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Abstract 

Background: Accurate prediction of the difficult airway (DA) could help to prevent catastrophic consequences in 
emergency resuscitation, intensive care, and general anesthesia. Until now, there is no nomogram prediction model 
for DA based on ultrasound assessment. In this study, we aimed to develop a predictive model for difficult tracheal 
intubation (DTI) and difficult laryngoscopy (DL) using nomogram based on ultrasound measurement. We hypoth-
esized that nomogram could utilize multivariate data to predict DTI and DL.

Methods: A prospective observational DA study was designed. This study included 2254 patients underwent tra-
cheal intubation. Common and airway ultrasound indicators were used for the prediction, including thyromental dis-
tance (TMD), modified Mallampati test (MMT) score, upper lip bite test (ULBT) score temporomandibular joint (TMJ) 
mobility and tongue thickness (TT). Univariate and the Akaike information criterion (AIC) stepwise logistic regression 
were used to identify independent predictors of DTI and DL. Nomograms were constructed to predict DL and DTL 
based on the AIC stepwise analysis results. Receiver operating characteristic (ROC) curves were used to evaluate the 
accuracy of the nomograms.

Results: Among the 2254 patients enrolled in this study, 142 (6.30%) patients had DL and 51 (2.26%) patients had 
DTI. After AIC stepwise analysis, ULBT, MMT, sex, TMJ, age, BMI, TMD, IID, and TT were integrated for DL nomogram; 
ULBT, TMJ, age, IID, TT were integrated for DTI nomogram. The areas under the ROC curves were 0.933 [95% confi-
dence interval (CI), 0.912–0.954] and 0.974 (95% CI, 0.954–0.995) for DL and DTI, respectively.

Conclusion: Nomograms based on airway ultrasonography could be a reliable tool in predicting DA.

Trial registration: Chinese Clinical Trial Registry (No. ChiCTR- RCS- 14004 539), registered on 13th April 2014.
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Background
In the operating room, intensive care unit, and emer-
gency department, the incidence of difficult airway 
(DA) is high, threatening the lives of patients [1–6]. DA 
is defined as difficulty in establishing artificial ventila-
tion under general anesthesia and emergency conditions, 
which has been widely studied [7–11]. Even though the 
assessment of DA is necessary before intubation, the 

predictive ability of existing methods is very limited and 
cannot meet clinical needs, because of many affecting 
factors [4–6]. Thus, improving the DA prediction meth-
ods has great clinical significance.

At present, methods such as interincisor distance 
(IID), thyromental distance (TMD), modified Mallam-
pati test (MMT) score, and upper lip bite test (ULBT) 
score are mostly used in clinical practice [12]. However, 
these indicators have limited performance, low sensi-
tivity and specificity, and low positive predictive values 
[13, 14]. Recent studies have suggested that anatomical 
measurement of upper airway using ultrasonography 
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could improve the DA prediction performance [15–18]. 
For examples, by use of ultrasonography, temporoman-
dibular joint (TMJ) mobility [19] and tongue thick-
ness (TT) [20] have been successfully used to predict 
DAs. However, DA associates with the whole anatomy 
of upper airway structure, and a single indicator is not 
sufficient to reflect the functionality of upper airway 
and cannot accurately predict DA. To overcome the 
predicting inability of single factor, some studies com-
bined multiple indicators to improve DA prediction, 
for examples, the “3–3-2” rule [21], modified “look, 
evaluate, Mallampati score, obstruction, and neck 
mobility” (LEMON) criteria [22], and “Wilson” scores 
[23]. Although the combination of multiple indicators 
improves the sensitivity of DA prediction to a certain 
extent, at the same time these methods also reduce the 
specificity of DA prediction. Furthermore, the simple 
data processing method, ignoring the numerical size, 
has certain limitation in dealing with complicated clini-
cal conditions, which may lead to loss of valuable infor-
mation. Even in ultrasonography-guided methods, the 
absence of valuable information is still a major draw-
back of DA risk prediction.

