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CHAPTER 1 
 

 

1. INTRODUCTION 
 

 

1.1 Motivations and objectives 

 
Otitis Media (OM), an inflammatory disease of the middle ear, is the most 

common pediatric diagnosis and the leading cause of outpatient antibiotic use for 

children.1 The domestic socioeconomic burden of OM results in more than 25 million 

pediatrician visits and $4.3 billion USD in public healthcare costs annually.2  It is a 

complex disease that progresses through unique phases and varying severity, leading 

to challenges in proper diagnosis and treatment. OM can be thought of more as an 

umbrella term for a distribution of related symptoms. Acute OM (AOM) follows the bodyôs 

immediate response to bacterial infection, often identified by erythema and bulging of 

the tympanic membrane (TM). Fluid buildup in the middle ear cavity with no apparent 

acute symptoms is called OM with effusion (OME), where the ear fluid is either sterile or 

present microbes have not yet initiated an immune response. The quality of ear fluid 

during OME (i.e., serous vs. mucoid) reflects the progression of OM, where the fluid 

begins to thicken over time, impacting clearance from the middle ear space and the need 

for surgical intervention to prevent AOM recurrence and other chronic disease states.  

Current methods to diagnose OM rely on observing varying symptomology. 

However, many symptoms overlap between AOM and OME, like otalgia (i.e., ear pain), 

hearing loss, and visual changes related to the tympanic membrane. These clinical 

observations alone provide limited information to guide successful treatment or track 

disease progression, as they do not identify bacteria that may be causing AOM or 
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provide adequate visualization of ear fluid characteristics. Current guidelines, therefore, 

recommend treatment with broad-spectrum antibiotics and myringotomy with 

tympanostomy tube insertion if the disease becomes chronic.  

AOM is currently overdiagnosed3 and leads to unnecessary prescription of 

broad-spectrum drugs; a global healthcare challenge that is of interest to the Center for 

Disease Control to fight the emergence of antibiotic-resistant bacterial strains.4 The 

ability to sense the presence and quality of ear fluid would help identify the currently 

presenting form of OM, track progression, and potentially allow physicians to prescribe 

antibiotics more effectively. 

Raman spectroscopy (RS), an inelastic light scattering technique, has been 

widely studied for in vivo tissue diagnostics using fiber optic devices5. By monitoring the 

interaction of laser light with molecular vibrational modes of chemical species within the 

tissue, the shift in frequency of the scattered light spectrum encodes the presence and 

abundance of constituent molecules (e.g., lipids, DNA, amide groups, amino acids, etc). 

Specifically for this work, it is known that Gram-positive bacteria have a thicker cell wall 

composed of peptidoglycan compared to Gram-negative bacteria. Similarly, ear fluid 

thickness corresponds to variable concentrations of water and mucin, the glycosylated 

protein responsible for viscous secretions in the body. RS has demonstrated sensitivity 

to differentiate OM-causing pathogens6, 7 in vitro and ear fluid quality8 ex vivo using 

microspectroscopy.  

Given the sensitivity of RS to measure these unique aspects of OM and their 

relation to clinical diagnostics, the overall objective of this doctoral research is to 

evaluate the utility of in vivo RS for the noninvasive characterization of OM and to 

develop a technological solution for clinical translation. 
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1.2 Specific Aims 

 
 

Aim 1: Feasibility of in vivo RS during Otitis Media to characterize middle 

ear tissues and assess the benefits of image guidance. Previous studies have 

demonstrated that middle ear fluids have distinct Raman spectral features and that 

bacterial signatures can be differentiated, but both investigations were conducted  

ex vivo. Raman Spectroscopy has been applied in vivo for many disease states using 

fiber optic probes. However, none have experienced the operational requirements 

necessary for collecting Raman spectra in noncontact operation within small body 

cavities; as is the case within the ear canal. Toward the completion of this Aim, Raman 

spectroscopy was applied in vivo on pediatric patients undergoing myringotomy. An 

examination of the characteristics of Raman spectra within the human ear was 

understood through a component-level analysis of spectral features for various middle 

ear tissues. Results showed the specific impact of middle ear ossicles that interfere with 

analyzing the target spectral signatures arising from ear fluids and recognized the 

limitations of a standard fiber probe design in specifically interrogating signals related to 

Otitis Media. Image-guidance features were explored to demonstrate the benefits of 

using widefield and interferometric imaging to position an RS device within the ear.   

Aim 2: Optimization of a probe-based RS system for noncontact 

operation within the ear canal. Initial Raman feasibility measurements identified that 

noncontact measurements within the ear required excessively long acquisition times and 

were dominated by bone-related features due to the expanded illumination of the RS 

beam. To address these technological limitations, this Aim optimizes the probe-based 

RS system's performance for specific ear applications. A methodology was established 

to fairly compare the performance of spectral detection components to improve system 
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throughput and increase the signal-to-noise ratio of biological Raman data when 

measured with a fiber device. A novel fiber probe design was then developed to analyze 

both fingerprint and high-wavenumber regions of the Raman spectrum to improve the 

specific interrogation of ear fluids in vivo during noncontact operation. The theoretical 

performance initially motivated the lensed probe design using stochastic light 

simulations, which were experimentally validated on synthetic and biological samples. 

Image-guidance features were integrated into the design to provide operator feedback 

on positioning the probe within the ear canal and better control the anatomical location 

interrogated in vivo. 

Aim 3: Characterize in vivo RS signals relating to ear fluids during 

myringotomy and assess the clinical feasibility of noninvasive OM diagnosis. In 

this Aim, Raman spectra were acquired from a cohort of pediatric subjects presenting 

with various forms of OM to characterize their signals and investigate how they related 

to different presentations of ear fluid. Noncontact RS measurements were acquired from 

specific anatomical locations on the tympanic membrane, where both fingerprint and  

high-wavenumber spectra were acquired. To thoroughly assess the relationship 

between signal variances and the status of OM, fluid type was identified following routine 

myringotomy. Subsequent discrimination of the dataset was examined to determine the 

clinical diagnostic potential for this approach to identify fluid presence and fluid type. 

Following this, an anatomically- and compositionally-accurate middle ear phantom was 

established to investigate the nature of the in vivo signal variances and to explore 

alternative image-guidance approaches. A multimodal probe design that incorporated 

interferometric imaging was presented, and the accuracy of this phantom model was 

verified.   

The ultimate goal of this project is to translate Raman Spectroscopy into the ear 

to characterize aspects of Otitis Media noninvasively. The ability of this optical technique 
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to probe biochemical features in vivo offers a possible clinical adjunct for disease 

discrimination that would serve to diagnose middle ear infections better and improve 

treatment strategies. The completion of this project demonstrates the benefits of dual-

region detection of the Raman spectrum, as complementary information is gleaned in 

the high-wavenumber region that provided improved differentiation of the in vivo data.  

This research has the potential to non-invasively identify aspects of OM that currently 

are unavailable using standard clinical tools, and may provide physicians with the 

diagnostic information needed to improve patient care. 

 

 

1.3 Summary of Chapters 

 

Following this introductory chapter of the dissertation, Chapter 2 provides a 

relevant summary of the physiology and anatomy of the ear. The etiology of Otitis Media 

is reviewed to understand various clinical presentations and disease progression and 

how these clinical definitions relate to middle ear fluid types. Current clinical diagnostic 

methods for Otitis Media are described, outlining their limitations and the need for more 

advanced diagnostic approaches. Lastly, a review of explored optical approaches for 

characterizing Otitis Media sets the motivation for the Aims of this work. 

Chapter 3 presents the first report of in vivo Raman Spectroscopy in the ear, 

which established the limitations of standard probe-based spectral acquisition and the 

operational parameters that influence the analysis of middle ear fluid  

(S. Fitzgerald et al. 2022).9 

In Chapter 4, a methodology is reported to compare the performance of  

probe-based RS systems. This prompted an optimization of spectrograph sensitivity to 

maximize throughput and thereby reduce spectral acquisition time in the ear  
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(S. Fitzgerald et al. 2023).10  

Chapter 5 details the concept and development of a miniature noncontact RS 

probe that was designed for in vivo application in the ear, which provides  

spatially-specific interrogation of middle ear tissues by adding a Raman-compatible lens 

at the probe tip to confine the beam to a spot on the tympanic membrane  

(S Fitzgerald et al. under review).  

Chapter 6 presents the results of a clinical feasibility study that assessed the 

diagnostic potential of in vivo RS to noninvasively characterize Otitis Media, where 

spectral data was correlated to the presenting ear fluid type of pediatric patients 

undergoing myringotomy. (S Fitzgerald et al. in preparation).  

Chapter 7 summarizes the significant findings in this dissertation and provides 

recommendations for future work needed to develop a spectroscopic point-of-care 

diagnostic tool further. It also includes information about the impact of this research on 

the scientific field and society at large. 
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CHAPTER 2 

 

2. BACKGROUND 
 

2.1 The Healthy Ear 

 
Figure 2.1. Anatomy of the healthy human ear (courtesy of the National Institute on 
Deafness and Other Communication Disorders, National Institutes of Health). 

 
 

The ear consists of three functional parts ï the outer ear, middle ear, and inner 

ear (refer to Figure 2.1) and serves as the organ responsible for the transduction and 

sensation of sound. These ear structures are located within the petrous portion of the 

temporal bone in the human skull, which is known for its high density and is one of the 

densest bones in the human body. The ear structures create a multi-stage receiver and 

amplifier for acoustic vibrations. In a healthy state, sound waves enter the external 

auditory canal and strike the eardrum (i.e., tympanic membrane), inducing vibrations 

that are transferred to three small bones within the middle ear called the ossicles. The 
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ossicular chain amplifies these vibrations and directs this stimulus to the inner ear, 

housing the fluid-filled cochlea structure. This organ then converts the physical stimuli 

into electrical signals carried by the auditory nerve to the brain.  

 

2.1.1 The Outer Ear 

 The ear canal initiates at the concha, a significant depression in the pinna that 

facilitates the channeling of sound into the canal. The concha, with an average diameter 

ranging from 15 to 20 mm and a depth of approximately 13 mm,1 facilitates the collection 

of sound into the ear canal and towards the TM. However, the relative proportions of the 

ear canal and TM change significantly during development (see Table 2.1). The typical 

length of an adult ear canal is around 25 ± 2 mm, exhibiting an oval shape with an 

average diameter of 7 ï 9 mm. The ear canal's cross-sectional dimensions alter along 

its length, with an initial opening dimension of approximately 9 mm by 6.5 mm, gradually 

narrowing toward the TM. An infant's ear canal is estimated to be 14 mm, with a diameter 

of approximately 4.4 mm, and is relatively straight compared to an adult canal.2 The ear 

canal's outer third consists of cartilage lined with 0.5 ï 1 mm of skin, housing sebaceous 

glands, ceruminous (wax) glands, and hair follicles. The remaining two-thirds of the ear 

canal is encased by the temporal bone, known as the osseous part, covered with 

approximately 0.2 mm of skin, devoid of secretion-producing glands or hairs. Upon 

reaching the TM, the ear canal concludes. The TM has nearly reached adult size by the 

time of birth, but the underdeveloped ear of an infant creates a much steeper angle for 

the TM (see Figure 2.2). As seen in Figure 2.2, the adult TM lies at about 45ę to the 

horizontal, while in newborns it is nearly horizontal (<10ę).3   
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Table 2.1. Anatomical dimensions of the infant and adult outer ear. 

 

 

 

Figure 2.2. Proportional dimensions of the newborn versus adult ear canal. (Adapted 
from Fowler, 1939).4 

 

2.1.2 The Tympanic Membrane 

The TM is an oval-shaped, thin, semitransparent structure that separates the ear 

canal from the middle ear, defined by distinct anatomical and structural components (see 

Figure 2.3). The conically shaped membrane has a tip, called the umbo, which extends 

~1.5 ï 2 mm out towards the ear canal.5 Most of the tympanic membrane is attached to 

the temporal bone except for a narrow area called the notch of Rivinus. The dimensions 

Age 
Ear Canal 

Length 
Ear Canal 
Diameter 

Tympanic 
Membrane 
Diameter 

Tympanic 
Membrane 

Angle 

Infant ( Ò 6 y.o.) 10 ï 17 mm 4 - 6 mm 8 - 10 mm ~10° 

Adult 21 - 26 mm 7 - 9 mm 8 - 10 mm 45 - 60° 
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of the tympanic membrane along its two principal perpendicular axes are 9ï10 mm and  

8ï9 mm.6 The average surface area of the tympanic membrane is ~64 mm2, but ranges 

from 55ï90 mm.2,7, 8 Most of the TM circumference is surrounded by a fibrocartilagenous 

ring attached in the tympanic sulcus, a groove located in the tympanic ring at the medial 

end of the ear canal.  

The TM is divided into two main parts: the pars tensa and the pars flaccida. The 

pars tensa comprises the largest area of the TM, while the pars flaccida is the smaller 

area found above the short process of the malleus. Both parts contain three distinct 

layers: outer epidermal, middle lamina propria, and inner mucosal layer. In the pars 

tensa the lamina propria is formed by a subepidermal connective tissue layer, outer 

radial and inner circular fibres and a submucosal connective tissue layer. At birth, the 

TM has completed its total growth. However, it is known that the TMôs thickness changes 

in some areas from birth to old age.9 The normal TM has an average thickness of  

70 µm, but can range from 30 ï 120 µm with the thinnest part at the center and thickest 

part at the edges.10, 11 

 
Figure 2.3. Structural anatomy of the Tympanic Membrane (Adapted from Lalwani, 
2012).12 
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2.1.3 The Middle Ear 

The middle ear is an air-filled cavity behind the TM called the tympanic cavity, 

which supports the transduction of acoustic energy and has an overall volume of  

~2 cm3.7, 13 The air in the middle ear can equilibrate with atmospheric pressure through 

the connection between the tympanic cavity and the upper part of the throat by the 

eustachian tube. The tympanic cavity houses a chain of three small bones called the 

ossicles. The ossicular chain is composed of the malleus, incus, and stapes. The most 

lateral and the largest ossicle is the malleus, where the manubrium of the malleus is 

firmly attached to the TM. The radial fibers of the TM are attached to the manubrium, 

and medially it is covered by the mucous membrane of the middle ear.14 The malleus 

articulates with the middle ossicle, the incus, via the incudomallear joint, and the incus 

articulates with the medial ossicle, the stapes, through the incudostapedial joint. It has 

been shown that ossicular development continues in both size and weight after birth. 

Olszewski examined ossicles from fetuses and adults up to 40 years of age and found 

that the weight of the malleus, incus and stapes increased by about 22%, 26% and 12% 

respectively.15 

The middle ear cavity in a healthy ear is filled with air and is lined by a mucosal 

membrane. Posteriorly, the middle ear communicates with the mastoid antrum and the 

mastoid air cells. Anteriorly, the middle ear communicates with the nasopharynx through 

the Eustachian tube. The Eustachian tube is usually closed but can open during 

swallowing, yawning, and the Valsalva maneuver. The Eustachian tube is responsible 

for pressure equalization of the tympanic cavity and also participates in mucociliary 

clearance of fluid that accumulates within the middle ear space. In children, the angle 

between this tube and the horizontal plane is about 10 degrees; in adults, it changes to 

30 to 40 degrees.16 The tube length also changes, from approximately 21 mm at  

3 months to approximately 34 mm at 17 years of age.17 
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2.1.4 The Inner Ear 

The inner ear exists behind the medial wall of the middle ear and constitutes an 

intricate system of bony structures. Its primary components encompass the semicircular 

canals, vestibule, and cochlea. The inner ear is nourished by numerous small blood 

vessels. While there are three main components in the inner ear, the cochlea and 

vestibular system emerge as the two crucial elements for functionality. The cochlea 

serves as the sensory organ for hearing, while the vestibules function as sensory organs 

responsible for balance and motion. 

 

2.2 The Problem: Otitis Media 

Otitis media (OM), or inflammation of the middle ear, is one of the most common 

diagnoses for children under the age of three,18 with at least 80% of children 

experiencing some form of OM by three years of age.19 It is the leading cause of 

outpatient antibiotic prescription and surgery in children.20-22 Side effects related to OM 

often result in bouts of sleepless nights, discomfort, lost time at school for children, and 

subsequently lost work hours for parents. This loss of time and resources results in 

approximately 25 million physician visits and $4.3 billion USD annually of socioeconomic 

financial impact in the United States alone.23 Appropriate clinical management, including 

early diagnosis, timely vaccination, and administration of antibiotics, prevents more 

severe complications for OM (e.g., abscess, death), which are typically rare in developed 

nations.24, 25 Therefore, a primary focus in the management of OM in children is to 

maintain hearing acuity for unimpeded speech and language development.26 The major 

burden for OM patients living in developing countries is that they are at higher risk for 

complications such as mastoiditis and prolonged hearing impairment, which may further 

inhibit proper speech and language development at a critical stage in their lives.  
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OM is an umbrella term that encapsulates various transient stages of the 

disease, including acute OM (AOM), OM with effusion (OME), and chronic suppurative 

OM (CSOM). These conditions are closely related and can overlap, but currently, they 

are diagnosed solely by presenting symptomologies. 

 
2.2.1 Pathogenesis 

The pathogenesis of OM is multifactorial, and terminology for defining the various 

presentations of OM can be confusing. The most common initiative of OM begins with 

Eustachian tube dysfunction, arising from nasal inflammation due to allergic rhinitis or 

upper respiratory tract infection.27 Congestion in the respiratory mucosa of the nose or 

nasopharynx obstructs the isthmus, the narrowest portion of the Eustachian tube, and 

eliminates this structureôs ability to regulate pressure in the middle ear. This Eustachian 

tube dysfunction leads to a negative pressure in the middle ear and improper ventilation. 

Following this, an aggregation of blood transudate and mucosal exudate leads to an 

accumulation of fluid behind the TM, called middle ear effusion (MEE). This effusion 

reduces the ability of the TM to transduce sound waves and hinders the childôs ability to 

hear. Without further symptoms of acute infection like fever or otalgia, this condition is 

termed OME. However, an active infection in the upper respiratory tract could lead to 

the reflux of bacterial or viral particles into the middle ear space. They can then begin 

colonizing in the present MEE and cause an acute infection, AOM. The same diagnostic 

methods are used for both AOM and OME, and an overview of these methods will now 

be covered. 
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Preferred term Symptomology Comment 

Otitis Media (OM) 
Inflammation of the middle 

ear without reference to 
etiology or pathogenesis 

Nonspecific umbrella term for 
any condition associated with 
inflammation of the middle ear 

Acute OM (AOM) 

Rapid onset of signs and 
symptoms of inflammation in 

the middle ear and acute 
infection 

Diagnosed when there is 
moderate-to-severe bulging of 
the tympanic membrane; mild 

bulging of the tympanic 
membrane and recent (<48 
hours) onset of otalgia or 
intense erythema of the 

tympanic membrane; or acute 
ear discharge not caused by 
otitis externa (inflammation of 

the external ear canal) 

Recurrent AOM 

Three or more AOM episodes 
in the preceding 6 months or 
four or more episodes in the 
preceding 12 months with 

more than one episode in the 
past 6 months 

Children without persistent 
MEE tend to have a good 

prognosis and often improve 
spontaneously; children with 

persistent MEE have a poorer 
prognosis and might benefit 

from ventilation tubes 

OM with effusion 
(OME) 

Fluid in the middle ear 
without signs or symptoms of 

acute ear infection 

Diagnosed by one or more of 
the following: reduced 

tympanic membrane mobility 
on pneumatic otoscopy or 

tympanometry, opaque 
tympanic membrane or a 
visible airïfluid interface 

behind the tympanic 
membrane on otoscopy 

Chronic OME 

OME persisting for Ó3 
months from the date of 

onset (if known) or from the 
date of diagnosis (if onset is 

unknown) 

Chronic OME has much lower 
rates of spontaneous 

resolution than new-onset 
OME or following an episode 

of AOM 

Chronic 
Suppurative OM 

(CSOM) 

Chronic inflammation of the 
middle ear and mastoid 

mucosa with a non-intact 
tympanic membrane 

(perforation or ventilation 
tube) and persistent ear 

discharge 

No consensus on the duration 
of ear discharge needed for 

diagnosis, with 
recommendations ranging 
from 2 weeks to at least 3 

months 

Table 2.2 Clinical Differentiation of Otitis Media 
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2.2.2 Acute Otitis Media 

AOM is identified by the presence of MEE and accompanied by signs and 

symptoms indicative of an acute infection including fever, erythema of the TM, and ear 

pain (i.e., otalgia). While many children may experience occasional episodes of AOM, a 

subset of them face recurrent occurrences,28 termed recurrent AOM, as outlined in  

Table 2.2. Repeated episodes of AOM lead to frequent instances of moderate to severe 

otalgia, fever, general illness, and significant distress for both children and their parents. 

Although suppurative complications, such as acute mastoiditis, meningitis, and brain 

abscesses, are rare in high-income countries, they can be potentially serious. These 

complications pose a more significant threat in low-income countries, with an estimated 

21,000 deaths annually attributed to complications of AOM.20 

 

2.2.3 Otitis Media with Effusion 

In contrast to AOM, OME is characterized by the presence of MEE behind an 

intact TM but without any signs and symptoms of an acute infection.29 The primary 

symptom of OME is conductive hearing loss, resulting from impaired sound wave 

transduction in the middle ear due to the presence of MEE. Prolonged or recurrent 

hearing loss caused by OME can adversely affect language skills, behavior, and 

progress or success in school.30 This form of OM may manifest as new-onset OME 

following a viral infection or as a sequela of AOM when the inflammatory process 

subsides, but MEE persists.31 Notably, after an AOM episode, all children exhibit OME 

for a certain duration. OME itself is a risk factor for AOM, highlighting the interconnected 

nature of these conditions. If OME persists for Ó3 months from the onset, it is considered 

a chronic condition and is termed chronic OME. 
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2.2.4 Chronic Suppurative OM 

Chronic Suppurative Otitis Media (CSOM) is characterized by persistent middle 

ear inflammation and mastoid cavity inflammation. The primary symptom is the 

continuous or recurring discharge of ear fluid through a perforation in the tympanic 

membrane or a ventilation tube.32 This condition leads to conductive hearing loss and 

potential damage to the middle ear ossicles. Additionally, CSOM raises the risk of 

permanent sensorineural hearing loss, which results from inner ear damage and can 

lead to intracranial complications.32 The prevalence of CSOM varies across countries, 

with a higher incidence observed in low-income and middle-income nations.20 

 

2.3 Middle Ear Effusion Type 

The definitions for various forms of MEE relate to the state of acute infection in 

OM, their composition, and their viscosity. Goblet cells are mucus secretory cells that 

line the middle ear epithelium, whose primary function is to secrete mucus. These 

viscoelastic secretions are largely composed of mucins, a family of high molecular 

weight glycosylated proteins (10-40 MDa). The protein backbones have unique  

amino acid pair sequences, including serine, threonine, and cysteine, that are covalently 

linked to carbohydrates like oligosaccharides that account for ~80% of mucinôs weight.33 

Mucins interact with water molecules to create a hydrated porous molecular network that 

creates a thick, gel-like consistency and high viscosity. The flow properties of ear fluid 

are used to clinically describe the quality of MEE as serous (i.e., watery) or mucoid (i.e., 

thick).  There is no defined threshold for which MEEs are classified as serous vs. mucoid, 

as the viscoelastic properties of these effusions exist on a continuum. The following 

sections will describe the variability in appearance and composition of the various types 

of MEE identified for OM. 
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2.3.1 Serous MEE 

MEE is clinically characterized as serous when it is a pale-yellow colored 

transudate of blood. This form is most commonly seen in earlier stages of OME, where 

negative pressure within the middle ear space, caused by obstruction of Eustachian tube 

ventilation, pulls plasma out of cells and surrounding vessels in the middle ear.34 Given 

the high water content of blood plasma and low concentration of mucin, this fluid type is 

described as having a liquid-like consistency and low viscosity. Histological changes to 

the middle ear mucosa, including goblet cell metaplasia, cause mucus secretions to be 

added to this serous fluid and change its flow properties. 

