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New technologies in airway management never cease to amaze me, and it is 
especially wonderful to be existed in a period when rapid medical advances 
are changing the clinical practice landscape with reassuring certainty and fre-
quency—having seen the world around me slowly transition from 2D to 3D 
imaging and even 4D in certain cases! It was only a matter of time before 
clinicians would find themselves needing 3D imaging on a regular basis.

In less than 10 years, virtual endoscopy and 3D reconstruction have spread 
all around the world, and the diffusion of this technique may be traced through 
the increasing number of published papers in the literature. I have personally 
kept in touch with the major advances in the field and have used virtual 
endoscopy for many of my patients. Having been in the field of airway man-
agement for 20 years, I can confidently attest to its robustness and efficacy in 
managing hitherto impossible to intubate patients.

From my experience and those of my colleagues, we have gathered a lot of 
knowledge and wisdom on the subject, and I am delighted to present the first 
edition of our book Virtual Endoscopy and 3D Reconstruction in the Airways.

While this book is mainly intended for anesthesia trainees and consultants, 
we believe it would be well suited for intensive care physicians, emergency 
physicians, radiologists, ORL-HNS surgeons, maxillofacial surgeons , pul-
monologists, paramedical staff, and medical students.

The content includes a brief review of the fundamental airway anatomy 
and moves onto radiologic and virtual 3D evaluation of normal and diseased 
airways. The discussion also deals with the use of this technology in oral, 
nasal, maxillofacial, and skull base surgeries. We also discuss about 3D vir-
tual endoscopy in ICU settings, augmented reality visualization in pulmonary 
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interventions, and implications of 3D printing on airway management. There 
is a section on challenging cases derived from real patient experiences in our 
hospital. The book ends with future perspectives and recommendations.

While we did our best to prevent any misinformation of any form, we 
would urge our readers to inform us of any such error, including spelling or 
contextual errors. We also would advise that this book certainly does not 
replace professional or expert guidance and consultation.

I am much thankful to my wife, sons, and daughter for their continuous 
help in all stages of this book.

I would also like to thank Dr. Hanan Mawlana for her constant support 
while editing this unique book and to all the participating authors for their 
contribution.

Thank you and enjoy your book!

Doha, Qatar� Nabil A. Shallik  
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Ever since the dawn of time, mankind has brought forth innumerable innova-
tions, and the medical field is a prime example. As a radiologist, I firmly 
believe that an image is worth a thousand words, as the saying goes, and this 
could not be more true with the advent of 3D reconstructions, volume render-
ing techniques, and virtual endoscopy (VE). In today’s world, it is difficult to 
imagine living without technology. Some of the newest innovations today 
were either in the realm of fiction years ago or were just a seed in someone’s 
mind, ready to evolve into something far greater.

Computer-aided diagnosis (CAD), coupled with VE, can inevitably aid in 
providing better healthcare.

3D printing can be done for difficult and complicated cases, as surgeons 
will have a physical model of the pathology to have a clear approach to proceed 
with the surgery, and can be a great tool to use when teaching junior colleagues.

Many people consider 3D imaging and VE as difficult tasks;  however, 
when well practiced, it is considered a great asset with limitless clinical value.

In some respects, the workstation of a radiologist is their own high-end 
video games console, just like Sony’s PlayStation 4 capable of rendering mil-
lions of high-fidelity imaging metadata,  as well as providing aesthetically 
pleasing and clear information.

I am inviting all our colleagues to practice the 3D imaging and VRT techniques 
which are considered fun with great clinical impact and value; please enjoy.

Doha, Qatar� Abbas H. Moustafa  
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Within a fast-changing world like ours, very detailed descriptions are often 
important. To get autonomous cars running perfectly, you need detailed maps 
and instructions to navigate the cars through a jungle of obstacles.

So too, the future of surgery lies with automatization; through automatiza-
tion, we seek to get a safe and stable product free of human error. Automatization 
provides potential to extract consistent and standardized information from 
patients, such as genetic profiles for pharmacokinetic modelling and dexterous 
robots as surgeons and anesthesiologists to be handled by experts of course! 
However, for automatization in anesthesiology, absolute accuracy and meticu-
lous detail of anatomy are needed, which would have to be even more precise 
than the detailed maps we need to drive autonomous cars. To make robots that 
intubate patients, we first need even more precise understanding and detail of the 
anatomy of the airway. This book can bring us to that future of automatization!

Let us start first by minimizing dangerous situations, such as “cannot intu-
bate/cannot ventilate,” which can be accomplished through better training 
programs, better tools, and better understanding of the airway.

Different angles from different specialists give us better understanding about 
the airway. A book about the anatomy of the airway is therefore essential.

Hopefully, all will read this book with pleasure. I congratulate every 
author for the effort they put in and the other editors especially Dr. Nabil for 
their patience and endurance.

Happy reading.

Doha, Qatar� Marco A. E. Marcus  
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The preparation of the Virtual Endoscopy and 3D Reconstruction in the 
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a privilege to have worked with all of the authors who are expert anesthesi-
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First and foremost, we would like to extend our gratitude to Mr. Samir 
R. Khiste, a radiology technologist who did a great job in 3-D reconstruction 
of our clinical cases. Also, we would like to thank Dr. Serag Kamel for edit-
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Introduction

Nabil A. Shallik

Medicine is an everyday progressing science, 
where health-care providers continue to enhance 
their knowledge and develop their skills. 
Moreover, technology has made the application 
of medical knowledge more versatile and widely 
available.

The combined use of knowledge and technol-
ogy has the power to improve health-care ser-
vices, which is not achieved by using the best 
technology but achieved by the excellent use of 
technology (Fig. 1.1).

The quote, “a picture is worth a thousand 
words,” refers to the notion that a complex idea 
can be conveyed with a single image, as it illus-
trates these meanings more effectively than any 
description can.

The goal of this book is to utilize all these 
concepts to emulate the above, to produce a 
textbook that simplifies complex topics and 
makes it relevant to students, trainees, anesthe-
tists, radiologists, intensivists, surgeons, and 
physicians.

1.1	 �Book Overview

The book adopts a concise, practical, and simple 
approach to all topics of discussion. Care has 
been taken to confirm the accuracy of the infor-
mation presented and to describe generally 
accepted practices.

The chapters in the virtual endoscopy (VE) 
and three-dimensional (3-D) sections were spe-
cifically written to simplify complex topics, 
extrapolate them to real processes, and apply 
them to relevant perioperative clinical situations.

Each chapter provides a list of additional com-
plementary topics that are available within the 
book, giving readers the opportunity to supple-
ment their knowledge of any given topic.

I strongly believe that this will appeal to all 
anesthetists seeking a practical guide in the man-
agement of airway. I sincerely hope that the prac-
tical nature and quality of this text will contribute 
to your learning and benefit patients in the ever-
growing field of anesthesia.
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Department of Anesthesiology, ICU and Perioperative 
Medicine, Hamad Medical Corporation, Doha, Qatar 
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1.2	 �How to Move Inside the Book

The initial chapters cover the review of the nor-
mal airway anatomy and normal airway evalua-
tion by 3-D and VE, including its radiology.

The core of the book addresses virtual endos-
copy (VE) and 3-D computer-assisted reconstruc-
tion of airway pathology. Additionally, it addresses 
nasal, skull base, oral, maxillofacial, and proto-
typing in head and neck surgeries. This book also 
highlights the perspectives of using augmented 
reality visualization in pulmonary interventions, 
complications, and interactive virtual endoscopy 
and 3-D reconstruction in ICU settings.

In the chapter dedicated to discussions of 
challenging and interesting cases, there is special 
emphasis on the appropriate use of technology to 
provide a better and safer way to diagnose and 
manage these conditions.

The last chapters describe 3-D printing and its 
implication in airway management. Research and 
future perspectives will help to guide the advance-
ment of this subject.

Each chapter is described by leading experts 
in their field, making this book an essential tool 
for every anesthesiologist, radiologist, surgeon, 
intensivist, chest physician, and other specialists 
concerned with airway management.

Application of this information in any particu-
lar situation remains the professional responsibil-
ity of the practitioner.

1.3	 �In Conclusion

The authors, editors, and publisher have exerted 
every effort to ensure that technique selections 
and reconstruction procedures in this text are in 
accordance with current recommendations and 
practice at the time of publication. However, with 
ongoing research, many changes will continue to 
happen.

We would like to finish our book with a quote: 
“knowledge sharing is the one the best thing a 
man can do for humanity.”

Fig. 1.1  Left sided image (thin man reviewing black and white TV for an airway image); the right one allowed him fat 
due to mind relaxation by the cououred LED TV supererb same image giving more detialed information; thanks for the 
techonology (picture is worth a thousand words)

N. A. Shallik
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Review of Upper Airway Anatomy 
and Its Clinical Application

Ahmed Zaghw, Nabil A. Shallik, 
Ahmed Fayed El Geziry, and Amr Elhakeem

2.1	 �Introduction

Airway management requires sound knowledge 
of the anatomy of the airway and its related struc-
tures. Understanding of the functional anatomy 
and the airway physiology under different clini-
cal conditions, is necessary to avoid catastrophic 
airway events. Multidimensional anatomical ori-
entation is essential when anesthetists or other 
health care providers are in the process of han-
dling the airway. This  chapter will cover the 
general airway anatomy, however detailed surgi-
cal anatomy is beyond the scope of this chapter.

2.2	 �Structural Anatomy

The upper airway anatomy from an anesthetist’s 
point of view can be described as two cavities. 
The nasal cavity and the oral cavity, which is 
separated by the hard-bony palate anteriorly and 
soft palate posteriorly. These two cavities unite 
posteriorly and inferiorly to form a common 
pharyngeal tube, which then further  downward 
encompasses  the laryngeo-tracheal and the 
pharyngeo-esophageal tubes.

2.2.1	 �Nasal Cavity

The nasal cavity refers to each of the two sides 
of the nose or the two sides as one. The front of 
the nasal cavity is the nasal vestibule and exter-
nal opening (the nares) while the back blends, 
through the choanae, into the nasopharynx. The 
nasal cavity has two walls (lateral and medial), a 
roof and a floor. The lateral wall is formed of 
three mucosal coverings, horizontal, bony out-
growths called nasal conchae or turbinates 
(superior, middle, and inferior), under which 
three meatus are formed respectively. Lateral 
wall contains the sphenoethmoidal recess, 
which lies above the superior concha and 
receives the sphenoidal sinus opening. The eth-
moidal sinus opens under the superior conchae. 
The frontonasal duct and maxillary sinus open 
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under the middle conchae. The  naso-lacrimal 
duct opens under the inferior conchae.

•	 The medial wall forms  the nasal septum, 
which is made of a number of cartilages ante-
riorly and bones posteriorly, which are muco-
sal covered.

•	 The roof of each nasal cavity is formed in its 
upper third by the nasal bone superiorly and 
inferiorly by the junctions of the upper lateral 
cartilage and nasal septum. The connective 
tissue and skin cover the bony and cartilagi-
nous components of the dorsum of the nose.

•	 The floor,  which also forms the roof of the 
mouth, is made up of the bones of the hard 
palate;  the horizontal plate of the palatine 
bone posteriorly and the palatine process of 
the maxilla anteriorly.

The nasal cavity is lined by mucosa of pseu-
dostratified columnar epithelium with the 
exception of the vestibule, which is covered by 
skin. The nasal cavity is  functionally divided 
into  two different segments;  the olfactory seg-
ment and the respiratory segment. The olfactory 
segment occupies the upper one-third and is 
lined by a specialized type of pseudostratified 
columnar epithelium, known as olfactory epi-
thelium, which contains receptors for sense of 
smell. This segment is located in and beneath 
the mucosa of the roof of each nasal cavity and 
the medial side of each middle turbinate.  The 
respiratory segment  occupies the lower two-
third and is lined by the respiratory epithelium, 
whose functions are filtration, humidification, 
and thermoregulation. 

The nasal cavity walls are supplied by five 
arteries, namely, the sphenopalatine, greater pal-
atine, superior labial, facial, and anterior eth-
moidal (branches of the external carotid artery) 
and posterior ethmoidal (branch of the internal 
carotid artery).

These branches of arteries anastomose with 
each other on the same side and on the contralat-
eral side, the most common site where they com-
municate is in the anterior part of the septum 
forming the Kiesselbach plexus, the most com-
mon site for nasal bleeding.

Nerve supply: The innervation of the septum 
and lateral wall originates from the Ophthalmic 
branch of the trigeminal nerve (V1) in the antero-
superior part and maxillary branch of trigeminal 
(V2) in the posteroinferior part.

2.2.2	 �Oral Cavity

The oral cavity spans between the oral fissure 
(opening between the lips) anteriorly and the 
oropharyngeal isthmus (opening to the orophar-
ynx) posteriorly. The teeth and their bony scaf-
folding forms the upper and lower dental arches 
that divides the oral cavity into the vestibule and 
the oral cavity proper. The vestibule is a horse-
shoe space bounded by the teeth and gingiva pos-
teriorly and the lips and cheeks anteriorly. It 
communicates with the mouth proper through the 
space behind the third molar tooth.

The oral cavity proper starts internal to den-
tal arches, from the maxillary and mandibular 
dental arches to end at the oropharyngeal isth-
mus, where the oropharynx starts. The oral cav-
ity has two borders, a roof and a floor, with the 
tongue filling a large proportion of it. The oro-
pharyngeal isthmus is formed by the soft palate 
superiorly, the palatoglossal arch laterally, and 
the posterior one-third of the tongue inferiorly. 
The roof of the oral cavity proper consists of the 
hard palate anteriorly and soft palate posteri-
orly. The floor of the mouth is formed of mus-
cles including the tongue, which is the main 
muscular organ of the oral cavity. The sulcus 
terminalis is a V-shaped shallow groove between 
the anterior two-thirds and posterior one-third 
of the tongue, delineating the boundary between 
the oral cavity and oropharynx. Muscles of the 
tongue are Styloglossus, Hyoglossus, 
Genioglossus and Palatoglossus known as 
extrinsic group in addition to overlapping verti-
cal, longitudinal and transverse muscles known 
as intrinsic group. The floor of the mouth is 
formed by a group of four suprahyoid muscles; 
Mylohyoid, Geniohyoid, Stylohyoid, and 
Digastric muscles (Fig. 2.1).

The arterial supply originates from the infra-
orbital arteries for upper lips and facial artery 
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branches for both upper and lower lips. The sen-
sory innervation is mainly trigeminal origin, as 
the upper lip is supplied by the  infra-orbital 
nerves of the maxillary branches (CN V2) and 
the lower lip is supplied by the inferior labial 
nerves of the mandibular branches (CN V3). All 
tongue muscles are supplied by the Hypoglossal 
nerve (CN XI), except Palatoglossus muscle 
which is supplied by the Vagus nerve (CN 
X). The sensory supply for the anterior 2/3 and 
posterior 1/3 is lingual branches from Trigeminal 
(V3) and Glossopharyngeal nerve (IX), respec-
tively. The taste sensation is supplied  in the 
same manner by facial nerve (CN VII) for the 
anterior 2/3 and Glossopharyngeal nerve for the 
posterior 1/3. 

2.2.3	 �Pharynx

The pharynx is a U-shaped fibromuscular tube 
that makes up the part of the throat situated 
immediately behind the nasal cavity, the mouth, 
and above the esophagus. It starts from the base 
of the skull and ends at the level of the sixth cer-
vical vertebrae “C6” (opposite to the lower end of 
the cricoid cartilage). It is divided into three 
parts, namely nasopharynx, oropharynx, and 
hypopharynx (laryngopharynx) (Fig. 2.1).

•	 Anteriorly, the pharynx has no complete ante-
rior wall, as it communicates with nasal cavity 
(choana), oral cavity (oropharyngeal isthmus), 
and laryngeal inlet.

Fig. 2.1  Anatomical sagittal section for the major ana-
tomical landmarks for the airway with delineation among 
the three parts of the pharynx “Naso—Oro—Laryngo 

pharynx.” The important muscles that hold airway patent 
are shown as those who hold the soft palate and tongue, 
thus keeping the retropalatal and retroglossal space patent

2  Review of Upper Airway Anatomy and Its Clinical Application
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•	 Posteriorly, the constrictor muscles merge to 
form the pharyngeal raphe, a longitudinal 
fibrous band on the posterior wall of the phar-
ynx. It is related to the first six cervical verte-
brae, and it overlies both the prevertebral and 
deep cervical fasciae.

•	 Laterally, the pharynx is fixed by the medial 
pterygoid plate, pterygomandibular raphe, 
mandible, lateral aspect of the tongue, hyoid 
bone, and thyroid and cricoid cartilages.

The pharyngeal wall is formed of four layers; 
inner mucosal layer, submucosal layer, muscular 
layer, and outer fascial layer.

	1.	 The mucosal layer starts from the ciliated 
columnar epithelium in the nasopharynx, then 
turns to a stratified squamous epithelium at 
oropharynx. The pharyngeal mucosa reflects 
over different muscular structures to form 
either arches “folds” or pouches “recesses”.

	2.	 The submucosa is a thin fibrous layer, except 
superiorly where it  get thick, when it merges 
with the pharyngobasilar fascia and in the oro-
pharynx,  to form the sheath surrounding the 
tonsils (palatine tonsils). The Waldeyer ring is 
a group of lymphoid tissues across different 
parts of the pharynx, starting from the most 
superior nasopharyngeal tonsil known as ade-
noids, then oropharyngeal palatine tonsils, to 
lingual tonsils at the base of the tongue.

	3.	 The muscular layer constitutes two main 
groups of pharyngeal muscles; longitudinal 
and circular groups. The three circular pha-
ryngeal constrictor muscles the superior, mid-
dle, and inferior pharyngeal constrictors. 
They stack like glasses to form an incomplete 
muscular circle as they attach anteriorly to 
structures in the neck. The circular muscles 
contract sequentially from superior to inferior 
to constrict the lumen and propel food into the 
esophagus. All pharyngeal constrictors are 
innervated by the vagus nerve (CN X). The 
three longitudinal muscles are the stylopha-
ryngeus, palatopharyngeus, and salpingopha-
ryngeus. They shorten, widen the pharynx and 

elevate the larynx during swallowing. All the 
six pharyngeal muscles decussate and unite 
with the muscles of the opposite side posteri-
orly to form the pharyngeal raphe. All 
together, they control swallowing and contrib-
ute to voice formation.

	4.	 The fascial layer is the most external fas-
cial  layer, that holds the pharynx to the 
pharyngobasilar fascia of the base of the skull 
“occipital and sphenoid bones”.

The motor innervation of the muscles of the 
upper airway including the palate, pharynx, and 
larynx may seem confusing because the termi-
nology and nomenclature of the nerve supply 
are different in various textbooks of anatomy. 
All muscles of palate, pharynx, and larynx are 
supplied by the vagus nerve (CN X) either by 
direct branches or by indirect branches from the 
pharyngeal plexus. With the exception of the 
tensor veli palatini and the stylopharyngeus 
muscle that are supplied by motor branches of 
trigeminal nerve (CN V) and the glossopharyn-
geal nerve (CN IX), respectively.  The pharyn-
geal neural  plexus is formed in the posterior 
pharyngeal wall at the level of the middle pha-
ryngeal constrictor, by contributions from motor 
branches of the vagus nerve, sensory branches 
of glossopharyngeal nerve, and vasomotor 
branches of cervical sympathetic ganglion. It 
should be known that the motor fibers in the 
vagus  nerve to the upper airway muscles are 
from the cranial root of the accessory nerve (CN 
XI) that joined the vagus nerve before exiting 
the cranium.

The sensory supply of the nasopharynx and 
oropharynx is mainly innervated by  the 
Trigeminal nerve (CN V) the Glossopharyngeal 
nerve (CN IX) however, the hypopharynx is 
innervated by the vagus nerve. The overlapping 
zones of the palatine tonsil’s pillars are inner-
vated by branches of the greater petrosal nerve 
of the facial nerve (CN VII).

The arterial supply for the pharynx is mainly 
from the pharyngeal branches of  the external 
carotid artery, maxillary artery, and the facial 
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arteries. The caudal portion of the pharynx is sup-
plied by the superior and inferior thyroid arteries. 
The venous drainage is through the pharyngeal 
venous plexus, which eventually ends in  the 
internal jugular vein.

2.2.3.1	 �Nasopharynx
It’s the  superior part of the pharynx, which 
starts at base of the skull and ends at the level of 
soft palate opposite the first cervical vertebrae 
C1. At C1, the buccopharyngeal fascia merges 
with pharyngobasilar fascia to fill the space 
between the superior constrictor and the base of 
the skull.

It continues anteriorly with the nasal cavity 
through the choanae and inferiorly with the oro-
pharynx through the pharyngeal isthmus. The 
isthmus is the space between the posterior wall 
of the pharynx and the free border of the soft 
palate, whereas the other lateral, superior, and 
posterior walls are rigid fibromuscular wall. The 
posterior wall contains the nasopharygneal ton-
sils as called “Adenoids”. The lateral wall con-
tains the cartilaginous lip of the Eustachian 
tube. The salpingopharyngeus muscle merges 
with the pharyngeal wall behind the lip of the 
auditory tube to form a mucosal reflection over 
the fossa of Rosenmuller. It is lined with the 
respiratory mucosal of ciliated pseudostratified 
columnar epithelium with goblet cells. Kindly 
review (Fig. 2.1).

2.2.3.2	 �Oropharynx
It is the middle part of the pharynx with mainly 
swallowing function. It starts from the soft palate 
at the level of C1 (pharyngeal isthmus) till it ends 
at the hyoid bone at the level of C3, where the 
hypopharynx starts inferiorly. The rigid posterior 
and lateral walls are continuation of the pharyn-
gobasilar fascia and the superior constrictor mus-
cle. The anterior and lateral walls are covered by 
a mucosal fold over the palatopharyngeus muscle 
(palatopharyngeal fold), which arises from the 
soft palate superiorly to form the oropharyngeal 
isthmus. Palatine tonsils are lymphoid tissue 
located in the tonsillar fossa (between the palato-
glossal and palatopharyngeal arches of the oral 

cavity). The remaining of the anterior wall is 
formed by the posterior one-third of the tongue 
with the lingual tonsils (lymphoid tissue at the 
base of the tongue) (Fig. 2.1). 

2.2.3.3	 �Hypopharynx
The hypopharynx is the inferior and narrowest 
part of the pharynx. It starts at the level of C3 
to end at the esophageal inlet opposite the lower 
border of the cricoid bone at the level of C6. At 
that level,  the mucosa folds to  form pyriform 
fossa on each side of the esophageal inlet.

Pharynx is a common site for airway collapse 
under different conditions. The retropalatal, ret-
roglossal, and retroepiglottic  are among the 
most vulnerable spaces for volume reduction. In 
the awake state, the airway patency relies on the 
pharyngeal dilator muscles; a group of muscles 
that antagonizes the airway collapsing forces. 
The  dilator  muscles include  the  tensor pala-
tine muscle, which opens the retropalatal space 
by pulling the soft palate away from the poste-
rior pharyngeal wall. The  genioglossus opens 
the retroglossal space by moving the tongue 
anteriorly. The muscles that open retroepiglottic 
space by moving the hyoid  bone forward, 
including;  the Geniohyoid, Sternohyoid, and 
Thyrohyoid muscles. The negative intraluminal 
pressure during inspiration in a spontaneously 
breathing adult could lead to airway  col-
lapse especialy if the nasal passages is blocked 
or  the upper airway is obstructed. Kindly refer 
to (Fig. 2.1).

2.2.4	 �Larynx

The larynx is a fibrocartilagenous tube  in the 
anterior compartment of the neck. Anchored 
superiorly by  the hyoid bone (free standing 
bone), allowing a wide range of movements and 
functions. It extends between C3 and C6, contin-
ues inferiorly with the trachea, and opens superi-
orly into the hypopharynx. All parts of the larynx 
are lined with ciliated pseudostratified epithelium 
except for the vocal folds, which are lined by 
nonkeratinized squamous epithelium.

2  Review of Upper Airway Anatomy and Its Clinical Application
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The boundaries of the laryngeal inlet include 
the following:

•	 Anteriorly by the Epiglottis and the posterior 
wall of thyroid cartilage down to the cricoid 
cartilage

•	 Posteriorly by hypopharynx (laryngopharynx)
•	 Superiorly by the interarytenoid folds, that 

forms the posterior commissures until the pos-
terior lamina of cricoid cartilage

•	 Laterally by Aryepiglottic fold until the inner 
side of cricoid cartilage

•	 The floor is formed by the Conus elasticus 
(the extension of lateral cricothyroid liga-
ments from the inner surface of the cricoid 
cartilage to the vocal ligaments)

Clinically, the larynx is divided into three 
regions: Kindly refer to (Fig.  2.2), that shows 
open posterior view of the larynx.

•	 Supraglottic region from the inferior surface 
of the epiglottis to the vestibular folds (false 
vocal cords)

•	 Glottis region contains vocal cords and is 1 cm 
below them. The opening or space between the 
vocal cords is known as Rima Glottidis, the size 
of which is altered by the muscles of phonation

•	 Subglottic region from the inferior border of 
the glottis to the inferior border of the cricoid 
cartilage

2.2.4.1	 �Cartilaginous Frameworks
It is made of six (6) cartilages, which are held 
together by a series of ligaments, membranes, 
and muscles. The cartilages are as follows:

•	 Three single cartilages, namely; Thyroid, 
Cricoid, and Epiglottis

•	 Three paired cartilages, namely; Arytenoids, 
Corniculates, and Cuneiforms

Fig. 2.2  Anatomical sagittal section for the major ana-
tomical landmarks for the laryngeal cavity starting from 
laryngeal inlet to tracheal rings. The right side (blue) 
shows the inner laryngeal cartilages connected by liga-

ments. The left side (red) shows the mucosal coverings 
over the laryngeal cartilages, ligaments, and membranes, 
forming different folds

A. Zaghw et al.
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Thyroid Cartilage
It is the largest cartilage made of two laminae, two 
borders, two notches (superior and inferior), and 
two posterior horns (superior and inferior). The 
laryngeal prominence is formed by the anterior 
fusion of the two laminae in the median plane. 
Internally, it is connected to the other laryngeal car-
tilages by membranes that get thickened to form 
ligaments. The inner lamina is also connected to 
the anterior wall and vocal process of the arytenoid 
cartilage to form vestibular ligament and vocal lig-
ament, respectively. It is connected superiorly  to 
the hyoid bone and inferiorly to the cricoid carti-
lage by thyrohyoid membrane and median crico-
thyroid ligament, respectively. The thyrohyoid 
membrane condenses medially to form the median 
thyrohyoid ligament and laterally to form the lat-
eral thyrohyoid ligament.

Cricoid Cartilage
It is a signet-shaped cartilagenous ring and the only 
complete ring of the larynx. The posterior lamina 
thicker and longer than the anterior one. It provides 
attachment for intrinsic laryngeal muscles and 
articulates with the arytenoid cartilage by cricoary-
tenoid joint. The anterior lamina is attached to the 
thyroid cartilage with cricothyroid membrane 
(CTM), an important landmark for emergency 
access to the airway  by cricothyroidotomy. The 
control of the cricothyroid joint offers gliding, 
rocking, and rotational changes of the vocal cord 
length.

Epiglottis Cartilage
It is a leaf-shaped cartilage that acts as a guard 
for the laryngeal inlet. As it is a movable flap-
like cartilage, it becomes stabilized by ligamen-
tous attachments to the surrounding structures. 
It is attached to the pharyngeal root “base” of 
the tongue, hyoid bone, thyroid, and arytenoid 
cartilage by glosso-epiglottic ligament, hyo-
epiglottic ligament, thyro-epiglottic ligament, 
and ayro-epiglottic ligament, respectively. The 
Valleculae are formed by a mucosal recess 
between the median and lateral glosso-epiglot-
tic ligament. During direct laryngoscopy, 
the Valleculae is the site of the laryngeal lift by 
the direct laryngoscopes.

Arytenoid Cartilage
It is two pyramidal-shaped cartilages with one 
apex, two processes, and three walls. The pro-
cesses include lateral muscular process and the 
anteromedial vocal process as an attachment 
for the vocal cords. The arytenoid cartilage lies 
on the posterior part of the larynx and articu-
lates with the superior border of the lateral sur-
face of the posterior lamina of the cricoid 
cartilage. The ayro-epiglottic fold is formed by 
quadrangular ligament attaching the apex of 
arytenoid cartilage to the epiglottis. In the ayro-
epiglottic fold, the corniculate cartilage is 
articulating with the apex of the arytenoid 
cartilage.

Corniculate Cartilage (Cartilages 
of Santorini)
It’s a horn-shaped elastic cartilage, located at the 
apex of each arytenoid cartilage.

Cuneiform Cartilage (Cartilages 
of Wrisberg)
These are two small, wedge-shaped elastic carti-
lage, placed on either side, in the aryepiglottic 
fold anterior to corniculate cartilages.

2.2.4.2	 �Laryngeal Muscles 
and Ligaments

Muscles
There are two groups of muscles: extrinsic and 
intrinsic. The extrinsic passes between the larynx 
and the surrounding parts, and the intrinsic is 
confined entirely.

Extrinsic Group
They connect  the laryngeal cartilages with 
the  surrounding structures. They support the 
position  of the larynx within the mid-cervical 
region and aid axial movements of the larynx and 
hyoid.

•	 Depressors of the larynx include Sternothyroid, 
Omohyoid, Sternohyoid, and Inferior con-
strictor muscles

•	 Elevators of the larynx include Thyrohyoid, 
Stylohyoid, Mylohyoid, Geniohyoid, 
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Hyoglossus, Genioglossus, and Digastric 
muscles

Intrinsic Group
They internally connect the laryngeal cartilages 
together, thus having respiratory and phonatory 
functions. It mainly changes the length and ten-
sion of the vocal cords as well as sizes and 
shapes of the Rima Glottidis. It includes the fol-
lowing; Cricothyroid, Thyroarytenoid, Posterior 
Cricoarytenoid, Lateral Cricoarytenoid, Trans
verse Arytenoid, and Oblique Arytenoid muscles. 
Most of the intrinsic muscles are attached to the 
arytenoid cartilage for its complex articulation 
and its critical attachment to the false and true 
vocal cord, except the Cricothyroid muscle, the 
only intrinsic muscle that lies outside the laryn-
geal cavity has not attachment with arytenoid 
cartilage. The Cricothyroid lengthens and tenses 
the vocal folds. The Posterior Cricoarytenoid 
abducts and externally rotates the arytenoid car-
tilages, resulting in abducted vocal folds, and it 
is the only muscle to do that function. The 
Lateral Cricoarytenoid  muscle adducts and 
internally rotates the arytenoid cartilages, 
increasing medial compression. The Transverse 
Arytenoid  muscle adducts the arytenoid carti-
lages, resulting in adducted vocal folds; oblique 
arytenoid, which narrows the laryngeal inlet by 
constricting the distance between the arytenoid 
cartilages. The Thyroarytenoid muscle “sphinc-
ter of vestibule” narrows the laryngeal inlet and 
shortening the vocal folds and lowering voice 
pitch. All muscles are innervated by branches of 
the Vagus nerve (CN X). All intrinsic muscles 
are innervated by the recurrent laryngeal nerve 
expect Cricothyroid muscle by external branch 
of the superior laryngeal nerve.

Ligaments
The vestibular fold “false cord” is formed by ves-
tibular ligament, which attaches the anterior wall 
of the arytenoid cartilage to the thyroid carti-
lage.  The vocal fold “true cord” is formed by 
vocal ligament, which attaches the vocal process 
of the arytenoid cartilage to the laminal junction 
of the thyroid cartilage. The laryngeal ventricle is 
a mucosal recess formed between the vocal fold 

and the vestibular fold. The fibroelastic mem-
brane of the larynx is formed by the quadrangular 
ligament superiorly and vestibular ligament 
inferiorly. 

2.2.4.3	 �Neurovascular Supply
All motor supply of the muscles is by the recur-
rent laryngeal branch of the vagus (CN X) except 
for the cricothyroid muscle.

The superior laryngeal nerve  is a branch of 
the vagus (CN X) divides into two branches as 
follows:

•	 The internal laryngeal nerve (sensory and 
autonomic): along with the superior laryn-
geal artery  penetrates  the thyrohyoid  mem-
brane to supply the sensory fibers to the 
laryngeal mucosa from the laryngeal vesti-
bule until the superior surface of the conus 
elasticus and the vocal folds.

•	 The external laryngeal nerve (motor): 
descends posterior to the sternothyroid muscle 
along with the superior thyroid artery. It then 
pierces the inferior pharyngeal constrictor to 
contribute to the pharyngeal plexus and con-
tinues to supply the cricothyroid muscle (the 
only muscle it supplies).

The recurrent laryngeal nerve injury will par-
alyze all laryngeal muscles it supplies, but the 
final positions of the vocal folds depend on its 
predominant site of injury.

•	 When the abductor muscles are affected, then 
it leads to a medial position, which affects 
breathing, necessitating an emergency airway 
access.

•	 When the adductor group of muscles is 
affected, it will end on a lateral position affect-
ing phonation.

•	 If the injury affects abductor and adductor 
muscles equally, then the fold will end on an 
intermediate position affecting both breathing 
and phonation.

2.2.4.4	 �Vascular Supply
The arterial supply of the upper portion is sup-
plied by the pharyngeal branches of the external 
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carotid artery, the maxillary artery, and the facial 
artery “palatine and tonsillar.” The superior thy-
roid and the inferior thyroid arteries supply the 
caudal portion of the pharynx.

The venous drainage is by the pharyngeal 
venous plexus that lies between the prevertebral 
fascia and the constrictor muscles and drains by 
the pterygoid venous plexus and the internal jug-
ular and facial veins. Excessive neck anteflexion 
and tight neck straps for ETT have been reported 
to cause laryngeal edema, necessitating intuba-
tion and respiratory support in the postoperative 
period.

2.2.5	 �Hyoid Bone

It is a U-shaped bone with a body and two 
horns, namely greater and lesser horns. With no 
bony articulation, it is anchored by the stylohy-
oid ligament to styloid processes and by the 
thyrohyoid membrane to the thyroid cartilage. 
It offers the origin for the intrinsic tongue mus-
cles and the attachment to the pharyngeal 
constrictors.

Clinical Pearls:
•	 The airway patency is a common term in air-

way management that refers to the ability of 
the airway passages to stay open so that venti-
lation and oxygenation could be carried on. 
The airway patency is an interaction of col-
lapsing forces and the protective dilatory 
mechanism including the structural and neu-
roprotective reflexes. The Retropalatal space 
“velopharyngeal space”  has been proven by 
MRI studies to be the main common site for 
airway obstruction under anesthesia/sedation 
in normal healthy adults’ images. The base of 
the tongue and epiglottis are the other sources 
of airway obstruction. Historically, the base of 
the tongue was thought to be the main reason 
for the obstruction of the airway under sleep, 
sedation, and anesthesia (kindly refer to 
Fig. 2.1).

•	 The Genioglossus muscle plays a major role 
in decreasing the tendency of airway to col-
lapse in obstructive sleep apnea (OSA) 

patients during the awake state. 
Electromyographical studies showed that 
OSA patients have significantly greater basal 
genioglossal muscle activity than age and 
body mass index (BMI) matched non-OSA 
subjects during wakefulness, suggesting that 
the compensatory mechanism to open the 
airway is exaggerated during awake state 
and is being lost during sleep, leading to 
oropharyngeal collapse [1, 2].

•	 In patients with  Obstructive Sleep Apnea 
(OSA), the pharyngeal volumes change due to 
either local factors such as mucosal edema 
and fat deposition in the lateral pharyngeal 
wall or depressed protective mechanisms as 
proven by CT and MRI studies [3–5]. The 
compressive effects of deposited fatty tissue 
around the pharynx therefore may increase 
upper airway collapsibility and possibly off-
set the effects of dilator muscles that maintain 
airway patency [6, 7]. The anteroposterior 
(AP) diameter in OSA patients is more prom-
inent than the transverse diameter, contrary to 
the normal condition. The continuous positive 
airway pressure (CPAP) is expected to 
increase the pharyngeal volume by increasing 
the transverse diameter.

•	 Deglutition  “swallowing” is a very complex 
mechanism that necessitates a lot of neuro-
muscular coordination. The pharyngeal isth-
mus closes by elevation of the soft palate to 
the posterior pharyngeal wall. The velopha-
ryngeal insufficiency (VPI) is a disorder in the 
closing mechanism of palatopharyngeal isth-
mus during phonation and deglutition due to 
either structural or neuromuscular disorders, 
which leads to nasal resonance phonation and 
nasal regurgitation.

•	 Laryngospasm is a protective glottic closure 
reflex that starts initially due to stimulation 
of the internal branch of the superior laryn-
geal nerve in the supraglottic region; how-
ever, repetitive stimulations could induce 
focal seizure in the laryngeal adductors 
innervated by recurrent laryngeal nerve. 
Other nerves have also been reported but 
with a lesser degree of closure, such as tri-
geminal and glossopharyngeal, can produce 
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a lesser degree of reflex glottic closure [8]. 
The reflex could be initiated by different 
stimuli such as saline, secretion, suctioning, 
or a foreign body. The reflex could be either 
transient or persistent, but usually it is 
aborted by developing hypoxia. Removal of 
the stimulus, deepening the anesthetic depth, 
or using even short-acting muscle relaxants 
are the most common techniques to abort the 
spasm.

•	 Supraglottic devices (SGDs) or laryngeal mask 
airways (LMA) are commonly used in modern 

anesthesia instead of classical tracheal intuba-
tion. The properly inserted LMA cuff is posi-
tioned over the inferior pharyngeal constrictor, 
and the tip is placed against the upper esopha-
geal sphincter at the lower border of the hypo-
pharynx (vertebral level of C6) (Fig.  2.3). 
However, because of its popularity and reliabil-
ity, malposition after insertion has been docu-
mented by many manikin and human studies, 
reaching around 50–80% of patients [9]. The 
tip of epiglottis has been confirmed to be dis-
placed over the bowl of the SGD in 50% in 

Fig. 2.3  Anatomical sagittal section for the most com-
monly used airway devices with its related anatomical 
landmarks. The three potential spaces for airway collapse 
are highlighted, namely retropalatal, retroglossal, and ret-
roepiglottic. Nasal airway and LMA could play a role to 
prevent the sedation-induced airway collapse. It also 

shows a diagram for a properly positioned LMA, facing 
the laryngeal inlet and sealing the esophageal entry. 
Serious and life-threatening airway problems such as ret-
ropharyngeal abscess, subglottic stenosis, laryngeal 
edema, and rare LMA-induced neuropathy are 
demonstrated
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fiber-optic studies or deflected in 80% to poste-
rior pharynx in CT studies [10, 11]. A malposi-
tioned SGDs could be clinically tolerated for 
short procedures; however, they can be a cause 
for significant leakage, airway trauma, obstruc-
tion, regurgitation, or gastric distension with 
mechanical ventilation (kindly refer to Fig. 2.3).

