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 Overview

Bronchoscopy is the current gold standard for 
assessing structure, function, anomalies, and 
secretions related to the central airways [1]. 
However, bronchoscopic evaluations have some 
important limitations, particularly in the pediatric 
population. They are invasive and are typically 
performed under sedation; both of these factors 
may alter the behavior of the airway from its nat-
ural condition. Furthermore, findings can differ 
between rigid and flexible endoscopes, and there 
is continued debate over inter-operator agree-
ment in airway assessment, for example, in deter-

mining the presence or absence of tracheomalacia 
in neonates [2]. These limitations have led to the 
development of alternative central airway assess-
ment techniques.

Current clinical non-bronchoscopic assessment 
of the central airways is usually performed through 
radiological evaluation. Several different imaging 
modalities are used, including radiography, com-
puted tomography (CT), and magnetic resonance 
imaging (MRI). The first of these provides a pro-
jection of the airway, and the latter two can provide 
3D image volumes of the airway and surrounding 
structures. However, these methodologies have 
limitations in that they may not represent the air-
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way in natural breathing, due to the breathing 
maneuver performed while the image was acquired 
(i.e., breath holds), sedation, and intubation. 
Imaging also does not usually provide functional 
information about the airway. Emerging Techniques 
Section of this chapter describes novel imaging- 
based techniques to address these limitations and to 
provide functional airway information such as the 
patient’s breathing effort via computational fluid 
dynamics simulations of respiratory airflow.

 Current Clinical Medical Imaging

 Radiography

Initial airway assessment can be performed with 
frontal and lateral views of the neck and chest on 
X-ray radiographs (Fig.  13.1). Radiography 
exposes patients to very low doses of ionizing 
radiation, and it is generally considered safe in 
pediatrics [3, 4]. Radiographs are generally used 
for detecting the presence of foreign bodies 
within the airway [5, 6] and can also detect some 
airway conditions, such as croup [7, 8]. In addi-
tion, radiography can be used in the diagnosis of 

laryngomalacia [6], hypertrophy of the adenoids, 
palatine and lingual tonsils, and the tongue (mac-
roglossia), and airway stenoses. Lateral cepha-
lometry can be performed based on cranial 
radiographs, but a comparison between these 
measurements and findings from drug-induced 
sleep endoscopy (DISE) found little correlation 
between the methods, with the exception of nar-
rowings in the retroglossal airway [9]. While 
radiographs may act as a first-line imaging 
assessment of airway conditions, the information 
garnered is limited since the single image is a 
projection of the airway, with little ability to 
quantify abnormalities or assess dynamics.

 Computed Tomography

In current practice, X-ray computed tomography 
(CT) is considered the gold standard for noninva-
sive airway assessment [10–12]. Multi-detector 
CT (MDCT) provides detailed anatomic images 
with 2D multi-planar or 3D volume renderings. 
MDCT allows for shortened scan times, allowing 
for pediatric scans to be performed without the 
use of sedation or intubation, factors which have 
historically limited the use of CT for airway diag-
nostics; sedation can affect the muscle tone of 
structures surrounding the airways, and intuba-
tion can alter anatomical dynamics. The dynam-
ics of the airway during typical breathing or 
coached inspiratory and expiratory breath-holds 
can be revealed by repeating MDCT to produce 
cine, 4D, or inspiratory-expiratory images 
(Fig. 13.2). However, the dynamic resolution can 
be limited by the speed of the gantry rotation, and 
repeated imaging increases the radiation expo-
sure [10–12].

High spatial resolution is often necessary to 
detect abnormalities in the narrow nasal pas-
sages, such as turbinate hypertrophy, septal devi-
ation, and pyriform aperture stenosis. The 
high-resolution of CT and its ability to produce 
high contrast between structures such as bone 
and soft tissue can be used to diagnose a large 
range of airway abnormalities and the underlying 
causes [13, 14].

