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Pediatric Patients with High Pulmonary Arterial
Pressure in Congenital Heart Disease Have Increased

Tracheal Diameters Measured by Computed
Tomography

Nobuko Ohashi, MD, PhD1, Hidekazu Imai, MD, PhD,
Yutaka Seino, MD, Hiroshi Baba, MD, PhD

Division of Anesthesiology, Niigata University Graduate School of Medical and Dental Sciences, Niigata City,
Japan
Objectives: Determination of the appropriate tracheal tube size using formulas based on age or height often is inaccurate in pediatric patients
with congenital heart disease (CHD), particularly in those with high pulmonary arterial pressure (PAP). Here, the authors compared tracheal
diameters between pediatric patients with CHD with high PAP and low PAP.
Design: Retrospective clinical study.
Setting: Hospital.
Participants: Pediatric patients, from birth to 6 months of age, requiring general anesthesia and tracheal intubation who underwent computed
tomography were included. Patients with mean pulmonary artery pressure 425 mmHg were allocated to the high PAP group, and the remaining
patients were allocated to the low PAP group. The primary outcome was the tracheal diameter at the cricoid cartilage level, and the secondary
goal was to observe whether the size of the tracheal tube was appropriate compared with that obtained using predictable formulas based on age or
height.
Measurements and Main Results: The mean tracheal diameter was significantly larger in the high PAP group than in the low PAP group (p o
0.01). Pediatric patients with high PAP required a larger tracheal tube size than predicted by formulas based on age or height (p ¼ 0.04 for age
and height).
Conclusions: Pediatric patients with high PAP had larger tracheal diameters than those with low PAP and required larger tracheal tubes
compared with the size predicted using formulas based on age or height.
& 2017 Elsevier Inc. All rights reserved.
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CHOOSING THE APPROPRIATE TRACHEAL TUBE
SIZE is important, particularly for pediatric patients. The most
commonly used methods for selecting an uncuffed tracheal
tube size are formulas based on age and height.1–5 However,
the authors often have observed that the size predicted by these
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formulas is incorrect in pediatric patients with high pulmonary
arterial pressure (PAP) in congenital heart disease (CHD), and
these patients tend to require a larger tracheal tube size than
predicted by the formula based on age or height. These
phenomena indicate that the tracheal diameter of pediatric
patients with high PAP may be larger than that of pediatric
patients with low PAP, and formulas based on age or height
may be unreliable for predicting appropriate tracheal tube size
for pediatric patients with high PAP.
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The primary aim of this study was to test the authors’
hypothesis that the tracheal diameter of pediatric patients with
high PAP in CHD was larger than that of pediatric patients
with low PAP using computed tomography (CT). The sec-
ondary goal of this study was to observe whether the size of
the tracheal tube used in these pediatric patients was appro-
priate compared with the size obtained using the predictable
formulas based on age or height.

Methods

Patients

This study was approved by the Ethics Committee of
Niigata University Graduate School of Medical and Dental
Science (approval no. 2088). The anesthesia records of
pediatric patients, from birth to 6 months of age, who
underwent cardiac surgery for CHD between September
2011 and June 2016 were analyzed. Patients were included
if they underwent scheduled surgery under general anesthesia
with tracheal intubation. A CT scan of the airway, which
included the larynx, trachea, and carina, was performed in
pediatric patients whose tracheas were not intubated under
sedation within 1 week prior to surgery. All CT scans in this
study were performed as a standard of care for preoperative
cardiac surgery in the authors’ hospital. The authors excluded
patients with diseases of the larynx or trachea or a history of
intubation and those whose scan quality was compromised by
breathing artefacts.

