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ABSTRACT OF THE DISSERTATION 

Visualization of Upper Airway Health using Optical Coherence Tomography 
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Professor Zhongping Chen, Chair 

 

 

The upper airway plays a critical role in everyday life due its importance in various 

physiological functions.  Disorders of the upper airway are numerous due to the many 

different complex tissue structures and special sensory organs that surround the upper 

airway.  The spatial scale needed to study these disorders range from measuring 

macroscopic anatomical deformities to studying subcellular processes.  Collectively, they all 

have impact on the respiratory function of the airway.  Diagnostic imaging plays a crucial 

role in identification of disease, targeting therapy, and monitoring the response to both 

surgical and pharmacologic interventions, and both structural and functional imaging can 

lead to successful planning of individualized treatment therapies.   

Optical coherence tomography (OCT) is a noninvasive, high resolution imaging 

modality that has immense potential as a mesoscopic imaging modality in biological tissue 

to discern both structure and function.  OCT imaging as applied to the upper airway can 

image tissue structure across the entire micro- and macroscopic scale of anatomic features, 
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and hence has the potential to be a powerful diagnostic tool.  My thesis explores the use of a 

high-speed long-range endoscopic OCT imaging platform to visualize a wide range of upper 

airway disorders.  First, we developed a high speed long-range OCT system to perform in 

vivo imaging across the entire human upper airway.  Endoscopic rotational OCT imaging 

probes were fabricated and inserted into the airway lumen to generate rapid and 

anatomically correct volumetric models of the airway.  These 3D models were then used in 

computational fluid dynamics simulations to better identify locations of collapse in 

obstructive sleep apnea (OSA).  Next we utilized our OCT system in the study of subglottic 

stenosis (SGS).  In adults, intraoperative imaging was performed to quantify the 

improvement in airway cross-sectional area following balloon dilation surgeries.  In the 

neonatal population, imaging was performed in intubated patients to visualize 

morphological changes in airway tissue structure to positively correlate duration of 

intubation with SGS progression.  Finally, we utilized functional OCT in the form of Doppler 

OCT to measure the relationship between the beating dynamics of microscopic sub-

resolution cilia vs. temperature and drug agents in ex vivo rabbit airway samples.   
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Chapter 1 – INTRODUCTION 

Optical coherence tomography (OCT) is a nascent imaging modality that has immense 

potential as a mesoscopic imaging modality in biological tissue to discern both structure and 

function.  To date, the dominant clinical application of OCT has been in ophthalmology where 

tissue structures of interest in the eye are relatively easy to access, exploiting the structure 

of the eye as the human body’s only optical system.  However, OCT has uses in other 

physiological systems with potential paradigm shifting applications in clinical disciplines 

such as cardiology, gastroenterology, pulmonology, and otolaryngology.  The upper airway 

presents a particularly interesting region of study due to its importance in numerous 

physiological functions.  In 2010, there were an estimated 20 million physician visits related 

to problems in the head and neck, [1] and otolaryngology operations are expected to increase 

by 15% by 2020 [2].  Disorders of the upper airway are numerous due to the many different 

complex tissue structures and special sensory organs that surround the upper airway.  The 

spatial scale needed to study these disorders range from measuring macroscopic anatomical 

deformities to studying subcellular processes.  Collectively, they all have impact on the 

respiratory function of the airway, ranging from airway patency, cancer, speech, and to 

immunologic function.  Diagnostic imaging plays a crucial role in identification of disease, 

targeting therapy, and monitoring the response to both surgical and pharmacologic 

interventions, and both structural and functional imaging can lead to successful treatment 

planning and a rational basis for individualized patient-specific therapies.  OCT imaging, as 

applied to the upper airway, can minimally invasively image tissue structure across the 
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entire micro- and macroscopic scale of anatomic features, and hence has the potential to be 

a powerful diagnostic tool for the comprehensive study of virtually all diseases of the upper 

aerodigestive tract.  In this dissertation, the development of a high-speed long-range 

endoscopic OCT platform capable of visualizing a wide range of upper airway disorders will 

be presented as a model for the development of an upper airway imaging workstation.  Here 

we present specific applications demonstrating the capabilities of this platform, and focus 

on three applications that span distinct spatial scales:  1) obstructive sleep apnea (OSA) 

(centimeters); 2) subglottic stenosis (SGS) (millimeters to hundreds of microns); and 3) 

ciliary motion and transport (microns).   

1.1 The Upper Airway 

The upper airway is an extraordinarily complex anatomic region and plays critical 

roles in everyday life.  Besides being the entrance to both the respiratory system and the 

digestive tract, the upper airway also serves as first line of defense in the immune system 

against airborne foreign bodies.  For respiration, beyond conducting air to the lungs, the 

upper airway also serves to precondition the passing air through warming and 

humidification.  The evolution of the upper airway was influenced by the unique 

physiological functions that it is involved with.  The development of human speech required 

laryngeal motility, which leaves the human upper airway reliant on soft tissues for support 

[3].  In addition, the upper airway needs to be a compliant structure to allow unimpeded 

passage of nutrients to the digestive system.  Combined with the need for anatomical flexion 
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and rotation of the human skull for self-defense, these requirements have forced the human 

upper airway into developing into a flexible structure that is vulnerable to collapse.    

 

Figure 1.1 Sagittal cross-sections showing the different regions of the human upper airway 

The size and shape of the airway greatly varies throughout the different segments of 

the airway as each area is specialized for different functions [4].  Unlike other major vessels 

in the body, the upper airway structure is made up of a number of disparate tissue types, all 

with various tissue properties.  The upper airway encompasses the flow conduit for air 

extending from the nose to the laryngeal glottis and is generally divided into the nasal cavity, 

the pharynx, and the larynx.  The nose serves as one of the two inlets for airflow into the 

upper airway and plays roles in respiration, olfaction, humidification, and filtration.  The 

nose evolved as the primary entrance for breathing which allows for sensing of noxious 

stimuli through smell and also uninterrupted respiration during feeding [5].  In the human 

adults, the nasal cavity extends 10 to 14 cm from the nostrils to the nasopharynx and is 

separated into two fossae by the nasal septum.  Within each fossa are three nasal turbinates 

or conchae which separate the nasal airway into smaller groove-like air passages that help 

regulate airflow through the nose [5].  The surface of the turbinates are lined with ciliated 
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nasal mucosa that simultaneously provides filtration, humidification and warming of air in 

preparation for the lungs.   

 Extending from the nasal cavity is the pharynx which is often what is commonly 

thought of when describing the upper airway.  The pharynx lies directly behind the nasal 

cavity and oral cavity (mouth) and is typically 12 to 15 cm long [5].  Unlike other major 

lumens in the human body, the pharynx is not a uniform organ along its length; instead the 

pharynx is often subdivided into three different subsections: the nasopharynx, the 

oropharynx, and the hypopharynx or laryngopharynx.  The pharynx is the common 

passageway for both food and air and thus a part of both the digestive tract and respiratory 

system.  At the inferior end, the pharynx opens into both the larynx and the esophagus.  A 

cartilaginous flap known as the epiglottis dynamically closes and shields the larynx during 

swallowing to prevent food from entering into the lungs.  The pharynx also functions as a 

resonating organ in the process of vocalization.  Below the pharynx lies the larynx which is 

the lowest segment of the upper airway.  In adults, the larynx has an average length of 35-45 

mm and a diameter of 25-35 mm [5, 6].  The larynx contains the vocal cords which are 

situated immediately below the junction in the hypopharynx and are essential for speech.   

 

Figure 1.2 Diagram of respiratory epithelium 
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Along the surface of the majority of the upper airway is a thin layer of microscopic 

respiratory epithelium comprised mainly of ciliated cells, goblet cells, and basal cells [7].  

This thin mucosal layer plays a critical role in multiple airway physiological functions.  The 

goblet cells continuously secrete a layer of mucus over the entire airway lumen surface that 

serves both to provide humidification of inhaled air as well as to trap and prevent foreign 

particulates from entering the lower respiratory tract.  Mucus is continuously transported 

towards the pharynx where it is either swallowed or expelled through the oral cavity by the 

synchronized rhythmic beating of cilia, which are microscopic hair-like structures lining the 

surface of the ciliated epithelial cells.  Disruption of this mucus clearance process is 

associated with severe diseases such as cystic fibrosis or primary ciliary dyskinesia which 

result in chronic compromised respiratory function.   

1.2 Upper Airway Disorders 

1.2.1 Obstructive Sleep Apnea 

Obstructive sleep apnea is the leading cause of airway related obstruction and is a 

problem of epic proportions for both children and adults.  While asleep, the muscles 

surrounding the airway in the throat relax, and in combination with gravity, this may lead to 

the collapse of soft tissue and obstruction of flow through the airway limiting gas transport 

and increasing the energy expended for breathing.  During these periods, pauses in breathing 

occur, lasting between 20 to 40 seconds and causing blood oxygen saturation to drop and 

CO2 levels to rise [8, 9].  These episodes last until neurological signals from the brain trigger 

a brief return to wakefulness with arousal followed by the return to the sleep state.  Through 

the course of a night, severe sleep deprivation can occur due to the repetitive apneic cycle 
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leading to drowsiness during the day.  A recent report by McKinsey and Company estimated 

the economic cost of sleep apnea to be on the order of $65 to $165 billion a year, which is 

greater than that of asthma, heart failure, stroke and hypertension [10].  Sleep apnea, while 

exceptionally important, has received limited public attention despite sleep related traffic 

accidents having an estimated economic impact of $35 billion alone.  In adults, the 

prevalence of sleep apnea is estimated to be between 3 to 5%.  In children, it effects up to 

3%, and is profoundly important to treat.  The prevalence of OSA is only expected to grow in 

the near future as the elderly population continues to grow and obesity rates increase 

worldwide.  OSA related traffic accidents are estimated to number up to 350,000 by the year 

2020 [11].   Sleep apnea leads to alterations in gas exchange and if left untreated can lead to 

profound changes in cognitive, cardiac, and metabolic function that can present dramatically 

later in life [12-14].  

OSA is multifactorial and includes both anatomic and neuromuscular elements.  

Upper airway anatomy is exceptionally complex as there are multiple sites of airway 

narrowing which can act synergistically to increase resistance to airflow.  External treatment 

options include the use of oral appliances such as mandibular repositioning devices or 

positive pressure ventilation devices known as “CPAP” (continuous positive airway 

pressure) masks.  However, these devices are not always effective and can be restrictive as 

they must be worn continuously throughout sleep, thus resulting in historically poor patient 

compliance.  Surgical interventions have also been developed to treat sleep disordered 

breathing and can vary in scale and complexity from focal removal of obstructing tissue to 

full craniofacial reconstructive surgery.   Adenotonsillectomy is the predominant procedure 
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performed in children where tonsillar tissue is removed in order to try and improve airway 

patency.  In adults, uvulopalatopharyngoplasty (UPPP) is commonly performed to remove 

or reshape tissue such as the tonsil and soft palate arch in the oropharynx to minimize airway 

collapse within this region.  Other operations include tongue base reduction operations and 

maxillary-mandibular advancement.  In severe cases, where sleep apnea is accompanied by 

life-threatening arrhythmias, tracheostomy is performed which is definitive.   Despite the 

best efforts of clinicians using multiple diagnostic approaches, a large number of patients 

still fail to respond to surgical therapy with the failure rate of sleep surgeries widely reported 

to exceed 50% [15].  Thus, identifying the site(s) of anatomic obstruction is critically 

important.  Unfortunately, classic imaging methods, office based examination, and 

endoscopy during both wakefulness and sleep fail to identify what is frequently multilevel 

airway collapse.  In the vast majority of cases, ENT surgeons rely only on their clinical 

judgment to guide surgical decisions.  Computational fluid modeling within the upper 

airways has shown great promise for identifying areas of obstruction based on airflow 

turbulence and pressure gradients [16-18].  However, these simulations require 

anatomically correct models in order to generate accurate results, and currently there is no 

cost effective means to fully visualize the dynamic changes in upper airway structure during 

sleep.   

1.2.2 Subglottic Stenosis 

Subglottic stenosis is the narrowing of the airway in the critical region between the 

vocal cords and the first ring of the trachea.  This is primarily a disease of the critically 

premature infant and neonate requiring mechanical ventilation for life support.  This region 
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contains the narrowest segment of the airway, and is surrounded 360° by the non-pliable 

cricoid cartilage which is the only complete cartilage ring around the lower airway [19].  If 

left untreated, this narrowing can lead to respiratory difficulties, tracheostomy, and even 

asphyxiation in the worst case.  The origins of subglottic stenosis can be congenital but the 

vast majority occur as a result of intubation trauma.  Intubation is a procedure where an 

elastomeric endotracheal tube is inserted into the tracheal through the oral cavity to provide 

a conduit for mechanical ventilation of the lungs.  Currently, 90% of acquired SGS cases in 

children are a result of prolonged intubation that is a consequence of the need for sustained 

ventilatory support [20].  In preterm neonates, SGS is a particularly dangerous problem since 

endotracheal intubation is often required due to underdeveloped airway patency.  Surgical 

correction of SGS is complex, requiring major airway reconstruction and routinely multiple 

rounds of surgery, which is always risky in the neonatal population.   

Currently, SGS in neonates is diagnosed only by performing surgical endoscopy under 

general anesthesia.  However, endoscopy is typically only performed after the child has failed 

extubation (remove of endotracheal tube) or in the presence of stridor or breathing 

difficulties by which time SGS has already developed.  In the case of acquired SGS from 

intubation related trauma, the vast majority of the delicate respiratory epithelium is lost in 

the first few hours of intubation with major damage and ulceration of airway lumen 

occurring in the first 7 days [21].  Visualization of the morphological changes in airway 

microstructure while intubated can be a powerful diagnostic tool to identify features of SGS 

injury.  However, current endoscopic imaging techniques only provide a view of the airway 

lumen surface.  Likewise repeating endoscopic examination in the neonate is a high risk 
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operation due to the challenge of managing the neonatal airway [22].  Meanwhile, classic 

imaging modalities lack the spatial resolutions required to adequately visualize the 

microanatomy of the airway.  Thus there is a compelling need for a means to safely image 

airway substructure, ideally from within the confined space of the endotracheal tube to 

monitor subsurface changes in the epithelium during intubation.  Such a technology, could 

be used routinely on each and every intubated neonate in each and every neonatal intensive 

care unit (NICU), and provide a means to identify the early signs of airway injuring allowing 

the early adoption of countermeasures to prevent progression to stenosis.  

1.2.3 Respiratory Mucus Transport as a Function of Ciliary Motion 

The upper airway is lined by delicate respiratory epithelium, which plays a critical 

role in the health of the upper airway.  A thin layer of mucus is continuously secreted over 

the epithelium which serves as the first line of defense against inhaled foreign particles.    

Mucus is continuously cleared towards the pharynx where it is either expelled or swallowed 

by the rhythmic beating motion of microscopic cilia lining the epithelium.  Successful mucous 

transport is facilitated by cilia beating in a regular synchronized pattern.  Disruption of 

ciliary function results in deficient mucous clearance which is commonly seen in diseases 

such as cystic fibrosis (CF) and primary ciliary dyskinesia (PCD), but also in response to 

commonplace sicknesses such as upper respiratory infections.  Studies have also linked 

restoration of ciliary function with recovery from sinusitis demonstrating that measurement 

of ciliary function can be an indicator of respiratory health [23, 24].   

Sino-nasal disorders cost over $2.4 billion annually with estimation of the indirect 

costs to society reaching tens of billions of dollars [25].  Currently the study of ciliary motion 
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is performed by visualizing the motion of individual ciliated cells grown in tissue culture 

acquired via a biopsy, or by examining isolated epithelial cells on a Petri dish using a phase 

contrast microscope.  This process not only is moderately invasive and time consuming but 

also may distort ciliary motion, since the cells are no longer in their native tissue 

environment.  Analysis of ciliary beat frequency from these samples also requires tedious 

manual inspection which makes the process unsuitable as an office based diagnostic 

technique.  A platform that can rapidly visualize ciliary motion in situ can give important 

information about the pathogenesis of respiratory diseases and provide a significant public 

health benefit. 

1.3 Diagnostic Techniques for Studying Airway Obstruction 

A number of approaches have been used in the study of upper airway health.  For 

measuring airway size, acoustic reflections methods have been used in which a pressure 

wave is sent into the airway to form an echogram that is then empirically correlated with 

cross-sectional area [26-28].  However, the drawbacks for acoustic reflections are that 

multiple reflections off the airway lumen can lead to distorted area measurements and area 

calculations tend to become more inaccurate as the pressure wave travels deeper into the 

airway.  Also, while this method does yield cross-sectional area values, it does not provide 

anatomic information on the shape of the airway which is necessary to understand airflow 

distribution and dynamics.  For OSA studies, polysomnograms are currently the gold 

standard in diagnosing dynamic airway obstruction.  During sleep, various measurements 

are made to correlate physiologic parameters such as sleep state (oxygen saturation, apneic 
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period length and number, Rapid Eye Movement (REM) state, inhalation pressures, and 

electrical brain signals (EEG) with apneic events.  However, sleep studies do not provide any 

information about the structural location of airway collapse and are generally perceived as 

uncomfortable, as the patient must sleep in a laboratory, though portable devices designed 

for use at home are becoming increasingly popular.  A polysomnogram measures only 

physiologic state variables and is devoid of any anatomic information.  Knowledge of airway 

shape and how it changes over time is critical for understanding airflow and identifying the 

regions of potential collapse in the upper airway.   

Endoscopy has been used to evaluate airway structure in patients with airway 

obstruction. Flexible fiber-optic endoscopes are commonly used to evaluate the upper 

airway and directly visualize the airway shape.  While this approach is simple and can be 

performed in an office-based setting, it is limited in that it can only provide a qualitative view 

of airway size.  In order to provide a wide field of view, these endoscopes use fisheye optics 

which distort the native anatomy.  The physician can only gauge a relative size of the airway 

using the diameter of the scope itself as a scale reference.  In addition, endoscopy only 

provides a macroscopic surface view of the airway lumen and does not give any information 

about either the microscopic processes in the airway or microanatomy.  Endoscopy is also 

performed with patients in a drug-induced sleep state.  While this is powerful in that airway 

collapse while supine is visualized, it is not performed during REM sleep, as such significant 

cortical input to control the pharyngeal airway musculature is absent.  Furthermore, this 

generally requires an operative suite and an anesthesiologist, as well as an ENT surgeon.  
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Drug-induced sleep endoscopy (DISE) again provide no quantitative information on airway 

structure.   

Conventional imaging modalities provide immense detail on airway anatomy and 

have been used in various airway studies; however, currently there is no singular modality 

that images across the entire scale that airway disorders occur over.  Computed tomography 

(CT) can provide significant information about the gross airway structure however it is 

costly, requires sedation, and exposes the patients to the risk of ionizing radiation; one 

cannot fall asleep in a scanner as a matter of practicality, and radiation exposure prevents 

true high temporal resolution cine imaging.  Magnetic resonance imaging (MRI) has many of 

the same capabilities as CT without the drawback of ionizing radiation.  However, like CT, 

MRI requires sedation which can distort native airway shape and function as in DISE.  With 

MRI, there is a tradeoff between axial, sagittal, and coronal image resolution.  Neither CT nor 

MRI have the spatial resolution to resolve microscopic airway features and their cost and 

complexity make them unsuitable as office-based diagnostic platforms for the airway.     

1.4 OCT Airway Imaging Background 

Optical tomographic techniques are of particular importance and interest in the 

medical field due to their ability to provide non-invasive diagnostic images of tissue.  Optical 

coherence tomography was first demonstrated in 1991 by Huang et al. to study the structure 

of the human retina [29].  Back-scattered photons carried time-of-flight information from 

the reflective boundaries and scattering sites within the sample in a manner similar to pulse-

echo ultrasound.  An offshoot of conventional OCT known as anatomic or long-range OCT (A-
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OCT) was described by Armstrong et al. in 2003 [30] which was based on traditional time-

domain methods (TD-OCT).  A small fiber based endoscopic probe was positioned within the 

airway to generate cross-sectional scans of the lumen shape.  Quantitative optical ranging up 

to a maximum of 26 mm was demonstrated within the upper airway to determine the size 

and shape of various locations.  However, their system achieved this long imaging range by 

sacrificing both axial resolution (17.4 um) as well as imaging speed (0.26 frames per second) 

in order to maximize detection of the airway lumen surface.  In 2009 McLaughlin et al. 

reported on an upgraded version of the A-OCT system.  Imaging speeds were increased to 

2.5 frames per second however the axial resolution was further reduced to 24 μm as a result 

[31].   

Higher speed OCT systems have been introduced with the development of Fourier 

domain OCT (FD-OCT).  These systems image across all sample layers at the same time 

instead of sequentially, allowing for a much faster imaging speed.  In addition, FD-OCT 

systems have a superior sensitivity advantage compared to a comparable time domain 

system without the penalty of reduced axial resolution.  These advantages make FD-OCT an 

attractive platform for performing imaging within the upper airway.  However, unlike in TD-

OCT, FD-OCT setups suffer from a depth based sensitivity roll off penalty as well as a finite 

imaging range.  Nevertheless, overcoming or minimizing these drawbacks can make a FD-

OCT imaging platform a power diagnostic tool for visualizing airway disorders.   
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1.5 Summary 

In this dissertation, we develop several approaches for creating a high-speed long-

range FD-OCT system for diagnostic studies within the upper airway.  Rapid quantitative 

scans of the upper airway can be performed to obtain anatomically correct models of the 

entire airway structure.  Utilizing these models, a better understanding of obstruction 

origins can be gained through computational simulations which will aid physicians in 

improving surgical outcomes.  At the same time, airway microstructure can also be visualized 

with the same platform to provide important indicators of respiratory health.   
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Chapter 2 – Optical Coherence Tomography Principles 

This chapter delves into the principles behind OCT from the development of 

traditional Time domain based systems up to modern Fourier domain systems.  Mathematic 

derivations of OCT will be explored as well as features such as resolution limits, sensitivity, 

and imaging range.  Lastly, the function OCT in the form of Doppler OCT will be described.   