The upper airways can be imaged via CT to 
determine the effect of surgical interventions to 

Fig. 13.1 X-ray radiograph. Chest X-ray radiograph in a 
2-year-old female patient following a pneumonectomy for 
a congenital lung lesion. Abnormalities in the central air-
ways are visible, including severe tracheal deviation (yel-
low arrow) and stenosis in the left main bronchus (green 
arrow). (Courtesy of Jason Woods, PhD, at Cincinnati 
Children’s Hospital)

A. J. Bates et al.



157

correct conditions such as Pierre-Robin syn-
drome. Imaging can be performed preopera-
tively and postoperatively and the change in 
lumen size measured, information which may 
help the decision to decannulate patients [15]. 
In patients with obstructive sleep apnea (OSA), 
upper airway CT has been proposed to deter-
mine sites of obstruction, to assess surgical 
interventions, and also as a possible diagnostic 
alternative to polysomnography [16–18]. At 
present, while the importance of airway mor-
phology in the severity of OSA is clear, no mor-
phological parameter measured from CT 
images has been found to separate OSA patients 
from healthy individuals [19]. A comparison 
between CT measurements performed in awake 
patients and DISE classification of the upper 
airway in adult OSA patients revealed 
CT-matched DISE in identifying lateral col-
lapse in the oropharynx [20].

In the trachea, CT can be used to diagnose 
subglottic stenosis and assess the severity of the 
stenosis [21]. Tracheomalacia (TM) can be ana-
lyzed via CT by comparing inspiratory and expi-
ratory images of the airway (Fig.  13.2). The 
diagnosis of TM is made when the cross-sectional 
area of the trachea in the expiratory image is 
>50% less than on inspiration, a criterion origi-
nally developed in rigid bronchoscopy [22].

The advantages of CT over other imaging 
modalities are again the high contrast between 
the airway and surrounding structures, high spa-
tial resolution, and the ability for 4D imaging. 
However, the major disadvantage of CT is the 
patient’s exposure to ionizing radiation, and this 
concern particularly affects its use in pediatrics 
[23]. While the necessary dose of radiation has 
been greatly reduced [24, 25], CT is still rarely 
appropriate for serial imaging to assess changes 
in the airway as a child develops or to assess the 
efficacy of treatment strategies. While CT will 
remain a gold standard, emerging techniques in 
MRI have been demonstrated to provide images 
of the respiratory system that are comparable to 
the spatial and temporal resolution of CT (see 
Sect. Developments in Magnetic Resonance 
Imaging), but without breath-hold maneuvers, 
sedation/anesthesia, intubation, or ionizing 
radiation.

 Magnetic Resonance Imaging

Magnetic resonance imaging provides high con-
trast between airway and the surrounding soft tis-
sues without exposing the patient to any ionizing 
radiation. It is therefore suitable for evaluation of 
treatment through pre- and post-therapy imaging 
and for serial imaging of patients to monitor 
growth or disease progression, where multiple 
radiation exposures via CT would not be appro-
priate in the pediatric population.

Traditionally, an overall MRI exam consist-
ing of multiple scans has taken 30–60 minutes 
to perform upper airway analysis [26]. While 
motion of non-compliant patients is a concern 
in pediatrics, new techniques such as com-
pressed sensing have accelerated many 
sequences by up to four times [27]. These 
emerging techniques have obviated some of the 
disadvantages of a long acquisition time, 
through retrospective removal of data obscured 
by motion (see Sect. Developments in Magnetic 
Resonance Imaging) [28].