•	 Inappropriate LMA usage has been attributed to 
cranial nerve palsy, most commonly the recur-
rent laryngeal nerve, then the lingual nerve, a 
mandibular branch from the trigeminal nerve, 
and then a hypoglossal nerve. Excessive cuff 
inflation, >60 cm H2O, failure to measure and 
adjust the cuff pressure, and inappropriate size 
selection were all reported as leading causes for 
complications (refer to Fig. 2.3).

•	 Arytenoid subluxation (AS) and arytenoid dislo-
cation (AD)  are disorders of the cricothyroid 
joint that occurs mainly from traumatic intuba-
tion; however, other less common etiologies 
have been reported, such as a blunt external neck 
trauma, chronic joint disorders, and congenital 
musculoskeletal disorders. Both could be misdi-
agnosed with recurrent laryngeal nerve injury.

2.3	 �Summary and Conclusion

A profound knowledge of the airway is necessary 
for anesthesiologists to deliver safe anesthetic 
practice and manage better complicated airway. 
This chapter reviewed the airway anatomy, with 
main focus on the clinical relevance and its 
applied usefulness in airway management.
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Radiological Evaluation 
of the Airway: One-Stop Shop

Abbas H. Moustafa and Nabil A. Shallik

3.1	 �Introduction

The airway, which is an inherent curved anatomi-
cal complex matrix, makes the evaluation of its 
distensibility and the potential collapse a great 
obstacle and challenge for proper assessment. 
The aero-digestive airway is unique regarding its 
anatomical and functional perspectives. It is a 
common pathway for respiratory and digestive 
systems and composed of potentially collapsible 
air-filled space (especially its proximal portion) 
with epithelial lined musculocutaneous compo-
nents [1, 2].

Due to its wide range of anatomical variations, 
it is crucial to be fully aware of the detailed radio-
logical anatomy of the distinguished anatomical 
part of the body with many variants for better 
interpretation [3–5].

3.2	 �History

Before the era of computed tomography (CT), 
plain radiography, conventional tomography, and 
barium studies, as well as laryngography using 
water-soluble contrast have been employed for 
several years with numerous constraints in their 
clinical impact. First of all, the superimposition 
effect of the different anatomical structures in the 
plain radiography hinders the proper visualiza-
tion of the airway-related structures. This issue 
was partially solved by the introduction of the 
conventional tomography techniques at the 
expense of more radiation dosage given to the 
patient [1, 6, 7].

For decades, evaluation of the airways was 
extremely limited and was resorted to by plain radi-
ography in both anteroposterior and lateral views. 
It was quite limited due to the effect of superimpo-
sition of the overlying osseous, cartilaginous, and 
soft tissues. Laryngo-graphic evaluation using the 
positive contrast agent “Hytrast” was introduced 
into clinical practice for evaluation of the airways. 
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It was a relatively difficult examination for the 
patient in particular; local anesthetic is to be 
sprayed profusely into the larynx and pharynx in 
order to overcome the gag reflex, with potential 
risk of aspiration during the procedure and frequent 
cough that interferes with the quality of the exami-
nation and the patient welfare [6, 7] (Fig. 3.1).

Shortly after the advent of the conventional 
tomography procedure, the case became rela-
tively better. However, it entails the higher radia-
tion dose given to the patient in this particular 
precious part of the body containing several 
radiosensitive structures including the eye globes, 
eye lens, salivary glands, and thyroid gland [8].

After the introduction of the computed tomog-
raphy (CT) in 1979 by Sir Alan McCormick and 
Godfrey into the medical field and radiological 
evaluation, the situation has tremendously changed 
with better evaluation of the different segments of 

the airway; the surrounding soft tissues and vascu-
lar structures became more distinct and better 
evaluated. The evolution of computed tomography 
(CT) generations starting from the first generation, 
where the scanning time and the reconstruction 
time were significantly prolonged, passing through 
the slip-ring technology, and lastly with spiral/
helical and multidetector computed tomography 
(MDCT) further improved the status, and intro-
duction of the mega computers with more and 
more storage capacity made evaluation of the air-
way even easier and more elaborative [9].

Historically, CT scanning of paranasal sinuses 
and the neck region was done using separate direct 
axial and coronal scan acquisitions. But nowa-
days, these are acquired volumetrically using 
multi-detector CT scan machines (or spiral CT 
scan if multi-detector scanners are not available). 
Unenhanced thin volumetric axial images are 

Fig. 3.1  AP and lateral views of the larynx showing well delineation by Hytrast (positive contrast). This procedure 
(laryngogram) is now obsolete after the advent of CT. Arrow is pointing to the vocal cord level

A. H. Moustafa and N. A. Shallik
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acquired and reconstructed to thinner 0.625  mm 
axial images. From these axial images, multi-pla-
nar reconstructions (MPR) are done in sagittal and 
coronal planes at 1–2  mm intervals. Both high-
resolution bone and soft tissue algorithm recon-
structions in all three planes can be made to 
analyze the images. The imaging is performed 
with the patient in the supine position without any 
CT gantry tilt, and the field of view includes ears, 
entire maxilla, tip of nose, chin, and frontal sinuses 
to ensure compatibility with functional endoscopic 
sinus surgery (FESS) navigation software. A flat 
depiction of the 3-D data set called maximum 
intensity projection (MIP) can also be done by 
highlighting selected threshold limits [10].

This was accompanied by state-of-the art tech-
nology in computers and mega storage that opened 
the gate toward the era of three-dimensional imag-
ing field as well as virtual endoscopic studies. 
David Vining was the first person worldwide who 
introduced virtual bronchoscopy into clinical prac-
tice, and he presented his first presentation about 
virtual bronchoscopy at the radiological society of 
North America RSNA 1993 Chicago, USA, and 
after that, it was followed by the introduction of 
virtual colonoscopy, virtual angioscopy, etc., and 
lastly, the effect of virtual osteoscopy, which was 
introduced by the author with navigation into the 

compact bone substance and ended with the dis-
covery of the “calvarial butterfly” within the 
occipital bone between the internal and external 
occipital protuberance, which is considered as a 
“fingerprint” with unique criteria and features dis-
tinct for every individual adding to the criteria of 
Forensic Medicine and Anthropology [11–14] 
(Fig.3.2).

Evaluation of the airways is an extremely dif-
ficult task, and for several decades, it was heavily 
dependent on the clinical evaluation, which is 
extremely subjective, and Mallampati scoring 
and different measurement, which is beyond the 
scope of this chapter; so, it will be discussed in 
full detail in another chapter (V) within the con-
text of this book.

It is extremely important to evaluate the air-
ways, especially for those patients with suspected 
or anticipated difficult intubation, for instance, 
Mallampati score 3 or 4, and previous history of 
difficult intubation due to any reason, for instance, 
short neck with limited mobility or patients with 
severe facial trauma. Any congenital anomalies 
within the head and neck, limiting the opening of 
the mouth, probably due to lesions within the 
temporomandibular joint including dislocation or 
traumatic fractures, will also interfere with the 
easy intubation maneuver [15].

Fig. 3.2  (a) Virtual osteoscopy technique showing axial 
MDCT slice at the level of the occipital protuberance with 
the virtual endoscope in place. (b) Bone window setting 
of the bony calvarium (occipital bone) showing marrow 

within diploic space at the occipital region (orange arrow). 
The colored platen shows the four types of calvarial 
butterfly

3  Radiological Evaluation of the Airway: One-Stop Shop
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3.3	 �Multi-detector CT Evaluation 
of the Airway

Multi-detector CT scans of the head and neck 
proved to be of significant value and great impact 
in the evaluation of the airway from inside and 
outside perspectives.

Criteria and parameters of the airway MDCT 
evaluation include the following:

3.3.1	 �Coverage

The coverage area of the examination should 
be between the skull base superiorly down to 
the level of the tracheal bifurcation (Carina 
level) [16].

3.3.2	 �Radiation Dose and Potential 
Hazards and Dose Modulation

There is a large debate regarding the radiation 
hazards from using the CT in this vital and cru-
cial part of the body that contains many radiosen-
sitive organs and structures including the eye lens 
with potential hazards of early cataract, the thy-
roid gland as well as the salivary glands including 
the submandibular and parotids with determinis-
tic effects. The risk/benefit ratio should be the 
decision maker in such circumstances; besides, 
the modern technology in recent days with the 
development of many dose regulation and modi-
fication (radiation dose modulation) techniques 
helped a lot in reducing the radiation dosage 
without compromise upon the diagnostic quality 
of the resultant images [8, 17–21].

3.3.3	 �Special Instruction

3.3.3.1	 �Modified Valsalva Maneuver
As described above regarding the potential par-
tially collapsible airway track during rest and nor-
mal breathing, the simple trick of asking the 
patient to do a “modified Valsalva maneuver” is 
by asking him/her to have a very deep inspiration, 
hold it inside, and to get it exhaled slowly through 

a slit-like orifice from the lips with buffed cheeks. 
This will help in increasing intrathoracic pressure 
to as much as 80 mmHg and subsequently result 
in full distension of the collapsed airway fully and 
open the potentially under-filled different seg-
ments with air. The patient has to be trained for 
this maneuver prior to the CT exposure and make 
sure that he will obey the commands perfectly 
during the exposure time, which usually lasts for 
around 20–25  s at the maximum. It has a great 
impact to distend the potentially collapsible fibro-
muscular airways structures for better evaluation 
(Fig. 3.3). It will distend the valleculae, pyriform 
sinuses, the vocal cords, and the different seg-
ments of the airways, including the nasopharynx, 
oropharynx, and hypopharynx for better evalua-
tion and to depict any subtle or trivial pathologies, 
as well as obtain nice comprehensive (three-
dimensional) 3-D images in the reconstructions as 
well as the virtual endoscopy (VE). Not only that, 
but also it will prevent the patient from swallow-
ing, coughing, or deglutition, which may result in 
unavoidable motion artifacts that ultimately 
degrade the resultant 3-D images and VRT mod-
els as well as the VE [22, 23].

Glottis

Lungs

Diaphragm

Abdominal
Cavity

Rectal
Muscles

Valsalva Maneuver

Chest
Muscles

Fig. 3.3  Shows Valsalva maneuver and increased pres-
sure inside different body cavities (hand-drawn by the 
author)
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3.3.3.2	 �Gentle Neck Extension
A considerable neck extension is mandatory dur-
ing the patient’s intubation. Subsequently, it is 
important to evaluate the cervical spine integrity, 
alignment, presence or absence of fractures or 
subluxations and any pathology to give the anes-
thesiologist colleague a comprehensive data prior 
to the anesthesia procedure.

3.3.4	 �Evaluation of the Cervical 
Spine

Special attention should be paid to the patients 
with severe polytrauma for proper assessment of 
their cervical spine integrity. It is extremely dif-
ficult to clinically assess the cervical spine in a 
comatose or agitated post-traumatic patient with 
the potential risk of grave injury including 

atlanto-axial subluxation or dislocation, presence 
of cord compression with severe implication of 
the spinal canal due to traumatic pathology, etc. 
Not only that, but also the limited mobility which 
might be encountered due to associated ankylos-
ing spondylitis of DISH syndromes (diffuse 
idiopathic skeletal hyperostosis) of extensive 
ligamentous calcification, which might alter the 
manipulation of the head extension to open the 
airway during the intubation procedure (Fig. 3.4). 
The presence of instability of the cervical and 
proximal dorsal spine can be evaluated easily, 
especially by the application of the curved multi-
planar reconstruction protocol (C-MPR) as a 
post-processing procedure, and subsequently, 
evaluation of the level and extent of the pathol-
ogy can be easily depicted. The presence of exu-
berant osteophyte complexes can also be 
evaluated [24].

Fig. 3.4  Lateral views for the cervical spine; the left one showing radiographic evidence of ankylosing spondylitis and 
the right one showing DISH changes

3  Radiological Evaluation of the Airway: One-Stop Shop
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3.3.5	 �Teeth, Maxillary, 
and Mandibular Arches 
Evaluation

Evaluation of the Maxillary Arch and the 
Mandible Evaluation:

From the medicolegal point of view, it is very 
essential to assess the condition of the teeth prior 
to anesthesia maneuvers of tracheal intubation 
procedures; any loss of teeth, aspiration, or frac-
ture will be counted on the anesthesiologist or the 
attending Accident and Emergency (A&E) or the 
intensive care unit (ICU) physician. So, and from 
this point of view, curved MPR reconstructions 
of the maxillary arch as well as the mandible are 
done by obtaining orthopantomogram-like 
images (OPG-panoramic view) (Fig.3.5) (Movie 
3.1), and the details of the teeth integrity, lost 
ones, fractures or loss of the lamina dura, and 
integrity of the temporomandibular joints are 

obtained to check whether there is an element of 
dislocation or subluxation. All this valuable 
information can be obtained in a single-shot 
reconstructed image and subsequently will enrich 
the data provided to the physician colleagues and 
prevent any potential medico-legal negligence 
issues, which might supervene [25].

3.4	 �Post-processing Techniques

Evaluation of the airway using 3-D reconstruc-
tion with the resultant images will give more 
comprehensive evaluation for our colleagues in 
the other subspecialties, especially those dealing 
with the head and neck regions including the 
ENT, head and neck surgeons, and maxillofacial 
subspecialties, not only that but also our col-
leagues from ICU, anesthesia, and emergency 
departments. The anatomy of the resultant images 

Fig. 3.5  Shows orthopantomogram (left sided images) and OPG-panoramic views and VRT reconstruction (right sided 
images) from CT volumetric study MDCT
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is far easier to comprehend compared to those of 
cross section or the reconstructed coronal or axial 
images. Easy understanding of the magnitude 
and extent of the pathological entity will greatly 
impact the management with resultant better 
clinical outcome.

It is crucial to be familiar with the 3-D recon-
structed image anatomy in order to read the 
images faster and more precisely.

This includes the evaluation of the airway 
proper using tissue transparent projection (TTP) 
and volume-rendering techniques (VRT) protocols. 
These techniques are preset in most of the com-
mercially available workstations and could be even 
manipulated and modulated according to the clini-
cal scenarios and situation pre-requisite. The gen-
erated VRT and TTP models can elaborate the 
inner and outer surfaces of the reconstructed image. 
The surrounding osseous, soft tissue, muscular, and 
vascular structures are well demonstrated and sub-
sequently better perception of the anatomical rela-
tionship for the clinicians will help in better 
judgment and decision-making [10] (Fig. 3.6).

3.4.1	 �Evaluation of the 3-D Models 
in 360° Along Any Axis Freely

The resultant 3-D images can be demonstrated 
and displayed along any axis freely at 360°, fea-
tures that give more perspectives and hidden rela-
tions that cannot be appreciated by any other 
modalities (Movie 3.2).

3.5	 �Surface Rendering

Surface rendering provides a three-dimensional 
view of the surface structures by defining 
thresholds to determine the inclusion or exclu-
sion of pixels, which are the tiny elements 
forming a two-dimensional image. Voxel is an 
individual volume element or the smallest dis-
tinguishable volume part of a 3-D space, which 
merge to create the 3-D model, analogous to a 
2-D image formed by pixels [26]. The 3-D 
model is created by linking the contours of 
objects from one CT scan section to those in 

Fig. 3.6  TTP VRT tissue transparent projection of the airway AP and lateral projections; however, these reconstruction 
models can be projected easily and freely with 360°

3  Radiological Evaluation of the Airway: One-Stop Shop
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adjacent slices [27]. Segmentation is an inter-
mediate step in the process to transform the 
volume into a mesh of polygons, which are then 
transformed into the 3-D model by software 
[26]. The complex segmentation steps are usu-
ally semiautomatic [26, 27].

Surface-rendered structures can be subjected 
to shading techniques to highlight them further, 
and this is called surface shaded display (SSD) 
(Fig.3.7). Surface shading can be based on the 
orientation of the surface or the distance of the 
surface from the observer and can aid in the 
appreciation of the position of one structure rela-
tive to another [28]. Threshold ranges from −520 
to −200 Hounsfield units (HU) are used to avoid 
voxels denser than −500 HU. The thresholds of 
−250 and −400 HU can be used to optimally 
view the various sinonasal structures in healthy 
controls and those with sinonasal disease. Surface 
rendering has reduced definition and accuracy, as 
there could be data loss regarding the inner 
aspects of the objects under display [28–30].

3.6	 �Volume Rendering (VR)

Volume rendering is performed by software by 
casting rays from an observation point through 
the remaining part of the volume being visual-
ized. This observation point can be either out-
side the volume or from within it. Unlike the 
surface-rendering technique, which focuses 
solely on surface features, the volume-rendering 
technique also displays more 3-D information 
of the structures as if they are partially transpar-
ent by modifying the percentage of light ray 
within a voxel [26]. While the surface-rendering 
technique uses a set threshold, all the pixels are 
kept in memory in volume rendering and allows 
the acquisition of more information and 
increased detail [27]. The volume data itself is 
analyzed without the surface representation step 
of surface rendering. The quality of the final 
volume-rendered images depends on the quality 
of the original axial images like thinner slices 
and greater pixel image matrix [29] (Fig. 3.8).

Fig. 3.7  TTP-VRT 
frontal and lateral 
projection of the entire 
airway down to the 
tracheal bifurcation
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3.7	 �Vascular Evaluation

Evaluation of the related vessels, presence or 
absence of violation, displacement, or invasion 
is very essential. As their integrity, tear, partial 
injury, or leakage can be easily assessed by the 
CT and the advent of the reconstruction post-

processing facilities even get the job more eas-
ily to depict and characterize VRT images and 
virtual angioscopy can give more details and 
precise diagnosis.

Sometimes the mystery of some cases can be 
easily solved, for instance, the abnormal congen-
ital medial retropharyngeal course of the internal 
carotid artery presenting itself clinically as pul-
sating retropharyngeal mass lesion, which is well 
demonstrated on the reconstructed VRT image 
model (Fig.3.9).

The vascularity of lesions and presence of 
malignant circulation, arteriovenous malforma-
tion can also be easily judged [26–30].

3.8	 �Bone Subtraction Technique

Subtraction of the osseous bony framework 
helped much in more delineation of the under-
lying and related visceral structures and hollow 
organs notably the airway. However, fusion of the 
3-D images for both the reconstructed airway and 
the bones will give added value to the diagno-
sis as it will give information about the extent of 

Fig. 3.8  Volume rendering techniques (VRT) or shaded 
surface display (SSD) for a patient with destructive mass 
lesion within the right of the maxilla with related floating 
teeth. Soft tissue right sided neck swelling with related 
bizzare-shaped vessels is also noted

Fig. 3.9  Neck vessels including the common carotids and their bifurcation with retropharyngeal course of the internal 
carotid artery indenting and violating the airway (arrows)
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the lesions/pathology against a fixed anatomical 
landmark, that is, bony structure [26, 28, 30].

3.9	 �Virtual Endoscopy

Noninvasive imaging of the airways has made 
remarkable progress and impact in the past 
decade. The introduction of multi-row detec-
tor CT scanners has made it possible to acquire 
high-resolution images of the upper, central, 
and segmental airways within a short time. 
The CT data can subsequently be reconstructed 
into elegant and distinguished two-dimensional 
(2-D) reformation and three-dimensional (3-D) 

images, including internal virtual endoscopic 
(VE) renderings that closely simulate images 
from conventional endoscopy. Virtual endos-
copy (VE) is performed by reformatting the thin 
volumetric axial CT images into a 3-D model 
using any commercially available VE software, 
usually provided along with the CT scanner like 
in GE Advantage or Siemens syngo fast View 
workstations (most of our cases were carried 
out on that workstation) or even the open source 
commercially available ones including the 
RadiAnt® or Osirix®. The two principal methods 
of post-processing this 3-D volumetric data are 
surface rendering and volume rendering [26, 27, 
29] (Fig.3.10) (Movie 3.3).

Fig. 3.10  Virtual endoscopic projections at the level of 
the vocal cords showing the anterior commissure and true 
and false cords. Tracheal bifurcation is nicely demon-

strated. Supraglottic region with the aryepiglottic folds, 
pyriform sinuses, and the vocal cord are demonstrated. 
Tracheal view
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3.9.1	 �Flight Path Generation

Commercial VE software provides a navigation 
tool, the virtual endoscope, which is an optical 
electronic apparatus to dynamically navigate an 
organ lumen. The virtual endoscope allows the 
operator to “fly through” or “sail through” 
along different directions and positions within 
the 3-D anatomy of sinonasal cavities and its 
path demonstrated on the computer screen 
simultaneously in axial, sagittal, and coronal 
MPR images to make the orientation easier [13] 
(Movie 3.4).

3.9.2	 �Why Virtual Endoscopy?

It has more advantages compared to the conven-
tional one. It uses no local anesthetics; the resul-
tant images are comparable to that of the live one, 
no patient’s discomfort, gag reflex of vomiting 
and potential aspirations or laryngeal edema and 
spasm.

There are potential hazards of conventional 
endoscopy including bleeding, pneumothorax, 
hypoxemia, and aspiration until the effects of 
sedatives are alleviated. The risk of conventional 
endoscopy opens the gates for attempts to locate 
a new diagnostic risk-free tool, and VE is one of 
the developments in this field, which is consid-
ered a breakthrough, as it is giving similar find-
ings using minimally invasive and far safer 
techniques [12].

The following table summarizes the potential 
hazards of conventional endoscopy.

 � 1. �Systemic 
complications

 � 1. �Procedure related 
(vasovagal syncope, 
nausea/vomiting, 
aspiration, hypoxia, 
hypercarbia)

 � 2. �Medication related 
(sedative, nonsedative 
medications)

 � 3. �Comorbid illness 
(myocardial dysfunction/
arrhythmia, pulmonary 
insufficiency, elevated 
intracranial pressure, 
death)

 � 2. �Mechanical 
complications

 � 1. �Trauma (oropharyngeal, 
nasopharyngeal, glottic 
structure, vocal cord)

 � 2. �Bronchospasm/ 
laryngospasm

 � 3. Infection
 � 4. Atelectasis/decruitment
 � 5. Elevated airway pressure
 � 6. Hemorrhage

The virtual endoscopy has more advantages in 
getting perspectives that cannot be duplicated by 
any other means, for instance, visualization of the 
posterior nares and the Eustachian tube orifices 
(Fig. 3.11), visualization of the subglottic regions, 
and it can navigate and flythrough narrow seg-
ment areas where the conventional endoscopy 
cannot pass through it and subsequently give 
more valuable informative data that usually and 
ultimately change the management of the patients 
[13] (Fig. 3.11).

There are many techniques for generating the 
flight path during virtual endoscopy, including 
manual camera movement, semi-automatic path 
planning, and automatic path planning. In man-
ual camera movement, the position, field of view, 
and focal point of the camera are interactively 

V

ET

Post choana
with turbinates

Fig. 3.11  Unique virtual endoscopy view showing the 
posterior nares, vomer (V), nasal turbinates, and the 
Eustachian tube (ET) orifices. A projection that cannot be 
physically duplicated with the conventional endoscope

3  Radiological Evaluation of the Airway: One-Stop Shop
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changed by the operator, with software provid-
ing collision detection to keep the camera within 
the potential cavity of the lumen. In semiauto-
matic path generation (also known as key-fram-
ing), the operator specifies key path points 
having unique special and directional coordi-
nates and field of view, which are connected by 
cubic splines. The computer generates a continu-
ous interpolated flight path connecting the key 
views at the rate of 25-30 frames per second. In 
automatic path planning, the flight path is auto-
matically computed by software once an initial 
and one or more end points are specified by the 
operator, by computing the centerline of the 
imaged structure. The software program records 
the voxel coordinates of each key point in the 
specified shortest path to the goal end point and 
smoothens the path, avoiding the obstacles like 
sinonasal, nasopharyngeal, oropharyngeal, or 
laryngeal walls identifying those using ranges of 
threshold values. A typical flight path is planned 
through the air containing nostrils, nasal cavi-
ties, and natural drainage pathway and ostia of 
paranasal sinuses, like entering the maxillary 
sinus through hiatus semilunaris and the frontal 
sinus through frontal recess and then navigating 
to the oropharynx down to the trachea, passing 
through different segments of the airway. The 
soft tissue could be made transparent so as to 
visualize the underlying bony anatomy and pre-
operatively evaluate critical structures like 
carotid artery and optic nerve canals while dem-
onstrating the partially transparent nasopharyn-
geal margins. A nasopharyngeal reconnaissance 
could be included with the camera panning 
around the nasopharynx, turbinates and nares 
could be visualized much better than the clinical 
and indirect mirror examination by viewing from 
the posterior aspect of nasal septum and turbi-
nates, and various views of structures not ame-
nable to view in conventional endoscopy can be 
achieved. Furthermore, evaluation of the base of 
the tongue, uvula, tonsillar fossa, vallecula, pyri-
form sinuses, and laryngeal structures including 
the vocal chords, trachea, and carina is clear and 
more precise [31]. Automatic flight planning 
may not be always possible, and manual tech-
niques will have to be used if mucosal swelling 

prevents easily entering a sinus cavity [13] 
(Movie 3.4).

Commercial VE software come equipped with 
a navigation tool and a virtual endoscope. The 
VE allows an operator to “journey” through dif-
ferent directions and positions within the 3-D 
anatomy of the sinonasal cavities and visually 
demonstrated in axial, sagittal, and coronal MPR 
images simultaneously to make the orientation 
simpler [30, 32].

3.9.3	 �Limitations of VB

However, virtual endoscopy is less sensitive (till 
now) to visualize any superficial lesions. Also, 
there are few important limitations of VB; pres-
ence of retained mucus or blood can falsely be 
reported as tracheobronchial stenosis or foreign 
body; furthermore, the diameter of airway on the 
CT depends on the respiratory cycle; therefore, 
stenosis of tracheobronchial tree may be underes-
timated on inspiration, and it is very important to 
perform VB during expiration to assess stenosis 
of tracheobronchial tree, or in some cases such as 
tracheomalacia during both inspiration and expi-
ration. Obtaining images during both inspiration 
and expiration can be very challenging in exami-
nations of infants and children. Moreover, VB 
cannot be used to assess mucosa, perform biop-
sies, and therapeutic maneuvers. Additionally, 
VB does not show segmental and subsegmental 
part of tracheobronchial tree. Finally, it can be 
difficult or impossible to detect some dynamic 
airway lesions, such as immobile vocal cords.

3.10	 �Time Consuming

A great debate regarding the time required to 
obtain the 3-D reconstructed images and the VRT 
as well as the virtual endoscopy. I can say confi-
dentially in less than 10 min all the 3-D images 
can be obtained with a high quality, and of course, 
it will be less timed if practiced regularly that may 
reach maximum 5  min (kindly refer to Movies 
3.5–3.7 for different techniques), which is real-
time video recording from some of our cases.
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The examination was carried out on Siemens 
scanner 64 slice MDCT as per the attached 
above-mentioned protocol.

Software post-processing programs used in 
our series are as follows:

	1.	 Osirix® version 9.0 release for DICOM from 
Pixmeo for Mac OS

	2.	 RadiAnt® 4.6.9 free software available
	3.	 Advantage workstation for diagnostic imag-

ing from general electric (GE)
	4.	 The most commonly used one in our series 

was from Siemens GMBH Syngo fast View

3.11	 �Conclusion

Indications that need to be evaluated in the air-
way by the multi-detector CT technique should 
include the following:

	 1.	 Prior to anesthesia procedures, especially 
when difficult intubation is anticipated

	 2.	 History of difficult intubation patients
	 3.	 Laryngeal masses and the related airway 

evaluation
	 4.	 Cases with dysphagia
	 5.	 Trauma especially with facial implication as 

well as head and neck injuries including 
LeForte fractures

	 6.	 Oropharyngeal/nasopharyngeal masses
	 7.	 Stridor

	 8.	 Choking
	 9.	 Aspiration
	10.	 Suspected choanal atresia

After performing the MDCT examination as 
well as the post processing techniques, the fol-
lowing points should be addressed and thor-
oughly commented upon:

	 1.	 Airway (caliber, narrow segments including 
thorough evaluation of its sites, level, and 
quantitative assessment in mm regarding its 
caliber and length for those which is persis-
tent following the application of modified 
Valsalva maneuver)

	 2.	 Nasal septum, deviation, spur, masses, 
Chonecha bullosa, or significant mucosal 
thickening, antro-choanal polyp, or inverted 
papilloma

	 3.	 Posterior choana/nares (in children assess 
choanal atresia) whether it is primarily bony 
or membranous

	 4.	 Dental assessment (panoramic-like view) using 
curved MPR to create Orthopantomogram 
(OPG) absent teeth, loosening or loss of the 
normal lamina dura. Denture artificial teeth 
or loose implant/prosthesis

	 5.	 Temporomandibular Joint (TMJ) (ankyloses, 
dislocation, osteoarthrosis, osteomyelitis, or 
fractures)

	 6.	 Cervical spine assessment (C-MPR, 
Ankylosis, DISH, etc.)

3  Radiological Evaluation of the Airway: One-Stop Shop
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	 7.	 Abnormal elongated styloid process (Eagle 
syndrome)

	 8.	 Vessels (abnormal variants) and tumor 
vascularity

	 9.	 Goiter and retrosternal extension and its 
effect on the trachea whether it is compressed 
or displaced

	10.	 Tracheal caliber and deviation down to the 
carina and assessment for trachea-malacia if 
any

	11.	 Laryngeal airway and position of vocal cords
	12.	 Masses (soft tissue displacing/invading the 

airway)
	13.	 Correlation with Mallampati score and sug-

gestion of the oral versus nasal route for 
intubation

After fulfilling all the above-mentioned diag-
nostic criteria points, the MDCT scan of the air-
way is considered a “one-stop shop.”

3.12	 �Future Application

Using volumetric assessment of the airway, we 
were able to quantitatively and precisely evaluate 
the volume of air in cubic centimeters within 
both lungs, bronchi, and bronchioles, as well as 
the trachea, and it is to be compared to the tidal 
volume obtained from spirometry. However, this 
is still an ongoing research process. Moreover, a 
trial of obtaining pulmonary cast using the native 
air within the trachea and main bronchi is also 
ongoing.
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4.1	 �Introduction

Virtual endoscopy (VE) is a technique for creating 
computer simulations of anatomy from radiologi-
cal image data and viewing those simulations in a 
way that is analogous to conventional endoscopy. 
Progress in computer technology has generated 
many advances in noninvasive diagnostic imaging. 
For example, the advent of helical computed 
tomography (CT) has permitted the acquisition of 
volumes of CT data from which three-dimensional 
(3-D) images can accurately be extracted. VE uti-
lizes such 3-D images in real time to simulate the 
views obtained during real endoscopy [1].

The semitransparent, color-coded volume 
reconstruction offers the advantage that in addition 
to the endoluminal representation, the surround-
ing structures can also be assessed. Other major 

advantages of the virtual versus the fiber-optic 
endoscopy are their noninvasiveness, the possibil-
ity of passage of subtotal stenosis with assessment 
of the downstream airways, and navigational aids 
and retrograde view. Disadvantages are the lack 
of color rendering, lack of proper evaluation of 
the superficial mucosal lesions, and intervention 
possibilities. Compared to other forms of CT 
imaging, a virtual-endoscopically more realistic 
assessment of tracheobronchial stenosis is pos-
sible than with axial sectional images or multi-
planar reformation. As a complementary method 
to fiber-optic endoscopy, virtual endoscopy of the 
respiratory tract can be used preoperatively, prior 
to tracheostomy, stenting, or resection, as well as 
in the postoperative course assessment. Virtual 
endoscopy will increasingly be used as an assis-
tant in bronchoscopic and surgical procedures on 
the airways [2].

It is helpful to orient the image to correspond 
with a conventional endoscopic view. For 
example, nasal endoscopy is performed in a 
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face-to-face doctor–patient orientation. This is 
in contrast to bronchoscopy, in which the bron-
choscopist is usually positioned behind the 
patient, having the same right–left orientation. 
Labeling the CT virtual endoscopic images 
may be necessary for clarification; however, the 
key guide usually present on the right corner of 
the reconstructed image is the cornerstone for 
orientation and overcomes any misinterpreta-
tion regarding the site. Postprocessing requires 
approximately 10 additional minutes per exam-
ination; however, continuous training on the 
workstation and familiarity with the software as 
well as the 3-D imagination will ultimately and 
significantly reduce the time needed for 3-D 
reconstructions [3].

4.2	 �Techniques (for More Details 
Please Refer to Chap. 3)

4.2.1	 �Modified Valsalva Maneuver

This is a simple trick of asking the patient to do a 
“modified Valsalva maneuver” by asking him/her 
to have a very deep inspiration, hold it inside, and 
to get it exhaled slowly through a slit-like orifice 
from the lips with buffed cheeks. This will help in 
increasing intrathoracic pressure to as much as 
80 mmHg and subsequently result in full disten-
sion of the potentially collapsed airway fully and 
open the potentially under-filled different seg-
ments with air (Fig. 4.1).

4.2.2	 �Extension of Neck

A considerable neck extension is mandatory dur-
ing the patient’s intubation, and subsequently, 
special attention should be given to the patients 
with severe polytrauma for proper assessment of 
their cervical spine integrity as well as the 
cervico-cranial junction.

It is important to evaluate the cervical spine 
integrity, alignment, presence or absence of 
fractures or subluxations/displacement, and 
any pathology to give the anesthesiologist 
comprehensive data prior to the anesthesia 
procedure.

4.3	 �Normal Finding of VE

Please refer to (Movies 4.1, 4.2, and 4.3) from 
nose to carina.

4.3.1	 �Nasal Cavity and Variant

Virtual endoscopic evaluation through the nasal 
orifice can demonstrate the collumella, nasal ori-
fices, nasal cavities, inferior and middle turbi-
nates, meatus, osteomeatal complex orifice, nasal 
septum, and vomer (Fig. 4.2).

VE can evaluate the posterior nares (choana), 
inferior turbinates, vomer, and Eustachian tube 
orifices (Figs. 4.3 and 4.10).

4.3.2	 �Nasopharynx and Posterior 
Nares

CT virtual endoscopy of the normal nasopharynx 
from a posterior viewpoint provides a look at the 
Eustachian tube orifices in reference to the choa-
nae and nasopharyngeal walls, an area difficult to 
appreciate with conventional endoscopy.

Glottis

Lungs

Diaphragm

Abdominal
Cavity

Rectal
Muscles

Valsalva Maneuver

Chest
Muscles

Fig. 4.1  Valsalva maneuver and increased pressure inside 
different body cavities (hand-drawn by the author)
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Posterior choanal projection is an image that 
cannot be physically duplicated except by the 
VE.  Posterior nares (choana), vomer/posterior 
nasal septum, and Eustachian tube orifices are 
clearly visualized. Furthermore, evaluation and 
exclusion of the choanal atresia can be easily done.

4.3.3	 �Oropharynx Airway

4.3.3.1	 �Base of the Tongue, Vallecula, 
and Pyriform Sinuses

Aryepiglottic folds, pyriform sinuses, and vocal 
cords are seen (Figs. 4.4 and 4.5).

Fig. 4.2  Virtual endoscopy of nasal cavity

Fig. 4.3  (a) Unique view by virtual endoscopy showing the posterior vomer (∗), Turbinates (T), posterior nares (solid 
arrow), and the Eustachian tube orifice (ET). (b) Far View (?) image that cannot be physically duplicated

4  Evaluation of the Normal Airway Using Virtual Endoscopy and Three-Dimensional Reconstruction
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Fig. 4.4  (a): View showing (T) base of the tongue, (EP) epiglottis, and (V) Valecula. (b) View showing vocal cord 
(arrow) and (P) pyriform sinuses

TC

AC

FC

T

Fig. 4.5  Virtual endoscopy at the level of the vocal cord 
showing T, Trachea; AC, anterior commissure; TC, true 
cord; and FC, false cord

4.3.4	 �Vocal Cord Proper (Ventricle 
and False Vocal Cord) (Figs. 4.5 
and 4.6)

4.3.5	 �Trachea

Radiologists should be able to recognize the 
normal tracheal architecture and anatomic 
variants. In particular, normal structures such 
as the transverse aorta can indent the large air-
ways and need not be confused with extrinsic 
lesions when viewed endoscopically (Figs. 4.7 
and 4.8).

The trachea is usually 9–15  cm long in an 
adult and begins at approximately the sixth cervi-
cal vertebra, at the inferior border of the cricoid 
cartilage. The diameter of the trachea is typically 
2–2.5 cm. The trachea has two sections. The cer-
vical portion is superior to the thoracic inlet. The 
intrathoracic portion extends from the thoracic 
inlet to the bifurcation (carina). The trachea is 
supported anteriorly by 16–20 C-shaped rings of 
cartilage. In the posterior aspect, the trachea con-
sists of the pars membranacea. This membrane is 

flexible, allowing the trachea to change in con-
figuration during inspiration and expiration. The 
membrane normally bulges during expiration and 
coughing (Fig. 4.10).
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Fig. 4.6  Virtual endoscopy of the infraglottic region; the 
virtual endoscope is directed caudo-cephalic; image that 
cannot be physically duplicated by any other means 
including the real endoscope

Fig. 4.7  View via the vocal cords showing the trachea in 
depth

Fig. 4.8  (a) Virtual endoscopic evaluation inside the tra-
cheal lumen showing anteriorly the c-shaped cartilage and 
posteriorly the membranous part which is indented by the 

effect of the esophagus. The virtual endoscopy is identical 
to the real one (b)

4.3.6	 �Carina

At the level of sternal angle (T4–T5), the tra-
chea divides at the carina, a ridge formed by the 
downward and backward projection of the last 
tracheal ring, into the right and left main-stem 
bronchi (Figs. 4.9 and 4.10).

4.4	 �Technical Limitations

Asymmetry is a guide to pathology on endoscopy, 
but asymmetries on CT, particularly in the larynx, 
are most often caused by poor aeration [4, 5]. 
Because of this, virtual laryngoscopy has low 
specificity in evaluating mucosal lesions of the 
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Vocal Cords

Thyroid

Fig. 4.10  Different levels of virtual endoscopic images with the referred arrows to their perspectives

Fig. 4.9  Virtual endoscopy (VE) at the level of the carina 
showing the right and left main bronchi; kindly check the 
orientation index to have more right lower cube about the 

directions. (a) Normal video-endoscopic view and (b) 
Virtual endoscopic view

valleculae, pyriform sinuses, and larynx. 
Therefore, findings on virtual laryngoscopy 
should always be evaluated in the context of the 
original CT data set. The extent of airway com-
promise may be overestimated on CT virtual 

endoscopy when the airway is significantly ste-
nosed. The apparent degree of stenosis may vary 
with different tissue air threshold values. Lower 
threshold values increase the apparent stenosis, 
and higher thresholds can produce mucosal gaps. 
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This phenomenon is exemplified in the case of 
polypoid corditis, with different threshold values 
yielding different appearances of the pathology. 
The degree of glottic narrowing must be approxi-
mated with the source CT images. In this case, 
actual luminal compromise was estimated to be 
85% by conventional endoscopy. Therefore, 
threshold values should be tailored to reflect rela-
tive lumen size. This can be performed easily at 
the workstation by using the mouse to appropri-
ately “window” the threshold value of the 3-D 
image or by manually entering different values 
into the display options. This also applies to endo-
luminal lesions [4]. Note that mass lesion size is 
generally underestimated using CT virtual endos-
copy, and measurements should instead be made 
from 2D source CT data. To reiterate, the CT vir-
tual endoscopic images shown in this chapter 
were created retrospectively with no changes in 

routine departmental scanning protocols. 
However, in the evaluation of distal airway dis-
ease, advanced protocols such as cardiac gating 
and submillimeter collimation should be consid-
ered. Finally, we found no significant qualitative 
differences in CT virtual endoscopy images cre-
ated from the 16-MDCT scanner versus those 
generated from the 64-MDCT scanner [5].

