
© Translational Pediatrics. All rights reserved.   Transl Pediatr 2023;12(12):2222-2231 | https://dx.doi.org/10.21037/tp-23-502

Original Article

The development of prediction model for cuffed tracheal tube 
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Background: Selecting the optimal tracheal tube size is critically important for pediatric patients. Age-
based formulas are often used, but still have limitations. The aim of this prospective study was to investigate 
whether middle finger measurements correlate with cuffed tracheal tube size and to further develop a 
prediction model based on these measurements.
Methods: Patients under 12 years of age scheduled for elective surgery involving tracheal intubation 
were enrolled in the study. The length was determined from the tip of the distal metacarpal to the palm’s 
root on the palm side, while the circumference was measured at the base of the palm using a soft tape 
measure. The appropriate cuffed tracheal tube size was determined based on specific criteria. If the tube 
encountered resistance during insertion or required an airway pressure >25 cmH2O to detect an audible leak, 
it was replaced with a tube 0.5 mm smaller. Conversely, if an audible leak occurred at an airway pressure  
<10 cmH2O, or peak pressure >25 cmH2O, or the cuff pressure >25 cmH2O to achieve a seal, the tube was 
exchanged for one with a 0.5 mm larger. Linear regression analysis was used to examine the association 
between middle finger circumference and length with the cuffed tracheal tube size. Subsequently, regression 
equations were constructed based on the results of the linear regression analysis and their predictive 
performance was compared to the conventional age-based formulas, including the Khine formula and 
Motoyama formula. The predictive performance was evaluated by mean absolute error (MAE), root mean 
square error (RMSE), and prediction accuracy.
Results: A total of 261 patients were analyzed in our study. The mean age of the patients was  
46.19±35.83 months. The linear relationship was observed between the cuffed tracheal tube size and the 
middle finger circumference and middle finger length with R2 values of 0.77 and 0.73, respectively. In 
comparison to conventional age-based formulas, both middle finger circumference and middle finger length 
demonstrated superior predictive performance, characterized by lower MAE and RMSE, as well as higher 
prediction accuracy. Notably, the regression equation based on the middle finger circumference obtained 
the higher predictive accuracy of 0.590, with an MAE of 0.259 and an RMSE of 0.333 as opposed to the 
predictive accuracy of 0.391, MAE of 0.349, and RMSE of 0.473 derived from conventional age-based 
formulas. Based on the regression coefficients of linear regression, simplified formulas were proposed, with 
the middle finger circumference-based formula emerging as the most accurate and simple option.
Conclusions: The appropriate cuffed tracheal tube size could be predicted by the middle finger 
circumference. Our proposed formula ‘cuffed tracheal tube internal diameter (mm) = middle finger 
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Introduction

In the field of pediatric anesthesia, the selection of the 
appropriate size of the tracheal tube is crucial. Given the 
distinctive morphology and anatomy of the pediatric airway, 
the use of an ill-fitting tracheal tube can result in serious 
complications. Opting for a larger tracheal tube size may 
lead to tissue edema, local ischemia, and even subglottic 
stenosis, while selecting a smaller size may result in 
insufficient ventilation, poor end-tidal gas monitoring, and 
anesthetic gas leakage due to inadequate tracheal seal (1).  
When intubating with a cuffed tracheal tube, opting for a 
smaller size enables cuff inflation to achieve seal; however, 
overinflation carries the potential for higher intracuff 
pressure and subsequent damage to the tracheal mucosa (2). 
Multiple intubation attempts resulting from the incorrect 
selection of tracheal tube size may cause airway edema 
and potentially trigger hypoxemia (3). Consequently, the 
development of a precise strategy for the accurate selection 
of tracheal tube size stands as a crucial prerequisite to ensure 
the safety of airway management in pediatric patients.