 

2.3.2 Mucoid MEE 

Mucoid is the second characterization of MEE in OME. It presents as a yellowish-

white and cloudy exudate, or may be dirty grey once extracted from the middle ear. 

Additional mucus secretions during the progression of OM and subsequent water 

reabsorption by surrounding tissue are thought to transform fluid with serous quality into 

mucoid. Mucoid MEE has increased viscosity compared to serous fluid35 due to 

differences in water and mucin content, where studies have shown that mucin 

concentration in mucoid versus serous MEE was 236.3 ± 170.0 and 22.3 ± 13.7 mg/mL, 

respectively.36 When stagnant, the MEE becomes thicker and stringy, termed óglue earô. 

At this point, it becomes very difficult for the body to clear this thick fluid from the middle 

ear space, leading to chronic disease states.37 In addition to mucins, mucoid MEE also 

contains varying amounts of lipids, salts, cellular debris, and other proteins and 

macromolecules.38 While these two fluids show unique compositional and flow 

characteristics, this transformation from serous into mucoid MEE is not easily observed 

by inspection, as both fluid types appear similar when visualized behind the TM. 
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2.3.3 Bloody MEE 

In some instances, a more severe hydrostatic pressure differential may involve 

subepithelial vascular leakage. Compared to presentations of serous MEE, where the 

vessel walls remain intact and allow only blood serum to escape, more forceful pressure 

alterations could cause the vascular walls to rupture. Although less commonly seen, this 

effect leads to blood accumulating in the submucosal space and eventually into the 

middle ear cleft (see Figure 2.4b). 

 

2.3.4 Purulent MEE 

In cases of AOM, the immune response initiated by acute infection in the middle 

ear leads to a purulent or ópus-filledô fluid. It is a creamy white color due to the invasion 

of leukocytes during immune response, and demonstrates a moderate to high number 

of cellular remnants, from both host and pathogenic sources. Compared to OME 

effusions, which contain few to no immune cells, purulent MEE is seen in AOM and is a 

hallmark sign of active infection, and also can present bulging of the TM and associated 

inflammation (see Figure 2.4c). However, distinguishing fluid type when viewed behind 

the TM is challenging, so proper differentiation between AOM and OME is limited with 

visual inspection alone.  

 

 

Figure 2.4. middle ear effusion types. a) Non-infected (serous, mucoid) effusion.  
b) Bloody effusion. c) Purulent effusion.39 
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2.4 Current Clinical Methods for Diagnosis and Treatment 

Until recently, diagnostic criteria for OM were based solely on symptomatology 

without requirements for otoscopic findings. However, since 2013, the American 

Academy of Pediatrics (AAP) and the American Academy of Family Physicians (AAFP) 

have established guidelines for diagnosing AOM that emphasize physical symptoms and 

visual examination of the TM. According to these guidelines, an AOM diagnosis 

necessitates moderate to severe bulging of the TM, the onset of new ear discharge 

unrelated to external ear inflammation, or mild bulging of the TM accompanied by recent 

ear pain (within 48 hours). It is emphasized that children lacking objective evidence of 

MEE should not be diagnosed with AOM. These guidelines aim to reduce the 

inappropriate use of antibiotics and contribute to the prevention of antibiotic-resistant 

bacterial strains. In contrast, otitis media with effusion (OME) is diagnosed when there 

is evidence of MEE in the absence of acute symptoms.40 Current clinical tools can  

at-most provide some sensitivity to the presence of MEE. Therefore, proper 

differentiation of AOM versus OME is notably poor. The diagnostic accuracy between 

OME and AOM using a video otoscope among otolaryngologists, pediatricians, and 

general practitioners was 74%, 51%, and 46%, respectively.41 

 

2.4.1 Otoscopy 

The most common diagnostic tool for OM relies on simple magnification devices 

to visually inspect the surface structure and color of the TM. An otoscope is the simplest 

of such devices, and is most used in clinical practice due to the small form factor and 

low price point. It is inserted into the ear canal and illuminates structures to allow the 

physician to view the TM for visual cues of OM. Otoscopy alone has low sensitivity and 

specificity for determining whether a child has OM; 60% and 70%, respectively.42 
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Otomicroscopy provides higher magnification and binocular view, which facilitates depth 

perception and improves assessment of the TM. This tool has proven to be superior to 

simple otoscopy and enhances sensitivity to 88% and specificity of 91% for detecting 

the presence of MEE,43 but still requires expertise in operating the microscope, is more 

difficult to deploy on awake children, and is not a standard tool in most pediatric clinics. 

 

2.4.2 Pneumatic Otoscopy 

Pneumatic otoscopy evaluates the degree of mobility of the TM when air 

pressure is applied, which is a more effective way to assess the presence or absence of 

MEE than otoscopy. This tool operates by creating an air-tight seal around the ear canal 

and squeezing a handheld bulb, so that the response of the TM to negative and positive 

pressure is observed. A normal TM with no effusion will rapidly respond to the induced 

pressure, while an ear with MEE present will have significantly less mobility. This 

improved sensitivity to presence of MEE increases the sensitivity to 94% and specificity 

to 80% for detecting MEE.44, 45 Although this tool enhances a practitionerôs ability to 

determine MEE presence, pneumatic methods involve clinical skill, as creating an air 

tight seal around the ear and generating pressures that do not discomfort the patient 

requires practice. They also represent subject assessments, similar to otoscopy. 

 

2.4.3 Tympanometry and Acoustic Reflectometry 

Tympanometry is an objective method to assess TM compliance and, therefore, 

is less prone to practitioner error. This device directs acoustic sound waves at a specific 

frequency into the ear canal and measures the sound waves that are reflected and 

subsequently detected. If the TM is stiffer due to the presence of MEE, the membrane 

will absorb less acoustic energy, which causes more energy to be reflected. The 

reflected acoustic waves are then detected and transduced by the device, converted to 
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admittance, and plotted on a tympanogram. Tympanometry has a sensitivity and 

specificity of 70% and 90%, respectively, to the presence of MEE.44 Acoustic 

Reflectometry is similar to tympanometry, in that it also uses reflected sound waves to 

detect the presence of MEE, but does so by the action of acoustic wave destructive 

interference. The instrument uses a sound source that emits a 2-4.5 kHz tone and directs 

this towards the TM. Waves reflected from the TM versus those reflected from the middle 

ear will interfere with each other and partially cancel. More significant cancellation of 

sound waves is associated with a greater probability of MEE.46 Kimball et al. showed 

that this technique was able to detect MEE with sensitivity of 83% and specificity of 

68%.47 While these are objective measures of the presence of MEE, neither method can 

differentiate fluid type. 

 

2.4.4 Tympanocentesis 

Tympanocentesis involves an invasive method that creates a perforation in the 

inflamed tympanic membrane to extract MEE. The collected fluid is then processed and 

cultured to determine the bacteria responsible for the infection. Currently, this procedure 

is considered the "gold standard" for identifying bacterial species responsible for AOM 

but is rarely performed due to the discomfort associated with the method. However, apart 

from its invasive nature, it is worth noting that not all MEE are conducive to culturing. 

Various studies have demonstrated that the collected MEE was culturable in only  

21-70% of samples.48-50 

 

2.4.5 Clinical Diagnostic Criteria 

The proper utilization of these diagnostic strategies in OM is poorly defined, given 

that AAFP and AAP guidelines have an evidence rating of C. This means that diagnosis 

is determined by insufficient published literature, lack of clinical trials, or the decisions 
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are based on a physician panel consensus. Table 2.3 provides the use and frequency 

of diagnostic methods for OM from a survey in 2019 by Sundvall et al., showing that 

96% of the general practitioners (GPs) and specialist trainees (STs) still relied primarily 

on otoscopy for evaluation of the TM, while use of other techniques varied significantly.51 

The lack of consensus in methodology for diagnosing OM and continued reliance on 

otoscopy is likely due to pneumatic otoscopy requiring technical skill and only providing 

qualitative information. In the case of tympanometry and acoustic reflectometry, these 

methods offer quantitative sensitivity only to the presence, but not typing, of MEE. There 

is a clear need for novel approaches to characterizing MEE type in OM, which is both 

easy to use and quantitative, for broader adoption in the clinical space. 

 

Table 2.3. Use of Diagnostic Methods for OM and advice to parents by general 
practitioners and specialist trainees (reproduced from Sundvall et al. 2019).51 

 
 
 

2.4.6 Clinical Management 

AOM is the most common infection for which antibacterial agents are prescribed 

for children in the US, even though evidence has shown that only 1 in 7 children with 

AOM derive benefit from antibiotic treatment.52 The criteria for administering antibiotics 

are as follows:53 antibiotics can be automatically prescribed based on symptoms such 

as moderate or severe otalgia, otalgia for at least 48 hours, or temperature of 102.2ęF 
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or higher (for children who are six months or older). Antibiotics are also prescribed for 

children under two years of age with expected AOM, regardless of additional symptoms. 

Antibiotics should not be prescribed for children with non-severe symptoms or fever as 

they enter a watchful waiting period. A high-dose amoxicillin is typically the first line of 

treatment. However, a patient may have a more severe bacterial infection causing AOM. 

If this occurs, the patient may be prescribed amoxicillin-clavulanate, which includes 

treatment regimens for ɓ-lactamase positive organisms. Additional prescriptions may be 

made if the infection does not subside. In moderate to severe cases of AOM, antibiotic 

therapy is typically accompanied by myringotomy if MEE persists.  

 The unnecessary administration of antibiotics imposes risks to the child, 

including potential allergic reactions and diarrhea, and adds cost to treatment. Greater 

risks imposed by overprescription of antibiotics relate to the rise of antibiotic-resistant 

strains of bacteria. In 2015, the National Action Plan for Combating Antibiotic-Resistant 

Bacteria (CARB) was initiated, and the goal was to reduce inappropriate outpatient 

antibiotic use to tackle this issue.40 Given the prevalence of OM, the accurate diagnosis 

and management of OM has a significant impact on the health of children, the cost of 

clinical care, and the overall appropriate prescription of antibiotics. 

 

2.5 Optical Methods for Diagnosing OM 

2.5.1 Diffuse Reflectance Spectroscopy 

Diffuse reflectance spectroscopy (DRS) utilizes the wavelength-dependent 

absorption and scattering properties of constituent biomolecules within a sample to 

probe tissue composition. By illuminating a sample with a broadband light source and 

collecting the diffusely reflected light, these back-scattered emissions are spectrally 

resolved to generate a DRS spectrum. DRS has shown merit in diagnosing several 
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pathologies54-56 and has been implemented to attempt to characterize MEE in OM. 

Schmilovitch et al. demonstrated feasibility in DRS to identify AOM in vivo and showed 

a sensitivity of 89% and specificity of 95%.57 However, their approach could not 

differentiate OME from normal ears, and so the increased reflectance values used to 

identify AOM were likely due to scattering differences in both MEE and the TM during 

AOM, as opposed to actual measurable differences due to MEE fluid composition. 

Shreim et al. recently published a prototype DRS ear speculum for differentiating MEE 

types, but their results were only validated on a phantom model with components meant 

to mimic authentic MEE (water, milk, blood to represent erythema in AOM), and so has 

not yet been validated on a true in vitro model or in vivo.58  

 An issue with using DRS to diagnose OM is that strongly absorbing 

chromophores, like water, hemoglobin, and fat, tend to dominate the spectral absorption 

features of other biomolecules, limiting the sensitivity for pathological screening. This 

was demonstrated in Sundberg et al., whose DRS spectra of OM patients were 

overwhelmed by absorption peaks from blood.59 The specific sensitivity to blood limits 

its potential to discriminate purulent/serous/mucoid MEE types, as it mainly provides 

sensitivity to the degree of TM erythema. These results point to the need for an 

alternative spectroscopic method with higher biomolecular specificity.    

 

2.5.2 Optical Coherence Tomography 

Optical coherence tomography (OCT) is an interferometric imaging method that 

provides high-resolution, depth-resolved structural images of tissue and biofluid layers. 

There has been considerable work in using OCT for OM diagnosis in vivo. Monroy et al. 

showed that the thickness of the TM was correlated to acute and chronic states of AOM 

and that OCT could visualize bacterial biofilm growth,60 where nearly all cases of chronic 

OM demonstrated biofilms. Similar work also revealed that the thickness of TM 
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measured by OCT depended on the chronic state of the disease.61 Preciado et al. 

differentiated MEE type using an OCT otoscope based on changes in scattering intensity 

between serous and non-serous (i.e., mucoid or purulent) types (see Figure 2.5).62 

However, the decisions for classification were subjective, based on the userôs decision 

of fluid type by inspection of the OCT images, making this a qualitative decision.  

There is currently no evidence supporting the ability to distinguish purulent from 

mucoid MEE based on scattering intensity observed in OCT scans. Consequently, there 

exists a limitation in relying solely on OCT for the accurate differentiation between AOM 

and OME. Monroy et al. also demonstrated that OCT scans could potentially differentiate 

serous from mucoid MEE by estimating the Stokes-Eistein diffusion coefficient of fluid 

by autocorrelation of the OCT scattering signal from effusion.63 While results were 

promising in an ex vivo phantom model, estimation of the diffusion coefficient in vivo was 

limited by motion artifacts arising from the movement of the subject/system. So, OCT 

shows promise in improving OM diagnostics in some regards, but it currently cannot 

properly differentiate mucoid from purulent MEE types. Regardless, the benefits of OCT 

to investigate TM thickness, biofilm growth, and the presence of MEE have continued 

active investigation in this area of OM diagnostics. 

 

Figure 2.5. OCT images of (a) normal ear; ears with (b) serous and (c) mucoid MEE.62  
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2.6 The Need 

Diagnosing OM is most commonly performed with otoscopy to observe the TM 

for signs of present MEE and acute infection, and to track the duration and severity of 

disease. However, the physician must interpret these visual cues and determine the best 

course of action in accordance with recommended clinical guidelines for OM. As a result, 

pediatrician accuracy to distinguish different infection states and clinical presentations 

of OM can widely vary, as the visual assessment is interpreted subjectively based on 

individual experience. Lack of subjective and reliable methods to differentiate AOM and 

OME, as well as MEE quality, establish a distinct need for advanced approaches to 

diagnose and monitor OM. Currently AOM is over diagnosed, leading to inappropriate 

prescriptions of antibiotics. Misdiagnosis may have immediate and long-term 

implications for children that affect their speech and language development. 

Furthermore, improperly treated infections may lead to more traumatic outcomes such 

as mastoiditis seen in developing countries. So, there is a critical need for an objective 

and noninvasive method to accurately determine the presenting form of OM and track 

disease progression. 

 
 
 
 

Sections 2.7 through 2.10 are adapted from: 
 
S.F. Fitzgerald, J. Akhtar, E.  Schartner, H. Ebendorff-Heidepriem, A. Mahadevan-
Jansen, J. Li, ñMultimodal Raman Spectroscopy and Optical Coherence Tomography 
for Biomedical Analysisò, J. Biophotonics, vol. 16, p. 3, Nov. 2023. 

 

2.7 In Vivo Raman Spectroscopy 

Raman spectroscopy (RS) is an optical technique based on the Raman Effect, 

originally described by Dr. C.V. Raman in 1928, which is a weak optical interaction 

involving an energy exchange between incident photons and scattering molecules. Most 
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optical scattering is dominated by the elastic (Rayleigh) scattering process, where the 

original photon energy is conserved. However, there is a realized probability of photons 

promoting the molecule to a higher vibrational level (Stokes scattering) or causing the 

molecule to fall to a lower vibrational level (Anti-Stokes scattering) through an 

intermediate óvirtual stateô, as described in Figure 2.6.  

 

 

 

Figure 2.6. Jablonski Diagram describing the origin of elastic (Rayleigh) scattering, and 
inelastic Stokes and Anti-Stokes Raman scattering. 
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The working principle of RS is that the specific arrangement of chemical bonds 

within a molecule allows certain vibrational modes to be supported, and these modes 

are quantized such that they can only occupy particular energy states.64 Vibrational 

excitations in RS are generated through the coupling of a photon to a molecular bond 

when that bond vibration induces a change in the moleculeôs polarizability. The effect is 

an instantaneous transfer of energy between the two. This energy transfer results in a 

change in energy of the scattered photon and, therefore, a measurable shift in its 

wavelength. The amount of energy exchanged depends on the specific Raman-active 

vibrational modes present within a molecule. What results is a spectral ómolecular 

fingerprintô that captures a chemical description of the analyte that can be used to identify 

the sample or characterize biochemical changes associated with disease. 

Among the available optical molecular sensing techniques, RS is particularly 

advantageous due to its ability to probe the biomolecular content of tissue with high 

specificity, in both ex vivo and in vivo settings, without the need for exogenous labels.65 

The potential for RS to be used as a clinical diagnostic tool has been extensively studied 

and is ongoing.66 

 

2.7.1 RS Instrumentation 

Inelastic scattering is a weak optical interaction, so collecting spectra through 

spontaneous production of Raman photons requires extremely sensitive detection 

hardware and relatively high excitation laser power and acquisition times compared to 

other optical sensing methods. Furthermore, the Raman component of the measured 

signal must also compete with other optical interactions like tissue autofluorescence. 

While Raman scattering intensity increases at visible excitation wavelengths compared 

to near-IR, so does the likelihood of generating tissue autofluorescence. This increase 

in autofluorescence background impacts the signal-to-noise (SNR) of Raman peaks and 
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spectral interpretability.67 An established approach to reduce the effects of sample 

autofluorescence is to employ IR lasers (e.g. Nd:YAG, 1064 nm) where photon energies 

are less likely to excite fluorophores. However, the inverse dependency of scattering 

intensity on photon wavelength, described by 

Ὅ ᶿ
ρ

‗
 

means that there is a 3-fold decrease in Raman scattering power at 1064 nm relative to 

785 nm excitation68. So, longer wavelength excitation demands higher laser powers and 

longer signal acquisition times but still may be advantageous depending on tissue 

fluorescent properties. In addition, the detection of an IR Raman signal requires the use 

of IR-sensitive materials (e.g. Germanium, Indium-Gallium-Arsenide) that have relatively 

high readout noise and dark current compared to current charge-coupled device (CCD) 

technologies.69 Although 1064 nm excitation is necessary in highly pigmented or 

perfused tissues (e.g., kidney, liver, lung, dark skin), the long acquisition times and 

potential tissue heating effects present additional challenges that limit in vivo 

translation.68 

Spontaneous production of Raman photons is most common in biological 

applications of RS due to the simplicity and customizability of instrument design. In 

spontaneous RS systems, wavelength-stabilized diode lasers with center laser lines 

between 500-800 nm and sub-nanometer bandwidth are typically employed to balance 

the trade-off between Raman scattering intensity and tissue autofluorescence.70 The 

backscattered light is collected and then spectrally resolved with high-efficiency 

spectrometers that incorporate optical filters to reject the elastically scattered excitation 

light. High-sensitivity, thermoelectrically cooled CCD detectors are most commonly used 

to acquire spectra due to their low-noise performance and the ability to conduct 

hardware binning during readout for optimal SNR of the measured signal.71 
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In many cases, fiber optic probes enhance the versatility of developing health 

monitoring devices72 since optical fibers hold distinct advantages in this context  

(e.g., flexible, small diameter, cheap). Most importantly, they provide the key benefit of 

decoupling the laser source and signal detection platform from the sampling volume, 

allowing for remote and in situ RS measurements. In effect, fiber optic probes allow more 

flexibility in device design for in vivo clinical diagnostics, permitting the integration of RS 

into the instrument channel of standard medical endoscopes73, 74 and even through 

hypodermic needles.75 

 

2.7.2 Combined fingerprint and high-wavenumber RS 

The Raman spectrum is normally divided into two distinct regions: the ófingerprintô 

or low wavenumber region, ranging from 800-1800 cm-1, and the high wavenumber 

region, which ranges from 2800-3800 cm-1. Most biomedical RS studies have focused 

on the fingerprint (FP) region, which provides a large degree of biomolecular signatures 

from various macromolecules, including lipids, proteins, collagen, DNA, and amino 

acids.76 It has been shown that leukocyte spectral features have contributions at 1340 

and 1576 cm-1; vibrational bands linked to proteins and nucleic acids and other nucleus-

derived materials.77  Raman spectra of blood serum78 and other biofluids with higher 

mucin concentrations like human saliva79 show less contributions at these wavenumbers 

as their cellular content is lower. This points to the potential for the FP region to 

differentiate purulent from non-infected MEE. However, the high wavenumber (HW) 

region also provides valuable information about higher energy vibrational modes 

corresponding to CH vibrations from lipids, proteins between  

2800-3000 cm-1, and OH vibrations associated with partially or fully bound water 

molecules within the tissue, from 3000-3600 cm-1. The HW region has been used to 

study hydration in various tissues, including bone80, 81 and skin82, and different hydration 
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states relating to oral cancer detection.83 There have also been promising results in 

using HW spectra for disease detection from biofluids like urine84 and blood plasma85 

towards cancer screening. Masson et al. demonstrated the efficacy of tracking changing 

water content in tissue-mimicking phantoms from a probe-based dual-wavelength 

clinical RS system.86 Given the relationship between effusion viscosity and mucin/water 

content, the HW region is of interest to characterizing serous and mucoid viscosity.  

 The benefit of dual-wavelength RS is that it allows the collection of both FP 

and HW spectral features within a more compact and simplified system configuration. 

Most portable Raman systems designed for clinical applications cannot collect both 

regions of the Raman spectra as they are intended for single-wavelength excitation. 

Competing experimental parameters including Raman scattering intensity, tissue 

fluorescence, and quantum efficiencies of CCDs require most biological applications of 

spontaneous RS to operate at 785 nm. At this excitation wavelength, the FP region can 

be resolved within the CCD detection range, but the HW region exists at wavelengths 

beyond silicon's detection limits. Some methods have been explored to overcome this 

issue, either by incorporating a secondary detector made from materials like InGaAs that 

are sensitive to longer wavelengths,69 or by incorporating dual transmission gratings to 

map the FP and HW spectral regions to different vertically separated spatial regions on 

the CCD,87 but these employ specialized equipment and impose higher system costs. A 

more straightforward solution is to utilize two laser diodes at different wavelengths. 

Because the wavelength shift of a Raman scattered photon is related to the incident 

photonôs energy, using a 680 nm excitation source will map the HW region into the same 

spectral window as the FP region upon 785 nm excitation (Figure 2.7). 
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Figure 2.7. Schematic of dual-wavelength RS measurements of the FP and HW regions. 
 