Measurement of Tracheal Diameter with CT

Previous studies have reported that the subglottic diameter
at the cricoid cartilage level, which is the narrowest portion of
the upper airway in children, may be a better method for
determining the appropriate tracheal tube size.6–8 Therefore,
Fig. 1. Computed tomography images showing the measurement technique of airw
drawn through the anatomic location. Line a indicates cricoid cartilage. (B) A
anteroposterior diameter, and line c indicates subglottic transverse diameter.
the authors measured the subglottic diameter at the cricoid
cartilage level as the tracheal diameter using CT (Fig 1A).
High-resolution CT images (Aquilion ONE; Toshiba Medical
System Corporation, Tochigi, Japan) were obtained with a
helical mode to acquire 320 slices per rotation with a 0.5-mm
collimation. Multiplanar reformations in the sagittal plane with
contiguous 1.0-mm thickness slices along the airway and
transverse oblique slices oriented perpendicular to the long
axis of the trachea were obtained at the level of the cricoid
cartilage. The lumen within the cricoid cartilage was identified
based on its ovoid contour, and the exit from the cricoid
cartilage was defined as the most inferior level, above the first
tracheal ring recognized by the flattening of its posterior
wall.9,10 Therefore, the authors measured the anteroposterior
and transverse diameter of the air-column at the lowest edge of
the cricoid cartilage and considered this measurement as the
tracheal diameter (Fig 1B). An anesthesiologist blinded to
patient background performed these measurements twice, and
the average value was used to confirm precision. For assess-
ment of intraobserver and interobserver variability, 10 patients
were selected randomly without knowledge of their clinico-
pathological characteristics, and their CT scans were used for
the measurement of anteroposterior and transverse tracheal
diameters by the same observer and a second observer at more
than 6 months after the initial measurement.

Tracheal Tube Size

Tracheal intubation was performed by the same anesthesiol-
ogists using direct laryngoscopy after intravenous or inhala-
tional induction of anesthesia and muscle relaxation. Each
patient’s trachea was intubated with an uncuffed tracheal tube
(Portex, Smiths Medical, Hythe, UK), and the size of the initial
tube was selected using formulas based on age (Internal
Diameter (ID) [mm] ¼ age / 4 þ 4.0)1,2 or height (ID [mm]
¼ height � 0.045 þ 0.8),4 as judged by the anesthesiologists.
ay segments. (A) Sagittal view of the airway column. A parallel line has been
xial oblique view through the cricoid cartilage. Line b indicates subglottic



Table 1
Demographic Data of the Patients in Each Group

High PAP Group
(n ¼ 54)

Low PAP Group
(n ¼ 29)

p Value

Age (d) 11.5 (5.3-59.5
[1-198])

43 (34-58 [9-191]) 0.29

Sex (male:female) 35:19 14:15 0.17
Height (cm) 50.0 (48.0-54.0

[41.0-66.4])
52.0 (49.8-54.0
[45.0-69.0])

0.44

Weight (kg) 3.1 (2.8-4.1
[1.4-6.3])

3.9 (3.5-4.4
[2.5-7.2])

0.03

Mean pulmonary artery
pressure (mmHg)

43 (36-60 [11-75]) 14 (12–15.5
[9-19])

o0.01

Diagnosis TAPVR 11 TOF 13
CoA 10 PA 5
HLHS 6 PS 3
TGA 6 Others 8
DORV 6
VSD 5
Others 10

NOTE. Data are presented as the median (IQR [range]) or number. p Values
were calculated using the Mann–Whitney U-tests and chi-squared tests.
Abbreviations: CoA, coarctation of the aorta; DORV, double outlet right
ventricle; HLHS, hypoplastic left heart syndrome; PA, pulmonary atresia;
PAP, pulmonary arterial pressure; PH, pulmonary hypertension; PS, pulmon-
ary stenosis; TAPVR, total anomalous pulmonary venous return; TGA,
transposition of the great arteries; TOF, tetralogy of Fallot; VSD, ventricular
septal defect.
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Air leak pressure after intubation was tested in the supine
position, with the head in the neutral position. Optimal tube size
was determined as that obtained when an audible air leak at the
patient’s mouth was present at less than 20 cmH2O positive
inflation pressure in an uncuffed tracheal tube. If there was an
excessive air leak, not allowing adequate ventilation, the tube
was exchanged for the next size larger (þ0.5 mm ID). If the
tube was judged to be too large to intubate, the tube was
exchanged for the size smaller (–0.5 mm ID).11,12 The tracheal
tube size at the point immediately after the induction of
anesthesia was described in the anesthesia record.