2.1 Introduction 

Optical coherence tomography (OCT) is an optical imaging modality that is rapidly 

gaining adoption for clinical applications.  OCT takes advantage of the short coherence length 

of broadband light sources to perform micrometer-scale, cross-sectional imaging of 

biological tissue [29, 32, 33].  OCT is analogous to ultrasound B-mode imaging except that it 

uses light rather than sound to achieve axial resolutions of 1-15 µm.  The high spatial 

resolution of OCT enables noninvasive in situ “optical biopsy” and provides immediate and 

localized diagnostic information to better aid physicians in the diagnosis and treatment of 

diseases.   

OCT was first developed in the early 1991 [29] to acquire cross-sectional images of 

biological tissue.  These early systems utilized the principle of low coherence interferometry 

between a scanning reference mirror and a sample to measure the echo time delay of 

backscattered light at multiple depths within the sample.  The limiting factor for these 

designs was the scanning speed of the reference arm which generally could for allow an A-

line rate of 1-5 kHz [34].  Since these instruments required mechanical scanning to generate 
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optical sectioning, they are referred to as time domain systems (TD-OCT).  In 2003, three 

groups demonstrated that OCT could be performed in the Fourier domain (FD-OCT) in which 

the entire depth of the sample was probed simultaneously rather than sequentially [35-37].  

This development vastly increased both the imaging speed and sensitivity as compared to 

TD-OCT and generated a boom in OCT research and development.  OCT has seen clinical use 

in the fields of ophthalmology, cardiology, gastroenterology, urology, and otolaryngology.   

Functional extensions have also been developed to further add physiological contrast 

to OCT imaging.  Doppler OCT (D-OCT) combines the Doppler principle with OCT to obtain 

high-resolution tomographic images and calculate the velocity of moving constituents.  In 

this chapter, we will review the principles behind OCT and then cover the innovations in OCT 

that have dramatically increased imaging speeds and sensitivity.   

2.2 Time Domain OCT 

OCT utilizes coherence gating to discriminate single scattered photons from multiple 

scattered photons.  The simplest OCT system is based on a Michelson interferometer with a 

broadband light source (Figure 2.1).  Collimated light from a source is split into a reference 

path and a sample path using a 50/50 beam splitter.  The reference path light, after reflecting 

from the reference mirror, interferes with the backscattered light from the sample at the 

beam splitter and an interference pattern or fringe is formed and detected by a 

photodetector.  If a highly coherent source, such as a monochromatic light source is used, 

interference will be present over a large range of reference and sample optical path length 

(OPL) differences (Figure 2.2).  However, if a low coherence source, such as a broadband 
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light source, is used, then an interference pattern is only observed when the OPL is matched 

to within the coherence length of the source (Figure 2.2).  By scanning or changing the 

reference arm path length and recording the subsequent interference fringe intensity, a map 

of scattering particles can be formed (what is known as an A-scan).  OCT designs that 

incorporate this type of depth scanning are known as time-domain systems.  Translating the 

probing sample beam laterally across the sample to acquire multiple A-scans creates an 

image or B-scan.   

 

Figure 2.1 Schematic of OCT system consists of a free-space Michelson interferometer with a partially 

coherent light source 

 

Figure 2.2 Fringe (bottom) formed from interference of waves (top) with high coherence (left) and 

low coherence (right).  ΔL is the difference in path length between reference and sample arms 
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2.2.1 Time Domain OCT Principles 

To illustrate the coherence gating of the broadband light source, we consider the 

interference fringe generated in the Michelson interferometer with a broadband light source 

and single reflectors in the sample and reference arms.  The following is derived from [38].  

The illuminating wave from the broadband light source can be expressed by its electric field: 

𝐸𝑖(𝑘, 𝜔) = 𝑠(𝑘, 𝜔)𝑒
𝑖(𝑘𝑧−𝜔𝑡) (2.1) 

where 𝑠(𝑘, 𝜔) is the electric field amplitude as a function of wavenumber 𝑘 = 2𝜋/𝜆 and 

angular frequency 𝜔 = 2𝜋𝜐.  The backscattered sample and reference light can be described 

as: 

𝐸𝑠(𝑘, 𝜔) =
𝑠(𝑘, 𝜔)

√2
𝑟𝑠𝑒

𝑖(2𝑘𝑧𝑠−𝜔𝑡) (2.2) 

𝐸𝑟(𝑘, 𝜔) =
𝑠(𝑘, 𝜔)

√2
𝑟𝑟𝑒

𝑖(2𝑘𝑧𝑟−𝜔𝑡) (2.3) 

where 𝑟𝑠 and 𝑟𝑠 are the electric field reflectivities from the sample and reference arms 

respectively, 𝑧𝑠 and 𝑧𝑟 are the optical distances of the sample and reference arm and the 

factor of 2 accounts for the round-trip propagation in each arm.  The electric field reflectivity 

can be expressed as power reflectivity through the expression 𝑅𝑖 = |𝑟𝑖|
2.  The two electric 

fields combine at the beam splitter but only ultimately summed together at the detector.  

Photodetectors can only measure intensity rather than electric field thus the output signal 

from the detector as a function of wavenumber and angular frequency is proportional to the 

square of the combined electric field and 𝜌, the responsitivity of the detector: 
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𝐼𝐷(𝑘, 𝜔) =  
𝜌

2
〈|𝐸𝑠 + 𝐸𝑟|

2〉 (2.4)

=  
𝜌

2
〈(𝐸𝑠 + 𝐸𝑟)(𝐸𝑠 + 𝐸𝑟)

∗〉
 

where 〈 〉 represents integration over the response time of the photodetector.  Equations 

(2.2) and (2.3) can be inserted into (2.4) to get: 

𝐼𝐷(𝑘, 𝜔) =  
𝜌

2
〈 |
𝑠(𝑘, 𝜔)

√2
𝑟𝑠𝑒

𝑖(2𝑘𝑧𝑠−𝜔𝑡) +
𝑠(𝑘, 𝜔)

√2
𝑟𝑟𝑒

𝑖(2𝑘𝑧𝑟−𝜔𝑡)|
2

〉 (2.5) 

Equation (2.5) can be simplified by eliminating the angular frequency terms since 𝜈 oscillates 

much faster than the response time of any detector.   

𝐼𝐷(𝑘) =  
𝜌

2
〈 |
𝑠(𝑘)

√2
𝑟𝑠𝑒

𝑖(2𝑘𝑧𝑠) +
𝑠(𝑘)

√2
𝑟𝑟𝑒

𝑖(2𝑘𝑧𝑟)|

2

〉 (2.6) 

Expanding equation (2.6) yields: 

𝐼𝑑(𝑘) =
𝜌

4
{𝑆(𝑘) ∙ (𝑅𝑠 + 𝑅𝑟) + 2 (𝑆(𝑘) ∙ √𝑅𝑟𝑅𝑠(𝑒

𝑖2𝑘(𝑧𝑠−𝑧𝑟) + 𝑒−𝑖2𝑘(𝑧𝑠−𝑧𝑟)))} (2.7) 

=
𝜌

4
{𝑆(𝑘) ∙ (𝑅𝑠 + 𝑅𝑟) + 2𝑆(𝑘) ∙ √𝑅𝑟𝑅𝑠 cos 2𝑘(𝑧𝑠 − 𝑧𝑟)} 

where 𝑆(𝑘) = 〈|𝑠(𝑘, 𝜔)|2〉 is the power spectrum of the laser.  Thus for a single reflector in 

the sample arm, the resulting OCT interference fringe is comprised of a DC term proportional 

to the reflectivity in the sample and reference arm as well as a cross-correlation term 

modulated at a frequency dependent on the OPL difference between the two arms.   

 In reality, the sample being imaged will not be a simple single reflector but rather be 

comprised of multiple depth dependent reflectors.  In this case, the sample electric field 

reflectivity can be described as a series of delta functions scaled by discrete reflectivities: 
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𝑟𝑠(𝑧) = ∑𝑟𝑠𝑛𝛿(𝑧 − 𝑧𝑠𝑛)

𝑁

𝑛=1

(2.8) 

substituting (2.8) into (2.6) yields: 

𝐼𝐷(𝑘) =  
𝜌

2
〈 |
𝑠(𝑘)

√2
𝑟𝑟𝑒

𝑖(2𝑘𝑧𝑟) +
𝑠(𝑘)

√2
∑𝑟𝑠𝑛𝑒

𝑖(2𝑘𝑧𝑠𝑛)

𝑁

𝑛=1

|

2

〉 (2.9) 

As before, the angular frequency terms can be ignored as the signal is integrated over the 

response time of the detector.  Expanding the square term in (2.9) and substituting 

trigonometric identities yields: 

𝐼𝑑(𝑘) =
𝜌

4
[𝑆(𝑘) ∙ (𝑅𝑟 +∑𝑅𝑠𝑛

𝑁

𝑛=1

)]  

+
𝜌

2
[𝑆(𝑘)∑√𝑅𝑟𝑅𝑠𝑛(cos 2𝑘(𝑧𝑠𝑛 − 𝑧𝑟))

𝑁

𝑛=1

] (2.10) 

+
𝜌

4
[𝑆(𝑘) ∑ √𝑅𝑠𝑛𝑅𝑠𝑚(cos 2𝑘(𝑧𝑠𝑛 − 𝑧𝑠𝑚))

𝑁

𝑛≠𝑚=1

] 

Equation (2.10) shows that the output detector current as a function of wavenumber is 

comprised of three distinct components.  The first component represents the DC terms from 

the reference and sample reflectivities and is independent of the OPL difference between the 

two arms.  The second term is the cross-correlation between the sample reflectors and 

reference mirror and contains the desired interferometric components for reconstructing 

the depth dependent sample reflectivity profile √𝑅𝑠(𝑧) . The final term is the autocorrelation 

term and represents the self-interference between the reflectors in the sample arm.  The 
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amplitude for these terms is proportional to the power reflectivity in the sample arm and is 

generally smaller than the DC and cross-correlation terms given a suitable reference arm 

power.   

 In TD-OCT, depth scanning is achieved by changing the optical path length of the 

reference arm to generate an A-scan.  The output detector current 𝐼𝑑(𝑧) is equal to the 

wavenumber dependent detector current 𝐼𝑑(𝑘) integrated over all 𝑘: 

   𝐼𝑑(𝑧) =
𝜌

4
[𝑆0 (𝑅𝑟 +∑𝑅𝑠𝑛

𝑁

𝑛=1

)] 

+
𝜌

2
[𝑆0∑√𝑅𝑟𝑅𝑠𝑛𝑒

−[(𝑧𝑠𝑛−𝑧𝑟)]
2
∆𝑘2(cos 2𝑘0(𝑧𝑠𝑛 − 𝑧𝑟))

𝑁

𝑛=1

] (2.11) 

where 𝑆0 = ∫ 𝑆(𝑘) 𝑑𝑘
∞

0
 is the integrated power spectrum of the laser.  Intuitively, equation 

Error! Reference source not found. can be understood as the convolution of the source 

spectrum across the depth profile of sample reflectors with a cosine modulation with period 

proportional to the path length difference between the reference mirror and sample 

reflector.   The envelope of Error! Reference source not found. can be calculated to 

calculate the A-scan intensity profile of the sample.   

2.2.2 Axial Resolution in TD-OCT 

Unlike in conventional microscopy techniques, the axial resolution in OCT is 

decoupled from the lateral resolution.  An interference fringe between the backscattered 

light from the reference and sample arms is only present when the OPL between the two 

arms is within the coherence length of the laser source.  Thus use of a broadband light source 
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with very short coherence length provides control of the thickness of each optical slice 

within the sample.  The axial resolution of an OCT system is directly determined by the 

coherence length of the light source calculated by Eq. 1, where λo and Δλ are the center 

wavelength and bandwidth of the source, respectively.  

Δ𝑧 = 𝐿𝑐 =
𝜏𝑐
2
𝑐 =

2 ln 2

𝜋

𝜆0
2

Δ𝜆
≈ 0.44

𝜆0
2

Δ𝜆
(2.12) 

From equation (2.12), it is apparent that axial resolution can be improved in two ways.  First, 

the choice of a light source with a shorter center wavelength can reduce the axial resolution.  

However, shorter wavelengths, especially towards the UV spectrum have worse penetration 

in biological tissue than those in the near infrared.  Second, a source with a broader 

bandwidth will also improve the axial resolution, however there are physical material limits 

to how broadband a source can actually be.   

2.2.3 Lateral Resolution in TD-OCT 

Lateral resolution in OCT is determined by the objective lens used to focus the light 

and the beam diameter incident on the objective similar to conventional microscopy.  Thus, 

given a lens with focal length 𝑓 and a Gaussian illumination beam with diameter 𝑑, the lateral 

resolution can be calculated as: 

Δ𝑥 =
2𝜆

𝜋

1

𝑁𝐴
=
4𝜆

𝜋
(
𝑓

𝑑
) (2.13) 

where NA stands for the numerical aperture of the lens.  From 2.13 it is evident that 

increasing the NA of the focusing lens results in a smaller focal spot size or lateral resolution.  

However, there is a trade-off between lateral resolution and imaging depth or depth of focus.  

Depth of focus is described by the Rayleigh length 𝑧𝑟 , which is defined as the distance from 
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the focal spot to the point when the cross-sectional area of the beam is doubled.  The confocal 

parameter 𝑏 is a related parameter and defined as twice the Rayleigh length.   

2Δ𝑧𝑟 = 𝑏 =
𝜋Δ𝑥2

2𝜆
(2.14) 

From equation 2.14, it is clear that a lens with smaller lateral resolution has a reduced 

Rayleigh length which limits the imaging over which the lateral resolution is maintained and 

vice versa.  

2.2.4 Sensitivity of TD-OCT 

Sensitivity analysis for TD-OCT systems derives its origins from low-coherence 

domain reflectometry studies and has been well established in literature [39].  Briefly, the 

sensitivity of an OCT system is defined as the signal power generated from a perfect reflector 

divided by the noise power.  The noise in OCT systems is comprised of three main 

components: 

𝐼𝑁
2 = 𝐼𝑆𝐻

2 + 𝐼𝑅𝐼𝑁
2 + 𝐼𝑇𝐻

2 (2.15) 

where 𝐼𝑆𝐻 represents the shot noise, 𝐼𝑅𝐼𝑁 is the relative intensity noise, and 𝐼𝑇𝐻 is the thermal 

noise in the system.  It is important to note that the overall noise is the sum of the square of 

the three terms since only the noise power is additive.  For general OCT system, shot noise 

dominates relative intensity noise and thermal noise and thus can be neglected.  In imaging 

highly scattering biological samples, the reference arm power level typically dominates the 

sample arm power level.  Therefore, shot noise is assumed to be ruled by light from the 

reference arm.  Since noise has a zero mean, the noise power is equal to its variance which 

can be calculated as: 
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𝐼𝑠ℎ
2 = 𝜎𝑠ℎ

2 = 𝜌𝑒𝑃𝑇𝐷𝑅𝑟𝐵𝑇𝐷 (2.16) 

where  𝑃𝑇𝐷 is the instantaneous source power, 𝑒 is the electron charge, 𝑅𝑟 is the reference 

arm reflectivity, and 𝐵𝑇𝐷 is the FWHM signal power bandwidth.  For TD-OCT, depth scanning 

is reliant on mechanically changing the OPL of the reference arm which induces a Doppler 

shift in the reference light frequency.  The FWHM signal power bandwidth can be shown to 

equal [33, 39]: 

Δ𝑓 =
Δ𝑘𝐹𝑊𝐻𝑀𝑧𝑚𝑎𝑥

𝜋Δ𝑡
(2.17) 

where 𝑧𝑚𝑎𝑥 is the total imaging range of the system, Δ𝑡 is the acquisition time for one A-scan.  

By the Nyquist sampling theorem, the optimal sampling bandwidth is equal to twice this 

frequency: 

𝐵𝑇𝐷 = 2Δ𝑓 =
2Δ𝑘𝐹𝑊𝐻𝑀𝑧𝑚𝑎𝑥

𝜋Δ𝑡
(2.18) 

The signal-to-noise ratio (SNR) for a time domain system is therefore given by: 

𝑆𝑁𝑅𝑇𝐷 =
〈𝐼𝑑〉𝑇𝐷

2

𝜎𝑇𝐷
2 =

𝜌𝑃𝑇𝐷𝑅𝑠
2𝑒𝐵𝑇𝐷

(2.19) 

where the peak detector current 𝐼𝑑 occurs at 𝑧𝑟 = 𝑧𝑠 and is calculated as: 

〈𝐼𝑑〉𝑇𝐷
2 =

𝜌2𝑆𝑇𝐷
2

2
[𝑅𝑟𝑅𝑠] (2.20) 

 

From (2.19), it can be seen that the sensitivity for TD-OCT systems is dependent on the 

responsivity of the detector as well as the amount of backscattered sample light.  In addition, 

it is evident that the SNR is linked to both the imaging range and axial resolution through the 
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optimal detection bandwidth.  Imaging range for a given detection bandwidth can be 

increased at the cost of an increased axial resolution penalty in TD-OCT systems.   

2.2.5 Imaging Range in TD-OCT 

Imaging range is defined as the total OPL distance over which OCT signals can be 

acquired and is not to be confused with penetration depth which is a function of sample 

scattering properties and laser wavelength.  For TD-OCT systems, the imaging range is 

completely dependent on the scanning range within the reference arm.  A longer reference 

arm OPL scan distance yields a larger OCT imaging range.  Several approaches have been 

described for generating reference arm path length scanning including piezoelectric 

scanners and translational motors [29, 40], however these approaches are generally slow in 

speed.  Another approach utilizes rapid-scanning optical delay (RSOD) lines to generate high 

speed axial scanning in the reference arm.  RSOD lines have been described in literature 

utilizing piezoelectric fiber stretching as well as scanning galvanometers and spinning 

mirror pairs capable of repetition rates of 400-1200 Hz [41-44].   Tearney et al. described a 

method using a galvanometer together with a grating to generate an optical group delay by 

scanning the angle of the beam [45].  This approach has the benefit that relatively long delays 

can be achieved while only scanning over a small angular range and also scanning at 1-2 

orders of magnitude faster velocities.  However, as described from (2.19), a faster scanning 

speed as well as scanning range increases the required detection bandwidth of the system 

which reduces the sensitivity of the system for a given axial resolution. 
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2.3 Fourier Domain OCT 

In TD-OCT, depth in the sample is probed sequentially by rapidly changing the 

reference path length either by mechanically changing the reference arm optical path length. 