 
2.7.3 RS Data Processing 

Spectral calibration and pre-processing routines are required to extract and 

analyze the Raman component of the raw optical signal. A given RS system 

configuration determines the instrument response and requires two types of calibration: 

spectral and intensity calibration. Spectral calibration converts the CCD pixel number to 

relative Raman wavenumber, while intensity calibration uses the known emission from 

a calibrated source (e.g., lamp, luminescence standard) to correct for the systemôs 

wavelength-dependent sensitivity.66 

Pre-processing encompasses the various steps needed to isolate and analyze 

the signal components specific to Raman scattering. This is especially important in 

biological RS spectra with strong autofluorescent backgrounds, often an order of 

magnitude stronger than the Raman component, which impedes the analysis of Raman 
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bands and generates additional shot noise. This background is usually eliminated 

through software-based methods. Such methods include derivative filters, frequency 

domain analysis, but more popularly with fitting techniques based on polynomials or 

penalized least-squares.66 Smoothing procedures suppress high-frequency noise 

contributions to the spectrum through a moving average window, median, derivative or 

Savitzky-Golay filters.88 Finally, normalization of the spectrum is required if direct peak 

heights are to be used for analysis because variations in peak energies between 

measurements may be due to inconsistencies in experimental or sampling conditions 

rather than actual spectroscopic deviations.89  Common approaches include mean 

normalization, vector normalization, Standard Normal Variate, and Multiplicative Scatter 

Correction.88, 90 

 

 
 

2.8 In Vivo Optical Coherence Tomography 

 
Optical Coherence Tomography (OCT) is an imaging modality commonly used 

in ophthalmology and is also emerging as a promising tool in cardiology, oncology, 

dentistry, and otolaryngology. OCT constructs depth-resolved reflectance profiles of the 

sample by the interference of backscattered light from the sample with a reference signal 

reflected from a mirror.91, 92 The contrast seen within these images arises from 

differences in tissue scattering, providing distinctive information about the sample's 

morphology with micron-scale resolution.93, 94 In the following subsections, a standard 

OCT system's fundamental principles and instrumentation are introduced. 

In OCT, a low-coherence Michelson interferometer setup splits the light from a 

broadband source into two paths: a reference arm and a sample arm. According to the 

low temporal coherence properties of a broadband light source, interference fringes are 
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created when the optical path length difference between the interferometer's two arms 

matches within the broadband source's coherence length.95 The backscattered light from 

the sample arm is combined with light reflected from a reference arm to create an 

interference signal, which is then captured by an optical detector and processed to 

obtain a depth profile of sample reflectivity (i.e., A-scan). Combining a series of A-scans 

at different transverse positions by laterally scanning the probing beam creates a cross-

sectional tomogram (i.e., B-scan). Notably, the axial resolution of an OCT image is 

determined by the coherence length of the broadband light source and is decoupled 

from the transverse resolution, which the NA of the objective lens determines. 

 

2.8.1 OCT Instrumentation 

OCT instrumentation can be categorized into two primary types based on how 

reflectivity profiles are generated: Time-Domain OCT (TD-OCT) and Fourier-Domain 

OCT (FD-OCT). TD-OCT was the first implementation of OCT, but FD-OCT overcame 

limitations of the former in terms of imaging speed and sensitivity.  

In TD-OCT systems, the mirror in the reference arm is translated axially to obtain 

depth information, and a point detector records the intensity. Interference fringes arise 

when the optical path lengths of scatters at various axial positions within the sample arm 

match that of the reference arm. The requirement for mechanical movement of the mirror 

in the reference arm sets the limit for image acquisition speed.  

On the contrary, the reference mirror in a FD-OCT system is kept stationary. The 

absence of mechanical movement in the reference arm allows FD-OCT to acquire 

images much more rapidly; an order of magnitude faster than TD-OCT.92 Furthermore, 

reflected signals from all depths of the sample are measured simultaneously so that the 

large number of spectral channels (N) gathering signal provides improved sensitivity by 

a factor of N/2,96 providing an SNR improvement over TD-OCT. FD-OCT creates an A-
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scan by measuring the interference spectrum as a function of wavelength and 

performing a Fourier transform on this spectrum, which can be realized in two distinct 

ways. Spectral-Domain OCT (SD-OCT) uses a broadband light source and spectrometer 

to acquire the interference spectrum. Swept-source OCT (SS-OCT), also known as 

Optical Frequency Domain Imaging, uses a point-detector and tunable laser. Here, the 

wavelength-tunable laser rapidly sweeps (with a sampling rate of up to a few MHz) 

through a range of wavelengths, usually with a bandwidth of more than 50 nm, so that 

the interference fringes of different wavelengths are recorded sequentially using a single 

point detector. 

 

2.8.2 OCT Data Processing 

To generate an A-scan in either SD- or SS-OCT, the acquired spectrum must be 

processed and Fourier transformed. In SD-OCT, the initial step usually involves 

elimination of the reference power that would otherwise manifest as a background noise 

in the OCT image and degrade image quality. This can be done by either measuring an 

isolated spectrum from the reference arm, the interference spectrum with no sample in 

place, or by deriving one from acquired data,97 and subsequently subtracting this from 

the interference spectrum. In SS-OCT, balanced dual detectors allow for analog 

subtraction of the reference power term prior to digitization of the signal.  

Resampling is essential to avoiding degradation of axial resolution in SD-OCT. 

Modulations in the spectrum produced by FD-OCT vary as a function of wavenumber 

(k), while the interference signal is often captured as a function of wavelength.98 

However, SS-OCT lasers can incorporate a k-clock which allows data to be obtained as 

a function of k. Following resampling, dispersion compensation is performed to recover 

lost axial resolution due to the difference in optical pathlengths seen by different 

wavelengths of light as they travel through optical components or the sample itself. 
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Although it can be corrected for in hardware,99-101 dispersion compensation is often 

handled with software methods102, 103 to minimize system complexity. Once these steps 

are applied, the spectrum is Fast Fourier Transformed (FFT). A reflectance profile is 

obtained by taking the magnitude of the complex FFT output, that can then be displayed 

using an intensity plot. Due to high dynamic range of an OCT system (e.g., more than 

30 dB), the pixel intensity range is rescaled using various compression techniques.97 

The typical processing workflow is summarized in Figure 2.8. 

 

Figure 2.8. OCT signal processing workflow 
 

 

2.9 Multimodal RS-OCT 

 
The complementary information provided by RS and OCT has motivated their 

integration into a single device. OCT not only provides morphologic imaging features of 

the sample, but can serve to guide the RS probing beam during noncontact operation.  

A multimodal design enhances scalability and has shown to improve diagnostic accuracy 

beyond what is possible for either technique alone, but appropriate integration of 

hardware should first be considered. 

 

2.9.1 RS-OCT Instrumentation 

An important consideration when integrating RS and OCT into a single 

instrument is the unique hardware requirements for each modality. RS requires a 

narrowband light source because the source bandwidth sets a limit on the Raman band 

linewidth in the recorded spectrum.72 On the contrary, OCT needs a broad bandwidth 
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light source to realize low coherence interferometric signal and achieve high axial 

resolution. In addition, the appropriate center wavelengths of the sources are distinct. 

Although visible sources generate more Raman scattering compared to IR, due to the 

fourth order dependency of scattering power versus wavelength (i.e., ɚ-4), they also 

increase the level of tissue autofluorescence that overwhelms the Raman components 

of the signal. Laser lines between 500-800 nm with sub-nanometer bandwidth balance 

these two effects for most tissues and are usually chosen for biological RS. Ultimately, 

the target tissueôs absorption, scattering, and fluorescent properties will determine the 

optimal center wavelength for the RS laser.66 In OCT, center wavelengths that are too 

short reduce the penetration depth due to optical scattering inside the tissue104 and 

usually increase material/waveguide dispersion. Center wavelengths that are too long 

can suffer from water absorption losses and deteriorate axial and lateral resolution 

because of the extended coherence length and enlarged spot size, respectively. So, 

lasers with center wavelengths between 850-1300 nm with ~100 nm bandwidth are 

typically implemented into clinical OCT systems. Accordingly, the requirements for laser 

sources in terms of bandwidths and center wavelength are not similar between RS and 

OCT. Figure 2.9 depicts the spectral characteristics of laser sources most commonly 

reported for each modality, showing that combining light sources into a fully integrated 

system is challenging. 
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Figure 2.9. Unique light source requirements for RS and OCT in terms of laser 
wavelength and bandwidth. Dotted lines represent the spectral regions for Raman 
emissions. 

 

Optimal detector characteristics are also distinct between these two modalities. 

RS requires a high-sensitivity detector with low noise to capture the weak Raman signal. 

Because spontaneous Raman spectra must be integrated over long exposure times, 

speed is not a necessary detector characteristic. On the contrary, FD-OCT requires 

either a fast-scanning laser (with a MHz sampling rate for SS-OCT) or a high-speed 

spectrometer (with a kHz line speed for SD-OCT) to ensure fast imaging speeds. 

Another important characteristic for detecting the SD-OCT spectrum is having sufficient 

dynamic range, as the smallest reflectivity from the sample that can be captured in an 

OCT scan (i.e. sensitivity) is dependent on the electron-storing capacity of pixel wells.105 

So, the ideal shared detector for RS and SD-OCT would have high sensitivity, low noise, 

a large full-well capacity and fast readout; four characteristics that are seldom found in 

a single optical detector.  

The sampling density of the spectral data is also an important consideration. 

OCT imaging depth range is dependent on the sampling density of the interference 

signal.106 While sparse sampling of the RS spectrum with ~1000 pixels is sufficient for 
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biological Raman spectra, SD-OCT typically employs line detectors with >2000 pixels. 

In general, it is possible to combine RS and SD-OCT detection platforms by using a 

common spectrometer. The caveat to this approach is that Raman emissions and OCT 

spectrum must occupy the same spectral window, which can be accomplished by using 

a narrowband 785 nm source for RS and broadband OCT source centered at 850 nm, 

as depicted in Figure 2.9. While a single detector cannot fully satisfy the unique detection 

requirements of both modalities, a compromise can be made in terms of sensitivity, 

readout speed, noise performance, and pixel array size. Due to the stringent 

requirements of RS source and detection characteristics for biological materials, the 

common detector is usually chosen towards the needs of RS. Thus, it down-scales some 

of the OCT performance metrics (e.g., imaging speed and depth range).107 

 
2.9.2 Challenges in Multimodal Instrument Design 

Although the unique excitation and detection needs for RS and OCT makes 

combining such instrumentation aspects a challenge, various configurations have been 

explored. Instead of sharing a common light source or detector, another option for 

integrating both modalities is to only employ common optics for RS and OCT beam paths 

in the primary sample arm. This approach allows for more flexibility in optimizing 

excitation and detection instrumentation decisions independently to maximize the 

performance for each technique, but it leads to extensive instrument components and 

electronic control, added cost, and increased system complexity. Nearly all reported 

designs incorporated RS into the OCT sample arm with free space optical designs and 

left the detection platforms separate, resulting in bulky benchtop systems. A diverse set 

of RS-OCT system configurations have been explored in this way, including miniaturized 

designs that are more suitable for clinical translation. To the best of our knowledge, the 

only attempt to detect RS and SD-OCT signals on a single spectrometer was reported 
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by reference.107 Fitzgerald et. al  provides a summary of published RS-OCT multimodal 

instrumentation characteristics that compares integration strategies, light sources used, 

RS acquisition settings and OCT imaging resolution.108 

The key challenge of combining RS and OCT into a single instrument for clinical 

diagnostics is integrating the hardware for both modalities in a compact and flexible way. 

Integration of fully fiber-based subsystems, for example, fiber-based RS109 and OCT 

fiber probe,110 could be a step towards miniaturization that would suit the requirements 

for clinical adoption and integration into endoscopic tools. Whether combined or left 

separate, a suitable choice of light sources and detection platforms is essential to 

addressing this challenge. A shared spectrometer minimizes cost and system size but 

requires that the light sources operate in the same spectral window and eliminates the 

ability to optimize detection for each modality or simultaneous signal acquisition. Due to 

the unique laser characteristics required for each technique, there are currently no 

reports that attempt to combine light sources within a multimodal RS-OCT system. 

Optical paths can be left separate for added flexibility in integrating each modality into 

the platform, but this introduces the challenge of registering the laser spots for spatially 

correlated signals. The RS and OCT probing beams can instead be co-aligned into a 

shared sample arm to ensure spatial overlap of laser foci, but then the primary lens NA 

introduces a trade-off between RS collection efficiency and OCT imaging depth.  
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2.10 Multimodal Data Analysis 

Because RS-OCT systems provide unique but complementary information about 

sample structure and composition, it is then useful to employ appropriate data analysis 

procedures that extract and combine meaningful diagnostic information. Feature 

extraction procedures construct a comprehensive set of quantitative metrics that can be 

used to characterize or identify the sample. Ultimately, the employment of chemometric 

tools to interpret combinatorial RS-OCT feature sets allows one to explore underlying 

relationships between the data and pathology. This section will provide an overview of 

feature extraction methods for both RS and OCT, commonly used chemometric tools, 

and a summary of attempts to combine data from each technique to improve tissue 

classification accuracy. 

 

2.10.1 RS feature extraction 

Many molecular components within tissue are not altered during progression of 

disease, and so  several RS spectral features are often strongly correlated to one 

another and provide no discriminatory information. Feature extraction techniques are 

essential to overcoming the issue of spectral band correlation in RS and assist in 

creating more robust predictive models that can serve as diagnostic tools. They 

effectively reduce the number of inputs to the model, which avoids model overfitting, but 

also aid in determining which vibrational bands are significant for biomedical analysis. 

This allows the analyst to trace back to the biochemical origin of disease-related tissue 

alterations.  

Identifying important spectral bands related to disease transformation can be 

performed manually through visual comparison of pre-processed spectra. Alongside 

direct peak analysis, it is common in RS to calculate the area-under-the-curve of a 
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particular spectral region or perform ratiometric analysis to create spectrally-derived 

features.111 Principal Component Analysis (PCA) is a popular data transformation 

method used in RS to conduct feature extraction. This technique captures the primary 

sources of variation within the data by projecting it into a subspace whose basis vectors 

point in orthogonal directions of maximum variance.88 The component óloadingsô for a 

PC are the weights assigned to each original spectral feature. If data points are well 

separated along this PC axis, then high loading coefficients help to inform which spectral 

bands were discriminatory to disease state. Automated feature selection is also possible 

with the use of regularization techniques, which induce sparsity in the RS feature set by 

learning which spectral bands best contribute to model accuracy while the model is being 

trained.112, 113 Popular regularization methods for RS like Least Absolute Shrinkage and 

Selection Operator (LASSO)114, 115 and Elastic Net116, 117 add constraints to the 

optimization of a regression algorithm, through which the weights of irrelevant features 

are shrunk to zero. In summary, feature extraction methods in RS are important tools 

that serve to reduce dimensionality for spectral analysis and improve the performance 

of diagnostic models. 

 

2.10.2 OCT feature extraction 

Deriving quantitative metrics from OCT images, which are typically analyzed 

qualitatively, offers a new avenue for image-based tissue characterization. Such metrics 

have been widely used to build classification algorithms for pathology identification and 

have been explored in clinical OCT applications, including breast,118, 119 ovarian [105-

107],120, 121 prostate,122 and urinary tract cancers,123 as well as gastrointestinal124 and 

arterial125 tissue characterization. 

Texture analysis is a common feature extraction approach within the OCT 

community. Texture is a measure of the spatial intensity variations within an OCT image 
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that arise from speckle, which depends on the underlying optical properties of scatterers, 

their size and distribution, and their degree of motility.126 Correlations between this 

speckle texture and sample microstructure have shown that it can be used as a metric 

to differentiate tissue types127, 128 or as a tool to segment structural layers in OCT 

images.129, 130 These texture metrics can represent the mean, variance, or skewness of 

pixel histograms but often include higher-order parameters (e.g. contrast, entropy, 

homogeneity)131 derived from the Gray Level Co-occurrence Matrix (GLCM) that can be 

calculated for different directions within the image.132  

Alternative OCT image quantification schemes attempt to derive information 

about the tissue directly from the intensity profile of an A-scan. Structural differences 

between tissue types or morphological changes associated with disease alter the degree 

of optical attenuation that is seen within an A-scan. So, approximations of signal 

attenuation represent another diagnostic feature that can be extracted from OCT 

images.133 Attenuation estimation has been reported by linear and exponential fitting of 

an A-scan. More advanced approaches can retrieve depth-resolved estimates for 

attenuation coefficient at every pixel within an A-scan, first introduced by Vermeer et al. 

to segment multiple tissue layers.134 

 

2.10.3 Chemometrics 

Chemometric analysis encompass a set of multivariate tools to discover patterns 

within large datasets. In the context of biomedical analysis, these tools can build 

predictive models to accurately classify spectroscopic or imaging data for the purpose 

of diagnostics. These tools can be broadly categorized into two categories: unsupervised 

clustering methods and supervised classification methods.  

Unsupervised methods attempt to categorize data points without prior knowledge 

of class membership (i.e. labels). This is accomplished by calculating metrics that 



45  

associate mathematical relationships between the measurements; most commonly 

distance metrics (e.g. Euclidean and Mahalanobis distance) or metrics of correlation 

(e.g. Pearson or Spearman correlation coefficients).88 PCA can be used for 

unsupervised data clustering. However, it is more commonly used as an initial dimension 

reduction procedure, where a subset of PC scores is used as inputs to train an 

alternative classification algorithm. Accuracy of prediction typically improves when only 

a subset of PCs that capture the majority of data variance, typically 95% of latent 

variation, are used to train the model.135 Other popular unsupervised methods include 

Hierarchical Cluster Analysis and K-means. In supervised methods, an algorithm trains 

a classification model that learns relationships between the input features and assigned 

class labels. K-nearest neighbor (KNN) predicts class membership of an unlabeled 

measurement by attributing the same class label to that of the closest neighboring 

labeled measurements. Support Vector Machine (SVM) attempts to assign 

measurements to their respective classes by fitting a decision boundary that optimally 

separates each group. Discriminant Analysis (DA) is similar to PCA in that it projects the 

measured data into a subspace through linear transformation, but does so in a label-

guided manner by maximizing the ratio of between-class and within-class scatter, which 

was utilized in references. A summary of reported attempts to discriminate both 

pathology and tissue type with RS-OCT data, and the associated feature extraction 

methods and chemometric tools used, is provided in Table 2.4.  

Many other chemometric tools have been employed for disease state 

classification of optical data, but have not been utilized for RS-OCT applications. Indeed, 

the breadth of available algorithms introduces a challenge in optimizing diagnostic 

models, as the ideal choice of feature extraction methods and chemometric tools for 

maximizing discriminatory accuracy may not be universal to all RS-OCT datasets.   
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Table 2.4. Applications of RS-OCT for disease state and tissue identification, with 
associated analysis methods used and accuracies for separate and combined analysis. 

Abbreviations: RS - Raman Spectroscopy, OCT - Optical Coherence Tomography PCA - 
Principal Component Analysis, KNN - k Nearest Neighbors, DA - Discriminant Analysis, SVM - 
Support Vector Machine, AUC - Area under the curve, RF - Random Forest, LR - Logistic 
Regression, AC ï Attenuation coefficient.  

Author  
Sample/ 

pathology 
Modality  Feature Extraction 

Chemometric 

Tool 

Accuracy 

(%)  

Bovenkam 

(2019) 136  

Bladder biopsy 

(tumor grade) 

RS PCA KNN 93 

OCT Texture Analysis KNN 70 

Placzek  

(2020) 137 

Bladder biopsy 

(tumor stage) 

RS None DA 75 

OCT Texture Analysis SVM 74 

Liu  

(2014) 138 

Ex vivo Organ 

Differentiation 

RS PCA SVM 100 

OCT Slope, standard deviation SVM 84 

Zakharov 

(2015) 139 

In vivo skin 

cancer 

RS Peak ratios DA 85 

OCT 
Presence of ónest 

structuresô 
None 44 

RS-OCT 
Peak ratios (RS); ónest 

structuresô (OCT) 
DA 91 

Rangaraju 

(2019) 140 

Ex vivo skin 

burn wounds 

RS Peak ratios, AUC SVM, RF, LR 87, 85, 83 

OCT Texture Analysis SVM, RF, LR 68, 70, 67 

RS-OCT 
Peak ratios, AUC (RS); 

Texture Analysis (OCT) 
SVM, RF, LR 90, 86, 84 

Ashok  

(2014) 141 
Colon biopsy 

RS PCA SVM 83 

OCT Texture Analysis, PCA SVM 76 

RS-OCT 
PCA (RS,OCT);  Texture 

Analysis (OCT) 
SVM 94 

Wang 

 (2018) 142 
In vivo oral tissues 

RS None DA 70 

OCT AC DA 66 

RS-OCT None (RS); AC (OCT) DA 75 

Tamoġiunas 

(2022) 143 

Ex vivo skin 

cancer 

malignancy 

RS AUC DA 89 

OCT Texture Analysis DA 89 

RS-OCT 
AUC (RS),  Texture 

Analysis (OCT) 
DA 96 
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2.10.4 Combining data for RS-OCT  

Enhancing tissue classification performance is a common motivation when 

combining RS and OCT complimentary features. Although RS has shown promise in 

tissue discrimination on its own, clinical applications are impeded by inter-patient 

variability that affects spectral discrimination in larger scale patient studies [128]. When 

classification accuracy falls below acceptable performance, combining quantitative OCT 

image features with spectrally-derived features from RS represents one solution to 

enhancing classification efficiency to clinically relevant levels. For example, Ashok et al. 

improved discrimination accuracies between normal colon and colonic adenocarcinoma 

by combining texture parameters extracted from OCT images with PCA-derived RS 

features. The reported sensitivity and specificity for RS alone were 89% and 78%, 

respectively. When adding 16 texture features derived from GLCM, both sensitivity and 

specificity improved to 94%.141 Tamoġiunas et al. similarly showed that combining 

statistical metrics from OCT images with RS features increased the detection accuracy 

of ex vivo malignant skin lesions.143 Independent RS and OCT datasets could 

discriminate healthy or benign samples from malignant samples with 89% average 

accuracy, while the combined RS-OCT dataset could classify malignant samples with 

94% sensitivity and 98% specificity. Table 2.5 confirms that in all cases where RS and 

OCT features were combined, the trained classification model showed improved 

performance compared to training on RS or OCT features alone.   

 

2.10.5 Considerations for multimodal RS-OCT 

Hybrid RS-OCT systems demonstrate the benefits of multimodal optical systems 

in that combining unique optical techniques can address the limitations of one modality 

by offering the advantages of the other. In situations where in vivo RS acquisition is 

difficult due to spatial constraints (e.g., small body cavities, non-contact measurements) 
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or requires spatially-dependent probing (e.g., region boundaries, tumor margin 

detection), OCT can provide feedback on tissue morphology relative to the RS probing 

beam. In this way, OCT scans can serve as an image guidance tool to spatially select a 

specific tissue region for point-wise RS measurement. When the structural information 

provided by OCT imaging is insufficient to characterize disease states, RS may provide 

the necessary molecular specificity needed for accurate diagnosis. Also, it has been 

shown that combining RS spectral features with OCT image-derived metrics can 

improve diagnostic accuracy in cases where either morphological or biochemical 

information is insufficient to discriminate disease. In all reported cases where 

quantitative features from RS and OCT were combined, the classification accuracy of 

diseases state or tissue types was enhanced by 1-47% relative to their independent 

classification performances (see Table 2.5). Compared with either RS or OCT alone, the 

complementary structural and compositional information provided by multimodal RS-

OCT systems expands the application space for each label-free optical method. In this 

way, combining these optical modalities into a single platform augments their use for 

tissue characterization.  

While the technical challenges for integrating RS and OCT into a single device 

are considerable, the prospects for this field of non-invasive and label-free optical 

diagnostics are becoming more and more apparent. It is an active and growing field of 

research, and the wealth of potential biomedical applications for RS-OCT has yet to be 

fully realized. 
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3.1 Abstract 

Otitis media (OM) is a common disease of the middle ear, affecting 80% of 

children before the age of three. The otoscope, a simple illuminated magnifier, is the 

standard clinical diagnostic tool to observe the middle ear. However, it has limited 

contrast to detect signs of infection, such as clearly identifying and characterizing 

effusions or biofilms that accumulate within the middle ear during OM. Likewise, invasive 

sampling of every subject is not clinically indicated nor practical.  Thus, collecting 

accurate noninvasive diagnostic factors is vital for clinicians to deliver a precise 

diagnosis and effective treatment regimen. To address this need, a combined benchtop 

Raman spectroscopy (RS) and optical coherence tomography (OCT) system was 

developed to non-invasively interrogate the structural and biochemical signatures of the 

middle ear as they relate to OM. In this chapter, in vivo RS scans from pediatric clinical 

human subjects presenting with OM were evaluated in parallel with RS-OCT data of 
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physiologically relevant in vitro ear models. Component-level characterization of a 

healthy tympanic membrane and malleus bone, as well as OM-related middle ear fluid, 

identified the optimal position within the ear for RS-OCT data collection. To address the 

design challenges in developing a system specific to clinical use, a prototype multimodal 

handheld probe was developed to successfully address imaging constraints imposed by 

physiological characteristics of the ear and optical safety limits. Here, we present the 

pathway for translation of RS-OCT for non-invasive characterization of OM. 