Assessments and Outcomes

Generally, a mean PAP (mPAP) 425 mmHg measured by
right heart catheterization at rest was considered high PAP.
Therefore, patients who underwent cardiac catheterization
prior to surgery and whose mPAP was 425 mmHg were
categorized into the high PAP group, and the others were
categorized in the low PAP group.
The authors defined their primary outcome as the anteropos-

terior and transverse tracheal diameter at the cricoid cartilage
measured using axial CT images. The secondary outcome was
the tracheal tube size at the point immediately after the
induction of anesthesia compared with the size predicted by
the formula based on age (ID [mm] ¼ age / 4 þ 4.0)1,2 and
height (ID [mm] ¼ height � 0.045 þ 0.8).4 Patient
characteristics, including the diagnosis, were analyzed.

Statistical Analysis

All data were expressed as the mean (standard deviation),
median (interquartile range [range]) or number (proportion).
Statistical significance was defined as p o 0.05 using the
Mann–Whitney U-test for numerical data and the χ2 test for
categorical data. The correlation between tracheal diameter
and age or height was calculated using Spearman’s correlation.
Intraobserver and interobserver variations were determined by
calculating the coefficient of variation (CV). StatView pro-
gram 5 software (SAS Institute, Cary, NC) was used to
perform the statistical analyses.
Results

The authors analyzed the anesthesia records of 88 pediatric
patients from birth to 6 months of age who underwent cardiac
surgery for CHD between September 2011 and June 2016.
Five patients were excluded from the analysis because 3 had
an airway abnormality and 2 had inadequate information
regarding tracheal tube size. Therefore, 54 patients were
categorized in the high PAP group and 29 patients were
categorized in the low PAP group for the final analysis. Patient
characteristics are presented in Table 1. No differences were
observed based on age, sex, or height between the 2 groups.
However, weight was significantly lower in the high PAP
group than in the low PAP group.
The mean anteroposterior tracheal diameter at the level of
the cricoid cartilage measured using axial CT images (ie, the
authors’ primary outcome) was significantly larger in the high
PAP group than in the low PAP group (high PAP group, 8.1
[1.1] mm; low PAP group, 6.1 [0.8] mm; p o 0.01; Fig. 2A).
The intraobserver and interobserver CVs for anteroposterior
tracheal diameters were 3.1% and 4.1%, respectively. The
relationship between the anteroposterior diameter measured
using CT and age or height is shown in Figures 2B and C. The
scatterplot of anteroposterior diameters and age is shown in
Figure 2B (high PAP group, mean anteroposterior diameter
[mm] ¼ 0.0054 � age [days] þ 7.9, ρ ¼ 0.11, p ¼ 0.44;
low PAP group, mean anteroposterior diameter [mm] ¼
0.0091 � age [days] þ 5.6, ρ ¼ 0.47, p ¼ 0.01). The
scatterplot of anteroposterior diameters and height is shown in
Figure 2C (high PAP group, mean anteroposterior diameter
[mm] ¼ 0.03 � height [cm] þ 6.4, ρ ¼ 0.10, p ¼ 0.49; low
PAP group, mean anteroposterior diameter [mm] ¼ 0.05 �
height [cm] þ 3.7, ρ ¼ 0.32, p ¼ 0.09). Similarly, the mean
transverse tracheal diameter was significantly larger in the high
PAP group than in the low PAP group (high PAP group, 6.5
[0.9] mm; low PAP group, 5.3 [0.8] mm; p o 0.01; Fig 3A).
The intraobserver and interobserver CVs for transverse tra-
cheal diameters were 1.6% and 1.7%, respectively. The
relationship between the transverse diameter measured by the
CT and age or height is shown in Figures 3B and C. The
scatterplot of transverse diameters and age is shown in
Figure 3B (high PAP group, mean transverse diameter
[mm] ¼ 0.0064 � age [days] þ 6.2, ρ ¼ 0.33, p ¼ 0.01;