Therefore, the imaging speed of the system is limited by the axial scanning speed of the 

reference arm.  Fourier Domain or frequency domain OCT (FD-OCT)  was first proposed by 

Fercher et al., in 1995 a few years after the introduction of OCT [46].  In FD-OCT the reference 

arm is kept stationary and the interference spectrum is measured as a function of 

wavenumber from backscattered photons at all depths in the sample.  According to the 

Wiener-Khintchine theorem, the spectral interferogram is the Fourier transform of the axial 

distribution of the scattering profile within the sample.  Therefore, the imaging speed for FD-

OCT can be 2-6 orders of magnitude faster than TD-OCT [38].  In addition, several studies 

have shown that FD-OCT topologies have a 20 dB or greater sensitivity advantage over 

comparable TD-OCT setups [35-37].  FD-OCT can be divided into two classes, spectral 

domain OCT (SD-OCT) and swept-source OCT (SS-OCT) (Figure 2.3).  In SD-OCT, a 

broadband continuous wave (CW) laser is used as the light source and a spectrometer with 

a multi-pixel camera is used as the detector to capture the interference fringe as a function 

of wavenumber.  In SS-OCT, a wavelength sweeping laser encodes the output wavelength as 

a function of time and a standard photodetector captures the time-encoded spectral 

components.  While these two approach have different implementations, the underlying 

mathematical principles for both are the same.   
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Figure 2.3 Schematic of spectrometer-based OCT system (a) and swept-source OCT system (b) 

2.3.1 Fourier domain OCT Principles 

FD-OCT differs from TD-OCT in that the interferometric signal between the reference 

and sample arms is captured separately as a function of wavenumber.  From (2.10), it can be 

seen that there is a Fourier relationship between wavenumber and depth.  The axial depth 

scattering profile of the sample arm is calculated as the inverse Fourier transform of the 

spectral interference fringe.   Taking the inverse Fourier transform of (2.10) yields: 

𝐼𝑑(𝑧) =
𝜌

8
[𝑆′(𝑧) ∙ (𝑅𝑟 +∑𝑅𝑠𝑛

𝑁

𝑛=1

)]  

+
𝜌

4
[𝑆′(𝑧)⨂ ∑√𝑅𝑟𝑅𝑠𝑛 (δ(𝑧 ± 2(𝑧𝑟 − 𝑧𝑠𝑛)))

𝑁

𝑛=1

] (2.21) 

+
𝜌

8
[𝑆′(𝑧) ⨂ ∑ √𝑅𝑠𝑛𝑅𝑠𝑚 (δ(𝑧 ± 2(𝑧𝑠𝑛 − 𝑧𝑠𝑚))

𝑁

𝑛≠𝑚=1

] 

where 𝑆′(𝑧) = ℱ−1(𝑆(𝑘)) is the coherence function of the source defined as the inverse 

Fourier transform of the spectral power density of the laser source, ⨂ is the convolution 

operator, and 𝛿(𝑧) stands for the Dirac delta function.  Analyzing (2.21) reveals that Fourier 

domain current similarly also contains a DC term, a cross-correlation term, and an auto 

correlation term.  The DC component appears as noise at 0 depth and leads to a large bright 
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artifact in OCT images.  This term is typically dominated by the reference arm reflectivity 

and can be removed by recording the interference spectrum amplitude with no sample and 

subtracting that term from subsequent OCT A-lines.  The auto correlation term appears as 

artifacts in OCT images near 0 OPL as the sample scatterers are generally positioned very 

closely together.  Although these artifacts are irremovable, proper selection of reference arm 

power will minimize the apparent amplitude of these terms with respect to the desired OCT 

signals.  The cross correlation term contains the desired axial sample reflectivity 

information.  The sample profile from this term can be described as a series of delta functions 

positioned with respect to the path length difference with the reference mirror and 

amplitude scaled as a function of sample and reference reflectivity.  The reference reflectivity 

multiplicative factor √𝑅𝑟 is crucially important here as it vastly increases the magnitude of 

the desired sample reflectivity which in general is very small.  The coherence function  𝑆′(𝑧) 

is then convolved over this delta function series which results in a series of shifted coherence 

functions centered at each delta function location.  The last important consideration from 

the cross correlation term is that the signals occur at ±2(𝑧𝑟 − 𝑧𝑠𝑛) or rather a signal also 

appears at the same depth but on the other side of 0 OPL.  These “mirror image” terms result 

from properties of the Fourier transform.  Since the signal being transformed is a real signal, 

the resulting Fourier transform must be Hermitian symmetric and conjugate artifacts will be 

present at negative distances which are identical to the desired signals.  These can be 

minimized however by ensuring that the entirety of the sample being imaged is contained 

on one size of the 0 path length, however this effectively halves the imaging range of the 

system.   



29 

 

2.3.2 Axial Resolution in FD-OCT 

From equation (2.21), we can see that the desired FD-OCT signal is composed of the 

summation of shifted source coherence functions centered at every scatterer position.  The 

width of coherence function thus defines the axial resolution just as the case in TD-OCT.  The 

coherence length is calculated from (2.12) assuming a Gaussian shaped source spectrum.   

2.3.3 Lateral Resolution in FD-OCT 

Lateral resolution in FD-OCT systems is decoupled from axial resolution and is the 

same as TD-OCT.  The imaging optics in the sample arm determine the resolution at the focus 

and can be calculated using equation (2.13).   

2.3.4 Sensitivity of FD-OCT 

Sensitivity analysis for FD-OCT systems requires first understanding how the OCT 

interference fringe and noise are sampled and handled through the Fourier transform 

process.  The sampled spectral interference signal, assuming the autocorrelation terms are 

much weaker than the other terms, can be expressed as: 

𝐼𝑑[𝑘𝑚] =
𝜌

2
𝑃𝐹𝐷[𝑘𝑚] [𝑅𝑟 + 𝑅𝑠 + 2√𝑅𝑟𝑅𝑠𝑐𝑜𝑠[2𝑘𝑚(𝑧𝑟 − 𝑧𝑠)]] (2.22) 

where 𝑅𝑠 = ∑ 𝑅𝑠𝑛
𝑁
𝑛=1  represents all the scattering elements in the sample and 𝑃𝐹𝐷[𝑘𝑚] 

represents the instantaneous power captured at the specific wavenumber 𝑘𝑚.  The inverse 

Fourier transform of the sampled spectral interferogram over all 𝑚 is then calculated using 

the discrete Fourier transform: 

𝐼𝑑[𝑧𝑚] = ∑ 𝐼𝑑[𝑘𝑚]𝑒
𝑖𝑘𝑚𝑧𝑚
𝑀

𝑀

𝑚=1

(2.23) 
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assuming the case 𝑧𝑚 = 0 and the spectral power of the laser is evenly distributed as a 

function of wavenumber, the interferometric cross-correlation signal then becomes: 

𝐼𝑑[𝑧𝑚 = 0] =
𝜌

2
√𝑅𝑟𝑅𝑠 ∑ 𝑃𝐹𝐷[𝑘𝑚] =

𝜌

2
√𝑅𝑟𝑅𝑠

𝑀

𝑚=1

𝑃𝐹𝐷[𝑘𝑚] ∙ 𝑀 (2.24) 

 Noise in FD-OCT is also sampled and passed through the inverse Fourier transform.  

The noise per wavenumber channel can be described as additive, uncorrelated white noise 

which has a Gaussian shape with zero mean and a standard deviation of 𝜎𝐹𝐷[𝑘𝑚].  Assuming 

proper selection of reference arm power, FD-OCT noise can also be shot noise limited 

calculated by equation (2.16).  The noise in each spectral channel is uncorrelated, therefore 

the total noise variance after Fourier transform is the incoherent summation of the noise in 

each channel: 

𝜎𝐹𝐷
2 [𝑧𝑚] = ∑ 𝜎𝐹𝐷

2 [𝑘𝑚] =

𝑀

𝑚=1

 𝜌𝑒𝑃𝐹𝐷[𝑘𝑚]𝑅𝑟𝐵𝐹𝐷 ∙ 𝑀 (2.25) 

Taking equations (2.24) and (2.25), the signal to noise ratio for a FD-OCT system is: 

𝑆𝑁𝑅𝐹𝐷 =
〈𝐼𝑑〉𝐹𝐷

2

𝜎𝐹𝐷
2 =

𝜌𝑃𝐹𝐷[𝑘𝑚]𝑅𝑠
4𝑒𝐵𝐹𝐷

∙ 𝑀 (2.26) 

It can be shown that the power 𝑃𝐹𝐷[𝑘𝑚] = 𝑃𝑇𝐷 and 𝐵𝐹𝐷 = 𝐵𝑇𝐷 for swept source based FD-

OCT systems and 𝑃𝐹𝐷[𝑘𝑚] = 𝑃𝑇𝐷/𝑀 and 𝐵𝐹𝐷 = 𝐵𝑇𝐷/𝑀 for spectral domain systems.  

Analyzing equation (2.26) and (2.19), the sensitivity of FD-OCT can be expressed as: 

𝑆𝑁𝑅𝐹𝐷 =
𝜌𝑃𝑇𝐷𝑅𝑠
4𝑒𝐵𝑇𝐷

∙ 𝑀 = 𝑆𝑁𝑅𝑇𝐷 ∙
𝑀

2
(2.27) 

For most FD-OCT setups, the number of sampling channels 𝑀 is generally greater than or 

equal to 1000 which results in at least a 20-30 dB sensitivity increase over TD-OCT methods.   
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2.3.5 Imaging Range in FD-OCT 

FD-OCT relies on the inverse Fourier transform to generate the depth-dependent 

sample reflectivity profile.  While mathematically this operation is easy to compute, real-

world limitations place some constraints on FD-OCT signals with regards to imaging range.  

First, as was mentioned prior, the inverse Fourier transform operator generates mirror 

terms at both positive and negative depths due to the detector output current being a real 

signal.  This forces the full sample to be constrained on one side of the 0 path length position 

which effectively halves the useable imaging range.   

The second constraint arises from the fact that in the real-world, the spectral 

interference fringe always has a limited spectral resolution.  For SS-OCT, this arises as the 

narrowness of the instantaneous linewidth of the laser source while in SD-OCT this is 

manifested from the finite number of pixels in the spectrometer.  Mathematically this finite 

resolution is expressed as a convolution of the spectral interferogram with a Gaussian with 

FWHM equal to 𝛿𝑟𝑘 which results in a blurring of the fringe signal.  By the Fourier 

relationship, a convolution in the k-domain results in multiplication in the z-domain.  

Therefore, the depth-based OCT signal is multiplied by a sensitivity factor that also has a 

Gaussian shape.   

𝐼𝑑(𝑘) ⊗ 𝑒
−
4 ln(2)𝑘2

𝛿𝑟𝑘
2

ℱ𝑇
↔ 𝐼𝑑(�̃�) ∙ 𝑒

−(�̃�)2∙
𝛿𝑟𝑘

2

4 ln(2) (2.28) 

In equation (2.21), the factor �̃� = 2𝑧 is substituted to handle the fact that depth represents 

the total round trip OPL.  Unlike in TD-OCT where there is no sensitivity roll-off vs imaging 

range, in FD-OCT this sensitivity factor results in a limiting of the visibility of features from 
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larger imaging ranges.  The depth at which FD-OCT sensitivity falls by 6 dB or 50% is defined 

as 𝑧6𝑑𝑏 and is calculated either in terms of wavenumber or wavelength as: 

𝑧6𝑑𝑏 =
2 ln(2)

𝛿𝑟𝑘
=
ln(2)

𝜋

𝜆0
2

𝛿𝑟𝜆
(2.29) 

From this expression, it is evident that a very narrow spectral resolution results in longer 

6db imaging range.  However, a broader or worse spectral resolution results in a very short 

imaging resolvability.   

The last imaging range constraint arises from the finite characteristics of digital 

sampling.  The spectral interferogram is sampled as a function of wavenumber with 𝑀 

number of total samples and finite spacing interval 𝛿𝑠𝑘.  In SS-OCT this interval is limited to 

the maximum sampling speed of the digitizer while in SD-OCT the limitation is the physical 

size of the pixels in the camera.  The total sampled wavenumber bandwidth is then Δ𝑘 = 𝑀 ∙

𝛿𝑠𝑘 and the sampling interval in depth is calculated by:  

𝛿𝑠�̃� =
2𝜋

2Δ𝑘
(2.30) 

and the maximum imaging range is calculated as: 

𝑧𝑚𝑎𝑥 =
𝑀

2
∙ 𝛿𝑠�̃� =

𝜋

2 ∙ 𝛿𝑠𝑘
(2.31) 

where the extra factor of two arises from the Nyquist sampling requirement.  Analyzing this 

expression reveals that a finer sampling interval allows for a larger potential maximum 

imaging range.  However, the actual maximum imaging range for FD-OCT systems is a 

combination of all three of these individual limitations.   
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2.4 OCT Implementation Considerations 

2.4.1 OCT Calibration 

In FD-OCT systems, the sampled spectral interference fringe is converted to the depth 

based sample reflectivity mapping via an inverse Fourier transform from the k-domain to 

the z-domain.  In order to generate an accurate axial reflectivity profile, the interference 

fringe must be uniformly sampled in k-space.  However, the majority of SS-OCT designs 

perform uniform sampling in time and use lasers that do not generate a linear sweep of 

wavenumber.  The result is that the discretized spectral fringe points are not uniformly 

spaced in the k-domain which leads to a broadening of the axial PSF function with increasing 

sample depth [47].  One approach is to use a laser that includes a “k-clock” output and a 

digitizer with an external clock input to directly perform uniform sampling in k-space [48].  

While this approach is the most convenient, the option for k-clock based sampling may not 

always be available, whether it be due to the laser, digitizer card, or imaging approach.  In 

these cases, a wavenumber calibration technique is crucial for the acquisition of undistorted 

OCT images.   

There are two main approaches for performing calibration on FD-OCT data.  The first 

approach is to acquire a dynamic calibration fringe using an external Mach-Zehnder 

interferometer (MZI) or a glass coverslip placed in the optical path of the OCT system.  The 

resulting spectral interferogram can be expressed using equation (2.10) as: 

𝐼𝑑[𝑘] ≈
𝜌

2
[𝑆(𝑘)(cos 2𝑘(Δ𝑧))] (2.32) 

assuming that the two reflectors have a reflectivity of 1.  Here, the distance between the two 

reflectors is constant, therefore, the shape of the spectral interferogram is the shape of the 
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source power spectrum modulated by a cosine function that oscillates as a function of 

wavenumber.  The peaks, valleys, and zero crossings from this modulation term correspond 

to equidistant spacing intervals of 𝑘 and can be used to linearly resample the acquired OCT 

fringe [49-51].  This approach provides a robust means of correctly resampling the OCT 

interferogram however at the cost of additional system complexity.  The MZI calibration 

fringe can either be acquired separately through the use of a second channel or as an 

additional signal together with the OCT fringe.  However, the first approach requires the use 

of analog to digital convertor (ADC) with at least two channels and effectively doubles the 

amount of data throughput in the system which may not always be acceptable such as in high 

speed systems.  The latter places a fixed depth line in the OCT image which may or may not 

obscure the visibility of desired sample features.   

 If there is enough stability within the OCT, then a fixed calibration vector may be used 

to perform wavenumber resampling.  For SD-OCT, stability is easier to achieve as the laser is 

a CW source so there are no temporal dynamics with respect to spectral bandwidth.  

However, if the spectrometer is adjusted, then a new calibration vector must be acquired to 

perform valid resampling.  For SS-OCT, stability requires that the light source is sufficiently 

stable in its sweeping profile over long periods of time [52].  The calibration vector can be 

acquired by first sampling an interferogram with fixed sample and reference reflectors.  A 

Hilbert transform is then applied to the interference fringe to extract the analytic 

representation which contains the phase of the spectral interferogram: 

𝜑[𝑡] = 𝑝ℎ𝑎𝑠𝑒(𝐼𝑑[𝑘]) = 2(𝑘[𝑡])Δ𝑧 (2.33) 
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where 𝑡 is used for the case of SS-OCT and 𝑥 can be substituted for SD-OCT.  This phase 

function is then unwrapped to obtain 𝜑′[𝑡] which describes the total overall phase of the 

system vs discrete time or space.  Inverting 𝜑′[𝑡] and resampling for discrete phase yields 

𝑡[𝜑] which is the calibration vector of rational time points that correspond to equidistant 

discrete spacing of wavenumber 𝑘.  Resampling the OCT fringe using this calibration vector 

can be performed either using a simple nearest neighbor approach or a spline based 

approach.  Given sufficient stability in the system, this fixed vector approach can remain valid 

for at least a few months and is computationally simple to calculate and implement.   

2.4.2 Dispersion Compensation 

OCT relies on the use of broad bandwidth laser sources to achieve high axial 

resolution slicing within samples.  However, the use of these broad lasers also introduces 

undesirable effects in the form of chromatic dispersion.  For free space based systems where 

the OPL in the reference arm and samples is air, chromatic dispersion is negligible.  However, 

most systems use optical fibers as waveguides which have a wavenumber dependent index 

of refraction 𝑛(𝑘), which alters the speeds of individual wavenumbers of light.  The effects 

of chromatic dispersion are cumulative to the distances that light travels through the 

dispersive medium.  However, OCT is inherently an interferometric technique based on the 

OPL difference between the two arms.  Therefore, the total amount of dispersive effects in 

an OCT system depends on the path length mismatch between the reference and samples 

arms.  Uncorrected dispersion in an OCT system leads to a broadened coherence function 

which leads to both worse axial resolution as well as lower peak intensities [53].  Dispersion 

compensation can be applied physically by adding additional dispersive media, such as water 
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or glass, to either the sample or reference arm such that they have equal amounts of 

chromatic dispersion.  However, this approach requires a priori knowledge of the index 

profile of the system as well as an accurate measure of the OPL difference between the two 

arms.   

Chromatic dispersion can also be corrected for numerically on the sampled OCT data.  

Mathematically, the addition of chromatic dispersion introduces a phase shift 𝑒𝑖𝜑(𝑘) in the 

spectral interferogram signal from equation (2.10).  The introduced phase can be described 

by its Taylor series expansion [54]: 

𝜑(𝑘) = 𝜑(𝑘0) +
𝜕𝜑(𝑘)

𝜕𝑘
|
𝑘0

∙ (𝑘 − 𝑘0) +
1

2

𝜕2𝜑(𝑘)

𝜕𝑘2
|
𝑘0

∙ (𝑘 − 𝑘0)
2 +⋯+ (2.34) 

1

𝑛!

𝜕𝑛𝜑(𝑘)

𝜕𝑘𝑛
|
𝑘0

∙ (𝑘 − 𝑘0)
𝑛  

where 𝑘0 corresponds to 2𝜋/𝜆0 and 𝜆0 is the center wavelength of the laser.  The first two 

terms on the right hand represent a constant phase shift and the group velocity and do not 

lead to dispersive broadening.  The third term represents the group velocity dispersion 

(GVD) and represents the differing speeds of light based on the index of refraction of a 

medium.  The majority of the dispersive broadening arises from GVD; however, the higher 

order dispersion terms can also lead to undesirable broadening of axial resolution.  

Dispersive broadening can be avoided by introducing a conjugate phase term, whose value 

is equal to the amount caused by the GVD and high order dispersion terms, to effectively 

cancel the dispersion in the OCT system.  Similar to the static calibration vector method, first 

an OCT interferogram is captured with mirrors in both the sample and reference arm.  A 

Hilbert transform is performed to extract the phase in the signal resulting in equation (2.33) 
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which is then unwrapped.  From this expression, a polynomial fitting with a degree typically 

larger than 3 can be applied and the resulting coefficients equate to the amplitude of the GVD 

and higher order dispersion terms.  The degree of the polynomial fitting can be adjusted to 

account for more or less dispersive terms depending on the design of the OCT system.  The 

coefficients can then be substituted into equation (2.34) with the first and second terms 

omitted to calculate the amount of phase required to compensate for dispersion [55].    

2.4.3 OCT Sampling Resolution vs SNR 

The sampling resolution or bit-depth of a data acquisition (DAQ) card affect the 

overall sensitivity of an OCT system.  Lu et al. studied the effects of using an 8-bit and 14-bit 

DAQ card for OCT sampling and found that intensity differences between the two to be 

minimal at smaller dynamic ranges [56].  However, as the dynamic range of the OCT signal 

increased, the 8-bit card sensitivity rolled off much faster due to the larger quantization size.  

The bit-depth N of an ADC establishes the signal-to-quantization noise ratio (SQNR) which is 

the maximum theoretical SNR given a full-scale input sine wave [57]: 

𝑆𝑄𝑁𝑅 = 𝑆𝑁𝑅𝑀𝐴𝑋 = 20 ∙ log10(2
𝑁) + 20 ∙ log10(√3/2) = 6.02 ∙ 𝑁 + 1.76 (2.35) 

In reality however, the maximum effective SNR of a DAC card is always less than the 

theoretical value due to noise and distortion including harmonics.  The effective number of 

bits (ENOB) is a measure of the dynamic performance of the DAQ card.  It is defined as the 

bit-depth of an ideal DAQ card with the measured effective SNR and changes as a function of 

input frequency [58]: 

𝑆𝑁𝑅𝑒𝑓𝑓 = 6.02 ∙ 𝐸𝑁𝑂𝐵 + 1.76 (2.36) 
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 The above SNR calculations refer to the sensitivity of the DAQ card itself and include 

the effects of sampling.  In these expressions the noise floor arises due to the quantization 

noise floor and not the actual PSF noise floor which OCT sensitivity is relative to.  Sensitivity 

measures of ADCs utilize fast Fourier transform (FFT) analysis to quantify distortion and 

noise as a function of frequency.  The actual theoretical FFT noise floor is lower than the 

quantization noise floor by the FFT process gain: 

𝐺𝑎𝑖𝑛𝐹𝐹𝑇 = 10 ∙ log10 (
𝑀

2
) (2.37) 

where 𝑀 is the number of FFT points.  This factor arises from the fact that the FFT can be 

thought of as a narrow band spectrum analyzer while the noise is spread across the entire 

FFT bandwidth, thus reducing the noise per channel by the process gain factor.  The 

theoretical maximum SNR as a function of bit-depth is then calculated as: 

𝑆𝑁𝑅𝑚𝑎𝑥,𝑡𝑜𝑡 = 6.02 ∙ 𝑁 + 1.76 + 10 ∙ log10 (
𝑀

2
) (2.38) 

Table 2.1 lists some values for the maximum theoretical SNR performance of a DAQ card as 

a function of sampling resolution and number of FFT points.  In practice, the actual sensitivity 

of an OCT system is much lower than the sensitivity of ADC due to other noise such as within 

the laser or optical system; however, equation (2.38) does illustrate the choices necessary 

to ensure that the ADC is not the limiting factor in the overall sensitivity of an OCT system.   