 

3.2 Introduction 

Otitis media (OM) is one of the most common diagnoses for children under the 

age of three,1 and is the leading cause of outpatient antibiotic use for children.2 Side 

effects related to OM infections often result in bouts of sleepless nights, discomfort, lost 

time at school for children, and subsequently lost work hours for parents. This loss of 

time and resources results in approximately twenty-five million physician visits and $4.3 

billion USD annually of socioeconomic financial impact in the United States alone.3, 4 

Appropriate clinical management, including early diagnosis, timely vaccination, and 

administration of antibiotics, prevents more severe complications for OM (e.g., abscess, 

death), which are typically rare in developed nations.5, 6 Therefore, a primary focus in 

the management of OM in children is to maintain hearing acuity for unimpeded speech 

and language development.7 

This disease is often caused by an upper respiratory-tract infection (URI) where 

inflammation in the nasopharynx can lead to dysfunction and blockage of the Eustachian 

tube, a normally aerated drainage route for the middle ear. This blockage leads to fluid 

accumulation in the ear (i.e., effusion), and often results in bacterial colonization of the 

middle ear cavity; most commonly S. pneumoniae, (non-typeable) H. influenzae, and M. 
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catarrhalis strains.8 OM can be thought of more as an umbrella term for a distribution of 

related symptoms, which progress through distinct phases of severity. Acute OM (AOM) 

follows the bodyôs immediate response to bacterial infection, often identified by erythema 

(i.e. redness) and bulging of the tympanic membrane (TM). Fluid buildup in the middle 

ear cavity with no apparent acute symptoms is referred to as OM with effusion (OME). 

Apart from watchful waiting, broad-spectrum antibiotics are the standard treatment for 

AOM, and are reasonably effective.8 Recurrent AOM is classified as multiple bouts of 

infection in a short period (i.e., three infections in six months),9 and can be treated with 

a stronger broad-spectrum antibiotic.1 If problems persist, surgical placement of 

tympanostomy tubes (TT, drainage grommets) under anesthesia is typically effective in 

clearing infection.10  

Biofilms have been theorized to be the cause of recurrent ear infections.11 

Biofilms are collections of bacteria that have changed their genetic conformation to live 

in a community within harsh environments like the human body12 and excrete a 

protective extracellular polymeric matrix (EPS) to survive. The EPS protects the encased 

bacteria from the host immune system,13 and likewise from being efficiently cleared by 

antibiotics. Many diseases are now thought to be caused by biofilms - including cystic 

fibrosis, dental plaques, urinary tract infections, and, more recently recurrent AOM.14 Our 

group has confirmed that the presence of additional layers adhered to the TM and middle 

ear mucosa are indeed active biofilms,15 which presumably exist throughout the middle 

ear cavity. Biofilm presence in recurrent AOM may explain the repeated episodes and 

virulence of infection, and why placement of tubes assists in clearing this biofilm by 

draining any fluid and restoring aeration to the middle ear cavity.7 Identifying the 

presence or absence of biofilms during the diagnostic process could ensure antibiotics 

are more appropriately prescribed and reduce the related risk of increased antibiotic 

resistance.16  
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Diagnosing OM is performed most commonly using an otoscope17 to observe the 

TM for signs of OM infection, and to track the duration and severity of infection.18 The 

otoscope and speculum are used to help navigate through the ear canal and provide a 

view of the TM surface. The physician must interpret these visual cues of infection and 

determine a best course of action in accordance with recommended clinical guidelines 

for OM.19 As a result, pediatrician accuracy to distinguish different infection states with 

otoscopy can widely vary from 47-93%,20 as the measures are interpreted subjectively 

based on individual experience. Other diagnostic tools like pneumatic otoscopy and 

tympanometry provide more precise and quantitative information about the mobility of 

the eardrum or altered middle ear pressure due to the presence of effusion. However, in 

practice, these tools are used much less frequently in clinical exams18 due to the difficulty 

in achieving an air-tight seal in the ear canal. Recent surveys show that the vast majority 

of general practitioners and specialist otolaryngology trainees still primarily rely on 

otoscopy for evaluation of OM, while the use of other techniques varies significantly.18  

Optical imaging and sensing techniques are well suited to diagnose ear 

infections. The eardrum is a thin membrane, at ~80-100 µm thick in human adults,21 

separating the ear canal and the middle ear space. AOM presents with inflammation and 

sometimes sterile fluid, OME with purulent fluid, and recurrent AOM with biofilm and 

fluid. Several advanced techniques and devices have been developed that probe these 

aspects of OM ï such as better effusion detection through acoustic reflectometry,22 

óshortwaveô light23 or terahertz light,24 or by tracking TM mobility precisely using 

vibrometry.25 A comprehensive review of devices that can assess the ear for OM can be 

found in literature.26, 27 While many of these non-invasive optical characterization 

methods exist, no single technique provides a comprehensive picture of the infection 

state, which can capture both the structural and biochemical changes of the tissue (e.g., 

inflammation of TM, fluid presence and composition, presence of a biofilm, etc.).   
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To address this challenge, our team developed combined Raman spectroscopy 

(RS) and optical coherence tomography (OCT) systems for various diseases,28 and 

recently for OM.29 As the optical analogue to ultrasound imaging, OCT collects cross-

sectional depth scans of the TM and adjacent middle ear space by interferometric 

detection of back-scattered light30 in place of reflected sound waves. Analysis of OCT 

images can quantify the structural changes present in middle ear tissues, such as the 

presence of any middle ear fluid, its texture or scattering properties, any thickening of 

TM layers due to inflammation, or added layers when compared to normal (e.g.  

presence of a TM-adherent biofilm). Multiple studies have been performed to connect 

OCT image features31 to specific infection states,32 validate the presence of biofilms in 

the middle ear15, and track the effects of antibiotic therapy33. While these metrics are of 

clinical significance to OM diagnostics, OCT lacks specificity in assessing biochemical 

changes. Examples include effusion composition of serous or mucoid fluid (i.e., 

glycoproteins, bacteria, neutrophils, leukocytes),34 or identification of the causative 

bacterial strains.35 One of the most commonly used optical chemical analysis methods 

to assess and quantify biological changes in tissues non-invasively is RS, a vibrational 

spectroscopy technique. By analyzing the Raman spectrum of inelastically scattered 

light, RS allows for the characterization of the unique spectral fingerprint of tissues or 

biochemical changes within tissues associated with infection or disease. Our team has 

recently shown that the most common bacterial species responsible for OM can be 

distinguished using Raman microspectroscopy in vitro.36 Subtle differences between 

mucoid and serous effusion types have been identified using RS when aspirated from 

the middle ear space.37  

Given the potential diagnostic improvement by using a combination of OCT 

imaging and RS, there is motivation to develop an appropriate and sensitive device for 

in vivo characterization of OM. Integration of a multimodal system for in vivo tissue 
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characterization has previously been tested for applications in cancer diagnostics38, 39 

and oral tissue identification.40 To this aim, we previously combined a custom-built RS 

fiber probe and 1D (non-scanning) OCT system to observe ex vivo tissue and 

concentrated bacterial broth.41 Initial feasibility was demonstrated to detect bacterial 

signatures through a fresh ex vivo rat TM. More recently, the specific signatures of  

in vitro otopathogenic cultures and biofilms were characterized with RS and OCT.26  

However, translating such technologies for clinical use presents unique design 

challenges and physiological constraints, particularly for RS detection of middle ear 

component signals, which must be addressed before RS-OCT can successfully be 

applied for OM diagnosis in vivo. Acquiring Raman signals directly from the middle ear 

with a fiber optic RS probe is challenging because direct contact with the delicate TM is 

not possible.  Compared to contact-based measurements, implementing RS in a lens-

less stand-off configuration decreases collection efficiency and requires more precise 

axial positioning to maintain signal-count consistency between measurements. 

Otoscopy alone is insufficient to achieve a repeatable probe-tissue separation distance. 

Apart from the microstructural characterization of tissue, OCT can also provide this 

needed positioning feedback for RS measurements. Thus, multimodal RS-OCT imaging 

of the middle ear provides both microstructural and biochemical characterization of 

observed tissues, as well as improved positioning and collection efficiency for RS.  

This dissertation section will address the specific challenges associated with 

implementing RS-OCT for in vivo observation and determine the physiological origins 

and technical constraints of multimodal signal collection within the middle ear. 

Specifically, the feasibility and challenges of acquiring Raman spectra from middle ear 

fluid was investigated in a clinical setting. In parallel, a custom-built RS and OCT platform 

was used to characterize OM-related factors in both ex vivo tissue and an in vitro 

infection model. A multimodal RS-OCT prototype was then fabricated to test the 
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integrated hardware using realistic design parameters and constraints for the ear and 

OM. Lastly, maximum permissible exposure (MPE), optical safety limits, and their 

importance to clinically focused system designs are discussed. 

 

 

3.3 Methods 

Representative diagrams of the systems used in this study are shown in Figure 

3.1. A range of system configurations were considered using similar hardware currently 

employed for recent and ongoing RS42, 43 and OCT33, 44 in vivo clinical studies. These 

systems were modified for use in this study to determine design parameters and test the 

theoretical maximum performance for RS-OCT in the middle ear. 

 

3.3.1 RS system and calibration 

A portable RS detection system with a 785 nm laser diode (II0785MU0350MS, 

Innovative Photonic Solutions, NJ), and two fiber-based optical probes were used to 

acquire Raman spectra (see Figure 3.1A). The detection system includes an f/2.2 

imaging spectrograph (HT Raman spectrometer, EmVision, LLC, FL) using a 

thermoelectrically cooled, deep depleted CCD camera (Blaze 400HR, Teledyne 

Princeton Instruments, CA) to acquire spectral data between 810-925 nm, or 400-1900 

cm-1 Raman shift, with a spectral resolution measured to be approximately 8 cm-1.  

For in vivo RS measurements of the middle ear, a custom-designed lens-less 

fiber probe (Probe 1 in Figure 3.1, EmVision, LLC., FL) was used. The probe design 

includes a single 300 µm core laser delivery fiber (0.22 numerical aperture, NA) 

surrounded by a ring of seven 300 µm core (0.22 NA) collection fibers to couple back-

scattered emissions to the spectrometer. The excitation fiber is covered with a  
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785 nm laser line bandpass filter to block extraneous wavelengths from reaching the 

sample. An annular-shaped 800 nm longpass filter is set on top of the collection fiber 

ring to block the excitation laser line. For in vitro RS measurements of middle ear 

components, a ball-lens probe with similar construction to the clinical probe was used 

(Probe 2, EmVision LLC, FL). This RS probe consists of seven 300 µm core collection 

fibers, with a 3 mm diameter sapphire ball lens affixed to the front of the Raman fiber 

bundle (Fig. 3.1A), providing a ~500 µm spot size at a 250 µm working distance. This 

probe was used to optimally characterize the RS signal from individual ex vivo middle 

ear components. As this probe is meant to operate in near contact with the tissue, it 

served as a performance benchmark in terms of maximized signal quality and spatial 

specificity for comparison to in vivo measurements taken later using the lens-less clinical 

probe.  

Spectrometer calibration was performed prior to all RS measurements. 

Wavelength dispersion was calibrated using atomic emission lines from a neon-argon 

lamp. Relative Raman wavenumber shift was then calibrated with acetaminophen and 

naphthalene standard materials. System intensity response was calibrated using a 

NIST-traceable quartz-tungsten-halogen lamp (63976-45Q-OA, Newport, CA). The 

spectral pre-processing routine included binning of data to ½ spectral resolution  

(8 cm-1) and noise smoothing with a 2nd order Savitzky-Golay filter. Following this, the 

background tissue autofluorescence was estimated with a modified polynomial fitting 

approach45 and subsequently subtracted. For measurements that were compared by 

normalized intensity, spectra were normalized to the mean intensity of the signal. An 

example from a human nail cuticle is shown in Figure 3.1C (scanned at the black circle), 

with raw RS signal (top) and final pre-processed spectrum (bottom panel) shown. 
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3.3.2 OCT imaging system 

A custom-built benchtop OCT system (see Figure 3.1B) employed in this study 

uses a broadband light source with a central wavelength of 860 nm and a bandwidth of 

~145 nm, providing an axial resolution of 2.3 µm. The imaging beam had an optical 

power of ~2.35 mW at the sample. The objective lens produces a spot size of ~35 µm 

in diameter at the focus, in air. A spectrometer (Wasatch Photonics, NC, USA) and  

4096-pixel line scan camera (Piranha 4, Teledyne DALSA, Ontario, CA) captures single 

depth profiles (i.e., A-lines) at a 30 µs integration time. A two-axis MEMS scan mirror 

(Mirrorcle, Inc., CA) was used to collect cross-sectional images and volumes at  

~30 frames per second with 1000 A-lines per image. Color CCD images (XIMEA, CO, 

USA) of the sample surface were acquired during OCT imaging to monitor lateral scan 

position. The scan range on the benchtop configuration is adjustable and has a 

maximum range of ~8 mm x 4.5 mm x 8 mm, (Length/X x Depth/Z x Width/Y). Example 

OCT data from this system is shown in Figure 3.1D (white dotted line), centered at the 

same nail cuticle region measured from the RS system.   

  



69  

 
 

Figure 3.1. RS and OCT imaging systems with representative data. (A) RS fiber probe 
system schematic and two custom-designed interchangeable RS probes. The probe 
used for clinical measurements (RS1) was lensless, while an equivalent probe with 
added sapphire ball lens (RS2) was used for in vitro measurements. (B) OCT system 
and sample stage for stable positioning of the sample. A color CCD camera collects 
surface images of the sample. (C) Representative RS sample data taken from the cuticle 
of a human fingernail. Raw (unprocessed) and final pre-processed Raman spectrum. 
(D) OCT data shows a cross-sectional image of the cuticle and nail bed. OCT scale bars 
represent 250 µm. DG, Dispersion grating; BP, bandpass; LP, longpass; NDF, Neutral 
density filter; PC, Polarization controller; CCD, charge-coupled device; MEMS, micro-
electromechanical system 2-axis scan mirror. 
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3.3.3 Clinical RS acquisition 

 An RS feasibility study was conducted at Monroe Carell Jr. Childrenôs Hospital 

at Vanderbilt University under a protocol approved by the Vanderbilt University Medical 

Center Institutional Review Board (IRB no. 161563). A total of 10 pediatric  

(6 m.o. ï 10 y.o.) human subjects who were scheduled for bilateral myringotomy and 

tympanostomy tube (TT) placement were enrolled in this study. Informed and written 

consent was obtained from the patient and legal guardian(s).  

As part of the standard-of-care surgical procedure, each subject was brought into 

the operating room and placed under anesthesia. The surgeon cleared each ear canal 

of any obstructing earwax. Immediately prior to myringotomy, the lens-less RS probe 

was inserted through an ear speculum (Farrior, Integra LifeSciences, NJ, USA) and 

manually positioned at roughly 1 cm offset from the TM under visual guidance from the 

surgical microscope. The chosen probe-tissue distance offered a reasonably achievable 

compromise between signal collection efficiency and maintaining a safe probe-tissue 

offset to avoid damaging middle ear tissues.  

Room lights were turned off temporarily, and RS measurements were taken. 

Four measurements were taken by manually aiming the probe at each major quadrant 

of the TM. Each acquisition took 20 seconds (2s exposure time, 10x accumulations) at 

75 mW of power (measured at the probe tip). The diverging excitation source from the 

RS probe forms an illumination spot with approximately 3.6 mm diameter (1/e beam 

diameter width) on the tissue surface. After RS spectral acquisition, room lights were 

turned on, myringotomy was performed, and the presence (Effusion +) or absence (dry 

ears, Effusion -) of fluid was confirmed with the surgical microscope. If present, any 

effusion was aspirated from the middle ear, collected in a fluid trap, and stored at -80°C 

for later analysis. TT placement was subsequently performed. This procedure was then 
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repeated in the contralateral ear. In total, the RS acquisition procedure added 

approximately 4 minutes (2 min / ear) to the surgical procedure and anesthesia time. 

The physicianôs diagnosis was used as the gold standard for the determination of OM. 

No OCT scans were acquired for this portion of the study. 

 

3.3.4 Development and characterization of an in vitro OM model 

Intact TMs and ossicles were collected from two juvenile outbred chinchillas. The 

chinchilla is considered the gold-standard animal model for OM, as the anatomical 

dimensions and OM etiology are similar to humans.11  Chinchillas were acquired from 

an approved commercial breeder (Rauscher Ranch, LaRue, OH) and animal 

experiments were completed in adherence with the Guide for the Care and Use of 

Laboratory Animals of the National Institutes of Health, and approved by the Institutional 

Animal Care and Use Committee (IACUC) at the Abigail Wexner Research Institute at 

Nationwide Childrenôs hospital in Ohio, USA (Welfare Assurance Number A35544-01). 

The chinchillas were socially housed in groups of three with corncob bedding in a 

biosafety level 2 facility. Experimental procedures were performed under anesthesia and 

all efforts were made to minimize any potential suffering. Animals were sacrificed and 

dissected to remove superior and inferior bullae. Two sets of TMs and ossicles were 

retrieved and placed in sterile saline, put onto dry ice, and shipped to Vanderbilt 

University where they were placed in -80°C freezer storage for later experimentation. 

To investigate the spatial distribution of RS and OCT signals from an isolated 

TM, a chinchilla TM was thawed to room temperature and suspended in a Petri dish 

filled with de-ionized water, then carefully transferred flat onto a Raman-grade Calcium 

Fluoride (CaF2) slide (Crystran, Poole, UK) to minimize signal interference from the 

substrate. Once stable on the slide, RS scans were collected from the light reflex, umbo, 

and pars flaccida regions on the TM.46 Measurements were obtained using the ball lens 
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RS probe using 45 mW of power, measured at the probe tip. Spectra were acquired 

using 500 ms exposure time and averaged over five accumulations for a total acquisition 

time of 2.5 sec. The RS probe was mounted in a custom chuck and brought into near-

contact (i.e. <1mm) with the TM. Five spectra were acquired from each region by 

removing and replacing the probe to investigate signal reproducibility. For OCT scans, 

the focus of the system was placed just below the TM surface and scans were acquired 

from the same locations where RS scans were taken. Co-registration between 

measurements was ensured using structural landmarks, using the color CCD and 

translation stage in the OCT system for fine positioning. The tissue was kept hydrated 

during experiments using de-ionized water. 

An in vitro component model was created to closely simulate a possible clinical 

presentation of OME. First, a mucoid human effusion sample (~1 mL) was thawed to 

room temperature and an aliquot was deposited onto a CaF2 slide. A resected chinchilla 

TM with adhered malleus was then thawed to room temperature and gently placed over 

the effusion sample. Raman spectra from the resultant OME model were measured with 

the ball-lens RS probe at several locations to determine the maximum feasible signal 

that could be collected under controlled conditions. The RS probe was mounted for 

stability in a custom chuck and brought into near-contact (i.e. < 1mm) over three regions: 

1) umbo overlaid effusion, 2) light reflex of TM overlaid the effusion, and 3) effusion 

alone. Identical laser power and acquisition settings (45 mW, measured at the probe tip, 

500 ms exposure time, 5 accumulations) to the TM measurements were used. After 

each RS measurement, the sample was transferred to the OCT system and imaged over 

the same region where RS scans were acquired. The focus of the OCT system was 

placed just below the surface of the model to center the tissue layers within the imaging 

range.  
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3.3.5 Comparison of malleus bone fluorescence 

Raman scans from the malleus bone throughout this work were noted by 

uniquely high background signal, which impacted spectral analysis and the SNR of 

Raman spectra. To investigate the relative level of background from middle ear ossicle 

compared to alternative bone sample, probe-based Raman scans of the malleus was 

compared to a tooth and tibia harvested from a rat carcass. Bone samples were of a 

similar size and thickness (i.e. 4-6 mm long and 1-2 mm thick). The clinical probe was 

placed in contact with both bone samples with 50 mW of power at 785 nm. Exposure 

time was lowered to 100 ms to avoid detector saturation. Trends in generated 

fluorescence were then validated by imaging these tissues with a wide-field fluorescent 

imaging system previously reported by our group.47 This system excited the imaging field 

with the same 785 nm diode laser used within the RS probe system and diffuse 

emissions were filtered with an 830 nm long pass filter (Midwest Optical Systems Inc., 

LP830, Illinois, USA) before being imaged by a CMOS camera (Basler AG acA1300-

60gmNIR, Ahrensburg, DE); simulating the excitation and detection spectral windows 

used when detecting Raman spectra. 

 

3.3.6 Observing potential tissue heating from RS-OCT imaging 

To experimentally observe any tissue heating effects and further validate MPE 

calculations, a thermal infrared camera (FLIR-T62101, Teledyne FLIR, OR) with 0.04 °C 

sensitivity was used to observe various targets when exposed to the RS illumination 

laser and OCT imaging beam under conditions used in this study. A range of scenarios 

was considered, including the ex vivo chinchilla tympanic membrane and in vivo human 

finger.  
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3.4 Results 

 
 
3.4.1 Clinical feasibility of RS in the middle ear 

Raman spectra acquired from the middle ear in vivo in a cohort of 10 pediatric 

subjects undergoing myringotomy and TT placement. The physicianôs visual diagnosis 

was used as the gold standard for the determination of OM, with subjects identified with 

either recurrent AOM (Nsubj = 6) or OME (Nsubj = 4). Both ears were scanned as part of 

this study (Nears = 20). Effusion was found to be present in either: one ear (Nsubj = 4), 

both ears (Nsubj = 3), or neither ear (Nsubj = 3). Manual positioning of the probe over 

different TM quadrants was not seen to affect the measured spectrum, because the  

3.6 mm RS laser spot on the TM surface effectively averaged the RS signal over a larger 

area of the TM, in addition to obscuring the imaging field of the surgical microscope. 

Therefore, the four measurements taken at each quadrant were averaged within a single 

ear to improve the signal-to-noise ratio (SNR) for each subject. Lack of axial positioning 

feedback within the narrow ear canal led to difficulty in maintaining a repeatable 10 mm 

offset from the TM. As a result, a subset of saturated measurements (Nears = 5) was 

eliminated from further analysis.  

The results from clinical RS measurements (Nears = 15) are shown in  

Figure 3.2. The spectra exhibit strong Raman mineral peaks, indicated by dotted lines, 

located at 960 cm-1 (’1-PO4 symmetric stretching) and at 1070 cm-1 (’1-CO3 symmetric 

stretching) that are indicative of bone (Figure 3.2a).48 Spectra were intensity-normalized 

to the mean value of the region between 1000-1750 cm-1 due to high variability in the 

960 cm-1 peak. The presence of effusion is seen to influence these bone-related Raman 

bands, where the mean value at 960 and 1070 cm-1 decreased by 40% and 24%, 

respectively, in ears that had an effusion present (i.e., Effusion +, blue curve, Nears = 8) 
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compared to dry infected ears (i.e., Effusion -, red curve, Nears = 7). Figure 3.2b shows 

that the 960/1440 cm-1 ratio was significant lower in ears with effusion present  

(p = 0.0004).  There is a weak but detectable Raman band at 1640 cm-1 related to water 

O-H bending vibration.49  Analyzing the ratio of 1640/1440 cm-1 (Figure 3.2c), also shows 

a significant increase in this water band for ears with effusion (p = 0.02).  