Fig. 13.2 CT of the dynamic trachea. Axial image slices 
from airway CT in a 14-year-old male with a highly 
dynamic chest wall. During a forced expiratory maneuver, 
at residual volume (RV), the trachea (green arrow) nar-
rows significantly due to the narrowing of the chest. 
Comparison between the expiratory-phase (top) and 
inspiratory-phase (bottom – at total lung capacity, TLC) 
images demonstrates dynamic excessive collapse of the 
posterior tracheal wall. (Courtesy of Alister Bates, PhD, at 
Cincinnati Children’s Hospital)
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MRI has been also used clinically as a surgical 
planning tool for OSA. An MRI exam for OSA 
may include several scans designed to assess vari-
ous aspects of a patient’s anatomy. Proton density 
MRI provides a static high-resolution (sub milli-
meter in-plane resolution) structural image of the 
airway to highlight narrow points in the airway 
and the underlying anatomic cause (e.g., macro-
glossia) (Fig. 13.3) [29]. Cine MRI can provide 
real-time 2D slices of the airway at high temporal 
resolutions (e.g., ~3 images per second) to show 
the motion of the airway and any collapse during 
an individual breath [29]. Cine MRI is often 
repeated in several planes such as a midline sagit-
tal plane to reveal anterior-posterior airway col-
lapse, and axial planes at various locations in the 
airway to assess retropalatal and retroglossal col-
lapse [30–32]. T2-weighted turbo spin echo imag-
ing can provide contrast in the soft-tissue 
structures surrounding the airway (e.g., distin-
guishing the tongue from the lingual tonsils) [29].

 Ultrasound

Ultrasound is a fast imaging modality that is tol-
erated by the majority of pediatric patients, and 
like MRI, it is considered very safe, as it does not 
use ionizing radiation. The real-time nature of 
ultrasound makes it an ideal technique to deter-
mine correct positioning and appropriate sizing 
of an endotracheal tube [33].

Applications of airway ultrasound include 
assessment of soft-tissue masses in the neck [26] 

and guidance for percutaneous tracheostomy [34, 
35]. There has been good agreement with endo-
scopic findings in evaluating vocal cord palsy in 
children up to 12 years old (81% agreement with 
endoscopy) [36], in identifying anatomy of sub-
glottic hemangioma [37], and in identifying epi-
glottitis in patients over 15  years of age [38]. 
Additionally, ultrasound has been shown to give 
good agreement with MRI in terms of measuring 
the minimum airway diameter found in subglot-
tic stenosis [39].

However, a major challenge of airway ultra-
sound is that air does not propagate the ultrasonic 
sound waves as effectively as tissues. Thus, it is 
particularly challenging to image structures sur-
rounded by air, such as the epiglottis and soft pal-
ate [33, 40]. As a result, ultrasound has not been 
widely adopted for airway imaging.

 Fluoroscopy

Fluoroscopy provides a continuous X-ray projec-
tion through the airway at high temporal resolu-
tion for ~10–20  seconds of breathing and has 
been used to assess motion of the airway in con-
ditions such as OSA, laryngomalacia, or tracheo-
malacia [31]. A comparison of sleep fluoroscopy 
to direct laryngoscopy and bronchoscopy to iden-
tify upper airway obstruction in 50 pediatric 
patients found that sleep fluoroscopy identified 
sites of obstruction not recognized on direct 
laryngoscopy and bronchoscopy in 54% of cases 

a b c d

Fig. 13.3 MRI of obstructive sleep apnea. Sagittal static 
high-resolution MRI of patients with persistent obstruc-
tive sleep apnea (OSA) post-adenotonsillectomy. Each 
panel shows a patient with a specific cause of their OSA, 
which was identified by MRI.  The condition was then 

treated with the following procedures: (a) lingual tonsil-
lectomy, (b) partial midline glossectomy, (c) uvulopalato-
pharyngoplasty, and (d) revision adenoidectomy. 
(Courtesy of Alister Bates, PhD, at Cincinnati Children’s 
Hospital)
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and altered the course of treatment in 52% of 
cases [41].

