Sp 50.11%, AUC 0.79 [95% CI 0.66-0.92], p=0.001)
· DSVC (Se 81.25%, Sp 23.53%, AUC 0.47 [95% CI 0.31-0.64], p=0.755)
	Sniffing position

	Ni 2020
	Prospective
	211
	Adult undergoing surgery
	Anatomical abnormalities of the head and neck, fractures of the maxillofacial or cervical bones, or airway trauma
	CL grade 3-4
	No
	· DSE (Se 81.8% [95% CI 76.6%-87%], Sp 85.6% [95% CI 80.9%-90.4%], AUC 0.829 [95% CI 0.774-0.901], cut-off >2.36 cm)
· DST (EL: 1.07 ±0.28 cm; DL: 1.28 ±0.03 cm; p<0.001)
· DTE (EL: 0.99 ±0.32 cm; DL: 1.3 ±0.39 cm; p<0.001)
	?

	Petrisor 2020
	Prospective
	160
	Adult undergoing surgery
	Neck deformities, laryngeal neoplasm, or a history of radiotherapy, cervical spine surgery, or emergency surgery requiring rapid sequence inductions
	CL grade 3-4
	?
	· HMDR (AUC 0.64 [95% CI 0.56-0.71])
	Neutral and extended

	Sharma 2020
	Prospective
	70
	Adult obese patients (BMI >30 kg/m2) undergoing surgery
	Gross anatomic abnormalities of the airway or any previous history of difficult laryngoscopy and intubation
	CL grade 3-4
	?
	· DSVC (Se 82.4%, Sp 92.5%, AUC 0.92 [95% CI 0.852-0.987], cut-off ≥1.23 cm)
· DSHB (Se 88.2%, Sp 88.7%, AUC 0.967 [95% CI 0.928-1.0], cut-off ≥1.42 cm)
	Neutral

	Shetty 2020
	Prospective
	100
	Adult undergoing surgery
	Any obvious airway pathology, cervical spine pathology, previously tracheostomised and pregnant women
	CL grade 3-4
	?
	· Tongue thickness (Se 50%, Sp 62.5%, AUC 0.564 [95% CI 0.239-0.888], cut-off >0.75 cm)
· DSE (Se 75%, Sp 83.3%, AUC 0.81 [95% CI 0.681-0.938], cut-off >1.9 cm)
· DSHB (Se 75%, Sp 54.2%, AUC 0.493 [95% CI 0.212-0.775], cut-off >0.67 cm)
· DSVC (Se 75%, Sp 71.9%, AUC 0.686 [95% CI 0.393-0.979], cut-off >0.445 cm)
	Neutral

	Senapathi 2020
	Prospective
	128
	Adult undergoing surgery
	Not reported
	CL grade 2b-3-4
	?
	· DSE (Se 69.4%, Sp 93.5%, cut-off >2.605 cm)
	?


AUC: area under the curve; BMI: body mass index; BURP: backward, upward and rightward pressure; CL: Cormack-Lehane, DL: difficult laryngoscopy; DSE: distance from skin to epiglottis; DSHB: distance from skin to hyoid bone; DST: distance from skin to thyroid cartilage; DSVC: distance from skin to vocal cords; DTE: distance from thyroid cartilage to epiglottis; EL: easy laryngoscopy; E-VC: distance from the epiglottis to the midpoint of the distance between the vocal cords; HMD: hyomental distance; HMDR hyomental distance ratio; NR: not reported; Pre-E: pre-epiglottis space; RSI: rapid sequence induction, Se: sensitivity; Sp: specificity; US: ultrasound.




Supplemental Table 2 Number of studies and characteristics for single US measure included in SROC analysis.
	US measurement
	Total n. of studies
	DL definition (n of studies)
	BURP (n of studies)
	Head position (n of studies)
	Studies limited to obese patients (n of studies)
	Outcome reported (n of studies)
	Cut-off (range)

	DSE
	15
	CL3-4: 12
CL2b-3-4: 3
	Yes: 1
No: 8
Not reported: 6
	Neutral: 9
Sniffing/Extended: 5
Not reported: 2
	0
	test characteristics: 12
mean distances: 7
	1.615-2.75 cm

	DSHB
	10
	CL3-4: 9
CL2b-3-4: 1
	Yes: 0
No: 5
Not reported: 5
	Neutral: 8
Sniffing/Extended: 4
Not reported: 0
	1
	test characteristics: 7
mean distances: 7
	0.66-1.42 cm

	DSVC
	12
	CL3-4: 10
CL2b-3-4: 2
	Yes: 2
No: 5
Not reported: 5
	Neutral: 7
Sniffing/Extended: 4
Not reported: 1
	4
	test characteristics: 6
mean distances: 9
	0.23-1.23 cm