In all measurements, the spectra exhibited a uniquely large proportion of non-

specific background signal relative to Raman peak energy, termed signal-to-background 

ratio (SBR). Because detector shot noise is proportional to total signal counts,50 this 

strong background signal component limits the SNR of Raman peaks. Low SBR also 

impacts fluorescence background fitting during RS pre-processing routines.45 Bone is 

known to be strongly fluorescent, with the degree of fluorescence depending on the 

amount of mineralization and collagen within the bone matrix.51 The bone mineral 

Raman bands and large fluorescent background seen in the RS signal suggests that the 

spectral profile measured within the middle ear is dominated by ossicles that are located 

directly behind the TM. These clinical results demonstrate the importance of 

understanding signal contributions from individual middle ear components (i.e. TM, 

ossicles, effusion), and their combinatory signal, to assess their impact on proving 

specific RS and OCT features from effusion or biofilm when measured in vivo.   
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Figure 3.2. Clinical in vivo RS data from 10 pediatric subjects presenting with OM. 
Spectra were acquired with the lens-less clinical probe, positioned roughly 9 mm offset 
from the TM. Mean normalization between 1000ï1750 cmī1 was performed to avoid 
effects from the strong and highly variant 960 cmī1 phosphate band. (a) Spectral plots 
represent the mean and 1 standard deviation, color coded for presence of effusion 
(Effusion +, Blue) and dry ears (Effusion -, Black). (b) A notable decrease in bone-related 
Raman bands at 960 and 1070 cm-1, seen in the 960/1440 cm-1 ratio (p = 0.04), and (c) 
increase in water band at 1640 cm-1, seen in 1640/1440 cm-1 ratio (p = 0.02) was noticed 
between ears with effusion versus dry ears.  
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3.4.2 Characterization of the isolated TM with RS and OCT 

To investigate the basis of TM-related spectral signatures that were observed 

during in vivo middle ear RS scans, an ex vivo isolated chinchilla TM was characterized 

and imaged with RS and OCT (see Figure 3.3). Spatially specific Raman spectra were 

collected with a ball lens RS probe placed in near contact (<1 mm) with the tissue and 

2-D OCT scans were acquired across the same measurement positions. The spectral 

plots (Figure 3.3a) are color-coded to show representative spectra, offset for clarity, from 

the CaF2 substrate (blue), and major regions around the TM: light reflex (red), pars 

flaccida (green) and umbo (yellow). Non-normalized data in analog-to-digital units 

(ADU), offset for clarity, is plotted to provide a visual comparison of the relative Raman 

scattering intensity at each region. Compared to other TM regions, the measurement 

from the light reflex region has minute signal nearly equivalent to the substrate, as the 

RS signal intensity is proportional to tissue layer thickness. This may explain why thicker 

regions like the pars flaccida region has a relatively greater signal intensity.52  

Benchtop OCT A-scan data for each TM region are plotted in Figure 3.3b to show 

equivalence to in vivo OCT scans of a healthy adult human TM (see Figure 3.3c) taken 

with a handheld probe, described later in this chapter. It can be observed that the 

extracted chinchilla TM within the benchtop model is much thinner than human TM at 

the light reflex region (~25 µm vs ~110 µm) as highlighted in grayed regions in Fig 3.3b/c. 

Nonetheless, the structural characteristics of the TM from each species are comparable. 

Specifically, the unique structural characteristics of the light reflex region (red) is 

identified by two strong peaks from each surface of the TM. Scanning over different 

regions of the TM identified the umbo (yellow) - TM and malleus bone, and connective 

tissue in the upper pars flaccida region (green). Apart from structural interrogation, OCT 

scans provide the necessary positioning feedback in depth to ensure a consistent probe-

tissue offset, as well as lateral positioning over the Raman-silent light reflex region. 
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Figure 3.3. Characterization of TM for spatially dependent spectral and imaging features. 
(a) RS signal acquired from sample substrate (blue), the light reflex region (red), umbo 
(yellow) and pars flaccida (green) across the ex vivo chinchilla TM; spectra offset for 
clarity. (b) Benchtop OCT depth-profiles of the chinchilla TM from the same locations as 
in (a). (c) OCT depth-profiles from equivalent regions from a healthy adult human TM. 
Shaded regions denote a manually labeled thickness of relevant structures. OCT Y-axis 
show arbitrary normalized intensity units. PF, Pars flaccida; LR, Light reflex; CaF2: 
(substrate).  



79  

3.4.3 Characterization of middle ear component model with RS and OCT 

With a better understanding of the influence from the TM on RS and OCT data, 

a clinically relevant model was created by combining multiple middle ear components. 

This in vitro model was composed of a thawed human effusion sample and a TM 

extracted from a chinchilla. Fig. 3.4 shows a diagram of this model and representative 

RS and OCT data.   

Benchtop cross-sectional OCT scans (Fig. 3.4C) were taken from three locations 

across the model as observed previously in Fig. 3.3: over the pars flaccida, umbo, and 

light reflex. Although a humanôs overall size is much larger than the chinchilla, the scans 

are comparable in terms of morphology. In vivo pediatric OCT data collected from prior 

studies15, 31, 32 are shown in Fig. 3.4D for comparison. In spot (1), the umbo, inverted in 

the in vitro model, is notably smaller in the chinchilla ear, though has similar structure to 

a human (Fig. 3.4D1). A small air bubble is trapped in the model here in between the 

effusion (Fig. 3.4C1, blue dotted outline). In spot (2), the light reflex region in both scans 

(Fig. 3.4C2, 3.4D2) look visually similar, though as seen previously, the chinchilla TM is 

thinner than the human TM. For spot (3), The thawed effusion in Fig. 3.4C3 was not 

impacted visually from freezing, and appears with similar texture and particulate 

distribution to a fresh effusion from a previous study that erupted out of the TM after 

myringotomy (Fig. 3.4D3). Apart from these morphological assessments, OCT can 

provide clear guidance for RS to target the light reflex area and avoid the ossicles during 

signal acquisition, in addition to providing an accurate probe-tissue offset.  

Each RS plot (Fig 3.4B) represents the mean and one standard deviation of three 

normalized Raman spectra acquired after removing and replacing the ball lens probe in 

near contact (< 1 mm) over each region scanned with OCT. Spot (1) over the umbo 

created a spectral profile similar to the in vivo case that showed low SBR due to the 

presence of the strong ossicle spectral bands. Spot (2) interrogates the region where 
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the TM light reflex overlaid the human effusion. The data here was consistent with the 

pure effusion spectrum in Fig. 3.3, validating that the light reflex region of the TM does 

not substantially contribute a Raman signal. Dotted lines in the plot for Spot (2) outline 

the elimination of phosphate band at 960 cm-1 and emergence of 1003 cm-1 peak, as the 

RS probe is positioned away from the umbo. Spot (3) measures a region of human 

effusion. The 1003 cm-1 peak is a characteristic spectral feature associated with 

effusion.37 These assessments give biochemical relevance to the observed structures 

seen in OCT images from this model. 
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Figure 3.4. RS and OCT analysis of in vitro infection model, and comparison to 
representative pediatric human OM data. (A) Diagram showing the model configuration. 
A chinchilla TMwith attached malleus bone (translucent blue and white oval) was 
positioned over an extracted human effusion (yellow region). Black circles and gray 
dotted lines denote RS and OCT scan locations, respectively. 1) Umbo over effusion, 2) 
TM (light reflex) over effusion, and 3) effusion alone. (B) Normalized RS spectra from 
the in vitro model across different sites taken with the ball lens probe (mean + one 
standard deviation of three measurements). Dotted lines indicate the 960 cmī1 
phosphate (related to bone) and 1003 cmī1 (phenylalanine) peaks. (C) Benchtop OCT 
cross-sectional scans from the in vitro model taken at identical sites to RS scans. (D) 
Representative in vivo handheld OCT cross-sectional scans from pediatric OM (cited in 
main text) demonstrating comparable OCT image features as (C). D1: OCT image 
across the umbo showing biofilm adherence on the left of the bone (white circle), and an 
additional bright scattering layer adhered to the TM (white arrows). D2: Subject with 
AOM and purulent effusion. D3: Purulent effusion that erupted from the TM immediately 
after myringotomy. TMïtympanic membrane; ECïEar canal; MECïMiddle ear cavity. 
OCT scale bars represent 250 ɛm. 
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3.4.4 Design considerations for multimodal RS-OCT probe 

While validation of imaging and spectral features from middle ear components 

was done using separate RS and OCT systems, any future clinical applications require 

a single user-friendly device. A multimodal handheld probe was developed to address 

the challenges associated with integrating both modalities in a clinically relevant design. 

A mockup and prototype of this handheld probe is shown in Fig. 3.5. In this current 

design, the imaging head of the probe was modified to allow the lens-less RS fiber probe, 

previously used to acquire clinical RS data, to ultimately sit at the tip of the otoscope 

speculum, oriented towards the TM (Fig. 3.5A+B). Small port openings were added in 

the otoscope head, denoted by red arrows in the figure, that help support the RS fiber 

and ensure proper alignment to the tissue target. This also prevents severe bending of 

the fibers to minimize optical losses. The speculum was similarly re-designed to include 

a structural support ring for the RS probe to ensure its alignment remained in place 

during acquisition, as shown in Fig. 3.5B. The RS probe and plastic support ring in the 

speculum occlude 19% of the speculum opening at the top of the frame, although OCT 

scan performance was not impacted. Both the handheld and benchtop OCT 

configurations utilize equivalent components (objective lens, collimator, MEMS scanner, 

etc.) and thus have equivalent imaging performance, including axial and lateral 

resolutions of 2.3 µm and 35 µm, respectively. The OCT scan beam is set to collect 2-D 

cross sectional scans and centered in the speculum. The lateral OCT scan range on the 

handheld was limited by the outer diameter of the otoscope speculum to ~4 mm. In this 

arrangement, the probing beams are aligned such that the ~3.6 mm RS spot excites the 

tissue region being imaged within the OCT scan range. With this system, RS and OCT 

scans can be acquired sequentially. The RS probe tip was positioned approximately  

9 mm away from the tissue surface, such that the RS data was collected at a similar 

offset to that used in the clinical scans.  
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To examine the performance of this integrated handheld probe design, a simple 

middle ear model was created by combining a chinchilla malleus bone, thin plastic wrap 

to act as the TM, and a 2% milk solution to represent the desired optical and RS 

properties of a human effusion. Although the chinchilla TM and human effusion sample 

was unavailable for this test, milk provides a similar biological RS spectral profile and 

Raman scattering cross section to that of a middle ear effusion. A comparison is shown 

in Figure 3.6A. The integrated RS-OCT device was then held in-hand over this model at 

a probe-tissue offset of 9 mm with identical laser power and acquisition settings used to 

acquire clinical RS measurements. OCT imaging was used to examine the model 

structurally, and to guide the position of the RS probing beam to orient it away from the 

malleus and maintain the desired probe-tissue offset. The malleus bone was suspended 

atop the milk solution by transparent plastic wrap. RS spectral measurements were 

acquired from over the top of the malleus, and then at 1-3 mm lateral shifts from this 

position (Fig. 3.5C). As the RS-OCT device is positioned away from this bone using real-

time OCT imaging, the autofluorescent background generated from the malleus is 

gradually reduced (Fig. 3.5D-left), and biological Raman bands related to milk become 

resolvable, while the 960 cm-1 peak relating to bone diminishes (Fig. 3.5D-right). This 

experiment demonstrates that OCT imaging can provide both microstructural 

information about the middle ear model and guide the positioning of the RS-OCT probe 

to avoid spectral interference from the ossicles (Fig. 3.5D-F). 
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Figure 3.5 Feasibility testing of a combined RS-OCT handheld device. (A) Optical 
schematic and layout. (B) Modified imaging head accepts the RS1 fiber probe. Small 
ports were added to the design that allow the RS fiber to securely transit the otoscope 
head and speculum with minimal bending. (C) In vitro ear model composed of a 
chinchilla malleus bone suspended on top of 2% milk solution by a thin plastic wrap. RS-
OCT signals acquired while laterally shifting the speculum away from the malleus by 1ï
3 mm. (D) Left: Uncorrected Raman spectra from various shifts, color coded for shift 
position. Right: Pre-processed normalized spectra, offset for clarity. Dotted lines denote 
960 cmī1 phosphate band related to bone matrix. OCT scans from (E) 0 mm offset from 
malleus, and (F) 3 mm offset from malleus over the plastic sheet and milk solution. DM, 
Dichroic Mirror; CCD, Charge-coupled device color camera; MEMS, Micro-
electromechanical system 2-axis scan mirror. OCT scale bars represent 250 µm. 
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3.4.5 Maximum permissible exposure considerations 

Maximum permissible exposure (MPE) and system exposure calculations for all 

configurations of both RS and OCT systems used in this study are detailed in Table 3.1. 

MPE calculations were performed for both RS probes (lens-less and ball lens) according 

to the power and acquisition times used in the study. For OCT, (ɚc = 860 nm, 2.35 mW 

at sample arm) non-scanning and scanning configurations were calculated. The ANSI 

equations and tables (ANSI Z136.1-2014) for skin were used as the closest analog to 

the TM, as no specific tables for the ear exist. The approach taken in similar studies in 

literature was noted.53-56 Overall, OCT stayed under ANSI limits, while the RS 

measurements exceeded the limit. However, the optical properties of ear tissues are 

different from those of skin, so exceeding this radiate exposure limit may be less relevant 

for this specific application. With an effusion or other infectious components within the 

middle ear during OM, the fluid or biofilm should act as a thermal buffer and further 

reduce the risk of thermal injury. Still, tissue heating was investigated in Section 3.5.  

 

Table 3.1 Maximum permissible exposure and system exposure limits for optical 
systems used in the study. BL: Ball lens, fps: frames per second. 

 

System 
Irradiance 

(mW) 
Wavelength 

(nm) 

Beam 
Diameter 

(µm) 

Exposure 
Time  
(s) 

MPE 
 (J/m2) 

System 
Exposure 

(J/m2) 

OCT  

(static beam) 
2.35 860 32 0.5 34366 1221 

OCT  

(30 fps scan) 
2.35 860 32 

(150 
cycles) 

80429 855 

RS  

(9 mm offset) 
75.00 785 4500 20 20459 94400 

RS  

(contact) 
45.00 785 440 2.5 20459 572500 
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Figure 3.6. Non-normalized Raman spectra from human effusion (black curve) and milk 
(red curve), offset for clarity, demonstrating the similarity in biological Raman bands 
between 1400-1750 cm-1 and general Raman scattering intensity. 

 
 
 
 

 
Figure 3.7. Comparison of fluorescence generated by three bone samples. A) Raw 
Raman spectra from each bone, showing an increased background intensity from 
malleus (black curve) compared to tibia (red curve) or tooth (blue curve). B) Fluorescent 
image of the same bone samples with similar excitation and detection spectral 
bandwidths to that used for Raman scans. The unique increase in fluorescent counts 
from the malleus (right, dotted box) relative to the tooth (center, dashed box) and the 
tibia (left, solid box) in this image validates the trend seen in the RS system spectra.   
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3.5 Discussion 

 
 

This paper focuses on understanding key design criteria needed for successful 

application of RS-OCT for OM diagnostics. Challenges in measuring probe-based RS 

signals within the middle ear were identified and addressed. Middle ear tissues were 

characterized with RS-OCT on the component-level and in a combined in vitro model. 

Ultimately, the light reflex region of TM emerged as the optimal position for interrogating 

imaging and spectral features of OM infection. Not only is the light reflex easily 

identifiable when observing the middle ear, but most importantly the degree of spectral 

interference from the TM or ossicles is minimal at this location, allowing for unhindered 

interrogation of any infectious components (e.g., effusions, biofilms). Lastly, a combined 

RS-OCT probe was constructed that demonstrates the benefits of a multimodal 

approach and clarified design constraints crucial for developing a future device.   

In the clinical in vivo human RS study (Figure 3.2), the unexpected impact of the 

bone spectral bands and autofluorescence was discovered. An overwhelming proportion 

of the Raman spectral contributions came from bone mineral peaks located at 960 cm-1 

(’1-PO4 symmetric stretching) and at 1070 cm-1 (’1-CO3 symmetric stretching) (Morris 

and Mandair, 2011). Bones create an interfering Raman signal that impedes 

characterizing OM infectious components, and are known to generate markedly higher 

autofluorescence compared to other tissues.57 A subsequent investigation of the 

malleus, described in Section 3.3.5, reveals that middle ear ossicles generate a 

significantly higher level of detected fluorescence compared to other bones, shown in 

Figure 3.7. The fluorescent image confirms that the malleus does generate notably high 

background signal compared to tibia or tooth by a factor of 4.3 and 11.3 respectively, as 

measured by comparing the average image value within a region of interest manually 
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drawn around each bone. Image analysis was performed within Fiji software.58 While the 

relative background enhancement between the samples compared in this image was 

close to what was seen in the Raman spectrum, this 2-D system acquires the signal with 

a different collection geometry than the RS fiber probe. Regardless, both trends 

demonstrate the unique high degree of background signal generated by malleus bone. 

The large spot size of the diverging RS source when illuminating the TM at an  

9 mm offset (e.g. ~4.5 mm diameter on surface) means that the RS probe must be 

carefully positioned in order to avoid the ossicles, which would otherwise overshadow 

the weaker Raman signal relating to tissues of interest to characterizing OM  

(e.g. effusions, biofilms). The associated bone Raman bands at 960 and 1070 cm-1 

decreased in ears with effusion relative to the measurements from dry ears. This effect 

is likely because effusion any present will scatter a proportion of the illumination light 

before reaching the ossicles and causes a similar attenuation effect on the Raman 

photons generated by the ossicles from being detected.  

The RS scans of an ex vivo chinchilla TM (Figure 3.3A) clearly demonstrate the 

spatial dependence of the RS signal from different regions of the TM. The light reflex 

region (Red circle) generates very little signal and is evident by comparison to the 

substrate (Blue circle). Given the translucent appearance and relatively thin profile, the 

scattering cross-section of the TM at the light reflex is small, which is confirmed in  

Figure 3.3B with OCT. A unique RS signature was noted from the pars flaccida (Green 

circle), showing distinct spectral features at 1063 and 1128 cm-1 (C-C stretching),  

1296 cm-1 (CH2 twisting) and 1437 cm-1 (C-H bending) that are indicative of lipid acyl 

chains59 and phospholipids.60 A broader Amide I band (1590-1720 cm-1) is also seen that 

relates predominantly to proteins and connective tissue like collagen. The umbo, where 

the malleus attaches to the center of the TM (Yellow circle), generated a spectrum with 

a strong bone-related peak at 960 cm-1 and substantial fluorescent background that was 
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similarly noted during clinical RS scans of the middle ear. This confirms that a large 

proportion of the undesirable signal acquired in vivo arises from the ossicles, and that 

the light reflex is the optimal location to acquire Raman spectra of middle ear biofilms 

and effusions. The light reflex region is a simple visual target to aim for, as it best avoids 

addition of TM Raman signal present in thicker connective tissue and is physically 

separated from the umbo that introduces ossicle-related spectral interference. OCT 

scans are similarly best taken from the light reflex to ensure consistent scans between 

subjects. With OCT, the light reflex region is characterized by two clearly defined peaks 

with a small separation dependent on the thickness of the TM. Within an integrated RS-

OCT device, these OCT image features would ensure the RS probing beam is properly 

laterally positioned over this region during in vivo scans and provide axial positioning 

feedback on the probe-tissue offset, in addition to any positioning cues from the 

integrated CCD camera. Depth profiles of the ex vivo chinchilla TM (Figure 3.3B) and in 

vivo adult normal human ear (Figure 3.3C) are comparable, apart from the obvious 

difference in size between species. 

The reported in vitro ear model (Figure 3.4) was employed to determine the 

Raman spectrum of pure human effusion and the effect of intermixed signals from middle 

ear components. The degree of spectral interference caused by various middle ear 

tissue is shown in Figure 3.4B. Spot (1) in the in vitro model, measuring umbo over 

effusion, created a spectral profile similar to the in vivo clinical data (comparing Figure 

3.4B1 to Figure 3.2). Strong bone spectral bands and low SBR in this measurement 

indicates the presence of malleus remnants still adherent to the umbo, which creates 

difficulty in resolving effusion spectral features. Spot (2) in this in vitro model, measuring 

the light reflex over effusion, was consistent with measurements from spot (3) that 

represented pure human effusion. This confirms the light reflex as an ideal location to 

probe effusion biochemical composition in vivo with RS.  
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OCT scans of the in vitro model in these three regions (Figure 3.4C) are 

comparable to previously observed in vivo scans of pediatric OM15, 31, 32 (Figure 3.4D), 

particularly at spot (2) over the light reflex region. Dense mucoid fluid in panel C3/D3 of 

Figure 3.4 appear as point scatterers in a turbid media. Effusions often show these 

characteristic patterns depending on the relative ratio of infectious components and 

particulates (mucous, bacteria, immune cells, etc.) as observed in many prior  

studies.31, 61 Therefore, the selected clinical scans are representative of severe cases of 

OM that present with a mucoid, dense fluid and little inflammation of the TM, and 

demonstrate the equivalence of the in vitro model used here. Ultimately, these image 

features help to provide guidance when imaging for proper placement and orientation of 

the RS probe, to ensure sampling over the light reflex and away from the ossicles such 

that high-quality RS scans can be captured. 

A prototype RS-OCT handheld device was constructed and tested on a simple 

model composed of malleus bone suspended over milk solution by a thin plastic sheet. 

OCT imaging provided both depth and lateral positioning feedback to control the probe-

tissue offset and avoid the malleus, which interferes with detecting Raman features from 

the milk (Figure 3.5D). Characterization of this model with RS-OCT is straightforward 

due to its relatively homogenous composition (Figure 3.5E+F). The thin plastic sheet 

representing the TM is not as clearly visible in some regions due to its limited thickness 

and the observed high scattering content of the milk, a colloidal solution of fats and 

protein in water. The malleus can be easily detected by either its structural or spectral 

characteristics. By appropriately positioning the handheld device over the simulated light 

reflex, the characteristic spectra of milk was accurately collected62 without any 

interference from the malleus. In summary, this simplistic model confirmed the benefits 

afforded by the multimodal probe that is expected for improved signal acquisition within 

the middle ear.   
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Figure 3.8. Infrared camera images to observe tissue heating effects during 
experimentation. Samples in this study were observed with a thermal camera (FLIR-
T62101, Teledyne FLIR, OR) capable of measuring any temperature transients caused 
by RS or OCT imaging. A) Ex vivo chinchilla TM before and after RS imaging. Cooling 
effects from the saline and benchtop setup were greater than heating effects imparted 
by RS imaging. In vivo testing of B) OCT (Left: static and Right:scanned), and C) RS on 
human skin (Left: lens-less, Right: 6 mm focal length lens). The OCT and RS probes 
were separated to observe heating effects. Neither technique at specified settings 
showed any relevant heating effects during the scans, generally confirming the safety of 
these techniques in bulk skin at the specified parameters as shown in Table 1 in the 
main text.  
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MPE limits were evaluated using tables available for the skin. Total system 

exposure for the handheld device accommodates safe OCT imaging using this 

configuration, which is an important consideration for future clinical translation. However, 

the RS radiant exposure was higher than the ANSI recommended limits for skin. MPE 

is related to energy per unit area per unit time as well as the local tissue properties, 

particularly the absorption and scattering properties of the tissue and heat capacity. The 

ear lacks many of the chromophores present in high concentrations within skin (e.g., 

melanin, water), so MPE limits are expected to be less relevant for the specific 

application of RS in the ear. Infrared thermal imaging shown in Figure 3.8 demonstrated 

that there was minimal heating of ȹ0.3ÁF on human skin. No change in temperature was 

measured on the ex vivo chinchilla TM, although this could be due to heat dissipation 

during imaging into the metal base and CaF2 slide it was placed on. Still, the transparent 

nature of the TM and the substantially thinner profile than bulk skin tissue would expect 

less absorption and heating effects than in vivo skin.  