In patients who have contraindications for 
MRI, such as those with hypoglossal nerve stimu-
lators or metallic dental work (which is MR-safe 
but yields image artifacts), fluoroscopy can be 
used as an alternative for assessment of airway 
dynamics. MR-incompatible devices such as nerve 
stimulators are becoming increasingly popular 
treatment options for patients with OSA, and fluo-
roscopy can reveal in-plane airway dynamics post-
treatment [42]. However, as fluoroscopy requires 
cumulative exposure to ionizing radiation, use of a 
fluoroscope cannot be justified solely by the sensi-
tivity of the test [43], and use of airway fluoros-
copy is decreasing in favor of other methods.

 Virtual Bronchoscopy

Virtual bronchoscopy is a technique in which the 
airway structure is digitally recreated from high- 
resolution 3D images. In current clinical practice, 
these images are usually generated via CT, 
although emerging MRI techniques may provide a 
nonionizing alternative for this technique (see 
Sect. Developments in Magnetic Resonance 
Imaging below). On virtual bronchoscopy, a read-
er’s viewpoint is placed within the airway, in the 
position where the endoscopic camera lens would 
be in bronchoscopy (Fig.  13.4). This viewpoint 
can then be moved along the airway, again as in 
bronchoscopy. Two techniques exist for displaying 
the airway: surface rendering and volume render-

ing. In surface rendering, the airway wall surface 
is digitally recreated where the image transitions 
from tissue to airway. When based on CT imaging, 
the transition can often be detected automatically 
due to the large change in Hounsfield intensity 
units between air and surrounding tissue. In vol-
ume rendering, each voxel in the image is repre-
sented in 3D space, with higher-intensity regions 
of the image (i.e., soft tissue) drawn opaquely and 
lower-intensity regions (i.e., air in the airway) 
drawn with more transparency. Therefore, the 
lumen is completely transparent, and placing the 
viewpoint inside the lumen reveals the first visible 
opaque region – the airway wall.

The primary function of virtual bronchoscopy 
is to present radiologic imaging in a format with 
which bronchoscopists are familiar. Virtual bron-
choscopies can reveal the branching structure of 
the major airways, stenoses [5, 10], obstructions, 
and airway abnormalities such as tracheal diver-
ticulum. However, each of these conditions is 
apparent directly from the radiological images 
[44–46], and the virtual bronchoscopy is not nec-
essary for diagnosis. Due to virtual bronchosco-
py’s reliance on the initial imaging, it can only 
render the behavior of the airway during imag-
ing: dynamic virtual bronchoscopy, comparison 
of the airway in inspiration and expiration, and 
breathing maneuvers such as induced coughing 
can only be performed if images of these behav-
iors were captured. Virtual bronchoscopy has 
been compared to flexible bronchoscopy in the 
diagnosis of pediatric tracheomalacia and was 
found to be specific, but not sensitive [47].

a b c

Fig. 13.4 Invasive and CT-based virtual bronchoscopy. 
Mild tracheomalacia in the middle and lower trachea of a 
pediatric patient are observed on both flexible bronchos-

copy (a and b, respectively) and also on virtual bronchos-
copy generated from high-resolution computed 
tomography (CT) images. (From: Su et al. [47])
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 Emerging Techniques

The ultimate goal of airway analysis is to detect 
the degree to which airway anatomy and motion 
affect each patient’s ventilation and work of 
breathing, and how this relationship changes with 
airway abnormalities. For example, understand-
ing how much a subglottic stenosis increases a 
patient’s work of breathing can inform the clini-
cal recommendation or rapidity of intervention. 
While current clinical imaging methods can pro-
vide useful information on airway abnormalities, 
they have limitations related to increased patient 
risks, nonrepresentative breathing conditions, 
lack of quantitative assessment, and lack of eval-
uation of airway function. Novel techniques for 
airway imaging are being developed that address 
many of the challenges of current clinical meth-
ods and may answer questions on airway func-
tion in a wide range of airway abnormalities.