Currently, the prediction of tracheal tube size in 
pediatric patients predominantly relies on age-based 
formulas, but it is not always accurate because of the 
variable rate of child development (4). To enhance the 
precision of tracheal tube size determination, some growth 
and developmental indicators have been studied for the 
prediction of the tracheal tube size, such as height (5) and 
weight (6). Machine learning has also been introduced 
to prediction using multiple data, encompassing age, sex, 
height, weight, body mass index (BMI), BMI classification, 
ideal BMI, and chest radiographs (7). Additionally, 
alternative imaging techniques, such as ultrasound, have 
gradually been incorporated into prediction strategies (8). 
However, despite their improved accuracy compared to 
age-based formulas, the complexity of these alternative 
methods and the requirement for advanced tools present 
obstacles to their widespread clinical adoption. The fingers 
could be a simple indicator for the selection of the tracheal 
tube size. The width of the fifth finger has been proven to 
be related to the tracheal tube size (9). In a recent study, 
a simple formula based on middle finger measurements 
demonstrated significantly superior predictive accuracy 
for uncuffed tracheal tube size when compared to age-
based formulas (10). Nevertheless, cuffed tracheal tubes 
have been recently increasingly used in clinical practice 
(9,10). Research has substantiated the benefits of cuffed 
tracheal tubes, demonstrating enhanced ventilation efficacy, 
a reduction in the number of intubation attempts, and a 
decrease in adverse perioperative respiratory events (11).

The association between middle finger length and cuffed 
tracheal tube size in pediatric patients remains unexplored. 
More importantly, the association between additional 
measurements such as middle finger circumference and 
the cuffed tracheal tube size remains uncertain. Thus, 
we hypothesized that an association exists between the 
middle finger measurements and the appropriate size of 
cuffed tracheal tubes which has the potential to serve as a 
simple predictive indicator. This study aimed to explore the 
relationship between optimal cuffed tracheal tube size with 
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the length and circumference of the middle finger and to 
develop a linear model for predicting the appropriate cuffed 
tracheal tube size. We present this article in accordance 
with the TRIPOD reporting checklist (available at https://
tp.amegroups.com/article/view/10.21037/tp-23-502/rc).

Methods

Patients

This prospective study was conducted between April 2023 
and July 2023 after obtaining approval from the Ethics 
Committee of Shanghai Ninth People’s Hospital (No. 
SH9H-2022-T414-1). This trial was registered at the 
Chinese Clinical Trial Registry (www.chictr.org.cn) (trial 
registration number ChiCTR2300069902). The study was 
conducted in accordance with the Declaration of Helsinki (as 
revised in 2013).

This prospective study was conducted at a single center, 
specifically, at Shanghai Ninth People’s Hospital. The 
inclusion criteria for the study were children aged between 
0–12 years [American Society of Anesthesiologists Physical 
Status (ASA-PS) of I–III] scheduled for elective surgery 
with tracheal intubation. The exclusion criteria were as 
follows: the child’s parents have speech communication and 
cooperation difficulties; patients with open trauma to the 
head and neck; patients with cervical fractures, neck surgery, 
or a history of cervical spine disease; emergency surgery; 
patients who are allergic to relevant medications. Informed 
consent was taken from all the patients’ guardians.

Induction of anesthesia

The patients were intravenously anesthetized with a 
combination of midazolam (0.1 mg/kg), fentanyl (6 μg/kg), 
propofol (1.5 mg/kg), and rocuronium (0.6 mg/kg). The 
electrocardiography, noninvasive blood pressure, end-tidal 
CO2 (ETCO2), and peripheral oxygen saturation (SpO2) 
were continuously monitored.

After complete muscle relaxation was achieved, an 
anesthesiologist with over 3 years of experience chose 
the size of the cuffed tracheal tube (Mallinckrodt™; Lo-
Contour Oral/Nasal Tracheal Tube Cuffed, Reinforced; 
Medtronic, Minneapolis, MN, USA) that they felt was 
most appropriate for the procedure. The anesthesiologist 
responsible for the intubation procedure was unaware of the 
middle finger measurement data during tube size selection.