Overall, multimodal RS-OCT provides a wealth of diagnostic information that has 

the potential to improve the assessment of OM in vivo. Morphological and compositional 

changes in the ear caused by any infectious components (effusion, biofilm, etc.) can be 

simultaneously characterized. For example, when in position over the light-reflex region, 

OCT can characterize the structural distribution of biofilm and effusion properties and 

control the probe-tissue offset. RS can then accurately probe biomolecular information 

from components of interest that are present behind the TM if proper avoidance of 

interfering signal from ossicles through image guidance with OCT. Together, the 

strengths of each technique complement their individual weaknesses. 
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3.5.1 Study Limitations 

Experiments performed in this study examined important use cases and realistic 

middle ear models to evaluate the ability of RS-OCT to assess OM. Many crucial 

operational parameters were better understood, namely: lack of substantial RS signal 

contribution from the TM over the light reflex region, an aberrant signal from the ossicles, 

and verification of safe system exposure levels (MPE). However, the initial findings for 

in vivo measurements prompted an in-depth evaluation of components as in the in vitro 

model. Samples were frozen and thawed before interrogation or were from a normal 

healthy chinchilla TM. In future studies, fresh (i.e., not frozen) human samples or in vivo 

measurements will be used to correlate RS-OCT data to the presence of specific 

bacterial species as well as identify any effects of inflammation. To address some of the 

shortcomings of the current optical design, a future integrated design is being conceived 

that considers more effective RS and OCT imaging configurations, and an optimized 

speculum tip with an equivalent outer diameter to standard pediatric tips. 

 

3.5.2 Design considerations for future system development 

The development of the RS-OCT handheld prototype fulfills many practical 

considerations for clinical imaging and spectroscopic measurements of the ear. During 

testing, it provided unique insight into improvements for a next-generation system. The 

dimensions and conformation of the ear canal impose the least flexible set of parameters 

in this application. For example, a wide-field imaging camera is paramount for 

visualization of the TM and is desired by physicians for regular use in a clinical setting. 

However, many details can be gleaned from single OCT depth profiles rather than cross-

sectional images, including positioning feedback for controlling RS probe-to-tissue 

distance. Moving to a non-scanning OCT configuration would reduce device complexity 

and simplify the integration of both RS and OCT probes within the small speculum tip. 
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Machine learning tools can be used to supplement the transition to 1-D OCT profiles.31 

Similar considerations exist for balancing RS sensitivity and MPE limits. Contact-based 

RS measurements on the TM risks perforation, damage to the ossicular chain, and 

extreme pain for the patient. Thus, any RS interrogation of the middle ear space must 

be conducted at an offset from the tissue surface. Given the effect of expanded 

illumination of the RS beam during noncontact spectral acquisition on illuminating 

ossicles present behind the TM, focused excitation of the RS laser should be explored 

to promote spatially-specific signal acquisition to analyze infections components within 

the middle ear.  

In future designs, it would be advantageous to characterize the performance of 

an OCT source with an source bandwidth that falls outside of the spectral detection 

range of the RS spectrometer, which currently overlap in the presented system (e.g. 785 

ï 1100 nm). Spectrally separated OCT and RS illumination and detection bands would 

allow for simultaneous RS-OCT acquisition. Equivalently, spatial constraints require 

components to comfortably fit within the pediatric ear canal. Unless anesthetized, it is 

challenging for a pediatric patient to sit still for more than a few seconds. Higher RS 

illumination power and shorter integration times that still meet MPE limits or novel signal 

collection methodologies may be needed to ensure acceptable signal quality and spatial 

specificity within awake children. Primary care is also a very cost-sensitive clinical 

discipline. Therefore, reduction in system cost, complexity and performance must be 

carefully weighed against imaging performance and sensitivity for effective detection of 

OM. 
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3.6 Conclusion 

 
 

This work investigated many of the operational parameters needed to advance 

RS-OCT for OM detection. First, the feasibility of collecting Raman spectra from the 

middle ear in vivo was demonstrated. Next, benchtop RS-OCT was used to characterize 

the TM alone and then within an in vitro model using a real human effusion. It was found 

that ossicle-related spectral signatures overwhelm the acquired Raman signal and 

burden the analysis of spectral bands arising from infectious components. Positioning 

the RS probe at the light reflex was most effective for recovering spectra from effusions, 

as this thin region of the TM produces a reasonably low Raman signal and is physically 

separated from the malleus bone. Cross-sectional OCT scans from these models 

demonstrate clear resemblance to in vivo scans of the human middle ear. Likewise, this 

study demonstrated the potential for OCT to be used to not only examine morphological 

information about middle ear components (e.g. TM, presence of effusions, biofilms, 

thickness, texture, etc.) but also to guide the positioning of the RS probe and avoid the 

impact of bone signals. Finally, an integrated RS-OCT handheld probe was developed 

and successfully investigated the feasibility and translational potential for these optical 

techniques to be integrated into a single device. An analysis of optical power 

considerations in regards to MPE limits showed systems used in this paper to be within 

safety limits and ready for future in vivo testing. Multimodal RS-OCT imaging for OM has 

the potential to provide clinically relevant information, such as identifying presence of 

effusion or biofilms with OCT, as well as effusion properties (e.g. purulent, serous or 

mucoid) and causative species during active with RS. Overall, this study demonstrates 

that a combined RS-OCT system is advantageous and provides a more comprehensive 

picture of the middle ear than either modality offers alone. 
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CHAPTER 4 
 

 

4. PERFORMANCE ASSESSMENT OF PROBE-BASED RAMAN SPECTROSCOPY 
SYSTEMS FOR BIOMEDICAL ANALYSIS 

 

 

This text is adapted from: 
 
 
S.F. Fitzgerald, E. Marple, A. Mahadevan-Jansen, ñPerformance assessment of probe-
based Raman spectroscopy systems for biomedical analysisò, Biomed. Opt. Express, 
vol. 14, p. 3597-3609, July 2022. 

 
 
 

4.1 Abstract 

The RS feasibility data from the middle ear reported in Chapter 3 determined that  

instrument optimization was needed for two reasons: (1) noncontact acquisition of RS 

data required exceedingly long exposure times (2-3 sec) and high power (80 mW), and 

(2) the high fluorescence found in the ear Raman spectra necessitated averaging of the 

data over at least ten scans to properly minimize noise and resolve the Raman spectral 

features. This measurement time,  Ó20 seconds per single spectrum and Ó40 seconds 

for dual region detection, would constrain the practical application of RS in assessing 

features related to Otitis Media (OM) in awake children. Here, a methodology is 

presented for evaluating the performance of probe-based Raman spectroscopy systems 

for biomedical analysis. Towards improving system sensitivity for OM characterization, 

the method was used to compare and select the optimal spectrograph to minimize RS 

measurement time. This procedure uses a biological standard sample and data analysis 

approach to circumvent many issues related to accurately measuring and comparing the 

signal quality of Raman spectra between systems. Dairy milk is selected as the biological 
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standard due to its similarity to tissue spectral properties and because its homogeneity 

eliminates the dependence of probe orientation on the measured spectrum. A spectral 

dataset is first collected from milk for each system configuration, followed by a model-

based correction step to remove photobleaching artifacts from the autofluorescent 

background and accurately calculate SNR. Results demonstrate that the proposed 

strategy, unlike current methods, produces an experimental SNR that agrees with the 

theoretical value. Four preconfigured imaging spectrographs that share similar 

manufacturer specifications were compared, showing that their capabilities to detect 

biological Raman spectra widely differ in terms of throughput and stray light rejection. 

 
 

4.2 Introduction 

 
Raman Spectroscopy (RS) is a powerful optical method capable of examining 

the biochemical content of a sample in a non-destructive and label-free fashion, yielding 

specific compositional information on a molecular level.1 Following the advent and 

broader availability of laser technology, RS has shown great potential to interrogate 

tissues and biofluids for applications in clinical diagnostics.2 In many cases, fiber optic 

probes (FOPs) enhance the versatility of developing health monitoring devices3 since 

optical fibers hold distinct advantages in this context (e.g., flexible, small diameter, 

cheap). Most importantly, they provide the key benefit of decoupling the laser source 

and signal detection platform from the sampling volume, allowing for remote and in situ 

RS measurements. In effect, FOPs allow more flexibility in device design, permitting the 

integration of RS into the instrument channel of standard medical endoscopes4, 5 and 

even through hypodermic needles.6 

The Raman scattering cross-section of organic molecules is inherently low,7 so 

dispersive RS systems that are designed for biomedical analysis require careful optical 
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design and high-performance detection components. In practice, enhancing the 

detection of weak Raman signals can be achieved in three primary ways: (1) high 

numerical aperture (NA) light collection optics, (2) detectors with high quantum 

efficiency, and (3) high-throughput spectrographs. Concerning FOP systems, the low 

NA of fiber optics typically between 0.1-0.3 sets the primary constraint on light-gathering 

ability. While bundling multiple collection fibers within the FOP can increase the amount 

of optical signal gathered from the sample, there is an upper limit on the number of fibers 

that can be efficiently imaged in the RS spectrograph due to off-axis diffraction angles 

causing a curvature in the spectral image that degrades spectral resolution.8 Utilizing 

detectors with high quantum efficiency and low noise performance can also enhance 

system sensitivity, and manufacturer-provided specifications help decide between 

commercially available options. Still, much of the optimization space for improving RS 

systems rests on optimizing the performance of the spectrograph. 

 However, assessing the performance of the imaging spectrograph used for 

biomedical RS is not straightforward because of the specific characteristics of biological 

Raman spectra that lead to low signal quality. The Raman-scattered component of the 

detected spectrum is overwhelmed by a large proportion of autofluorescence, typically 

multiple times stronger than the Raman. Additionally, the weak nature of Raman 

scattering from biological specimens also makes the spectrograph vulnerable to stray 

light, which refers to any light reaching the detector that deviates from the intended 

optical path. Stray light interference may arise from ambient light bleed, backscattering 

of the excitation laser, or imperfections in optical components within the spectrograph.9 

Because of these competing signal contributions, a spectrograph used for detecting 

biological Raman spectra requires specific attributes:  high-efficiency diffraction gratings, 

an optical bench with sufficient f-number to capture all the light delivered by the FOP, 

light-tight construction, and high-performance filters to block the Raman laser line.10 The 
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manufacturer specifications typically define the spectral range, resolution, and f-number 

of the spectrograph, but often lack any distinct information about realizable light 

throughput or stray light rejection. This leaves the researcher or engineer with the 

challenge of finding the optimal spectrograph design for detecting biological Raman 

spectra. 

When testing a RS systemôs performance, it is often overlooked that the sample 

itself affects various properties of the collected optical signal.11 First, the scattering 

coefficient of the sample impacts the amount of backscattered laser light and, therefore, 

stray light entering the spectrometer. Second, the sample's composition influences the 

proportion of autofluorescence to Raman signal present in the spectrum. Using a 

biological sample ensures that the testing data accurately captures these aspects of true 

tissues and will reflect the performance of the system for biomedical analysis. The 

sampleôs homogeneity is also an important consideration when comparing multiple RS 

system configurations, as the repeatability of the optical signal is affected by the 

placement and orientation of the FOP with respect to the sample. It is crucial to input 

identical signals across all system configurations to prevent experimental variations from 

skewing comparison analysis of the tested RS systems. 

The signal-to-noise ratio (SNR) is a useful metric to quantify Raman signal quality 

as it is a measure of the strength of the Raman signal relative to the amount of signal 

variance due to noise. Yet, the SNR of biological Raman spectra is seldom reported. 

This is largely because of the photobleaching effect that decreases the autofluorescent 

background intensity over time, leading to signal instability and challenges in comparing 

consecutive data frames to estimate signal variance. Reports have attempted to 

experimentally estimated SNR from a single spectrum by using the variance of a Raman-

silent region (e.g., 1800-1900 cm-1),12-15 but this approach requires analyzing the noise 

over a region of the spectrum that does not reflect the true variance at regions where 
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the Raman peaks lie. This ultimately leads to inaccurate results.16 For this reason, recent 

reports analyzing theoretical and experimental Raman SNR utilize non-biological 

polymers as reference materials that are resistant to photobleaching17 or avoid 

experimental calculation of SNR from biological spectra altogether.11  

The challenges in unbiased quantification of signal quality from biological 

samples point to the motivation of this methodology report. Here, a repeatable and 

reliable procedure is outlined to assess the performance of RS system configurations by 

selecting dairy milk as a biological standard sample. By closely emulating the Raman 

signal of tissues, milk provides a suitable estimate of system data quality for biomedical 

analysis. Submerging the FOP into this liquid sample also eliminates probe orientation 

dependence on the data and circumvents experimental variances. The Raman dataset 

undergoes a model-based correction step to remove photobleaching artifacts and 

enables accurate SNR estimation. Results show that this procedure offers improved 

accuracy over existing methods, where the experimental SNR agrees with the 

theoretically determined value. This method was then used to compare four 

preconfigured Raman imaging spectrographs to demonstrate its utility in assessing RS 

system performance. 

 

4.3 Methods 

4.3.1 Raman System 

Raman datasets were acquired using a narrowband, wavelength-stabilized 785 

nm laser diode (II0785MU0350MS, Innovative Photonic Solutions, NJ) and an FOP that 

was designed for operation at this laser line. The FOP (EmVision LLC, FL) includes a 

single 300 µm core laser delivery fiber with 0.22 NA surrounded by a ring of seven  

300 µm core collection fibers with equivalent NA to couple diffusely reflected light into 
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the spectrometer. The laser fiber is affixed with a bandpass filter centered at the laser 

line to block extraneous wavelengths from reaching the sample. An annular-shaped 800 

nm longpass filter is set atop the proximal end of the collection fibers for first-stage 

filtering of the back-scattered laser light. The distal end of the collection fibers is linearly 

arranged at an SMA-terminated fiber coupler that is aligned to the entrance slit of the 

various spectrographs tested. The optical signal was recorded with a near-infrared 

optimized and thermoelectrically cooled deep-depleted CCD camera (Blaze 400HR, 

Teledyne Princeton Instruments, CA), as depicted in Figure 4.1a.  

The reported methodology was used to compare the performance of four 

preconfigured Raman spectrographs, which are all designed to resolve Raman spectra 

at 785nm excitation with fiber-coupled input and external camera mounting. They share 

similar optical specifications, including resolution and f-number. An f-number of f/2.2 or 

faster is sufficient for collecting all the light from the 0.22 NA collection fibers within the 

FOP, which is true for all tested instruments. The spectrographs do, however, differ in 

the general design of their optical bench and internal components. For example, 

Spectrographs 1 and 2 utilize a filtering design that decreases the number of internal 

lenses by butt-coupling the input fibers directly against the entrance slit, thereby 

minimizing optical losses and the generation of stray light from lens surfaces. These two 

instruments, along with Spectrograph 3, use a transmissive grating that is more efficient 

than the reflective grating used in Spectrograph 4. 

 

4.3.2 Wavenumber Calibration 

To map pixel number to relative Raman shift, wavelength dispersion was 

calibrated with the atomic emission spectrum of a Neon-Argon lamp. Relative 

wavenumber was then calculated and confirmed with acetaminophen and naphthalene 

standard materials to ensure that the calibration error was below the systemôs spectral 
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resolution, which was calculated from the full-width half maximum of an atomic emission 

line within the Neon-Argon spectrum. As seen from the calibrated and intensity-

normalized naphthalene spectra in Figure 4.1b, all spectrographs successfully 

reproduce Raman data from the chemical standard with comparable resolution. 

 

 
 
Figure 4.1. (a) Schematic of the RS system used to acquire biological spectra, including 
785 nm laser diode, charge-coupled device (CCD), fiber optic probe (FOP), and the four 
preconfigured spectrograph systems. (b) Calibrated and normalized naphthalene 
spectra, offset for clarity.   

 

 

4.3.3 Signal-to-noise estimation 

The SNR of an optical spectrum represents the amount of detectable signal 

relative to the uncertainty of the true signal value due to experimental and instrumental 

noise. It is experimentally computed from the Raman peak intensity (S) and the standard 

deviation (ů) of the peak intensity at a selected Raman band ’ over multiple acquisitions, 

defined as the ratio 
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Furthermore, it is possible to determine the theoretical Raman SNR from a 

combination of independent noise sources and experimental data.11 The noise is 

represented by instrumental and experimental sources added in quadrature because 

they can be considered statistically independent.18 The theoretical SNR equation at 

wavenumber is given by 
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where Ὓ is the Raman peak intensity taken from experimental data, ὲ  is the variance 

due to shot noise of detected photons, ὲ  is the variance from detector readout noise, 

and ὲ  is the variance due to detector dark current. Noise sources related to laser 

stability and flicker noise16 were excluded from this analysis. It is important to consider 

that photon shot noise is described by Poisson statistics, which states that the magnitude 

of shot noise is proportional to the square root of the number of detection events.19 

Therefore, shot noise must be estimated from detected photoelectron counts (e-) as 

opposed to the analog-to-digital units (ADUs) given by the detector. This conversion is 

required to estimate shot noise and obtain an accurate theoretical value for Raman SNR. 

 

4.3.4 Detector characterization 

Transforming ADU to absolute photoelectron count is achieved using the 

cameraôs amplifier gain. The well established mean-variance method20 was applied to 

measure amplifier gain of the detector. A tungsten-halogen lamp was used as a 

broadband light source, where 500 frames of the smoothly varying spectrum were 

analyzed to generate the mean-variance plot in Figure 4.2a. The conversion factor 
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between e- and ADU, or gain, is calculated from the slope of a regression line fitted to 

this mean-variance relationship for each detector gain setting. The lowest gain setting 

shows a steep decline in the mean-variance relationship near 40k ADU (i.e., 

photoelectron count of 180 ke- using the gain coefficient of 4.46 e-/ADU) due to the 

detectorôs full well capacity of 180 ke-. So, the Medium gain setting was chosen for 

further data collection to maintain gain linearity over the full dynamic range. 

To accurately account for all sources of noise contributing to signal variance, it 

is necessary to include the magnitude of readout noise and dark current in the 

calculation of the theoretical signal-to-noise ratio (SNR). While readout noise and dark 

current are provided in the manufacturer specifications of the detector used in this report, 

these values were validated as follows. The DC bias and signal-free noise were 

estimated from the mean and standard deviation, respectively, of pixel intensities from 

a dark measurement recorded using the same detector settings as the experimental 

data presented in this report (i.e., 2 sec acquisition time, medium gain, -80 °C detector 

cooling). The histogram of dark measurement pixel values is shown in Figure 4.2b, 

where the bias counts are 600 ADU and the signal-free noise was found to be 4 ADU or 

7 e-. The amplifier gain and signal-free noise intensity both agree with this detectorôs 

manufacturer specifications. 
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Fig. 4.2 CCD detector characterization (a) Gain estimation of the detector using mean-
variance plot at three gain settings. (b) Histogram of pixel intensities from a dark 
measurement to estimate signal-free noise sources (i.e., read noise and dark current) 
and DC bias. 

 
 
 

4.3.5 Biological standard 

Dairy milk was found to be an advantageous biological standard for the following 

reasons. It has a similar reduced scattering coefficient to mimic the diffuse reflectance 

behavior of tissues; a property that has been exploited by using milk as a scattering 

agent in tissue-mimicking optical phantoms.21, 22 Milk also contains a variety of organic 

molecules, such as proteins, lipids, and carbohydrates that provide a reasonably similar 

Raman spectral line shape to that of tissues, as demonstrated in Section 4.4.1. It is also 

highly homogenous, which effectively eliminates FOP orientation dependence on the 

acquired signal. Additionally, milk is relatively inexpensive and easily accessible, making 

it a convenient choice as a biological standard for researchers who want to assess the 

performance of probe-based RS systems. Many varieties of milk are commercially 

available, but this work determined that 2% reduced-fat homogenized milk has a 

comparable proportion of autofluorescence to Raman scattering intensity that is most 

similar to tissue spectra. 
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4.3.6 Data Collection 

All spectrographs were tested using the same auxiliary system components, 

including laser, FOP, and camera, to eliminate their dependence on the measured data. 

The FOP collection fibers and camera were aligned onto each instrument and the 

wavenumber axis was calibrated prior to measurement. The following camera 

parameters were set for all measurements: Medium gain (1.69 e-/ADU), 1 Mhz readout 

speed, vertical hardware binning, -80 °C cooling setpoint, and 2 sec acquisition time. 

Data acquisition was controlled via LightField software (Teledyne Princeton Instruments, 

CA) for readout from the detector. A laser power of 75mW from the 785 nm diode was 

measured at the tip of the FOP before each measurement to ensure consistent 

irradiance at the sample. A 300 mL solution of dairy milk was added to a beaker and the 

FOP was dipped 1 cm into the sample and stably positioned by clamping it into a custom 

chuck. The room lights were turned off during acquisition to minimize any interfering 

ambient light from entering the FOP. A dataset of 40 consecutive spectra was acquired 

for a total measurement time of 80 sec. The FOP tip was then cleaned with deionized 

water, and this process is repeated for each spectrograph using a fresh aliquot of milk. 

 

4.3.7 Preprocessing 

Signal preprocessing was minimally applied to avoid potential influences on the 

calculation of SNR. Estimation of the baseline fluorescence is required to properly define 

Raman peak intensity and calculate the SNR as it related to the usable Raman signal. 

This is especially important for biological spectra, where the Raman signal counts are 

much weaker than non-Raman baseline counts. The adaptive iteratively reweighted 

Penalized Least Squares (airPLS) method was applied here to estimate the baseline, 

which provides good baseline stability in low SNR environments.23 Data preprocessing 

was performed in Matlab R2022b software (Mathworks Inc., MA, USA). 



112  

4.3.8 Photobleaching correction 

The effects of photobleaching during continuous laser exposure cause a 

decrease in autofluorescence that follows a characteristic negative exponential decay.24 

This can be seen within an example milk Raman dataset, where the mean photoelectron 

count of each spectrum decreases over time (see Figure 4.3a). A subset of these spectra 

is plotted in Figure 4.3b to better visualize the direct impact of bleaching. Towards the 

quantification of Raman SNR, this has the deleterious effect of adding false variance 

within the data. As seen in Figure 4.3c, the standard deviation of photoelectron counts 

Ὡ  is much higher than  ЍὩ , which are expected to be proportional for shot-noise limited 

detection.19 Therefore, the statistics of the raw spectral dataset contain artificially high 

signal variance due to photobleaching and would generate a lower experimental SNR 

when calculated by Eq. (1).  

A straightforward and elegant preprocessing algorithm for correcting additive 

effects in spectral data is Multiplicative Signal Correction (MSC). This model-based 

correction step is extensively used in near-infrared spectroscopy data to correct 

variations in sample thickness, atmospheric components, and temperature 

fluctuations.25 The MSC algorithm is also useful for Raman data preprocessing for shift 

correction and removing other measurement-related variations26-28 but has not yet been 

reported for photobleaching correction. The MSC model26 is given by 

 Ὅ’   ὥ   ὦϽά’ (3) 

 

where the measured spectrum Ὅ’ is modeled onto a reference spectrum ά’ that is 

typically chosen to be the mean of the dataset. The parameters ὥ and ὦ in Eq. (3) are 

computed through a first order least-squares fit of each spectrum to the reference. Each 

photobleaching-corrected spectrum is then obtained according to 

 Ὅ’   Ὅ’ ὥ  Ⱦ ὦ (4) 
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where ╘╬’ is the corrected Raman spectrum. This procedure is repeated for each 

measurement in the dataset. The MSC-corrected dataset demonstrates a stable mean 

(Figure 4.3d) and effectively shifts all wavenumber regions for their proportional amount 

of photobleaching decay (Figure 4.3e). The pixel-wise data statistics in Figure 4.3f 

demonstrate that the shot-noise limited relationship between counts and variance is 

attained, where the standard deviation of counts is now proportional to the square root. 