Of the available risk assessment models, the nomogram 
predictive model combines the parameters by endowing 
different weights, and provides a highly accurate, evi-
dence-based, individualized risk estimation, thus facili-
tating clinical decision-making [24–28]. Therefore, we 
proposed a hypothesis that nomogram can improve the 
prediction ability of difficult tracheal intubation (DTI) 
and difficult laryngoscopy (DL). In this study, using a 
clinical trial data, we established a nomogram model for 
DA prediction, which could significantly improve the DA 
prediction and reduce the harm of DA.

Methods
All participants were from a prospective observational 
DA study conducted at the Yijishan Hospital of Wannan 
Medical College, which has been described previously 
[20, 29]. In brief, the study enrolled 2254 patients who 
underwent selective surgery and general anesthesia with 
endotracheal intubation from May 2014 to May 2016 and 
aimed to explore risk factors of DTI and DL. The study 
was approved by the ethics committee of the First Affili-
ated Hospital of Wannan Medical College [No. (2013) 91] 
and registered at the China Clinical Trial Registration 
Center (Registration No. ChiCTR-RCS-14004539). Writ-
ten informed consent was obtained from the patients 
before enrollment. All methods were performed in 
accordance with the relevant guidelines and regulations.

1) Inclusion and exclusion criteria:

Patients undergoing the elective operation, gen-
eral anesthesia and tracheal intubation who were aged 
> 18 years old and had an American Society of Anesthesi-
ologists (ASA) grade of I-III were included. We excluded 
patients with a confirmed history of DA or maxillofacial 
trauma and cervical spine injury; patients with maxillo-
facial, orolingual, or cervical tumors; patients with sub-
glottic stenosis affecting tracheal intubation; patients 
with nasotracheal intubation or double-lumen endotra-
cheal intubation; and patients with incomplete clinical 
information.

2) Airway assessment method

Classical predictors of DA:
Before the induction of general anesthesia, the IID, 

MMT score, ULBT score, TMD, height and weight of 
patients were evaluated or measured. Evaluation using 
classical methods was conducted by specialist staff, who 
with more than five years of clinical experience in per-
forming intubations and airway assessment.

Measurement of TMJ mobility by ultrasonography [19]:
TMJ mobility was measured before anesthesia by a 

high-frequency linear array probe placed in front of 
the ear. The patients were asked to open and close their 
mouths, and the distance of anterior and inferior sliding 
of the mandibular condyle was measured dynamically.

Measurement of TT by ultrasonography [20]:
The patients were guided in the supine position, the 

head was stretched, the sniffing position was held, and 
the tongue was relaxed. A low-frequency convex array 
probe was placed in the middle sagittal plane of the chin; 
one end was placed flat in the middle of the mandible, 
and the other end was pointed at the thyroid cartilage. 
The direction of the probe was adjusted to be perpendic-
ular to the skin. The distance between the submental skin 
and tongue surface, that is, the thickness of the tongue 
body, was measured by ultrasound.

The ultrasonography evaluation was conducted by a 
physician with ultrasound experience at least 40 times 
training, which was proved with good reliability among 
different sonographers [19].

3) General anesthesia induction program

The general anesthesia induction program included 
midazolam 0.02–0.05 mg/kg, fentanyl 3–4 μg/kg, vecu-
ronium 0.1 mg/kg, propofol 1–2 mg/kg. Tracheal intu-
bation was performed after administration of muscle 
relaxants by experienced anesthesiologists. The patient 
is in the supine sniffing position. A laryngoscope handle 
and a Macintosh laryngoscope blade (Sirius XL, Basil-
don, UK) were used for laryngoscopy. Endotracheal tube 
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type and size were determined according to patient and 
surgical conditions. After tracheal intubation completed, 
mechanical ventilation was performed. If a DA is encoun-
tered, the anesthesiologist immediately seeks help from 
the DA management team. The following strategies were 
provided for difficult airways: video laryngoscope (UE, 
China)-assisted intubation, laryngeal mask endotracheal 
intubation or ventilation, fibrebronchoscopy-guided 
intubation, lighted stylets or light wands, and percutane-
ous thyrocricocentesis to establish a surgical airway rap-
idly [20, 29].