Sampling Resolution (N) M=1024 M=2048 M=4096 M=8192 

8 bits 77.0 dB 80.0 dB 83.0 dB 86.0 dB 

10 bits 89.1 dB 92.1 dB 95.1 dB 98.1 dB 

12 bits 101.1 dB 104.1 dB 107.1 dB 110.1 dB 

14 bits 113.1 dB 116.1 dB 119.1 dB 122.2 dB 
 

Table 2.1 Maximum Theoretical ADC SNR as a function of Sampling Resolution (N) and FFT size (M) 
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2.4.4 Quantifying OCT System Performance 

The theoretical sensitivities for TD-OCT and FD-OCT as well as ADC sensitivity have 

been discussed in previous chapters.  However, the actual real-world measured sensitivity 

of OCT systems is often less than these calculated values.  Sensitivity is defined as the ratio 

between the level of a maximum signal over the noise floor.  For real measurements of 

sensitivity, an ideal reflector such as a mirror is placed in the sample arm.  Since in general, 

the amount of light directed to the sample arm is much greater than the amount to the 

reference arm, an attenuator is added to the sample arm to prevent saturation of the 

detector.  The sample arm mirror is then removed and the FFT power at the sample depth is 

recorded to measure the noise floor of the system.  Sensitivity is then calculated as the power 

level difference between the mirror level intensity plus twice the amount of the attenuator 

subtracted by the noise floor level.  The Dynamic range of an OCT system is a measure of the 

maximum signal level possible without saturating the detector over the noise floor.  In 

almost all cases, the dynamic range will be less than the sensitivity of an OCT system by at 

least 4 orders of magnitude.  Typical OCT systems can achieve sensitivity levels of 100-110 

dB, however the dynamic range typically varies between 40-60 dB.   

2.5 Functional OCT 

Standard OCT imaging relies on the scattering properties to create an intensity 

mapping of the features of a sample.  Several approaches have been developed that utilize 

other intrinsic tissue properties as additional contrast for OCT imaging.  Using additional 

contrast features can provide more detail about tissue dynamics and physiology.  These 
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functional approaches include polarization sensitivity OCT (PS-OCT), spectroscopic OCT, 

optical coherence elastography (OCE), and Doppler OCT (D-OCT).  For the purposes of this 

work, I will mainly utilize Doppler OCT and thus will limit the discussion to only D-OCT 

principles.   

2.5.1 Doppler OCT 

Doppler OCT combines the Doppler principle with OCT to obtain high resolution 

tomographic images of static and moving constituents simultaneously in highly scattering 

biological tissues.  When backscattered light from a moving particle interferes with the 

reference beam, a Doppler frequency shift occurs in the resulting interference fringe.  The 

first two-dimensional measurement of this frequency shift was first reported in 1997 [59, 

60].  These early approaches used a spectrogram method either via a short time fast Fourier 

transformation (STFFT) or wavelet transformation to determine the power spectrum of the 

measured fringe signal.  Although spectrogram methods allow for simultaneous imaging of 

in vivo tissue structure and flow velocity, velocity sensitivity is directly coupled with both 

spatial resolution and imaging speed; increased velocity sensitivity requires a larger time 

window which decreases both spatial resolution and imaging speed.   

Phase-resolved D-OCT was developed to overcome these limitations [61].  This 

method uses the phase change between sequential A-line scans for velocity image 

reconstruction. Phase resolved D-OCT decouples spatial resolution and velocity sensitivity 

in flow images and increases imaging speed by more than two orders of magnitude.  The 

significant increase in scanning speed and velocity sensitivity makes it possible to image in 

vivo tissue microcirculation in human skin [61-63].  Combining the high speed and high 
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sensitivity FD-OCT with the phase-resolved method has been demonstrated by a number of 

groups [64-66].  The dynamic range of phase-resolved D-OCT depends on the speed of the A-

line scans, therefore FD Doppler OCT has an advantage over time domain methods in terms 

of imaging speed and dynamic range.   

In phase-resolved D-OCT, the Doppler frequency shift Δ𝑓 is obtained by measuring 

the phase difference between sequential A-scans.  The phase information of the fringe signal 

can be determined from the complex analytical signal 𝐴𝑗,𝑧, where 𝐴𝑗,𝑧 is the complex OCT 

signal at the 𝑗𝑡ℎ A-scan and a depth of z.  The Doppler frequency shift Δ𝑓 can be expressed 

as: 

Δ𝑓 =
1

2𝜋

𝑑𝜙

𝑑𝑡
=

1

2𝜋 ∙ Δ𝑇
[tan−1 (

Im(𝐴𝑗+1,𝑧)

Re(𝐴𝑗+1,𝑧)
) − tan−1 (

Im(𝐴𝑗,𝑧)

Re(𝐴𝑗,𝑧)
)] (2.39) 

where ΔT is the time difference between 𝑗𝑡ℎ A-scan and (𝑗 + 1)𝑡ℎ A-scan.  In a time domain 

D-OCT system, the complex analytical signal 𝐴𝑗,𝑧 is determined through analytic continuation 

of the measured interference fringes function by use of a Hilbert transformation.  In Fourier 

domain ODT systems, the complex signal 𝐴𝑗,𝑧 is directly obtained through the Fourier 

transformation of the acquired interference fringe. Velocity can be calculated as: 

Δ𝑓 =
2𝜐 ∙ cos(𝜃)

𝜆0 
(2.40) 

where 𝜃 is the angle between the incident light and the velocity direction and 𝜆0 is the center 

wavelength of the light source.   
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Alternatively, the phase change can also be calculated by cross-correlation [61].  In 

addition, averaging can improve the SNR [61, 67].  Averaging can be performed in both 

lateral and depth directions and equation (2.39) becomes: 

𝑓̅ =
1

(2𝜋 ∙ Δ𝑇)
∙ tan−1 {

∑ ∑ [Im(𝐴𝑗+1,𝑧)Re(𝐴𝑗,𝑧) − Im(𝐴𝑗,𝑧)Re(𝐴𝑗+1,𝑧)]
𝑁
𝑧=1

𝐽
𝑗=1

∑ ∑ [Re(𝐴𝑗+1,𝑧)Re(𝐴𝑗,𝑧) + Im(𝐴𝑗+1,𝑧)Im(𝐴𝑗,𝑧)]
𝑁
𝑧=1

𝐽
𝑗=1

} (2.41) 

where 𝐽 is the number of A-lines that are averaged, and 𝑁 is the number of depth points that 

are averaged.  The choice of 𝐽 and 𝑁 are dependent on the application.  Generally, a larger 𝐽  

and 𝑁 will increase SNR.  However, this will also increase the computation time and decrease 

resolution.   

 

Figure 2.4 (a), (b), (c) and (d) are OCT structure images of the flow phantom pumped at, respectively, 

20µl/min, 40µl/min, 60µl/min, and 80µl/min; (e), (f), (g) and (h) are D-OCT images of the flow 

phantom pumped at, respectively, 20µl/min, 40µl/min, 60µl/min, and 8µl/min. 

Figure 2.4 are OCT structural images of the flow phantom pumped at, 20 µl/min, 40 

µl/min, 60 µl/min, and 80 µl/min, respectively.  Figure 2.4 are phase-resolved D-OCT 

images of the flow phantom pumped at 20 µl/min, 40 µl/min, 60 µl/min, and 80 µl/min, 

0 

p-

p
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respectively.  It should be noted that the phase is wrapped in Figure 2.4.  It can be clearly 

seen from the D-OCT images that the Doppler frequency shift increases with increasing 

pumping speed.  

 In addition to the Doppler shift, Doppler variance can also be used to map flow.  

Doppler variance has the benefit of being less sensitive to the pulsatile nature of  blood flow 

and the incidence angle which allows for better discrimination of transverse flow velocity 

[62].  If 𝜎 denotes the standard deviation of the Doppler spectrum, the Doppler variance 2s  

can be obtained [62]: 

𝜎2 =
∫(𝑓 − 𝑓)̅

2
∙ 𝑃(𝑓) 𝑑𝑓

∫𝑃(𝑓) 𝑑𝑓
= 𝑓2̅̅ ̅ − (𝑓)̅

2
(2.42) 

where 𝑓 ̅is the Doppler frequency and 𝑃(𝑓) is the power spectrum of the Doppler frequency 

shift.  Using the autocorrelation theory, the variance can be expressed as: 

𝜎2 =
1

(2𝜋 ∙ Δ𝑇)2
[1 −

|∑ ∑ (𝐴𝑗+1,𝑧𝐴𝑗,𝑧
∗ )𝑁

𝑧=1
𝐽
𝑗=1 |

∑ ∑ (𝐴𝑗,𝑧𝐴𝑗,𝑧
∗ )𝑁

𝑧=1
𝐽
𝑗=1

] (2.43) 

 

where 𝐴𝑗,𝑧
∗  is the complex conjugate of 𝐴𝑗,𝑧, 𝐽 is the number of A-lines that are averaged, and 

𝑁 is the number of depth points that are averaged. 

Recently another approach has been applied to calculate Doppler variance [68].  The 

variance acquired via equation (2.43) relies on the summation of multiple correlation 

calculations across either time or space and is thus dependent on both the amplitude and 

phase terms of the complex OCT data.  This approach shows excellent results when the phase 

stability of the system is high, however in a phase instable situation, the calculated variance 
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will be greatly skewed by the abrupt change in phase terms.  Equation (2.43) can be modified 

slightly to remove this phase dependence and solely rely on the intensity values of the 

correlation data: 

𝜎2 =
1

(2𝜋 ∙ Δ𝑇)2
[1 −

∑ ∑ |(𝐴𝑗+1,𝑧𝐴𝑗,𝑧
∗ )|𝑁

𝑧=1
𝐽
𝑗=1

∑ ∑ (𝐴𝑗,𝑧𝐴𝑗,𝑧
∗ )𝑁

𝑧=1
𝐽
𝑗=1

] (2.44) 

 

Figure 2.5 D-OCT imaging of microvasculature. (a) Microvasculature of mouse cerebral cortex. (b) 

Microvasculature of rat cerebral cortex.  Scale bar: 1mm. 

Figure 2.5 shows a representative maximum intensity projection D-OCT image of 

vasculature from the cerebral cortex of a mouse and rat.  These images were acquired 

utilizing a swept source FD-OCT system, taking advantage of the higher sensitivity to allow 

visualization of the smaller microvasculature in addition to the larger vessels.   

2.6 Summary 

In this chapter, the principles of both TD-OCT and FD-OCT have been discussed.  For 

each method, the axial resolution, lateral resolution, as well as imaging range have been 

presented.  The sensitivity for each technique has also been discussed as well as the 

sensitivity advantages of FD-OCT over TD-OCT.  Various important implementation 
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techniques for OCT system design and evaluation have been reviewed.  Lastly, functional 

OCT in the form of Doppler OCT for the detection of motion was introduced.   

  



46 

 

Chapter 3 – Full Range OCT using an Acousto-Optic Modulator 

Abstract 

Obstruction in the upper airway can often cause reductions in breathing or gas 

exchange efficiency and lead to rest disorders such as sleep apnea.  Imaging diagnosis of the 

obstruction region has been accomplished using computed tomography (CT) and magnetic 

resonance imaging (MRI).  However, CT requires the use of ionizing radiation and MRI 

typically requires sedation of the patient to prevent motion artifacts.  Long-range optical 

coherence tomography (OCT) has the potential to provide high-speed three-dimensional 

tomographic images with high resolution and without the use of ionizing radiation.  In this 

paper, we present work on the development of a long-range OCT endoscopic probe (1.2 mm 

OD, 20 mm working distance) used in conjunction with a modified Fourier domain swept 

source OCT system to acquire structural and anatomical datasets of the human 

airway.  Imaging from the bottom of the larynx to the end of the nasal cavity is completed 

within 40 seconds.  

3.1 Introduction 

3.1.1 Motivation 

The upper airway defined as from the nose to the carina serves important roles in 

respiration, consumption of nutrients, and phonation. Obstruction of the upper airway can 

adversely affect breathing and gas exchange especially during rest and can lead to 

obstructive sleep apnea (OSA) which affects an estimated 12-18 million Americans from 

every age group [9, 69].  Current diagnostic studies of upper airway obstruction include 
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polysomnograms [70] and imaging.  However, full sleep studies are inconvenient and unable 

to provide information on upper airway structure and anatomy, which is useful for 

understanding the pathogenesis of upper airway obstruction.  This information is crucial for 

identifying the sites of upper airway obstruction in patients and choosing the appropriate 

interventional treatment therapy. Imaging modalities such as computed tomography (CT), 

X-ray cephalometry, and magnetic resonance imaging (MRI) have been used to acquire 

structural information about the airway [71-73].  However, CT and X-ray cephalometry are 

limited especially for sustained time intervals due to ionizing radiation dosage.  MRI can 

provide high signal-to-noise ratio (SNR) images, however typically requires sedation to 

prevent motion artifacts due to the length of the procedure time.     

Optical coherence tomography (OCT) is an imaging modality using non-ionizing near 

infrared light to perform high resolution (~10 µm), cross-sectional imaging of biological 

tissues [29].  The development of an offshoot of conventional OCT known as anatomic or 

long-range OCT (LR-OCT) has allowed for the studying of upper airway lumens with 

dimensions up to 30-40 mm [30, 74].  However, these studies were limited with low imaging 

speeds of 1-5 Hz, which precludes their use for real-time, dynamic monitoring and large 3D 

volume imaging over the entire upper airway.  Fourier domain swept source OCT (SS-OCT) 

exhibits both higher sensitivity and imaging speed however the imaging range is limited by 

the coherence length of the laser source.  Furthermore, the inability to differentiate between 

positive and negative frequency terms resulting from the Fourier transform of the OCT signal 

results in a further reduction in imaging range.  Previous studies have reported on full range 

OCT imaging by utilizing an electro-optic modulator (EOM) or acousto-optic modulator 
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(AOM) which provides a frequency shift in the interferometer signal and prevents the 

superposition of the positive and negative terms [75-77].  In this work, we present a full 

range SS-OCT system utilizing an AOM phase shifter combined with a fast scanning 

endoscopic probe to acquire high speed in vivo anatomical and structural image sets of the 

adult human upper airway with diameter of up to 30 mm.  From these image sets, 3D models 

were reconstructed. 

3.1.2 Previous TD-OCT Investigations 

Our early approaches for studying the upper airway focused on utilizing time domain 

OCT systems.  With time domain OCT (TD-OCT), imaging range is limited only by the amount 

of mechanical axial translation achievable by a reference mirror for a given detection 

bandwidth.  Our TD-OCT system utilized a rapid scanning optical delay line (RSOD) with a 

galvonomic mirror and an optical grating to tune the group delay of the light in lieu of a 

slower mechanical translation approach such as piezo-electric stage.  The achievable axial 

scanning range with our RSOD was 20.8 mm.  However, even with this approach, the imaging 

speed was limited to 2.5 frames per second with one frame comprised of 200 A-lines.  A 

broadband light source with center wavelength of 1310 nm, bandwidth of 80 nm, and output 

power of 7 mW was used for OCT illumination.  The acquisition backend of the system 

featured a single photodetector for homodyne detection of the OCT signal.   

An internal micromotor based rotational probe was designed for acquiring images 

within the upper airway (Figure 3.1a).  The micromotor featured an outer diameter of 2 mm 

with a length of 12 mm.  Light was delivered through the length of the probe by a single mode 

optical fiber and focused by a gradient index (GRIN) lens glued to the front surface of the 
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fiber, generating a working distance of 15 mm.  The micromotor and imaging optics were 

mounted within a glass capillary with total rigid length of 24 mm.  During imaging, the 

micromotor rotated a 0.5 mm gold coated prism which was attached to the shaft of the motor 

to generate a 360° rotational scan of the airway.   

 

Figure 3.1 Micromotor based LR-OCT probe (a), Upper airway slices from time domain LR-OCT system 

(b, c) 

 While this system was capable of providing suitable images of the upper airway, the 

slow imaging speed it offered made it inadequate for visualization of the entire upper airway 

due to distortion from motion artifacts.  In addition, the large probe length and long image 

acquisition time made it uncomfortable for volunteers during the imaging procedure.    In 

order to serve as a viable in clinic diagnostic device, a LR-OCT system would require both 

large imaging range as well as high imaging speed to acquire distortion free upper airway 

models.   

12mm 

(a) 

(b) (c) 
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3.1.3 Full Range FD-OCT Imaging Principles 

The principles behind FD-OCT were first introduced when it was realized that the 

interferometric OCT signal could be acquired spectrally [46].  A subsequent Fourier 

transform of the spectral interferogram could then recover the axial scattering profile.  With 

this approach, mechanical scanning of the reference arm was no longer necessary which 

greatly improved imaging speeds of OCT systems by one to two orders of magnitude.  It was 

later found that FD-OCT systems also offer one to two orders of magnitude better sensitivity 

than TD-OCT systems [35-37].  These substantial advantages led to the adoption of FD-OCT 

systems as the primary scheme for healthcare related OCT studies.  However, one area in 

which FD-OCT systems have a disadvantage when compared to TD-OCT systems is a reduced 

imaging range.  For TD-OCT systems, assuming a sufficient sensitivity and detection 

bandwidth, imaging range is limited only by the axial scanning range of the reference mirror.  

From 0, it was established that swept source FD-OCT systems have additional imaging range 

restrictions.  The first arises from the finite spectral resolution or linewidth of the laser which 

multiplies a Gaussian shaped sensitivity roll-off factor onto the total imaging range and is 

unavoidable.  The second limitation comes from the introduction of complex ambiguity 

artifacts due to the Fourier transform operator, which effectively halves the imaging range.  

These positive and negative frequency conjugate artifacts can however, be distinguished and 

isolated by utilizing techniques drawn from radio frequency signal processing.  With this, the 

imaging range for a FD-OCT system increases to cover the entire coherence length of the 

laser source which typically is around 10-16 mm.   
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Full range OCT imaging via complex conjugate artifact removal relies on the 

introduction of a carrier frequency into the OCT interferometric signal.  From equation 

(2.21), it was established that two conjugate OCT images would occur centered at ±2(𝑧𝑟 −

𝑧𝑠𝑛).  The choice of an appropriate carrier frequency shifts the center of these two terms 

apart sufficiently such that no overlap occurs across the entire coherence length of the laser 

(Figure 3.2).   

 

Figure 3.2 Graph of coherence length (𝑳𝒄) span with no frequency shift (left) and with frequency shift 

(right).  With an introduced frequency shift, the positive (blue) and negative (red) coherence length 

spans can be distinguished 

Mathematically, the derivation behind full range OCT begins with the Fourier transform 

relationship between wavenumber and depth in FD-OCT: 

cos(𝑘𝛥𝑧)
𝐹𝑇
→ 
1

2
[𝛿(𝑧 − Δ𝑧) + 𝛿(𝑧 + Δ𝑧)] (3.1) 

The introduction of the carrier frequency term can be expressed by the addition of a phase 

term within the spectral interferogram: 

cos(𝑘Δ𝑧 − Δ𝑓𝑡) = 𝑐𝑜𝑠 (𝑘 (Δ𝑧 +
Δ𝑓

𝑚
) −

Δ𝑓𝑘0
𝑚
) (3.2) 
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where the spectral tuning of the laser is described as 𝑘 = 𝑘0 −𝑚𝑡 is substituted.  Defining 

𝑧0 = Δ𝑓/𝑚, equation (3.2) can be expressed as: 

cos(𝑘Δ𝑧 − Δ𝑓𝑡) = 𝑐𝑜𝑠 (𝑘(Δ𝑧 + 𝑍0) −
Δ𝑓𝑘0
𝑚
) (3.3) 

𝐹𝑇
→ 
1

2
[𝛿(𝑧 − Δ𝑧 − 𝑧0)𝑒

𝑖∙Δ𝑓𝑘0
𝑚 + 𝛿(𝑧 + Δ𝑧 + 𝑧0)𝑒

−𝑖∙Δ𝑓𝑘0
𝑚 ] 

From equation (3.3), the positive and negative mirror terms are separated by an additional 

2𝑧0 compared to equation (3.2), allowing for imaging across the entire coherence length of 

the laser.  The positive term can be isolated using a bandpass filter and demodulated by 

digitally multiplying the sampled interference signal by the conjugate of the introduced 

spectral phase.  This term can be calculated by acquiring an interferogram with mirrors 

placed at equal path lengths in both the sample and reference arms.  The spectral 

interference signal is then: 

𝐼(𝑘) ≈ 𝑐𝑜𝑠(𝑘Δ𝑧 − Δ𝑓(𝑘)𝑡) = cos(𝑘 ∙ 0 − 𝛥𝑓(𝑘)𝑡) = cos(𝜙(𝑘)) (3.4) 

The introduced frequency shift Δ𝑓 is replaced with Δ𝑓(𝑘) to represent the slight differences 

in frequency shift vs wavelength for real world devices.  The desired phase term can be 

calculated by extracting the phase of the interference fringe via a Hilbert transform.   

3.2 First Generation Full Range OCT System 

3.2.1 Full Range OCT System Design 

Using the conjugate artifact removal method, a full range OCT system was designed 

depicted in Fig 1a.  Output light from a 1310 nm swept source laser (26 mW average power, 

50 kHz A-scan rate, 102 nm FWHM bandwidth, 5 mm coherence length in air, Axsun 

Technologies, Billerica, MA) is split by a 90-10 coupler into the sample and reference arms 
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respectively.  Optical circulators in the two arms serve as a one-way optical loop, first 

directing light from the laser to the fixed mirror and imaging probe and then directing the 

returning light to a 50-50 coupler.  In the reference arm, an AOM (Brimrose Corp., Sparks, 

MA) is used prior to the circulator to generate a carrier frequency of 100 MHz for complex 

artifact removal.  Since AOMs typically exhibit a fair amount of insertion loss, no modulator 

is used in the sample arm in order to maximize the sampled signal.  Typically, the choice of 

10% splitting ratio for the first coupler is excessive for the reference arm, however the 

inclusion of the AOM necessitated additional reference arm input power.  Heterodyne 

detection is performed using the two outputs of the 50-50 coupler and a 350 MHz balanced 

photodetector (PDB-430C, Thorlabs Inc., Newton, NJ) to remove the common mode level and 

isolate the interferometric OCT signal.  Sampling is achieved using a 12-bit data acquisition 

card (ATS9350, Alazar Technologies Inc., Pointe-Claire, QC, Canada).  A voltage controlled 

oscillator (Mini-Circuits, Brooklyn, NY) is used to provide a 467 MHz sampling clock, 

allowing complete coverage of the entire wavelength sweep in 4096 points to optimize 

subsequent FFT calculations.  Total data throughput to the computer was 409 MB/s.   