	PreE/E-VC
	5
	CL3-4: 4
CL2b-3-4: 1
	Yes: 0
No: 2
Not reported: 3
	Neutral: 2
Sniffing/Extended: 5
Not reported: 0
	0
	test characteristics: 5
mean distances: 0
	1-1.785 cm


BURP: backward, upward and rightward pressure; CL: Cormack-Lehane, DL: difficult laryngoscopy; DSE: distance from skin to epiglottis; DSHB: distance from skin to hyoid bone; DSVC: distance from skin to vocal cords; E-VC: distance from the epiglottis to the midpoint of the distance between the vocal cords; Pre-E: pre-epiglottis space.









Supplemental Table 3. Individual study diagnostic accuracy parameters for the index tests. 
	DSE

	Study
	Sensitivity
	Specificity
	AUC
	Cutoff

	Wu 2014
	100%
	66.3%
	0.90 [0.85-0.94]
	≥1.78 cm

	Pinto 2016
	64.7%
	77.2%
	-
	≥2.75 cm

	Parameswari 2017
	75%
	63.6%, 
	0.693
	>1.8 cm

	Falcetta 2018
	82%
	91%,
	0.906 [0.86-0.93] 
	≥2.54 cm

	Yadav 2019
	Neutral position: 65%
Sniffing position: 65%
	Neutral position: 69%
Sniffing position: 63% 
	Neutral position: 0.73 [0.63-0.83]
Sniffing position: 0.7 [0.6-0.8]
	Neutral position: >2.03 cm
Sniffing position: >1.9 cm

	Koundal 2019
	89.7%
	64.8%
	0.819 [0.758-0.880]
	≥1.615 cm

	Senapathi 2020
	69.4%
	93.5%
	-
	>2.605 cm

	Shetty 2020
	75%
	83.3%,
	0.81 [0.681-0.938]
	>1.9 cm

	Abdelhady 2020
	80%
	70.8%
	0.759
	>1.85 cm

	Daggupati 2020
	82%
	95%
	0.934 [0.889-0.980]
	>2.09 cm

	Martinez-Garcia 2020
	93.75%
	50.11%
	0.79 [0.66-0.92]
	-

	Ni 2020
	81.8% [76.6%-87%]
	85.6% [80.9%-90.4%]
	0.829 [0.774-0.901]
	>2.36 cm

	DSHB

	Study
	Sensitivity
	Specificity
	AUC
	Cutoff

	Wu 2014
	85.7%
	85.1%
	0.92 [0.87-0.95]
	≥1.28 cm

	Parameswari 2017
	58.3%
	56.8%
	-
	-

	Yadav 2019
	Neutral position: 68%
Sniffing position: 68%, 
	Neutral position: 69%
Sniffing position: 72%
	Neutral position: 0.72 [0.62-0.82]
Sniffing position: 0.73 [0.63-0.84]
	Neutral position: >0.66 cm
Sniffing position: >0.77 cm


	Koundal 2019
	48%
	82% 
	0.680 [0.594-0.767]
	≥0.99

	Sharma 2020
	88.2%
	88.7%
	0.967 [0.928-1.0]
	≥1.42 cm

	Shetty 2020
	75% 
	54.2%
	0.493 [0.212-0.775] 
	>0.67 cm

	Martinez-Garcia 2020
	75.01%
	41.18%
	0.57 [0.40-0.73]
	-

	DSVC

	Study
	Sensitivity
	Specificity
	AUC
	Cutoff

	Wu 2014
	75% 
	80.6%
	0.85 [0.79-0.89]
	≥1.1 cm

	Reddy 2016
	85.7% 
	57%
	0.73
	>0.23 cm

	Falcetta 2018
	53%
	66%,
	0.54 [0.48-0.60]
	-

	Martinez-Garcia 2020
	81.25%
	23.53%
	0.47 [0.31-0.64]
	-

	Sharma 2020
	82.4%
	92.5%
	0.92 [0.852-0.987]
	≥1.23 cm

	Shetty 2020
	75%
	71.9%
	0.686 [0.393-0.979]
	>0.445 cm

	PreE/E-VC

	Study
	Sensitivity
	Specificity
	AUC
	Cutoff

	Mohammadi 2016
	87.5%
	30%
	-
	-

	Reddy 2016
	1.2%
	86.7%
	-
	2-3 cm

	Chan 2018
	79.5%
	39.2%
	0.648
	>1 cm

	Rana 2018
	82%
	80%
	0.868
	>1.77

	Koundal 2019
	82.8%
	83.8%
	0.871 [0.820-0.923]
	≥1.785


AUC: area under the curve; DSE: distance from skin to epiglottis; DSHB: distance from skin to hyoid bone; DSVC: distance from skin to vocal cords; E-VC: distance from the epiglottis to the midpoint of the distance between the vocal cords; Pre-E: pre-epiglottis space.