4.5	 �Normal Finding of TTP 
(Tissue Transparent/ 
Transition Projection)

Tissue Transparent Projection or tissue transition 
projection (TTP) is one of the applications avail-
able on most of the commercially avilable work-
stations that allow visualization of underlying 
objects/anatomical structures through a transpar-

Fig. 4.11  Frontal and lateral projections of the generated 3D models using VRT with the overlying muscles and sub-
cutaneous fat as well as the details of the nose including its bony and nasal cartilage components

Fig. 4.12  Surface-rendering VRT technique for the 
skin architecture of the patient to give a 
comprehensive idea about the facial features of the 
patient without encroachment upon the patient’s 
privacy

4  Evaluation of the Normal Airway Using Virtual Endoscopy and Three-Dimensional Reconstruction
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ent overlying tissues. We have two images: One 
AP and the other lateral

TTP reconstruction image of the skin contour 
as well as the cartilaginous framework of the 
nose is demonstrated clearly using the VRT 
model (Figs. 4.11 and 4.12) (Movie 4.4).

4.6	 �Conclusion

In summary, the airway being of inherent curved 
anatomical complex matrix makes the evalua-
tion of its distensibility and the potential col-
lapse a great obstacle and challenge for the 
proper assessment. Aero-digestive airway is 
unique regarding its anatomical and functional 
perspectives. So, 3-D reconstruction and VE 
volume rendering of CT images of the airway 
can provide anesthetists with an alternative view 
of the airway in patients with normal and diffi-
cult airway management. This way of assessing 
the airway in a complex group of patients allows 
us to better appreciate how the pathology may 
affect safe airway management and appears to 
influence us into formulating safer airway 
planning.
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with Airway Pathology
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5.1	 �Introduction

The assessment and airway planning of patients 
with airway pathology can be challenging as the 
current bedside airway assessment tools are 
often inadequate due to their low sensitivity and 
specificity. Almost all of these patients would 
have had a multi-plane computerised tomogra-
phy (CT) of the head and neck as part of the 
diagnostic process. In addition to this, many 
would also have had a flexible nasal endoscopy 
with an associated hand-drawing by the surgeon 
or a still image in the notes. With three-dimen-
sional (3-D) reconstruction and virtual endos-
copy (VE) performed by either the radiologist, 
the anaesthetist or the surgeon on an Apple Mac 
workstation with easily available software such 
as OsiriX® and HOROS, an inside simulated 
view of the airway or the pathology can be 
obtained. This can then be utilised to formulate 
an airway management plan. Three-dimensional 
reconstruction of the patient’s head and neck 
anatomy gives a better understanding of how it is 
affected by pathology in and around the upper 

airway. This well-established tool has already 
shown its value in diagnosing intra-luminal 
lesions of the airway and bronchial tree, and 
there is now growing evidence demonstrating 
the benefits of this technology in visualising and 
mapping out an airway management plan in 
patients with head and neck pathology.

5.2	 �Assessment Tools for Airway 
Management

Predicting difficulty with mask ventilation, intu-
bation or both is notoriously challenging for the 
anaesthetist, lacking as we are in tests of suffi-
cient sensitivity and specificity to identify those 
patients at greatest risk.

These difficulties are more pronounced when 
attempting to plan appropriate airway manage-
ment for patients with airway pathology, where 
the disease state, or indeed its treatment, can 
introduce further challenges.

The Fourth National Audit Project (NAP4) 
[1], published in the UK in 2011, demonstrated 
that patients with head and neck pathology 
accounted for 40% of patients suffering from 
serious morbidity and mortality during airway 
management, with key features being a failure 
to adequately assess the airway preoperatively, 
or to adapt the best anaesthetic technique to suit 
the patient’s condition. In several cases, radio-
logical imaging was available prior to theatre, 
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which would have alerted the anaesthetist to the 
difficulty ahead if it had been reviewed appro-
priately. It was postulated that unfamiliarity 
with interpreting images such as CT scans may 
partly explain why this did not occur in some 
cases.

Many patients with airway pathology, for 
example neoplastic disease in the glottic region, 
are likely to need advanced airway management 
techniques such as videolaryngoscopy, awake tra-
cheal intubation or even a primary tracheostomy. 
NAP 4 highlighted several cases where patients 
were exposed to harm due to suboptimal airway 
management when an awake tracheal broncho-
scopic intubation or tracheostomy under local 
anaesthesia was indicated, but not performed 
first-line. An accurate judgement of which tech-
nique is most likely to result in the rapid, atrau-
matic and safe securement of the airway reduces 
the morbidity suffered by the patient, and the 
stress suffered by the anaesthetist.

Many organisations including the American 
Society of Anaesthesiologists (ASA) and World 
Health Organization (WHO) [2, 3] recommend a 
systematic airway assessment be performed prior 
to induction of anaesthesia, although consensus 
on what this should entail and the evidence that 
doing so improves outcomes, is lacking.

However, patients with head and neck pathol-
ogy by their very nature should arouse suspicions 
of difficulty with the airway, and tend to have 
undergone several relevant diagnostic investiga-
tions prior to surgery, which are of benefit to the 
anaesthetist planning the airway management.

Virtual endoscopy offers particular advan-
tages in such cases, utilising computer software 
to transform CT images of the head and neck 
into 3-D “fly-through videos” of the patient’s 
airway anatomy in a format familiar to the 
anaesthetist who practices flexible broncho-
scopic intubation. This allows the anaesthetist 
to determine preoperatively the degree of dis-
tortion and narrowing caused by any infective, 
inflammatory or neoplastic process and make a 
judgement as to whether ventilation and intuba-
tion can be performed in the asleep patient, or 
whether an awake technique utilising a flexible 
bronchoscope or tracheostomy is more appro-
priate. If flexible bronchoscopic intubation is 

deemed the technique of choice, the anaesthetist 
can plan the best route to take and can anticipate 
at which level of the airway difficulty may be 
encountered.

5.2.1	 Airway Assessment

The airway assessment of the patient with head 
and neck pathology begins as for any other 
patient undergoing anaesthesia, with a targeted 
history and simple bedside tests.

5.2.2	 �History

Important symptoms to illicit when taking a pre-
anaesthetic history for a patient with pathology in 
the airway include dyspnoea—on exertion, at rest 
or worsened by the supine position; dysphagia, to 
solids and/or liquids, and is coughing provoked 
which may suggest aspiration; voice change, such 
as hoarseness or weakness of the voice, or the 
“hot potato” quality suggestive of base-of-tongue 
lesions; difficulty with mouth opening due to pain 
or true trismus. The time scale over which symp-
toms have developed, and whether they are static 
or progressive is important. A more rapid progres-
sion will of course be expected in acute, infective 
pathologies of the airway as compared to those of 
a malignant process. If a patient’s dyspnoea or 
hoarseness has progressed since their last imaging 
or surgical review, one should be wary that this is 
likely to be accompanied by anatomical deteriora-
tion of the airway. A history of relevant treatment, 
such as previous head and neck surgery or radio-
therapy, is also very pertinent.

5.2.3	 �External Examination

A general external examination may yield infor-
mation about generic challenges for airway man-
agement, such as the presence of a beard or 
obesity. There may also be disease-specific signs, 
such as facial or neck swellings caused by infec-
tion, tumour or lymphadenopathy or a visible 
goitre. The classic woody texture and appearance 
of radiotherapy treatment may be apparent, along 
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with the scars and tissue flaps from previous sur-
gery. Patients with slowly progressive disease 
can appear deceptively lacking in symptoms, as 
their respiratory muscles adapt and compensate 
for the progressive narrowing of the airway; the 
severity of their airway obstruction may only 
reveal itself with the induction of anaesthesia and 
the resultant loss of skeletal muscle tone [4].

5.2.3.1	 �Mouth Opening, Inter-Incisor 
Gap and Mallampati

The ability to open the mouth is the most ubiqui-
tous component of the airway assessment, allowing 
the anaesthetist to gauge the ease of access for air-
way instrumentation. The inter-incisor gap (IIG) is 
the most reproducible measure of mouth-opening, 
with a distance of less than 3 cm being suggestive 
of difficulty with direct laryngoscopy [5]. Some of 
the more streamlined videolaryngoscope blades 
can be inserted with an IIG of 2 cm [6], and suc-
cessful insertion of supraglottic airway devices has 
been reported with an IIG below this [7].

With the mouth open and the tongue protruded 
maximally, the modified Mallampati score can be 
assessed. This compares the relative size of the 
tongue to that of the oral cavity, and a grading of 
1–4 assigned depending on the structures visible 
to the assessor sitting opposite to the patient.

A Class 1 Mallampati view means that the soft 
palate and entirety of the uvula are visible, while 
a Class 4 view means that only the hard palate is 
visible to the observer. In Mallampati’s original 
paper [8], 80% of those with a Mallampati Class 
1 view had a Grade 1 view of the glottis at laryn-
goscopy, with the remainder a grade 2 view, with 
higher Mallampati classes showing increasingly 
higher rates of poorer glottic visualisation. 
However, if used in isolation, the Mallampati test 
has been shown to be an unreliable predictor of 
the difficult airway with varied inter-observer 
reproducibility [9].

Performing a Mallampati assessment can be 
of value in patients with head and neck disease, 
as looking into the oral cavity can reveal the pres-
ence of an abscess, tumour or other soft tissue 
swelling. An inability to protrude the tongue can 
suggest disease process in the tongue base or sub-
mandibular space, which is a red flag for difficult 
laryngoscopy.

5.2.3.2	 �Jaw Protrusion and Upper Lip 
Bite Test

Difficult laryngoscopy is more likely in patients 
with retrognathic mandibles or prominent maxil-
lary incisors. An assessment of the patient’s abil-
ity to prognath the jaw will highlight either of 
these deficiencies and also assess the temporo-
mandibular joint. Jaw protrusion is defined as 
Grade A when the incisors of the mandible pro-
trude beyond those of the maxilla, Grade B when 
the incisors meet and Grade C when the maxil-
lary incisors protrude beyond the mandible. An 
alternative is to ask the patient to bite their upper 
lip and assess whether they are able to get above 
the vermillion border of the upper lip with the 
lower incisors. This test has shown variable sen-
sitivity and specificity for predicting difficult 
laryngoscopy when compared to the Mallampati 
assessment [10, 11].

5.2.3.3	 �Thyromental and Sternomental 
Distance

The thyromental distance (TMD) is the distance 
from the cephalad border of the thyroid cartilage 
to the mental protuberance of the mandible, with 
the head held in extension. The sternomental dis-
tance is that between the sternal notch and the 
mental protuberance. Distances of less than 
6.5 cm and 12.5 cm, respectively, are associated 
with difficult direct laryngoscopy. The World 
Health Organization advocates the combination 
of Mallampati with TMD as the most useful way 
of identifying patients at risk of difficult intuba-
tion [3]. A modification of the TMD by working 
out its ratio to the patient’s height has been shown 
to be more accurate than the TMD itself at pre-
dicting difficult laryngoscopy [12, 13].

5.2.3.4	 �Neck Movements
Assessing whether a patient can adequately flex 
the cervical spine and extend at the atlanto-axial 
joint indicates their ability to adopt the optimal 
position for mask ventilation and direct laryngos-
copy. It also allows an opportunity to assess the 
landmarks for cricothyroidotomy, and the ability 
to position the patient with full cervical spine 
extension should front of neck access be required 
electively or in an emergency. Previous radio-
therapy to the neck can have a detrimental effect 
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on the ability to flex the neck and palpate the nec-
essary cartilaginous landmarks.

5.2.3.5	 �Multivariate Scoring Systems
As each of the tests outlined above has limited 
specificity and sensitivity when used in isolation, 
various attempts have been made to combine 
these components together to form a scoring sys-
tem with a greater positive predictive value.

One of the first such scoring systems was the 
Wilson Score, which assesses the patient’s 
weight, cervical spine flexibility, inter-incisor 
gap, retrognathism and prominent maxillary inci-
sors [14]. The more unfavourable each compo-
nent, the higher the score it attracts. A total score 
below 5 is reported to be reassuring for 
straightforward direct laryngoscopy, while a 
score greater than 7 warns of severe difficulty.

5.2.3.6	 �Simplified Airway Risk Index 
(SARI)

A more recently developed system is the Simplified 
Airway Risk Index (SARI) [15]. Again, this uses a 
weighted scoring system, and the factors assessed 
are mouth opening, thyromental distance, 
Mallampati score, neck movements, prognathic 
ability, weight and history of previous difficult intu-
bation. However, a large, prospective Scandinavian 
trial detected no statistically significant change in 
the number of unanticipated or straightforward intu-
bations when the SARI tool was compared with 
non-standardised airway assessment [16].

With the limitations that these simple bedside 
tests have in identifying the potentially difficult 
airway, the importance of imaging investigations 
in the planning of airway management for patients 
with head and neck pathology is emphasised.

5.3	 �Imaging of the Airway

Preoperative investigations can assist the anaes-
thetist by confirming the presence of any patho-
logical abnormality detected during history and 
examination, and providing further information 
of the location and extent of disease. This allows 
us to make a more informed judgement as to how 
the airway pathology in question may impact on 
our ability to intubate, ventilate or both, and 
adjust our plan accordingly. The majority of air-
way investigations comprise some form of static 
radiological imaging, but some dynamic, real-
time assessment can also be obtained by flexible 
nasendoscopy (Fig. 5.1) (Movie 5.1).

X-ray can provide useful information for air-
way assessment. Soft tissue views of the neck are 
informative in cases of suspected foreign body 
inhalation, as they may confirm the nature of the 
object and the level and extent of any resulting 
airway obstruction.

A chest radiograph may offer further informa-
tion, such as distal airway obstruction or collapse 
and air trapping. A plain chest film may also 
reveal pathologies such as deviation or narrowing 

Fig. 5.1  Self 
demonstration of awake 
nasendoscopy
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of the trachea, which may prompt further investi-
gations such as nasoendoscopy or a CT scan.

A lateral c-spine radiograph, taken with the 
head in a neutral position, allows measurement of 
the distance between the C1 spinous process and 
the occiput. A distance less than 5 mm is sugges-
tive of intubation difficulty [5].

Information can be gleaned from orthopantomo-
grams (panoramic views) such as the presence of 
facial fractures. This can increase the likelihood of 
difficult mask ventilation and laryngoscopy due to 
the disruption of the anatomy and tissue swelling.

5.3.1	 �Ultrasound

The introduction of anatomical assessment with 
the help of ultrasound imaging in anaesthesia has 
been one of the more recent technological 
advances in this field. The increasing use of ultra-
sound has been accredited to its proven estab-
lished clinical efficacy, cost-effectiveness and 
practicality as it allows anaesthetists to evaluate 
often complex and varied anatomy.

Ultrasound imaging can contribute to ana-
tomical information that would otherwise not be 
evident on routine clinical screening tests for 
assessment of difficult laryngoscopy, e.g. thick-
ness of anterior soft tissue on the neck, oedema 
and tumours. One of the primary uses of ultra-
sound is for the identification of the cricothyroid 
membrane. Additionally, it is employed for the 
discovery of midline vessels in gauging suitabil-
ity for percutaneous tracheostomy. It also allows 
an assessment of vocal cord mobility.

Current literature suggests the novel use of 
ultrasound for predicting difficult intubation has 
been growing. Hui et  al. describe a method of 
imaging oropharyngeal and laryngeal structures 
by performing sublingual ultrasound on the floor 
of the mouth [17, 18]. This produces sagittal 
views permitting visualisation of the base of 
tongue, hyoid bone and suprahyoid muscles. 
They postulate that failure to visualise the hyoid 
bone may indicate difficulty with intubation, as 
this suggests a more caudal placement of the 
hyoid which can be caused by a relatively short 
mandibular ramus or a more hypopharyngeal 
position of the tongue. Oesophageal intubation 

can be easily determined by an ultrasound probe 
when placed 1 in. above the suprasternal notch, 
and the double trachea sign is easy to be seen and 
more diagnostic.

Ultrasound use has gained popularity; how-
ever, more extensive validation is required. 
Advantages of ultrasound imaging are as follows: 
it is safe; there is no use of ionising radiation or 
contrast agent; it is non-invasive, portable, widely 
available, painless and easily reproducible, and 
moreover gives real-time dynamic images. 
Although considered safer compared to other 
imaging modalities, exposure in terms of intensity 
and time should be limited as much as possible, as 
high-energy ultrasound can cause heating of the 
tissues. There is also a recognised learning curve 
for ultrasoud assessement of the airway, which 
requires training and practice to overcome.

5.3.2	 �Computed Tomography (CT)

Computed tomography scans have significantly 
enhanced the assessment of patients with com-
plex airway pathology. Joint discussion between 
the head and neck/ENT surgeon and radiologist 
aids the interpretation of images with regard to 
the source of pathology, staging of neoplasms 
and severity of any stenosis, or any subglottic/
retrosternal extension.

The CT scan, whilst providing extensive clini-
cal information and aiding in diagnosis, to the 
extent of pathology, carries certain risks to 
patients, namely, exposure to ionising radiation, 
allergy to contrast and deterioration of renal 
function in patients with poor renal function 
when contrast is used.

5.3.3	 �Magnetic Resonance  
Imaging (MRI)

MRI is useful for delineating soft tissue pathol-
ogy; however, the ability of many patients with 
multiple comorbidities to lie flat for prolonged 
periods can be a limiting factor for their use. The 
lack of radiation compared to CT scan is a huge 
advantage. Multi-planar reformations (MPR) in 
sagittal and coronal planes are more useful in 
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indicating stenosis, as well as the degree of air-
way distortion, and in delineating airway anat-
omy than individual coronal slice images [3].

5.3.4	 �Nasendoscopy

Nasendoscopy is versatile in the fact that it is 
generally well tolerated and can be performed at 
pre-assessment clinic, in the ward setting and 
before induction of anaesthesia (Fig.  5.1). It is 
performed using a small-diameter flexible nasen-
doscope, and allows the operator to visualise the 
upper airway anatomy and identify any 
abnormalities. As the patient is awake and spon-
taneously breathing during the procedure and 
retains the ability to phonate various sounds, nas-
endoscopy allows a dynamic assessment of the 
position and movement of the vocal cords.

The procedure is commonly performed as part 
of the patient’s assessment in the head and neck 
clinic, and the surgeons will usually document any 
pathology seen on a diagram in the patient’s case 
notes so that other clinicians can refer to it, although 
still images or video recordings can also be taken 
and stored for reference. It is highly beneficial for 
the anaesthetist to perform or be present at the time 
of nasendoscopy rather than rely on these methods 
of documentation, as this allows a fuller assess-
ment of the patient’s upper airway anatomy and the 
ease with which a view of the glottis can be 
obtained with a flexible bronchoscope [19]. The 
procedure provides information on the bearing that 
a lesion will have on direct laryngoscopy, fibre-
optic intubation, intubation and even direct tracheal 
access, and this information can be assimilated into 
the airway plan (Movie 5.1).

5.3.5	 �Radiographs

5.4	 �3-D Reconstruction 
and Virtual Endoscopy 
and Applications in Airway 
Pathology

In obstructing airway pathology, the assessment 
of the airway beyond what can be seen on exami-
nation is difficult, and therefore, advanced imag-

ing can be helpful. Often nasendosopy is 
performed if tolerated and is a valuable tool in 
understanding the degree of airway compromise. 
In most cases, a CT scan of the head and neck 
will be performed; this provides extra informa-
tion for the surgeon and the anaesthetist. Viewing 
of airway pathology on two-dimensional imaging 
such as CT slices and making an accurate identi-
fication of the size and location of the pathology 
can be a challenging task for the anaesthetist.

Modern post-processing software techniques 
such as 3-D volume rendering provide added 
diagnostic value to two-dimensional CT scans 
[20, 21]. Sharing the 3-D images enhances com-
munication amongst clinicians and also improves 
procedural planning. The software tools are 
available to radiologists but often underutilised 
as they are slightly more time consuming and not 
all radiologists are familiar with them. Also the 
additional reconstruction is often not routinely 
requested. With newer software such as OsiriX® 
and Horos, the reconstruction has become easier 
and available to specialists outside radiology. The 
usefulness in the diagnostic process and airway 
management has been shown in the literature 
[22]. Virtual endoscopy and 3-D reconstruction 
also enhance communication amongst different 
specialities such as ENT and head and neck sur-
geons, radiologists, anaesthetists and also possi-
bly the patient. It is important to understand that 
VE and 3-D reconstruction of the airway do not 
provide new information to the original CT scans 
but rather a complementary way of viewing the 
same data set. All the images and movies at our 
centre are created using the Osirix software 
(Osirix Viewer 9.5, Pixmeo Sarl, Bernex, 
Switzerland). Other software such as Horos 
(Horosproject.org, Nimble Co. LLC d/b/a 
Purview in Annapolis, MD, USA) and RadiAnt 
(Medixant 2009) used by the radiologists are 
equally accurate.

5.4.1	 �3-D Reconstruction

3-D reconstruction of the air–tissue interface is 
another application of post-processing software. 
This external 3-D rendering creates a 3-D model 
of the air-filled spaces that can be rotated in every 
direction and exported as an image (Fig. 5.2) or a 
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movie format (see Movie 5.2). Pathology within 
the airway or external lesions can be visualised 
by showing a narrowing of the air-filled spaces 
(Fig. 5.2).

With these techniques, subglottic lesions and 
abnormalities such as deviation of the trachea 
and long narrow stenosis can be appreciated 
better than those with a 2-D format or even vir-
tual endoscopy.

5.4.1.1	 �Example
The three-dimensional aspect of an airway 
tumour can be better appreciated in the movie 
format. The extent of the obstruction of this ade-
noid cystic supraglottic tumour is shown in 
Movie 5.2 in the linked video files.

5.4.2	 �Virtual Endoscopy

Virtual endoscopy is another application of 
volume-rendering techniques whereby a virtual 
camera can be moved inside a hollow organ lumen. 
In airway assessment, this can be done in a similar 
way to moving a flexible bronchoscope through 
the patient’s airway and down into the trachea. A 
focal point, which can be moved in every direction 
through the lumen, determines the pathway. 

Several points are saved and computed to create a 
movie that can be viewed and shared. The advan-
tage of VE in addition to conventional airway 
imaging is that it is non-invasive whereas flexible 
nasendoscopy is therefore not always tolerated by 
the patient. Also, VE does not require any addi-
tional radiation, as the CT scans are already part of 
the diagnostic process. By visualising the airway 
from the inside and thereby simulating an awake 
flexible bronchoscopic examination, the airway 
management can be planned in advance. Also, the 
virtual camera can move beyond the vocal cords 
and establish a retrograde view in a downward to 
upward direction.

5.4.2.1	 �Clinical Applications of VE
Virtual simulation training has good evidence as 
a tool to improve technical skills in the training of 
physicians [23, 24, 25].

NAP 4 has shown that patients with pathology 
of the head and neck have a higher proportion of 
complications during airway management as 
well as more severe complications than any other 
patient cohorts [1]. The evaluation and the subse-
quent airway management plan tend to be more 
challenging in patients with obstructing airway 
lesions [26]. As mentioned above, the usual 
methods of clinical airway assessment can be 

Fig. 5.2  3-D 
reconstruction of the 
air-filled spaces (d) from 
sagittal (a), axial (b) and 
coronal (c) views of the 
CT scans. Obstructing 
transglottic lesions show 
the severe narrowing of 
the trachea (e)

5  Virtual Endoscopy and 3-D Reconstruction in Patients with Airway Pathology



46

misleading or falsely reassuring or in fact be 
influenced by the airway pathology such as a 
dental abscess causing poor mouth opening.

Airway pathology can involve one or several 
parts of the supraglottic, glottic and subglottic 
larynx, and correctly pinpointing the location and 
extent of the lesion can be difficult for most 
anaesthetists [26, 27]. Advanced imaging of the 
airway such as helical CT scans or MRI can help 
to visualise the obstructing airway pathology 
(OAP). When available and performed close to 
the time of surgery, flexible nasendoscopy evalu-
ation of the airway can change airway manage-
ment [19]. Nasendoscopy is routinely done by 
the otolaryngologists if tolerated by the patient, 
but it is not always available to the anaesthetist. 
Also, the small calibre nasal endoscope can be 
passed after topicalisation of the nose to visualise 
structures down as far as the vocal cords and not 
beyond, and is not always available in theatre.

Other than nasal endoscopy, CT scans or MRI 
of the head and neck needs to be reviewed. 
Because of the two-dimensional aspect of these 
images and the way they need to be reviewed, it 
is not always easy to clearly identify the level of 
the obstructing airway pathology and quantify 
the impact onto the airway patency, especially by 
practitioners who have not been formally trained 
to do so. The endoscopic view of the airway is a 
view that anaesthetists are more familiar with as 
done during standard laryngoscopy, video-
laryngoscopy or awake tracheal intubation using 
a flexible bronschoscope. Virtual endoscopy pro-
vides such a view of the airway from the patient’s 
CT scans with no extra radiation as these images 
will have already been obtained during the diag-
nostic process. These virtual endoscopy views 
have been shown to accurately represent intralu-
minal lesions [28–37] and in fact are used in 
other specialities such as radiology and thoracic 
surgery to diagnose pathology in head and neck 
and the bronchial tree. More recent evidence 
shows that having virtual endoscopy views in 
addition to CT images improves the anaesthe-
tist’s diagnostic accuracy [22]. It has also been 
shown that they influence the airway plan. In the 
study by El-Boghdadly et  al., the changes that 
were made to the airway management plan after 

viewing the virtual endoscopy video were mostly 
to a more cautious approach and that was not 
dependent on the anaesthetist’s level of experi-
ence with managing patients with OAP.

5.4.2.2	 �Example 1
This is an example of a glottic tumour involving 
the arytenoid cartilages. In Movie 5.3, the glottic 
tumour can be seen (Figs. 5.3 and 5.4).

5.4.2.3	 �Example 2
This is an example of a large supraglottic obstruct-
ing airway pathology arising from the right val-
leculla and pushing the epiglottis over to the left. 
The similar appearance of the large smooth-sur-
faced lesion wrapping around the epiglottis and 
obstructing the laryngeal inlet can be seen on the 
image taken from the flexible bronchoscopic air-
way assessment (Fig. 5.5) as well as from the vir-
tual endoscopy (Fig. 5.6). In the VE video (Movie 
5.4), a patent pathway can be seen beyond the 
lesion, which favours a possible awake tracheal 
intubation using a flexible bronschoscope.

5.4.2.4	 �Example 3
The following example is a patient with a base of 
tongue tumour and the abnormally shaped epi-
glottis can be seen on the movie (Movie 5.5) as 
well as on the images (Figs. 5.7 and 5.8).

Fig. 5.3  Hypopharynx cancer involving the arytenoids as 
seen during awake tracheal intubation using a flexible 
bronchoscope
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5.4.3	 �Limitations of VE and 3-D 
Reconstruction

One of the limitations of VE and 3-D reconstruc-
tion is that it is based on static CT images in a 
supine position. In some cases, the supine posi-
tion results in collapse of the airway and thus can 
give an appearance of the airway that is worser 
than it actually is. Also, it would be difficult to 
obtain a full VE run through down to the trachea 
if parts of the airway are collapsed, and there is 
no actual lumen for the virtual camera to go 
through. 3-D reconstruction of the air-filled 
spaces will still be possible but might give the 
impression of a more severe narrowing of the air-
way. This could be overcome by manoeuvres 
such as Valsalva or blowing through a straw dur-
ing the CT scan, which is done in some institu-
tions [38].

Fig. 5.4  Virtual endoscopy view 9 (d) of the epiglottis, vocal cords and arytenoid masses (e). The sagittal (a), coronal 
(b) and axial (c) views show the virtual camera position as a pink dot

Fig. 5.5  Flexible bronchoscopic view of a large supra-
glottic mass lateral and posterior to the epiglottis. The 
epiglottis is seen on the right of the image
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The CT images are not always taken just 
prior to surgery and anaesthesia induction; 
therefore, caution should be taken in case the 
obstructing airway pathology has worsened or 
even improved.

Another limitation is the availability of the 
appropriate software and hardware as well as 
the CT scans. Radiologists can upon request 
reconstruct VE videos and a 3-D model of the 
air-filled spaces using the hospital’s hardware 
and software and accessing the scans through 
the Patient Archive and Communication 
System (PACS). The downside of that is that 
radiologists do not always know what the 
anaesthetist is looking for to plan the airway, 
and some communication between specialities 
is required.

Fig. 5.6  Virtual endoscopic view (d) of a large exophytic 
lesion (f) arising from the right vallecula and pushing the 
epiglottis (e) over to the left. On the sagittal (a), coronal 

(b) and axial (c) views the virtual camera position can be 
seen as a pink dot

Fig. 5.7  Fibre-optic view of the epiglottis, which shows 
thickened edges, and some narrowing of the epiglottis is 
seen

I. Ahmad et al.
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OsiriX® viewer and HOROS is a computer 
software program for Apple computer systems 
and that can be used to view Digital Imaging and 
Communications in Medicine DICOM data files 
as well as reconstruct VE and 3-D models of the 
airway in a user-friendly way. Most users without 
prior experience can create a video in 20  min 
whereas more experienced users are able to 
reconstruct VE in around 2 min.

5.5	 �3-D Printing in Airway 
Pathology

One must also consider the use of 3-D printed 
models, particularly of patients with airway 
pathology. These models, once printed from the 
patient’s CT data, can not only be used in the 
assessment of the airway but also provide valu-

Fig. 5.8  Virtual endoscopy view (d) of epiglottis (e) reconstructed from the sagittal (a), coronal (b) and axial (c) views. 
The epiglottis is abnormally shaped and thickened edges in a patient with a supraglottic tumour
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able anatomical information when they have been 
scoped by the anaesthetist pre-operatively. 
Manoeuvres of the flexible bronchoscope required 
to negotiate airway pathology can be practiced on 
the model without causing any airway trauma, 
with the added advantage that the operator will 
experience physical feedback, which is absent 
from VE. The creation of these models may also 
help in the teaching and training of fibre-optic 
intubation. There are, however, some areas of dif-
ficulty that need to be overcome such as cost and 
time required to produce each model, universal 
access to the software used to create the models 
and establishing the most appropriate materials to 
make the models.

5.6	 �Training Uses for Virtual 
Reality

Not only are 3-D reconstruction images useful 
for pre-emptive airway management planning, 
but the images are also of value for education and 
training. Both novice and expert airway anaes-
thetists can study the images, predict what aspects 
of airway management may be challenging and 
propose a strategy, which can be compared to 
how the case unfolded clinically.

There is precedent for the use of virtual reality 
in airway training, for example, the Operating 
Room Simulation (ORSIM)® System (Airway 
Simulation Limited, Auckland, New Zealand.) 
The ORSIM® comprises a replica bronchoscope 
associated with a sensor device, which communi-
cates with a laptop configured with the ORSIM 
software package [25]. Users select a training 
package which displays on screen a high-fidelity, 
real-time run through a simulated patient’s air-
way, and allows them to practice the endoscopy 
skills required to successfully navigate the air-
way. There are a variety of simulations to run, 
from normal airways through to complex airway 
pathology. The program will then give the opera-
tor feedback on the time taken for the procedure, 
whether hypoxia occurred during the procedure, 
and how often the simulated bronchoscope col-
lided with soft tissues. The use of this system 
offers practitioners the opportunity to gain skills 

and experience in airway endoscopy in the safety 
of the virtual reality environment.

5.7	 �Summary

3-D reconstruction and VE volume rendering of 
CT images of the airway can provide anaesthe-
tists with an alternative view of the airway in 
patients with head and neck pathology. This way 
of assessing the airway in a complex group of 
patients allows us to better appreciate how the 
pathology may affect safe airway management 
and appears to influence us into formulating safer 
airway planning.
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6.1	 �Introduction

Technological developments in the medical and 
surgical field have driven the diagnostic and sur-
gical management to an advanced level over the 
past few decades. Introduction of computerized 
tomography (CT) and magnetic resonance imag-
ing (MRI) has improved the diagnostic workup 
and understanding of anatomical structures in 
health and disease. Further digitalization of 
radiological procedures has helped obtain better 
preoperative evaluation. We can merge different 
radiological images (fusion of CT and MRI) to 
obtain accurate visualization of internal struc-
tures. These advances have helped improve 
patient care and surgical outcome. The anatomy 

of the head and neck is very complex. Endoscopic 
surgery has revolutionized the way we treat vari-
ous nose and paranasal sinus lesions. The clarity 
of endoscopic images and advancement in radio-
logical techniques have led to the extended 
application of endoscope to an advanced level in 
rhinology and neurosurgery. Extended endo-
scopic skull base procedures are performed in 
various institutions for complex cases where it 
would have been difficult to reach with conven-
tional surgery.

The most recent advance with spiral CT pro-
cessing is the use of a three-dimensional (3-D) 
virtual endoscopy (VE) to display hollow organs 
and anatomical cavities. It is a new and noninva-
sive imaging tool. The viewer can penetrate the 
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walls and visualize the extent of disease within 
and beyond the wall. The technique has been 
used in other disciplines such as simulation bron-
choscopy, angioscopy, cystoscopy, and colonos-
copy [1, 2]. Recently, VE of the nasal cavity and 
paranasal sinuses has drawn attention of otolar-
yngologists. It provides simulated visualization 
of nasal, paranasal, and skull base images equiva-
lent to those produced by the standard endoscopic 
procedures and sometimes even better images. 
(Fig. 6.1). VE can clearly demonstrate anatomi-
cal structures within the nasal cavity, septal devi-
ation, middle meatal pathology, turbinate 
hypertrophy, and pathological masses larger than 
3 mm in diameter [3] (Fig. 6.1). As we are in an 
era of computer-assisted surgery and simulation-
based training, VE holds far-reaching potential in 
endoscopic sinus surgery (ESS), extended ESS 
and skull base surgery.

In this chapter, we describe VE techniques and 
their advantages and disadvantages. We also 
explore the applications of VE in diagnosis, pre-
operative planning, and opportunities for surgical 
training in various nasal, nasal airway, paranasal, 
and skull base conditions.

6.2	 �3-D and VE in Endoscopic 
Sinus Surgery (ESS)

Endoscopic sinus surgery (ESS) currently repre-
sents the most common and effective surgical 
treatment for nasal, paranasal sinus, and skull 

base pathology. ESS can be challenging for train-
ees and practicing otolaryngologists due to the 
complex and varying anatomy of the paranasal 
sinuses and skull base [1–4]. The risks of ESS, 
although rare, include a number of potentially 
serious complications such as orbital penetration, 
optic nerve injury, arterial bleeding and skull 
base injury [1, 2, 4–6]. Endoscopes facilitate 
superior illumination, higher magnification, and 
various angular views for surgery. Efficient use 
of endoscopes is associated with a steep learning 
curve, and it provides two-dimensional (2-D) 
views which demand the operating surgeon to 
mentally create a three-dimensional (3-D) view 
of the operating field during surgery [2, 7].

In the past two decades, various virtual reality 
(VR) surgical simulators have been introduced 
for ESS training which complement other estab-
lished modes of training methods like endoscopic 
anatomy atlases, hands-on cadaver dissections, 
and VR simulation training [1, 5, 8–13]. The 
application of VR was first proposed by Satava 
et al. in 1993 to deliver reproducible, consistent 
models, which allow unlimited practice using 
standardized anatomy [11]. All the above-
mentioned available methods of training aim to 
make trainees and practicing otolaryngologists 
familiarize with the complex anatomy of the 
paranasal sinuses and skull base in particular the 
vital structures such as orbit and its contents, 
optic nerve, skull base, and carotid artery.

Training in a 3-D virtual environment helps 
to achieve a greater breadth of simulated surgical 

a b

Fig. 6.1  Virtual endoscopic view from the posterior nares showing the vomer/posterior nasal septum, middle inferior 
turbinates, and partially the Eustachian tube orifices
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scenarios resulting in acceleration of the learning 
curve. Surgical simulation allows the operating 
surgeon to develop a better preoperative plan-
ning and practice with the aim of providing better 
patient outcome facilitated by minimizing the com-
plication rates [14].

6.3	 �Applications of VE and 3-D 
Reconstruction in Sinus 
and Skull Base Lesions

Virtual endoscopy (VE) provides a virtual three-
dimensional view of intricate bony details of the 
sinus and skull base by computerized reconstruc-
tion of image data through a threshold process. It 
is possible to simulate three-dimensional visual-
ization by virtual endoscopy and also possible to 
rotate the viewing position inside this virtual 3-D 
space. Merging the CT scan and MRI scan images 
enables us to produce 3-D images. This is helpful 
in better understanding of anatomical relations 
and the image of the lesions in hidden areas of the 
head and neck such as infratemporal fossa. 
Information technology now provides us with 
virtual endoscopy which is a valuable tool for 
visualizing the cavities and understanding the 

anatomy to help in preoperative surgical planning 
and operative training [7]. Advancements in 3-D 
printing technology have enabled us to directly 
visualize intricate anatomical areas which help in 
surgical planning and to develop a tailored surgi-
cal approach to patients [15]. These technologies 
have also helped train future generations of sur-
geons and students. Furthermore, the extent of 
disease and the surgical procedure could be better 
explained to the patient who can understand the 
intricate details of their procedure, which in turn 
would improve the consenting process (Fig. 6.2). 
The 3-D printing is also expected to improve tis-
sue engineering and provide further improvement 
in the management of biological tissue process-
ing for prosthesis and reconstruction (for more 
details, refer to Chap. 11).

6.3.1	 �Benign Conditions of Nose 
and Sinuses

Endoscopic surgery of the nose, sinus, and skull 
base is widely practiced in rhinology and neuro-
surgery. Although CT scan and MRI scan allow 
for preoperative evaluation in these patients, 
virtual endoscopy has taken this step to another 

a b

Fig. 6.2  Skull and mandible 3-D reconstruction printed 
model which is shuttered into two segments; A: including 
the bony calvarium, orbits, and nasal bone and part of the 

maxilla. B: 3-D printed model for the lower maxilla, man-
dible, skull base, and TMJ
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level. Endoscopic approach to the frontal sinus 
is challenging even for an experienced rhinolo-
gist. Surgical trainees need to attend cadaver dis-
section courses to have a grasp of the anatomy 
and anatomical variations around the frontal 
sinus drainage pathway and anterior skull base. 
Comprehensive understanding of variations of 
frontal sinus cells and surrounding structures is 
of paramount importance for performing safe 
endoscopic frontal sinus surgery. Meticulous 
and careful presurgical planning is necessary by 
evaluating the CT scans to formalize a patient-
specific surgery to avoid potential complications 
such as cerebrospinal fluid leak and intracra-
nial injury. Three-dimensional reconstruction of 
paranasal sinus structure and anatomical varia-
tion obtained from CT scans of the human skull 
could be a valuable tool for trainee education [2]. 
Virtual endoscopy is an additional armamentar-
ium which helps to study the structures around 
the frontal recess to aid the surgical planning 
[16–18].