 

Figure 3.3 Schematic of full range FD-OCT system using an AOM 



54 

 

3.2.2 OCT Imaging Probe Design 

A 1.2 mm proximal scanning endoscopic OCT probe was developed for 3D imaging as 

shown in Figure 3.4.  Rotational scanning is accomplished by using a fiber optic rotary joint 

(Princetel, Inc., Pennington, NJ) coupled with a rotational motor (Animatics, Santa Clara, CA).  

Torque from the motor is translated from the proximal to the distal end of the probe by a 

triple wound commercial torque coil with an outer diameter (OD) of 0.965 mm (Asahi Intecc, 

Santa Ana CA).  In order to achieve long range imaging, the probe was designed to have an 

extended working distance of 20 mm.  Focusing of the light is accomplished via a gradient 

index (GRIN) lens (0.23 pitch, 1 mm OD, GoFoton, Somerset, NJ) together with a precisely 

measured spacer made from no-core fiber.  The no-core fiber was first spliced and then angle 

cleaved to leave a 300 µm portion at the end of standard single mode fiber.  The fiber and 

grin lens were attached with UV glue before placement within a custom designed metal 

housing for protection which was itself glued to the distal end of the torque coil.  The total 

rigid length of the completed probe was 9 mm which is significantly less than the 24 mm 

from the previous micromotor based design.  During imaging, the probe was proximally 

rotated within a protective fluorinated-ethylene-propylene (FEP) sheath (1.8 mm OD, Zeus 

Inc., Orangeburg, SC) at a rate of 25 frames per second.  A motorized linear stage (Zaber 

Technologies Inc., Vancouver, BC, Canada) was used for linear translation allowing for helical 

scanning over 20 cm in the span of 40 seconds.   
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Figure 3.4 Schematic of OCT imaging probe (a), fiber optic spacer for tuning probe working distance 

(b), and completed OCT imaging probe (c) 

3.2.3 Data Processing 

Processing of the OCT data follows the same algorithm described in [75].  A FFT 

transform is first preformed to convert the signal into the frequency domain.  Multiplication 

by the Heaviside function isolates the positive frequencies and an inverse FFT is performed 

to obtain a complex time domain signal.  A demodulation step removes the carrier frequency 

from this term and compensates the dispersion caused by the AOM by multiplying the 

negative phase values of a single a-scan obtained when the optical path length difference 

(OPD) of the reference arm with AOM and sample arm is zero.  The resulting remapped data 

is linearized in the K-domain via a re-calibration step followed by a final FFT to recover the 

spatial information.  Dispersion caused by the AOM is removed computationally by 

multiplying each A-scan by the negative phase values obtained at a zero optical path length 

difference between the sample and reference arms.  The OCT software package is written 
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entirely in C++ and features a multithreaded design for data acquisition, image processing, 

and display which allows for maximizing computational throughput.  The entire OCT 

algorithm is processed on a commercial graphical processing unit acting as a massively 

parallel processor (Nvidia, Santa Clara, CA) using Nvidia’s CUDA package.   

3.2.4 System Performance 

The axial resolution of the system was 10 µm in tissue which is less than the theoretically 

calculated resolution mainly due to the narrow bandwidth of the AOM acting as a filter.  The 

lateral resolution at the focal point of the probe was measured to be 112 µm using an optical 

beam profiler.  The large lateral resolution is mainly a tradeoff with extending the working 

distance of the probe.  The point spread function (PSF) vs. imaging range graph (Figure 3.5) 

was acquired by using a partial reflector at various distances and normalizing by the 

measured power. The system features a 6 dB sensitivity roll off at 9.5 mm total offset and a 

10 dB roll off at 14 mm which is in line with the expected imaging range given the removal 

of the mirror image.   

 

Figure 3.5 Sensitivity of the system as the function of depth showing 9.5 mm imaging range for 6 dB 

roll off and 14 mm imaging range for 10 dB roll off 
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3.3 First Generation Imaging Results 

3.3.1 Phantom Results 

To test the imaging capabilities of our system, we constructed a phantom model from 

existing CT scans of an adult human.  The slices were aligned and segmented to form a mold 

of the upper airway.  From this mold, a full scale silicone phantom model was created.  OCT 

imaging was performed within the phantom at a frame rate of 25 Hz and with a pullback 

speed of 12.5 mm/s.  The OCT slices show the boundaries of the lumen wall with little depth 

penetration due to the highly scattering nature of the silicone used in the phantom.   

 

Figure 3.6 Correlation between OCT scans in (a), (c), (e), (g) and CT scans in (b), (d), (f), (h) of the 

model upper airway. Vocal folds (VF), epiglottis (E), base of tongue (BT), and soft palate (SP) are 

labeled. 

Comparisons between CT slice and acquired OCT images were highly correlated as 

expected and are shown in Figure 3.6.  All of the anatomical features of the phantom airway 

that are within line of sight (LOS) of the OCT probe are able to be visualized.  However, 

regions that are obscured from direct LOS are not resolved using our OCT system.  For 
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instance, when comparing Figure 3.6 and Figure 3.6, the epiglottic vallecula is visible within 

the CT scan but obscured behind the epiglottis in the OCT scan.  These unresolved features 

can be ignored with respect to obstruction modeling since these are non-thru passages and 

do not affect respiratory flow.   

3.3.2 Human In Vivo Results 

In vivo adult human airway imaging was performed on 5 test subjects (UCI IRB 2003-

3025).  The sheath and probe were inserted into one nostril while a laryngoscope was 

inserted into the other to provide guidance of the probe and record the starting pullback 

position.  Acquired OCT data is shown in Figure 3.7 with an image size of 43 mm by 43 mm.  

Anatomical structures such as the epiglottis, base of tongue, the emergence of the soft palate, 

and adenoidal tissue can be clearly identified by their distinct topographical characteristics 

and locations.  Progressing from the hypopharynx to the nasopharynx, the epiglottis emerges 

as a ridge obscuring the anterior section of the pharynx.  The base of tongue appears on the 

anterior wall, superior to the epiglottis, exhibiting an irregular topographic structure in 

contrast to the smooth surface of other tissue in the pharynx.  The soft palate appears as a 

slight outwards projection into the airway immediately above the base of tongue.  The 

adenoidal tissue lies on the posterior wall of the nasopharynx and exhibits similar irregular 

topographic structure to the base of tongue.   

Construction of 3D data sets from the OCT images utilized a combination of commercial 

software packages.  Segmentation of the OCT slices was performed using the 3D package 

MIMICS to extract the lumen wall from the airway.  Regions that were either obstructed or 

out of the imaging range of the OCT system were interpolated to generate a closed surface.  
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Although the upper airway is comprised of many bends, the acquired OCT image stack 

assume a linear pullback path.  For preliminary modeling purposes, we utilized the acquired 

laryngoscope video as a guideline to reconstruct the airway bend with the software package 

COMSOL.  A preliminary reconstructed 3D isosurface model is shown in Figure 3.7.   

 

Figure 3.7 In vivo OCT images of human upper airway covering hypopharynx (a), oropharynx (b) and 

(c), and nasopharynx (d). 3D rendering profile view (e) and front-on view (f) from in vivo data. 

Epiglottis (E), base of tongue (BT), soft palate (SP), adenoidal tissue (AT), and right nasal cavity (NC) 

are labeled. 

3.4 Second Generation Full Range OCT System 

3.4.1 Improved Full Range OCT System Design 

Our previous long range swept source based OCT system was described in detail 

previously [78].  An AOM was utilized to remove mirror terms present in Fourier domain 

OCT and allow for utilization of the entire coherence length of the laser source.  However, 

the frequency shift amount was not sufficient to fully separate the mirror terms for long 

range based imaging, resulting in aliasing artifacts in all the images.  To resolve this 

undesired artifact, we developed an improved full range OCT system shown in Figure 3.8.  
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The new system features an increased frequency shift from 100 MHz to 150 MHz to ensure 

that the total coherence range of the positive and negative terms do not alias.  The balanced 

detector was replaced with a wider 1.6 GHz bandwidth photodetector (PDB-480C-AC, 

Thorlabs, Newton, NJ) that also features an increased transimpedance gain which helps to 

increase the system sensitivity.  The increase in the carrier frequency necessitated a 

subsequent increase in sampling frequency to cover.  Sampling is performed at 1 GHz using 

a 12-bit high speed DAQ card (ATS9360, Alazartech Technologies Inc., Pointe-Claire, QC, 

Canada) in order to fully cover the wavelength sweep provided by the laser source (26 mW 

average power, 50 kHz A-scan rate, 102 nm bandwidth, Axsun Technologies, Billerica, MA).  

The higher sampling rate allows for an increased maximum imaging range at the cost of 

greater data throughput and processing.  Each OCT A-scan is comprised of 8192 points which 

are processed using a commercial GPU unit to massively parallelize the algorithm described 

in 3.2.3 Data Processing.  Total data throughput to the computer was 819 MB/s. 

 

Figure 3.8 Second Generation Full Range OCT System Schematic 

3.4.2 OCT Imaging Probe Development 

Along with the improvements made to the new full range OCT system, several 

advancements were also made to the imaging probe designs to better improve probe 
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performance and fidelity.  The original OCT probe featured a metal cap piece housing to 

protect the imaging optics which was glued to the distal end of a length of torque coil.  

However, the close tolerances in size between the cap and coils prevented a sufficient 

amount of UV adhesive to penetrate between the two and form a strong bond.  This resulted 

in many probes breaking at the distal end either from prolonged use or due to pinching of 

the cap from a kinked sheath during pullback.  To strengthen this joint, additional precision 

windows and cuts were made to the cap piece utilizing wire electrical discharge machining.  

Four cuts were made at 90° offsets at the back of the cap piece which increased the surface 

area of underlying coil exposed to UV adhesive.  In addition, the overlapped region between 

the coil and cap was soldered together, rather than glued, to form a stronger junction 

between the two.  An additional window was also added proximally to the original imaging 

window to facilitate gluing of the GRIN lens and fiber junction within the cap piece while 

reducing the risk of superfluous glue flowing out in front of the lens.  The focusing optics of 

the probe also underwent some changes in order to reduce noise during OCT imaging.  The 

original spacer which controls the working distance of the probe featured an angled end face 

at 8° to reduce back reflections forming ghost images in the sample arm.  However, the 

original GRIN lens did not have an angled end face, therefore the only methods to join the 

optical fiber with the lens were either to align them axially or to align them such that the 

respective end faces were parallel.  The first approach results in a reduced coupling 

efficiency back into the fiber which reduces the sensitivity of the probe.  The second 

approach results in the GRIN lens being off axis from the optical fiber but with no loss in 

sensitivity.  However, once the assembled lens fiber unit was inserted into the straight metal 
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cap piece, the angled UV glue joint would become exposed to mechanical stress.  During 

rotation, especially while the probe is traveling through a tight bend, this would result in 

polarization noise in the OCT images appearing as vertical bands of oscillating brightness.  

To combat this noise, we utilized 1 mm OD GRIN lenses with an 8° angled facet on one end 

(Aviation Magneto Sensor Corp., Livermore, CA).  Using these lenses, the fiber and GRIN lens 

could be aligned along the same optical axis while, at the same time, maintaining parallel 

end-faces to maximize coupling.  In front of the lens, a 45° gold coated rod mirror was used 

to direct light orthogonally out of the probe and into the airway wall.  The OD of the probe 

was maintained to be 1.2 mm with a rigid length of 9 mm allowing for easy insertion into the 

airway during imaging.  The working distance of the probes was designed to be 15 mm to 

allow for coverage of the majority of the features within the airway.   

A second miniaturized OCT image probe was also designed for the purpose of imaging 

within pediatric and neonatal patients.  The overall design of the probe remained similar to 

the larger OCT imaging probe.  A stainless steel cap with OD of 700 μm was soldered to a 

double wound torque coil with OD of 490 μm to serve as the structural body of the probe.  

An 8° angle cut GRIN lens (diameter of 500 μm) was glued to a length of single mode fiber 

with an optical spacer in between to control the working distance.  In front of the grin lens, 

a 500 μm rod mirror was positioned and glued to generate a 360° scan once the probe was 

rotated.  The working distance of the minimized probe is reduced to 7 mm to account for the 

smaller dimensions of pediatric airways.  During imaging, both probe types are proximally 

rotated with a commercial fiber optic rotary joint (Princetel, Inc., Pennington, NJ) that was 

coupled to a DC servomotor (Micromo, Clearwater, FL).  The probes were contained within 
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a protective FEP sheath (2.2 mm OD large probe, 1 mm OD small probe, Zeus Inc., 

Orangeburg, SC) to prevent cross-contamination during the procedure.  Imaging at speeds 

up to 50 Hz was possible due to the improved structural fidelity of the probes.  A 3D scan of 

the airway was achieved by laterally translating the rotary join assembly using an external 

stepper motor stage (Zaber Technologies Inc., Vancouver, BC, Canada).   

 

Figure 3.9 Improved OCT probe (top) and miniaturized OCT probe for pediatric imaging (bottom) 

3.4.3 Probe Position Tracking for Accurate Airway Model Reconstruction 

In order to generate truly anatomically correct 3D models of the airway, the relative 

position where each OCT slice was acquired must be known.  Without this position 

information, the pullback path shape is assumed to be linear which results in grossly 

incorrect models.  A previous report by Lau et al, demonstrated the feasibility for positional 

tracking of endoscopic probes using a magnetic field sensor probe [74].  However, this 

approach relied on securing the tracker externally to the distal end of the sheath and was 

only utilized within a phantom model.  For in vivo imaging within patients, mounting the 

tracking unit externally would cause difficulty during insertion through the tight spaces 
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around the nasal turbinates as well as the tight bends in the nasopharynx.  To perform both 

imaging and position tracking within human airways, we developed an imaging protocol 

which sequentially acquired OCT images and tracker data.  First, the OCT imaging probe and 

sheath were inserted into the airway and an OCT pullback was performed to acquire 3D 

structural information.  The OCT probe was then removed from the sheath and a magnetic 

tracker probe of similar size was inserted into the sheath.  A second pullback was then 

performed using the tracker probe and the position of the sheath at each respective OCT 

slide was acquired. The material properties of FEP as well as the sheath wall thickness 

helped to minimize variations in the shape of the sheath in between the sequential OCT and 

position tracker pullbacks.   

 

Figure 3.10 Acquired position data (a) from an upper airway along the sagittal plane.  Sagittal cut of 

resampled OCT data (b) and view of airway model (c) as compared to an airway model with an 

arbitrary 90° bend (d).   

We utilized a commercial magnetic field tracking system for the acquisition of 

position data (DriveBay, Ascension Technology Corp, Shelburne, VT).  The unit featured an 

external magnetic field transmitter with a tracking range of 660 mm and a 0.9 mm OD field 
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sensor probe capable of sensing x, y, and z distance with a resolution of 500 μm as well as 

pitch, roll, and yaw up to 1° accuracy.  During acquisition of the position data, the field 

transmitter was placed adjacent to the patient to maximize the magnetic field signal.  Figure 

3.10 shows position data acquired from an adult upper airway along the sagittal plane.  The 

travel path features a slight S-shaped curve due to the probe being pressed against the far 

side in the nasopharynx.  With the acquired position information, the cross-sectional OCT 

slices can be resampled such that each slice is aligned and oriented orthogonally to the 

pullback path to generate an anatomically correct model of the airway (Figure 3.10).   

3.4.4 System Performance 

The imaging range of the second generation full range OCT system was measured 

using two mirrors mounted on individual translational stages.  The peak of the FFT peak was 

recorded and plotted as a function of optical path length difference (Figure 3.11).  The 6 dB 

sensitivity roll off occurred after a total imaging range of 15 mm which is an improvement of 

5.5 mm as compared to the first generation full range OCT system.  The increased imaging 

range of the new system can be attributed to the higher sampling frequency which increases 

the maximum imaging range of the system.   
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Figure 3.11 Sensitivity roll-off of second generation full range OCT system 

 The second generation also incorporated an AOM with a larger frequency shift to 

remove aliasing artifacts that were present in the past system.  Previously, to prevent the 

aliasing artifacts from overlapping with the desired OCT image, the usable imaging range had 

to be reduced.  Figure 3.12 shows side by side comparisons of OCT slices from the upper 

airway at the level of the epiglottis without removal of aliasing artifacts by compromising 

imaging range.  With the previous system, the aliasing artifacts directly cut through the OCT 

structural information which leads to errors in the semi-automated segmentation algorithm.  

Manual removal of the circular aliasing artifact is required, however this also in turn erases 

the underlying OCT data, leaving gaps in the surface model which must be interpolated.  The 

second generation system successfully separates the conjugate mirror terms allowing full 

imaging across the coherence length of the laser.   
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Figure 3.12 OCT airway images at the level of the epiglottis.  Aliasing artifacts overlap with the first 

generation system (left) and artifact free imaging with the second generation system (right) 

3.5 Second Generation Imaging Results 

Using the second generation full range OCT system, we have been able to perform in 

vivo imaging in a variety of cases related to airway obstruction.  Imaging has been performed 

in 33 adults in clinic, 60 pediatric patients, and 72 neonatal ICU patients.  Here, I will present 

some of the imaging and modeling results that we’ve acquired using our OCT system.   

3.5.1 Sleep based Airway Collapse  

Sleep related inhibition of surrounding airway musculature is one of the major causes 

of obstruction with the airway and is a fast growing worldwide problem that has been shown 

to lead to major long-term sequelae.  To investigate the changes in shape and size in the 

airway, we performed long-range OCT imaging in adult patients during wakefulness and 

sleep [79].  Patients were first given a 4% lidocaine/oxymetazonline HCl nasal spray to numb 

the nostrils and help suppress possible gag reflexes.  The OCT probe was guided into the 

airway via the nose while the patients were in an upright sitting position and positioned 
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superior to the pyriform sinus.  Patients were then reclined into a supine position and OCT 

imaging and tracking was performed to generate a 3D model of the airway during 

wakefulness.  The patients were then allowed to fall asleep with the sheath still positioned 

within the airway.  After approximately 30-40 minutes, imaging was performed again to 

acquire the airway structure during sleep.  The OCT imaging probe was well tolerated by 

patients thanks to the small diameter of our probe which is smaller than standard feeding 

tubes (5-12 Fr) routinely used through sleep.  The vibrations from the probe during rotation 

were also minimized by imaging at a slower 25 Hz framerate and no patients were awoken 

by the probe during imaging.   

 

Figure 3.13 Volumetric model of the upper airway reconstructed using OCT images acquired during 

sleep (a-c) and wakefulness (d-f). The model is shown in anterior (a,d), oblique (b,e), and sagittal (c,f) 

orientations. Scale bar = 10 mm. 

Figure 3.13 shows reconstructed models acquired from an adult patient using our 

long range OCT system.  While awake, contraction of the genioglossus muscle stabilizes the 

tongue and enlarges the airway size in the oropharynx.  However, during sleep, the 
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genioglossus relaxes, allowing for the base of tongue to fall back and cause airway 

obstruction.  Measurement of cross-sectional area in the oropharynx revealed a change in 

area from 200 mm2 to 89 mm2 between awake and sleep states respectively.  In addition to 

the obstruction in the oropharynx, airway collapse can also be seen at the level of the 

velopharynx due to protrusion of the soft palate.  Computational fluid simulations were 

performed on the models to better visualize the airflow velocity and pressure distribution 

within the airway (Figure 3.14).  During the awake state, airflow has a smooth uniform 

velocity distribution from the nasopharynx until the hypopharynx since lumen size is larger. 

While asleep, the velocity distribution is much more varied due to obstruction from the 

tongue and has a higher magnitude which is expected following Bernoulli’s principle.  By 

comparing the two distribution models, it can be identified that turbulent flow begins at the 

velopharynx level into the oropharynx and these sites serve as the major regions to target 

for alleviating airflow obstruction.   

 

Figure 3.14 The velocity contours while awake (a) and asleep (b). The flow rate used for simulations 

was 9.45 L/min. 
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3.5.2 Intraoperative Imaging for Measuring Airway Size in Adenotonsillectomy 

Airway obstruction is also a common problem in the pediatric population with the 

most prevalent surgical treatment by far being adenotonsillectomy.  However, this 

procedure fails to show significant improvement of obstruction in up to 20% of patients 

often because the decision to proceed to surgery is made solely based on a visual inspection 

without any quantitative information.  Recovery from adenotonsillectomy can be very 

painful and take up to two weeks; thus the decision to proceed with surgery should not be 

taken lightly.  LR-OCT can provide a rapid measurement of airway features such as 

adenotonsillar hypertrophy that physicians can use to better gauge whether surgical 

intervention would be beneficial or not.  We investigated the ability of using a LR-OCT system 

to quantitatively measure the upper airway in children intraoperatively immediately before 

and after adenotonsillectomy [80].   