Supplemental Table 4 Quality of evidence for DSE.
Question: Should distance from skin to epiglottis (DSE) be used to diagnose difficult direct laryngoscopy in adults undergoing general anesthesia?
		Sensitivity 
	0.82 (95% CI: 0.74 to 0.87)

	Specificity 
	0.79 (95% CI: 0.70 to 0.87)



	
		Prevalences 
	10%
	15%
	20%



	



	Outcome
	№ of studies (№ of patients) 
	Study design
	Factors that may decrease certainty of evidence
	Effect per 1.000 patients tested
	Test accuracy CoE

	
	
	
	Risk of bias
	Indirectness
	Inconsistency
	Imprecision
	Publication bias
	pre-test probability of 10% 
	pre-test probability of 15% 
	pre-test probability of 20% 
	

	True positives
(patients with difficult direct laryngoscopy) 
	12 studies
2097 patients 
	cross-sectional (cohort type accuracy study)
	not serious 
	serious a,b,c
	not serious d
	not serious 
	none 
	82 (74 to 87)
	123 (111 to 131)
	164 (148 to 174)
	⨁⨁⨁◯
MODERATE 

	False negatives
(patients incorrectly classified as not having difficult direct laryngoscopy) 
	
	
	
	
	
	
	
	18 (13 to 26)
	27 (19 to 39)
	36 (26 to 52)
	

	True negatives
(patients without difficult direct laryngoscopy) 
	12 studies
2097 patients 
	cross-sectional (cohort type accuracy study)
	not serious 
	serious a,b,c
	serious e
	not serious 
	none 
	711 (630 to 783)
	672 (595 to 739)
	632 (560 to 696)
	⨁⨁◯◯
LOW 

	False positives
(patients incorrectly classified as having difficult direct laryngoscopy) 
	
	
	
	
	
	
	
	189 (117 to 270)
	178 (111 to 255)
	168 (104 to 240)
	

	Positive predictive value
	
	
	
	
	
	
	
	30.26%
	40.86%
	49.40%
	

	Negative predictive value
	
	
	
	
	
	
	
	97.53%
	96.14%
	94.61%
	


Explanations
a. Two studies used modified Cormack-Lehane (CL) classification, considering CL 2b-3-4 as difficult laryngoscopy 
b. BURP maneuver not uniformly applied 
c. US assessment performed in different head position (neutral and sniffing) 
d. CIs for sensitivity between studies overlap. We decide to not downgrade 
e. Different specificity across the studies 
CoE: certainty of the evidence
GRADEpro GDT: GRADEpro Guideline Development Tool [Software]. McMaster University, 2020 (developed by Evidence Prime, Inc.). Available from gradepro.org



Supplemental Table 5 Quality of evidence for DSHB.
Question: Should distance from skin to hyoid bone (DSHB) be used to diagnose difficult direct laryngoscopy in adults undergoing general anesthesia?
		Sensitivity 
	0.71 (95% CI: 0.58 to 0.82)

	Specificity 
	0.71 (95% CI: 0.57 to 0.82)



	
		Prevalences 
	10%
	15%
	20%



	



	Outcome
	№ of studies (№ of patients) 
	Study design
	Factors that may decrease certainty of evidence
	Effect per 1.000 patients tested
	Test accuracy CoE

	
	
	
	Risk of bias
	Indirectness
	Inconsistency
	Imprecision
	Publication bias
	pre-test probability of 10% 
	pre-test probability of 15% 
	pre-test probability of 20% 
	

	True positives
(patients with difficult direct laryngoscopy) 
	7 studies
1064 patients 
	cross-sectional (cohort type accuracy study) 
	not serious 
	serious a,b
	not serious c
	serious d
	none 
	71 (58 to 82)
	107 (87 to 123)
	142 (116 to 164)
	⨁⨁◯◯
LOW 

	False negatives
(patients incorrectly classified as not having difficult direct laryngoscopy) 
	
	
	
	
	
	
	
	29 (18 to 42)
	43 (27 to 63)
	58 (36 to 84)
	

	True negatives
(patients without difficult direct laryngoscopy) 
	7 studies
1064 patients 
	cross-sectional (cohort type accuracy study) 
	not serious 
	serious a,b
	serious e
	serious d
	none 
	639 (513 to 738)
	603 (484 to 697)
	568 (456 to 656)
	⨁◯◯◯
VERY LOW 