4) Study endpoints

The primary endpoint was DTI prediction capability 
and the secondary was DL prediction capability.

DL was defined as Cormack-Lehane grade III-IV laryn-
goscopy; that is, when laryngoscopy was performed, 
only a grade III or grade IV epiglottis could be observed. 
Cormack-Lehane grade is as follows: Grade I, most of the 
glottis is visible; Grade II, only the posterior extremity of 
glottis is visible; Grade III, no glottis can be seen but only 
the epiglottis; Grade IV, no epiglottis can be seen [30].

DTI was defined as intubation requiring up to three 
times or an intubation time of more than 10 min.

Endotracheal intubation was performed by anesthesi-
ologists with more than five years of clinical experience 
who were unaware of the results of the ultrasonographic 
detection of the DA prediction indicators.

Statistical analysis
The χ2 test was used for categorical variables with Bon-
ferroni correction for inter-group comparison. The con-
tinuous variables included in this study were skewed 
distribution by normality test, so Mann-Whitney U-test 
was used for the continuous variables. Restricted cubic 
spline (RCS) or the receiver operating characteristic 
(ROC) curve were used to selected different segmen-
tation criteria for continuous data according to their 
quantile distribution in positive and negative groups of 
DL and DTI. And then all the influencing factors after 
pretreatment were used for the prediction models of 
DL and DTI respectively. We choose the variables with 
P value less than 0.1 of univariate logistic regression by 
the Akaike information criterion (AIC) stepwise analysis 
for the further multivariate logistic regression. Nomo-
grams were constructed to predict DL and DTL based on 
the multivariate logistic regression results, and the cor-
responding scorecards were output. Finally, ROC curves 
were used to evaluate the accuracy of the nomograms. 
Statistical analyses were conducted with R (version 3.6.0, 
R Development Core Team) and SAS (version 9.4, SAS 
Institute Inc., Cary, NC).

Table 1 Univariate logistic regression and multivariate logistic 
analysis showing the association of variables with difficult 
laryngoscopy

Abbreviations: ULBT upper lip bite test, MMT modified Mallampati test, TMJ 
temporomandibular joint mobility by mandibular condylar mobility measured 
by ultrasonography, BMI body mass index, TMD thyromental distance, IID 
interincisor distance, TT tongue thickness measured by ultrasonography, CI 
confidence interval

Variable Univariate logistic 
regression

Multivariate logistic 
regression

OR (95% CI) P-value OR (95% CI) P-value

ULBT (grade)

 I ref. ref.

 II 2.346 (1.455, 3.784) <0.001 1.428 (0.812, 2.509) 0.216

 III 14.406 (8.447, 
24.569)

<0.001 4.114 (2.114, 8.005) <0.001

MMT (grade)

 I/II ref. ref.

 III 1.943 (1.255, 3.007) 0.003 1.016 (0.594, 1.737) 0.955

 IV 4.644 (3.077, 7.009) <0.001 2.461 (1.411, 4.292) 0.002

Sex

 male ref. ref.

 female 0.325 (0.223, 0.473) <0.001 0.285 (0.174, 0.466) <0.001

TMJ (mm)

 <12 ref. ref.

 ≥12 0.030 (0.018, 0.051) <0.001 0.044 (0.025, 0.077) <0.001

Age (y)

 <36 ref. ref.

 36-51 4.925 (1.512, 
16.044)

0.008 2.891 (0.795, 
10.521)

0.107

 ≥52 12.333 (3.885, 
39.157)

<0.001 5.113 (1.430, 
18.286)

0.012

BMI (kg/m2)

 <18.5 ref. ref.

 [18.5,24) 0.947 (0.504, 1.780) 0.866 1.464 (0.659, 3.250) 0.349

 [24,27) 1.325 (0.677, 2.595) 0.411 1.766 (0.726, 4.295) 0.21

 [27-30) 1.979 (0.946, 4.138) 0.07 4.172 (1.541, 
11.299)

0.005

 ≥30 0.754 (0.206, 2.753) 0.669 1.587 (0.301, 8.360) 0.586

TMD (mm)

 <65 ref. ref.