In cases where resistance was encountered during the 

insertion of the tracheal tube into the trachea or when a 
positive airway pressure exceeding 25 cmH2O was required 
to detect an audible leak, the tube was replaced with an 
internal diameter (ID) that was 0.5 mm smaller before 
inflation of the cuff. Cuff inflation was measured (Shiley™ 
Pressure Control; Covidien, Beyern, Germany) and limited 
to 25 cmH2O. Mechanical ventilation was initiated with  
10 mL/kg tidal volume and a frequency to maintain ETCO2 
at 34–38 mmHg. The tube was replaced with the next 
largest size (0.5 mm larger ID) if a leak around the tube was 
auscultated at a positive airway pressure <10 cmH2O or peak 
pressure >25 cmH2O, or a cuff pressure >25 cmH2O was 
required to seal (12). To determine the leak pressure, the 
patient was positioned in a supine posture with the head in a 
neutral position to limit effect on the leak test (13). The need 
for tracheal tube replacement was recorded. The final size of 
the tracheal tube recorded was the optimal tracheal tube size.

Study measurements

Demographic data including age, sex, height, weight, and 
BMI were collected from the patients. The length and 
circumference of the middle finger were measured using a 
clean, soft tape measure. The length of the middle finger 
was measured by determining the distance from the tip 
of the distal metacarpal to the root of the palm on the 
palmar aspect. The circumference of the middle finger 
was measured specifically at the root of the palm. The 
demonstration of the measurements is shown in Figure 1. To 
mitigate potential bias, all measurements were performed 
by the same researcher.

The predicted tracheal tube size according to the age-
based formulae recommended for pediatric tracheal tube 
selection was also recorded. For children under 2 years, 
Khine formula was used: cuffed tracheal tube ID = [age 
(years)/4] + 3.0 (14); for children over 2 years, Motoyama 
formula was used: cuffed tracheal tube ID = [age (years)/4] 
+ 3.5 (15).

Statistical analysis

The primary outcome of this study was to create a reliable 
formula for selecting the appropriate tracheal tube size with 
the best-correlated measurement. The measurement data 
were presented as mean ± standard deviation (SD), whereas 
the categorical variables were expressed as frequency 
(%). Linear regression was used to test the association 
between the length and the circumference of the middle 
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finger (independent variable) and cuffed tracheal tube 
size (dependent variable). Additionally, age and BMI were 
included as independent variables in the linear regression 
analysis. The coefficients of determinations (R2) were 
calculated which showed the extent to which variation 
in cuffed tracheal tube size can be accounted for by the 
independent variable. The mean absolute error (MAE), root 
mean square error (RMSE), and prediction accuracy were 
used to evaluate prediction performance. MAE and RMSE 
were calculated as follows:

i py y
MAE

n
−

= 	 [1]

( )2

i py y
RMSE

n
−

= ∑ 	 [2]

Where “yi” represents the actual value, “yp” stands for the 
predicted value and “n” is the number of observations. The 
prediction accuracy was the ratio of correct predictions to 
the total number. A lower MAE and RMSE value typically 
indicate better performance of an algorithm. A P value 
<0.05 was used to indicate statistical significance.

We used the method described by Riley et al. to calculate 
the efficient sample size (16), which is a widely advocated 
minimal criterion of the sample size to avoid overfitting in 
regression analysis. Either the length of the middle finger 
or the circumference of the middle finger functioned as 
variables. We pre-specified the anticipated R2 (0.8) and 
used the mean and SD of outcomes in this study sample. A 

minimum sample size of 235 cases was thus calculated. All 
data analysis was conducted utilizing the R project software 
program (R 4.2.2; https://www.r-project.org/).

Results

Baseline characteristics

A total of 272 patients were initially screened. Among 
them, three patients were excluded because of the loss of 
measurement information for the middle finger. A further 
five patients were excluded because of postponed surgery, 
and three patients were excluded because they underwent 
a supraglottic airway device. A total of 261 children were 
included in the final analysis. A flow chart of the study 
is shown in Figure 2. The baseline characteristics of the 
study population are presented in Table 1. The mean length 
of the middle finger was 5.01±1.25 cm, and the mean 
circumference of the middle finger was 4.36±0.59 cm. 