 Developments in Magnetic 
Resonance Imaging

Recent imaging developments in MRI have allowed 
similar capabilities to that of airway CT, without 
requiring nonionizing radiation. Radial ultrashort 
echo-time (UTE) MRI is a technique widely used 
for pulmonary imaging in the research setting. By 
sampling the rapidly decaying pulmonary MR sig-
nal much earlier than conventional MRI (on order 
of <100 μs, compared with ~0.5–3 ms depending 
on magnetic field strength) [48], UTE MRI can 
yield images with resolution (~0.7  mm isotropic) 
and proton- density image intensity approaching 
that of CT [49–51]. The time-course of specific 
UTE MRI raw data also allows the physiologic and 
bulk motion of the patient during imaging to be 
assessed retrospectively. Using this information, 
data acquired while the patient was noncompliantly 
moving can be discarded and an image created 
without motion artifact, assuming a reasonable 
period of quiescent breathing [28]. Furthermore, 
diaphragm motion can also be detected using simi-
lar UTE MRI raw data, allowing retrospective 
respiratory gating of images from a scan acquired 
during tidal breathing. Using this technique, high-
resolution images show the patient’s typical airway 

structure at several instants throughout the breath-
ing cycle. UTE MRI has been used to quantitatively 
assess tracheomalacia in neonates with various 
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Fig. 13.5 MRI-based virtual bronchoscopy. Severe tra-
cheomalacia in the middle and lower trachea of a male 
infant with bronchopulmonary dysplasia (BPD) can be 
observed in the axial slices (top row, arrows), surface ren-
derings (second row), and virtual bronchoscopic views 
from high-resolution ultrashort echo-time (UTE) MRI, 
which does not require sedation or ionizing radiation. 
These MRI-based findings are comparable to those seen 
on invasive, sedated bronchoscopy (bottom row). 
(Courtesy of Jason Woods, PhD, Alister Bates, PhD, and 
Nara Higano, PhD, at Cincinnati Children’s Hospital)
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respiratory conditions (Fig.  13.5), obtaining good 
agreement with bronchoscopy [52], and for presur-

gical planning in patients with tracheoesophageal 
fistulas (Fig. 13.6) [53].

For some conditions, such as OSA, apneic 
events do not occur every breath, so it is neces-
sary to obtain real-time cine images of the airway 
dynamics. Real-time cine MRI techniques have 
been developed to obtain MRI at high temporal 
resolution (~ten images per second), on a limited 
number of slices [54]. Other techniques have 
combined static high-spatial-resolution MRI 
with high-temporal resolution 4D MRI (~three 
3D images per second; Fig. 13.7) to create virtual 
moving airway surfaces [55, 56].

 Geometric Airway Measurements 
from Imaging

Traditional radiological quantification of airway 
anatomy has been limited to the measurement of a 
few key distances, such as the lumen diameter or 
cross-sectional area in a stenosis. While these val-
ues are of value, there is growing recognition that 
the size and shape of the entire airway influences 
the airflow within, rather than just a local con-
striction or in a single imaging slice [57]. 
Therefore, automatic techniques that measure 
many aspects of the airway’s shape and size along 
the length of the airway have been developed.

To obtain accurate measurements of the size 
and the shape of the airway, the airway must be 
viewed perpendicularly to the lumen cross- 
section. This orientation can be difficult to 

Fig. 13.6 3D anatomical rendering of neonatal congeni-
tal tracheoesophageal defects. Oblique left-posterior view 
of a 3D body volume rendering (red) and a surface render-
ing of the tracheal and esophageal anatomy (blue) in a 
female neonatal patient with esophageal atresia/tracheo-
esophageal fistula. Several anatomical abnormalities are 
evident: the large proximal esophageal pouch, long nar-
row fistula between the lower trachea and distal esopha-
geal, and the severely compressed middle trachea. These 
3D renderings are generated from high-resolution ultra-
short echo-time (UTE) MRI, which does not require seda-
tion or ionizing radiation and offer novel anatomical 
visualizations that can inform surgical planning decisions 
prior to operative treatment. (Courtesy of Jason Woods, 
PhD, Alister Bates, PhD, and Nara Higano, PhD, at 
Cincinnati Children’s Hospital)