The sheath containing the imaging probe was inserted through a 14 French Robinson 

catheter through the nose to the oropharynx.  The Robinson catheter, which helped insert 

the probe through the nasal cavity, was then removed via the mouth and the sheath and 

imaging probe were guided to the top of the esophagus.  The probe was rotated at 25 RPS 

and withdrawn via the linear translational stage at either 12.5 mm/sec while the FEP sheath 

remained in place. This allowed for multiple imaging passes without repeatedly reinserting 

the sheath-probe system.  Each imaging run spanned a distance of approximately 10–25 cm 

and required only approximately 20 seconds to complete, generating between 250 and 1000 

cross-sectional images. Three imaging passes were completed pre-operatively, after which 
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the imaging sheath was removed to proceed with the operation.  After surgery, the probe 

was reinserted into the airway and imaging consisting of three passes was repeated. 

A pre- and post-operative generated airway model from an adenoidectomy is shown 

in Figure 3.15.  From the pre-operative model, a high degree of airway narrowing can be 

seen due to the protrusion of the adenoids in the airway space.  After the surgical removal of 

the adenoidal tissue, the airway space was significantly improved.  Cross-sectional 

measurements were calculated using the OCT data showing an improvement in airway size 

from 41 mm2 to 181 mm2.  While in this study, the use of LR-OCT did not affect the decision 

of whether or not to proceed with surgery, in the future, an in-office system can provide an 

assessment of degree of adenotonsillectomy hypertrophy in the airway as a gauge of 

whether surgical intervention would be beneficial.   

 

Figure 3.15 Airway model of the nasopharynx acquired using LR-OCT system.  Pre-operative 

generated model (left) and post-operative generated model (right).  Cross-sectional area calculated at 

the plane of the white bar was 41mm2 for the pre-op and 181 mm2 for the post-op. 

3.5.3 Subglottic Stenosis Imaging 

Subglottic stenosis (SGS) is the partial or complete narrowing of the subglottic area 

and can either be congenital or acquired in nature.  If left untreated, SGS can lead to trouble 
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breathing including shortness of breath or even death if the airway becomes obstructed.  

Trauma is often the most common cause of SGS mainly as a result of prolonged endotracheal 

intubation.  The endotracheal tube (ETT) may impose pressure against the subglottic 

mucosa which may cause necrosis or trigger a wound healing cascade leading to stenosis.  

Identifying the markers of prolonged intubation such as fibrosis formation can provide 

important information for the prevention of developing SBS.  Using our LR-OCT system, we 

have actively studied SGS beginning first in animal models to demonstrate the diagnostic 

ability of our system to identify tissue layers within the subglottic mucosa [81].  We then 

moved on towards in vivo subglottic imaging within human patients.  In children, subglottic 

OCT imaging was performed to confirm the ability of our LR-OCT system to identify and 

quantify submucosal tissue thicknesses [82-84].  Imaging was performed while patients 

were under general anesthesia and endotracheally intubated.  The OCT probe was inserted 

into ETT via a Bodai connector and advanced to the subglottis.  Standard helical scanning 

was performed through the ETT by rotation of the probe while simultaneously axially 

translating the probe.  Within the OCT images, subsurface features can clearly be identified 

and measured as our LR-OCT, unlike the original A-OCT systems, does not sacrifice axial 

resolution for imaging range (Figure 3.16).   
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Figure 3.16 Linear OCT images of pediatric trachea (a) and subglottis (b). White arrows = sheath, 

yellow arrows = wall of ETT, E = epithelium, BM = basement membrane, LP = lamina propria, PC = 

perichondrium, T = tracheal cartilage, C = cricoid. Bar = 500 µm.  Taken from [82]. 

 Imaging within intubated neonatal patients was performed to monitor the onset of 

acquired SGS [84].  72 intubated neonates who required endotracheal intubation for 

mechanical ventilation were imaged using our LR-OCT system.  Patients were imaged in 

native prone or supine positions and no sedative or analgesic medications were 

administered.  Single scans of the laryngotracheal airway were completed within 20 seconds 

to visualize airway tissue substructure.  Statistical analysis was computed to determine if 

correlations existed between intubation duration, patient characteristics such as age and 

weight, and airway wall thickening in the larynx, subglottis, and trachea.  A positive 

logarithmic regression model was found linking larynx and subglottic wall thickening with 

intubation duration but not with age or weight (Figure 3.17).  These results suggest that the 

rate of laryngeal and subglottic wall thickening occurs fastest during the acute inflammatory 

phase (first ~72 hours) rather than in the chronic phase.   
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Figure 3.17 Associations between laryngeal (A), subglottic (B), and tracheal (C) airway wall thickness 

(y-axis) and total duration of intubation plotted on a logarithmic scale (x-axis).  Linear regression 

lines (dashed line) are plotted at the mean patient weight. 

 LR-OCT imaging was also conducted intraoperatively to quantify the effectiveness of 

surgical treatment of SGS via balloon dilation in 3 adult patients.  The OCT imaging probe 

was inserted into the airway via the mouth and guided to the trachea by a rigid laryngoscope.  

Helical scans were acquired to generate pre-op surface models of the subglottis at the level 

of the stenosis.  Imaging was again performed after laser cutting of scar tissue and balloon 

dilation.  A significant increase in airway size can be clearly seen between the pre- and post-

operative airway models (Figure 3.18); however, a visual model alone cannot give a 

quantitatively measure of airway improvement.  The imaging range offered by LR-OCT 

provides full coverage of the airway lumen which allows for an in situ measurement of cross-

sectional area at the stenosis site.  Table 3.1 lists out the calculated cross-sectional areas 

from the 3 patient studies.   
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Figure 3.18 Sagittal and Axial views of pre-op (a-f) and post-op (g-l) airway models with subglottic 

stenosis.  Cross sectional area at the level of stenosis improved from 107 mm2 to 174 mm2 (a,d-g,j), 

124 mm2 to 189 mm2 (b,e-h,k), and 109 mm2 to 166 mm2 (c,f-i,l).   

 

Cross-Sectional Area Patient 1 (a,g) Patient 2 (b,h) Patient 3 (c,i) 

Pre-operation 106 mm2 124 mm2 109 mm2 

Post-operation 174 mm2 189 mm2 166 mm2 

Table 3.1 Averaged cross-sectional area measurements of adult patients being treated for SGS 

3.6 Summary 

We have demonstrated a full range OCT system for in vivo endoscopic imaging of the 

human upper airway.  Imaging of upper airways with diameter of up to 3 cm was achieved 

in fully cognizant test subjects with minimal discomfort.  Image acquisition from the bottom 

of the larynx up to the nasal cavity was achieved in 40 seconds with a frame rate of 25 Hz.  

3D models were created from the acquired OCT data sets.  In vivo imaging was performed in 

(b) (c) (a) 

(g) (h) (i) 

(d) (e) (f) 

(j) (k) (l) 
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both the adult and pediatric populations for various forms of airway obstruction.  

Preliminary imaging was performed during sleep to visualize sites of collapse and 

computational flow modeling was calculated to measure pressure and velocity distributions 

which can aid in identifying appropriates sites for surgical intervention.  Future studies will 

expand LR-OCT imaging of the upper airway for diagnosing airway obstruction such as in 

acquired subglottic stenosis.   
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Chapter 4 – High Speed Long-Range Imaging using a VCSEL Source 

Abstract 

The upper airway is complex tissue structure that is prone to collapse.  Current 

methods for studying airway obstruction are inadequate either in safety, cost, or availability, 

such as CT or MRI, or only provide a localized qualitative information such as flexible 

endoscopy.  Long-range OCT (LR-OCT) has been used to visualize the human airway in vivo, 

however the limited imaging range has prevented full delineation of the various shapes and 

sizes of the lumen.  We present a new LR-OCT system that integrates high speed imaging 

with real-time position tracking to allow for the generation of accurate 3D anatomical 

structure.   The new system can achieve an imaging range of 30 mm at a frame rate of 200 

Hz.  The system is capable of generating a rapid and complete visualization and 

quantification of the airway, which can then be used in computational simulations to 

determine obstruction sites.  The first high speed in vivo imaging of human upper airway 

with the integrated position tracking was demonstrated. 

4.1 Introduction 

The nasal cavity, pharynx, and larynx are organs that form the upper airway and are 

the conduits for the flow of air into the lungs.  The upper airway has a complex shape and 

during respiration, pressure drops may lead to collapse and restriction of flow at any point 

from the palate to the epiglottis.  Upper airway obstruction syndromes and related disorders 

are of profound importance to respiratory medicine, with obstructive sleep apnea being the 
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most commonly known disease and linked to cardiovascular disease, stroke, and diabetes 

[85].  Knowing the anatomy of the upper airway in a given patient is of critical importance 

as it facilitates the design of patient-specific surgical therapy, as the sites and patterns of 

obstruction can be complicated and differ profoundly from patient to patient.  However, it 

remains a challenge to obtain detailed structural upper airway anatomy without using 

imaging technologies that either utilize ionizing radiation such as computed tomography 

(CT) or are expensive such as magnetic resonance imaging (MRI) making neither 

appropriate as general screening measures, and moreover neither being suitable for use in 

native sleep.   

Optical techniques such as optical coherence tomography (OCT) can provide 

attractive solutions to this problem and have received significant attention and scrutiny.  

OCT is an optical interferometric imaging modality analogous to ultrasound B-mode imaging 

that acquires high-resolution micrometer scale cross-sectional images of living tissues.  

Endoscopic based OCT has utilized miniature scanning fiber optic probes to enable three-

dimensional imaging of coronary vasculature [86, 87], gastrointestinal tract [88, 89], and 

lower airway features [90, 91].  Here the organs of interest are either relatively small or 

known to be a fixed distance away with a more or less cylindrical shape such that the lumen 

walls under study are consistently positioned within the imaging range of OCT which is 

generally limited to 6-8 mm.  For larger organs, anatomical or long-range OCT (LR-OCT) was 

developed as an offshoot of standard endoscopic OCT imaging with the primary focus on 

increasing the imaging range of OCT at the possible cost of speed or resolution.  This 

facilitates quantitative optical ranging to acquire the size and shape of various hollow organs 
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[30, 74, 92-94].  In the airway, LR-OCT is a compelling approach as thin, fiber optic probes 

can be easily inserted to perform volumetric imaging of the lumen walls.   Acquired 

anatomical measurements of airway feature sizes using OCT have been shown to be accurate 

with a mean difference of 0.5% in comparison with CT scans [93].  More recent LR-OCT based 

systems have been developed featuring improved imaging range, speed, and sensitivity as 

compared to the first anatomic OCT systems and have been used to demonstrate the 

feasibility of human upper airway imaging in vivo [78, 80, 95, 96].  However, despite these 

reports the current systems technologies are still limited by inadequate imaging range and 

relatively slow data acquisition speeds.  In the airway, the maximum cross-sectional 

diameter can reach up to 5 cm depending upon the phase of the respiratory cycle, and these 

distances are beyond the capabilities of current systems.  Without this imaging range, full 

structural anatomic imaging of the upper airway cannot be accomplished.  In addition, the 

acquired OCT data from these systems do not provide information on the bending of the 

airway.  Full quantification of the airway shape requires a position sensor to be integrated 

with the OCT probe. 

In this chapter, we describe a new LR-OCT system that integrates high speed imaging 

with real-time position tracking to allow for the generation of an accurate 3D anatomical 

structural model of the human upper airway. The high speed LR-OCT is based on a 

wavelength sweeping vertical cavity surface emitting laser (VCSEL) swept source, which 

offers many attractive attributes for long-range based OCT imaging [89, 97, 98].  These lasers 

feature a much longer coherence length and higher repetition rate as compared with other 

OCT laser sources which allows for vastly increased imaging range and imaging speed 
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without the penalty of a reduction in resolution or sensitivity. We have adapted a VCSEL 

source into our LR-OCT imaging system in order to achieve full imaging coverage of the 

upper airway.  An imaging range of 30 mm was achieved allowing for visualization of airway 

diameters of greater than 50 mm.  A high speed endoscopic imaging probe was developed to 

acquire in vivo upper airway images at 200 frames per second.  The imaging probe 

incorporated a position sensor to record the location of each cross-sectional scan, which is 

crucial for the generation of 3D models of the complex upper airway shape.  Using these 

structural models, computational simulations can be performed to provide physicians a 

better understanding of airflow within the upper airway [16, 99-101].  The first high speed 

in vivo imaging of human upper airway with integrated position tracking was demonstrated.                                                                              

4.2 Imaging System Design 

4.2.1 OCT System Design 

Our imaging system is based on Fourier domain OCT and utilizes a 100 kHz VCSEL 

source (Thorlabs, Inc., MA, USA) to perform high-speed long-range imaging of the airway 

lumen.  In our previous designs, we utilized acousto-optic modulators (AOMs) to generate a 

heterodyne detection scheme, which allowed for imaging across the full coherence length of 

the laser.  However, AOMs are dispersive and narrow bandwidth devices that are subject to 

signal loss, and thus their use results in reduction in desirable OCT system properties such 

as sensitivity and axial resolution.  VCSEL sources rely on their ultrashort cavity length to 

generate a very narrow instantaneous linewidth which enables an inherently long imaging 

range, thus in turn also greatly simplifying the optical system design and digital signal 

processing [97].  Our OCT system (Figure 4.1) utilizes a Mach-Zehnder based interferometer 
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setup with a 99:1 fiber coupler, splitting the light between an optical delay line in the 

reference arm and the imaging probe in the sample arm.  Dual circulators in both the 

reference and sample arms direct the back scattered light to a 50:50 coupler at which point 

the resulting OCT interference fringe is detected utilizing a 1.6 GHz wide balanced 

photodetector and sampled using a high speed 1.8 GHz digitizer.  Total data throughput to 

the computer was 1.2 GB/s.   

 

Figure 4.1 VCSEL based LR-OCT system schematic 

Proper Fourier domain image processing requires the OCT interference fringe to be 

linearly sampled in wavenumber or K-space which is generally achieved by a calibration 

algorithm or through nonlinear time sampling using a K-clock.  The VCSEL source offers a K-

clock which provides for an imaging range of up to 12 mm in air, however to ensure 

visualization of the entire airway lumen, we generated an external K-clock signal by building 

a separate Mach-Zehnder interferometer using dual 50:50 couplers with a path length 

difference of 15 mm between the two arms [48].  This K-clock interferogram was detected 

using a second 1.6 GHz balanced photodetector, frequency doubled, and amplified before 



82 

 

being fed into the external clock port of the digitizer.  Imaging was performed at 200 Hz with 

one frame being comprised of 500 A-scans and GPU based processing was utilized to enable 

real-time display of the acquired LR-OCT frames.   

4.2.2 System Performance 

The sensitivity roll-off of the system was measured using two mirrors on separate 

translational stages.  The VCSEL based LR-OCT system has a 6 dB roll off at 30 mm imaging 

range as compared to the 12 mm imaging range from our previous AOM based approach.  

The VCSEL source is capable of true single-mode operation thanks to its small scale laser 

cavity.  This insures a very narrow instantaneous linewidth which minimizes any sensitivity 

roll-off normally associated with FD-OCT systems.  Instead, here the sensitivity drop is 

predominately due to bandwidth limitations of the photodetector and sampling DAQ card.   

 

Figure 4.2 Sensitivity roll-off of VCSEL based LR-OCT system vs previous AOM based system 
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4.3 Endoscopic OCT Imaging Probe Design 

4.3.1 Optical Probe Design 

Rotational scanning in endoscopic OCT imaging can be achieved either through 

proximal or distal design schemes, where in the former, the entire probe body is rotated by 

an external motor, while the latter utilizes a single rotational element at the tip of the probe 

to provide scanning.  For high-speed imaging of large lumen diameters such as in the airway, 

distal design schemes offer better stability during scanning since the lumen wall does not 

fully constrain the probe body and provide stability from vibrational motion during scanning 

such as in cardiovascular imaging.  We developed a long-range based OCT imaging catheter 

(Figure 4.3) using a commercial high-speed micromotor (Kinetron bv, Tilburg, The 

Netherlands).  Both the micromotor and the focusing grin lens featured an outer diameter 

(OD) of 1 mm and were positioned within an 8 mm long, 1.2 mm OD glass capillary.  A 0.9 

mm diameter micromirror was positioned onto the shaft of the motor which was cut with a 

45° face to direct light out laterally into the lumen walls.  Imaging was performed at 200 

frames per second while volumetric data was acquired by using an external motorized 

translational stage to retract the probe from the airway at a speed of 10 mm/s.  The entire 

probe body was contained within a sealed plastic polymer sheath of 1.8 mm OD, which 

facilitated sterility of the probe as well as structural support for insertion of the probe into 

the airway.   
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Figure 4.3 Fully integrated OCT imaging probe and position tracker (top).  Schematic rendering of 

optical assembly (bottom) 

The micromotor was controlled using a custom designed two channel dual phase 

motor driver.  The circuit was comprised of dual sets of two power amplifiers with a third 

amplifier configured as a Wien bridge oscillator.  The Wien bridge generates the AC 

(alternating current) signal needed to create the oscillating magnetic field which drives the 

micromotor shaft.  Sine and cosine signals that were 90° out of phase were provided as input 

signals to the driver and their frequency determined the rotational speed of the micromotor.  

The motor controller was laid out using PCB design software (DipTrace, Novarm Ltd) and 

then sent out to be fabricated with final assembly done manually.   

 

Figure 4.4 Motor driver schematic (left) and completed motor driver after assembly (right) 

Position 

Tracker 

Imaging Probe 
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4.3.2 Position Tracking Integration 

Position tracking of the probe during image pullback was acquired using a 

commercial electromagnetic tracking system comprised of an external magnetic field 

generator and sensor (Ascension Technology Corp, VT, USA).  The field generator was placed 

adjacent to the individual while the field sensor featured an OD of 0.9 mm which allowed it 

to be fully integrated together with the OCT imaging probe, instead of being placed externally 

as has been reported in the past.  The sensor was positioned with an offset of 6 mm from the 

micromotor housing to reduce electromagnetic interference generated by the motor during 

imaging.  During imaging, a set of 3D coordinates was acquired along with each OCT cross-

section to generate a pullback travel path which was then used to reconstruct the 

anatomically correct OCT volumetric model. 

4.4 Methods 

4.4.1 In vivo Upper Airway Imaging Procedure 

Patients and volunteers were locally anesthetized and decongested with a 4% 

lidocaine/oxymetazonline HCl nasal spray.  After approximately 5 minutes when the nasal 

cavity was reported to be numb, the imaging probe was inserted into the nose and guided 

through the nasopharynx and oropharynx down to the top of the pyriform sinus using 

patient feedback as well as OCT imaging to verify positioning.  The probe was then retracted 

from the airway while performing simultaneous OCT imaging of the lumen wall and position 

tracking of the distal tip of the probe which lasted approximately 8-10 seconds (Figure 4.5).    
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Figure 4.5 Diagram of LR-OCT imaging of Upper Airway 

4.4.2 Image Processing 

Standard OCT processing was performed using commercial GPUs to massively 

parallelize calculations.  A dispersion compensation vector was first applied to all the 

acquired A-lines.  Then, the K-space OCT interferogram underwent a Fourier transform to 

obtain a z-spaced complex reflectivity profile.  Logarithmic scaling was then performed to 

compress the data magnitude into a range suitable for bitmap display.  The data was 

remapped to form Cartesian and polar images which were then simultaneously displayed.   

4.4.3 3D Model Generation 

Image segmentation was first performed using a semi-automated edge detection 

scheme on each acquired OCT image set to generate a preliminary measure of the airway 

lumen surface [102].  Spline based curve fitting was then applied over regions where breaks 

in the lumen surface occurred, such as the area obscured by the motor wire in the probe.  

The segmented cross-sections were then aligned orthogonally to the acquired positional 

tracking path to generate an anatomically correct image stack using a custom developed 
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MATLAB script.  From this stack, a 3D mesh and surface model of the airway lumen was 

generated using a combination of commercial and free software packages (Mimics, 

Materialise, MI, USA; Meshlab; netFabb GmbH, Lupburg, Germany).   

4.5 Imaging Results 

4.5.1 Imaging of the Adult Upper Airway 

 

Figure 4.6 OCT images of upper airway acquired using VCSEL source.  A) Left nostril (nasal cavity), B) 

Choana (nasopharynx), C) Base of tongue (oropharynx), D) Epiglottis (hypopharynx) 

Imaging was performed in 5 health adult volunteers to test the improved imaging 

range of the new VCSEL LR-OCT compared to the previous generation systems.  Figure 4.6 
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shows cross-sectional slices of the varied geometries found within the upper airway which 

requires the use of a system with longer imaging range to capture.  Full coverage over the 

entire airway lumen is possible with gaps in the lumen surface limited only by blockages of 

line of sight.  The increased imaging speed of the system also allowed for a much shorter 

procedure time; after positioning of the probe, a full pullback of the airway was completed 

in 8 seconds compared to the 20 seconds with the old system.  This decrease in imaging 

speed greatly aides in suppressing inter-frame motion artifacts due to the patients’ inability 

to remain perfectly still during imaging.   

4.5.2 Imaging the Compliance of Upper Airway Walls 

Functional imaging of the airway can also provide information related to airway 

collapse.  Compliance, defined as the change in volume due to a change in pressure, is the 

inverse of stiffness and gives a measure of the tendency of a vessel or organ to collapse. In 

the airway, compliance is defined slightly differently as the change in cross-sectional area of 

the lumen caused by a change in pressure, since the airway does not change shape axially. 