Fig. 2. Anteroposterior tracheal diameter. (A) The mean anteroposterior
tracheal diameters of the cricoid cartilage measured on axial computed
tomography images were significantly larger in the high pulmonary arterial
pressure (PAP) group than in the low PAP group. Data are presented as the
mean 7 standard deviation. **p o 0.01 using Mann–Whitney U-test. PAP,
pulmonary arterial pressure. (B) Scatterplot of the anteroposterior diameter
measured by computed tomography and age. High PAP group, mean
anteroposterior diameter (mm) ¼ 0.0054 � age (days) þ 7.9, ρ ¼ 0.11,
p ¼ 0.44; low PAP group, mean anteroposterior diameter (mm) ¼ 0.0091 �
age (days) þ 5.6, ρ ¼ 0.47, p ¼ 0.01. (C) Scatterplot of the anteroposterior
diameter measured with computed tomography and height. High PAP group,
mean anteroposterior diameter (mm) ¼ 0.03 � height (cm) þ 6.4, ρ ¼ 0.01,
p ¼ 0.49; low PAP group, mean anteroposterior diameter (mm) ¼ 0.05 �
height (cm) þ 3.7, ρ ¼ 0.32, p ¼ 0.09.

Fig. 3. Transverse tracheal diameter. (A) The mean transverse tracheal
diameters at the cricoid cartilage measured on axial computed tomography
images were significantly larger in the high PAP group than in the low PAP
group. Data are presented as mean 7 standard deviation. **p o 0.01 using
Mann–Whitney U-tests. PAP, pulmonary arterial pressure. (B) Scatterplot of
the transverse diameter measured with computed tomography and age. High
PAP group, mean transverse diameter (mm) ¼ 0.0064 � age (days) þ 6.2,
ρ ¼ 0.33, p ¼ 0.01; low PAP group, mean transverse diameter (mm) ¼
0.0025 � age (days) þ 5.1, ρ ¼ 0.07, p ¼ 0.72. (C) Scatterplot of the
transverse diameter measured with computed tomography and height.
High PAP group, mean transverse diameter (mm) ¼ 0.04 � height (cm) þ
4.3, ρ ¼ 0.30, p ¼ 0.03; low PAP group, mean transverse diameter (mm) ¼
0.01 � height (cm) þ 4.5, ρ ¼ 0.04, p ¼ 0.83.
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low PAP group, mean transverse diameter [mm] ¼ 0.0025 �
age [days] þ 5.1, ρ ¼ 0.07, p ¼ 0.72). The scatterplot of the
transverse diameters and height is shown in Figure 3C (high
PAP group, mean transverse diameter [mm] ¼ 0.04 � height
[cm] þ 4.3, ρ ¼ 0.30, p ¼ 0.03; low PAP group, mean
transverse diameter [mm] ¼ 0.01 � height [cm] þ 4.5, ρ ¼
0.04, p ¼ 0.83).
The authors’ secondary outcome was the comparison of the

tracheal tube size used and that obtained from the predictive
formulas based on age or height (Table 2). Pediatric patients



Table 2
Comparison of Tracheal Tube Size Used and Size Obtained from Predictive
Formulas Based on Age or Height

Size Intubated 4
Size Predicted

Size Intubated ¼
Size Predicted

Size Intubated o
Size Predicted

Based on age
High PAP group 50 (93%) 4 (7%) 0 (0%)
Low PAP group 22 (76%) 6 (21%) 1 (3%)

Based on height
High PAP group 48 (89%) 5 (9%) 1 (2%)
Low PAP group 20 (69%) 4 (14%) 5 (17%)

NOTE. Data are presented as the number (proportion).
Abbreviation: PAP, pulmonary arterial pressure.
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with high PAP required a larger tracheal tube size than
predicted by the formulas based on age or height (based on
age: high PAP group 93%; low PAP group 76%; p ¼ 0.04;
based on height: high PAP group 89%; low PAP group 69%;
p ¼ 0.04, Table 2).
Discussion

In this study, the authors found that the tracheal diameter
measured by CT in pediatric patients with CHD and high PAP
was significantly larger than that of patients with low PAP.
These results also suggested that pediatric patients with high
PAP required a larger tracheal tube size than predicted by
formulas based on age or height.
Most patients in the high PAP group had increased

pulmonary arterial flow and did not necessarily have elevated
pulmonary vascular resistance because PAP may be 425
mmHg without the presence of pulmonary vaso-occlusive
diseases. These patients were exposed to greater cardiac and
respiratory distresses, and these distresses might result in
changes in tracheal diameter, leading to an increase in size.
In fact, tracheal diameters in pediatric patients with CHD in a
hypermetabolic state were larger than that in patients without
CHD.13–15 A similar change also is observed in patients with
asthma after an attack that involves severe respiratory effort.
Generally, the bronchus is narrowed due to spasm during an
asthma attack; however, the trachea also has been reported to
expand during attacks.16,17 These contradictory phenomena are
the result of obstruction of the peripheral airway leading to
increased respiratory effort, as well as an increase in the
pressure in the airway, causing prestenotic dilatation of the
trachea.18 Furthermore, the more severe the asthma becomes,
the larger the luminal area of the trachea tends to be.16,17