Fig. 13.7 3D cine MRI of obstructive sleep apnea. 
Midline sagittal slices through a 3D cine (or 4D) MRI 
image of an 11-year-old male patient with obstructive 
sleep apnea (OSA). A 3D image is captured every 0.32 s, 
and a panel is shown for four images throughout a breath. 
The motion of the airway as the patient breathes freely 

under sedation is indicated by the arrows. Red arrows 
indicate the motion of the epiglottis, green arrows show 
the different positions of the soft palate, and blue arrows 
show the changing patency of the trachea. (Courtesy of 
Alister Bates, PhD, at Cincinnati Children’s Hospital)
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achieve by viewing imaging slices alone because 
the airway curves from the nasal and oral airways 
into the pharynx and the descending airway may 
not be aligned with the axes of the images. 
Images can be reformatted to create off-axes 
images, although this can be time consuming to 
perform along the entire airway, and the airway 
may not maintain the same axis along its entire 
length. An alternative approach involves creating 
a virtual airway surface via segmentation or edge 
detection of the airway wall from high-resolution 
images. A centerline can be produced following 
the path of the airway, as is often done in analysis 
of vasculature [58]. The airway can then be 
assessed relative to its centerline, instead of an 
arbitrary imaging plane, producing a true cross- 
sectional area, which is invariant to the position 
of the patient in the scanner and airway curvature 
(Fig. 13.8) [57, 59, 60].

Using these techniques, it has been demon-
strated that airway curvature may play as signifi-
cant a role as airway constriction in contributing 
to patient symptoms, despite current clinical 
guidelines only considering the latter [57, 59]. 
Repeating these measurements on the 4D imag-
ing techniques used above allows analysis of how 

the airway size and shape change during a breath 
in dynamic conditions such as OSA and TM. For 
example, in neonatal TM, the ratio of the major 
and minor diameters has been found to be a 
strong indicator of tracheomalacia [52]. CT of 
patients with COPD revealed modest correlation 
between the area of the fourth and fifth tracheal 
branches and FEV1 measurements [61].

 Calculating Airway Function: 
Computational Fluid Dynamics

Both bronchoscopy and the imaging analysis 
techniques described in this chapter are visual or 
geometric assessments of the airway. These tech-
niques reveal the size and shape of the airway but 
cannot reveal how these factors influence airflow. 
In cardiovascular medicine, several techniques 
have been developed to analyze blood flow 
through its velocity (measured via phase contrast 
MRI) and pressures (measured via cardiac cath-
eterization). These imaging techniques cannot 
directly image the inhaled air since the flowing 
medium lacks sufficient density, but similar aero-
dynamic measures can be revealed by computa-
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surface is shown in gray, the airway centerline is shown in 
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Measuring the cross-sectional area of these luminal disks 
along the length of the airway produces a map of airway 
area. Repeating these measurements during different 
phases of breathing demonstrates the dynamics of the air-
way through breathing (airway area at end-inspiration and 
end-expiration in black and gray, respectively). (Courtesy 
of Alister Bates, PhD, at Cincinnati Children’s Hospital)
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tional simulations of airflow known as 
computational fluid dynamics (CFD).

CFD can reveal the behavior of air as it is 
inhaled and exhaled via calculating the physics 
equation governing airflow (the Navier-Stokes 
equations). It can calculate the breathing effort 
used to move air in and out of the lungs, the pres-
sures generated in moving the air, the forces that 
air pressure applies to the airway wall, and the 
transport of heat, water vapor, and inhaled toxic 
or therapeutic particles. This information can be 
used by clinicians to:

 1. Determine the contribution of airway abnor-
malities to patient symptoms. For example, in 
a patient with both lung and airway complica-
tions (such as infants with bronchopulmonary 
dysplasia, BPD), CFD can reveal the extra 
effort needed to breathe due to just the airway 
abnormality [57].