𝐶 =
Δ𝐴

Δ𝑃
(4.1) 

Various MRI based studies have investigated upper airway compliance as a means in 

identifying regions susceptible to collapse [103, 104].  To investigate the ability for LR-OCT 

to measure localized airway compliance, we performed dynamic imaging at several static 

levels in the upper airway.  A commercial pressure transducer was placed at the nostril to 

record pressure changes due to breathing simultaneously with OCT imaging.  Since 

compliance relies on the relative change in pressure, localized pressure at the level of the 
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probe does not need to be measured.  Cross-sectional area (CSA) of the airway was measured 

from the OCT slices using the numerical integration: 

𝐶𝑆𝐴 = ∑
𝜋𝑅𝑚

2

𝑀

𝑀

𝑚=1

(4.2) 

where 𝑅𝑚 is the axial distance of the lumen wall in the 𝑚𝑡ℎ A-line.   

The change in airway size had high correlation to changes in pressure with maximum 

airway CSA occurring at peak inhalation as expected.  Compliance was then calculated at 

each level using equation (4.1), however this value assumes that the airway lumen is 

comprised of tissue with uniform stiffness which is untrue in the airway.  A better 

understand can be gained by looking at the compliance distribution along the lumen wall at 

each level.  The OCT slices can be segmented into smaller arcs to measure and identify 

regions that contribute to larger and smaller changes in CSA and thus compliance.  This 

approach requires additional step of determining of the center of the airway lumen for 

accurate area measurements.  Our approach was to calculate the intersection point of lines 

with endpoints that that were 180° apart on the airway wall.  Figure 4.7 shows normalized 

relative compliance measurements within OCT slices taken at the nasopharynx, oropharynx, 

and hypopharynx.  As expected lateral pharyngeal walls show the highest amount of 

compliance at all three levels measured.  The posterior wall in the upper airway is supported 

by the cervical vertebrae along most of its length and have low compliance.  Likewise, the 

anterior walls should also have low compliance in the oropharynx, the base of tongue which 

is actively collapsing the airway by the genioglossus muscle and in the hypopharynx the 

epiglottis is formed from rigid cartilage.   
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Figure 4.7 Normalized localized compliance contribution maps at 3 levels (nasopharynx – choana (a), 

oropharynx - base of tongue (b), and hypopharynx – epiglottis(c)) in the upper airway. 

4.6 Discussion 

Upper airway obstruction can often have a complex multifactorial origin which is 

difficult to pinpoint.  Surgical treatment for improving airway obstructions can span the 

spectrum from simple tonsillar fossa operations to major craniofacial reconstruction with 

success rates entirely dependent upon the correct identification of the site(s) of obstruction.  

Therefore, it is highly important for the airway to be quantitatively studied as a complete 

structure as a whole.  Both MRI and CT imaging have been used to generate full volumetric 

models of the upper airway for the study of airway obstructions [105-108], however neither 

are particularly practical as standard screening measures.   MRI can provide dynamic high 

resolution and high contrast visualizations of the airway lumen but the exceedingly high cost 

per study and limited accessibility precludes its adoption for widespread airway imaging.  In 

1 
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addition, sedation may be required to prevent motion artifacts which may impact muscular 

elements from maintaining airway patency.  CT can perform rapid volumetric imaging of the 

entire airway lumen but poses the risk of exposure to ionizing radiation especially during 

longer dynamic acquisitions.  We have demonstrated the feasibility to acquire a complete 

quantitative measure of upper airway shape and size using a VCSEL based LR-OCT system 

which is both minimally invasive as well as free of ionizing radiation.  In addition, our LR-

OCT system is well suited for imaging in the office as well as the sleep laboratory, where 

polysomnography is performed in overnight sleep studies.  The size of our probe also allows 

for integration with conventional endoscopes by inserting the probe into the working 

channel of the scope and thus increasing physician familiarity and adaptability.   

Our VCSEL based long-range system has achieved many advancements over our 

previous systems.  Our system imaging range has improved from 13 mm up to 30 mm which 

greatly improves coverage of the entire airway lumen.  Figure 4.8 shows a comparison 

between OCT images acquired with our new VCSEL LR-OCT system and our previous system 

and demonstrates the importance of this increased imaging range in upper airway imaging.  

During imaging, the probe is often not centrally positioned but instead is pushed up against 

the lumen wall.  With our previous design, this situation would lead to a lack of complete 

visualization of portions of the airway such as in Figure 4.8 where the epiglottis and lateral 

pharyngeal walls of the airway become obscured.  With our new VCSEL LR-OCT system, the 

improved imaging range allows us to visualize the complete airway even in these situations 

with gaps in coverage of the airway contour, limited only to regions blocked from line of sight 

(Figure 4.8).  The complete visualization of the lumen shape also allows for quantitative 
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measurements of airway dimensions.  Cross-sectional area can be computed through the 

numerical integration of the wall distance of each A-line in an OCT slice.  Volume of the 

scanned airway is determined by measuring the total enclosed space within the tracker 

based reconstructed 3D mesh.  Our imaging speed as compared to our previous system has 

likewise increased from 50 to 200 frames per second.  This improved speed has allowed for 

reduced procedure times which minimizes patient discomfort during imaging.  In addition, 

faster imaging speeds opens the door for analyzing dynamic measurements of the airway 

such as sleep related collapse [79].   

 

Figure 4.8 Comparison of OCT images from new VCSEL based system (A, C) and previous LR-OCT (B, D) 

demonstrating improved imaging range in the Hypopharynx (A, B) and Oropharynx (C, D) 
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We have also developed, to the best of our knowledge, the first fully integrated 

endoscopic OCT imaging probe with simultaneous position tracking for use in the airway in 

situ.  Position tracking data is a crucial step for airway modeling as without it, the resulting 

image stack would take on a cylindrical form which grossly misrepresents the airway shape.  

Previous reports [74, 78] with position sensing either utilized a side-by-side design with the 

tracking sensor external to the actual imaging probe or acquired OCT and position data 

sequentially.  The first design necessitates a larger overall probe size and increases the 

difficulty of insertion into the airway.  The second approach requires leaving the probe 

sheath in place in the airway and performing two pullbacks to acquire OCT and tracker data 

with the assumption that the shape of the sheath inside the airway does not change.  By 

incorporating the position sensor within our probe design, we are able to minimize the 

overall size of our probe while still being able to record the location of each image within a 

single pullback.  Figure 4.9 shows a reconstructed model built without position data in 

which each slice is directly stacked on top of the last and bears little resemblance to actual 

upper airway shape.  Figure 4.9  show the same model but reconstructed using the 

simultaneously acquired position data shown in Figure 4.9.  The transverse travel path 

features an S-shaped form with three predominate curvature locations.  The very first curve 

at the top of the path is from the traversal through the nasal cavity which we exclude in our 

models since the majority of airway obstructions occur within the velopharynx and 

oropharynx.  The second major bend occurs in the transition between the nasopharynx and 

the oropharynx causing the probe to be pressed against the posterior wall of the airway.  The 
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last major bend is an inverse curve caused by the emergence of the epiglottis which forces 

the probe to be positioned against the anterior wall of the laryngopharynx.   

 

Figure 4.9 Reconstructed model without tracking data (A).  Anterior (B) and Lateral (C) view of 

reconstructed 3D OCT data based on probe position data (D).  Nasal Cavity (NC), Nasal Pharynx (NP), 

Base of Tongue (BT), Epiglottis (E) 

With an accurate reconstruction of airway shape, computational fluid dynamics 

simulations (CFD) can be used to estimate flow velocity and pressure distributions and gain 

a more comprehensive understanding of the origins of airway obstruction.  Figure 4.10 

shows a direct numerical simulation using lattice Boltzmann methods on an unobstructed 

airway model with expected high laminar flow and matches previously reported simulated 

results on reconstructed models from CT data [99, 100].   

We have demonstrated the ability to fully visualize the shape and size of the upper 

airway using a VCSEL based LR-OCT system.  This approach offers a rapid, non-ionizing, and 

minimally invasive means to generate accurate 3D reconstructions of the upper airway that 

is also suitable for in-clinic diagnostics. Using these modes, CFD simulations can be 

performed to provide important information about airflow dynamics to aid in the 

identification of obstruction locations.  Using this information together with structural 
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measurements of airway size, clinicians will be able to better target and treat specific regions 

in the airway for the prevention of obstruction. 

 

Figure 4.10 CFD simulation of airflow within generated 3D OCT volume using lattice Boltzmann 

method showing laminar flow within unobstructed airway. Inflow of 9.86 L/min. 
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Chapter 5 – Detection of Ciliary Beat Frequency in the Upper Airway 

using Phase Resolved Optical Coherence Tomography 

Abstract 

Ciliary motion plays a critical role in the overall respiratory health of the upper 

airway.  These cilia beat at a native frequency (CBF) and in a synchronized pattern to 

continuously transport foreign particulate trapped in layer of mucous out of the upper 

airway.  Disruption of ciliary motion can lead to severe respiratory diseases and 

compromised respiratory function.  Currently, the study of cilia requires expensive high 

speed cameras and high powered microscopes which is unsuitable for in vivo imaging and 

diagnosis.  Doppler based optical coherence tomography has the potential to visualize the 

microscopic motion of cilia during their beating cycle.  We demonstrate the development of 

a high speed Doppler OCT system for the measurement of cilia beat frequency. 

5.1 Introduction 

Outside of serving as the entrance to the respiratory system, the upper airway has a 

critical role for the immune system.  The majority of the upper airway is lined by a delicate 

respiratory epithelium that acts as the first line of defense from airborne pathogens.  A layer 

of mucus is secreted along the surface that serves to both maintain epithelial moisture and 

trap foreign particulates.  This mucus is continuously transported by the synchronized 

rhythmic beating of microscopic cilia towards the pharynx where it is either swallowed or 

expelled through the oral cavity.  These cilia are tiny hair-like structures that line the surface 
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of epithelial cells and are approximately 5-7 μm long, less than 1 μm in diameter [109, 110], 

and beat at a frequency estimated to vary from 7 to 16 Hz [111-113].  Ciliary beat frequency 

(CBF) depends on temperature and humidity and changes with exposure to drugs and 

noxious stimuli.  Abnormal ciliary function can lead to inadequate mucociliary clearance 

(MCC) which is associated with various respiratory diseases such as cystic fibrosis (CF) and 

chronic obstruction pulmonary disease (COPD).  Disruption of cilia synchronicity also leads 

to poor MCC as seen in primary ciliary dyskinesia (PCD) which can result in chronic 

respiratory infections.   Therefore, measurement of ciliary motion can serve as an important 

indicator of upper respiratory health.   

The vast majority of CBF measurements in the upper airway are made using in vitro 

or ex vivo tissue samples.  A cytology brush is commonly used to obtain cells from the nasal 

turbinate which are then either incubated or grown in a tissue culture.   Brushing can be 

noxious for the patient and examination often requires lengthy sample preparation.  Earliest 

measurements of CBF utilized complex cinematography cameras coupled with high power 

microscopy to record single cilium throughout the entire beat cycle [114-116].  CBF was then 

calculated by analyzing the recording in slow motion and counting cilia cycles.  The 

development of high speed digital cameras has replaced cinematography methods as the 

modern gold standard for CBF measurements as they are simpler to use and allow for faster 

analysis immediately after recording or even in real-time.  While the recording mechanism 

has evolved, the measurement principles have remained the same and require visualizing 

and counting individual cilia beating cycles, albeit advancements have been made towards 

automating or semi-automating the process [112, 117, 118].  Other measurement methods 



99 

 

have also been developed to analyze the frequency of light intensity fluctuations caused by 

ciliary motion using photomultiplier tubes [111, 119] and photodiodes [120].   All of these 

approaches require the cilia samples to be studied under microscopy, either bright-field or 

phase contrast, and that the long axis be oriented orthogonally to the illumination axis so 

that light isn’t blocked by the cilia substrate.  Thus, none of these approaches are applicable 

for in vivo calculations of CBF in the respiratory tract where mucosal composition and 

environmental differences may alter the average beat frequency.   

Optical coherence tomography (OCT) is an interferometric imaging technique 

capable of acquiring high-resolution micrometer scale cross-sectional images of scattering 

media [29].  OCT offers attractive features for the study of cilia in the upper airway, because 

it utilizes non-ionizing illumination that is safe for use in biological tissue and naturally 

performs optical sectioning which allows isolation of the cilia layer.  Recently, a number of 

reports have utilized OCT to study ciliary function.  Liu et al. used an ultrabroad 

supercontinuum laser to achieve 1 μm axial resolution OCT imaging which allows direction 

visualization of the cilia stroke cycle [121].  For most OCT systems, the size of individual cilia 

is smaller than the resolvable axial resolution.  However, although not directly resolvable, 

motion of the cilia during the beating cycle still results in interactions with light that can be 

detected.  Oldenburg et al. described a method to measure CBF in cultured human bronchial 

epithelial cells by correlating cilia induced speckle variation over time [122].  Wang et al. 

expanded this approach by performing the first in vivo measurements of CBF using OCT in 

the exposed oviduct of female mice [123].  OCT has also been used to study cilia driven fluid 

clearance as an analog to MCC by introducing polystyrene beads in a Xenopus model and 
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tracking their speed and motion [124, 125].  While all of these approaches have their merits, 

none of them offer the ability to fully quantify cilia-based dynamics in vivo.  Ultrabroad OCT 

requires expensive broadband waveguides and optics and also suffers from chromatic 

aberration effects, which makes it difficult to translate into in situ imaging in the upper 

airway.  Speckle variance based methods can calculate CBF, however they cannot provide 

information about the synchronicity of cilia which is important for study of PCD.  Fluid flow 

measurements require contrast agents, either dyes or particles, which limits in vivo 

applications.   

Doppler OCT (D-OCT) is a functional development of OCT that measures motion or 

velocity of particles.  D-OCT detects the phase shift of the back-scattered light to provide 

velocity sensitivity.  The clinical utility of D-OCT has previously been reported with regards 

to detection of blood flow and tissue vibration [59, 64, 126].  As with all interferometry 

techniques, the phase sensitivity in OCT systems, typically in the picometer scale, is much 

higher than axial displacement sensitivities.  In addition, relative phase changes can easily 

be quantified as displacement measurements since no complex phase wrapping occurs.  

During the cilia stroke cycle, upwards and downward motion imparts a Doppler shift in the 

backscattered light, which results in a phase shift in the interferometric OCT signal.  

Detection and decoding of the signal allows for the visualization of ciliary beating dynamics 

and measurement of CBF.  In the present study we demonstrate the application of D-OCT to 

ex vivo airway epithelial tissue samples in order to detect motion and calculate CBF as the 

first step towards translating this technology to clinical use. 
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5.2 Design Principles 

5.2.1 Cilia induced Doppler shift 

The cilia beat cycle is broken up into two active parts: the effective or power stroke 

and the recovery stroke (Figure 5.1).  The unidirectional transport of mucus or fluid is 

possible due to the asymmetric nature of the two strokes.  During the power stroke, the cilia 

remain fully extended and swing through an arc like shape in a perpendicular plane to the 

tissue surface.   A small portion of the cilia at the tip penetrates into the mucus layer 

generating forward propulsion [110, 127].  During the recover stroke, the cilia bend and 

swing backwards near the cell surface to reduce vertical height and prevent interference 

with forward fluid transport.  This vertical change in ciliary height directly generates phase 

differences which are detected by D-OCT processing.  Backscattered light from the cilia will 

have either a positive or negative phase shift corresponding to whether the cilia were 

undergoing an upwards or downwards trajectory.  Therefore, ciliary motion and CBF can be 

directly calculated by detection of the phase changes in the OCT interferogram over time.    

 

Figure 5.1 Ciliary shape over the course of one beating cycle.  Power stroke in blue and recovery 

stroke in red 
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The principles behind D-OCT have been described previously[38, 126, 128] and in 

chapter 2.5.1.  Briefly, D-OCT processing involves extraction and measurement of relative 

phase differences from the OCT A-lines to calculate motion or vibration within a scattering 

media.  The phase difference can be empirically calculated using the cross-correlation 

method: 

Δ𝜙 = [tan−1 {
∑ ∑ [Im(𝐴𝑗+1,𝑧)Re(𝐴𝑗,𝑧) − Im(𝐴𝑗,𝑧)Re(𝐴𝑗+1,𝑧)]

𝑁
𝑧=1

𝐽
𝑗=1

∑ ∑ [Re(𝐴𝑗+1,𝑧)Re(𝐴𝑗,𝑧) + Im(𝐴𝑗+1,𝑧)Im(𝐴𝑗,𝑧)]
𝑁
𝑧=1

𝐽
𝑗=1

}] (5.1) 

where 𝐽 is the number of A-lines to average, 𝑁 is the number of depth points to average, and 

𝐴𝑗,𝑧 is the complex data of the 𝑗𝑡ℎ A-line at a depth of 𝑧 after a standard Fourier transform 

utilized in Fourier-domain OCT (FD-OCT) setups.  Generally, the A-scans in equation (5.1) 

are separated by a time interval Δ𝑇.  Selection of a suitable time interval is an important 

consideration in D-OCT; too large of an interval can result in relative phase differences larger 

than 2𝜋 causing indistinguishable phase wrapping, while too small of an interval can hide 

lower frequency phase changes.  For D-OCT based detection of ciliary motion, the axial 

changes in cilia height, Δ𝑧, can be calculated using the relationship   

Δ𝜙

2𝜋
=
Δ𝑧

λ0
   ⇒     Δ𝑧 =

Δ𝜙 ∙ 𝜆0
2𝜋

(5.2) 

where 𝜆0 is the center wavelength of the OCT light source.  Calculating and plotting equation 

(5.2) allows for visualization of the height changes that occur throughout the entire cilia 

beating cycle and determination of CBF.   
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5.3  OCT System Design 

5.3.1 OCT System Setup 

As our method to measure CBF is based on the phase shift caused by ciliary motion, 

extra steps were taken to minimize all sources of phase noise within our OCT system.  The 

OCT system utilizes a Mach-Zehnder based interferometer setup with a 99:1 fiber coupler, 

splitting the light between an optical delay line in the reference arm and a galvanometric 

scanner in the sample arm (Figure 5.2).  Dual circulators in both the reference and sample 

arms direct the back-scattered light to a 50:50 coupler at which point the resulting OCT 

interference fringe is detected utilizing a 1.6 GHz wide balanced photodetector.  Anti-

reflection coated optical windows were placed in the reference arm to compensate for extra 

dispersion in the sample arm.  A commercial swept source vertical-cavity surface-emitting 

laser (VCSEL) was used as the light source for the system (Thorlabs, Inc., MA, USA).  The 

source features a center wavelength of 1310 nm, with a bandwidth of 100 nm, an average 

power of 26 mW, and a scan repetition frequency of 100 kHz.  Compared to other swept 

source laser technologies, VCSEL sources feature a very short cavity length, which translates 

to both increased imaging range and phase stability allowing for improved performance in 

phase resolved techniques [129].  The OCT interferogram was captured using a high-speed 

12-bit data acquisition (DAQ) card (ATS9360, Alazar Technologies Inc., Pointe-Claire, QC, 

Canada).  Sampling was performed using the K-clock provided by the VCSEL so that the 

acquired data was linearly spaced in wavenumber, which is a crucial step for generating 

undistorted FD-OCT images.  A fiber Bragg grating, which generated a pulse every time the 

sweep of the VCSEL passed over a specific wavelength, was used to start each OCT A-line 
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acquisition.  This optical based trigger does not suffer from timing jitters and improves phase 

stability by ensuring that the starting wavelength is the same for each OCT A-scan.   

 

Figure 5.2 High resolution OCT system schematic 

 

Figure 5.3 OCT sample scanner used in cilia imaging 

The scanner in the sample arm (Figure 5.3) features a design used in many laser 

scanning confocal microscopes [130, 131].  Two dimensional scanning is achieved using two 
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galvanometers separated by a telecentric relay.   Without the use of a relay, scanning of the 

first galvo mirror will result in deflection of the beam off the center rotation axis of the 

second mirror.  This results in variable path length change that manifests as phase shift 

artifacts in the OCT interferogram [132, 133].  The telecentric relay in between the two galvo 

scanners ensures that the sample light is centered along the rotation axis for both mirrors.  

The relay was built using matching 60 mm focal length achromatic doublets to minimize the 

effects of chromatic and spherical aberrations.  While longer focal length lenses provide the 

best suppression of spherical aberration, we chose medium focal length lenses as a 

compromise to keep the physical size of the scanner compact.  Light was focused onto the 

cilia samples using a 0.4 NA near-infrared, long working distance objective (20x 

magnification, 10 mm working distance).  Since the cilia layer at the surface of the respiratory 

epithelium is only a few microns tall, a flat scanning plane is critical for optimal visualization 

of ciliary motion.  In order to generate a flat focal plane during scanning, the rotational pivot 

of the second galvo needed to be positioned at the back focal plane of the objective.   