6.3.2	 �Frontal Sinus Fractures

Management of frontal sinus fractures caused by 
major head injury can be a challenging task. 
Although CT scan provides two-dimensional 
imaging of fracture, visualization of fracture in 
relation to surrounding structures may be 
difficult. Virtual endoscopy and 3-D volume ren-
dering can be very useful for delineating the frac-
ture site in relation to surrounding structures and 
providing accurate information about the damage 
to the walls of the frontal sinus which would be 
useful for surgical planning and management of 
frontal sinus fractures [19]. Fujikura et  al. 
reported the use of virtual endoscopy in endo-
scopic operations for mucocele and found that it 
is useful in sphenoid and ethmoid mucoceles 
avoiding injury to vital structures such as optic 
canal and lamina papyracea [20]. They also per-
formed simulation based on virtual endoscopy 
images where it was possible to recognize the 
bone structure of the sinuses even if the endo-
scopic findings showed postoperative changes in 
the structure.

6.3.3	 �Pituitary Surgery and Skull 
Base Surgery

Endoscopic pituitary surgery has become a rou-
tine procedure and supra-sellar and para-sellar 
extensions can be reached safely via endoscopic 
procedures. Wolfsberger et  al. compared the 
intraoperative endoscopic views during trans-
sphenoidal pituitary surgery with the various 
anatomical structures identified on virtual 
endoscopy images and found that the images 
were comparable [21]. Virtual endoscopy was 
found to be useful in the preoperative under-
standing of nasal anatomy and sphenoid sinus 
septations for intraoperative orientation and in 
planning the opening of the sellar floor as it was 
possible to visualize the important structures 
related to the pituitary gland. Virtual endoscopy 
also provided a clear view of the choana, the 
ostium of the sphenoid sinus, bulging of the 
Sella, the clivus, tuberculum sellae, protuber-
ances of the internal carotid artery, optic nerve 
and the optico-carotid recess, and the anterior 
clinoid process. Identification of these struc-
tures preoperatively would help in the preoper-
ative planning of an individually tailored 
approach to patient management of sellar 
lesions. In their study, Wolfsberger et  al. 
assessed the usefulness of virtual endoscopy in 
a series of 22 patients and observed that preop-
erative 3-D simulation of individual patient 
anatomy was feasible [21]. Virtual endoscopy 
could be used as a training tool for trainees to 
teach endoscopic pituitary surgery. Rotariu 
et  al. reported the role of Osirix software 
(Osirix® Viewer 9.5, Pixmeo Sari, and Bernex, 
Switzerland) based visual endoscopy in endo-
scopic trans-sphenoidal surgery in 22 patients 
with pituitary adenomas [22]. While the Osirix-
based visual endoscopy provided a good-qual-
ity image for preoperative planning, it was 
limited by the difficulty in obtaining informa-
tion if the sphenoid sinus was not well aerated 
or filled by a tumor.

Three-dimensional printed skull base simu-
lation could be used for trans-nasal endoscopic 
skull base surgery. In endoscopic pituitary sur-
gery, the three-dimensional printed simulator 
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could accurately reflect the spatial relationship 
between a tumor and internal carotid artery, 
and these simulators can be used for anatomi-
cal education and operative training. Although 
cadaver dissection is the gold standard for ana-
tomical learning, combining the visual effect 
of virtual reality technology and the realistic 
tactile feedback of a 3-D printing simulator 
could complement surgical training [23] 
(Fig. 6.2).

Although the majority of studies discuss the 
use of virtual endoscopy in preoperative plan-
ning, surgical simulation, and training, virtual 
endoscopy has also been used intraoperatively to 
enhance the understanding of anatomical struc-
tures. Haerle et  al. evaluated the intraoperative 
use of virtual endoscopy in skull base procedures 
[24]. In their study, the evaluation of virtual 
endoscopy image guidance systems and the use-
fulness of real-time visual/auditory alerts when 
the tracker drill approaches proximity zone posi-
tions were done on 16 patients whose pathology 
included pituitary adenoma, craniopharyngioma, 
and recurrent chordoma. They found that intra-
operative virtual endoscopy image guidance sys-
tem was a reliable and helpful technology in 
sinus and skull base surgery and suggested fur-
ther studies to evaluate the impact on surgical 
workflow. In another study where virtual endos-
copy was used intraoperatively in combination 
with image guidance, the authors found that 
visualizing the hidden anatomical structures 
behind the bony walls of sphenoid was most use-
ful [18].

Intraoperative navigation is routinely used in 
various centers to guide surgeons in complex 
skull base procedures. Endoscopic skull base 
procedures can be technically challenging as the 
surgeon needs to operate in the surgical field sur-
rounded by critical anatomical structures such as 
the carotid artery, optic nerve, and the brain. This 
becomes even more challenging as the disease 
process and the pathology might have destroyed 
the normal anatomical landmarks. Neuro-
navigation is another tool which helps surgeons 
identify various structures with the use of the 
navigational probe and advanced navigation pro-
tocols permitting continuous suction-tracked 

navigation guidance that could be used for dis-
playing fine paranasal sinus structures providing 
seamless integration of structures into the oper-
ating workflow during endoscopic trans-
sphenoidal surgery [25]. In the future, virtual 
endoscopy images used for preoperative surgical 
planning could be integrated with the intraopera-
tive image-guided navigation system to improve 
surgical precision for complex extended endo-
scopic skull base procedures including anterior 
skull base, pterygopalatine fossa, infratemporal 
fossa, and suprasellar lesions (Fig. 6.3).

6.3.4	 �Skull Base Tumors

Virtual endoscopy has been around for some time 
now, and its application in paranasal sinus and 
skull base tumors is well known. The image qual-
ity is still far from perfect, but it certainly gives 
an understanding of the pathway to the sinuses 
and skull base. The tumors involving the skull 
base are in the vicinity of the orbit, the dura, the 
internal carotid artery, and the cranial nerves—
olfactory, optic, and trigeminal. The issues related 
to skull base tumors are defining the structures 
involved and the trajectory for access, which is 
currently decided based on the planar images 
provided by CT and MRI. Virtual endoscopy and 
its adjuncts could help in surgical planning by 
providing an opportunity to project the surgical 
access and to practice simulation.

6.3.5	 �Virtual Endoscopy in Surgical 
Access

Traditionally, open approaches were employed 
for accessing and excising the tumors. With the 
aid of virtual endoscopy and virtual reality or 
augmented reality, the tumor and its vicinity can 
be mapped with CT and MR along with angiog-
raphy. This “mapping” can assist the surgeon to 
do preoperative planning and simulation or intra-
operative real-time awareness. The possibilities 
are extensive.

Haerle and colleagues from Toronto, 
Canada, have reported on image-guided sur-
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gery (IGS) navigation which is employed inter-
mittently in the surgical procedure to confirm 
anatomical details [24]. They endeavored to 
provide a real-time feedback IGS system with 
high-resolution 3-D visualization. They used 
high-resolution MRI images to develop virtual 
endoscopy and augmented reality views and 
provide real-time visual and auditory alerts 
when encountered predetermined regions on 
the contoured images akin to radiation plan-
ning. They called it the “localized intraopera-
tive virtual endoscopy,” or LIVE-IGS 
(Fig. 6.4).

The study showed target registration error of 
1 mm. They used a 3 mm alert zone for critical 
structures such as carotid arteries, optic nerves, 
and dura which reflected as the proximity of the 
drill to the carotid artery (1 mm) and optic nerve 
(0.5 mm).

The proximity of critical structures to the 
high-speed drill lends itself to the use of virtual 
and augmented reality views within intraopera-
tive image-guided systems to be able to subjec-
tively increase the surgeon’s confidence.

6.3.6	 �Virtual Endoscopy 
in Simulation

Oishi and colleagues from Nigata and Tokyo, 
Japan, reported on the use of 3-D imaging 
techniques in neurosurgical planning and interac-
tive virtual simulation (IVS) [26]. They acquired 
high-quality 3-D CG data from imaging (64 slice 
CT, CTA, and 3 T MR) and then developed CAD 
software with a haptic feedback device. Using 
IVS, they have simulated the best scenario for 
tumor removal and thereafter printed 3-D color 
models. They then performed IVS on the 3-D CG 
dataset simulating the surgical space, imitating 
craniotomy and retraction of the brain. Different 
approaches were simulated to determine the best 
surgical route, extent of the operative window, as 
well as tumor removal. They simulated brain 
tumors, vestibular and trigeminal schwannomas, 
and clival and para cavernous lesions. This was 
followed by 3-D printing of the model (Fig. 6.5).

The surgeons were then asked to perform the 
IVS and use the 3-D models for surgical simula-
tion prior to surgery. Among the 25 cases, the 

Fig. 6.3  Intraoperative image-guided navigation system using brain Lab
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surgeons found benefit in 44% of cases. Some 
benefits included surgeons determining the most 
appropriate craniotomy to create a favorable 
working space, and also defining the complex 
bone work required in deep tumors, for example, 
the petrous apex with narrow surgical corridors. 
Identification of important deep veins around a 
tumor was made with confidence and strategies 

could also be determined in cases requiring 
staged operations ensuring appropriate planning 
for removal. The 3-D simulation with IVS and 
printed models has the potential for teaching and 
bridging the gap, reducing the learning curve in 
complex procedures by improving the microsur-
gical nuances and skills of trainees through rep-
etition of surgical tasks (Fig.6.6).

a

d e

b c

Fig. 6.4  (a–c) Views of drill in proximity to the carotid artery. (d) Endoscopic view. (e) Virtual view of the drill enter-
ing the “proximity zone” [26] 
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6.3.7	 �Virtual Endoscopy 
and Diagnosis of Congenital 
Anomalies: Diagnosis 
of Choanal Atresia

Choanal atresia is a congenital condition 
which causes obstruction of one or both 
sides of posterior choanae. It is an uncom-
mon condition with an estimated incidence 

of 1:7000 births. The obstruction can be bony 
(90%) or membranous or mixed. The atresia 
can be due to any of the bony components 
forming the borders of the posterior choana. 
The choanal atresia can be associated with 
other congenital anomalies including colo-
boma, heart defects, growth retardation, 
genital hypoplasia, and ear abnormalities 
(CHARGE syndrome). The clinical presen-

a

b c

Fig. 6.5  (a) Operating window of the image analysis 
software (Zed-View, LEXI, Inc.) for data segmentation, 
fusion, and surface rendering of individual structures. (b, 
c) Interactive virtual simulation is performed using a Free 

Form Modeling system (SensAble Technologies, Inc.) 
characterized by unique 3-D computer-assisted designing 
software (b) with manipulation of a specific haptic device 
(c) [26]
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tation varies from acute airway obstruction 
to recurrent sinus disease depending on 
whether the obstruction is unilateral or bilat-
eral and presence of other congenital airway 
abnormalities.

The investigations for choanal atresia 
depend on the clinical presentation of the con-
dition. Initial nasoendoscopy examination is a 
preferred method for making the diagnosis, as 
the point of obstruction can be directly visual-
ized. Thin-section CT scan is a valuable tool 
in assessing the extent of obstruction and the 
bony involvement. In a recent study assess-
ing the usefulness of helical 3-D reconstruc-
tion and virtual endoscopy, Yunus observed 
that CT and virtual endoscopy are valuable 
for defining the type and extent of the disease 
as CT virtual endoscopy of the nasopharynx 
from a posterior view can provide the view 

of Eustachian tube opening with reference 
to bony borders of the nasopharynx [27]. 
Surgical management of choanal atresia can be 
difficult due to high re-stenosis, and the surgi-
cal approach includes transnasal, transseptal, 
transpalatal, and transmaxillary. Preoperative 
evaluation of the condition using CT scan 
and virtual endoscopy would be helpful in 
surgical planning. Intraoperative CT-guided 
navigation system can be used for endoscopic 
transnasal repair of choanal atresia in chil-
dren with low birth weights and neonates 
with craniofacial abnormality where special 
anatomical considerations are needed [28] 
(Fig.  6.7). In the future, advances in virtual 
endoscopy techniques and 3 D printing may 
render useful information for preoperative 
planning. Further refinement of intraoperative 
navigation system, powered instrumentation, 

a

c

b

Fig. 6.6  The 3D color printer (Zprinter Z Corporation, 
Inc.); (a) the color-printed plaster models based on CG 
data modified through IVS (b). Realistic surgical sensa-

tions can be experienced through microscopic observation 
of the models (c) [26]
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and LASER-assisted surgery may be helpful 
in better surgical outcome of choanal atresia 
surgery in neonates and infants.

6.4	 �3-D Modeling in Skull Base 
Surgery

In recent years, advances in 3-D printing have 
enabled us to produce 3-D models useful for sur-
gical planning of complex reconstruction of max-
illofacial and skull base pathology. Advances in 
radiological techniques such as magnetic reso-
nance imaging (MRI) and multi-detector com-
puted tomography (MDCT) have provided 
surgeons with the necessary details for appropri-
ate preoperative planning. However, accurate 
details may not be depictable as these techniques 
provide only two-dimensional images. Three-
dimensional printing is used to address limita-
tions in virtual image analysis and to provide 
physical models for surgical simulation and pre-
operative planning. The 3-D models are printed 
by converting 3-D digital models into physical 
models through the multi-layer fabrication pro-
cess. This allows printing of patient-specific 3-D 
models which allows better visualization of the 
anatomy that can be useful for a better tactile 
understanding of the anatomical planes, preoper-
ative planning, and surgical training and for 
explaining the procedure to the patient [29] (For 
more details about 3-D printing, please refer to 
Chap. 11).

6.4.1	 �3-D Printing Techniques

Three-dimensional printing is an umbrella 
term for creating 3-D printed models. 3-D 
printing is done by converting the digital 
images obtained by MRI and CT scanning into 
physical models. Multi-detector computed 
tomography is widely used for acquiring the 
image data. These images are processed using 
widely available CAD software packages to 
convert the data to Standard Tessellation 
Language (STL) format. The 3-D printing 
machine reads this data and converts the data 
into a physical 3-D model by layer-by-layer 
fabrication. This allows the production of 
patient-specific 3-D models, which can be used 
for surgical planning and training. Various 
methods can be used for converting the digital 
data into 3-D solid models, including rapid 
prototyping, material jetting printing, binder 
jetting printing, stereolithography (SLA), 
fused deposition modeling, laminated object 
manufacturing, and selective LASER sintering 
(SLS) [29, 30]. Of these, SLA and SLS tech-
niques are typically used in the field of skull 
base surgery and maxillofacial trauma. The 
advantages of SLA and SLS techniques include 
the possibility of creating large models, high 
accuracy, and usefulness in device placement 
simulation. However, the main disadvantage of 
these techniques is the high production cost. 
Cost-effective and inexpensive methods of 3-D 

a b c

Fig. 6.7  Right-sided choanal atresia with significant 
bony narrowing at the level of the posterior nares (Choana) 
as well as membranous soft tissue component. (a) Virtual 
endoscopy projecting the posterior nares showing oblit-
eration of the right nares, while the left nares are open. (b) 

Axial CT at the level of the posterior nares showing the 
mixed bony narrowing and soft tissue contribution for the 
right choana. (c) TTP showing nicely the airway continu-
ation on the left side between the nasal cavity
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models of the brain and skull using open-
source desktop 3-D printers have been reported 
[31]. The 3-D printing of anatomical models 
can be used for patient discussion, informed 
consent, preoperative surgical planning, intra-
operative guidance, and surgical simulation 
[30–40]. These models are useful for teaching 
and training of complex surgical procedures to 
surgical trainees. It is also possible to create 
complex anatomical models for prosthetics 
and  implants for maxillofacial reconstruction 
(Fig. 6.8).

For more details about 3-D printing, please 
refer to Chap. 11.

6.4.2	 �Skull Base Procedures

The 3-D printed simulators are useful in endo-
scopic sinus and skull base surgery training and 
endo-nasal drilling practice providing accurate 
anatomical landmarks such as sphenoid, internal 
carotid artery, optic nerve, sella turcica, and 
upper clivus [32]. Various studies have looked at 
the application of 3-D printing technology for the 
management of skull base lesions, petroclival 
tumors, anterior skull base pathology, frontal 

sinus models, various endoscopic skull base 
approaches, and surgical planning of resection of 
juvenile nasopharyngeal angiofibroma [29, 32]. 
Use of a 3-D printing model for preoperative 
planning of complex neurosurgical procedures 
and for the surgical management of multiple leak 
sites due to large skull base prolactinoma has also 
been reported [35]. Further, it is also possible to 
create models using 3-D printing to create 
patient-specific implants for rhinoplasty, com-
plex nasal injuries, maxillofacial defects, and cra-
niofacial reconstruction involving the skull base.

6.4.3	 �Cranio-Facial Trauma

Management of patients with severe cranio-facial 
trauma can be challenging due to the complexity 
and variations in the anatomy of the cranio-
maxillofacial and skull base anatomy. 3-D printed 
models can be useful in such patients for appro-
priate surgical planning and precise reconstruc-
tion. A group of researchers reported the use of 
3-D printing for presurgical planning and pre-
shaping of the implant in cases of post-traumatic 
cranio-maxillofacial deformities [36]. 3-D print-
ing can also be used for surgical planning and for 
precise modeling of titanium implants for the 
reconstruction of orbital floor fractures [37]. 
Stereolithographic printing models can be used in 
cases of post-traumatic skull base deformity, peri-
orbital lesions, and for planning skull base, 
orbital, and nasoethmoidal osteotomies [26]. 
Three-dimensional printed implants can be used 
for the reconstruction of maxillofacial defects and 
facial injury including midface post-traumatic 
defects [36]. For more details about craino-maxil-
lofacial 3-D printing, please refer to Chap. 7.

6.4.4	 �Rhinoplasty

Esthetic reconstructive surgery for complex nasal 
deformities may involve placement of an implant 
for an appropriate shaping of the nose. Although 
autologous cartilage is ideal, this can be limited by 
availability and the complications associated with 
acquiring the cartilage. Various alloplastic materi-

Fig. 6.8  3D printed nose for surgical planning, intraop-
erative guidance, and surgical simulation
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als including silicone, hydroxyapatite, and high-
density porous polyethylene have been used as 
implants. In a recent study, polycaprolactone has 
been used for nasal reconstruction, and the authors 
reported that polycaprolactone implants could be 
produced using 3-D printing which was useful in 
the craniofacial reconstruction [38]. They further 
concluded that 3-D printed models of polycapro-
lactone implants can be useful for nasal tip aug-
mentation in rhinoplasty surgery. A group of 
researchers reported the use of patient-specific 
implant fabrication system (3-D carving system) 
where surgical planning was done with patient’s 
participation resulting in designing of a 3-D printed 
patient-specific implant [39]. A cost-effective and 
affordable method has been described which allows 
printing of sterilizable, scaled, patient-specific, 3-D 
printed models for rhinoplasty, and the authors 
reported that such model can be useful for evaluat-
ing the extent of a dorsal hump reduction, assessing 
the alar shape, and reconstructing the nasal tip [40]. 
Three-dimensional printed patient-specific models 
can be used for intraoperative tissue contouring 
during surgery for an extensive osseous tumor as a 
result of fibrous dysplasia [41]. 3-D printed models 
can also be used for surgical training of septoplasty 
[42] and for the production of prosthesis for septal 
perforation [30].

6.4.5	 �Patient Education 
and Medical/Surgical Training

3-D printing has also provided models to commu-
nicate with patients to discuss the anatomy, surgi-
cal planning, disease state, and treatment options 
which further enhance the informed consent pro-
cess. The patient can visualize the anatomy and 
pathology which enables a better understanding 
of the intricacy, risks, and complications of opera-
tive procedures which further helps in the 
informed consenting process [29]. 3-D printed 
models can also be used for teaching medical stu-
dents where pathological conditions can be incor-
porated into the anatomical models. However, the 
time and cost spent on the generation of 3-D mod-
els might limit their widespread usage at present 
[29]. Three-dimensional printed models can pro-

vide patient-specific anatomical and pathological 
models that can be used for patient information, 
preoperative planning, and surgical training in 
neurosurgery [43]. However, the advantages and 
benefits of 3-D model printing have not yet been 
completely validated, and future studies are nec-
essary for comparing 3-D models and the cur-
rently available surgical simulation training tools 
to evaluate the impact and use of 3-D models for 
surgical training and surgical outcome [44].

6.4.6	 �Future Directions in 3-D 
Printing

In the future, bio-printing might allow us to inte-
grate tissue engineering and materials to create 
functional implants to repair, for example, nasal 
turbinate tissue or trachea. Zhong and Zhao sug-
gested that further studies should be carried out to 
create 3-D printing models impregnated with air-
way epithelial cells or stem cells which could be 
used for functional disorders of nasal cavity such 
as empty nose syndrome and atrophic rhinitis [33]. 
Furthermore, three-dimensional printing opens 
up another exciting possibility of patient-specific 
customized instrumentation. Incorporating 3-D 
printing models to mimic anterior skull base 
pathologies could be used for surgical training 
allowing trainees to practice drilling via endonasal 
approach. Based on current research, Zhong and 
Zhao predicted that it might be possible to develop 
bio-printed nerve grafts to repair nerves in the 
future [33]. The use of 3-D printing to form soft 
structures has not been fully explored. Ganguli 
et  al. believed that future developments in 3-D 
printed materials would provide additional realism 
in the surgical simulation which might result in 
increased success rates in surgical operations [29].

6.5	 �Conclusion

Thus, virtual endoscopy and its adjuncts—virtual 
and augmented reality surgery—seem to be the 
future of improvements in surgical training, 
which should reduce the learning curve, improve 
surgical planning, improve accuracy, reduce mor-
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bidity, and reduce surgical time. Intraoperatively, 
they can provide early warnings for vital struc-
tures, and also allow the opportunity to teach via 
remote observation and guidance by an expert 
surgical team. The current limitations are cost 
and availability.

The future seems bright, however, with more 
institutions and companies working on these 
technologies. We anticipate more applications for 
training involving sensory and haptic feedback 
systems and anticipate the use of available com-
puting power for achieving these goals.
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7.1	 �Introduction

Cranio-maxillofacial surgery (CMF) represents a 
broad range of sub-specialties, such as maxillofa-
cial oncological surgery (resection of tumors and 
reconstruction of the site with different types of 
grafts), craniofacial corrective surgery of malfor-
mative syndromes (i.e., craniosynostoses, or cleft 
lip palate), orthognathic surgery and distraction 
osteogenesis (to correct craniofacial deformi-
ties), cranio-maxillofacial trauma surgery and 
associated reconstructive maxillofacial surgery, 
and implantology. Surgical engineering in CMF 
surgery is present at all levels of the CMF clinical 
workflow, from diagnostic tools to preoperative 
planning, intraoperative guidance, and transfer of 
preoperative planning to the operative theater [1].

Virtual endoscopy (VE) and 3-D reconstruc-
tion can generate 3-D printed models from cranio-
maxillofacial structures (soft and hard tissues) 
that can be used for preoperative planning, intra-
operative navigation, and postoperative control. 
Surgery can be planned with these models with 
highly valuable information as the soft and hard 
tissue can be measured using the mirrored data set 
of the unaffected side; size and location of the 
graft can be chosen virtually. Intraoperatively, 
contours of transplanted tissues can be navigated 
to the preoperatively simulated reconstructive 
result. Preoperatively outlined safety margins 
could be exactly controlled during tumor resec-
tion. Reconstructions of oncologic and trauma 
patients can be designed and performed precisely 
as virtually planned. Image-guided treatment 
improves preoperative planning by visualization 
of the individual anatomy, intended reconstructive 
outcome, and objectivation of the effect of adju-
vant therapy. Intraoperative navigation makes 
tumor and reconstructive surgery more predict-

M. Martinez Coronel (*) 
Craniomaxillofacial Department, Hamad Medical 
Corporation, Doha, Qatar

Universidad de Carabobo, School of Dentistry, 
Valencia, Venezuela
e-mail: mcoronel@hamad.qa 

I. Farag
Craniomaxillofacial Department, Hamad Medical 
Corporation, Doha, Qatar

N. A. Shallik 
Department of Clinical Anesthesiology, Weill Cornell 
Medical College in Qatar (WCMQ), Doha, Qatar 

Department of Anesthesiology, ICU and Perioperative 
Medicine, Hamad Medical Corporation, Doha, Qatar 

Department of Anesthesia and Surgical Intensive 
Care, Faculty of Medicine, Tanta University, Tanta, 
Egypt
e-mail: Nshallik@hamad.qa

7

Electronic Supplementary Material  The online version 
of this chapter (https://doi.org/10.1007/978-3-030-23253-
5_7) contains supplementary material, which is available 
to authorized users.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-23253-5_7&domain=pdf
https://doi.org/10.1007/978-3-030-23253-5_7
mailto:mcoronel@hamad.qa
mailto:Nshallik@hamad.qa
https://doi.org/10.1007/978-3-030-23253-5_7


68

able by showing the safety margins, locating vital 
structures, leading reconstruction to preplanned 
objectives, as well as operating room time-saving 
as a custom-made adaptation of osteosynthesis 
material can be done previously [2].

7.2	 �Computer-Assisted 
Treatment

Computer-assisted technology was initially 
developed to provide neurosurgeons with accu-
rate guidance during surgical procedures. 
Stereotactic procedures were introduced to neu-
rosurgery in the early 1980s, and currently sys-
tems with and without robotic navigation are in 
use for specific medical indications. For oral and 
maxillofacial surgery nowadays, mechanical, 
electromagnetic, and optic systems are available 
to perform navigational surgery by frameless 
stereotaxy.

Clinical application of computer-assisted 
treatment is performed in three steps. The first 
step is the analysis of the problem, planning of 
treatment, and simulation of surgical procedures. 
The second step is the navigational surgery per-

formed as frameless stereotaxy. The third step 
consists of post-therapeutic control.

Indications in traumatology are primary and 
secondary reconstruction of the orbit and the 
decompression of the optic nerve. Using frameless 
stereotaxy, the decompression of the optic nerve in 
trauma or tumor cases becomes a safe and predict-
able, as well as a minimally invasive procedure [3].

7.3	 �Frameless Stereotaxy

Optic navigation system includes an infrared 
light located on the tip of a surgical tool which 
allows correlation of anatomic situation and 
patient’s spiral CT or MRI data set. Defined ref-
erence points exposable in the anatomic situation 
and visible in the data set of the patient are needed 
for registration of the system.

Registration with anatomical landmarks or 
skin Fiducial markers lacks accuracy, registration 
with devices fixed within the oral cavity inter-
feres with surgical procedures [4, 5], while 
Fiducial markers fixed to bone screws are inva-
sive and limited to one surgical intervention a few 
days after data acquisition (Fig. 7.1).

Fig. 7.1  Registration of Brain Lab Screen Shot
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The head of the patient is normally fixed to a 
Mayfield clamp, which is tracked by a dynamic 
reference frame to allow changing of the position 
during operation. Noninvasive tracking can be 
achieved by fixing this dynamic reference frame 
to the occlusal splint. With this technique, navi-
gational surgery of the mobile mandible can be 
performed. Frameless stereotaxy allows the sur-
geon to localize any desired anatomical structure 
with the pointer and lead the surgical intervention 
to the preplanned and simulated result; the sur-
geon is also able to guide the tip of any tracked 
surgical tool drill, fraise, chisel, or endoscope or 
to localize the focus of a surgical microscope [6].

7.4	 �Image-Guided Navigation

Image-guided navigation leads to improvement in 
surgical accuracy with the aid of software that 
uses images captured from CT or MRI and a 
tracking system for the surgical instruments [7]. 
The accuracy of image-guided navigation in CMF 
depends on the imaging modalities [8], patient-to-
image registration procedures, the navigation sys-
tem used [9], data acquisition [10], interaction of 
the surgeon with the system, technical errors [11], 
and instrument tracking [12, 13]. The technical 
accuracy and the navigation procedures seem to 
be of minor influence [14]. Image-guided naviga-
tion requires a means of registering anatomical 
points in the medical image (CT or MRI) and a 
software program to locate the surgical instru-
ments [15–17]. Knowing the exact position of the 
instrument is the key to the success of the surgical 
intervention. CT/MRI images are used as a map to 
provide the surgeon with a real-time representa-
tion of the surgical instruments in relation to the 
images of the patient. This real-time representa-
tion allows for tracking the instrument position 
during the surgery and their visualization on the 
computer [9]. During the surgical phase, the sur-
geon is given interactive support with guidance in 
order to better control potential dangers and avoid 
complex anatomical regions [18]. Navigation is 
possible through a series of sensors attached to 
the rotator instruments, the surgical template, and 
a cap fixed on the patient’s head, and the data are 
captured by different systems. The obtained data 

are transferred immediately to the computer and 
enable the surgeon to view the real situation [19].

Image-guided navigation is especially useful 
in tumor resection involving complex anatomy 
areas modified by tumor growth [19, 20] (such as 
the orbit), in proximity to cerebral structures, and 
when cranial nerves could be injured [21, 22]. 
Image-guided navigation allows for the immedi-
ate reconstruction of the unilateral resected area 
with an autologous graft designed and positioned 
under navigation with a preoperative plan based on 
the mirrored healthy side [23]. Computer-assisted 
surgery (CAS) navigation in CMF tumor resection 
can also be combined with new imaging modalities, 
such as positron emission tomography. In this com-
bination, the surgeon is simultaneously provided 
with anatomical and functional (metabolic) details. 
The resulting fused images offer improved localiza-
tion of malignant lesions and improve the targeting 
of the biopsy, especially for small lesions [24].

Intraoperative navigation has also been used 
in the resection of the ankylotic bone in temporo-
mandibular joint (TMJ) gap arthroplasty and for 
TMJ arthroscopy using optoelectronic tracking 
technology [25–27].

7.5	 �Periorbital Reconstruction

In craniomaxillofacial surgery, advances in 
imaging techniques spiral-CT, 3-D imaging, 
and associated technologies (stereolithographic 
models and CAD/CAM) have led to improved 
preoperative planning within the past years. To 
assess asymmetry, proper measurement of dis-
tances between anatomic structures will help 
to determine the severity of a facial deformity. 
Within the orbit, transverse, cranio-caudal, and 
posterior-anterior measurements allow to deter-
mine areas of deficient bone and to evaluate how 
much grafted bone volume or reconfiguration of 
periorbital bone is necessary. By this procedure, 
the surgeon himself is not limited to a subjec-
tive clinical estimation of the asymmetry, but he 
gets familiar with the individual discrepancies 
in all three dimensions. The diagnostic value of 
the multiplanar assessment including the 3-D 
images is one of the most important features of 
the system.
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Additionally, to measure functions, the vol-
ume rendering tool allows evaluation of affected 
and nonaffected orbital contents with individual 
cubic millimeter volume measures. By this 
method, the orbit can be directly compared to the 
other side. The majority of orbital deformities or 
traumatisms are unilateral, so that most of the 
cases can be approached by this side-to-side 
comparison. A further development of the idea to 
compare one side to the other is the mirroring 
tool. The surgeon has to define the individual 
level to which the data set shall be mirrored from 
the unaffected to the deformed side, and he has to 
set the range, within which the mirroring process 
shall be performed.

The software guides the surgeon step by step 
through this procedure. The optimal virtual 
reconstruction can be done and stored. During 
the operation, these new contours can be navi-
gated and serve as a control of the ongoing orbital 
reconstruction [28].

7.6	 �Infection and Airway

Maxillofacial infections begin from the dentoal-
veolar area and then spread into the adjacent 
bone causing perforation of the bone cortex into 

the subperiosteal region. Fascial planes of the 
head and neck are virtual spaces, bounded by 
muscle attachments and bone. These anatomical 
structures will govern in which direction the 
infection spreads to the deeper soft tissues spaces 
(parapharyngeal and mediastinum) (Fig. 7.2).

Parapharyngeal abscess often has little clini-
cal signs until the airway is compromised, as the 
swelling is located at the oropharyngeal or para-
pharyngeal region, so it is very important to make 
a complete anamnesis to get all the history of the 
illness [29].

Ludwig angina is an infection of the subman-
dibular space, first described by Wilhelm Frederick 
Von Ludwig in 1836. It is an entity difficult to 
manage due to the rapid progression and difficulty 
in maintaining airway patency, resulting in 
asphyxiation and death in 8–10% of patients [30].

There are good predictors of sublingual 
involvement during head and neck infections; 
the patient usually cannot protrude the tongue, 
and we can find associated dysphagia and 
odynophagia.

During physical examination, stridor, diffi-
culty managing secretions, anxiety, cyanosis, and 
sitting posture are late signs of impending airway 
obstructions, and they indicate the need for an 
immediate artificial airway (tracheotomy) [31].

Fig.  7.2  CT scan coronal and axial view showing airway 
displaced in a maxillofacial infection case. Right-sided 
subcutaneous swelling edema and fat permeation is noted 

encroaching and violating deeply through the styloman-
dibular tunnel reaching to the oropharyngeal airway 
which is mildly compromised
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Surgical tracheotomy in head and neck infec-
tions is often difficult and occasionally life 
threatening due to the involvement of the neck 
and pre-tracheal tissues. Incising through the pre-
tracheal fascia and exposing the pre-vertebral tis-
sues to pathogens risks the spread of infection 
into the mediastinum. Mediastinitis, despite 
modern healthcare, still carries significant mor-
tality [32].

Sublingual hematoma, after traumatic injuries 
on the tongue or the floor of the mouth, is a rare 
but potentially fatal cause of upper airway 
obstruction. This condition has the potential for 
quick obstruction of the upper airway due to the 
tongue’s vast vascularization. The increased lin-
gual volume displaces it in a posterior and 
cephalic direction, thus blocking the airway; 
prompt evacuation will lead to avoid morbidity 
and mortality related to this complication [33].

3-D reconstruction and virtual endoscopy 
(VE) applied to these cases can give valuable 
information to the surgical and anesthesia team 
about airway displacements, relationship between 
collections (pus or blood), and vital structures 
and can also help with 3-D locations of multiple 
collections from infections or hematomas to 
proper evacuation during surgery.

7.7	 �Congenital 
and Developmental 
Abnormalities and Airway

Despite publishing after Shukowsky [34], Pierre 
Robin has been credited with describing a cluster 
of craniofacial anomalies with potential and spe-
cific physiologic sequelae. In the literature, this 
grouping is known as Pierre Robin syndrome [35], 
Pierre Robin sequence [36], Robin anomalad [37], 
or Robin complex [38], each justifying their own 
specific nomenclature. Pierre Robin sequence may 
manifest as micrognathia, cleft palate and glossop-
tosis with airway obstruction [39]. Infants with 
complications of Pierre Robin sequence are at 
increased risk of airway obstruction and resultant 
hypoxia, failure to thrive, and cerebral impairment 
[40]. The concept of “sequence” suggests that one 
anomaly causes subsequent anomalies, and micro-

gnathia is believed to be inciting anomaly in 
patients with Pierre Robin sequence [41, 42]. 
Pierre Robin sequence can be life threatening dur-
ing the neonatal period with the onset of airway 
obstruction, which can occur at any time right after 
birth. If left untreated, prolonged airway obstruc-
tion can lead to acute or chronic hypoxia, cyano-
sis, apnea episodes, aspiration, respiratory tract 
infection, feeding difficulties, malnutrition, and 
failure to thrive [43, 44].

There are numerous potential treatment 
options, and they range from conservative non-
surgical interventions to surgical procedures 
including distraction osteogenesis (DO) [45]. 
The basic treatment of babies with suspected 
Pierre Robin sequence is to secure the pulmonary 
tract. Depending on the severity, tracheostomy is 
one of the options. In this decade, DO has been 
introduced for patients with the Pierre Robin 
sequence. DO makes a longer mandible and 
secures the upper pulmonary tract [46].

Mandibular distraction osteogenesis (DO) is 
currently the “gold standard” for the treatment of 
obstructive apnea secondary to micrognathia. It 
avoids the tracheotomy and/or other aggressive 
surgical procedures and treats the etiology of the 
disease, improving oxygen saturation and 
changes in feeding in a few days. For the surgical 
decision-making process, supplementary explo-
rations are helpful, such as polysomnography, 
lateral cranial X-ray, and 2-D and 3-D CT scans. 
The horizontal or oblique distraction vector will 
be the vector of choice due to its positive effects 
on the sizes of the airway. It is a procedure whose 
results can be planned and reproduced, with min-
imum short-term complications [47].

Virtual technology can greatly improve the 
planning and execution of mandibular DO in 
Pierre Robin or syndromic patients [48]. The 
benefits of 3-D virtual planning in these cases fall 
into two categories:

	1.	 Operative planning, the two key features of 
which are device and vector selection. 
Whether there is sufficient bone to place a 
device, and if so what would be the optimal 
angle and best location for the device. Virtual 
planning can help us to identify if the device 
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could be positioned appropriately. Once posi-
tioned on the virtual model, we could measure 
mandibular thickness at various holes and 
plan the appropriate screw length. Similarly, 
the inferior alveolar nerve and teeth buds 
could be viewed, identifying screw holes to 
avoid.

	2.	 Surgical execution, the second major benefit, 
and the most novel aspect of this technique, is 
the ability to transfer the virtual plan to the 
operating room using operative guides and 
splints. Custom-designed cutting guides can 
be used in the virtual space and then provided 
as physical 3-D models. These will allow the 
device to fit in a proper position on the man-
dible during surgery, guide the osteotomy and 
the successful placement of the device to 
match our vector previously planned [49].

7.8	 �Temporomandibular Joint 
Ankylosis and Airway

Temporomandibular joint ankylosis (TMJA) is a 
disabling condition of the masticatory system 
that alters eating habits and speech ability. The 
features include hypomobility of the joint, micro-
gnathia (TMJA is one of the most common causes 
for acquired mandibular hypoplasia), retrogenia, 
facial asymmetry, malocclusion, and airway 
compromise which in severe cases may manifest 
as sleep apnea/hypopnea syndrome [50] (Fig. 7.3) 
(Movie 7.1).

TMJA can be caused by bony or fibrous anky-
losis of the TMJ as a sequel to trauma, infection, 
autoimmune disease, or failed surgery [51].

Posttraumatic ankylosis can be caused by dif-
ferent pathogenic mechanisms such as organiza-
tion and ossification of hematoma, maltreated 
facial fractures, and systemic diseases such as 
ankylosing spondylitis, rheumatoid arthritis, pso-
riasis, and autoimmune disease that increase the 
effects of micro-trauma [52].

As observed in patients with micrognathia, the 
additional space occupied by tongue, soft palate, 
and redundant pharyngeal mucosa reduces the 
cross-sectional area of oropharyngeal airway by 
an average of 25%. Various cephalometric stud-

ies have demonstrated the effectiveness of man-
dibular advancement procedures on the 
improvement in oropharyngeal dimensions. 
When TMJ ankylosis occurs during the growth of 
the mandible, varying degrees of facial deformi-
ties result. Since these children grow with facial 
asymmetry, the position of the larynx may be 
altered. Classically, bird-faced deformities with 
convex facial profiles have been described in 
chronic long-standing TMJ ankylosis character-
ized by micrognathic mandible with receding 
chin and steep occlusal plane [53].