 [65,78) 0.274 (0.182, 0.414) <0.001 0.391 (0.226, 0.678) 0.001

 ≥78 0.151 (0.090, 0.254) <0.001 0.254 (0.130, 0.497) <0.001

IID (mm)

 <40 ref. ref.

 ≥40 0.181 (0.123, 0.266) <0.001 0.554 (0.342, 0.897) 0.016

TT (mm)

 <60 ref. ref.

 60-67 2.561 (1.757, 3.733) <0.001 1.495 (0.917, 2.436) 0.107

 >67 6.985 (3.937, 
12.391)

<0.001 4.525 (1.918, 
10.672)

0.001
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Results
A total of 2254 patients, including 1059 males and 1195 
females, were included in this study; 142 (6.30%) patients 
had DL, and 51 (2.26%) patients had DTI (Table S1). The 
distribution of continuous variables in DL and DTI was 
shown in Table S2 and Table S3. Results for RCS and 
ROC curves for continuous variables segmentation of DL 
and DTI were presented in Fig. S1, S2, S3, S4, S5, S6, S7, 
S8 and S9. Univariate logistic regressions of DL and DTI 
according to RCS were shown in Table S4 and Table S5.

According to the results of univariate logistic regres-
sion analysis, ULBT, MMT, sex, TMJ, age, BMI, TMD, 
IID, and TT were included in multivariate logistic regres-
sion analysis. As shown in Table  1, nine variables were 
considered as independent risk factors for DL, such as 
ULBT grade III [odds ratio (OR) = 4.114, 95% CI: 2.114–
8.005, P < 0.001], MMT grade IV (OR = 2.461; 95% CI: 
1.411–4.292; P = 0.002), TT > 67 mm (OR = 4.525; 95% 
CI: 1.918–10.672; P < 0.001). Five variables were consid-
ered as independent risk factors for DTI, such as ULBT 

Table 2 Univariate logistic regression and multivariate logistic analysis showing the association of variables with difficult tracheal 
intubation

Abbreviations: ULBT upper lip bite test, MMT modified Mallampati test, TMJ temporomandibular joint mobility by mandibular condylar mobility measured by 
ultrasonography, BMI body mass index, TMD thyromental distance, IID interincisor distance, TT tongue thickness measured by ultrasonography, CI confidence interval

Variable Univariate logistic regression Multivariate logistic regression

OR (95% CI) P-value OR (95% CI) P-value

ULBT (grade)

 I ref.

 II 4.787 (1.665, 13.766) 0.004 2.614 (0.799, 8.553) 0.112

 III 31.143 (10.540, 92.021) <0.001 5.078 (1.451, 17.771) 0.011

MMT (grade)

 I/II ref.

 III 1.744 (0.802, 3.794) 0.161

 IV 5.990 (3.082, 11.642) <0.001

Sex

 male ref.

 female 0.435 (0.242, 0.783) 0.006

TMJ (mm)

 <11 ref.

 ≥11 0.009 (0.003, 0.023) <0.001 0.022 (0.008, 0.061) <0.001

Age (y)

 <32 ref.

 32-58 3.300 (0.436, 25.000) 0.248 1.156 (0.124, 10.799) 0.899

 ≥58 11.471 (1.562, 84.230) 0.016 3.150 (0.350, 28.361) 0.306

BMI (kg/m2)

 <18.5 ref.

 [18.5,24) 0.789 (0.298, 2.091) 0.634

 [24,27) 0.841 (0.284, 2.490) 0.754

 [27-30) 1.972 (0.649, 5.990) 0.231

 ≥30 1.873 (0.436, 8.047) 0.399

TMD (mm)

 <65 ref.

 ≥65 0.302 (0.158, 0.575) <0.001

IID (mm)

 <35 ref..

 [35,40) 0.170(0.091,0.320) <0.001 0.246 (0.110, 0.549) 0.001

 ≥40 0.023(0.008,0.067) <0.001 0.109 (0.032, 0.377) <0.001

TT (mm)

 ≤55 ref.