 2. Identify sites causing elevated airway resistance 
[62]. In OSA, it is common for patients to have 
multilevel obstruction. Using CFD, the local 
resistance at each of these locations can be 
mapped, and the cause of collapse at each loca-
tion determined. This analysis can aid surgical 
planning by identifying the sites at which surgi-
cal interventions will cause the most benefit. 
This may not be apparent from imaging alone, 
as resistance in one region of the airway may 
cause collapse in an entirely different region.

 3. Identify the causes of airway motion. For 
example, in OSA, some airway collapse is 
caused by low air pressure pulling the walls 
inwards (passive collapse), and other motion 
is caused by neuromuscular control [55, 56, 
63, 64]. These two different types of motion 
may require different treatment strategies.

 4. Particle inhalation can reveal deposition maps 
for inhaled therapeutic drugs; this can be used 
to determine the size and amount of particles 
necessary to obtain a certain dosage at a par-
ticular level of the airway [65–67].

An example of the clinical use of CFD was in 
the assessment of airway function in the first 
pediatric patient with a decellularized cadaveric 
transplanted trachea. The transplanted airway 

segment did not grow as rapidly as the host tra-
cheal segments, leading to an hour-glass-shaped 
trachea. CFD revealed that the patient’s breathing 
effort had doubled in the 4 years following the 
transplantation [62].

Although CFD offers the potential to provide 
clinically significant information, it requires 
accurate physiological and anatomic data in order 
to provide meaningful results. Historically, the 
computational power required for accurate simu-
lations was prohibitive; so, many simulations 
were based on simplifications from real physiol-
ogy and anatomy. For example, simple idealized 
airway geometries were used, steady flow rates 
were considered rather than reciprocating inhala-
tion and exhalation, and airflow turbulence was 
greatly simplified or ignored. As computational 
power has increased, CFD simulations are now 
capable of closely replicating in vivo conditions. 
To perform accurate CFD, a virtual airway sur-
face must be created that accurately follows the 
shape of the real airway. This is obtained by seg-
menting images of the airway, historically from 
CT, but new techniques for nonionizing, high- 
resolution 3D MRI can also now be used (such as 
UTE MRI; see above), providing the potential for 
serial studies of disease development and treat-
ment efficacy. The accuracy of the airway seg-
mentation can affect the results of the CFD 
simulation, with measures such as pressure drop, 
and airway resistance being particularly sensitive 
to changes in airway segmentation parameters. 
One study found that changing the CT image seg-
mentation threshold from −800 to −300 
Hounsfield Units changed the calculated unilat-
eral nasal resistance by 52% [68]. The phase of 
breathing and breathing maneuver during which 
imaging is obtained must be considered, as the 
airway shape may be significantly different dur-
ing a breath hold compared to vigorous inhala-
tion and likewise between a breath-hold and 
free-breathing. Such differences in airway shape 
may significantly alter findings from the CFD 
simulation. The location and extent of the airway 
coverage must also be considered. Airflow is 
affected by the flow upstream and downstream of 
any point of interest; therefore, if nasal airflow is 
of interest, the exterior face (where flow devel-
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ops) must be included in the virtual model [69], 
and if tracheal airflow is of interest, then the glot-
tis must be included [70, 71]. In addition to an 
accurate virtual airway surface, accurate breath-
ing flow-rate information must be provided to the 
model, and this can be obtained through a pneu-
motach worn by the patient during breathing, 
hot-wire anemometry, or by analyzing the change 
in lung volume [55, 56, 72, 73].