Facial asymmetry, malocclusion, anemia, and 
malnutrition may be the consequences of 
TMJA. It also leads to increased airway obstruc-
tion, obstructive sleep apnea, and cor pulmonale. 
Airway obstruction is secondary to structural 
encroachment on oro-pharyngeal and hypo-
pharyngeal lumen, subatmospheric intrapharyn-
geal pressure, and hypotonicity of oropharyngeal 
muscles. All these structural deformities lead to 
difficulty in ventilation, intubation, and extuba-
tion [54].

It has been reported that the three-dimensional 
(3-D) reconstruction models based on MRI can 

Fig.  7.3  Orthopantomogram-like reconstruction obtained 
from the volumetric study, and it is a post-processing tech-
nique which is called curved MPR C-MPR, the bony ele-
ment and osseous framework of the mandible, maxilla, 
teeth, lamina dura, and TMJ can be instantaneously evalu-
ated without extra radiation to the patient
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play an important role in TMD diagnosis by 
revealing morphological features of TMJ, thus 
being a powerful tool for characterizing different 
patterns of TMJ pathologies [55]. The use of 3-D 
models can help to classify the morphology of 
the articular eminence by correlating signs and 
symptoms of temporomandibular joint dysfunc-
tion to articular disc displacement on MRI images 
[56]. Understanding of the TMJ anatomy, biome-
chanics, and the imaging manifestations of dis-
eases is important to accurately recognize and 
manage these various pathologies.

The application of virtual endoscopy (VE) and 
3-D printed models in TMJA reconstruction 
enhances the clinical accuracy, and the following 
advantages can be described: First, the contour of 
the selected graft or alloplastic material could be 
guaranteed adequate matching with the lateral 
surface of ramus in shape, guiding precisely the 

implantation the grafts in an ideal position. 
Second, the better fixation position of the bone 
grafts could be determined preoperatively with-
out the damage of the anatomical structures (e.g., 
inferior alveolar nerve). Third, the osteotomy ori-
entation and bone trimming would be guided 
accurately intraoperatively. Moreover, the length 
of the titanium plate and each titanium screws 
also could be confirmed, with no need to measure 
during surgery (decrease in operation time) [57].

Therefore, 3-D printed models make the TMJ 
reconstruction more predictive and easier, and 
avoid the unplanned graft selection and the fixa-
tion of the bone graft. Custom-fitted implants 
for joint reconstruction also decreased the pre-
operative workup time of the design and the 
manufacture of the TMJ prosthesis and increased 
the accuracy of the model surgery [58] (refer to 
Chap. 11 for more details) (Fig. 7.4).

Fig.  7.4  Printed 3-D model for the mandible from different perspectives
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7.9	 �Oral and Maxillofacial Tumor 
Surgery and Reconstruction

Oral cancer is the sixth most common cancer 
worldwide. The factors responsible for difficult 
airway during perioperative period in oral cancer 
patients are as follows: [58].

	(a)	 Presence of cancer growth itself
	(b)	 Anatomical changes and fibrosis due to prior 

surgery or radiotherapy
	(c)	 Lengthy surgical procedure
	(d)	 Bulky flap reconstruction
	(e)	 Edema around the airway due to surgical 

manipulations
	(f)	 Risk of bleeding, mainly because of surgical 

causes or multiple attempts of airway 
manipulation

	(g)	 Risk of pulmonary aspiration.

Airway management in head and neck tumor 
patients undergoing major surgical procedures, 
including microvascular free tissue transfer, has 
often been routine tracheotomy. The necessity of 
this procedure has, however, been questioned 
[59]. Tracheotomy itself is not without complica-
tions, with rates as high as 4.1–8% in some series. 
Possible complications include hemorrhage, 
obstruction, cannula displacement, local infec-
tion, pneumonia, fistula, tracheal stenosis, and 
tumor recurrence due to tumor seeding [60]. 
Brickman et  al. argued that maxillectomy and 
microvascular free tissue transfer do not nega-
tively impact a patient’s oropharyngeal airway, so 
elective tracheotomy should only be considered 
in patients with additional risk factors, such as 
cardiopulmonary diseases [61]. Recently, a tra-
cheotomy scoring system to guide airway man-
agement after major head and neck surgery has 
been proposed, whereby tumor site, mandibulec-
tomy, neck dissection, and reconstruction are 
scoring factors [62].

Tumor ablation leads to head and neck defects, 
which brings about significant esthetic and func-
tional deficits. After tumor resection in the 
cranio-maxillofacial area, the patient needs 
reconstruction of hard and soft tissue defects 
with the use of soft tissue grafts, bone grafts, 
flaps, and surgical plates which have been exten-

sively used in head and neck reconstruction to 
stabilize bone segments [63, 64] (Fig. 7.5).

The use of 3-D printed models facilitates the 
assessment of tumor extensions, the anatomical 
areas involved to plan the resections and visual-
ize which structures will be involved in the resec-
tion’s margins. These resections can be done on 
3-D models previously and are valuable tools in 
order to plan contouring maxillofacial recon-
struction preoperatively because the conventional 
surgical plates are mass-produced with universal 
configurations that should be manually bended to 
match the individual bone anatomy. The plate-
bending procedure could be time- and energy-
consuming, especially for inexperienced 
surgeons, so this technique also has a significant 
potential to shorten the length of operating room 
(OR) time for the surgical team and consequently 
reduce operative cost in the hospital [65]. The 
application of 3-D printed patient-specific surgi-
cal plates in head and neck reconstruction is fea-
sible, safe, and precise [66] (refer to Chap. 11 for 
more details) (Fig. 7.6).

7.10	 �Maxillofacial Trauma

Patients with maxillofacial trauma present seri-
ous challenges for the physician because airway 
management in these patients can be complicated 
by their injury [67].

Fig.  7.5  Face CT scan coronal view showing soft tissue 
mass lesion epicentered over the right maxillary antrum 
causing its expansion violating and encroaching and par-
tially obstructing the upper airway and ipsilateral nasal 
cavity
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Fig.  7.6  3-D printed model for the mandible is of utmost 
benefit for planning for the reconstruction and plate and 
screws fixation in a step prior to the real surgical interven-
tion. Rehearsal, measurement evaluation, and functional 

assessment will help the surgeons for better surgical out-
come, and it is of high impact upon the teaching part for 
the junior staff colleagues

The first priority in assessing and managing 
the trauma patients is airway maintenance with 
cervical spine control. This is based on the 
Advanced Trauma Life Support (ATLS) concept 
for managing patients who sustained life-
threatening injuries [68]. Immediate manage-
ment of maxillofacial injuries is required mainly 
when impeding or existing upper airway compro-
mise and/or profuse hemorrhage occurs [69].

Safe and optimal airway management of 
patients with maxillofacial trauma requires 
appreciation of the nature of the trauma. There 
are several maxillofacial injuries that result from 
critical care errors, with airway management 
being the most common [70].

A patient with a supraclavicular injury is con-
sidered to have a C-spine injury, until proven 
otherwise by imaging [71]. Since a complete 
C-spine clearance may take several hours and 

sometimes days to achieve, the patient must be 
fitted with a neck collar for cervical spine immo-
bilization [72].

Using a video laryngoscope, or awake intuba-
tion techniques instead of a conventional laryn-
goscope with a Macintosh blade, may be 
beneficial for intubating patients whose neck 
position needs to be in a neutral position and 
their cervical spine requires immobilization [73, 
74]. The surgical airway is considered to be the 
last option in airway management; however, 
inpatient with facial trauma sometimes it is the 
best solution [74]. To be prepared well, a quali-
fied surgeon should stand onsite during conven-
tional airway management in order to be 
immediately in-charge. Performing a cricothy-
roidotomy or tracheotomy under local anesthesia 
is a lifesaving procedure in selected patients in 
the “cannot intubate, cannot ventilate” situation. 
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Surgical creation of an airway is a safe method 
for securing the airway when the procedure is 
done by an experienced surgeon. However, this 
approach has its drawbacks: it carries some of 
complications such as hemorrhage or pneumo-
thorax, in an elective scenario [75].

According to Hutchison et al., there are six 
specific situations associated with maxillofa-
cial trauma, which can adversely affect the air-
way [69, 76].

	1.	 Posteroinferior displacement of a fractured 
maxilla parallel to the inclined plane of the 
base of the skull may block the nasopharyn-
geal airway.

	2.	 A bilateral fracture of the anterior mandible 
may cause the fracture symphysis and the 
tongue to slide posteriorly and block the oro-
pharynx in the supine patient.

	3.	 Fractured or exfoliated teeth, bone fragments, 
vomitus, blood, and secretions, as well as for-
eign bodies, such as dentures, debris, and 
shrapnel, may block the airway anywhere 
along the oropharynx and larynx (Figs.  7.6 
and 7.7).

	4.	 Hemorrhage from distinct vessels in open 
wounds or severe nasal bleeding from com-
plex blood supply of the nose may also con-
tribute to airway obstruction.

	5.	 Soft tissue swelling and edema, which result 
from trauma of the head and neck, may 
cause delayed airway compromise (Figs. 7.8 
and 7.9).

	6.	 Trauma of the larynx and trachea may cause 
swelling and displacement of structures, such as 
laryngeal fracture, tracheal laceration, or com-
plete transection of epiglottis or arytenoid carti-
lages injury or vocal cord trauma, and thereby 
increasing the risk of airway obstruction.

The maxillofacial surgery is done after stabili-
zation of the patient; the radiographic tests are per-
formed (VE and 3-D reconstruction of upper 
airway), and all the injuries are identified. In some 
patients, the surgery is performed at the same time 
as the surgery on other injured organs. The sur-
geon has to perform fracture reduction and inter-
nal fixation with plates and screws, repair soft 
tissue injuries, and restore the occlusion. In 
selected patients, naso-endotracheal intubation 
can be used for airway control during surgery [77].

Submental oro-tracheal intubation was devel-
oped in order to avoid the need for tracheotomy 
and to permit unfettered access to the oral region. 
This type of intubation is done (a) in patients with 
comminuted fracture of the midface or the nose, 
where nasal intubation is contraindicated, (b) inpa-
tients who require restoration of the occlusion, and 
(c) patients whose condition permits extubation at 
the end of surgery [78]. The neck pathology and 
normal anatomy can be easily diagnosed using 
3-D reconstruction of this submental region to pre-
vent complication of submental intubation.

The patient with a difficult airway is also at 
high risk for postoperative complications. 
Following surgery, the mucous membranes are 
edematous, the soft tissues are swollen, and the 
airway may be compressed. Neck expandability 
is relatively low, and even a small hemorrhage in 
the region could result in airway compromise 
[79] (Figs. 7.10 and 7.11).

In intubated patients with maxillofacial 
trauma, extubation should be deferred until the 
edema subsides. During extubation, the patient 

Fig.  7.7  3-D CT reconstruction showing loose teeth and 
bone that can cause obstruction of airway
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Fig.  7.8  A cancer maxilla patient with loose teeth on the right side. Lymph nodal sizable metastatic adenopathy, result-
ing in significant airway displacement to the left demonstrated clearly on the VRT models
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Fig. 7.9  Mandible CT scan axial view bone window set-
tings with comminuted fracture of the left hemimandible 
with soft tissue surrounding edema and swelling resulting 
in partial obstruction and significant encroachment of the 
related airways

Fig.  7.10  (a) Upper lip and nose laceration preoperative. (b) Upper lip and nose laceration postoperative

should be monitored closely and the care provid-
ers should be prepared for the possibility of rein-
tubation. It is important to prevent nausea and 
vomiting because of the risk of gastric content 
aspiration [80] (Figs. 7.10 and 7.11).

Pedicle screw fixation in the upper cervical 
spine is a difficult and high-risk procedure. The 
screw is difficult to place rapidly and accurately 
and can lead to serious injury of spinal cord or 
vertebral artery. The use of an individualized 
design 3-D printing navigation template for 
pedicle screw fixation in the upper cervical 
spine has been reported as a safe procedure, 
with a high success rate in the upper cervical 
spine surgery [81].

7.11	 �Virtual Surgical Planning 
(VSP)

Virtual surgical planning and 3-D printed mod-
els have been found to be more attractive and 
useful techniques recently. The usefulness and 
improvement of these models are beneficial 
tools that may be used to help the surgeon in 
the pre-surgical and intra-operative phase 
because it offers the surgeons the accuracy and 
precession of normal anatomical repair and 
reconstruction.
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Fig.  7.11  (a) Facial laceration compromising the upper airway. (b) Facial laceration postoperative

7.11.1	 �Orbit and Sinus Surgery

Virtual surgical planning and 3-D printed models 
have been found to be especially useful for orbit 
and sinus surgery. The use of these models is ben-
eficial that may be used to help the surgeon in the 
pre-surgical and intra-operative phases. This 
method can improve the precision and accuracy 
of the implant and hardware placement, preserv-
ing the neurovascular complex of the orbital area. 
Using virtual surgical planning in conjunction 
with 3-D, patient-specific implants can give sur-
geons an effective therapeutic solution in treating 
complex shape defects or secondary surgery for 
orbital reconstruction [82].

7.11.2	 �Maxillofacial Reconstruction

Virtual surgical planning (VSP) and 3-D printed 
models have proved to be very useful in com-
plex maxillofacial reconstruction. In the area of 
mandibular reconstruction, this technique has 
been used in the shaping of free fibular flaps. 
With data obtained from high-resolution CT 
scans of the maxillofacial skeleton and lower 
extremity, stereolithographic models can be 
fabricated, whereas virtual surgery allows fab-
rication of mandible and fibular cutting guides 

and a plate-bending template for shaping the 
fibula to best approximate the desired shape 
of the reconstructed mandible [83]. By using 
these planning methods, intraoperative time is 
decreased as bending and shaping of the plate 
and fibula can now be done with precision to 
match the dimensions of the defect, and not 
freehand as is the traditional technique. This 
is extremely valuable in decreasing ischemia 
time; the accuracy of the fibular osteotomies 
allows better shape and optimizes the position 
of the bones for eventual prosthetics rehabilita-
tion [84, 85].

7.11.3	 �Mandibular Reconstruction

The use of 3-D printed models and VSP in man-
dibular reconstruction consists of a planning 
phase, modeling phase, and surgical phase [86]. 
High-resolution CT scans of the craniofacial 
skeleton and lower extremities are obtained. 
These images are forwarded to a company spe-
cializing in VSP. After an online meeting to dis-
cuss the case, a virtual resection of the mandible 
is performed. The 3-D image of the fibula is 
superimposed on the defect, and virtual osteoto-
mies are performed. In the modeling phase, a ste-
reolithographic model is fabricated (3-D model 
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printed), as well as cutting guides for the mandi-
ble and fibula. Finally, in the surgical phase, the 
mandible cutting guides are used to guide resec-
tion of the lesion. A temporary external fixator 
may be placed to ensure that the remaining seg-
ments are kept in proper position. Otherwise, 
more commonly, a reconstruction plate and drill-
ing of holes at appropriate locations on the 
remaining mandible are placed prior to perform-
ing the osteotomies. The reconstruction plate is 
removed and the cutting guides are placed in 
preparation for the osteotomies. The fibula is 
shaped using the fibular cutting guide, prior to or 
after division of the pedicle. The shaped fibula is 
used to reconstruct the mandible [87].

7.11.4	 �Midface Reconstruction

Virtual surgical planning with stereotactic naviga-
tion and 3-D printed models has been used for 
midface reconstruction with free fibular flaps 
[88]. Physical models are created using rapid pro-
totyping techniques. Titanium plates are then bent 
to match the contours of the fibular flap and facial 
skeleton. In addition, custom-cutting guides are 
fabricated for the fibular osteotomies. Navigation 
is performed with fiducial markers on the patient’s 
forehead, subsequently replaced by a navigation 
array fixed to the patient’s calvaria at the time of 
surgery. Virtual surgical planning has also been 
used for complex reconstruction of the midface 
and mandible with two separate free fibular flaps 
[89]. In extensive defects, where the native anat-
omy of the face is distorted by trauma or irradia-
tion, the amount of bone required for reconstruction 
can be underestimated. Virtual surgical planning 
and 3-D printed models obviate this problem by 
allowing the visualization of the pre-injury 3-D 
anatomy to aid planning of osteotomies preopera-
tively, saving valuable surgical time [90].

7.11.5	 �Total Replacement 
of the Temporomandibular 
Joint

Custom alloplastic total joint replacement 
implants of the temporomandibular joint (TMJ) 

have been used for the treatment of TMJ ankylo-
ses in a single-stage surgery. Similar to the work-
flow for other applications in VSP, fine-cut CT 
scans of the TMJ and maxillomandibular com-
plex are obtained, followed by the creation of 
3-D models by a company experienced in 
VSP. Through an interactive online meeting, vir-
tual surgery is performed, consisting of the resec-
tion of the ankylosed segment. The joint 
replacement is then designed, first with planning 
of the fossa component with a custom-made 
flange to fit the patient’s zygomatic arch, fol-
lowed by design of the mandibular ramus compo-
nent. Accurate visualization of the 3-D anatomy 
of the mandible ensures that the prosthesis and 
fixation avoid the inferior alveolar nerve and 
tooth roots. Finally, a virtual 3-D prosthesis is 
designed. Screw holes can be placed away from 
vital structures such as the inferior alveolar nerve 
and maxillary artery and over the best bone thick-
ness for fixation. In addition, measurement of 
screw depth is obtained to ensure that screw 
placement is bi-cortical for all holes [91].

7.12	 �Three-Dimensional Printing 
in Maxilla Facial and Oral 
Surgery

(Refer to Chap. 11 for more details.)

7.13	 �Future Plan

Virtual surgical planning has a clear role in facial 
transplantation where bone is a necessary com-
ponent in the completion of the reconstruction 
[92]. If a Le fort III segment is planned, cutting 
guides and templates are fabricated for the recipi-
ent and for the donor at the appropriate times. 
Additionally, VSP can be used in surgical naviga-
tion. The use of VSP for this indication ensures a 
more accurate outcome while minimizing isch-
emia time when microvascular flaps are used for 
the reconstruction [93]. Also future perspectives 
are simulation of multiple osteotomies and mov-
ing various fragments to achieve virtual surgery 
for any kind of oral and cranio-maxillofacial sur-
gery [94].
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7.14	 �Conclusion

In conclusion, MDCT examination, as well as 
the post-processing techniques, has the following 
points to be addressed and thoroughly commented 
on dental assessment (panoramic-like view using 
curved MPR to create an orthopantomogram 
(OPG) for absent teeth or loosening or loss of 
the normal lamina dura. Denture artificial teeth 
or loose implant/prosthesis. Temporomandibular 
joint (TMJ) (ankyloses, dislocation, osteoarthro-
sis, osteomyelitis, or fractures).

Computer-assisted surgery (CAS) planning 
was implemented in CMF surgery so that the 
complex anatomy of the patient can be under-
stood, and that the surgical task can be improved 
preoperatively. Orthognathic surgery represents 
an important part of CMF surgery and allows for 
correction of different dental and maxillofacial 
dysmorphoses, asymmetric faces, or craniofacial 
syndromes by cutting and moving the maxilla 
and/or the mandible according to a treatment plan.

Navigation system indications in cranio-
maxillofacial surgery, that is, navigational sur-
gery, are a helpful tool for minimally invasive 
surgery, increasing radicality of tumor treatment, 
preventing damaging of vital structures, and 
leading the reconstruction to preplanned, defined 
results.

3-D printed models have been used in cranio-
maxillofacial surgery, bringing many benefits 
during planning and surgical phases with mainly 
advantages reported as improvement in precision 
and reduction of surgical time.

This technique can be used for planning man-
dibular distraction osteogenesis in a neonate with 
Pierre Robin syndrome, tumor resection, and 
reconstructions. Three-dimensional models are 
fabricated based on CT scan data of the craniofa-
cial skeleton and distractors to ensure that the 
planned osteotomies would allow achievement of 
the planned distraction vector. One valuable 
advantage in DO is to allow preplanning of screw 
position and lengths to ensure bi-cortical screw 
placement, away from the inferior alveolar nerve, 
improving the efficiency and accuracy of place-
ment of the distractors [90].
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8.1	 �Introduction

The use and application of the three-dimen-
sional (3-D) reconstructions generated from 
suitable files Digital Imaging and 
Communications in Medicine (DICOM) of 
computed tomography (CT) or magnetic reso-
nance (MR) have been expanding recently. 
Such reconstructions allow physicians to 
observe anatomic cavities and structures within 
our body with an incredible amount of detail in 
addition to displaying the textures of variety of 
tissues [1–3]. The applications of such recon-
structions have varied from simple illustrations 
in exams up to the help in the diagnosis and 
preoperative planning in several ENT proce-

dures. An example of such application is virtual 
upper airways endoscopies and laryngoscopies. 
Such application has been practically aban-
doned due to its complexity and need for com-
puters with high power of graphic processing 
[4]. However, with the evolution of proper com-
pute softwares for reading and reconstruction 
of the DICOM files, some applications of such 
3-D reconstructions have been recovered for 
evaluation and preoperative planning in ENT, 
especially for head and neck surgeries and sinus 
surgery [5, 6]. Such 3-D reconstructions may 
offer potentially more usable information than 
those obtained with 2-D views in the axial, cor-
onal, and sagittal planes. Two-dimensional 
images are of more difficult comprehension for 
surgeons [7]. We live in a three-dimensional 
world, and despite a large part of the endo-
scopes still do not allow the performance of 
3-D stereoscopic surgeries, the images obtained 
in the traditional endoscopic surgeries allow us 
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the creation of 3-D relationships in our mind. 
These relationships may help in the perfor-
mance of specific tasks, and the excellent pre-
operative preparation may sometimes prevent 
generally challenging complications [8]. Some 
researchers have studied the utility of the 3-D 
reconstruction tools for the surgeries of the ear, 
nose, and throat and of the recess and frontal 
sinus. Other possible applications include pre-
operative surgical planning, preoperative mea-
surement for production of prostheses, air flow 
analysis, and proper teaching to resident doc-
tors [5, 6, 8, 9, 10].

8.2	 �VE and 3-D in Head and Neck 
Surgery Planning

Surgical procedures in otolaryngology—head 
and neck surgery—can be so challenging even to 
the most experienced surgeons during resection 
of infiltrative diseases and reconstruction of ana-
tomical structures. These challenges arise from 
performing excision of lesions within critical and 
anatomically complex areas in the head and neck 
region.

Head and neck anatomy is intricately unique 
in having compact condensation of neuromus-
culovascular structures. In addition, it is com-
posed of multiple anatomical subsites which are 
essential for vital functions, namely, breathing, 
phonation, and swallowing. These structures 
have different embryological origins and give 
rise to various disease processes and patholo-
gies. Esthetics is also a unique hallmark in the 
head and neck region for social acceptance and 
self-esteem.

Staging workup of head and neck cancers 
is important for prognosis assesment and for 
choosing the most appropriate treatment modal-
ity. Although there have been advances in 
nonsurgical treatment options, that is, chemo-
radiation, adequate surgery is still the mainstay 
of treatment for many benign and malignant 
tumors in head and neck region. Performing 
complete excision while minimizing effects on 
breathing, phonation, swallowing, and esthetic 

appearance greatly improves loco-regional con-
trol and minimizes short- and long-term com-
plications with improved quality of life scores. 
Surgical planning for excision and/or recon-
struction requires not only surgical expertise but 
also detailed knowledge of the disease topog-
raphy in relation to the normal structures sur-
rounding it.

Currently, endoscopic examination in the 
clinic or operating theatre is a valuable tool 
for disease mapping and assessing its effects 
on the upper aerodigestive tract and antici-
pating the function loss from adequate tumor 
resections. However, endoscopy is an invasive 
examination; may cause discomfort, bleeding, 
and airway compromise; and may often require 
local or even general anesthesia. In addition, it 
may yield limited information due to limited 
views depending on tumor localization and 
depth of extension and on individual patient’s 
anatomy variations, patient’s compliance, body 
habitus, and comorbidities, which should be 
taken into consideration. Therefore, reliance 
on other modes of information gathering is 
becoming more essential in assessing different 
head and neck pathologies. The current com-
mon modalities utilized in head and neck imag-
ing are US, CT, and MRI, which have their own 
advantages and limitations in assessing head 
and neck tumors.

Virtual endoscopy (VE) and 3-D reconstruc-
tions have become a more attractive imaging 
modality concept used in head and neck surgical 
planning. Virtual endoscopy is the processing of 
computerized tomography image data to create a 
virtual environment of the human body to allow 
diagnosis of disease processes. This technique 
combines latest imaging techniques with modern 
computer software to provide interactive recon-
struction of the 3-D anatomy and pathology of the 
head and neck from 2-D images. This mental task 
usually takes less time of experience to master as 
a radiologist or a head and neck surgeon. This 
concept will also be a useful tool for systematic 
and standardized way to help trainees develop 
their knowledge in dealing with the complex 3-D 
anatomy of the head and neck. VE allows the sur-
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geon the opportunity to interact with an image 
that is artificially generated by the computer that 
mimics reality.

8.3	 �Airway Management in Head 
and Neck Pathology

Managing the airway in head and neck surgery 
is a shared responsibility between the anesthe-
tist and the surgeon. The surgeon needs to be 
knowledgeable about how to keep the airway 
patent.

Traditional approaches to the development 
of surgical competency and image-guidance 
technology involve the use of biological speci-
mens in a pre-clinical setting. However, the use 
of cadaveric specimens requires considerations 
of resource availability and bio-safety factors. 
In contrast, animal studies raise ethical issues 
and may not provide a realistic representation 
of human anatomy. In both scenarios, there are 
costs associated with specimen transport and 
storage.

The development of realistic 3-D reconstruc-
tion images and virtual endoscopy for head 
and neck surgery has the potential to provide 
a threefold advantage: (1) from an educational 
perspective, it provides realistic and custom-
izable environments for surgical trainees; (2) 
from a surgical perspective, it enables the cre-
ation of patient-specific models for surgical 
planning and procedure simulation before start-
ing the actual surgery; and (3) from a research 
perspective, it facilitates technology develop-
ment in an environment that mimics clinical 
practice [2].

8.4	 �Some Major Problems 
Solved by VE and 3-D 
Redemonstration

In this chapter, the current applications and impli-
cations/limitations of VE in head and neck sur-
gery are discussed. And processes that create 
rapid prototype models for VE applications of 
head and neck surgery are also given.

8.4.1	 �VE and 3-D in Head and Neck 
Foreign Body Diagnosis

8.4.1.1	 �Deceiving Duck Bone Which 
Turned Out to be a Needle

Foreign body ingestion is a very common presenta-
tion in ENT practice and can have different 
sequelae. It can arrest anywhere in the pharynx, or 
it can continue further down either taking the air-
way tract to end up in the bronchus, or the digestive 
tract up to the intestines. A young female patient 
presented with possible ingestion of duck bone. CT 
imaging and 3-D reconstruction are shown in 
Figs. 8.1 and 8.2 (Movie 8.1). The characteristics 
of FB determined to be more of metallic in nature. 
The FB was traversing the sternocleidomastoid 
muscale and peircing the internal jugular vein; it 
was removed and it was actually an injection nee-
dle with a bore, and with a pinged proximal end 
suggestive of a break-off from its base. Although 
she didn’t not know how she ingested the needle, 
she recalled a dental procedure where she received 
a local anesthetic. The bottom line is that 3-D 
reconstruction and VE were helpful in  localizing 
the FB and in surgical planning as well.

8.4.1.2	 �Fish Bone as a Diagnostic Tool
VE and 3-D reconstruction play a very important 
role in the diagnosis of foreign body ingestion 
like fish bone, and to see how the diagnosis 
becomes easy and accurate please refer to Movies 
8.2, 8.3 and 8.4.

Please refer to Chap. 12, Challenge case 
discussion.

8.4.2	 �3-D and VE in Tracheo-
Esophageal (TEF)

Tracheo-esophageal fistula is an abnormal com-
munication between the trachea and the esopha-
gus. Causes of TEF are numerous and could be 
classified into congenital and acquired. The 
acquired could be further subclassified into being 
benign (commonest is iatrogenic causes) or 
malignant. Although benign acquired TEF is 
uncommon, the incidence seems to be rising due 
to increase in long term intubations and tracheos-
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tomies.) Patients typically present with cough 
after deglutition and/or recurrent chest infec-
tions/aspiration pneumonia. The latter is a reason 
for increased morbidity and mortality of 
TEF. Therefore, early detection and appropriate 
management is vital. Esophagoscopy and bron-
choscopy are currently the gold standard for 
diagnosis. Radiological studies using VE and 
3-D are important to plan surgical intervention. 
Size, location, and depth of the fistula are impor-
tant factors to consider when planning the best 
approach for surgical closure or to plan the use of 
regional flaps (Fig. 8.3). Please refer to Chap. 12, 
Challenge case discussion.

Clinical scenario of one of our patient: a 
60-year-old female patient who was intubated for 

2  months with viral meningoencephalitis com-
plained of recurrent cough while eating soon after 
extubation. Bronchoscopy and esophagoscopy 
aided to identify a small tracheoesophageal fistula 
in the cervical esophagus. The patient was ini-
tially managed conservatively with NPO and NG 
feeding. However, several months later, the fistula 
persisted and the patient presented to the ED with 
collapse due to septic shock secondary to aspiration 
pneumonia. Full recovery was made after 2-week 
course of intravenous (IV) total parenteral nutri-
tion (TPN) feeding. VE was utilized in this frail 
patient to assess the size and location of the TEF 
and also the integrity of the posterior wall of the 
trachea/anterior wall of the esophagus. Please refer 
to Chap. 12, Challenge case discussion (Fig. 8.4).

Fig. 8.1  FB needle transversely oriented with metallic 
density F.B. is noted as traversing and embedded within 
the left sternocleidomastoid muscle abutting the appar-
ently intact left carotid sheath vessels with partial com-

pression/effacement of the left IJV.  The subcutaneous 
region showed subtle bulge which was the guide for easy 
surgical intervention (arrow).
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Fig. 8.2  (a) Curved metallic needle averaging about 3 cm in length with one beveled end. (b) The X-ray image showed 
the forceps caption of the needle during its extraction

Fig. 8.3  Patient with TEF diagnosed after nondiagnostic several contrast studies; CT was carried out using modified 
Valsalva maneuver with nice demonstration of the fistula tract
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8.4.3	 �VE and 3-D in Abnormal Hyoid 
Bone Diagnosis

8.4.3.1	 �Circular Hyoid Bone
Hyoid bone is a free-floating horseshoe-shaped, 
single bone located in the anterior neck. The 
hyoid bone consists of a central body and two 
horns (cornuas) on each side, a greater horn and 
a lesser horn. The hyoid bone is embryologi-
cally derived from the second (greater horns) 
and third (lesser horns) pharyngeal arches. 
Developmental abnormalities of the hyoid bone 
can be seen in clinical conditions such as Pierre 
Robin syndrome and cleft lip and palate. Only a 
few cases were reported on abnormal hyoid 
bone [11].

Circular hyoid bone with subsequent narrow-
ing of airway in a 32-year-old male patient pre-
senting to the clinic with dysphagia and having 
the feeling of pinprick sensation in the neck all 
the time for the past 1.5 years. Fiber optic exami-
nation revealed prominent corniculate cartilages 
and prominent hyoid bone horns protruding into 
the pharyngeal lumen.

CT imaging and 3-D reconstruction show 
abnormal thick and abnormal configuration of 
the hyoid bone causing mild oropharyngeal air-
way narrowing and indenting posterior upper 
hypopharyngeal wall. With the use of VE, the 
diameter of the airway was determined, and sur-
gical, as well as anesthesia, planning was done 
accordingly. Microlaryngoscopy was done with 

Fig. 8.4  TOF nicely demonstrated by virtual endoscopy 
and VRT and SSD techniques. The virtual endoscopy 
images and findings were identical and in accordance 
with the conventional endoscopy images, however, with-

out the need for a local anesthetic and risk of aspiration, 
which is considered a breakthrough in safe patient 
management

H. Mohammed et al.



91

a CO2 laser and mucosa over the abnormal part 
of the bone and the abnormal part of the bone 
was exposed and removed. Please refer to Chap. 
12, Challenge case discussion (Fig.  8.5), and 
kindly refer to Chap. 12, Movies 12.1 and 12.2.

8.4.3.2	 �Displaced Hyoid Bone
Our second patient presented earlier with a 
recent diagnosis of thyroid carcinoma for preop-
erative anesthesiology assessment for which 
clinical evaluation was carried out, and preop-
erative naso-endoscopic evaluation revealed the 
presence of abnormal mucosal lined drumstick-
shaped structure of odd presentation, yet with 
no signs of malignancy or hyper-vascularity 
(Movie 8.5).

Its exact etiology origin was unclear till this 
point. Subsequently, 3-D reconstruction was 
carried out which solves this mystery as the eti-
ology was due to displaced blade of the hypoid 

bone, in which the thyroid mass lesion was clearly 
visualized. Please refer to Fig. 8.6 and Movie 8.6.

For more details, please refer to Chap. 12, 
Challenge case discussion.

8.4.4	 �Tracheal Stenosis (Please Do 
Referencing)

A 40-year-old lady presented with chief complaints 
of difficulty in breathing when she walks for 300 
meters or more or during any form of exercise.

She had a past history of an acquired tracheal 
stenosis for which she was treated by balloon 
dilatation, after which she had improved.

Her presenting history is otherwise unremarkable.
Examinations are all within normal.
Laboratory workup including complete blood 

count, serum urea, and electrolytes is within nor-
mal limits.

Fig. 8.5  Extremely rare anomaly (circular hyoid bone) 
with over-riding of its posterior aspect forming incom-
plete ring; the thyroid cartilages’ superior conu share in 
the same process with subsequent signal encroachment on 
the related airway column. The 3-D images: (a) caudocra-

nial, (b) right lateral, (c) TTP for the airway column with 
a narrow segment, (d) posterior aspect of the 3-D model, 
(e) VRT of the severely compromised airway, and (f) 
unique caudocranial view of the subglottic region
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CT of the neck and thorax was done (Fig. 8.7), 
which showed the severity and extent of stenosis:

A 1.5 cm short segment tracheal luminal nar-
rowing of around 50% at the level of the thyroid 
gland and opposite to C5 vertebral body, corre-
sponding to the previous tracheostomy site.

Diagnosis: Recurrent subglottic and tracheal 
stenosis.

Treatment planned: Microlaryngoscopy and 
balloon dilatation of the stenotic segment.

8.5	 �Traumatic Supraglottic 
Stenosis

This is the case of a patient with hoarsness of voice 
and exertional dyspnea. ENT clinical evaluation 
based on clinical and naso-endoscopy assessment 
revealed a web formation at the level of the glottis 
extending from the anterior commissure to the junc-
tion between the anterior two-thirds and posterior 
one-third of the vocal cord (glottic area) (Movie 8.3).

Fig. 8.6  Displaced and rotated hyoid bone (red arrow) with significant encroachment upon the airway, which is vio-
lated and replaced by a soft tissue mass lesion (white arrows)

Fig. 8.7  Virtual endoscopy and TTP of the airway showing significant encroachment and subtotal occlusion, 
narrowing
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Virtual endoscopic evaluation was done which 
showed the web to be at a supraglottic region, 8 
while the glottic region was clear) (Movies 8.7, 
8.8, and 8.9).

The anesthesiologist’s decision based on the 
VE findings was to give the patient light sedation 
in addition to topical surface spray airway anes-
thesia (Fig. 8.8).

8.6	 �Eagle Syndrome

Eagle syndrome is a rare disease due to elongation 
of the styloid process. Patients with this syndrome 
present with odynophagia, sensation of a foreign 

body in the throat, pain in the neck, and other non-
specific symptoms such as otalgia and tinnitus. In 
most cases, elongation is an acquired condition, 
often occurring as a result of a traumatic inci-
dent, including tonsillectomy. Diagnosis is usually 
made through clinical symptoms, physical exami-
nation, and radiological findings (Fig. 8.9).

8.6.1	 �First Case

We describe the case of a 57-year-old man who 
experienced unremitting right neck pain for sev-
eral years following an accidental fall. A multi-
disciplinary investigation identified an elongated 

Fig. 8.8  Web formation at the level of the glottis extend-
ing from the anterior commissure to the junction between 
the anterior two-thirds and posterior one-third of the vocal 

cord (glottic area). The (a) image is for the conventional 
endoscopic evaluation, while the (b) image is the virtual 
endoscopy view [12]

Fig. 8.9  Cropped view of the VRT model nicely 
demonstrated the elongated styloid process with 
partial calcification and ossification of the stylohyoid 
ligament in a case of Eagle syndrome
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styloid process. Surgical shortening of the struc-
ture provided definitive relief of the patient’s 
symptoms. We review the anatomy of the peri-
styloid structures and discuss the etiology, diag-
nosis, and treatment of Eagle syndrome.

8.6.2	 �Second Case

A 35-year-old male patient had tonsillectomy 
5 years ago for chronic tonsillitis. One year later, 
he started to complain of pricking sensation in his 
throat upon swallowing along with severe pain 
during swallowing with significant weight loss 
because of fear of eating-related pain.

3-D reconstruction and virtual endoscopy 
were helpful in measuring the length and the 
relation with carotid artery because the plane of 
the styloid process is not pure in the coronal and 
sagittal planes.

8.7	 �Laryngocele

Laryngoceles are uncommon cystic lesions of the 
larynx, which may be internal type, external type, 
or combined. Laryngoceles are usually filled with 
air but could also be filled with mucus (laryngo-
mucocele) or pus (laryngopyocele). They may be 
congenital or acquired mostly arising in the sixth 
decade of life. The association between acquired 
laryngoceles and squamous cell carcinoma is 
well established in the literature.

A 73-year-old had a 1-year history of ante-
rior neck swelling which was slowly increas-
ing in size, and 6-month history of dysphonia 
and dysphagia. Naso-pharyngo-laryngoscopic 
examination revealed a large left supraglottic 
cystic lesion with a normal overlying mucosa 
overhanging the glottic opening. CT showed a 
mixed fluid-filled laryngocele/laryngomucocele. 
VE reconstruction was helpful to navigate the 
upper airway to intubate the patient and avoid an 
upfront tracheostomy. Both components of the 
lesion were completely excised through a com-
bined approach with airway reconstruction [13] 
(Fig. 8.10).

8.8	 �Blunt Neck Trauma

Blunt neck trauma is not common in children, but 
these injuries can be potentially life-threatening. 
The presentation could be vague and nonspecific. 
Voice change and stridor may not be evident 
early and could be life threatening when occur-
ring late; imaging is very important for diagnosis 
and management.

We present a 6-year-old female child, previ-
ously healthy, presented with a history of falling 
down at the edge of the bed (wooden part); after 
that she had some little change in the voice. She 
also reported coughing a small amount of blood 
soon after trauma. With mild degree of odynopha-
gia, no dysphagia, and no stridor, flexible fiber-
optic laryngoscope revealed left aryepiglottic fold 
edema, a small hematoma above the posterior third 
of the left vocal cord, left vocal cord almost in the 
midline with sluggish movement, suspected thy-
roid cartilage fracture on the left side above the left 
vocal cord, mild to moderate airway compromise, 
no external injuries seen on the neck, she had mild 
to moderate tenderness on the neck at the level of 
thyroid cartilage. CT of the neck showed tiny air 
loculi at the level of the hyoid bone and thyroid 
cartilage on the left side and suspected upper air-
way injury with the help of 3-D reconstruction and 
VE; it was determined that we proceed with con-
servative management. The child did well and was 
discharged after full recovery and improvement in 
her voice and the above findings.