Based on these mechanisms, the authors suggest that pediatric
patients with increased pulmonary arterial flow who have more
severe respiratory distress may develop larger tracheal dia-
meters, and the degree of expansion of the tracheal diameter is
correlated with pulmonary artery pressure. Consequently,
pediatric patients with high PAP required a larger tracheal
tube size than predicted by formulas based on age or height.
However, no studies of physiological mechanisms in animals
or humans have demonstrated how increased metabolic
demand and respiratory distress cause tracheal expansion. To
elucidate these mechanisms, further studies are needed.
The tracheal size generally is correlated with age and height,

and several formulas based on age or height have been used to
predict tracheal tube size. However, in this study, the percentage of
pediatric patients in the high PAP group who were intubated with
an oversized tube compared with the size predicted by the formula
based on age or height was almost 90%, compared with 70% in
the low PAP group. Both formulas failed to predict the required
tracheal tube size. A possible reason for this could be differences
in the characteristics of pediatric patients in this study, including
the age range; the mean age was 41.3 days in the high PAP group
and 53.5 days in the low PAP group. In contrast, in another study
reporting that height was the most effective for predicting tracheal
tube size, the mean age of pediatric patients with CHD was
5.3 years (range: 4 days to 16 years).14 Another study reported that
measurement of the subglottic diameter using ultrasonography
showed no correlation with patients’ characteristics in pediatric
patients younger than 12 months of age; however, there was a
significant correlation between age and height in patients older
than 12 months.19 Based on these results, it is reasonable to
suggest that tracheal tube size may not be correlated with the
formulas based on age or height because the pediatric patients
were significantly younger. Therefore, the authors propose that it
is important for clinicians to keep in mind that pediatric patients
with CHD aged from birth to 6 months, particularly those with
high PAP, require a larger tracheal tube compared with the size
predicted using the formulas based on age or height.
This study had several limitations. First, the authors did not

obtain the quantitative data on the air leak compared with the
tidal volume because this was a retrospective study and there
were some potential omissions in anesthesia records. It is possible
that other methods measured quantitatively would be more
precise data in this study. Second, the authors used CT to
measure the tracheal diameter. Measurement of the subglottic
diameter at the cricoid cartilage level by ultrasonography may be
a better method for determining the appropriate tracheal tube size
and could be used as a guide for the selection of tube size in
pediatric patients.6,19 However, all CT scans in this study were
performed preoperatively as a standard of care for cardiac surgery
in the authors’ hospital. Furthermore, it is known that there was a
strong correlation between tracheal diameter as measured by CT
and ultrasonography in a previous study.20 Therefore, the authors
did not attempt to perform additional studies using ultrasono-
graphy. Finally, it is possible that formulas based on age and
height to predict the optimal tracheal tube size were not
applicable in this study because these formulas were drawn
originally from pediatric studies of patients with a wide age
range. In fact, due to the biased distribution of patients, neonates,
and early infants, the authors’ results showed very high failure to
predict the optimal tracheal tube size using these formulas both in
the high PAP group and in the low PAP group. However, it is
obvious that more patients in the high PAP group than in the low
PAP group needed oversized tubes compared with the size
obtained using the formulas based on age or height. Therefore,
the authors assumed that the influence of these formulas on their
results was minimal.
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In conclusion, the authors found that the tracheal diameters
measured by CT were significantly larger in pediatric patients
with high PAP than in those with low PAP. These results also
suggested that pediatric patients with high PAP required a
larger tracheal tube size than predicted by formulas based on
age or height. The authors believe that their findings will
increase awareness regarding the anatomy of these patients,
and clinicians should keep in mind that pediatric patients of up
to 6 months of age with high PAP require larger tracheal tubes
than the size predicted using formulas based on age or height.
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