This confirms that the MSC procedure does not affect the authentic signal variance 

caused by instrumental and shot noise sources. 
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Fig. 4.3. MSC correction for photobleaching effects. (a) Mean values of 40 consecutive 
spectra acquired from dairy milk, demonstrating the effect of photobleaching over time-
course measurements. (b) Plot of a subset of spectra; inset is a zoom of the Raman 
peak at 1440 cm-1 used for SNR calculation. (c) Standard deviation and square root of 
the dataset on a per-pixel basis. (d-f) Plots of the same metrics after MSC correction. All 
data is presented in photoelectron count (e-), calculated using the detector amplifier gain. 
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4.4 Results 

 

Before evaluating the performance of various preconfigured Raman 

spectrographs, the photobleaching correction method using MSC was first validated. 

The Raman SNR was calculated from experimental data and compared against the 

theoretical value. 

 

4.4.1 Experimental SNR validation 

Milk Raman spectra were acquired with an FOP following the procedure reported 

in Section 4.3.6. The raw data was corrected for the detector DC bias of 600 ADU, as 

these counts do not relate to detected photoelectrons and should not be included in the 

estimation of shot noise. The mean spectrum from a dataset of 40 milk spectra and the 

associated airPLS baseline estimate are plotted in Figure 4.4a, and the background-

subtracted mean spectrum is shown in Figure 4.4b. Signal counts are given in both ADU 

and photoelectron counts, which were converted using the measured detector gain of 

1.69 e-/ADU. The RS spectrum of milk is in good agreement with previous reports.29-31  

This procedure was repeated with a sample of bovine flesh, and analogous data 

is plotted in Fig. 4.4c-d to demonstrate the similarities in signal characteristics between 

the biological standard and a true tissue specimen. Milk shares a similar proportion of 

autofluoresence (Figure 4.4a,c) and Raman scattering intensity (Figure 4.4b,d) as 

tissue, as well as many characteristic biological spectral features including 1003 cm-1 for 

phenylalanine, 1300 cm-1 for CH2 twisting, 1440 cm-1 for CH2 stretching, and  

1660 cm-1 for C=C stretching.29   

The signal metrics in Table 4.1 were calculated from the datasets shown in  

Figure 4.4. Total signal intensity and Raman intensity were taken from the 1440 cm-1 
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peak, which is the most prominent Raman band and serves as a benchmark for Raman 

SNR. To calculate the theoretical Raman SNR, the signal shot noise was calculated as 

the square root of total signal intensity in photoelectron units. The manufacturer provides 

the signal-free noise of the detector, including both readout noise and dark current. Still, 

these instrumental noise sources were empirically confirmed through the readout of a 

dark frame at equivalent detector settings to those used for Raman measurements (see 

Section 4.3.4). Using these experimental and instrumental values, the theoretical 

Raman SNR values for both milk and the tissue specimen were computed at 1440 cm-1 

according to Eq. (2). 

 

 

 
 
 
Figure 4.4. Raman data from dairy milk and a tissue spectrum. (a) Mean spectrum of the 
milk dataset (black curve) and the airPLS baseline estimate (red dotted curve). (b) The 
background-subtracted milk spectrum used to estimate Raman intensity, with prominent 
peaks identified at 1003, 1300, 1440, and 1660 cm-1.  Signal intensities are expressed 
both in analog-to-digital units (ADU) and photoelectron (e-) counts. (c-d) Plots of the 
same spectral data from a tissue specimen. 
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Table 4.1. Calculation of theoretical and experimental SNR for Raman data of biological 
standard and in vivo tissue. 

Signal Metric Milk Tissue Units 

Total signal intensity 14900, 25330 24140, 41038 ADU, e- 

Raman intensity (1440 cm-1) 4559, 7750 4333, 7366 ADU, e- 

Signal shot noise (1440 cm-1) 159 203 e- 

Signal-free noise sum 7 7 e- 

Signal 
standard 
deviation    

 Silent region, 1800-1900 cm-1 45 58 ADU 

Uncorrected, 1440 cm-1 201 304 ADU 

MSC-corrected, 1440 cm-1 95 110 ADU 

SNR1440 

Theoretical 49 36 a.u. 

Experimental (silent region) 101 75 a.u. 

Experimental (uncorrected) 23 14 a.u. 

Experimental (MSC-corrected) 48 39 a.u. 

 

The experimental Raman SNR values for milk and the tissue specimen were 

then calculated according to Eq. (1) as the ratio of Raman intensity at 1440 cm-1 to the 

standard deviation of this peak intensity across the 40 spectra within the dataset. The 

pixel-level standard deviation at 1440 cm-1 was calculated for the uncorrected and  

MSC-corrected datasets, indicating that photobleaching in the uncorrected dataset 

overestimates signal variance at the Raman peak. The uncorrected data results in a 

lower SNR than the theoretical value due to this amplified variance. Signal variance in 

the silent region between 1800-1900 cm-1 of a single preprocessed spectrum was also 

calculated to emphasize the issue with this noise estimation method used in previous 

reports.12-15 The standard deviation of a silent region underestimates signal variance in 

both biological samples because of the lower overall signal counts, and consequently 

lower shot noise, compared to the signal counts at the 1440 cm-1 peak. Using the silent 

region to estimate signal variance, therefore, generates a higher SNR than the 

theoretical value. The MSC-corrected data correctly estimates the true signal variance 

and gives an experimental SNR that is in good agreement with the theoretical value.  
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4.4.2 Spectrograph performance comparison 

Following the validation of using MSC correction to accurately compute Raman 

SNR from biological samples, this procedure was used to compare the performance of 

four preconfigured Raman spectrographs that are designed to resolve relative 

wavenumber shifts between 950-1900 cm-1 at 785 nm excitation. The tested 

spectrographs all share similar spectral resolution and f-number, as seen by the 

summarized specifications in Table 4.2. Raman datasets were acquired from the 

biological milk standard according to the procedure outlined in Section 4.3.6.  

 

Table 4.2. Specifications and Raman signal quality metrics of the tested spectrographs. 
SBR: signal-to-background ratio, SNR: signal-to-noise ratio.  

Spectrograph 
Specifications      Experimental 

F-number 
Slit Width 

(µm) 
Grating 
Type      

 Resolution 
(cm-1) 

SBR SNR 

System 1 f/2.2 200 Transmissive  8.9 0.19 61 

System 2 f/2.2 100 Transmissive  8.7 0.20 45 

System 3 f/1.8 100 Transmissive  8.3 0.11 23 

System 4 f/2 90 Reflective  8.1 0.13 22 

 

The mean spectra of the milk datasets from each spectrograph are presented in 

Figure 4.5a, and the background-subtracted mean spectra are shown in Figure 4.5b. 

Each system configuration used identical laser power, FOP, detector, and signal 

acquisition settings to collect Raman spectra, yet the four instruments demonstrate 

vastly different signal qualities in terms of throughput and the relative proportion of 

Raman signal to background counts, termed the signal-to-background ratio (SBR). The 

general spectral line shape of preprocessed Raman data is equivalent for all 

spectrographs, as seen in Figure 4.5b, confirming that the Raman component of the 

signal was consistently detected. However, the total Raman intensity and SBR differed, 
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leading to unique SNRs for each instrument when calculated according to Eq. (1). The 

optical specifications and experimental SBR/SNR metrics of each spectrograph are 

listed in Table 4.2.   

 
Figure 4.5. (a) Mean milk spectra from the four Raman spectrographs with their 
associated signal-to-background ratios (SBR). (b) Background-subtracted mean spectra 
with their associated Raman signal-to-noise ratios (SNR) computed at 1440 cm-1 after 
MSC correction to remove photobleaching effects. 

 
 

The noted discrepancy in Raman peak intensities between each system 

configuration indicates that the spectrographs held varying degrees of light throughput, 

resulting in a 6x gap in Raman intensity between the best- and worst-performing 

instruments. Since the acquisition procedure and biological standard ensures that an 

identical optical signal is delivered by the FOP, the differences in SBR must arise from 

differences in the spectrographsô specific optical designs. The optical throughput and 

SBR for each spectrograph led to unique Raman SNR values computed at 1440 cm-1 

from the MSC-corrected milk datasets. For example, Figure 4.5a shows that 

spectrograph 2 shared similar total signal counts to spectrograph 3 at 1440 cm-1 yet 

exhibited approximately 2x higher Raman signal and SBR. These compounding 

differences in total Raman signal counts and SBR led to a much higher SNR in 

Spectrograph 2 versus 3.  
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4.5 Discussion 

 
 

Maximizing RS system sensitivity is essential to encourage the adoption of this 

technique for clinical diagnostics and other related fields that benefit from FOP-based 

Raman analysis of biologics. However, there are inherent challenges in comparing the 

signal quality of biological Raman spectra across system configurations. First, there is a 

strong dependence of probe orientation on the intensity of the detected spectrum, so the 

Raman signals used to compare system configurations are susceptible to the 

experimental variability induced by probe-sample positioning. Second, photobleaching 

effects are known to interfere with the experimental quantification of SNR from biological 

Raman spectra, resulting in non-biological samples being used to measure SNR and 

assess system performance.11, 17 Synthetic samples may not reflect the true response 

of the system to analyze organic materials, and they still do not solve the issue of FOP 

orientation dependence on the testing data.  

By selecting a suitable biological sample that can produce a reliable and 

consistent Raman signal, this report establishes a methodology for unbiased 

performance assessment of RS system configurations for biomedical analysis. Results 

demonstrate that a dataset of 40 spectra can be measured from this sample and 

corrected for photobleaching effects using MSC to obtain an accurate value for Raman 

SNR that was shown to agree with the theoretical SNR value. Future studies could 

explore the potential expedition of data collection through either increasing laser power 

or reducing the number of spectral measurements. 

Dairy milk was chosen as the biological standard sample for multiple reasons. 

First, it is cheap and easily accessible. Second, it mimics many of the optical and 

chemical properties of tissues (i.e., diffuse reflectance, autofluorescence, organic 
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biochemical composition) that manifest as a similar Raman spectrum to bulk tissue, as 

demonstrated in Figure 4.4. Most significant to assessing the performance of RS 

systems that utilize FOPs, a homogenous liquid sample like milk eliminates any 

experimental variability related to probe-sample orientation. Although milk may not be 

the only suitable biological standard, it is certainly a practical option. It is important to 

remark that 2% reduced-fat milk may not be available in all countries. A dilution of raw 

dairy milk with water may be a strategy to tailor the spectral properties to better mimic 

that of tissues. However, this approach would dilute all organic components of milk and 

would not provide a way to control the SBR. 

The MSC algorithm offers an efficient model-based correction step to eliminate 

photobleaching artifacts in the dataset and allows for the accurate calculation of SNR 

from biological Raman data, a known challenge in the field of biomedical RS. The 

Raman SNR was calculated from experimental data of the milk standard and a tissue 

specimen using Eq. (1) before and after applying MSC. Results showed that the  

MSC-correction approach, unlike the silent region method, correctly estimates the signal 

variance at the 1440 cm-1 Raman peak for both biological samples by providing an 

experimental SNR value that is in good agreement with the theoretically determined 

value. In addition, the suggested method for correcting photobleaching could have 

further implications for Raman data analysis. We believe that MSC could be a valuable 

tool in alternative situations where autofluorescence decay poses an issue, like when 

analyzing time-resolved RS data. Future studies could explore the use of other 

photobleaching correction methods and compare them with the MSC algorithm to 

determine the most effective method for correcting autofluorescence decay in Raman 

spectra. For example, exponential fitting of the fluorescent decay has been explored to 

correct photobleaching artifacts in microscopy images32 but may be less reliable for RS 

data if the wavelength-dependent decay rate is not uniform across the spectrum.  
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A spectrograph designed to measure biological Raman spectra requires high 

throughput and an optical design to minimize stray light. However, neither of these 

performance characteristics are obvious from the manufacturer-provided specifications 

alone. Since the method proposed here ensures that an identical optical signal is input 

to each spectrograph, it provides a direct assessment of their stray light performance 

through the SBR metric. Background signal counts increase for a spectrograph that is 

not optimally designed to minimize ambient light or laser scatter from reaching the 

detector. A Raman spectrum with lower SBR, as seen with Systems 3 and 4 in  

Figure 4.5a, contains a higher proportion of background counts relative to the usable 

Raman counts. In effect, a lower SBR increases total shot noise and, therefore, 

deteriorates Raman SNR. Similarly, differences in total optical throughput can be 

compared by the intensity of detected Raman peaks. Throughput is important to optimize 

for the inherently weak signals generated by Raman scattering and is dependent on the 

specific optical components used within the instrument; including the diffraction grating, 

entrance slit width, filters, and lenses. The background-subtracted signals in Figure 4.5b 

demonstrate that each instrument also varied in the amount of detectable Raman light. 

The SBR/SNR signal quality metrics for each spectrograph are summarized in Table 4.2 

and resulted in Systems 1 and 2 having a 3- and 2-fold increase in Raman SNR, 

respectively, compared to Systems 3 and 4. These results point to the importance of a 

proper methodology to compare RS system performance on biological samples, as the 

manufacturer-provided specifications for these spectrographs would assume similar 

detection of the Raman spectra. 
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4.6 Conclusions 

 
 

Assessing the performance of an FOP-based RS system for biomedical analysis 

is challenging due to signal instability in biological samples caused by photobleaching 

and experimental variances related to probe-sample orientation. The methodology 

presented here recommends dairy milk as a useful standard material to compare 

biological RS systems as it provides a repeatable biochemical Raman spectrum while 

eliminating the dependence of probe orientation on the data. Photobleaching artifacts 

can then be corrected with MSC to accurately calculate Raman SNR. The utility of this 

approach was demonstrated by comparing four preconfigured spectrographs with 

similar optical specifications, yet results showed significant variations in SBRs and total 

Raman intensity. Ultimately, the unique system responses from each spectrograph led 

to vastly different Raman SNRs. While this methodology was used to compare Raman 

spectrographs in this report, it may be applied for alternative purposes. For instance, a 

researcher or engineer may use it to optimize the design of a custom-built spectrometer 

or to assess inter-probe variability when multiple FOPs are manufactured and expected 

to perform equivalently. It may also be used to determine how experimental parameters 

affect Raman SNR. Optimizing RS system performance for measuring biological 

samples with an FOP is crucial for a wide range of applications, including 

pharmaceuticals,33 food science,34 clinical diagnostics,3 and other biotechnologies.35 

Therefore, the methodology presented here has significant implications for researchers 

and industries that rely on RS for their analyses of biologics by presenting a consistent 

and unbiased method for assessing Raman system performance. 
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CHAPTER 5 
 

 

5. NONCONTACT FIBER OPTIC PROBE FOR RAMAN SPECTROSCOPY 
 IN THE MIDDLE EAR 

 

 

 
This text is adapted from: 
 
 
S.F. Fitzgerald, E. Marple, J. Werkhaven, A. Mahadevan-Jansen, ñNoncontact Fiber 
Optic Probe for Clinical Applications of Raman Spectroscopyò, Appl. Spec. (in review). 

 
 
 

 
5.1 Abstract 

 

To better identify infections aspects of otitis media, Chapter 3 determined thatôs 

localized excitation of the Raman laser on the tympanic membrane should improve the 

detection of biochemical features specifically from middle ear fluid. However, 

noninvasive acquisition of Raman spectra within the ear canal requires that the device 

not contact delicate tissues like the tympanic membrane. More generally, a fiber optic 

Raman spectroscopy (RS) probe, specifically designed for noncontact operation, would 

promote the adoption of this technique to applications where probe-tissue contact limits 

clinical adoption. Currently, clinical applications of RS typically rely on fiber optic probes 

that directly interface with the tissue site. These devices maintain small diameters to 

promote their integration into medical instruments and routine clinical care, but the 

performance of standard probe designs suffers during noncontact operation due to 

decreased collection efficiency and a larger laser spot size that restricts spatial precision. 

Here, a novel noncontact RS probe design is presented to overcome these limitations, 
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which can efficiently collect both fingerprint and high-wavenumber regions of the Raman 

spectrum using a miniature imaging lens at the probe tip. Imaging lenses were 

manufactured from various materials, including silica, sapphire, and calcium fluoride, 

were characterized by measuring signal quality metrics from in vivo RS measurements 

of tissues. Silica-based optics were shown to be suboptimal due to aberrant spectral 

contributions affecting the detection of Raman features related to tissue. Crystalline 

lenses, in contrast, preserve the Raman spectra of tissue, but the ideal lens type will 

depend on material characteristics and which region of the spectrum is required for 

analysis. The improvements in collection efficiency and spatial resolution with the 

noncontact probe were compared to a standard probe through simulation and validated 

by experimental results. Finally, a prototype device that incorporates a widefield camera 

module for positioning guidance during in vivo use is described to demonstrate a 

clinically compatible noncontact RS probe design. 

 

 

5.2 Introduction 

 
 

Raman Spectroscopy (RS) is a non-invasive and label-free optical method 

capable of nondestructively examining molecular composition and structure.1 The 

interaction between photons from a monochromatic light source and electronic bond 

vibrations within a molecule causes an instantaneous energy transfer between the two, 

resulting in a detectable wavelength shift of the scattered light. The Raman spectrum 

thereby encodes the presence and abundance of molecular species, creating an optical 

'fingerprint' of the sample. In vivo RS refers to the subset of applications that employ this 

form of vibrational spectroscopy to interrogate tissues and biofluids in their native 
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environment on or within the body, most commonly motivated by its potential for clinical 

diagnostics.2 In nearly every case, applications of in vivo RS utilize fiber optic probes to 

measure the Raman spectrum of tissues because optical fibers provide the key benefit 

of decoupling the laser source and spectrometer from the tissue site, enabling remote 

RS measurements at the point of care. In effect, fiber optic probes greatly enhance the 

versatility of RS by allowing more flexibility in device design so that the probe can 

interrogate specific anatomical locations.  

The potential for RS to become a clinical diagnostic tool has garnered significant 

interest in exploring novel fiber probe designs that are well suited to support routine 

clinical care. This body of work has demonstrated that small-diameter (i.e., <5 mm) 

flexible devices can be manufactured to collect the diffuse optical signal from a volume 

of the sample directly beneath the probe tip. Commonly called volume probes, they are 

constructed with a forward-facing fiber bundle that delivers the laser source with a 

central fiber and collects the diffusely scattered emissions with one or multiple adjacent 

fibers.3 Volume probe designs have been reported with sufficiently small diameters for 

insertion into clinical endoscopes,4 intravenous catheters,5 and even hypodermic 

needles.6 However, these devices rely on direct contact with the target tissue due to the 

inherent limitation in light-gathering ability imposed by the numerical aperture (NA) of 

fiber optics, with typical values between 0.1-0.3, and because tissues exhibit weak 

Raman scattering power. By customizing the tip of a volume probe with careful 

arrangements of optical elements (e.g., beveled fibers, ball lens, mirrors), the collection 

cone of the fiber optics can be modified to better overlap with the illumination cone and 

enhance light-gathering ability.7 This principle increases collection efficiency and may 

be leveraged to geometrically align excitation/collection at targeted depths to interrogate 

specific tissue layers.8  

While these volume probe designs unveil opportunities for optimizing RS devices 
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that directly interface with the sample, probe-tissue contact may not always be practical 

for certain in vivo applications. Direct probe contact in a clinical setting raises concerns 

for proper device sanitization, especially when analyzing infectious tissues or during 

surgical procedures. Probe contact may also cause damage to delicate tissue sites (e.g., 

tympanic membrane, peripheral nerves, brain matter) or otherwise cause discomfort for 

awake patients (e.g., tonsils, cornea, open wounds). Efforts to translate RS into 

endoscopic applications make use of the instrument channel of clinical endoscopes, 

where the native imaging camera within these devices are used to position the RS probe 

within small body cavities like the nasopharynx,9 gastrointestinal tract,10 esophagus,11, 12 

or colon.13  In these scenarios, probe-tissue contact occludes endoscopic camera view 

that ideally would be maintained while the probe is guided and  positioned over specific 

tissue zones.  

The performance of standard volume probes suffers when the device is 

separated from the tissue surface for two primary reasons. First, the coupling efficiency 

of the diffusely scattered Raman light quickly decreases as the working distance 

increases.14 Second, the diverging nature of the light cone exiting a fiber optic causes 

laser radiation to cover a large tissue region at longer working distances, which limits 

the spatial specificity of which tissue zone is analyzed. An imaging lens should 

compensate for these limitations by creating an optical relay of the fiber bundle onto the 

tissue site. 

To our knowledge, the only reported designs of a small-diameter noncontact RS 

probe with an imaging lens were intended to detect the presence of the strong and 

distinct Raman signatures from surface-enhanced RS (SERS) reporter  

molecules.13, 15, 16 These devices utilized a fused silica lens, which emits a notable 

fluorescence response to the RS laser that masks the weaker signal generated by 

spontaneous Raman scattering of tissues. Ross et al. determined that this optical 
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arrangement could sufficiently track concentration changes of SERS particles in vivo but 

could not resolve the spontaneous Raman spectrum of the tissue specimen.16 Indeed, 

similar considerations are taken in avoiding aberrant Raman signals when choosing a 

substrate for microscopic RS studies of biologics, which typically rely on reflective (e.g., 

stainless steel, aluminum foil) or specialized crystalline substrates like Calcium Fluoride 

(CaF2) to preserve the actual Raman signal generated by the sample.17, 18 When 

designing a noncontact RS probe for clinical diagnostics, it is therefore critical to 

determine how the lens material responds to the intense RS laser radiation to ensure 

that the Raman spectrum of the tissue is sufficiently resolvable.  

Most biomedical RS studies have focused on the fingerprint (FP) region, which 

provides a large degree of biomolecular signatures from various macromolecules 

including lipids, proteins, collagen, DNA, and amino acids.19 However, the high 

wavenumber (HW) region also provides valuable information about higher energy 

vibrational modes corresponding to CH vibrations from lipids, proteins between  

2800-3000 cm-1, and OH vibrations associated with partially or fully bound water 

molecules within the tissue, from 3000-3600 cm-1.20 Here, we present the design and 

performance validation of a novel in vivo RS probe optimized for analyzing both FP and 

HW regions of Raman spectra during noncontact operation. Nonsequential ray 

simulations provide a basis for improved collection efficiency and beam confinement 

compared to a standard RS probe. Micro-lenses made of different materials are 

compared to determine which can sufficiently resolve FP and HW spectral features from 

in vivo tissue. We further detail the construction of one embodiment of the noncontact 

probe that provides endoscopic visualization capabilities with a miniature camera. 

Device performance was then validated by empirically measuring collection efficiency 

and spatial resolution on tissues specimens to determine clinical relevance. 
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5.3 Methods 

 
 
 
5.3.1 RS system and calibration 

The in vivo RS system consists of a laser source, imaging spectrograph, charge-

coupled device (CCD) and fiber probe, as depicted in Figure 5.1a. The laser module 

contains two narrowband, wavelength-stabilized laser diodes at 785 and 680 nm 

(II0785/680 MU0350MS, Innovative Photonic Solutions, NJ). A high-throughput imaging 

spectrograph with a 100 µm slit (HT-SPEC-785, EmVision LLC, FL) receives light from 

the probe collection fibers and spectrally disperses the signal. A thermoelectrically 

cooled deep-depleted CCD (Blaze 400HR, Teledyne Princeton Instruments, CA) 

records the optical spectrum through communication with a personal laptop. 