8.9	 �3-D Printing and Its 
Applications 
in Otorhinolaryngology 
and Head and Neck 
(for More Details Please 
Refer to Chap. 11)

8.9.1	 �Splints and Stents for Trachea

Recently, researchers and clinicians are investi-
gating the use of 3-D printing for more delicate 
and critical implants such as tracheobronchial 
splint for pediatric patients, where the challenge 
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is to create an external splint responsive to geom-
etry changes. The case proves that 3-D printing 
can be useful to accommodate physiological 
behavior of the patients over time, in what many 
started to coin as four-dimensional (4-D) print-
ing, in which materials with thermomechanical 
properties have shape-morphing behavior.

Surgeons succeeded in treating airway steno-
sis with customizable 3-D printed airway stent 
[14]. 3-D printing proved useful in this case due 
to the complexity of the geometry of the stenosis. 
In this case, the patient suffering from a complex 
case of a complete stenosis of the bronchus inter-
medius (BI) with partial dehiscence of the bron-
chial anastomosis after lung transplantation [15]. 
The complexity of the case excluded the use of 
conventional airway stents (Figs. 8.11 and 8.12).

By using computer-assisted segmentation and 
by conducting a virtual operation, the stenosis 
and dehiscence were treated and a 3-D stent was 
designed.

8.9.2	 �Bio-absorbable Polymer 
Vascular Stents in Head 
and Neck Area

Currently, most vascular stents, which are used 
as flow diverters or to treat stenosis, are manu-
factured using multi-step manufacturing pro-
cesses that include, but not limited to, LASER 
precision micro sheet and tube machining and 
micro wire braiding. Essential post processing 
includes heat treatment to dispose internal 
stresses and manufacturing defects as well as 
surface electrochemical treatments. Materials 
used for stent manufacturing include nickel tita-
nium (NiTi) and cobalt chromium (CoCr) [16]. 
3-D printing seemed to be unsuccessful to pres-
ent any added value to the clean room manufac-
turing of stents. However, many are investigating 
3-D printing for direct digital manufacturing of 
stents that can better fit with complex geome-
tries of critical vessels in head and neck, thus 

a b

c d

Fig. 8.10  A sizable combined internal and external 
laryngocele encroaching significatly upon the aerodiges-
tive tract: (a) laryngoscopic view, (b). intraoperative 

photo, (c, d) airway reconstruction for the airway frontal 
and right lateral projections
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reducing the probability of failure. Furthermore, 
3-D printed flexible, biodegradable polymer 
stents, which are customized to patient-specific 
geometries, can be coated with drugs that aim to 
reduce complications and expedite the healing 
process [16].

8.9.3	 �3-D Printing for Design 
and Manufacture 
of Implantable Devices

Advances in 3-D printing now allow for the cre-
ation of biocompatible structures with impressive 
complexity. 3-D printed implantable models of 
auricle can be used for reconstruction of patients 
with microtia or arrhinia.

Researchers have begun exploring the fea-
sibility of printing multi-material biomimetic 
tympanic membrane (TM) grafts that could be 
implanted into a patient.

The goal is to overcome the limitations of 
current graft materials to improve the outcomes 
following tympanoplasty. If we could design a 
graft material from the ground up and include 
optimized features, this would be a huge step 
forward. I think 3-D printing may now offer the 
means to produce such a graft.

Currently, physicians use materials such as 
temporalis fascia, perichondrium, and cartilage 
for TM grafts. The problem with these materials 
is that they do not possess similar structural fea-
tures as those of the native TM, and this can leave 
the patient susceptible to chronic otitis media, a 
long-standing infection of the middle ear. 3-D 
printers can fabricate biomimetic TM grafts.

Using nonabsorbable materials, as well as 
biologics, such as collagen and fibrin, they have 
created tympanic membrane grafts with acoustic 
properties that can be tuned to correct the sound-
induced motion patterns of the human TM.

Fig. 8.11  3-D printed tracheal model shows mass effect 
on the wall of the trachea due to pressure from outside

Fig. 8.12  3-D printed tracheal model, right and left main bronchus, and printed tracheal stent
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3-D printed grafts can be reliably produced 
and have structural features that are more con-
sistent with temporalis fascia. Such grafts have 
promising implications for clinical applications. 
With 3-D printing, we can rapidly create con-
structs with varying structural features and then 
answer these questions in a systematic way. It 
should help us generate a TM structure with the 
ideal features—a design that may one day be 
implanted into patients—and hopefully result in 
better outcomes.

8.9.4	 �Maxillofacial 3-D Printing

3-D design tools have enabled the virtual con-
struction of 3-D-specific models to construct 
implants and guides to facilitate surgical proce-
dures such as drilling and implant placement. 
The main applications of maxillofacial 3-D print-
ing are dental implant surgery, mandibular recon-
struction, mandibular pathology, orthognathic 
surgery, and midface reconstruction.

Please refer to Chap. 7 for more details.

8.9.5	 �3-D Printing in Preoperative 
Surgical Planning

The level of personalized care achieved through 3-D 
printing has been influential in increasing accuracy 
and efficiency in procedures, cutting down operating 
room time, and improving surgical outcomes. 
Working with patients who have cancer or radiation 
damage involving the mandible, we can use 3-D 
models to help prepare for and implement their sur-
gical resections and reconstructions. We can use 3-D 
models for two reasons: to help plan where we will 
make our bone cuts around the tumor and to help 
streamline and optimize the reconstruction.

It starts with a CT scan that is turned into a 3-D 
image of the patient’s face to determine where the 
bone cuts around the tumor will be and at what 
angles. Often times, there is a need to take part of 
the patient’s fibula to create a new jawbone, and 
3-D imaging is used to determine where fibula 
osteotomies will be. Once all of the cuts have been 
mapped out, the 3-D model is printed. These mod-

els are used to bend a titanium plate customized to 
the patient’s native mandible, which is implanted 
during surgery. In some instances, the models are 
also shared with patients to give them a better 
understanding of what the surgery will look like.

Improved cosmetic outcomes have been 
another advantage to 3-D printing. Patients who 
have mandibles that are excessively deformed 
are now able to achieve a result that is much 
more symmetric than before. We can use the 3-D 
images to view the opposite side of the mandible, 
invert it, and make it an exact mirror image of the 
other side of the jaw.

From a point-of-view of bone reconstruction 
anywhere in the head and neck region, using 3-D 
models is going to become the standard way to go.

8.9.6	 �Reductions in Operation 
Room Time

Operating room time has usually been one of the 
huge debates for health care 3-D printing. Of the 
227 articles, 42 explained the precise effect of 
utilizing 3-D printing innovation on OR time. For 
a large number of applications, 3-D printing 
resulted in time-saving. The outcomes are given 
in applications such as operative guides for max-
illofacial surgical operation, models for vertebral 
and maxillofacial surgical preparation, and 
designs for forming implants utilized in maxillo-
facial surgery appear to benefit the more from the 
modern 3-D technology [17] (Fig. 8.13).

8.9.7	 �Resident Training

Quick prototyping is a developing innovation that 
has the possibility to transform health care learn-
ing. As plastic cosmetic surgeons, we are antici-
pated to recognize the touches of comprehensive 
human anatomical designs and their spatial rela-
tionship with one another. 3-D printing can enable 
an in-depth awareness of human anatomy that 
was generally obtained from text illustrations and 
years of operative expertise doing complex dis-
sections. The future of plastic surgery learning is 
interesting because of the capability to take a 
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2-dimensional (2-D) picture and carry it to way of 
life with a full-scale design (Fig. 8.14).

8.9.8	 �Patient Education of Head 
and Neck Surgery

Throughout (ENT) subspecialty, a somewhat min-
imal portion of patients follow through with elec-
tive procedures to fix ailments such as oral, head 
and neck tumors, or pathology. Patient awareness 
of their medical diagnosis and therapy plan is inte-
gral to compliance, which essentially generates 
enhanced health care results and far better quality 
of life. Here we report the usage of advanced, 
polyjet 3-D printing options to develop a multi-
material reproduction of human nasal sinus anat-
omy, derived from clinical X-ray computed 

tomography (CT) data, to be used as an educa-
tional aid during doctor assessment. The last 
patient education model was developed over sev-
eral models to optimize material properties, ana-
tomical reliability, and overall performance [18].

8.10	 �Future Applications

Incredible advances have been gained from 3-D 
reconstruction and printing; however, there is 
some concern that such claims may be exagger-
ated. There has been major dramatic and impor-
tant discovery in tissue scaffolds and bio-printing 
in the last few years; however, many of these 
technologies, including organ printing, are in 
their primitive stage.

Three 3-D printed implantable models 
of auricular and nasal scaffolding have been 
assessed.

In such models, anatomic structure has been 
persevered and histologic appearance revealed 
cartilaginous growth within the territories of 
these scaffolds. The need to develop and present 
a vascular network to deliver oxygen and remove 
waste remains a considerable challenge to organ 
printing. Vascular structures could be constructed 
from biomaterials, using three-dimensional print-
ing, which, thereafter, can be incorporated with 
endothelial cells. Vessel-like microfluidic chan-
nels flanked by tissue spheroids have also been 
proposed and may be a viable option in the 

Fig. 8.13  3-D model print as a rehearsal and accurate measurement of the metallic plate and screws in a patient going 
to have right-sided hemimandibulectomy

Fig. 8.14  3-D print model of the skull
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future. The organ production steps also include 
separation and differentiation of stem cells, cul-
turing the cells in support medium, checking 
for markers, and organogenesis in a bioreactor. 
Correcting congenital anomalies, reconstructing 
defects from resecting large tumors, and rebuild-
ing traumatic injuries can be achieved from 
complex tissue and organ production. Vascular 
pathologies such as arteriovenous malformations 
can be created as well.

Ossicular reconstruction, cochlear and vestib-
ular structures, turbinates, and laryngeal subunit 
reconstructing defects arising from large head 
and neck tumor resection can be some important 
future applications in the field of otolaryngology.

8.11	 �Conclusion

Surgical procedures in otolaryngology-head and 
neck surgery can be so challenging even to the 
most experienced surgeons during resection of 
infiltrative diseases and reconstruction of ana-
tomical structures. These challenges arise from 
performing excision of lesions within critical and 
anatomically complex structures in the head and 
neck region. Virtual endoscopy (VE) and 3-D 
reconstructions have become more attractive 
imaging modalities used in head and neck surgi-
cal planning. 3-D reconstruction images and vir-
tual endoscopy images have the potential to 
provide realistic and customizable environments 
for surgical trainees, enable the creation of 
patient-specific models for surgical planning and 
procedure simulation before starting the actual 
surgery, and facilitate technology development in 
an environment that mimics clinical practice.
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Reality Visualization in Thoracic 
Surgery and Pulmonary 
Interventions
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9.1	 �Introduction

Decision-making and preparation of the patient 
for surgical intervention take time, effort, and a 
lot of preparations by patient care team, and for 
the anaesthetist the most important step is air-
way assessment and for this mission to be 
accomplished multiple score indices and tech-
niques were developed for proper assessment 
with variable degrees of sensitivity and 
accuracy.

Virtual bronchoscopy (VB) or virtual endos-
copy (VE) is an animated 3-D CT post-processing 
practice that generates high-definition tracheo-
bronchial tree photos and endobronchial views 
that mimic standard bronchoscopy reports.

While the procedure was defined in the mid-
1990s, it created increasingly new actual interest 
due to advances in computer functionality and 
technology in multi-detector computed tomogra-
phy (MDCT) advanced scan technology, which 
permit isotropic data acquisition [1].

Discussion of the current role of VB and 3-D 
MDCT imaging in clinical settings on the air-
ways is very important. In fact, one of the latest 
techniques in the current medical practice to 
have an accurate idea about airway anatomy is 
fibre-optic scopes, which use a camera with 
either a flexible or rigid probe to visualize the 
anatomy and make accurate judgements; the use 
of this technique has revolutionized the practice 
of pulmonary medicine and anaesthesia and 
reduced the risk of unanticipated difficulties 
intraoperatively, but despite its huge benefits it 
has its own limitations and the most important is 
(1) inability to visualize the anatomy beyond 
significant obstruction through which the probe 
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cannot pass and the next important is (2) the 
invasiveness and the advanced training and prep-
aration that are needed for proper handling and 
accurate results; these drawbacks raised a strain 
to figure out a non-invasive technique that can 
overcome these limitations: these facts high-
lighted the role of non-invasive imaging tech-
niques like CT and MRI in the assessment of 
tracheobronchial tree [2].

Virtual bronchoscopy (VB) is one of the most 
recent innovations in the field of post-processing 
technique. It visualizes inner structures using a per-
spective projection for easy navigation or to gener-
ate animations for the bronchial tree that illustrate 
the inner structures when it is indicated for diagno-
sis and assessment for any needed procedure [3].

In this chapter, we will try to explain more 
about the role of CT in airway assessment by 
implicating the images obtained by CT into spe-
cific computer-based software and analyse them 
to produce a real-time virtual 3-D image of the 
airway, hence producing a virtual bronchoscopy 
(VB) image.

9.2	 �Definition

Virtual bronchoscopy (VB) is a newly emerg-
ing technique; its clinical use started in the mid-
1990s; at that time, CT imaging and computer 
software were not that well developed to produce 
a clinically significant 3-D model of the lung and 
airways; the current systems have improved their 
technological capabilities so that it can produce 
a dependable 3-D model based on 2-D image. 
Virtual bronchoscopy is a novel multi-detector 
computed tomography (MDCT) imaging tech-
nique that demonstrates a non-invasive intra- and 
extra-luminal evaluation of the tracheobronchial 
tree. Virtual bronchoscopy visualizes the inner 
structures through a perspective projection. To 
have an animated navigation tracking of the 
inner structures of the bronchial tree, a computer-
generated path tracking is easier than using man-
ual tracking [1].

Virtual bronchoscopy, as mentioned before, is 
CT image dependent, which means the final vir-
tual images are dependent on the type of quality 
and the radiological specifications of the per-

formed images and also on the software program 
used to process the images [3].

9.3	 �Technique Implications

Please refer to Chap. 3 for more radiological 
background.

9.4	 �Clinical Uses

From a clinical point of view, this technique can 
aid in perioperative preparations and assessment 
of the patient in the following spectrum:

9.4.1	 �Preoperative

9.4.1.1	 �Visualization of Normal 
Anatomical Features 
and Variants

The proper identification of anatomical variants 
of tracheobronchial (T-B) tree is very crucial in 
multiple aspects that involves the diagnosis and 
the treatments of certain pathologies of the lung; 
the fibre-optic technique was and still is the basic 
tool for such evaluation, but its well-known limi-
tations include inability to advance beyond the 
4–5 dichotomous divisions and its invasiveness 
in high-risk patients, raising the need for multi-
detector computed tomography (MDCT) (VB) 
for evaluation [4].

According to the article published in 2013 by 
Polish Journal of Radiology by Adamczyk et al., 
the atypical anatomical variation in the tracheo-
bronchial tree ranges between 25% and 55%, for 
example, around 44% of the study population 
had atypical right upper lobe bronchus division, 
which was bifunctional rather than the normal tri-
furcation, and 1% of the B1 division arises from 
trachea directly; such results cannot be obtained 
previously by bronchoscopy alone with that 
much of accuracy; this study showed that CT vir-
tual bronchoscopy is a fast and productive method 
to assess the bronchial branching down to the 
level of segmental bronchi, which is character-
ized by a huge anatomical variability [3] 
(Figs. 9.1, 9.2, and 9.3).
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Fig. 9.1  Different levels of virtual bronchoscopic evaluation of the right lung; the two images at the top correspond to 
the two images at the bottom, which nicely demonstrate the endoluminal views of the bronchial segmentation

Fig. 9.2  Right-side VB views at the right main bronchus and the proximal part of the bronchus intermedius
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9.4.1.2	 �Tracheobronchial Stenosis
The aetiology of tracheobronchial stenosis 
might be inflammatory, granulomatous, trau-
matic, or pressure from outside by adenopathy 
for instance. The positron emission tomogra-
phy/computed tomography (PET/CT) scan 
seemed to be a highly valuable diagnostic 
modality. Englmeier and Seeman used virtual 
hybrid bronchoscopy by a low-dose diagnostic 
CT.  The importance is that it can identify and 
diagnose the character of malignancy and can 
identify the tumour from atelectasis and has the 

ability to help in tumour staging, which may not 
be detectable by virtual CT-bronchoscopy. 
Virtual hybrid bronchoscopy can also replace 
fibre-optic bronchoscopy in the situation that it 
is contraindicated or not possible [5] (Figs. 9.4, 
9.5, and 9.6).

Others compared different imaging modalities 
including virtual bronchoscopic images and flex-
ible bronchoscopy for grading of tracheobron-
chial stenosis; the results were as predicted: 
virtual bronchoscopic findings of tracheobron-
chial tree revealed 98% accuracy rate and 91% 

Fig. 9.3  The left-side image is VB at the level of the tracheal bifurcation (carina). The right-side image is the VB at the 
right main bronchus and bronchus intermedius

Fig. 9.4  Sagittal and coronal reformatted images showing stenotic segment/narrowing at the level of the thyroid gland 
(arrows)
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accuracy rate in grading of tracheobronchial ste-
nosis compared with images obtained by flexible 
bronchoscopy [6].

These results also support the rising assump-
tion of considering reliable virtual bronchos-
copy as a non-invasive method that allows 
accurate grading of tracheobronchial stenosis 
[5] (Movie 9.1).

9.4.1.3	 �Endoluminal Lesions
Virtual bronchoscopy evaluation of malignant 
tumours of the thorax: lung cancers are consid-
ered one of the most common leading causes of 
death worldwide, and it is well known that the 
earlier the detection the better the prognosis; 
despite the advancements in lung cancer diagno-
sis, patients still present with signs and symp-
toms of airway narrowing or obstruction as a 
result of endoluminal lesion [5], while fibre-optic 
examination is still considered as one of the lead-
ing modalities to detect endoluminal lesions that 
can represent invasive pulmonary malignancy 
questions related to its invasiveness; its serious-
ness as a procedure that requires sedation and 
monitoring can hinder its use on widespread 
practice in addition to its adverse outcome in 
high-risk patients [7].

In 2002, an article by Finkelstein et  al. was 
published in The Journal of Thoracic and 
Cardiovascular Surgery that compared the sensi-

Fig. 9.5  Tissue transparent projection of the airway 
showing the narrow segment (arrow)

Fig. 9.6  VB views showing the appreciable narrow segment
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tivity and specificity of images obtained by fibre-
optic and multi-detector computed tomography 
(MDCT) (VB) in the detection of endoluminal 
and obstructive lesions; although the study sam-
ple was not that big, the sensitivity of virtual 
bronchoscopy was 100% for obstructive lesions, 
83% for endoluminal lesions, and 82% for all 
abnormalities; the specificity of virtual bronchos-
copy was 100%; however, one interesting finding 
was the inability of multi-detector computed 
tomography (MDCT) (VB) to detect mucosal 
lesions which is considered a drawback to use 
this modality for the detection of minor mucosal 
lesions, and hence this modality may not be 
appropriate for identifying pre-malignant lesions 
in the respiratory tract [8].

For intra-tracheal thyroid mass case, please 
refer to Thyroid mass case in Chap. 12 (Fig. 9.7).

9.4.1.4	 �Evaluation of Inhalational 
Injury

There has been a significant morbidity and mor-
tality in inhalation injury patients. Supportive 
treatment of inhalation injury remained the main 
management. Research has led to advances in 
recognizing the molecular pathophysiology of 
inhalation thermal injury. These new achieve-
ments in research on targeted therapies would 
improve the outcome [9].

Comparison of virtual bronchoscopy to fibre-
optic bronchoscopy for the assessment of inhala-
tion injury severity is important. The final 
product images of multi-detector computed 
tomography (VB) are based on processing soft-
ware and the sensitivity of the CT machine. 
Inhalational injury most of the time produces 
mucosal changes that cannot be easily detected 
by ordinary CT imaging, especially in the acute 
phase of injury when there is no airway narrow-
ing or obstruction secondary to fibrosis caused 
by the initial injury.

Evaluation of how reliable is multi-detector 
computed tomography (VB) to detect such injury 
is challenging not just on the technical aspect but 
also on the clinical aspect since MDCT (VB) is a 
new emerging modality in this field; the question 
will be are we as physician satisfied with grading 
system for inhalational injury totally dependent 
on MDCT (VB) images or will fibre-optic exami-
nation remain as the sole technique for such eval-
uation [4].

Herbert et al. tried to answer this question in 
his article “Comparison of virtual bronchoscopy 
to fibre-optic bronchoscopy for assessment of 
inhalation injury severity” which was published 
in 2014 in the Burns Journal; this trial showed “ 
smoke inhalation injury score” as the grading 
system for respiratory injury and used both fibre-
optic bronchoscopy and VB to detect the sever-

Fig. 9.7  Coronal reformatted images of lung window 
setting showing the soft tissue mass lesion encroaching 
upon the tracheal lumen (arrow). Left image: TTP image 

showing the violation and filling defect at the t\left side of 
the trachea (arrow). right-sided image
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ity; the results of this trial were interesting in 
which VB provided a similar injury severity [4].

9.4.1.5	 �Specificity of Virtual 
Bronchoscopy (VB) Animated 
3-D CT

Although FOB still has higher sensitivity and 
specificity than MDCT in the detection of inhala-
tional injury as assumed from the trial result, per-

forming a VB during admission CT may be a 
useful screening tool, especially to demonstrate 
airway narrowing induced by smoke injury [4].

9.4.1.6	 �TOF (Figs. 9.8, 9.9, 9.10, and 9.11)

9.4.1.7	 �Bronchogenic Carcinoma
CT is the principal imaging method intended for 
the diagnosis, staging, and proper diagnosis of 

T 

E 

Fig. 9.9  Sagittal reformatted VRT images showing the TOF (arrow) T: Trachea, E: Esophagus, and red arrow: fistula

Fig. 9.8  Axial reformatted images showing the TOF-
forming figure of “8” and the NGT is nicely demonstrated 
Astrics: Trachea, red arrow, is the fistulous track and light 

blue arrow wave to the oesophagus with the NGT seen 
inside. The right-sided image distal to the level of the TOF 
still showing the unduly dilated oesophagus

9  Perspectives in the Current and Future Use of Augmented Reality Visualization in Thoracic Surgery…



108

Fig. 9.10  VB showing the trachea bifurcation (left), and on the right the TOF is nicely demonstrated. T: Trachea, E: 
Esophagus, ∗: NGT and blue arrows show the TOF rent boundaries

Fig. 9.11  TOF, a: conventional endoscopy showing the TOF and confirmed by the TTP and VRT images, as well as the 
virtual endoscopy evaluation
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primary malignant tumours of the lung. 
Radiologists basically depend exclusively on 
axial images of those patients’ group. Even so, 
researchers have already started to survey the 
possible value of VB for this medical utilization. 
Finkelstein et  al. [8] studied and reviewed a 
series of 32 cases with pulmonary malignancy 
tumours and undiagnosed tracheobronchial 
pathology. The VB and the results of standard 
bronchoscopy were matched for 20 of the 32 
patients. VB illustrated all 13 of occlusive 
pathology and five of the six endobronchial 
lesions but none of three mucosal lesions. Within 
that research study, the sensitivity of VB for all 
of the changes was 82%, and the specificity was 
100% [10].

In a following study, Finkelstein et  al. [11] 
discovered that CT with VB had a sensitivity of 
100% for occlusive lesions, 16% for mucosal 
lesions, and 90% for endoluminal lesions. The 
overall sensitivity was 83% in patients with 
malignant tumours, and the specificity was 100%. 
In a related study, Liewald and colleagues [12] 
utilized VB and fibre-optic bronchoscopy to 
review 30 patients with pulmonary malignant 
tumours. All the 13 obstructive lesions were actu-
ally adequately viewed on VB, but no mucosal 
lesions were recognized on VB. An advantage of 
VB more than fibre-optic bronchoscopy is the 
capability to overcome the site of blockage and to 
see the smaller sized air passages, which in turn 
are not possible with fibre-optic bronchoscopy. 
For example, the study by Finkelstein et  al. 
reported that in five patients, VB depicted periph-
eral obstructive lesions that were not possible to 
visualize further than the dimension restriction of 
the endoscope [8].

9.4.1.8	 �Tracheal Trauma
Moriwaki et al. had reported that 3-D CT along 
with VB was helpful for the diagnosis of tracheal 
trauma in people in hemodynamically stable 
condition. A small-variety CT showed a defi-
ciency or depression in the wall structure at the 
location of the injury detected at bronchoscopy. 
CT depiction of the site and dimension of the 
trauma was similar to that of fibre-optic bron-
choscopy [4].

VB can be actually utilized to guide trans-
bronchial needle aspiration of mediastinal and 
hilar nodes and masses. The result for transbron-
chial biopsy is only 50% for nodes and tumours 
not visible to the bronchoscopist [13].

McAdams et  al. reported significant success 
while utilizing VB as a quick guide for transbron-
chial needle aspiration in the course of fibre-optic 
bronchoscopy. All these authors discovered that 
the sensitivity for malignancy on a per node basis 
was 88%, significantly greater than the sensitivity 
reported for non-CT-guided transbronchial needle 
aspiration. They attributed their achievement to 
their capability to much better correspond node 
place and position of needle approach utilizing 
VB instead of traditional axial pictures. These 
authors similarly strongly believed that VB imag-
ing gave them higher assurance in the examina-
tion of small nodes and nodes at inaccessible 
sites. In that study, the use of VB was time-saving. 
VB likewise may be actually used to guide biopsy 
of peripheral lesions. For example, Shinagawa 
et al. found that VB can be used to guide trans-
bronchial biopsy along with an ultrathin broncho-
scope. Minimal peripheral lesions (<20 mm) were 
effectively biopsied along with this method [14].

9.4.1.9	 �Single Lung
It is uncommon to diagnose patients with single 
lung. Case reports had documented that some 
cases presented as congenital lung aplasia, while 
others may have had previous surgery for pneu-
monectomy due to either malignancies or bron-
chiectasis (A).

Congenital anomalies in the lung may be 
found below the lung at a level down to carina; 
these include bronchogenic cyst, congenital lobar 
emphysema, alveolocapillary dysplasia and cys-
tic adenomatoid malformation (B).

They may require surgical interventions to 
manage airway symptoms.

Mortality or morbidity of patients diagnosed 
as single-lung is significant. They may have a 
diminished pulmonary reserve. Assessment by 
bronchoscopy is commonly invaluable for the 
diagnosis of these patients. (A) But 3-D recon-
struction and VE change the diagnosis and surgi-
cal management so we have the following case:
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One patient came accidently for pre-
employment routine check-up, and we found 
very interesting study results.

This male adult patient presented to the com-
municable disease centre referred from the medi-
cal commission with abnormal chest X-ray for 
the assessment of his medical fitness. History of 
previous surgical intervention to remove foreign 
body with left-sided intercostal scar on the skin. 
The plain radiographs suggested status post left 
lower lobectomy.

MDCT scan revealed absent left lung, obliter-
ated left main bronchus with nippling, absent left 
pulmonary artery and significant hyperinflation 
of the right lung crossing to the left through the 
anterior mediastinum.

The compensatory overinflated right lung 
creeps to the left side via anterior mediastinum 
route filling the space of the left lung potential 
space, displacing the mediastinal structures to 
the left posteromedially. The left pulmonary 
artery is not visible as well as abrupt termination 
of the left main bronchus few centimetres fol-
lowing its origin with nippling noted. No metal-
lic clips or dense sutures seen. No evidence of 
sternotomy or rib resections apart from subtle 
approximation of the left fifth and sixth ribs 
(Figs. 9.12, 9.13, 9.14, 9.15, and 9.16) (Movies 
9.2, 9.3, 9.4, and 9.5).

9.4.2	 �Intraoperative

9.4.2.1	 �Foreign Body Aspiration (FBA)
Foreign body aspiration is one of the leading 
causes of mortality and morbidity in children, 
especially in those younger than 2 years of age. 
In the USA alone, FBA was responsible for 
17,000 emergency department visits in children 
younger than 14 years in 2000 and in 2013 was 
responsible for about 4800 deaths, or about 1 
death per 100,000 children aged 0–4 years with 
an estimated annual associated inpatient cost of 
nearly $13 million [15]. Before the era of bron-
choscopy, aspiration of a foreign body had a 24% 
mortality rate. With the development of modern 
bronchoscopy techniques, mortality has fallen 
dramatically, and early intervention and diagno-
sis of fibre-optic bronchoscopy cases have a vital 
role in the prognosis and outcome.

Initial radiological evaluation reveals normal 
chest X-ray in nearly 30% of such patients, which 
means poor sensitivity and specificity of such 
techniques for the early diagnosis of foreign body 
aspiration. Tomography-generated virtual bron-
choscopy (VB) can facilitate the early diagnosis 
and rapid management of these cases.

Traditionally, bronchoscopy is used for defini-
tive diagnosis and management, but problems 
and complications associated with its use in the 

Fig. 9.12  TTP of the lungs, compensatory hyperinflation of the right lung, termination and nippling of the left main 
bronchus (arrow)
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Fig. 9.13  VRT and SSD of the lungs, compensatory hyperinflation of the right lung, termination, and nippling of the 
left main bronchus

Fig. 9.14  VRT/SSD of the lungs, compensatory hyperinflation of the right lung, and it is seen creeping to the left side 
superiorly
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pediatrics group including monitoring sedation 
and trauma raised a concern and emerged the 
need to use less invasive techniques like virtual 
bronchoscopy (VB) [16].

Comparison between the efficacy of tradi-
tional bronchoscopy and virtual bronchoscopy 

(VB) has proved that virtual bronchoscopy (VB) 
is as effective as bronchoscopy in the detection of 
FB, and it is a reliable method for definitive diag-
nosis of FB.

Images obtained by virtual bronchoscopy 
(VB) show not only the location of the FB but 
also other pathologies associated with aspiration 
like hyperaeration, atelectasis, infiltration, and 
bronchiectasis that cannot be detected by tradi-
tional bronchoscopy [17].

9.4.2.2	 �Stent Positioning 
and Endobronchial Stent 
Planning

MDCT CT evaluation of airway stents is impor-
tant, and the use of airway stents is getting more 
popular to treat symptoms of patients with obstruc-
tive tracheobronchial diseases with non-resectable 
lesion or who have poor functional performance 
status preventing any surgical intervention to be 
done for them; primary lung cancer and metastatic 
disease comprise the majority of these conditions.

MDCT CT has gained a very important role 
in pre- and post-procedure assessment of airway 

Fig. 9.15  VRT/SSD of the lungs, compensatory hyperinflation of the right lung, termination, and nippling of the left 
main bronchus

Fig. 9.16  Topogram of the CT chest showing the reduced 
volume of the left hemithorax with overinflated right lung, 
and superiorly it shows transmediastinal creeping to the 
left side with obliteration of the left costophrenic sinus 
and shift of the mediastinum to the left
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stenting, and images captured by this technology 
provides accurate evaluation of the exact anatomy 
of the airways in the target area of the lung or out-
side the lung. Moreover, these images can show 
the relation between the airways and adjacent 
structures like main blood vessels which cannot 
be visualized by traditional bronchoscopy [18].

The scope of this chapter is beyond the discus-
sion about the type of stents, but it is worth men-
tioning that MDCT provides information about 
the optimal position and number of potential 
stents, which requires considering the location 
and length of the obstruction.

9.4.2.3	 �Imaging Guidance
VB has been used for the direct aspiration of 
mediastinal as well as hilar lymph nodes and 
masses using transbronchial needles. For trans-
bronchial biopsy, the success rate is only 50% for 
lymph nodes and tumours that are not visible to 
the bronchoscopist [13].

McAdams et  al. reported great success by 
using VB as a transbronchial needle aspiration 
guide during fibre-optic bronchoscopy. They had 
reported that sensitivity to malignancy per node 
was 88% significantly higher than the sensitivity 
reported for transbronchial needle aspiration 
without CT guidance.

They significantly correlated node location 
and angle of needle approach with VB accurately 
rather than using basic axial photos.

They had also reported that VB photos enabled 
them to biopsy small nodes, especially those at 
inaccessible sites, and they found that the proce-
dure time was less by using VB [17].

Furthermore, it had been reported that the VB 
biopsy guidance can be used for the peripheral 
lesions. Shinagawa et al. concluded that VB had 
been used to guide ultrathin bronchoscope for 
transbronchial biopsy. With this technique, they 
could achieve doing biopsies in lesions (<20 mm) 
successfully [19].

9.4.3	 �Postoperative

Masahiro Yanagiya and his colleagues reported 
the effectiveness of virtual bronchoscopic navi-
gation to close the endobronchial fistula in post-

operative bronchopleural fistula, by capturing 
images of virtual bronchoscopic navigation 
before, and they confirmed the position of the 
catheter by CT fluoroscopy [20].

In postoperative lung transplantation, there 
may be bronchial anastomosis stenosis, and VB 
has been used to diagnose any airflow obstruc-
tion. The importance of this decreased airflow is 
that it is clinically similar to some conditions like 
bronchiolitis obliterans, and the proper diagnosis 
leads to successful treatment.

By using the correlation between VB and pul-
monary functions tests, VB is an important diag-
nostic screening tool in post-transplant patients 
when there is doubt of the presence of bronchial 
stenosis [21].

9.4.3.1	 �Lung Transplant
Organ transplantation is a lifesaving intervention 
that is needed when there is no other choice; the 
field of transplantation is growing dramatically in 
the last century because of the advancement of sur-
gical technique and of course immunosuppressant 
use. The first lung transplant procedure was done 
in 1963, although the patient died after 18 days, 
but this attempt opened a new hope in this field.

Earlier, most of the early patient mortality 
cases were attributed to airway and vascular 
complications like bronchial anastomotic dehis-
cence and pulmonary artery anastomotic steno-
sis, which requires a sensitive imaging modality 
for early detection [22].

Multidetector CT provides an excellent assess-
ment tool not just postoperatively but also for the 
preoperative preparation of the patient in terms of 
evaluating donor and recipient size and volume 
measurements and in alerting the surgeon about 
an incidental malignancy or infection that could 
possibly complicate the outcome [17]. The fol-
low-up process of lung transplant (single lung 
transplantation, bilateral lung transplantation, or 
lobar transplants) is extensive and includes many 
steps and tests; maybe the most important of 
them is the daily chest radiography and the 
monthly surveillance biopsies that determines the 
rejection. Abnormal findings that cannot be fully 
explained needs CT imaging evaluation, and 
MDCT VB provides invaluable information in 
the diagnosis, evaluation, and post-treatment 
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assessment of those abnormalities either central 
airway or vascular complications in lung trans-
plant recipients [23].

9.5	 �Summary and Future 
Directions

Virtual bronchoscopy generates high-definition 
tracheobronchial tree pictures and endobronchial 
views which mimic traditional bronchoscopy 
conclusions.

However, the increasing involvement of vir-
tual bronchoscopy rises as computer virtualiza-
tion advancements and innovations in MDCT 
permit isotropic data to be obtained [24].

Although both three-dimensional CT with VB 
had been used for over 10 years, radiological and 
respiratory clinical specialties are indeed increas-
ingly excited about the technique due to advances 
in CT scanner operating systems. VB can clearly 
be a useful addition to conventional axial CT in 
the assessment of patients with suspected pulmo-
nary disorders [1].

Medical imaging has created and developed 
augmented reality (AR) that facilitates clinicians 
to understand what is produced by the machines 
and helps in minimally invasive surgery. A vari-
ety of conditions could benefit the most from 
AR.  Different innovation tools will be tailored 
for different problems [24].

The technique reported by Salama and Kolb, 
opacity peeling for direct volume rendering, had 
described the implementation of real-time vol-
ume visualization technique in the medical field. 
It has shown to be particularly useful in 
emergency situations, that is, in the operating 
room [25].

Augmented reality-guided techniques should 
be developed for clinical integration. Developers 
who are interested in the field of medical AR 
techniques would achieve a good progress that 
covers the physician’s needs and the patients 
would get the benefits in the future [26].

Segmented pulmonary airway branches cast 
architecture and medical imaging in situ is an 
effective way using three-dimensional micro-CT 
imaging to view the airway tree beyond what 

would be similarly seen in CT images. Imaged 
casts are then easily and quickly divided for utili-
zation in computational fluid dynamics (CFD) 
simulations or morphometric parameters. 
Researchers have shown that small changes in the 
airway branching angles implemented by the 
casting process can be adjusted using the cast-to-
total lung capacity image directory [27].

Data sets from MDCT that are used for VB 
can also be used to obtain volumetric data that 
can be utilized to produce in  vivo airway casts 
and anatomic 3-D models that can be used for 
3-D printing. 3-D printed airway models and air-
way casts are invaluable in understanding and 
teaching the complex airway anatomy, and patho-
physiology, pharmacological effects on the air-
way, mechanics of various airway diseases, and 
also aid in preoperative planning. Current ongo-
ing research has proved that 3-D printing is a 
promising technique that will help provide per-
sonalized patient care with great outcome at a 
relatively low cost [28, 29].
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10.1	 �Introduction

Virtual endoscopy (VE) is a technique which gener-
ates computer simulations of anatomy from radio-
logical image data and shows these simulations 
in a manner similar to conventional endoscopy. 
Advancement in computer technology has created 
numerous advancements in noninvasive diagnostic 
imaging. For instance, introduction of helical com-
puted tomography (CT) has allowed the acquisition 
of bulks of CT records from which three-dimen-
sional (3-D) images can precisely be generated.

VE uses such 3-D images in real time to mimic 
the visions achieved with conventional endoscopy. 
The most important advantages of VE over actual 
endoscopy in intensive care units are that it is non-
invasive, and it can be used safely for unstable and 
critically ill patient. Furthermore, VE can generate 
exceptional views like retrograde view of intralumi-
nal tract of tracheobronchial tree as well as extra-

luminal anatomy. Moreover, the airway could be 
examined from all angles, extracted from its sur-
roundings, and the precise association of surround-
ing anatomy can be reviewed. This chapter reviews 
the present role of VE and 3-D reconstruction in air-
way assessment of critically ill patients [1–3].

10.2	 �Imaging Technique

In contrast to virtual colonoscopy, no pre-procedural 
patient preparation is required to assess airway and 
tracheobronchial tree. For routine airway assess-
ment, administration of contrast is not needed. 
However, the intravenous contrast is essential for 
assessment of airway invasion by tumors or que-
ried patients with a vascular ring or sling; non-ionic 
iodinated contrast is typically administered (1 mL/
kg for adults) through peripheral intravenous can-
nula at a rate of 3 mL/s. Thin-slice axial images 
can be attained in a single breath hold. Scanning 
takes only a few seconds; hence, children and new-
borns can be scanned without sedation. Moreover, 
this relieves intubated patients from interrupting 
ventilation and changes in airway pressures which 
might be important for oxygenation.