In our cohort, a total of 19 patients had tracheal tubes 
replaced; the rate of tracheal tube changes was 7.28%. Among 
these cases, the originally inserted tube size was increased by 
one size smaller in 11 patients, whereas the inserted tube size 
was decreased by one size larger in 8 patients.

Regression analysis

The relationship between the median and age and the 
interquartile range (IQR) of the patients and cuffed tracheal 
tube size was plotted in Figure 3 which showed no linear 

A B

Figure 1 The methodology for middle finger measurements from the hand of the author. (A) The length of the middle finger. (B) The 
circumference of the middle finger.

https://www.r-project.org/
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relationship, with a distinct turning point occurring at 
the tube size of 3.5 despite a R2 of 0.78 through linear 
regression. There was an approximately linear relationship 
between the mean middle finger circumference and the 
mean middle finger length with the cuffed tracheal tube 
size (Figure 4). The R2 in the linear regression between the 
middle finger circumference and the tracheal tube size was 
0.77, indicating that approximately 77% of the variation 
in the cuffed tracheal tube size can be accounted for by the 
middle finger circumference (P<0.001). The regression 
equation calculation can be written as follows:

( ) ( )Cuffed tracheal tube ID 1.0330 middle finger circumference
0.1997

mm cm= ×

−
	

[3]

The middle finger length also showed a significant 
correlation with the tracheal tube size with an R2 value of 

0.73 (P<0.001). The regression equation calculation can be 
written as follows:

( ) ( )Cuffed tracheal tube ID 0.4756 middle finger length
1.922

mm cm= ×

+
[4]

When combining the middle finger circumference and 
middle finger length, the regression equation calculation 
could be written as follows with an R2 value of 0.83 
(P<0.001): 

( ) ( )
( )

Cuffed tracheal tube ID 0.6319 middle finger circumference

0.2359 middle finger length
0.3677

mm cm

cm

= ×

+ ×

+

[5]

When incorporating the most basic demographic 
information of age and BMI, the model did not show 
further improvement, with an R² value of 0.82 (P<0.001). 
The regression equation can be expressed as follows:

( ) ( )
( )

( )
( )2

Cuffed tracheal tube ID 0.1350 middle finger length

0.4908 middle finger circumference

0.0703 age

0.0045 BMI

mm cm

cm

years

kg m

= ×

+ ×

+ ×

− ×

	 [6]

The predictive performance of the four regression 
equations described above is shown in Table 2. All the 
regression equations outperformed the conventional age-

Eligible patients (N=272)

Excluded patients (N=11)
•	Loss of measurement information 

for the middle finger (N=3)
•	Postponed surgery (N=5)
•	Supraglottic airway device (N=3)

Analyzed patients (N=261)

Success at first 
attempt (N=242)

Tracheal tube change 
(N=19)

Figure 2 Flow chart of the study.

Table 1 Patient characteristics and measurements

Characteristics Measurement values

Sex

Male 130 (49.8)

Female 131 (50.2)

Age (months) 46.19±35.83

Height (cm) 107.11±31.31

Weight (kg) 17.80±10.49

Middle finger length (cm) 5.01±1.25

Middle finger circumference (cm) 4.36±0.59

Data are shown as n (%) or mean ± standard deviation.