 (55,62] 4.402(1.009,19.208) 0.049 6.251 (1.305, 29.938) 0.022

 >62 21.249(5.074,88.994) <0.001 29.451 (6.212, 139.622) <0.001
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grade III (OR = 5.078; 95% CI: 1.451–17.771; P < 0.001), 
TT > 62 mm (OR = 29.451; 95% CI: 6.212–139.622; 
P < 0.001) (Table 2).

The nomogram to predict DL was created based on 
the following 9 independent factors (Fig. 1): ULBT grade 
(I, II or III), MMT grade (I/II, III or IV), sex, TMJ (< 12 
or ≥ 12 mm), age (< 36, 36–51, ≥ 52 y), BMI (< 18.5, 
18.5–24, 24–27, 27–30, ≥ 30), TMD (< 65, 65–78, ≥ 
78 mm), IID (< 40, ≥ 40 mm), and TT (< 60, 60–67, ≥ 
67 mm). Nomogram for DTI prediction was shown in 
Fig. 3, including the 5 independent factors: ULBT grade 
(I, II or III), TMJ (< 11, ≥ 11 mm), age (< 32, 32–57, ≥ 
58 y), IID (< 36, 35–40, ≥ 40 mm), and TT (< 55, 55–62, 
> 62 mm). Score cards of the DL and DTI was shown in 
Table S6. The higher total points obtained from the sum 
of the points for each factor in the nomogram means the 
greater possibility of DL or DTI. For example, a 60 years 
old (≥ 58 y) patient with ULBT grade II, TMJ 10 mm 
(< 11 mm), IID 42 mm (≥ 40 mm), TT 65 mm (> 62 mm) 
was given a total of 244 points for DTI (30 points for age, 
25 points for ULBT grade II, 100 points for TMJ, 0 points 
for IID, and 89 points for TT), thus the predicted DTI 
risk was about 20% (Fig. 2, Table S6).

To verify the performance of the model, the ROC curve 
was constructed. The areas under the ROC curves were 
0.933 (95% CI: 0.912–0.954) and 0.974 (95% CI: 0.954–
0.995) for DL and DTI, respectively (Fig. 3, Table S7).

Discussion
In this study, nomograms were developed to predict the 
risk of DL and DTI. These nomograms were constructed 
by combination of traditional DA assessment methods 
(such as ULBT, MMT, IID) and ultrasound airway assess-
ment methods (such as TMJ, TT), which have achieved 
good performance with high AUC values. To our knowl-
edge, this study is the first report that combines tra-
ditional DA assessment and ultrasonography-guided 
airway assessment by nomograms to predict DA.

In our nomogram models, the DL prediction nomo-
gram incorporated 9 variables (ULBT, MMT, sex, TMJ, 
age, BMI, TMD, IID and TT), and the DTI prediction 
nomogram included 5 variables (ULBT, TMJ, age, IID 
and TT). Among these variables, ULBT, MMT, sex, age, 
BMI, TMD, IID were traditional DA assessment methods 
while TMJ and TT were ultrasonography-assisted airway 
assessment methods. In both DL and DTI nomograms, 
the performance of ultrasonography-assisted airway 
assessments was good. For example, TT has high nomo-
gram scores in both DL (> 67 mm, 48 points) and DTI 
(> 62 mm, 89 points) prediction. In particular, TMJ has the 
highest scores in both DL and DTI nomograms. Our pre-
vious study [19, 20] found that TMJ and TT measured by 
ultrasound can be used to predict DA. TMJ measured by 
ultrasound performs better predication for DL, compared 
to traditional DA assessment methods such as IID, ULBT, 