The cross-sectional images transferred to 
single graphic computer and reconstruction are 
completed with using standard visualization soft-
ware. The acquired near-isotropic data is used to 
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create minimum intensity projections (MinIPs), 
multiplanar reformations (MPRs), and volume-
rendered images for 3-D reconstruction [3, 4] 
(for more details please refer to Chap. 3).

10.3	 �Tracheobronchial Stenosis

Tracheal stenosis in critically ill patients 
most commonly results in traumatic intuba-
tion, prolonged intubation, and tracheostomy. 
Furthermore, malignant and benign tumors, 
inflammatory disease, and systemic autoimmune 
diseases can cause tracheal stenosis in adult 
patients. Currently, with increase in tendency to 
use low-pressure cuffs, the incidence of tracheal 
stenosis has decreased to less than 1%. Tracheal 
stenosis following tracheostomy or prolonged 
intubation frequently occurs at two locations: 
At the level of the cuff of the endotracheal tube 
and at the stoma site. High cuff pressure leads to 
damage of tracheal mucosa, followed by tissue 
necrosis, scarring, and eventually stenosis of the 
tracheal lumen. Rarely, compression from struc-
tures outside the airway could lead to obstruc-
tion (e.g., enlarged goiter, aortic aneurysms). 
The most frequent CT finding in post-intubation 
stenosis is a confined part of constriction of tra-
cheal lumen. These circumferential constrictions 
generate typical hourglass structures (Fig. 10.1). 
Sometimes the CT shows a thin membrane pro-
jection in the trachea. Additionally, damage of 
tracheal mucosa may lead to creation of mul-
tiple synechiae which compromises the tracheal 
lumen (Figs. 10.2 and 10.3) [4, 5, 6].

Accurate mapping of the stenosis is very 
important to plan the right management, and it is 
very important to assess the degree and length of 
the stenosis, status of the peri-tracheal anatomy, 
and function of the vocal cords [5].

The usual diagnostic investigations for the 
assessment of tracheobronchial stenosis are com-
puted tomography (CT) and flexible tracheobron-
choscopy (FT). Even though these investigations 
are very accurate, they have technical limits 
which might affect the accuracy of the descrip-
tion of tracheobronchial pathology. Conventional 

endoscopy has been considered as the investiga-
tion of choice for the recognition and categori-
zation of tracheobronchial pathology or tracheal 
stenosis. Endoscopy, though, may fail to pro-
vide necessary details when the stenosis is very 
severe or the lesion totally obstructing bronchi; 
consequently, the assessment of distal segments 
becomes impossible [5].

Diagnostic flexible bronchoscopy is mini-
mally invasive and a safe intervention. Survey 
of flexible bronchoscope in the United Kingdom 
stated a fatality rate of 0.045% out of 60,100 
bronchoscopies. Other references report differ-
ent percentages: 0.01% out of 2452 procedures, 
and 0.02% out of 48,000 bronchoscopies, still 
showing a minimal risk of death when perform-
ing bronchoscopy to critically ill patients [7, 8].

Minor and major complications occur at a 
very low rate as well; however, the risks may 
significantly increase in critically ill patients. 
Furthermore, flexible tracheobronchoscopy in 
critically ill patients is constricted to perform 
or complete due to severe hypoxia, arrhythmia, 
bleeding, or coagulopathy. Table 10.1 summarizes 
the most common complications associated with 
bronchoscopy [7].

Fig. 10.1  VB of a CT finding in post-intubation stenosis 
is a confined part of constriction of tracheal lumen. These 
circumferential constrictions generate typical hourglass 
structures at the epiglottis level
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10.3.1	 �Comparison between Virtual 
Bronchoscopy and 
Conventional Fiber-Optic 
Bronchoscopy [9]

Virtual bronchoscopy (VB) is a noninva-
sive technique for intraluminal assessment of 
the tracheobronchial tree. Many trials have 
revealed that VB can precisely assess tracheal 
lumen, right and left main stem bronchi, as well 
as lumen of bronchial tree down to the fourth 
order of bronchial orifices and branches. VB 

is operator independent. Reports have proved 
that the sensitivity of VB in the identification 
of central stenosis ranges between 63% and 
100%, and the specificity ranges between 61% 
and 99% [3, 5].

A main advantage of VB in comparison with 
flexible tracheobronchoscopy (FT) is its noninva-
siveness; therefore, it can be used safely in criti-
cally ill patients or in case of contraindication 
for conventional endoscopy. Due to the noninva-
siveness, there is no additional risk of infection 
which may be important in immunocompromised 
patients. Another advantage is the protection of 
any surgical suture after fresh operation (e.g., 
tracheal surgery). Moreover, VB can describe 
passageway through very severe stenosis, which 
allows assessment of the post-stenotic tracheo-
bronchial tree. Moreover, VB evidenced to be 
marginally more precise than CT for the recog-
nition of critically significant narrowing at bron-
chial anastomoses in lung transplant patients [6]. 
Furthermore, VB may help treating physicians in 
visualizing external nonmucosal compressions 
on the bronchial wall that cause bronchial ste-
nosis and stridor, especially in children (Movie 
10.1). These compressions may be caused by 
normal anatomic structures (esophagus or aortic 
arch) (Movie 10.2) or due to pathologic struc-
tures (enlarged lymph nodes, fibrotic masses, 
and extra-luminal tumor) [3, 4, 5] (Movie 10.3). 

Fig. 10.2  Tracheal smooth short-segment narrowing is noted at the thyroid gland level (arrow) (status post tracheostomy) 
in coronal reformatted images

Fig. 10.3  Tracheal smooth short-segment narrowing is 
noted at the thyroid gland level (arrow) in TTP VRT image
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Pleural effusion and vascular anomlies cause tra-
cheal compression (Fig. 10.4).

Moreover, VB can be complementary to FT 
in the interventional setting such as stent imple-
mentations or tracheostomy. VB can accurately 
assess the extent and severity of stenosis; there-
fore, it is very useful treatment planning for stent 
placement and subsequent follow-up. In patients 
who have had stents inserted, CT and VB can 
be used in the assessment of stent patency and 
migration [4, 5] (Fig. 10.5).

10.4	 �Tracheostomy Cannula 
Placement in Patients 
with Abnormal Anatomy

Tracheostomy is a common invasive procedure 
in critical care, aimed to maintain a patent air-
way in critically ill patients. Usually commer-
cially available, manufactured tracheostomy 
cannulas are used to keep the tracheostomy 
patent. These tracheostomy cannulas have fixed 
distinctions in size, diameter, radius, and cur-
vature. Nevertheless, in patients with abnormal 
anatomy of the neck or thorax such as morbidly 
obese patients, patients with extreme scoliosis, 
and patients with Duchenne muscular dystro-
phy, the selection of the appropriate tracheos-
tomy site with the matching cannula type can be 
extremely difficult; the commercially available 
cannulas frequently do not fit, which may lead 
to suboptimal cannula placement and inflamma-
tion of the trachea, ultimately causing airway 
obstruction due to granulation tissue formation 
(Fig. 10.6).

Several case reports have presented patients 
who had a fistula of the trachea and innominate 
artery causing a fatal hemorrhage. For that reason, 
appropriate and careful cannula selection is vital 
to decrease these risks. In general, cannula place-
ment is totally dependent on the assessment of the 
surgeons during the tracheostomy; in case of aber-
rant anatomy, this appraisement is very difficult. 

Table 10.1  Most common complications associated 
with fiber-optic bronchoscopy [7, 9]

 � 1. �Systemic 
complications

 � 1. �Procedure related (vasovagal 
syncope, nausea/vomiting, 
aspiration, hypoxia, and 
hypercarbia).

 � 2. �Medication related 
(sedation, nonsedative 
medications)

 � 3. �Comorbid illness 
(myocardial dysfunction/
arrhythmia, pulmonary 
insufficiency, elevated 
intracranial pressure, death)

 � 2. �Mechanical 
complications

 � 1. �Trauma (oropharyngeal, 
nasopharyngeal, glottic 
structure, vocal cord)

 � 2. �Bronchospasm/
laryngospasm

 � 3. Infection
 � 4. Atelectasis/de-recruitment
 � 5. Elevated airway pressure
 � 6. Hemorrhage

Fig. 10.4  VRT and VB images showing the different levels of the narrow segment caused by external indentations by  
combined vascular lesion and pleural effusion
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Fig. 10.5  VB navigation within the trachea with relative reduction of its caliber (anteroposteriorly); kindly note the 
posterior wall indentation upon the membranous part by the effect of the esophagus

Fig. 10.6  Sagittal VRT and SSD images showing the slipped tracheostomy tube outside the trachea in a subcutaneous 
location. The right-hand-side images clearly visualize that there are no tubes within the tracheal lumen
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Therefore, outcome is subjective and extremely 
dependent on the experience of the surgeon [10].

In patients with aberrant neck anatomy, virtual 
3-D can be theoretically useful in preoperative 
assessment of the upper airway and determina-
tion of the optimal stoma site which may help the 
surgeons in surgical planning and choose proper 
standard cannula or custom- made cannula. 
(Figs. 10.6 and 10.7) [11].

10.5	 �Tracheo-Esophageal Fistula 
(TOF)

Tracheo-esophageal fistula or broncho-
esophageal fistula is an abnormal direct commu-
nication between tracheobronchial tree and the 
digestive system; this communication causes fre-
quent and permanent pulmonary contamination 
by food and digestive secretions which may lead 
to disastrous and fatal complications. Please refer 
to Chap. 12 for challenge case discussion. TOF is 
either congenital or acquired.

The pathophysiology of congenital TOF is 
not clear; it may be the result of unidentified 
intrauterine insult during the stage of separa-
tion of embryonic foregut into esophagus and 
trachea. Acquired TOF most commonly occurs 
as a consequence of prolonged tracheal intuba-
tion; however, introduction of high-volume and 
low-pressure endotracheal tube cuffs decreases 
the incidence of this complication. The inci-
dence of trachea-esophageal fistula is between 
0.3% and 3% in prolonged ventilated patients. 
Acquired tracheo-esophageal fistula was also 
reported as result of tracheostomy and trauma 
[4, 12] (Movie 10.4).

Post-prolonged intubation of tracheo-
esophageal fistula is usually associated with 
tracheal stenosis. Current usefulness of multi-
detector computed tomography (MDCT) and 
VB in the diagnosis and assessment of TOF is 
debatable. They offer inadequate details about 
the fistulous tract in comparison to endoscopy. 
Therefore, the usage of CT scan and VB is not 
consistently suggested. However, they may be 

Fig. 10.7  Slipped extraluminal tracheostomy tube. The airway is nicely demonstrated with the tip of the tracheostomy 
tube seen in a subcutaneous ligation outside the skin tracheostomy orifice/vent
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very useful to provide important details about 
the coexisting tracheal stenosis such as the dis-
tance of segmental stenosis from the vocal cord, 
degree of the stenosis, length of stenotic seg-
ment, and stent placement (Fig. 10.8) [13].

10.6	 �Bronchopleural Fistula (BPF)

Bronchopleural fistula is a fistulous connection 
between the bronchial tree and pleural space. 
BPF is the severest life-threatening postopera-
tive complication post a pneumonectomy and a 
lobectomy. A central BPF is sinus tract between 
pleural space and trachea or bronchial segments, 
and it results from pneumonectomy or lobectomy 
or arises from traumatic injury of tracheobron-
chial tree. A peripheral BPF is the direct pas-
sageway connection between pleural space and 

the airway distal to bronchial segments or lung 
parenchyma; it may arise due to the rupture of 
emphysematous bullae, post-necrotizing pneu-
monia, after radiotherapy and invasive thoracic 
interventions, empyema, and tuberculosis. The 
incidence of BPF ranges as 0.5–3% after lobec-
tomy and 2–20% post-pneumonectomy [14].

Bronchoscopy is the investigation of choice 
used by intensivists or cardiothoracic surgeons 
to diagnose and localize a BPF; it permits the 
treating intensivists to assess the apposition of 
the cartilaginous and membranous walls of the 
bronchial stump and distinguish between stump 
dehiscence secondary to tumor recurrence, sur-
gical site infection, and necrosis. Nevertheless, 
the false-negative rate in the identification of 
BPF with bronchoscopy has been high. Failure 
of early diagnosis of BPF will delay initiation of 
lifesaving therapy, resulting in deterioration of 

Fig. 10.8  TOF with the findings of the conventional and virtual endoscopies are identical and also the value of modi-
fied Valsalva maneuver is demonstrated
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respiratory function, sepsis, and aspiration and 
increase in mortality [14].

In patients with a doubted BPF, numerous 
enquiries need to be clarified to properly man-
age the patients. The initial step is to ascertain the 
location and size of the fistulae and its relation-
ship with the tracheobronchial tree, nearby medi-
astinal structures and major vessels. Moreover, 
the pleural space should be controlled with closed 
drainage or decortication. Lastly, the etiology of 
BPF such as tumor recurrence, stump necrosis, 
or infections must be recognized and properly 
addressed [14].

VB simulates the tracheobronchial tree; the 
imagings can be magnified and shown as 3-D 
constructs to determine the precise location, size, 
and fluid collection in relation to the fistulae.

Being a noninvasive investigation, VB can be 
used safely in critically ill patients and can be 
repeated for post-treatment control evaluation 
and assessment of healing process [14, 15].

Moreover, VB can be used to study acute 
angle of tracheobronchial tree before stent imple-
mentation, and evaluate airway complications 
following stent placement. VB can also be used 
to evaluate internal diameter of the stumps for 
different sealants [14].

The most important limitations of VB is that it 
may provide a false-negative result of a BPF if a 
fistulous lumen has been blocked with mucus or 
the image has been misregistered during respira-
tion [14].

10.7	 �Trauma: VB and MDCT Play 
Important Role in Diagnosis 
and Assessment of Tracheal 
and Laryngeal Injury

10.7.1	 �Traumatic Tracheobronchial 
Injury (TBI)

Tracheobronchial injury (TBI) including iatro-
genic and traumatic is very rare; the TBI repre-
sents only 0.5%–2.8% of blunt thoracic injury, 
although it is associated with high mortality 
and morbidity if not immediately diagnosed and 
treated. Iatrogenic TBI may result from traumatic 

intubation or tracheostomy. Prompt diagnosis 
of TBI depends on the clinical manifestations, 
radiographic findings, and bronchoscopy [16].

The most important clinical findings of TBI 
are dyspnea, cyanosis, hemoptysis, flail chest, 
stridor, aphonia, hoarseness of the voice, and 
subcutaneous emphysema. Yet these findings 
may not be obvious or remain undetected at ini-
tial presentation, especially in severally injured 
patients [16].

Bronchoscopy is the investigation of choice to 
assess TBI. It permits visualization of the site and 
extent of the injury and guarantees that the cuff 
of the endotracheal tube has been inflated distal 
to the site of the airway defect; the most frequent 
findings of TBI are laceration of the tracheo-
bronchial wall. Occasionally, the view might be 
compromised due to presence of blood clots and 
tissue debris; furthermore, if severe tracheobron-
chial stenosis occurs, the bronchoscope can block 
the airway, and evaluation of tracheobronchial 
tree distal to stenosis becomes impossible [17].

Hypoxic and/or hypotensive critically ill 
patients might not collaborate with the intensiv-
ists to complete the bronchoscopy without seda-
tion. In these circumstances, rigid bronchoscopy 
under inhalation anesthesia with preserving spon-
taneous ventilation should be considered; it per-
mits removal of blood, secretions, and necrotic 
tissue with good assessment of the tracheobron-
chial injury. The most important disadvantage of 
rigid bronchoscopy is the necessity to manipulate 
the neck which is contraindicated in case of cer-
vical spine injury [17].

The radiographic findings of TBI are non-
specific and depend on the site and extent of 
injury. The most important radiographic find-
ings are subcutaneous emphysema, pneumome-
diastinum, pneumothorax, pneumopericardium, 
disrupted or blurred major airway, abnormal 
endotracheal tube, and the “fallen-lung” sign, 
although some patients have no radiographic 
evidence of TBI [17]. CT can identify all the 
signs for tracheobronchial injury. Chen et  al. 
stated that CT imaging assisted authors to detect 
more than 70% of tracheobronchial injuries [18]. 
Recent evidence shows that multi-slice detector 
CT imaging with MPR/3-D reconstruction of the 
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images may improve the diagnostic precision of 
the technique up to 100%. VB mimics the view 
of conventional bronchoscopy; thus, it may be 
a suitable alternative for detection as well as 
assessment of TBI [17].

10.7.2	 �Laryngeal Trauma

Laryngeal trauma (blunt or penetrating) is very 
rare; the incidence fluctuates between 1:5000 and 
1:137000 trauma patients. Nonetheless, laryn-
geal injury is very dangerous in the severely 
injured patient; it might lead to disastrous long-
term functional sequelae. The fatality of laryn-
geal injury is directly associated with the ability 
to maintain patent airways and cervical spine 
protection; it may reach up to 80% before hos-
pitalization. However, as soon as the airways are 
protected and the laryngeal trauma is properly 
evaluated, the fatality rate falls to 5%. Accurate 
diagnosis and early management of laryngeal 
trauma are vital to save the patient and prevent 
longstanding impairment of breathing, swallow-
ing, and speaking [19].

Patient with doubted laryngeal injury should 
be assessed with proper clinical examination, 
endoscopic evaluation, and radiological investi-
gation (CT scan or MRI) to approve the doubted 
injury as well as to accurately evaluate its extent 
before treatment.

MDCT is the best investigation to assess 
laryngeal trauma and related injuries because 
it permits quick scanning and evaluation of 
huge anatomical areas with excellent qual-
ity, exceptional-resolution imagings. It allows 
trustworthy assessment of the critically ill, tachy-
pnic, or mechanically ventilated in acute state 
and routine imaging [19].

Moderate and severe laryngeal trauma may 
cause laryngeal hematoma, edema, and mucosal 
laceration. The elastic larynx could absorb shock, 
although the thyroarytenoid muscle or the vocal 
ligament might damage. Therefore, injury of the 
vocal ligament and thyroarytenoid muscle must 
be assumed whenever thickening or bulging of 
the vocal cords into the airway lumen is noticed 
on MDCT. Small hematoma is easily missed at 

MDCT, but recognition of a large one is straight-
forward [19].

Laryngeal edema generally causes soft tissue 
swelling with reduction of airway lumen on CT, 
while laryngeal laceration is identified when-
ever air in the paraglottic space with or without 
disruption of the laryngeal mucosa is noticed. 
Mucosal injury is very hard to identify on axial 
CT imagings, and 2-D MPR, 3-D VR, and VE are 
very useful by showing asymmetrical, air-filled 
pouches interconnecting with the laryngeal cav-
ity [20].

Major trauma may cause fractures of laryn-
geal cartilage with or without fragment dis-
placement. Fractures are detected when the 
continuousness of ossified or nonossified carti-
lages is disturbed. Generally, the identification 
of ossified cartilage ruptures is much simpler on 
CT than the identification of nonossified carti-
lage ruptures [19].

The thyroid cartilage is frequently fractured 
in laryngeal injury. It can be unilateral or bilat-
eral, horizontal or vertical. Horizontal fractures 
are usually seen in strangulation cases, typically 
bilateral and affect upper edge of the thyroid 
laminae as well as superior horns of the thyroid 
cartilage. They are frequently accompanied with 
fracture of hyoid bone and hypo-pharyngeal 
hematoma [19].

Horizontal thyroid cartilage fractures and 
hyoid bone fractures tend to be missed axial CT 
imagings; therefore, coronal ± sagittal oblique 
2-D MPR or 3-DVR should be done. The advan-
tage of 3-D VR in recognizing these fractures 
has been proofed in a postmortem study that 
compared the performance of MDCT with 
autopsy of strangling victims; MDCT with 3-D 
VR recognized fractures originally undiagnosed 
at autopsy [19].

Fractures of the cricoid cartilage are usu-
ally two-sided, and it might lead to abrupt air-
way obstruction. An isolated cricoid cartilage 
fractures are very rare, and they are frequently 
accompanied with fractures of other cartilages. 
Because the cricoid cartilage is poorly ossified, 
these fractures are usually unnoticed at MDCT; 
therefore, soft tissue windows should be cau-
tiously analyzed or MRI should be requested. 
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3-D VR has a limited role in diagnosis cricoid 
fractures; it does not afford extra-diagnostic 
information in these fractures [19].

10.8	 �Foreign Body Aspiration

Foreign body aspiration into tracheobronchial 
tree is very common and an important cause of 
airway obstruction and respiratory distress in chil-
dren, particularly those younger than 36 months. 
Many patients of foreign body aspiration are 
misdiagnosed at presentation; they are usually 
diagnosed as asthma or respiratory tract infec-
tions. Applegate et al. reported that the recogni-
tion of foreign body aspiration is made correctly 
in 59% of patients on day one after aspiration 
[20]. Early diagnosis of foreign body aspiration 
is extremely important for proper management 
and avoiding disastrous pulmonary complica-
tions like infection, pneumonia, lung abscess, 
and life-threatening airway obstruction [21, 22]. 
When foreign body aspiration is suspected, chest 
X-ray is frequently requested, which is very use-
ful sometimes. However, chest X-ray findings are 
frequently normal in about 30% of patients. Most 
of aspirated foreign body is radiolucent, and it is 
estimated that 90% of aspirated foreign bodies are 
radiolucent. Moreover, the presence of pulmonary 
infiltrates might confuse treating physician and 
makes timely recognition of foreign body aspira-
tion extremely difficult. The chest X-ray sensitiv-
ity and specificity for foreign body recognition 
are 68% and 67%, respectively [23–25].

Therefore, CT is very helpful in the detec-
tion of aspirated radiolucent foreign bodies 
such as food and plastic objects. Hence, it is 
kept for the diagnosis of vague patients of a 
foreign body aspiration to avoid hazards of 
radiation exposure. Moreover, CT shows the 
secondary signs of foreign body aspiration 
such as segmental pulmonary changes and air 
trapping [22, 24].

VB offers clear description of the tracheo-
bronchial lumen as well as tracheobronchial 
walls. High-performance workstations allow 
computer post-processing of complex algo-
rithms and virtual reality techniques. Due to 
perspective-rendering algorithm, VB mimics an 

endoscopist’s vision of the interior surface of the 
tracheobronchial tree. These procedures allow 
precise imitation of main intra-luminal defects 
with an outstanding correlation with fiber-optic 
findings about the site, severity, and shape of tra-
cheobronchial tree pathology including aspirated 
foreign body [22, 24].

Soo-long Hong et  al. reported that CT scan 
and VB have diagnosed and recognized the site of 
aspirated foreign bodies with sensitivity of 100% 
and specificity of 67%, it is most likely due to the 
presence of endoluminal secretions and artifacts 
[25]. Another important limitation of VB is the 
inability to show the sub-segmental parts of the 
tracheobronchial tree [22, 24].

VB can be used in the identification of the 
exact location of aspirated foreign body before 
the endoscopy and in excluding the presence 
of foreign bodies in patients with a low level 
of doubt and normal or nonspecific findings on 
chest X-ray which may prevent unnecessary 
exposure to anesthesia and invasive procedures 
[22, 26].

10.9	 �Inhalation Injuries

Inhalation injury diagnosis is very important in 
the management of burn patients because the 
presence of inhalation injury increases fatal-
ity by 20–60% above that expected by degree 
and surface area of burn. Assessment of sever-
ity and extent of inhalation injuries is challeng-
ing because chest X-ray, arterial blood gas, and 
chest examinations are nondiagnostic for inha-
lation injuries. The fiber-optic bronchoscopy is 
the investigation of choice for inhalation inju-
ries diagnosis and assessment. It provides direct 
evaluation of the tracheobronchial tree within 
the field of view as well as it is useful in tak-
ing biopsies, performing pulmonary toilet, and 
removing casts which could improve ventilation 
and oxygenation and prevent airway obstruction. 
However, fiber-optic bronchoscopy is invasive 
intervention, and it is associated with high rate 
of false negatives, especially if performed in 
the first few hours after the injuries; thus, serial 
assessments are usually required. Furthermore, 
it is a risky procedure in patients with laryngeal 
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edema, hypoxia, or hemodynamically unstable 
patients. Moreover, fiber-optic bronchoscopy 
has limitations such as discrepancy in grading, 
subjectivity, and limits of diameter of the endo-
tracheal tube versus fiber-optic bronchoscope 
diameter, torturous anatomy, and skills level of 
the operator [26].

Gore et al. reported that VB can be very use-
ful in the diagnosis of inhalation injuries in burn 
patients with doubted airway involvement. Ten 
burn patients suspected to have inhalation injury 
underwent CT examination, and in eight patients 
the inhalation injury was identified on the VB 
images [27].

Animal studies showed that VB showed com-
parable injury severity scores to fiber-optic bron-
choscopy correlated with PaO2-to-FiO2 ratios 
(PFR) and reliably identified airway stenosis [28].

Further studies are required to support these 
studies. However, in scenarios when a burn 
patient has had admission CTs, VB may rule 
out airway obstruction, hence extracting sup-
plementary details from previously performed 
diagnostic investigation; therefore, unnecessary 
immediate diagnostic fiber-optic bronchoscopy 
can be avoided, especially when the patient is 
critically ill or when the expert provider is not 
available [29].

10.10	 �Limitations of VB

There are few limitations of VB: the pres-
ence of retained mucus or blood can mimic 
tracheobronchial stenosis or foreign body. 
Furthermore, the diameter of tracheobronchial 
tree on the CT changes with inspiration and 
expiration; therefore, stenosis of tracheobron-
chial tree may be underestimated on inspira-
tion, and it is very important to perform VB 
during the correct cycle of respiration, e.g., 
expiration to assess stenosis of tracheobron-
chial tree or in few scenarios such as tracheo-
malacia during both expiration and inspiration. 
Performing CT during inspiration and expira-
tion can be very challenging in examinations of 
infants and children. Moreover, VB cannot be 
used to assess mucosa, perform biopsies, and 
therapeutic maneuvers [30].

Additionally, VB does not show segmental 
and sub-segmental part of tracheobronchial 
tree.

Transport of critically ill patients to radiol-
ogy department is very challenging, and the 
adverse events during transport are very com-
mon and may expose patients to additional 
risks. These major risks must be estimated by 
the intensivists before requesting the CT scan; 
based on benefit/risk assessment in which the 
risk of transport and radiology exposure, it 
must be put in balance with predictable benefit 
of the CT scan.

Finally, it can be very hard to detect some 
dynamic tracheobronchial tree pathologies, for 
example immobile vocal cords [3, 31].

10.11	 �Conclusion

VE is a noninvasive technique that generates 
computer simulations of anatomy from radio-
logical image data. Its simulations are close to 
conventional endoscopy. Due to advancements in 
CT scanner hardware and software, passion for 
the VE is growing in radiologists and pulmonary 
physicians.

It is obvious that VE can be a beneficial 
adjunct to conventional axial CT in the air-
way assessment of critically ill patients. It is 
highly accurate in the evaluation of airway ste-
nosis, obstruction, vascular abnormalities, and 
tracheobronchial wall defects. Moreover, vir-
tual endoscopy can be used as an exceptional 
research tool for understanding and teaching 
normal and abnormal pathology, as well as 
for surgical planning, all without requirement 
of added radiation exposure or distress to the 
patients if staging CT images have already 
performed.

VE does not replace fiber-optic bronchoscopy 
in critical care because it gives opportunity to 
sample material for diagnostic purpose or to treat 
the problem immediately.

Hence, VE can be used to extract supplemen-
tary data from an already completed diagnostic 
procedure; so, unnecessary diagnostic fiber-optic 
bronchoscopy can be avoided, especially when 
the patient is respiratory unstable.
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Three-Dimensional Printing 
and Its Implication on Airway 
Management

Yasser Al-Hamidi, Abdulla Baobeid, 
and Nabil A. Shallik

11.1	 �Introduction

The advancement of rapid manufacturing technolo-
gies known as 3-D printing is transforming several 
medical practices and solutions. In contrast to tradi-
tional mass production technologies of manufactur-
ing, 3-D printing prevails in terms of low-volume 
production cost saving, introducing flexibility and 
personalization. This means that the manufacturer 
can change the design of the produced parts at will, 
without the time and effort associated with tooling 
change in other production methods. Furthermore, 
3-D printing has a better ability of producing mod-
els with complex geometries, such as the patient-
specific anatomical models.

In its core, 3-D printing is an automated manu-
facturing technique that aims to reduce the human 
manual labor. Operation of 3-D printers is rarely 
associated with safety concerns and has a small 
footprint in comparison to other high-volume meth-

ods. This introduced to using 3-D printing in the 
medical field and improved accessibility to research 
and development of patient-specific solutions, espe-
cially to address solutions for rare pathologies.

The improved understanding of 3-D printing 
and its technologies is allowing researchers and 
developers to fully control the process, down to 
the microstructure of the produced parts, to 
ensure the best results. This resulted in the use of 
3-D printing not only for prototyping (Fig. 11.1) 
but also to produce finished parts that can be used 
as treatment for patients. Consequently, 3-D 
printing is profoundly impacting medical prac-
tice by providing a more diverse solutions arsenal 
to medical practitioners.

With 3-D printing, the experimentation of new 
designs and concepts is easier than before. 
Accessibility to design and digital prototyping 
tools and shared databases [1] has greatly 
improved and expanded the know-how of a niche 
industry, spurring innovation and development in 
medical routines and medical education and train-
ing in many fields [2, 3]. In this chapter, a basic 
description and classification of the technology is 
offered; then we introduce a glimpse into a few of 
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the use cases of 3-D printing and the exploding 
creativity of use cases in the medical field.

11.2	 �Classification of 3-D Printing 
Techniques

Understanding different processes is essential for 
the user to expect the different behaviors of the 
diverse nuances of the produced output. 3-D 
printing is a direct digital manufacturing tech-
nique, which means that the user has control over 
most of the virtual process variables to produce 
parts with certain engineering properties.

Materials used in 3-D printing can generally 
be classified into three categories, namely poly-
mers, metals, and ceramics. Polymers such as 
polylactic acid (PLA), acrylonitrile butadiene 
styrene (ABS), polyamide (nylon), and polyether 
ether ketone (PEEK) are commonly used in 3-D 
printing [4]. Many of these polymers are biode-
gradable and biocompatible; however, they are 
hard to sterilize and more intricate procedures 
must be followed to ensure that. Metals used in 

3-D printing include, but not limited to, alloys of 
gold, titanium, steel, aluminum cobalt, and 
chrome. Metals have high strengths and are gen-
erally easy to sterilize. Ceramics are used for bio-
active orthopedic implants and have an excellent 
compressive strength and can be used for drug 
delivery applications [5].

These materials are being utilized currently in 
several manufacturing processes; their basic 
physics are explained briefly.

11.2.1	 �Material Extrusion, Including 
Fused Deposition Material 
(FDM)

The material is drawn, mostly, and pushed 
through a heated nozzle in a fashion similar to 
that of a hot melt adhesive, colloquially known as 
glue guns. The nozzle assembly and the platform 
are arranged to cover the entire build volume, 
either by a gantry x, y, and z coordinates or by 
using polar coordinates. The model is built by 
depositing the extruded material, layer by layer. 

Fig. 11.1  Novel airway device prototype printed by 3D printer in Texas A&M, Qatar
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The melted material fused together as soon as 
they are deposited [6].

This method is currently the most popular 3-D 
printing technique due to the hobbyist and con-
sumer 3-D printing movement. FDM 3-D print-
ing is the cheapest method, and it is possible to 
select the printing material out of a variety of 
polymers such as ABS, PLA, and nylons [6].

11.2.2	 �Vat Photo Polymerization

In vat polymerization, a photosensitive resin 
placed in a vat is exposed to an accurately focused 
light source of a certain power and wavelength. 
This triggers a chemical curing process of the 
polymer from the liquid to the solid state. There 
are two popular variations of vat polymerization: 
the first is stereolithography apparatus (SLA), 
where an ultraviolet light LASER is continuously 
manipulated through a reflective mirror to cure 
the resin according to the desired geometry; the 
other variation is direct light processing (DLP), 
where light is directly shot to the resin [7].

The produced parts using vat polymerization 
have high levels of accuracy and good finish, which 
make this process, along with material jetting, 
which will be discussed later, the favorite option 
for jewelry manufacturing. However, the materials 
are limited to photo resins, which limits the other 
functional applications of this process. In addition, 
building the structures requires the use of supports, 
which calls for some postprocessing procedures.

Vat polymerization includes stereolithography 
process (SLA) and direct light processing (DLP) 
for polymers. There are variations of materials 
where it targets the manufacturing of ceramics 
and metals by using the photo polymer as the 
binding material and subjects the parts to sinter-
ing to remove the binding material [8].

11.2.3	 �Powder Bed Fusion (PBF)

Powder bed fusion (PBF) processing utilizes the 
production of high end of powder materials by 
projecting concentrated LASER or electron 
beams to the bed filled with powder printing 

material. PBF techniques require spreading the 
powder layer by layer [9].

Powder bed fusion techniques include, but not 
limited to, direct metal LASER sintering, elec-
tron beam melting (EBM), selective heat sinter-
ing (SHS), and selective LASER sintering (SLS). 
These are considered professional to industrial 
production tools, although SLS is witnessing 
recent attempts to be delivered to the hobbyist 
3-D printing consumer [9].

Powder bed fusion techniques are witnessing 
an increase in popularity due to the higher 
mechanical properties of the produced parts. The 
powder bed fusion process is used to 3-D print 
metals, polymers, and ceramics [9].

11.2.4	 �Binder Jetting

The binder jetting process uses two materials: a 
powder-based material and a binder. The binder 
is usually in liquid form and the build material in 
powder form. A print head moves horizontally 
along the x and y axes of the machine and depos-
its alternating layers of the build material and the 
binding material [9].

Producing models of a variety of colors or tex-
tures is easier by using the different binding materi-
als. In addition, the production of porous, bone-like 
form of triphosphate calcium is possible.

11.2.5	 �Direct Energy Deposition 
(DED)

This process fosters several complex methods of 
additive manufacturing methods, and it is popu-
lar to fabricate metals, although it has variations 
of use in ceramics and polymers. This process 
has been widely adopted for repairs and adding 
details to the existing structure in a fashion like 
welding. A classic DED machine consists of a 
nozzle processing, wire, or powder materials, 
installed on a 6 DOF arm, depositing molten 
materials to solidify on in specific building sur-
faces. This arrangement allows much more 
dimensional freedom and not confined to the 
layer-by-layer approach [10].

11  Three-Dimensional Printing and Its Implication on Airway Management
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11.2.6	 �Material Jetting

Material jetting is a 3-D printing method inspired 
by 2-D paper ink jetting printing, where the mate-
rial is sprayed on the building platform either in a 
continuous jet approach or in a Drop on Demand 
(DOD) approach. The extremely accurate models 
are built layer by layer, and in the case of poly-
mers and waxes, the materials are cured to solid-
ify using ultraviolet (UV) light. Due to the 
physics of the process, the process is limited to 
viscous materials that can be rapidly cured after 
dropping, such as polymer resins and waxes [11].

11.3	 �Workflow of 3-D Printing 
in Medical Applications

In 3-D printing of patient-specific models, the 
digital images acquired by either magnetic reso-
nance imaging (MRI) or computed tomography 
(CT) scans are segmented, pre-processed, and 
simulated using 3-D software packages. Such 
software packages are available either as an open 
source or as a licensed software package. A very 
popular one is the proprietary software, Mimics® 
(image processing software for 3-D design and 
modeling, developed by Materialise NV, a 
Belgian company specialized in additive manu-
facturing software and technology for medical, 
dental, and additive manufacturing industries), 
which is approved for clinical and research uses. 
3-D Slicer® (Slicer is a free and open-source soft-
ware package used for image analysis and scien-
tific visualization; slicer is used in a variety of 
medical applications) is another open-source 
software but approved only for research pur-
poses. All these software packages are used to 

process, segment, and/or repair. Digital Imaging 
and Communications in Medicine (DICOM) 
based files into printable formats such as Standard 
Tessellation Language (STL).

Some of the challenges facing 3-D printing 
originate from the data acquisition of images. 
The acquired images are mainly static version 
that captures only a snapshot of the dynamic 
geometry of organism. For example, researchers 
have reported that the medical images of tracheal 
models, acquired at the supine position, were not 
necessarily representative of the true intubation 
conditions in the semi-recumbent position [12].

The process of designing the 3-D printed part 
varies with the application. All workflows start 
with CT and MRI medical imaging, converting 
the medical images to 3-D images, and process-
ing the 3-D images according to the medical 
application before printing. For example, the 3-D 
scanned organ acts as a reference for the new 
implants (Fig. 11.2). The printing process entails 
control of parameters such as the selection of an 
individual or multiple material, the microstruc-
ture of the printed parts, and engineering the 
postprocessing stage of the part [13–15].

11.4	 �3-D Printed Implants

3-D printing is currently used to manufacture 
implants and replacements for several organs with 
structural physiological function such as spinal 
implants [20], sarectomy [21, 22] spinal guides 
3-D [9], craniofacial implants [10, 11] (Fig. 11.3), 
maxillofacial surgeries (Fig. 11.4) [12], and pelvis 
and hip deformaties [23, 24] [13] (Figs. 11.5 and 
11.6). As the use of 3-D printed implants is 
expanding, the clinical impact and long-term 

Medical
imaging of
the area of
investigation
using MRI or
CT scan

Creation of
digital 3-D
file of the
specific organ

Preparation
and repair
of the file
for printing

Selection of
printer,
material,
and
defining
settings for
printing

Fig. 11.2  Generalized workflow of medical 3-D printing
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Fig. 11.3  3D printed cranioplasty part to fill a skull defect

Fig. 11.4  A 3-D printed model for the mandible is of 
utmost benefit for planning for the reconstruction and 
plate and screw fixation in a step prior to the real surgical 
intervention. Rehearsal, measurement evaluation, and 

functional assessment will help the surgeons for better 
surgical outcome and it is of high impact upon the teach-
ing part for the junior staff colleagues

Fig. 11.5  A 3-D printed model for neck femur
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complications will be revealed and assessed with 
long-term follow-ups. For people waiting on 
transplants, 3-D techniques are a significant game 
changer where it mitigates the effects of issues 
such as tissue compatibility, tissue rejection, or a 
lifetime of immunosuppressive treatments and 
decreases waiting time [14].

11.5	 �3-D Printing Applications 
in the Clinical Field

The ability to fully control the geometry to recon-
struct patient-specific geometry dictated based on 
CT and MRI medical imaging. Another factor 

stimulating the adaptation of the 3-D printing 
was the ability to manufacture complex internal 
patterns, using strong bio-compatible metals 
such as stainless steel, titanium alloys, and cobalt 
chromium alloys to minimize weight.

The freedom of design provided by 3-D print-
ing is giving the opportunity to address anatomi-
cally challenging cases and treat rare pathologies 
and cases.