When considering airway conditions that 
involve significant motion, such as OSA or tra-
cheomalacia, this motion should be incorporated 
into the CFD model (Fig. 13.9) [74]. Two tech-
niques have been proposed: fluid structure inter-
action (FSI) and using prescribed wall motion 
obtained from dynamic imaging. FSI techniques 
model motion by calculating the deformation of 
the structures surrounding the airway based on 
their material properties, but to date, FSI simula-
tions have incorporated only passive airway 

motion [74–79]. However, in OSA, synchronous 
imaging and breathing measurements have shown 
that there is a significant degree of neuromuscu-
lar control governing airway collapse in addition 
to passive motion [63, 64]. The second approach, 
which incorporates real airway wall motion from 
dynamic images via image registration and pre-
scribing this motion to the virtual airway wall 
allows all forms of airway wall motion to be 
incorporated into the CFD simulation (Fig. 13.9) 
[55, 56].

Finally, airflow must be modeled appropri-
ately. During restful breathing, airflow may be 
laminar in the nose, turbulent in the subglottic 
region, and transitional elsewhere in the central 
airways [65, 67, 80, 81]. Flow may be modelled 
as steady (not changing with time), quasi-steady 
(allowing the internal flow to change with time, 
but the airflow rate is constant) or fully unsteady 
(as in a realistic breath). While the most realistic 

a b

Fig. 13.9 CFD simulations. Computational fluid dynam-
ics (CFD) simulation results in an 11-year-old patient 
with OSA. (a) Simulation results for airflow velocity at 
peak inhalation (upper) and peak exhalation (lower). The 
formation of high-speed jets can be seen in the orophar-
ynx and after constrictions as the airflow navigates the 

epiglottis and glottis. (b) The resistance to airflow per cen-
timeter of the airflow traversed. Regions of high resistance 
are highlighted in the retropalatal airway and hypophar-
ynx. (Courtesy of Alister Bates, PhD, at Cincinnati 
Children’s Hospital)
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computational model would allow for fully tur-
bulent, unsteady airflow, this may come at a high 
computational cost. As with the other simplifica-
tions and assumptions that can be made in CFD 
simulations, quicker approaches that provide the 
necessary clinical information may be adopted in 
preference to more realistic simulations that take 
much more time or computing power [80, 82].

 Limitations of Image-Based Airway 
Assessment

All imaging techniques are sensitive to the posi-
tion in which the patient is imaged and the phase 
of breathing during which images were obtained. 
Head position can change the interpretation of 
medical imaging and is sensitive to rotation and 
flexion in particular. A major disadvantage of 
imaging is that the position of the patient cannot 
be changed as easily as during bronchoscopy, 
where maneuvers such as jaw thrust may be per-
formed to gain an impression of the airway in dif-
ferent positions. In pediatrics, maintaining the 
correct position for the duration of imaging may 
be particularly challenging, and immobilization 
devices or sedation may be necessary in children 
below 4 years of age [26].

The different modalities discussed in this 
chapter also use various techniques to control the 
phase of breathing in which imaging is obtained, 
but standard techniques do not capture the air-
way’s behavior throughout natural breathing or 
through breathing maneuvers that may be induced 
during bronchoscopy, such as a cough.

 Summary

Radiological evaluations of central airway abnor-
malities in pediatrics can provide novel informa-
tion that is unique and beyond that acquired through 
bronchoscopic assessment. Current clinical prac-
tice frequently utilizes imaging modalities such as 
X-ray radiograph, CT, or MRI to noninvasively 
detect and assess static and dynamic airway condi-
tions. Emerging techniques have obviated some of 
the challenges of current imaging methods related 

to patient safety and natural breathing conditions, 
particularly in MRI, and also can yield functional 
information related to abnormal airflow, such as 
with CFD simulations. These CFD simulations can 
quantify factors such as breathing effort, pressure 
losses, the forces acting on the airway walls, and 
inhaled particle depositions. With a high level of 
safety and repeatability, modern imaging methods 
allow for serial monitoring of disease progression 
and response to therapeutic and/or surgical treat-
ment. Non-bronchoscopic tomographic imaging of 
the central airway has the potential to play a pivotal 
role in quantitatively assessing a wide range of 
pediatric airway conditions and in refining our 
understanding of how airway anatomy, motion, 
and airflow affect an individual patient’s ventilation 
and work of breathing.
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