However, the short back focal length of our objective prevented placement of the galvo 

directly behind the lens and thus required the use of a second telecentric relay to transfer 

the galvo pivot to the back focal plane.  This relay utilized differing focal length doublets (f = 

35 mm and f = 75 mm) to also expand the sample beam diameter and fill the back aperture 

of the objective to maximize lateral resolution at the focal plane.  A wavelength division 

multiplexer (WDM) was at the entrance to the scanner setup to allow incorporation of a red 

aiming beam to aid in visualizing the location of the scanning plane during imaging.  The 

entire galvo scanner tower was mounted to a linear stage which was then attached to a 
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damped optical post to axially tune the focal plane onto the ciliary layer of the samples.  The 

entire OCT system, including the reference arm, sample scanner, and interferometry unit, 

was built on top of an anti-vibration optical table which was actively floating during imaging.   

 The system axial resolution depends only upon the bandwidth of the laser and was 

measured to be 8 μm by analyzing the full width half max (FWHM) of the point spread 

function (PSF) obtained from a mirror in the sample arm.  Lateral resolution is a function of 

the focusing objective and was measured to be 1.2 μm by calculating the line spread function 

from the derivative of an edge response [134].  Verification was performed by scanning 

across a USAF resolution target with up to group 8 element 5 remaining resolvable (Figure 

5.4).   

 

Figure 5.4 1951 Air Force resolution target imaged using our high resolution OCT system 

5.3.2 Optimizing Galvanometer Scanner 

The OCT sample scanner was built with a careful sequential calibration procedure.  

First, the fiber optical collimator at the entrance of the scanner was mounted in a tunable 5-
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axis mount (x, y, z, pan, tilt).  The first stage galvo was then driven with an active zero voltage 

signal and both the positioning of the collimator and rotation of the galvo were tuned such 

that the collimated beam was centered on a far field crosshair target.  Extra length cage rods 

were used to ensure true axial alignments with the galvo unit housing.  The galvo was then 

driven with a sinusoidal signal to verify that the first scanning plane was aligned on one axis 

of the crosshair target.  The first doublet was then positioned such that the galvo was located 

approximately at the back focal plane of the lens while a mirror was placed at the front focal 

plane.  One dimensional OCT scanning was then performed to fine tune the galvo-doublet 

distance as once correctly placed, the mirror would appear as a straight horizontal line in the 

OCT image.  The mirror was then removed and the second doublet was positioned to obtain 

a collimated beam in the far field which completed the calibration of the first galvo and relay.  

The second galvo was then positioned in front of the relay while driven with a 0 voltage 

signal.  Fine tuning ensured that the beam was centered both on the rotational axis of the 

second galvo and on a far field crosshair target.  The distance between the first relay and the 

second galvo was adjusted by driving the first galvo with a sinusoidal waveform and 

verifying that the beam pivot out of the relay was focused on the second galvo mirror.   The 

second relay was calibrated in the same manner as the first relay by first imaging a mirror 

to ensure proper positioning of the first lens and then verifying a collimated beam output to 

tune the second lens.  Finally, the scanner calibration was completed by tuning the 

positioning of the objective lens with respect to the second relay by two dimensional imaging 

of an optical flat.   
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5.3 Ex vivo Tissue Sample Preparation 

Ex vivo samples from the nasal septum, trachea, and maxillary sinus were harvested 

from freshly euthanized 3.4-4.2 kg male New Zealand white rabbits under the regulations of 

the Institutional Animal Care and Use Committee (IACUC) at UC Irvine.  The samples were 

submerged in buffer solution (Hanks Balanced Salt Solution, HBSS) and maintained at room 

temperature (21-23˚C) while microdissection techniques were used to remove excess soft 

tissue.  Then, 1-2 mm thick samples were sectioned from the samples and mounted with pins 

on rubber lined culture dishes with the mucosal surface facing upwards.  The samples were 

submerged so that a thin layer of buffer covered the surface of the mucosa and were 

transferred to the scanner stage for imaging.  For a control, samples were fixed in 10% 

formalin for 30 minutes and imaged again with D-OCT.   

5.4 Imaging Setup and Processing for Calculating CBF 

Cilia samples were positioned under the OCT scanner for imaging with the aid of a 

red aiming beam.  The height of the scanner was adjusted using a linear stage such that the 

cilia layer, identifiable as a layer of fluctuating speckle, was brought into focus which was 

simplified by the objectives short depth of focus.  OCT B-scan imaging was then performed 

by continuously acquiring data over a period of 10 seconds while repeatedly line scanning 

across a section of the tissue sample.  The acquired OCT data was then resampled to obtain 

a series of M-mode data sets at different points along the scanned line.  Doppler OCT 

processing was performed on each M-mode scan to extract the temporal phase variations 

caused by ciliary motion.  Control of the time interval between adjacent A-scan acquisitions 
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in the M-mode data sets for optimized Doppler processing is achieved by changing the 

imaging frame rate of the original scan, i.e. the B-scan density.    

All data processing was performed using commercial graphics processing units (GPU) 

which allowed for massive parallelization of the D-OCT algorithms.  A flowchart of the data 

processing steps is shown in Figure 5.5.  First the acquired series of B-scans is loaded into 

memory and then resampled to generate a series of spatially adjacent M-mode data sets.  

These data sets are transferred into GPU memory where first numerical dispersion 

compensation is applied to each A-line followed by a Fourier transform to generate the 

complex OCT scattering profile as a function of depth.  The OCT intensity image is calculated 

by taking the magnitude of the complex axial profile.  Meanwhile, a Doppler color image, 

where red represents +𝜋 phase shift and blue represents −𝜋 phase shift, is generated by 

calculating the relative phase changes between adjacent A-lines in a frame.  The OCT 

intensity image is used as a mask to obscure the random phase signals that don’t originate 

from backscattering tissue.  The Doppler phase signal can finally either be converted and 

plotted to show the changes in cilia height over time or processed using a Fourier transform 

to show the CBF frequency distribution.    

 

Figure 5.5 Processing flowchart for calculating CBF using Doppler OCT 



110 

 

5.5 Imaging Results: 

5.5.2 Ex vivo cilia imaging 

Imaging was first performed on ex vivo trachea samples acquired as stated in the 

methods section.  OCT data was acquired and Doppler processing was computed as 

presented in section 5.4.  En face slices were generated from the OCT intensity and Doppler 

images to isolate the thin cilia layer.   Figure 5.6 shows an en face slice acquired from imaging 

a tracheal sample.  Imaging was performed at a B-scan rate of 100 Hz which set the 

interframe time interval to be 10 ms.  Comparison between the en face intensity slice and 

Doppler phase slice reveals a clear difference in ability to distinguish ciliary motion.  In the 

intensity image, a faint periodic change in signal intensity caused by speckle variation from 

moving cilia is faintly visible through the middle of the image.  Meanwhile, in the Doppler 

image, the same ciliary motion clearly is present as a periodic phase change from yellow 

(positive phase) to blue (negative phase).  A Fourier transform of the phase variation signal 

yields the CBF which for this sample was measured to be 3.2 Hz.  Previous studies have 

reported rabbit tracheal CBF to be approximately 8.3 Hz but can vary anywhere between 7.5 

– 22.4 Hz [135, 136].  The low CBF can possibly be explained by the fact that our tissue 

samples were kept in room temperature buffer instead of at 37° C since CBF is well known 

to have a dependence on temperature [137-139].  Confirmation of the CBF was done using 

visual inspection of high-speed digital video captured using light microscopy (32x, 0.4 NA) 

[140].  As a control, after imaging samples were exposed to a 10% formalin solution and the 

absence of any ciliary motion, both in intensity images and phase images, was verified.   
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Figure 5.6 En face intensity image of scanned location over time (a).  Doppler en face image over time 

showing ciliary induced phase shift (b).  Fourier transform of phase shift in (b) showing a frequency of 

3.2 Hz (c). 

5.5.3 Imaging of ciliary motion vs temperature 

To study the effects of temperature on CBF, we performed D-OCT imaging on tissue 

samples at various temperatures.  Samples were taken from ex vivo rabbit nasal septa and 

submerged in room temperature in preparation for imaging.  A heating plate with 

temperature feedback was mounted on top of a two-axis linear stage positioned underneath 

the sample scanner.  A plastic petri dish (100 mm diameter, 15 mm depth) was placed on top 

of the heating plate and filled with HBSS.  The samples were then positioned into the petri 
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dish such that the tissue surface was just fully submerged by the buffer.  The excess buffer 

within the petri dish acted as a temperature buffer allowing for finer gradual increases in 

temperature from the heating plate.  OCT imaging was performed at buffer solution 

temperatures of 25°C, 27°C, 29°C, 31°C, and 34°C after allowing the submerged cilia five 

minutes to reach equilibrium.  Temperature monitoring was achieved using three 

thermometers: the feedback probe included with the heating plate, a digital infrared 

thermometer, and a spirit filled glass thermometer.   

Figure 5.7 shows en face Doppler phase images from a nasal septum sample scanning 

the same location at 25°C, 27°C, 29°C, 31°C, and 34°C. Special care was taken to align the 

scanning axis orientation to be perpendicular to the ciliary wave propagation direction to 

maximize spatial cilia visibility.  Figure 5.8 shows three dimensional power spectral density 

(PSD) plots of the ciliary frequency distribution across the scanned area.   Imaging was 

continuously acquired over a 10 second period for each acquisition with the frame rate tuned 

at each temperature point to prevent phase wrapping.  B-scan frame rates corresponding to 

the temperature points (25°C, 27°C, 29°C, 31°C, and 34°C ) were set at 200, 200, 250, 250, 

and 400 Hz respectively.  A mean CBF was calculated for each temperature point by 

averaging the peak frequencies across the scanning range.  CBF was measured to increase 

from 5.1 Hz at 25°C to 10.4 Hz at 34°C.  The gradient of the CBF temperature relationship 

also was in agreement with previous reports of cilia temperature effects where a sharper 

slope is seen when the temperatures are in the range of 25-32°C but plateaus in the more 

physiological temperature range of 32-40°C [137].  Higher temperatures were not imaged 

for this sample as the spatial density of our B-scans was already being under-sampled at 34°C 
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to avoid phase wrapping.  However, future imaging can be performed at high temperatures 

with a faster laser to avoid spatial under-sampling.   

 

Figure 5.7 Doppler images of ciliary motion over time.  Acquired at temperatures of 25°C, 27°C, 29°C, 

31°C, and 34°C.  10 seconds duration.  Red/yellow represents periods of upward motion while 

blue/turquoise represents periods of downward motion.   
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Figure 5.8 Power spectral density graphs showing peak CBF as a function of space across the sample at 

temperatures of 25°C, 27°C, 29°C, 31°C, and 34°C.  Graph of average CBF as a function of temperature 

5.5.4 Imaging of ciliary motion vs drug application  

Several reports have linked increased CBF and MCC with the application of therapeutic drug 

agents for improving airway respiratory function [141-143].  We performed preliminary 
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investigation to see if our D-OCT system could visualize increased CBF in the presence of 

albuterol.  D-OCT imaging was performed on ex vivo nasal mucosa from the maxillary sinus 

of a rabbit.  The sample was submerged in room temperature buffer (23°C) to keep phase 

signals generated by the beating cilia from wrapping.  A solution containing 2mg of albuterol 

diluted in 30 mL of buffer at room temperature was prepared and topically applied to 

another sample cut from the same tissue section and imaged with the D-OCT system.   

 

Figure 5.9 Phase resolved ciliary motion in rabbit nasal mucosa without treatment (a) and with 

albuterol treatment (b, c).  Scanning axis of the sample arm perpendicularly aligned to mucous 

propagation direction (b) and slightly rotated (c) showing metachronal wave pattern 

(a) 

(b) 

(c) 
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Figure 5.9 shows the corresponding temporal phase variation image for the untreated 

(Figure 5.9a) and treated samples (Figure 5.9b-c).  The measured CBF increased from 3.18 

Hz in the untreated sample to 4.6 Hz for the albuterol treated sample.  In addition to a CBF 

increase, improved cilia synchronicity can also be seen.  Cilia are known to beat in small 

clusters that form a metachronal wave pattern.  Although the exact nature of how the wave 

pattern shape originates is still unclear, it is known that the non-planar recovery stroke 

recruits adjacent inactive cilia to start beating which generates a traveling wave pattern 

[144].  Increased CBF has also been shown to reduce metachronal wave disorder, i.e. 

improving unidirectional ciliary beating synchronization [145].  In Figure 5.9b, the scanning 

axis was oriented perpendicular to the direction of mucus transport.  A series of vertical 

bands are generated throughout the horizontal direction of the image since cilia along this 

orientation beat in synchrony [144].  In Figure 5.9c the scanning axis is rotated slightly off 

perpendicular and the metachronal pattern can be seen manifested as a slight temporal 

delay in the ciliary beat cycle at adjacent locations along the scan line.  For the untreated 

sample in Figure 5.9a, the lack of synchronization in the temporal motion of the cilia can be 

explained by the fact that at lower frequencies, relatively few patches of cilia are actively 

beating and the ones that are beating are too few in number to start the generation of the 

metachronal wave [144].    

5.6 Discussion 

Cilia play a crucial role in protecting the airway from pathogens and irritants, and CBF 

has been demonstrated to be an important physiologic measure of overall respiratory 
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mucosal health.  The measurement of CBF has the potential to provide the clinician with a 

new tool to track the progression of upper airway diseases, such as CF and PCD, and provide 

quantitative outcomes of airway therapies.  The current gold standard for measuring CBF is 

direct visualization using high-powered microscopy combined with digital high-speed 

cameras.  Imaging is limited to studying harvested cilia samples in tissue culture which may 

have an altered native CBF.  While advances have been made towards automated detection 

of CBF, the vast majority of measurements are made by visually counting ciliary beat cycles; 

a process that is extremely time consuming and tedious and somewhat subjective.  Thus 

microscopy based approaches will likely remain unsuitable as a diagnostic tool of ciliary 

behavior in a clinical setting.   

Doppler OCT imaging offers many attractive features for the study of cilia.  D-OCT 

generates cross-sectional images of tissue layers in which motile regions of interest can very 

quickly be identified and brought into focus.  Since D-OCT has inherent axial sectioning and 

does not rely on resolving individual cilium, objectives with more moderate numerical 

apertures that do not require water or oil immersion can be used for focusing.  Tissue 

samples also do not require special handling or orientation for imaging unlike conventional 

microscopy approaches.  Ciliary motion can be detected based on vertical changes in cilia 

height and unlike in microscopy methods, this change height can be measured throughout 

the beating cycle.  D-OCT also has the capability to visualize the beating synchronicity of 

adjacent cilia across space, which other correlation based OCT methods lack and is as 

important a feature as CBF for effective MCC.  Various studies have also demonstrated the 

translation and compatibility of D-OCT based measurements in the upper airway [98].   
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Doppler OCT for the study of cilia is not without limitations however.  First, phase 

stability is of paramount importance and steps must be taken to minimize all sources of 

phase noise in the system.  Recent advances in laser designs have made swept source based 

phase stability nearly on par with spectral domain systems, however noise can still arise 

from clock glitching or trigger jitter.  A fixed reflection can be added to the sample arm to 

serve as a phase corrective reference, however this reduces the amount of light on the 

sample and increases complexity.  Second, while a system with high axial resolution is not 

critical, high lateral resolution is required for proper cilia detection.  If the lateral resolution 

is too large, phase from additional cilia at different points in the beating cycle will sum 

together and wash out any signal.  Thus, low NA objectives will not be able to resolve the 

ciliary beating pattern.  Third, in order to prevent phase wrapping in the Doppler data, OCT 

imaging had to be performed at much faster rates than the Nyquist frequency.  Many of our 

samples were imaged in room temperature buffer rather than the standard physiological 

temperature of 37°C in order to reduce CBF to prevent wrapping artifacts.  However, 

measured CBF nearer to physiological temperatures agreed with measured values in 

literature.  In these studies, to visualize cilia beating at 11 Hz, B-scan imaging had to be 

performed at 400 Hz.  This increase in imaging speed required either sacrificing the spatial 

field of view, and thus visibility of ciliary synchronization, or under-sampling the scanned 

area as a compromise.  For our studies, only one dimensional scanning was performed and 

CBF visibility was maximized when the scanning axis was perpendicular to the wave 

propagation direction.  However, proper alignment of the scan axis was very difficult in 

practice.  Ultimately, the utility of D-OCT in imaging ciliary dynamics will be maximized when 
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imaging can be performed across a two dimensional space to generate simultaneously wide-

field CBF measurements and ciliary synchronicity.  Higher speed lasers operating at 200-400 

kHz are currently being developed and show excellent promise for cilia studies.   
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Chapter 6 – Summary 

6.1 Summary of Accomplishments 

The upper airway is a complex organ that plays critical roles in various physiological 

systems in the human body.  Airway disorders can occur at widely varying scales from gross 

tissue collapse and obstruction to inhibited mucous transport from microscopic cilia.  

Currently there is no suitable cost effective and fast method to qualitatively study these 

airway processes in vivo within the clinical setting.   

Compromised respiratory function related to airway obstructions are a growing 

worldwide disorder.  Surgical interventions have been used for improving and preventing 

airway collapse but often only demonstrate marginal efficacy due to the limited ability to 

accurately pinpoint the precise origins of obstruction.  These procedures require major 

surgery with painful and lengthy recovery times which is a poor tradeoff given their dubious 

effectiveness.  Often airflow obstructions in the upper respiratory tract are a cumulative 

result of the overall geometry throughout the entire airway.  Thus, a qualitative judgment 

gained from visual inspection of the localized lumen shape and size cannot identify sites of 

obstruction or predict surgical outcomes.  Computational modeling of airflow can serve to 

visualize the complex fluid dynamics within the airway to better identify regions needing 

treatment in order to improve respiratory performance.  However, in order to perform 

correct fluid modeling, an imaging platform is needed that is able to accurately, rapidly, and 

quantitatively visualize the entire airway lumen.   
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 In this dissertation, the use of OCT as a diagnostic tool for visualizing the size and 

shape of the upper airway was described and demonstrated.  In order to visualize the wide 

range of airway features, an OCT system with long imaging range is required.  While previous 

studies have demonstrated the ability to use OCT in airway shape studies, these systems 

sacrificed imaging resolution and speed to achieve a longer imaging range.  These 

compromises reduced the usefulness of these systems as in clinical screening platforms.  The 

development of Fourier domain schemes has greatly increased the sensitivity and speed of 

modern OCT systems.  However, these systems generally do not have the inherent long 

imaging range necessary to visualize the entire airway lumen.  To overcome this limitation, 

we developed a full range OCT system that demonstrated an imaging range of up to 15 mm.  

This system featured an imaging speed of 25 Hz which allowed for a complete volumetric 

scan of the upper airway within 20 seconds.  This full range OCT system also demonstrated 

superior capabilities to visualize tissue substructures which previous anatomic OCT systems 

sacrificed.  Our full range OCT system did have limitations however.  The use of an acousto-

optic modulator added increased cost and complexity to the system while also degrading 

axial resolution.  In addition, while the imaging range was effectively doubled, larger adult 

airways still had regions where the extremities were unresolvable.  The development of 

VCSEL sources introduced sweeping lasers with extremely long coherence lengths which 

directly translates to long imaging ranges.  A long-range VCSEL based OCT system was 

developed for improved imaging in the upper airway.  The system demonstrated an imaging 

range of up to 30 mm at a frame rate of 100-200 Hz.  This unprecedented drastic increase in 
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both imaging range and speed allowed for rapid and complete visualization of the airway 

structure that was only limited by line of sight.   

Along with the evolution of generations of long-range OCT systems, multiple 

endoscopic imaging probes were also developed and refined for airway imaging.  The very 

first probe designs featured larger outer diameters with very little structural support or 

protection of the probe body.  These designs were fragile and unsuitable for general 

diagnostic imaging in patients.  Proximal rotational probes utilized protective torque coils 

for increased durability and featured smaller outer diameters down to 0.7 mm were 

developed that allowed for rapid insertion and imaging within patients without causing 

discomfort.  In addition, a micromotor based OCT probe was developed for ultrahigh speed 

imaging at speeds up to 400 revolutions per second.  To generate accurate reconstructions 

based off of the acquired OCT images, we incorporated a position tracking probe into our 

imaging system and performed the very first simultaneous imaging and tracking procedure 

within the human upper airway.   

Numerous imaging studies were performed using our long range OCT systems.  We 

demonstrated the ability to generate structural 3D models of the airway and performed 

computational fluid dynamic simulations within them to identify regions of turbulent and 

obstructed air flow.  Our systems have been used to quantify improvements in airway shape 

between pre- and post-surgical procedures such as adenotonsillectomy and balloon dilations 

for subglottic stenosis.  We have also performed the very first imaging of airway collapse 

occurring during sleep from within the airway instead of using whole-body imaging 
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techniques.  Preliminary compliance of the airway walls, which provides a localized measure 

of tissue stiffness, was also calculated using our OCT systems.   

In addition to studies of the airway structure, we also investigated physiological 

functions of the upper airway.  Ciliary motion was directly visualized using high-speed phase 

resolved Doppler OCT.  Vertical changes in cilia height translated to phase shifts in the 

detected OCT signals which indicated the presence of motion even though individual cilium 

were beyond the resolvable axial resolution of our system.  This approach allows for rapid 

identification and measurement of cilia motion compared to the current gold standard visual 

analysis of high-speed microscopy video which requires time consuming sample 

preparation.  Our D-OCT approach also allows for visualization of the synchronicity of ciliary 

motion across adjacent cilia which is a key component in the effectiveness of cilia powered 

mucus transport.  CBF measurements were calculated in ex vivo rabbit samples and 

correlated with reported values across various temperature points demonstrating the 

accuracy of our approach.  Go Bears. 
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