11.5.1	 �Splints and Stents for Trachea

Recently, researchers and clinicians are investi-
gating the use of 3-D printing for more delicate 
and critical implants such as tracheobronchial 
splint [21] for pediatric patients, where the chal-
lenge is to create an external splint responsive to 
geometry changes. The case proves that 3-D 
printing can be useful to accommodate physio-
logical behavior of the patients over time, in what 
many started to coin as four-dimension (4-D) 
printing, in which materials with thermomechan-
ical properties with shape-morphing behavior.

Surgeons succeeded in treating airway steno-
sis with customizable 3-D printed airway stent 
[22]. 3-D printing proved useful in this case due 
to the complexity of the geometry of the steno-
sis. In this case, the patient suffering from a 
complex case of a complete stenosis of the bron-
chus intermedius (BI) with partial dehiscence of 
the bronchial anastomosis after lung transplanta-

Fig. 11.6  A 3-D printed model for a pelvis and a neck 
femur implant

Fig. 11.7  A 3D printed tracheal model, right and left main bronchi and printed tracheal stent
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tion [23]. The complexity of the case excluded 
the use of conventional airway stents (Fig. 11.7).

By using computer-assisted segmentation, by 
conducting a virtual operation, the stenosis and 
dehiscence were treated and a 3-D stent was 
designed.

11.5.2	 �Use of 3-D Printing 
in the Manufacturing of Nasal 
Stents

Nasoalveolar molding of the cleft lip, nose, and 
alveolar palate has been an effective technique 
for the reconstruction of oro-nasal function and 
look, but it has a few disadvantages. The short-
term implant, which is placed before operative 
restoration, is a large appliance demanding vari-
ous modifications, and it can irritate delicate soft 
tissues and obstruct with the infant’s capability 
to nurse or nourish. In the early postoperative 
time and for months after cleft lip repair, clients 
use standard silicone stents that come in several 
dimensions but require considerable sculpting to 
match the unique cleft defect. Three-dimensional 
(3-D) reproduction offers the possibility of 
extremely individualized and patient-specific 
treatment. People created a technique that gener-
ates a personalized 3-D printed stent that fit the 
contours and unique functions of each patient 
and permits customization and adjustments in 
measurement and shape as the patient ages. With 
3-D scanning innovation, the unit can be 
designed at the first visit to produce a device that 
could be put on sequentially with very little 
trauma, does not disrupt feeding, and a prosthe-
sis that will enhance compliance. The device 
will be worn intraorally to help shape the alveo-
lus, lip, and nose before surgical repair. 
Furthermore, the stent can be doped with medi-
cations as each patient’s case measurements [24] 
(Fig. 11.8).

11.5.3	 �Maxillofacial 3-D Printing

3-D design tools have enabled the virtual con-
struction of 3-D-specific models to construct 

implants and guides to facilitate surgical proce-
dures such as drilling and implant placement. 
The main applications of maxillofacial 3-D print-
ing are dental implant surgery, mandibular recon-
struction, mandibular pathology (Fig.  11.9), 
orthognathic surgery, and midface reconstruc-
tion. Please refer to Chap. 7.

11.5.4	 �Bio-absorbable Polymers 
Vascular Stents in Head 
and Neck Area

Currently, most vascular stents, which are used 
as flow diverters or to treat stenosis, are manufac-
tured using a multi-step manufacturing processes 
that include, but not limited to, LASER preci-
sion micro-sheet and tube machining and micro-
wire braiding. Essential postprocessing includes 
heat treatment to dispose internal stresses and 
manufacturing defects, as well as surface elec-
trochemical treatments. Materials used for stent 

Fig. 11.8  3D printed nose surgical planning, intraopera-
tive guidance, and surgical simulation
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manufacturing include nickel titanium (NiTi) 
and cobalt chromium (CoCr) [25]. 3-D printing 
seemed to be unsuccessful to present any added 
value to the clean room manufacturing of stents. 
However, many are investigating 3-D printing 
for direct digital manufacturing of stents that can 
better fit with complex geometries of critical ves-
sels in head and neck, thus reducing the probabil-
ity of failure. Furthermore, 3-D printed flexible, 
biodegradable polymer stents, which are custom-
ized to patient-specific geometries, can be coated 
with drugs that aim to reduce complications and 
expedite the healing process [25].

	1.	 Rhinoplasty: Please refer to Chap. 6.
	2.	 Skull base: Please refer to Chap. 6.

11.5.5	 �Training Education 
and Surgical Planning

3-D printing is extensively used for training, edu-
cation, and patient-specific surgical planning. 
3-D printing of anatomical models, which are not 
used in the surgery room, is not costly and easy, 
and there is not a lot of requirements related to 

patient safety at question. The medical images 
are used to produce 3-D printed models that are 
meant to simulate case-specific anatomical com-
plexities and difficulties, evaluate, and negotiate 
surgical strategies and conduct preoperative dry 
runs. Here are some applications of 3-D printing 
in training, education, and surgical planning 
(Fig. 11.10).

11.5.5.1	 �Patient Education 
for Endoscopic Sinus 
Surgery

Throughout (ENT) subspecialty, a somewhat 
minimal portion of patients follow through with 
elective procedures to fix ailments such as a devi-
ated septum or occluded sinus passage. Patient 
awareness of their medical diagnosis and therapy 
plan is integral to compliance, which essentially 
generates enhanced health care results and far 
better quality of life. Here we report the usage of 
advanced, polyjet 3-D printing options to develop 
a multi-material reproduction of human nasal 
sinus anatomy, derived from clinical X-ray com-
puted tomography (CT) data, to be used as an 
educational aid during doctor assessment. The 
last patient education model was developed over 

Fig. 11.9  3-D printed models for the mandible from dif-
ferent perspectives and showing bony lesions due to bone 
pathology

Fig. 11.10  A skull and mandible 3-D reconstruction-
printed model shuttered into two segments, namely, the 
bony calvarium, orbits, and nasal bone and part of the 
maxilla
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several models to optimize material properties, 
anatomical reliability, and overall show [26].

11.5.5.2	 �Resident Training
Quick prototyping is a developing innovation that 
has the potential to transform health care learning. 
As plastic cosmetic surgeons, we are anticipated 
to recognize the touches of comprehensive human 
anatomical designs and their spatial relationship 
with one another. 3-D printing can enable an in-
depth awareness of human anatomy that was gen-
erally obtained from text illustrations and years of 
operative expertise doing complex dissections. 
The future of plastic surgery learning is interest-
ing because of the capability to take a 2-dimen-
sional (2-D) picture and carry it to way of life 
with a full-scale design [27] (Fig. 11.11).

11.5.5.3	 �Reductions in Operation 
Room Time

Operating room time has usually been one of the 
huge debates for health care 3-D printing. Of the 

227 articles, 42 explained the precise effect of 
utilizing 3-D printing innovation on OR time. For 
a large number of applications, 3-D printing 
results in time saving. The outcomes are given in 
applications such as operative guides for maxil-
lofacial surgical operation, models for vertebral 
and maxillofacial surgical preparation, and 
designs for forming implants utilized in maxillo-
facial surgery appear to benefit the more from 
modern 3-D technology [28].

11.5.5.4	 �3-D Printing in Preoperative 
Surgical Planning

The level of personalized care achieved through 
3-D printing has been influential in increasing 
accuracy and efficiency in procedures, cutting 
down operating room time, and improving surgi-
cal outcomes. Working with patients who have 
cancer or radiation damage involving the mandi-
ble, we can use 3-D models to help prepare for 
and implement their surgical resections and 
reconstructions. We can use 3-D models for two 

Fig. 11.11  3-D printed models for the mandible from different perspectives
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reasons: to help plan where we will make our 
bone cuts around the cancer and to help stream-
line and optimize the reconstruction.

It starts with a CT scan that is turned into a 
3-D image of the patient’s face to determine 
where the bone cuts around the cancer will be 
and at what angles. Oftentimes, there is a need to 
take part of the patient’s fibula to create a new 
jawbone, and 3-D imaging is used to determine 
where fibula osteotomies will be. Once all of the 
cuts have been mapped out, the 3-D model is 
printed. These models are used to bend a titanium 
plate customized to the patient’s native mandible, 
which is implanted during surgery. In some 
instances, the models are also shared with patients 
to give them a better understanding of what the 
surgery will look like.

Improved cosmetic outcomes have been 
another advantage to 3-D printing. Patients who 
have mandibles that are excessively deformed are 
now able to achieve a result that is much more 
symmetric than before. We can use the 3-D 
images to take the opposite side of the mandible, 
invert it, and make it an exact mirror image of the 
other side of the jaw.

From the point-of-view of bone reconstruc-
tion anywhere in the head and neck region, using 
3-D models will be the standard way to go.

11.5.5.5	 �3-D Printing for Design 
and Manufacture 
of Implantable Devices

Advances in 3-D printing now allow for the cre-
ation of biocompatible structures with impressive 
complexity.

We have begun exploring the feasibility of 
printing a multi-material biomimetic tympanic 
membrane (TM) grafts that could be implanted 
into a patient.

The goal is to overcome the limitations of cur-
rent graft materials to improve the outcomes fol-
lowing tympanoplasty. If we could design a graft 
material from the ground up and include opti-
mized features, this would be a huge step for-
ward. I think 3-D printing may now offer the 
means to produce such a graft.

Currently, physicians use materials such as 
temporalis fascia, perichondrium, and cartilage 
for TM grafts. The problem with these materials 
is that they do not possess similar structural fea-
tures as those of the native TM, and this can leave 
the patient susceptible to chronic otitis media, a 
longstanding infection of the middle ear. 3-D 
printers can fabricate biomimetic TM grafts.

Using non-absorbable materials, as well as 
biologics, such as collagen and fibrin, tympanic 
membrane grafts have been created with acoustic 
properties that can be tuned to restore  the sound-
induced motion patterns of the human TM.

3-D printed grafts can be reliably produced and 
have structural features that are more consistent to 
those of the temporalis fascia. Such grafts have 
promising implications for clinical applications. 
With 3-D printing, we can rapidly create constructs 
with varying structural features and then answer 
these questions in a systematic way. It should help 
us generate a TM structure with ideal features—a 
design that may one day be implanted into 
patients—and hopefully result in better outcomes.

11.6	 �Design of New Devices 
and Prototypes

11.6.1	 �Improving Endotracheal 
Intubation

In anesthesia, 3-D printed bronchoscopy uses sim-
ulators and trainers [12]. The trainers simulating 
the human subjects used for training help practitio-
ners develop strategies for 3-D printing, and these 
are extensively used to prototype and develop new 
medical tools of video-laryngoscopy for endotra-
cheal intubation. The process allows designers to 
add more complexity functionality and nuance to 
laryngoscopy, for example, different variations of 
the blades of laryngoscopy (Figs. 11.12 and 11.13 
and Movie 11.1). Another application is the 
improvement of oropharyngeal airway (Fig. 11.14) 
with more advanced and complex functionality, 
seeking to allow the practitioner to move the jaw 
along with the intubation swiftly.
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11.6.2	 �Design of New Devices 
and Prototypes

In addition to critical implants, surgical tools are 
easily customizable to patient’s specific cases, 
giving clinicians the opportunity to take design 
initiatives when necessary. An example of design 
initiatives is 3-D printing of laparoscopic trocars 
and ureteric stents, oropharyngeal airways, 
Shalliscope with dimensions that are different 

than those of off-the-shelf products, designed to 
address specific patient challenges shown in 
(Figs. 11.12, 11.13, and 11.14). 3-D printing has 
been used to assess the different urological strate-
gies as well as patient-specific solutions [29].

11.7	 �Limitations

3-D printed projects are expensive, but prices 
continue to decline, however, and there is evi-
dence that using 3-D printed materials can be a 
cost-saving measure.

Fig. 11.12  Novel videoscope (Shalliscope) first proto-
type printed by 3D printer in Texas A&M, Qatar

Fig. 11.13  Novel videoscope (Shalliscope) second prototype printed by 3D printer as proof of concept

Fig. 11.14  Novel airway device prototype printed by 3D 
printer in Texas A&M, Qatar
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For medical purposes, there remains a limited 
number of Food and Drug Administration–
approved materials, which results in higher mate-
rial costs. While the materials used to 3D print 
educational models are becoming more and more 
accessible, many educators have ongoing con-
cerns that no true substitute exists for the human 
tissue.

The use of 3D-printed models, however, 
potentially reduces reliance on the acquisition of 
cadaveric bone. Research has shown that these 
models are an acceptable alternative.

Other concerns with 3D-printing implementa-
tion include the time required to obtain proper 
imaging formats, dedicated personnel for printer 
programming and troubleshooting, and the phys-
ical space and time required for printing high-
fidelity models.

Another cost-saving measure is the in-house 
printing of surgical instruments such as retractors. 
This can be done at a discounted rate when com-
pared with purchasing stainless-steel alternatives 
from a bulk supplier, and instruments can be 
printed in an optimal size or dimension to fit the 
situation. Polylactic acid is a commonly utilized 
material that can be sterilized and reused while 
withstanding enough force to retract human tis-
sues during surgery. If costs still remain an issue, 
collaboration may be the solution. At academic 
medical centers, it is possible to share 3D printers 
and the required software among several 
departments.

11.8	 �Future Directions in 3-D 
Printing and the Next Step

In the future, bio-printing might allow us to inte-
grate tissue engineering and materials to create 
functional implant to repair nasal turbinate tissue 
and trachea. Zhong and Zhao also suggest that 
further studies should be carried out to create 3-D 
printing models impregnated with airway epithe-
lial cells or stem cells which could be used for 
functional disorders of nasal cavity such as empty 
nose syndrome and atrophic rhinitis [30]. 
Furthermore, three-dimensional printing opens 
up another exciting possibility for patient-specific 
customized instrumentation. Incorporating 3-D 

printing models to mimic anterior skull base 
pathologies could be used for surgical training, 
allowing trainees to practice drilling through the 
endonasal approach. Based on current research, 
Zhong and Zhao predict that it might be possible 
to develop bio-printed nerve grafts to repair facial 
nerve and recurrent laryngeal nerve, in the future. 
The use of 3-D printing to form soft structures 
has not been fully explored. In neurosurgery and 
skull base surgery, 3-D printed models using the 
combination of hard and soft materials would 
allow exact simulation of skull base and the 
underlying dura and brain tissue [30].

11.9	 �Summary and Conclusion

In conclusion, there is a healthy prognosis for 
3-D printing in surgery and medicine as it plays 
into both the highly technical and creative aspects 
of our work, says Dr. Remenschneider and Dr. 
Kozin. Three-dimensional printing is already 
directly affecting patient care, and it is easy to see 
how 3-D printers will play an important role in 
surgical planning and prosthetic design in the 
future. By being able to rapidly replicate ana-
tomic scans or manipulate the structural features 
of implanted devices, surgeons are now the ones 
in control of the production line. “Three-
dimensional printing is exciting as it provides 
surgeons the ability to rapidly study, design, and 
modify anatomic structures on a micron scale. 
Three-dimensional printing is democratizing the 
design and fabrication process. Surgeons can 
now think and act outside the box in terms of 
what is possible,” said Dr. Kozin. “Whether it is 
being used to optimize operative techniques or to 
create new implantable constructs, 3-D printing 
is revolutionizing surgery and is here to stay.” 
The applications of 3-D printing in the surgical 
field are going to continue to expand—discover-
ing new medical questions to explore and finding 
more ways to improve procedures. Having 
insights that are made possible with 3-D printing 
will also continue to lead to better surgical suc-
cesses, solutions to unsolved problems, and 
enhanced patient care. “The greatest thing about 
3-D printing is that if you can imagine it, you can 
create it,” said Dr. Remenschneider.
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Challenging Clinical Cases 
Discussion

Nabil A. Shallik, Abbas H. Moustafa, and Amr Elhakeem

12.1	 �“Know-How” Chapter

This book addresses the “know what” (facts) and 
the “know why” (Science) and utilizes concepts 
by pairing the use of knowledge with technology, 
and then concludes with the “know how to do” 
chapter. This chapter aims to enable clinicians in 
solving everyday clinical encounters.

We have collected numerous simple, complex 
and interesting airway management clinical cases 
and presented them in a simple and practical way.

We hope that this may assist in better manage-
ment of these cases and will inspire our col-
leagues to push the boundaries to make treatment 
safer and successful and safe life of our pateints.

So, we will discuss the following items for each 
case:
•	 Clinical picture
•	 Examination
•	 Investigations
•	 Conventional radiological diagnosis
•	 Radiological 3-D and VE effects on:

–– Diagnosis
–– Surgical intervention
–– Airway management

12.2	 �Challenging Cases 
Discussion

12.2.1	 �Case Reference Number 1

A 27-year-old male was admitted in the hospital 
after suffering traumatic brain injury due to a road 
traffic accident. The full extent of his injuries 
included moderate right frontotemporal subgaleal 
haematoma. Minimal traces of subarachnoid 
haemorrhage are seen in the frontal regions bilat-
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erally and multiple small haemorrhagic contu-
sions are also seen in the frontal regions bilaterally. 
There is a non-displaced fracture of the right fron-
tal bone extending to the right superior orbital 
wall. There is a minimal pneumocephalus seen in 
the right frontal region. There is a fracture of the 
right superior orbital wall with a bone fragment 
seen displaced within the orbit. There is associ-
ated small intra-orbital haematoma and fat strand-
ing. Subcutaneous emphysema and air loculi are 
seen in the right orbit. The right eye globe is 
intact. There is also fracture of the anterior and 
medial walls of the right maxillary sinus. There is 
fracture of the superior and inferior walls of the 
left sphenoid sinus.

During his stay, he had a tracheostomy done.
Few weeks later, he developed acute onset of 

desaturation which improved gradually; the in-
charge nurse noticed that the tracheotomy tube suc-
tion could not be passed distally through the tube.

The ENT doctor was called to assess the 
patient. On arrival, he performed a fibre-optic 
examination through the tracheostomy opening 
which showed a large granulation tissue below 
the end of the tracheostomy tube and occluding 
almost 80% of the tracheostomy tube lumen.

CT of the neck was done, from which it was 
evident that soft tissue lesion seen in the subcuta-
neous location above the level of the sternocla-
vicular joint on the right side just lateral to the 
entrance of the tracheostomy tube (the tube is 
seen outside the airway proper) was irregular, 
dense and encroaching upon the related portion 
of the trachea resulting in a relative reduction of 
its diameter averaged about 2.2 × 0.9  cm in its 
maximum cross-sectional dimension, while its 
height averaged about 1.6 cm.

The transverse measurement of the airway 
above the lesion was 1.9  ×  1.7  cm on average, 
while that of the lesion was around 1.3 × 1.4 cm 
on average.

The diameter of the airways both proximally 
and distally including the oro-pharyngeal airway, 
nasopharyngeal airway, hypopharyngeal airway 
and laryngeal airway proper, as well as the rest of 
the trachea beyond the level of the discussed 
lesion, was normal.

The diameter of the visualized portion of the 
tracheal bifurcation including the main bronchi 
was normal.

The curved MPR, TTP and virtual endoscopy 
(VE) with 3-D reconstruction were done, which 
confirm the diagnosis of dislodgement of trache-
ostomy tube into the subcutaneous tissues. They 
also showed granulation tissue at the mid-trachea 
(at the level of tracheostomy), resulting in signifi-
cant narrowing of the airway lumen (Figs. 12.1 
and 12.2). The patient’s tracheotomy tube was 
repositioned back.

Surface-shaded display of the head, neck, and 
proximal chest region demonstrating the 
improper positioning of the slipped tracheostomy 
tube outside the normal tracheal lumen attaining 
subcutaneous location. Virtual endoscopy 
revealed the granulation tissue indenting, violat-
ing, and compromising the tracheal airway lumen 
at its right anterolateral aspect opposite to the 
assumed tracheostomy level confirmed by virtual 
endoscopy and TTP image frontal projection 
(Figs. 12.3 and 12.4).

12.2.2	 �Case Reference Number 2

The patient presented earlier with a recent diag-
nosis of thyroid carcinoma for preoperative 
anaesthesia assessment. Clinical evaluation was 
carried out and preoperative naso-endoscopic 
evaluation revealed the presence of an abnormal 
mucosal-lined drumstick-shaped structure of odd 
presentation, yet with no signs of malignancy or 
hypervascularity.

Its exact aetiology origin was unclear until 
this point. Subsequently, 3-D reconstruction was 
carried out, which solves this mystery as the aeti-
ology being due to the displaced blade of the 
hypoid bone, and the thyroid mass lesion was 
clearly visualized (kindly refer to Chap. 8, 
Movies 8.5 and 8.6) (Fig. 12.5).

The anaesthesiology plan was dramatically 
changing upon the obtained data from the 3-D 
reconstruction which is considered to have a piv-
otal role in patient management; awake fibre-
optic intubation using VAFI video-assisted 
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Fig. 12.1  Curved MPR of the airway (left-side image) 
showing the site of tracheostomy (yellow arrow) with no 
obvious intraluminal tubes. Sagittal VRT image showing 

that the tracheostomy tube slipped out with its tip (pink 
arrow) seen in a subcutaneous location

Fig. 12.2  VRT skin surface image showing the tip of the tracheostomy tube totally outside the tracheostomy skin ori-
fice and documented by the sagittal cropped reformatted image
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fibre-optic intubation was resorted to instead of 
the previous plan of classical intubation tech-
nique for the sake of the patient’s safety.

Upon the second visit, the patient presented 
with recurrent tumour mass lesion-related symp-
toms and difficult tracheostomy de-cannulation.

The second CT evaluation reveals the presence 
of recurrent thyroid mass lesion as well as left-
sided cervical lymphadenopathy both significantly 
violating and displacing the related airway column 
to the right and reducing its calibre; kindly refer to 
the TTP and VE images with the indentation upon 

Fig. 12.3  VE shows the site of tracheostomy with no obvious intraluminal tubes

Fig. 12.4  Cross-section selected images showing the site 
of tracheostomy at the anterior neck/chest wall presented 
as a notch with the tracheostomy tube slipped outside its 

normal track. Granulation tissue is noted encroaching 
upon the tracheal lumen at its right anterolateral aspect
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the displaced airway to the right “Arrows” (kindly 
refer to Chap. 8, Movie 8.6 and Fig. 12.6).

12.2.3	 �Case Reference Number 3

A 52-year-old male presented to the emergency 
department with a history of acute onset of chest 

pain. Further evaluation had revealed an inferior 
wall myocardial infarction for which he had to 
undergo cardiac catheterization and stenting.

The procedure was complicated by cardiac 
arrest. He was successfully resuscitated but 
required endotracheal intubation, tracheostomy 
tube insertion, and insertion of nasogastric tube 
(NGT) for few months.

Fig. 12.5  Displaced and rotated hyoid bone (red arrow) with significant encroachment upon the airway which is vio-
lated and displaced by a soft tissue mass lesion (white arrows)

Fig. 12.6  Curved MPR and VE images of displaced and rotated hyoid bone due to mass effect in the airway

12  Challenging Clinical Cases Discussion



148

He was later weaned from the tracheostomy 
and decannulated.

At the peri-extubation period, the patient con-
tinued suffering from episodes of choking attacks 
and aspiration.

Two months later, during a follow-up visit, a 
chest X-ray was done, which revealed findings 
suggestive of tracheoesophageal fistula (TOF) 
(Figs. 12.7, 12.8, and 12.9).

The barium swallow study was done but was 
inconclusive.

Attempted CT with oral contrast was aban-
doned, as the patient developed aspiration and 
arrhythmia.

A second CT examination was done using 
a modified Valsalva technique which con-
firmed the diagnosis of TOF with a figure of 
“8” appearance between the trachea and the 
oesophagus.

3-D reconstruction images as well as the 
VE demonstrated the tracheoesophageal 
fistula.

Diagnosis: Tracheoesophageal fistula (TOF).
The patient was planned for further bronchos-

copy evaluation and repair by TOF (kindly refer 
to Chap. 10, Movie 10.5).

12.2.4	 �Case Reference Number 4

A 34-year-old (air hostess) was brought to the 
emergency department (ED) due to increasing 
difficulty with breathing that followed a direct 
trauma to her neck due to a baggage dislodgement 
from the overhead compartment in the airplane.

The patient was then intubated.
CT of the neck was done which showed the 

following:

Fig. 12.7  Figure-of-8 TOF fistula with the NGT seen within the oesophagus. Right-side picture shows VB with TOF
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Extensive surgical emphysema around the air-
way column and extending up to the superior 
mediastinum.

Thickening of the aryepiglottic folds noted 
more on the right side.

An irregular defect noted in the larynx anteri-
orly at the region of the thyroid cartilage on the 
right side.

Incidental finding of a well-defined lucent 
lesion with sclerotic margins noted in the D2 ver-
tebral body extending to the left pedicle likely 
representing a benign lesion.

She was then taken to the operating room and 
had examination of the larynx and trachea under 
general anaesthesia.

Fig. 12.8  A second case of TOF nicely demonstrated by 
virtual endoscopy and VRT and SSD techniques. The vir-
tual endoscopy images and findings were identical and in 
accordance with the conventional endoscopy images; 

however, without the need for a local anaesthetic, and 
risk of aspiration which is considered a breakthrough in 
safe patients’ management (kindly refer to Chap. 10, 
Movie 10.4)

Fig. 12.9  Cross-sectional images at the level of the thyroid gland on the left at rest and on the right using modified 
Valsalva manoeuvre which nicely demonstrated the TOF with figure of “8”
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During surgery, examination showed a dislo-
cated arytenoid cartilage which was widely sepa-
rated from the vocal cord.

The dislocated arytenoid was then repaired by 
suturing. The postoperative course was unevent-
ful, and patient was extubated and sent home.

Three months later, the patient gradually 
developed difficulty in breathing on exertion, 
which progressively worsened to difficulty in 
breathing at rest.

She went to the ENT clinic for assessment.
ENT examination, including fibre-optic naso-

endoscopy, was done which showed a glottic 
web.

A plan was made to surgically repair it by bal-
loon dilatation.

She refused to have awakened intubation, as she 
was apprehensive due to her previous procedure.

She also refused to consent to the possibility 
of a tracheotomy to be done during surgery, as 
the neck scarring could possibly interfere with 
her future employment.

Preoperative CT showed evidence of vocal 
cord asymmetry, with a triangle-shaped struc-
ture (web) seen in the right vocal cord. The 
lesion measured approximately 3 × 3 mm, and it 
was best seen in both coronal and axial views. 
The thyroid cartilage was also asymmetric, 
which was most probably a result of trauma. 

The epiglottis, arytenoids, and cricoid cartilages 
appeared grossly normal.

There was no obvious cervical lymphadenop-
athy.

ENT and anaesthesiology airway evaluation 
based on clinical and naso-endoscopy assessment 
revealed a web formation at the level of the glot-
tis extending from the anterior commissure to the 
junction between the anterior two-thirds and pos-
terior one-third of the vocal cord (glottic area) 
(Fig. 12.10) (Chap. 8, Movie 8.7) [1].

Virtual endoscopic evaluation was done which 
showed the web to be at a supraglottic region, 
while the glottic region was clear.

The anaesthesiologist’s decision based upon 
the VE findings was to give the patient light seda-
tion in addition to topical surface spray airway 
anaesthesia.

As the patient started to relax and become 
sedated; a (TCI) Propofol and Remifentanil infu-
sion was given intravenously (as for awaken 
fibre-optic intubation technique).

The procedure was done using a microlaryn-
geal endotracheal tube size 4.5.

The supraglottic web was excised, and the 
postoperative course was smooth.

Kindly refer to the conventional and virtual 
endoscopy videos (kindly refer to Chap. 8, 
Movies 8.7–8.9).

Fig. 12.10  Identical conventional (a) and VB (b) images showing the narrowed airway with web formation
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12.2.5	 �Case Reference Number 5

A 32-year-old male was referred from the pri-
mary care clinic who had complaints of difficulty 
in swallowing and abnormal “pin-prick” sensa-
tion in his neck for 1.5 years.

There was no history of change in voice, fever, 
headache, allergy, or loss of weight.

Examination showed a deviated nasal septum 
to the left side.

A fibre-optic naso-endoscopy evaluation 
showed prominent corniculate cartilages and a 
left vocal cord polyp.

Other physical examinations were within 
normal.

Lab investigation of complete blood count and 
serum creatinine showed within normal limits.

A CT larynx revealed normal vocal cords and 
a thick abnormal hyoid bone causing oropharyn-
geal narrowing and indenting on the posterior 
upper hypopharyngeal wall.

3-D reconstruction, TTP, curved MPR, and 
VRT as well as virtual bronchoscopy (VE) were 
done which confirmed the abnormal hyoid bone 
shape and narrowing of the pharyngeal area 
(Figs. 12.11 and 12.12) (Movies 12.1 and 12.2).

Diagnosis: Abnormal hyoid bone configuration
Treatment planned: Microlaryngoscopy with 

excision of part of the abnormal hyoid bone on 
the left side with a CO2 laser [2].

Fig. 12.11  Cross section at the level of the hyoid bone 
showing increased girth (thickness) with incomplete cir-
cular configuration and over-riding of its posterior aspects. 

The superior thyroid cornu share the same process which 
was demonstrated by the 3-D images of VRT
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12.2.6	 �Case Reference Number 6

A 40-year-old lady presented with chief com-
plaints of difficulty in breathing when she walks 
for 300 meters or more or during any form of 
exercise.

She had a past history of an acquired tracheal 
stenosis for which she was treated by balloon 
dilatation, after which she had improved.

Her presenting history is otherwise 
unremarkable.

Examinations are all within normal.
Lab workup including complete blood count, 

serum urea, and electrolytes is within normal 
limits.

CT of the neck and thorax was done (Figs. 12.13 
and 12.14) which shows the following:

A 1.5 cm short-segment tracheal luminal nar-
rowing of around 50% at the level of the thyroid 
gland and opposite to C5 vertebral body, corre-
sponding to the previous tracheostomy site.

Diagnosis: Recurrent subglottic and tracheal 
stenosis.

Treatment planned: Microlaryngoscopy and 
balloon dilatation of the stenotic segment.

12.2.7	 �Case Reference Number 7

The patient has a history of CA maxilla with 
destructive osseous lesion within the right side 
of the alveolar projection of the maxilla with 
underlying floating teeth on chemo- and 
radiotherapy.

Fig. 12.12  Lateral view of the TTP showing the appre-
ciable encroachment and narrowing of the related airway, 
and curved MPR demonstrates that the over-riding hyoid 

bone significantly violates the airway. Virtual bronchos-
copy shows the significant airway narrowing
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Fig. 12.13  Selected cross-section at the level of the 
supraglottic region showing circumferential narrowing 
opposite to the midlevel of the piriform sinuses with cor-
responding virtual endoscopy imaging. Features that cor-

respond to none-compliance to the modified Valsalva 
manoeuvre that result in over-diagnosis. Frontal projec-
tion of TTP showing both levels of narrowing

Fig. 12.14  Curved MPR frontal projection showing the previously described narrow segment; TTP in lateral projec-
tion showing the narrow segment
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A year after the patient presented with sizable 
cervical mass lesions of different sizes causing 
appreciable and significant bulge contour, there 
were bouts of haemoptysis and difficulty in 
breathing.

The right-sided sizable lymph node with mul-
tiple areas of breakdown of hypervascular matrix 
and multiple related and surrounding malignant 

vascularity, violates, displaces, and encroaching 
upon the related airway reducing its calibre and 
compressing the adjacent vascular framework of 
the right carotid sheath.

Furthermore, the reconstruction showed evi-
dence of right hemi-thyroidectomy with missing 
right thyroid lobe and isthmic portion (Movies 12.3 
and 12.4) and (Figs. 12.15, 12.16, 12.17 and 12.18).

Fig. 12.15  VRT images showing the destructive osseous 
lesion at the right side of the maxilla with related floating 
teeth, sizeable hypervascular lymphadenopathy with 

related malignant vascular network. Evidence of right 
hemithyroidectomy
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12.2.8	 �Case Reference Number 8

A 36-year-old male who has a history of 
Wegener’s granulomatosis with tracheal steno-
sis and multiple previous surgical correction of 
the tracheal narrowing, presents for follow-up.

A CT scan of the neck with contrast was done 
and shows irregular subglottic and upper cervical 
tracheal narrowing.

The 3-D TTP images and VE examinations 
show evidence of appreciable circumferential air-
way narrowing noted at the infra-glottic area of 
mild to moderate degree (Fig. 12.19).

He is scheduled for endoscopic evaluation and 
balloon dilatation.

12.2.9	 �Case Reference Number 9

An adult female patient presented with huge thy-
roid swelling.

The patient was obese with short neck and a 
history of asthma.

Difficult intubation was expected (the clinical, 
radiological, and anaesthesiological from the 
Mallampati scoring).

Fig. 12.16  VB at different levels showing normal laryngeal airway with displacement and relative narrowing of the 
infraglottic and proximal trachea to the left by the extrinsic mass effect of the lymphadenopathy
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Fig. 12.17  MIP and VRT of the neck vessels showing the rich vascular and malignant circulation surrounding the 
lymphadenopathy more on the right side

CT of the neck was done, which shows thyroid 
gland swelling with mediastinal extension, which 
displaces the trachea and compresses the airway 
of the proximal trachea at the thoracic inlet.

3-D evaluation and VE highlighted the way 
for intubation (Figs. 12.20 and 12.21).

Diagnosis: Thyroid swelling.
Planned for surgical removal.
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Fig. 12.18  VRT and TTP images showing the displacement and encroached upon airway by the extrinsic mass effect 
exerted by the rich vascular metastatic lymphadenopathy

Fig. 12.19  Evidence of appreciable circumferential narrowing “arrow” noted at the infraglottic airway proper to a mild 
to moderate degree as appreciated from the 3-D TTP images and the VE examinations
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Fig. 12.20  TTP showing encroachment, displacement, and violation upon the proximal tracheal lumen caused by the 
enlarged thyroid gland

Fig. 12.21  Coronal reformatted image of the neck and thorax as well as TTP showing encroachment, displacement, 
and violation upon the proximal tracheal lumen caused by the enlarged thyroid gland

N. A. Shallik et al.



159

12.2.10  �Case Reference Number 10

An adult female referred from the emergency 
department with a history of foreign body inges-
tion described as a “duck bone” few days back.

The patient was vitally stable.
Endoscopic evaluation as well as the ENT 

evaluation was unremarkable.
MDCT scan of the neck was carried out, which 

shows an angulated metallic density foreign body 
embedded within the left sternocleidomastoid 
muscle in the transverse direction. Its edges caused 
metallic artefacts and were seen abutting the 
related portion of the internal jugular vein (IJV) 
with inadequate opacification probably due to 
sluggish circulation due to partial compression.

A small fleck of air density was seen adjacent 
to the left side of the aerodigestive tract at the 
corresponding level.

No evidence of abscess formation and impli-
cation of the airway proper at its different levels 
of the pharynx (nasal, oral, or hypopharynx), as 
well as the laryngeal airway and proximal 
trachea.

In the 3-D reconstruction of the airway, mus-
cles, and vessels, the foreign body was nicely 
demonstrated (Figs. 12.22 and 12.23).

External incision and extraction of the FB was 
carried out (photo), which is identified as an 

angulated needle, about 3  cm in length with a 
bevelled end on one side.

On further discussion with the patient, she 
claimed visiting her dentist few weeks back for 
dental treatment under local anaesthesia.

The needle was identified by our dentist and a 
maxillofacial colleague, which was identical to 
the one used for dental and oral local anaesthesia 
procedures.

The question remains is how the needle pierced 
the aerodigestive tract and became embedded in 
the muscles of the neck and how the patient related 
this to alleged duck bone ingestion?

CT study, which is very sensitive in discrimi-
nation between different densities of bone versus 
metallic objects, enables easy picking of the FB 
(for more foreign bodies of the upper airway, 
please refer to Chap. 8, Movies 8.1–8.4).

12.2.11  �Case Reference Number 11

Subglottic stenosis
A 38-year-old female presented with a 1-year 

history of increasing difficulty in breathing, small 
neck swelling, and difficulty in swallowing solids.

She has no weight loss.
She is known asthmatic with a history of 

chronic rhinosinusitis.

Fig. 12.22  Intraoperative and after extraction of the curved metallic bevelled needle averaging about 3 mm
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Examination: Noisy breathing during both 
inspiration and expiration.

Fibre-optic naso-endoscopy examination 
shows subglottic stenosis and red tissue in the 
subglottic area, causing 60% narrowing of the 
airway.

Lab investigation was done which include 
ESR 55, CRP-9, and ANCA-negative.

CT of the neck with contrast, with multi-
planar reformats, and volume-rendering VRT-
negative VE and 3-D airway reconstruction 
shows the following:

Evidence of circumferential narrowing of the 
subglottis, and irregular circumferential narrow-
ing of the upper cervical trachea, with significant 
encroachment on the air column as seen in the RT 
inguinal reconstruction. Length of the narrowed 
segment average 15 mm on coronal reconstruc-

tion and (between 12 and 18 mm on VRT allow-
ing for rotational/flying VRT variation) 
(Figs. 12.24 and 12.25).

Normal other aspects of upper airway in the 
digestive tract.

Unremarkable sinonasal cavities and orbits. 
Incidentally noted mildly asymmetric smaller 
right maxillary sinus, with thickened bony 
walls suggestive of congenital hypoplastic 
sinus.

Multifocal inhomogeneity of thyroid lobe 
enhancement may be suggestive of possible dif-
fuse thyroid disease versus multinodular goitre, 
for clinical correlation and ultrasound of the 
thyroid.

Final Impression: Features in keeping with 
subglottic and upper tracheal stenosis with cir-
cumferential soft tissue thickening, differential 

Fig. 12.23  VRT images of bony/vascular and skin reconstruction showing the metallic FB embedded with the sterno-
cleidomastoid muscle on the left and abutting the apparently intact left carotid sheath vessels
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consideration include chronic inflammatory pro-
cess/granulomatous disorders/amyloid deposi-
tion/post-prolonged intubation, extent as above 
described, for further clinical correlation.

Inhomogeneous enhancement of thyroid lobes 
for further clinical correlation and ultrasound 
evaluation.

Diagnosis of subglottic stenosis was done.
Plan: As the patient’s symptoms are wors-

ening, the patient was planned surgical inter-
vention (tracheostomy, microlaryngoscopy, 
tracheoscopy, and dilatation of the subglottic 
stenosis) [3].

The surgery was done successfully.

Fig. 12.24  Subglottic stenotic smooth segment as evidenced by TTP and C-MPR. Kindly compare the calibre of the 
normal proximal airway with the reduced one on the right-side image of the VB

Fig. 12.25  Subglottic stenotic smooth segment as evidenced by VB. Kindly compare the calibre of the normal proxi-
mal airway with the reduced one on the right-side image of the VB
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12.3	 �Conclusion and 
Recommendations 

Thanks for the technology that allowed us to give 
more comprehensive extraordinary valuable data 
that ultimately give accurate confident diagnosis; 
help in better patient’s management and open the 
gate for further more bright future for the sake of 
our precious patients and Mankind. Our junior 
radiologists and colleagues kindly apply the vol-
ume rendering techniques and follow the proto-
col addressed in this book for airway assessment 
which may be of help in facilitating image’s 
interpretation and reach a definitive diagnosis 
which is our all main goal.
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