	False positives
(patients incorrectly classified as having difficult direct laryngoscopy) 
	
	
	
	
	
	
	
	261 (162 to 387)
	247 (153 to 366)
	232 (144 to 344)
	

	Positive predictive value
	
	
	
	
	
	
	
	21.39%
	30.23%
	37.97%
	

	Negative predictive value
	
	
	
	
	
	
	
	95.66%
	93.34%
	90.73%
	


Explanations
a. Three studies do not specify if BURP maneuver was applied 
b. US assessment performed in different head position (neutral and sniffing) 
c. CIs for sensitivity between studies overlap. We decide to not downgrade 
d. High CI for pool sensitivity and specificity 
e. Different specificity across the studies 
CoE: certainty of the evidence
GRADEpro GDT: GRADEpro Guideline Development Tool [Software]. McMaster University, 2020 (developed by Evidence Prime, Inc.). Available from gradepro.org



Supplemental Table 6 Quality of evidence for DSVC.
Question: Should distance from skin to vocal cords (DSVC) be used to diagnose difficult direct laryngoscopy in adults undergoing general anesthesia?
		Sensitivity 
	0.75 (95% CI: 0.62 to 0.84)

	Specificity 
	0.72 (95% CI: 0.45 to 0.89)



	
		Prevalences 
	10%
	15%
	20%



	



	Outcome
	№ of studies (№ of patients) 
	Study design
	Factors that may decrease certainty of evidence
	Effect per 1.000 patients tested
	Test accuracy CoE

	
	
	
	Risk of bias
	Indirectness
	Inconsistency
	Imprecision
	Publication bias
	pre-test probability of 10% 
	pre-test probability of 15% 
	pre-test probability of 20% 
	

	True positives
(patients with difficult direct laryngoscopy) 
	6 studies
824 patients 
	cross-sectional (cohort type accuracy study) 
	not serious 
	serious a,b,c
	not serious d
	not serious 
	none 
	75 (62 to 84)
	112 (93 to 126)
	150 (124 to 168)
	⨁⨁⨁◯
MODERATE 

	False negatives
(patients incorrectly classified as not having difficult direct laryngoscopy) 
	
	
	
	
	
	
	
	25 (16 to 38)
	38 (24 to 57)
	50 (32 to 76)
	

	True negatives
(patients without difficult direct laryngoscopy) 
	6 studies
824 patients 
	cross-sectional (cohort type accuracy study) 
	not serious 
	serious a,b,c
	serious e
	serious f
	none 
	648 (405 to 801)
	612 (383 to 757)
	576 (360 to 712)
	⨁◯◯◯
VERY LOW 

	False positives
(patients incorrectly classified as having difficult direct laryngoscopy) 
	
	
	
	
	
	
	
	252 (99 to 495)
	238 (93 to 467)
	224 (88 to 440)
	

	Positive predictive value
	
	
	
	
	
	
	
	22.94%
	32.00%
	40.11%
	

	Negative predictive value
	
	
	
	
	
	
	
	96.29%
	94.15%
	92.01%
	


Explanations
a. One study used modified Cormack-Lehane (CL) classification, considering CL 2b-3-4 as difficult laryngoscopy 
b. BURP maneuver not uniformly applied 
c. US assessment performed in different head positions (neutral and sniffing7extended) 
d. CIs for sensitivity between studies overlap. We decide to not downgrade 
e. Different specificity across the studies 
f. High CI for pool specificity 
CoE: certainty of the evidence
GRADEpro GDT: GRADEpro Guideline Development Tool [Software]. McMaster University, 2020 (developed by Evidence Prime, Inc.). Available from gradepro.org



Supplemental Table 7 Quality of evidence for Pre-E/E-VC.
Question: Should Pre-E/E-VC be used to diagnose difficult direct laryngoscopy in adults undergoing general anesthesia?
		Sensitivity 
	0.65 (95% CI: 0.22 to 0.93)

	Specificity 
	0.68 (95% CI: 0.43 to 0.85)



	
		Prevalences 
	10%
	15%
	20%



	



	Outcome
	№ of studies (№ of patients) 
	Study design
	Factors that may decrease certainty of evidence
	Effect per 1.000 patients tested
	Test accuracy CoE

	
	
	
	Risk of bias
	Indirectness
	Inconsistency
	Imprecision
	Publication bias
	pre-test probability of 10% 
	pre-test probability of 15% 
	pre-test probability of 20% 
	