Figure 3 The relationship between the median age (red dot) with 
its interquartile range (black) and cuffed tracheal tube size. The 
linear regression is represented by a green dotted line, with an R2 
value of 0.78. The blue dotted line indicates the median trendline 
for age across different cuffed tracheal tube sizes. 
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Table 2 The prediction performance of different linear regression models 

Prediction accuracy 
metrics

Single-variable models Combination models

Middle finger 
circumference

Middle finger length Age-based formula Model 1 Model 2

MAE 0.259 0.279 0.349 0.226 0.221

RMSE 0.333 0.360 0.473 0.283 0.278

Prediction accuracy 
(95% CI)

0.590 (0.530–0.650) 0.559 (0.499–0.620) 0.391 (0.332–0.450) 0.613 (0.554–0.672) 0.642 (0.576–0.708)

Prediction accuracy 
within 0.5 mm (95% CI)

0.966 (0.943–0.988) 0.962 (0.938–0.985) 0.923 (0.891–0.956) 0.989 (0.976–1.000) 0.985 (0.969–1.000)

Model 1, middle finger circumference + length. Model 2, middle finger circumference + length + age + body mass index. MAE, mean 
absolute error; RMSE, root mean square error; CI, confidence interval. 

Figure 4 The linear relationship between middle finger measurements and cuffed tracheal tube size. The blue dotted line indicates the fitted 
linear regression line. (A) The linear relationship between the median middle finger circumference (red dot) with its IQR (black) and cuffed 
tracheal tube size (R2=0.77). (B) The linear relationship between the median middle finger length (red dot) with its IQR (black) and cuffed 
tracheal tube size (R2=0.73). IQR, interquartile range.
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based formulas, including the Khine formula and the 
Motoyama formula.

Simplified formula

While the linear regression models combining middle 
finger circumference, middle finger length, and a model 
including age and BMI demonstrated superior predictive 
performance, their complexity presented challenges in 
terms of practical clinical application. To address this, 
simplified formulas were proposed, focusing solely on either 
middle finger circumference or middle finger length. 

The formula for predicting the cuffed tracheal tube size by 
the middle finger circumference can be simplified as below:

[7]
( ) ( )Cuffed tracheal tube ID middle finger circumference

0.2
mm cm=

−

The formula for predicting the cuffed tracheal tube size 
by the middle finger length can be simplified as below:

[8]( ) ( )Cuffed tracheal tube ID 2 middle finger length 2mm cm= +

The predictions based on the simplified formulas were 
determined through calculations that were rounded to 
the nearest size of cuffed tracheal tube. The predictive 
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Figure 5 The size of red dots and numbers showed frequency and the dotted line indicated when the tracheal tube size predicted by the 
formula was the same as the actual tracheal tube used. (A) The simplified formula based on the middle finger circumference. (B) The 
simplified formula based on the middle finger length. (C) The age formula.

Table 3 The prediction performance of simplified formula

Formula MAE RMSE Prediction accuracy (95% CI) Prediction accuracy within 0.5 mm (95% CI) 

Eq. [7] 0.292 0.364 0.517 (0.457–0.578) 0.973 (0.954–0.993)

Eq. [8] 0.323 0.413 0.487 (0.426–0.547) 0.935 (0.905–0.965)

MAE, mean absolute error; RMSE, root mean square error; CI, confidence interval; Eq., equation. 

performance based on the simplified formulas is shown in 
Table 3. The relationship between the tracheal tube size 
predicted by the simplified formulas we proposed and the 
actual cuffed tracheal tube size used is shown in Figure 5. 
The two simplified formulas based on the middle finger 
measurement data were both superior to the conventional 
age-based formulas including Khine formula and Motoyama 
formula. More importantly, the formula based on the 
middle finger circumference was much simpler and more 
accurate in our cohort of patients.

Discussion

In this study, we investigated the association between the 
middle finger circumference or the middle finger length 
with the cuffed tracheal tube size. According to the linear 
regression analysis, we derived two formulas for predicting 
the optimal tube size. These formulas outperformed 
the age-based formulas including the Khine formula 
and Motoyama formula. Notably, the formula based on 
the middle finger circumference demonstrated superior 
accuracy and simplicity, making it more suitable for 
practical application in clinical settings. 