Fig. 1 Nomogram predicting difficult laryngoscopy in patients underwent general anesthesia tracheal intubation. Abbreviations: ULBT, upper lip 
bite test; MMT, modified Mallampati test; TMJ, temporomandibular joint mobility by mandibular condylar mobility measured by ultrasonography; 
BMI, body mass index; TMD, thyromental distance; IID, interincisor distance; TT, tongue thickness measured by ultrasonography; DL, difficult 
laryngoscopy
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TMD and MMT. However, due to small sample size (484 
patients with 41 DL cases), the performance of TMJ to 
predict DTI was not assessed [19]. In current study, we 
showed that TMJ has the highest nomogram scores in 
both DL (< 12 mm, 100 points) and DTI (< 11 mm, 100 
points) prediction, confirming the predictive performance 
for DA. In a previous study, we have shown that TT is 
another useful DA predictor [20]. Taken together, our 

findings indicated that the ultrasonography-assisted DA 
prediction methods are effective. Hence, we incorporated 
the TMJ and TT indicators measurement by ultrasound 
into the nomograms for DL and DTI prediction.

Many studies have attempted to combine indicators to 
improve predictive capability of DA. Most of these models 
were created by simple addition of indicators, such as the 
“3–3-2” rule [21], LEMON criteria [22], and “Wilson” scores 

Fig. 2 Nomogram predicting difficult tracheal intubation in patients underwent general anesthesia tracheal intubation. Abbreviations: ULBT, upper 
lip bite test; MMT, modified Mallampati test; TMJ, temporomandibular joint mobility by mandibular condylar mobility measured by ultrasonography; 
IID, interincisor distance; TT, tongue thickness measured by ultrasonography; DTI, difficult tracheal intubation

Fig. 3 The areas under the receiver operating characteristic curves (AUCs) of nomograms for difficult laryngoscopy and difficult tracheal intubation
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[23]. In consistence with these studies, previously we found 
that the 3–3 rule (IID less than three fingers, a hyoidmental 
distance less than three fingers) is useful for DA prediction, 
with AUC 0.709 for DL and 0.822 for DTI [31]. In addition, 
by using the ratio of TT to TMD, the AUCs for DL and DTI 
could be significantly improved to 0.75 (95%CI, 0.73–0.76) 
and 0.86 (95%CI, 0.84–0.87), which are better than that of 
TT, TMD and MMT alone [20]. In current study, when 
nomograms were used, the AUCs were increased to 0.933 
[95% CI, 0.912–0.954] and 0.974 (95% CI, 0.954–0.995) for 
DL and DTI, respectively. These data indicated that the 
nomograms are more powerful tools to predict DA.

The nomograms in this study are easy to implement 
in routinely clinical practice. As long as nine predictors 
(ULBT, MMT, Sex, TMJ, Age, BMI, TMD, IID, and TT) 
were collected, the incidence of DTI and DL in patients 
could be assessed by the nomograms. Among the nine 
predictive indicators, ULBT, MMT, Sex, Age, BMI, TMD 
and IID are all classic indicators commonly used in clini-
cal practice, and the data are very easy to obtain. Further-
more, TT and TMJ can be well measured by conventional 
clinical ultrasound equipment, and previous studies have 
shown that the reliability of measurements between differ-
ent sonographers is comparable [19]. In the actual use of 
the nomogram, we only need to convert the corresponding 
predictor value into the corresponding nomogram score 
value, and then add the score values to obtain the total 
score. Then the risk incidence corresponding to the total 
score is obtained, as described in the results section. The 
operation of nomogram is simple and intuitive, does not 
require complicated calculation, is less time-consuming, is 
very convenient to use, and can be quickly popularized.

This study has some limitations. Firstly, data were from 
a single center and the sample size of DTI and DL patients 
was relatively small. Secondly, as the patients in this work 
were all Asian, potential bias and influencing factors must 
be considered when the models are used for patients in 
Western countries. Therefore, multicenter, multiracial 
studies, especially international multicenter research are 
needed. Thirdly, the ultrasound measurement method 
adopted in this study may have certain obstacles in clinical 
application, and not every hospital has the conditions for 
ultrasound assessment of DA. Finally, more streamlined 
and efficient methods, and more advanced algorithms are 
needed to improve the models further.

Conclusions
Nomograms based on ultrasound airway assessment 
effectively predicted DL and DTI in patients. The nomo-
gram is an ideal model for DA prediction which may be 
helpful for patients’ safety who underwent general anes-
thesia and tracheal intubation surgery.
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