	True positives
(patients with difficult direct laryngoscopy) 
	5 studies
574 patients 
	cross-sectional (cohort type accuracy study) 
	not serious 
	serious a,b,c
	serious d
	not serious 
	none 
	65 (22 to 93)
	98 (33 to 140)
	130 (44 to 186)
	⨁⨁◯◯
LOW 

	False negatives
(patients incorrectly classified as not having difficult direct laryngoscopy) 
	
	
	
	
	
	
	
	35 (7 to 78)
	52 (10 to 117)
	70 (14 to 156)
	

	True negatives
(patients without difficult direct laryngoscopy) 
	5 studies
574 patients 
	cross-sectional (cohort type accuracy study) 
	not serious 
	serious a,b,c
	serious e
	serious f
	none 
	612 (387 to 765)
	578 (366 to 722)
	544 (344 to 680)
	⨁◯◯◯
VERY LOW 

	False positives
(patients incorrectly classified as having difficult direct laryngoscopy) 
	
	
	
	
	
	
	
	288 (135 to 513)
	272 (128 to 484)
	256 (120 to 456)
	

	Positive predictive value
	
	
	
	
	
	
	
	18.41%
	26.49%
	33.68%
	

	Negative predictive value
	
	
	
	
	
	
	
	94.59%
	91.74%
	88.60%
	


Explanations
a. One study used modified Cormack-Lehane (CL) classification, considering CL 2b-3-4 as difficult laryngoscopy 
b. Three studies do not specify if BURP maneuver was applied 
c. US assessment performed in different head positions (neutral and sniffing) 
d. One study with very low sensitivity 
e. Different specificity across the studies 
f. High CI for pool specificity 
CoE: certainty of the evidence
GRADEpro GDT: GRADEpro Guideline Development Tool [Software]. McMaster University, 2020 (developed by Evidence Prime, Inc.). Available from gradepro.org



Supplemental Table 8 HSROC parameters.
	US measurement
	LAMBDA*
	THETA**
	Beta°
	σ2alfa°°
	σ2theta°°°

	DSE
	2.97 (2.29; 3.65)
	0.46 (-0.33; 1.25)
	0.52 (-0.52; 1.55)
	0.52 (0.12; 2.25)
	0.31 (0.09; 1.07)

	DSHB
	1.85 (0.89; 2.81)
	0.18 (-0.45; 0.81)
	0.37 (-0.81; 1.55)
	1.14 (0.24; 5.46)
	0.13 (0.02; 0.85)

	DSVC
	2.51 (0.93; 4.09)
	0.76 (-0.30; 1.82)
	1.25 (-0.45; 2.96)
	1.15 (0.14; 9.61)
	0.22 (0.02; 2.60)

	Pre-E/E-VC
	1.46 (0.02; 2.91)
	-0.25 (-1.52; 1.02)
	-0.58 (-1.60; 0.45)
	2.12 (0.44-10.39)
	1.70 (0.40; 7.25)


(95% Credible interval)
DSE: distance from skin to epiglottis; DSHB: distance from skin to hyoid bone; DSVC: distance from skin to vocal cords; E-VC: distance from the epiglottis to the midpoint of the distance between the vocal cords; Pre-E: pre-epiglottis space.
*mean accuracy 
**mean threshold (lnDOR)
°shape of SROC curve
°°variance of random effects for accuracy
°°°variance of random effects for threshold
Data reported in logit scale


SUPPLEMENTAL FIGURES

Supplemental Figure 1 Forest plot for DSHB showing the individual study sensitivity and specificity (A) and SROC curve for DSHB (B).
[image: ]
Supplemental Figure 2 Forest plot for DSVC showing the individual study sensitivity and specificity (A) and SROC curve for DSVC (B).
[image: ]


Supplemental Figure 3 Forest plot for Pre-E/E-VC showing the individual study sensitivity and specificity (A) and SROC curve for Pre-E/E-VC (B).
[image: ]




Supplemental Figure 4 Forest plot for the mean difference of DSVC between patients with easy and difficult direct laryngoscopy.
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Supplemental Figure 5 Forest plot for the mean difference of DSHB between patients with easy and difficult direct laryngoscopy.
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Supplemental Figure 6 Forest plot for the mean difference of HMD-N between patients with easy and difficult direct laryngoscopy.
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Supplemental Figure 7 Forest plot for the mean difference of HMD-E between patients with easy and difficult direct laryngoscopy.
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Supplemental Figure 8 Ultrasound at the level of thyrohyoid membrane

[image: ]
*Thyrohyoid muscles; **epiglottis; a-b, median distance skin to epiglottis; PEA: pre-epiglottic area.
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