Consistent with previous research, our study confirmed 
that age-based formulas were inadequate in predicting 
the appropriate cuffed tracheal tube size (17,18). The 
heterogeneity of children’s growth and development, along 
with variations in internal organ development, renders a 
single age indicator insufficient for accurate predictions. 
Furthermore, our study confirmed a non-linear relationship 
between age and the cuffed tracheal tube size, further 
limiting the applicability of age-based formulas. Notably, 
the age-based formula exhibited a tendency to overestimate 
the tracheal tube size, particularly at smaller sizes, which 
was consistent with past studies (1,12). In clinical practice, 
it is crucial to be cautious of overestimating the tube size, as 
this can pose a greater risk than opting for a slightly smaller 
size that may result in laryngotracheal damage.

In recent years, various new tools have emerged 
for predicting tracheal tube size. A study showed that 
measurement of the diameter of the trachea at the 7th 
cervical vertebra (C7) directly on a chest radiograph was 
a good predictor of the uncuffed tracheal tube size (19). 
Machine learning techniques are gradually being introduced 
into predicting both uncuffed and cuffed tracheal tube 
sizes with simple demographic data (20) and a study has 
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further incorporated data on chest radiographs, including 
tracheal length from the 6th cervical vertebra (C6) to the 
carina, tracheal diameter at the level of C7, and tracheal 
diameter at the level of C6 to achieve good prediction 
results (7). Additionally, a study utilized 3D printed models 
of the airway based on computed tomography (CT) images 
to select the optimal tracheal tube size (21). However, 
the widespread adoption of these clinical applications has 
been limited due to concerns related to radiation exposure 
and the high costs associated with techniques such as CT 
imaging and 3D printing. Measurement of subglottic 
diameter on ultrasound images was introduced to improve 
the prediction accuracy (12,22-25). However, the precision 
of this method was still not sufficient, and it might be 
challenging to conduct ultrasound examinations on children 
in an awake state due to their limited cooperation.

The middle finger can serve as an indicator of growth 
and development to some extent. The linear relationship 
between middle finger length and height has been  
verified (26). Directly measuring the relevant parameters 
of the middle finger is a simple and non-invasive method 
that does not require specialized training. In the context 
of pediatric patients, the length of the middle finger was 
initially proposed for predicting tracheal intubation depth 
with cuffed tracheal tubes (27). Subsequently, a previous 
study confirmed the relationship between middle finger 
length and uncuffed tracheal tube size (10), and the 
proposed formula was validated in another study involving a 
different population group (28). In our study, we confirmed 
the linear relationship between middle finger length and 
cuffed tracheal tube size and proposed a new formula that 
can be used for predicting the size of cuffed tracheal tubes.

Surprisingly, our study revealed that the circumference 
of the middle finger outperformed the length of the 
middle finger in accurately predicting the size of cuffed 
tracheal tubes based on linear regression. Furthermore, 
when utilizing the formula derived from the regression 
coefficients, the predictive performance of the middle finger 
circumference was also superior to that of the middle finger 
length. Considering the simplicity of the formula based on 
the middle finger circumference, we recommend its use 
for predicting the size of cuffed tracheal tubes in clinical 
practice.

Our study had some limitations. Firstly, to ensure 
consistency, we used only one kind of tracheal tube, which 
might limit the applicability of the proposed formulas to 
other brands. Further validation is required to assess their 
suitability for use with different tracheal tube brands. 

Secondly, the formulas we proposed were applied only to 
cuffed tracheal tubes, and the association between middle 
finger measurements, especially the circumference of 
the middle finger and uncuffed tracheal tube size require 
further study. Lastly, our study was conducted at a single 
center and the sample size was limited to Chinese children. 
Consequently, further researches are needed to assess the 
applicability of the proposed formulas across diverse patient 
populations and clinical settings.

Conclusions

Our study demonstrated that middle finger circumference 
and length were correlated with the cuffed tracheal tube 
size. We have proposed two simplified formulas based on 
these measurements, which showed superior performance 
compared to the conventional age-based formula. Among 
them, the formula utilizing middle finger circumference 
is recommended for selecting cuffed tracheal tubes in 
children, as Eq. [7].
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