The spectrographôs wavelength dispersion was calibrated using the atomic 

emission spectrum of a Neon-Argon lamp, and the relative wavenumber axis was then 

independently calculated from the 785 and 680 nm laser lines for the FP and HW 

regions, respectively. Calibration error was confirmed with chemical standards to ensure 

it was below the system's spectral resolution of 8 cm-1. A tungsten-halogen white light 

source (UIS-LS-30W, StellarNet Inc., FL) was used to correct the intensity response of 

the system. 
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Figure 5.1. (a) Schematic of the RS system, including 785/680 nm laser, charge-coupled 
device (CCD), imaging spectrograph, and fiber probe. The laser fiber (red circle) is 
affixed with a laser filter (light red circle) and a concentric ring of 9 collection fibers (green 
circles) is covered by an annular-shaped emission filter (light green ring). (b) Pictorial 
description of a biconvex lens creating an optical relay of the fiber optic. 
 
 
 
 
5.3.2 Fiber probe and imaging lens 

A standard RS fiber probe (EmVision LLC, FL) was manufactured to support the 

collection of Raman spectra in vivo. The proximal end of the 300 µm core laser fiber 

(0.22 NA) terminates within a custom fiber bundle assembly and is affixed with an 800 

nm short pass filter to block extraneous wavelengths from reaching the sample. A ring 

of nine 300 µm core collection fibers with equivalent NA surrounds the laser fiber to 

accumulate diffusely reflected emissions from the sampling volume. An annular-shaped 

800 nm long pass filter covers the collection fibers to reject backscattered laser light. 

The design of an imaging lens for a fiber probe should first consider the smallest 
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practical lens size. The relationship between fiber beam divergence and the geometry 

of an imaging relay is used here to approximate the required lens diameter. This optical 

arrangement is pictorially described in Figure 5.1b, where the lens is placed two focal 

lengths (2f) away from the fiber face to create an image relay 2f in front of the lens. The 

fiber NA is directly related to the half-angle of beam divergence (ɗ) in air, which gives a 

half-angle of 12.7 degrees for 0.22 NA fibers. Then, the trigonometric relationship 

between this angle, lens diameter (D) and focal length expresses the minimum required 

lens diameter to capture the fiber illumination/collection cones as 
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This relationship illustrates that as the fiber's NA increases, the lens diameter must also 

increase to capture the marginal rays at the steepest divergence angles. Furthermore, 

the minimum lens diameter increases as the focal length and, consequently, the working 

distance of the imaging relay extends. Using Eq. 1, the biconvex lens for a noncontact 

RS probe was designed to have a focal length of 4.5 mm, which provided a reasonable 

compromise between an image relay working distance of 9 mm and a lens diameter of 

4 mm to accommodate in vivo applications. 

 

5.3.3 Collection efficiency simulation 

When designing illumination and collection optics for medical devices, it is 

valuable to use specialized light propagation analysis that captures realistic absorption 

and scattering of biological tissues. For this purpose, FRED software (Version 22.40.4, 

Photon Engineering, AZ) was used to simulate the collection efficiency of a fiber probe. 

Diffuse scattering and absorption of tissue were simulated using Monte Carlo-based 
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stochastic ray propagation. A Henyey-Greenstein volume scatter model was applied to 

a large cube representing semi-infinite bulk tissue with optical properties matching that 

of skin. These values were set to the reported optical properties of human cadaver tissue 

at 785 nm,21 which stated an absorption coefficient of 0.1 mm-1, a scattering coefficient 

of 10 mm-1 and an anisotropy factor of 0.9. The fiber probe was modeled to have realistic 

dimensions, with the source matching the divergence angle of the laser fiber. To 

simulate light collection with 0.22 NA fibers, a detector plane was positioned at the fiber 

bundle with an angular ray filter to selectively detect rays that have a directional cosine 

equal to or less than cos(12.7°) = 0.976 relative to the fiber axis. The simulation was set 

to launch 3 million rays. 

This arrangement of optical and scattering components in Figure 5.2 shows a 

subset of 1000 incident rays colored red, and post-scattered rays are colored blue after 

interacting with the tissue volume. The FRED simulation of a standard RS probe at a  

9 mm working distance to the tissue surface is presented in Figure 5.2a. The proposed 

noncontact probe design was simulated by adding a biconvex lens with 4 mm diameter, 

4.5 mm focal length, center thickness of 2 mm, and refractive index of 1.45 (Figure  5.2b). 

The lens was placed at the 2f position relative to the fiber bundle to create an imaging 

relay conjugate to the tissue surface. Because the lens would need to be secured to the 

probe with a rigid lens tube, a hollow tube was added to surround the noncontact probe 

and block extraneous rays from entering the detector plane.    

 The irradiance spot size at the sample was estimated with a detector plane 

positioned directly in front of the tissue volume. The simulation predicts the diameter of 

the 1/e2 intensity distribution to be 3.85 mm with the standard probe, while the 

noncontact probe was predicted to be 0.39 mm at the 9 mm offset. The effect of working 

distance on collected light intensity was then evaluated by axially shifting the probe 

relative to the tissue volume in 1 mm increments. Collection efficiency was defined by 
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the percent of incident rays at the detector plane that overlap with the dimensions and 

position of the annular emission filter within the probe (Figure 5.1a). Figure 5.2c shows 

the simulated collection efficiency versus working distance for both probe designs 

between 1-25 mm, which indicates that the noncontact probe is expected to offer better 

light collection compared to the standard probe at the target working distance of 9 mm. 
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Figure 5.2. FRED simulation of the tissue scattering model for (a) the standard fiber 
probe (circle) and (b) the noncontact probe (asterisk). Incident rays are colored in red 
and post-scattered rays are colored in blue. (c) Collection efficiency of both designs at 
variable working distance.    
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5.3.4 RS spectral acquisition 

The following camera parameters were set for all measurements: Medium gain, 

1 Mhz readout speed, vertical hardware binning, -80 °C cooling setpoint, and 2 sec 

exposure time. Data acquisition was controlled via LightField software (Teledyne 

Princeton Instruments, CA) for readout from the CCD. Laser power was set to 60 mW 

for the 785 nm diode and 40 mW for the 680 nm diode so that both regions of the Raman 

spectrum provided similar signal counts with a fixed exposure time. The room lights were 

turned off during acquisition to prevent any ambient light from entering the probe or 

spectrograph.  

 

5.3.5 Lens fabrication and characterization 

Miniature biconvex lenses were fabricated from various refractive materials 

according to the dimensions of the simulated lens in Section 5.3.3. Multiple lens 

materials were investigated for a noncontact RS probe, including fused silica, quartz, 

calcium fluoride (DelMar Photonics, USA), and sapphire (AWI Industries, USA). The 

refractive index of a material governs the optical power of the lens. So, the radii of 

curvature for each biconvex lens were initially optimized using optical design software 

(Zemax OpticStudio 2023, NE) to have a diameter of 4 mm and achieve a consistent 

focal length of 4.5 mm at 785 nm using each materialôs refractive index.  

Following manufacture, the intrinsic signals generated by each lens were 

measured with the standard volume probe arranged in the imaging relay configuration 

depicted in Figure 5.1b. The intrinsic signal of an N-BK7 singlet lens (#48-703, Edmund 

Optics, NJ) of equivalent focal length and diameter was also measured to understand 

the limitations imposed by common glass optics when designing a noncontact RS probe. 

A similar comparison was made to a glass lens with antireflective (AR) coating (#45-427, 

Edmund Optics, NJ) to investigate its benefit in minimizing lens signal contributions. 
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Each lens was positioned under the standard probe at the intended working distance of 

9mm using a custom chuck. The spectral response of each lens to laser irradiation at 

785 and 680 nm was recorded and averaged over 25 acquisitions to minimize noise. 

These intrinsic signals mimic what the noncontact RS probe would experience as 

background interference at the relative wavenumbers associated with FP (Figure 5.3a) 

and HW (Figure 5.3b) regions of tissue Raman spectra. 
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Figure 5.3. Spectral response of various RS lenses excited under two conditions: (a) 
785nm laser, corresponding to relative wavenumbers of the FP region, and (b) 680nm 
laser, corresponding to the HW region. The tested lenses include BK7 silica (solid black), 
BK7 with antireflective (AR) coating (dotted black), fused silica (green), quartz (blue), 
sapphire (orange) and calcium fluoride (cyan). 
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5.3.6 RS Preprocessing 

Baseline estimation algorithms fit a curve to the measured spectrum to isolate 

the Raman component of the signal. The modified polyfit method22 was used here to 

remove the baseline and analyze the Raman spectrum. For FP spectra, a 6th-order 

polynomial was applied. For HW spectra, the approach was altered to exclude the 

spectral region that held Raman features, between 2700-3800 cm-1, and fit the remaining 

part of the signal to a 3rd-order polynomial. Data preprocessing was performed using 

Matlab R2023b software (Mathworks Inc., Natick, MA, USA).  

Multivariate statistical analysis was applied to the spatial RS measurements 

using Principle Component Analysis (PCA) to visualize variability in the data by plotting 

the spectra in a reduced-dimensional space. This method projects the spectra into 

orthogonal directions of maximal variance by finding the eigenvectors of the covariance 

matrix from the spectral dataset.23 PCA was conducted using the ópcaô function in Matlab. 

 

5.3.7 Signal Quality 

The quality of a Raman spectrum reflects the amount of detectable Raman signal 

relative to the amount of signal variance arising from instrumental and shot noise 

sources. Here, two metrics were calculated to capture these aspects and quantify 

Raman signal quality using our previously reported procedure.24 Briefly, a dataset of 40 

spectra is acquired, and photobleaching effects are eliminated using multiplicative 

scatter correction.25 Baseline estimation is then applied to the average spectrum to 

approximate Raman (S) and background (B) signal intensities. The background includes 

all non-Raman portions of the detected spectrum that only exaggerate shot noise, 

including sample autofluorescence, stray light, and emissions generated by system 

components. The signal-to-background ratio (SBR) is then calculated as the ratio S/B, 

and the Raman signal-to-noise ratio (SNR) is computed as the ratio of S and the 
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standard deviation of the peak intensity across the 40 spectra within the dataset.  

 
 
 
 

5.4 Results 

 
5.4.1 RS lens in vivo performance 

The intrinsic signals from each lens demonstrate that those composed of fused 

silica or crystalline materials generate less background interference compared to glass 

(see Figure 5.3). Here, their performance in collecting tissue Raman spectra was 

empirically measured. Forty spectra from a human subjectôs fingernail were acquired by 

stably positioning the finger at the focusing plane of the probe-lens testing bench 

described in Section 2.4. A single baseline-subtracted FP spectrum from each lens is 

seen in Figure 5.4a normalized to the 1440 cm-1 peak to determine the relative intensity 

of spectral features emitted by the lens to those generated by the sample. This peak 

was chosen because it is the most prominent Raman band within the tissue spectrum 

and experiences the least influence from lens signal interference across all tested 

materials.  

The interfering signal from each lens was then isolated by calculating the 

difference between the spectrum collected with each lens and the intrinsic tissue 

spectrum measured without a lens. The average of 40 tissue spectra measured without 

a lens was used for this purpose to avoid introducing additional noise into the difference 

data. Spectral regions showing notable lens interference in the FP region are highlighted 

in Figure 5.4b. Similarly, the HW region spectra from each lens are given in Figure 5.4c 

normalized to the 2950 cm-1 peak, and HW difference spectra in Figure 5.4d. 

The N-BK7 glass lens confuses the identification of many tissue Raman bands 

in both the FP and HW regions, while also greatly increasing shot noise due to the strong 
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broadband luminescence. Although having a lower overall background compared to 

glass, the fused silica and quartz lenses introduce notable spectral features in the FP 

region with similar signal intensity to the tissue Raman bands. The sapphire and CaF2 

lenses were superior for dual-region detection, evident by the minimal contributions in 

their FP and HW difference spectra. The HW region was generally less impacted by lens 

interference, with all non-glass lenses presenting similar difference spectra.   

 

 

 

 
Figure 5.4. Normalized tissue Raman spectra measured with the miniature lenses, offset 
for clarity. (a) A single baseline-subtracted spectrum from each lens is shown for the FP 
region. (b) Difference FP spectra, plotted with the zero-crossing (dotted line) and 
highlighted regions associated with lens signal interference. (c-d) Similar lens and 
difference spectra from the HW region. 
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5.4.2 Lens signal quality 

The material characteristics of a lens used within a noncontact RS probe limit the 

resolvability of tissue Raman spectral features in three distinct ways. First, the intrinsic 

response of the lens to laser excitation may generate prominent spectral features arising 

from photoluminescence or Raman scattering. The presence of these features will be 

detected in the tissue Raman spectrum and confound spectral analysis. Second, any 

broadband emissions from the lens will add further background to the measured 

spectrum, thereby lowering the SBR and consequently deteriorating SNR due to inflated 

shot noise. Lastly, the lens' refractive index affects both the transmitted laser power 

reaching the sample and the power of Raman emissions collected from the sample due 

to reflective losses. A combination of these effects led to unique spectral interferences 

and SBR/SNR metrics between each tested lens. These signal quality metrics were 

calculated from the tissue spectra at 1440 cm-1 and 2950 cm-1 for the FP and HW 

regions, respectively. The refractive index, light transmission percentage, RS spectral 

interferences, and SBR/SNR for each lens are summarized in Table 5.1.  

Signal quality metrics for each lens material differed between the FP and HW 

regions. For example, fused silica presented multiple interfering bands within the FP 

spectrum, but behaved equivalently to the quartz, sapphire, and CaF2 lenses when 

collecting HW spectra. Sapphire and CaF2 provided the best signal fidelity for dual-

region detection due to their minimal interfering bands within the Raman spectrum, but 

sapphireôs higher refractive index decreased the SBR/SNR compared to CaF2. Overall, 

the CaF2 lens was shown to have optimal performance for detecting the FP and HW 

regions with the highest signal quality among all tested materials. 
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Table 5.1. Lens material properties and signal quality metrics for the fingerprint (FP) and 
high-wavenumber (HW) regions. Signal-to-background ratio (SBR) and signal-to-noise 
ratio (SNR) were calculated from the Raman spectrum of in vivo tissue. 

 

Lens 

Material 

Refractive 

Index 

Transmission 

(%) 

RS Spectral 

Interference 

(cm-1) 

FP (1440 cm-1) HW (2950 cm-1) 

SBR SNR SBR SNR 

N-BK7 1.51 91.9 Broadband 0.06 8.9 0.07 14.7 

N-BK7, 

AR 
1.51 91.9 Broadband 0.10 11.0 0.15 21.4 

Fused Si 1.45 93.4 

400-900,  

1000-1280,  

1440-1700  

0.13 12.2 0.26 27.4 

Quartz 1.45 93.4 
700, 800,  

1060, 1160 
0.20 16.1 0.26 27.1 

Sapphire 1.76 85.4 640, 750 0.18 14.5 0.25 25.7 

CaF2 1.43 93.8 N/A 0.22 17.0 0.26 27.3 

 

 
5.4.3 Noncontact RS probe 

A prototype of the noncontact probe design, depicted in Fig. 5a, was fabricated 

that incorporates the RS fiber bundle and associated filters, CaF2 lens, a miniature color 

camera (NE2D_RGB, AMS, Austria), and a 400 ɛm white light illumination fiber 

(M118L02, Thorlabs, USA). The lens was retained inside a custom-machined, stainless-

steel lens tube with a wall thickness of 0.1 mm that added negligible thickness to the 

diameter of the assembled probe. During assembly, this lens tube was positioned over 

the RS fiber bundle at the appropriate position to achieve beam focus at the intended 

working distance of 9 mm (Fig. 5b). The camera and illumination fiber provide wide-field 

visualization of the device position during in vivo use, which were attached to the probe 

using a custom chuck 3-D printed with biocompatible resin (RS-F2-SGAM-01, Formlabs, 
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USA). This chuck was designed with a minimal footprint to accommodate the imaging 

components, increasing the long-axis diameter of the probe by only 1 mm. Broadband 

illumination of the imaging field was provided by a white-light LED (MCWHF2, Thorlabs, 

USA). Figure 5c presents a picture of the assembled device, with components held 

together by epoxy and finally enclosed with medical-grade heat shrink tubing to organize 

the optical fibers and camera data cable.  

The compact dimensions of the miniature camera allowed this design to maintain 

a small diameter for in vivo applications but constrained its imaging capabilities. Figure 

5d provides a view of the camera positioned over an Airforce resolution target 

(R3L3S1PR, Thorlabs, USA) at a 9 mm working distance, which could resolve group 1 

element 3 and an associated imaging resolution of 2.52 line pairs per millimeter. The 

spot size of the focused RS laser was also limited by optical aberrations induced by the 

miniature RS lens. A beam profiler (WinCamD, DataRay, CA) was used to beam spot 

size at the focus, which was measured to be 0.45 mm using the 1/e2 intensity criterion. 

Similarly, the spot size of the standard probe illumination was measured to be 4.2 mm 

at the intended working distance of 9 mm. Both spot size measurements agreed with 

the FRED simulation results, showing a 10-times improvement in beam confinement 

when the lens is used to reimage the RS laser fiber onto the tissue.  

A consequence of integrating the camera and illumination fiber is that the white 

light and laser sources must be sequentially shuttered during RS spectral acquisition to 

avoid saturating the spectrometer. A custom acquisition environment was created using 

Python to synchronize the light sources and readout from the spectrometer CCD through 

a serial communication protocol. 
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Figure 5.5. Prototype of the noncontact RS probe design. (a) Schematic of the device, 
including RS fiber bundle, CaF2 lens, miniature camera, and white light illumination fiber. 
(b) Lens tube with RS lens aligned to provide image relay at 9 mm working distance.  
(c) Picture of the assembled device. (d) Camera view of Airforce target (USAF 1951). 
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5.4.4 Camera Guidance  

The benefits of confined laser focus and spatial guidance with the camera offered 

by the noncontact probe were demonstrated by arranging various synthetic samples 

onto a Raman-silent CaF2 slide (CAFP75-25, Crystran, United Kingdom). This sample 

arrangement included ~2 mm diameter pieces of acetylsalicylic acid, acetaminophen, 

polypropylene, and polyethylene. Raman spectra from various positions were acquired 

by using the miniature camera to laterally position the probe 9 mm over the specific 

zones depicted in Figure 5.6a. The average spectrum from the five measurements over 

each sample is presented for the standard probe (Figure 5.6b) and the noncontact  

probe (Figure 5.6c). 

These results demonstrate that the standard probe measured a mixture signal 

with contributions from multiple samples due to the 4.2 mm spot size of the RS laser in 

this configuration. However, the noncontact probe could repeatably measure the distinct 

Raman spectrum from each sample, and there was no signal when the beam was 

positioned over the void at the center. This discrepancy in spatially isolating the signals 

is further visualized by the PCA plots in Figure 5.6d-e, showing superior spectra 

clustering with the noncontact probe.  
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Figure 5.6. Comparison of spatial signal isolation for standard and noncontact RS 
probes. (a) Sample arrangement and measurement positions, including acetylsalicylic 
acid (triangle), acetaminophen ( óxô), polyethylene (cross), polypropylene (asterisk), and 
background (circle). The average spectrum from each sample, normalized to the mean 
and offset for clarity, using (b) the standard probe and (c) the noncontact probe. (d-e) 
The associated Principle Component Analysis (PCA) scores for the datasets.   
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5.4.5 Performance Validation 

Light collection from a synthetic sample is unlike tissues due to differences in 

their associated optical properties and Raman cross-sections. These sample-dependent 

effects may alter how efficiently Raman emissions are coupled into the collection fibers 

and where those emissions arise from within the tissue. So, the advantages of the 

noncontact RS probe to enhance collection efficiency and spatial precision were 

confirmed through measurements of actual tissue specimens.  

 

5.4.5.1 Collection Efficiency 
 

Collection efficiency was empirically measured over varied working distances 

using the forearm of a human subject, which was stably positioned under the RS probe, 

shown in Figure 5.7. Raman spectra were acquired according to the procedure in 

Section 2.4, while the RS probe was axially translated away from the nail bed of a human 

subject in 1 mm increments using a manual stage for a range of 1-25 mm working 

distances from the tissue surface. The average intensity of the collected spectrum was 

analyzed for both the standard and noncontact RS probes, and the mean intensity was 

scaled to fit the FRED simulation results by minimizing the mean squared error (Figure 

5.7a) as previously reported.13  

A closer examination of the signal components in connection with the RS probe 

designs was subsequently carried out to assess the enhancements provided by the 

noncontact probe (see Figure 5.7b), with results summarized in Table 5.2. The raw 

spectrum collected with the standard probe design provided a signal count of 6714 ADU 

at the 1440 cm-1 peak when offset from the tissue by 9 mm. This increased to 26410 

ADU, or increase of 294%, during contact measurement, reflecting the best-case 

scenario for fiber optic collection of the optical signal. Using the noncontact probe, the 

signal counts rose to 10910 ADU, providing a 63% improvement in collection efficiency 
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that was in agreement with simulation results. However, analyzing the Raman 

component of the signal (see Figure 5.7c) showed that the Raman spectrum intensity 

measured by the noncontact probe at the designed offset of 9 mm increase by 90% 

relative to the standard probe used at this working distance. Collection of the Raman 

component of spectrum was uniquely enhanced more than the total signal intensity.  

 

 

 

 

 

Table 5.2. Signal intensities, and percent signal increase relative to standard probe at 9 
mm offset from tissue, for the RS probe designs. Signal counts were measured at  
1440 cm-1 relative wavenumber for the raw spectrum and pre-processed Raman 
spectrum. 

RS Probe 

Raw Spectrum Raman spectrum 

Counts   
(ADU) 

Percent increase 
(%) 

Counts   
(ADU) 

Percent increase 
(%) 

Standard  
(9 mm) 

6714 --- 1089 --- 

Standard  
(contact) 

26410 194 4885 249 

Noncontact  
(9 mm) 

10910 62 2070 90 
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Figure 5.7. Simulated versus experimental collection efficiency. (a) Average signal 
intensity at variable working distance, measured at 1-25 mm offsets from tissue surface, 
is scaled to simulation results for the standard (circles) and noncontact (asterisks) probe. 
(b) Raw spectra from in vivo tissue with a standard RS probe in near-contact (black), 
and measurement at 9 mm working distance for standard (dotted) and noncontact (blue) 
probe designs. (c) Pre-processed RS spectra of the same conditions. 
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5.4.5.2 Edge-spread response 
 

Differences in laser confinement between the standard and noncontact RS 

probes were shown to impact the spatial selectivity of the Raman signal in Section 3.4. 

A practical method to empirically measure this effect on a diffusely scattering material 

like tissue is through the edge-spread response. This is performed by line-scanning the 

beam across the edge of a sample or a boundary with a sharp differential in composition, 

as previously reported for RS applications.26, 27  

Here, the RS probes were positioned over the fat-muscle boundary of a bovine 

tissue specimen at a 9 mm working distance to verify the benefit offered by the 

noncontact probe in differentiating local heterogeneities in tissue composition. Spectra 

were acquired as the sample was laterally translated in 0.25 mm increments with a 

manual stage for a total of 8 mm on either side of this transition zone (Fig 8a). The  

1003 cm-1 peak is related to symmetric ring breathing of phenylalanine and is distinct to 

the muscle Raman spectrum, while the 1295 cm-1 peak is assigned to the CH2 twisting 

vibration indicative of adipose tissue (Figure 5.8b). The ratio of these two peaks was 

calculated at each scan position to generate the edge-spread response, which was fit 

with a sigmoid function and normalized between 0-1 (Figure 5.8c). The spatial precision 

in differentiating tissue composition was related to the width ȹx over which the ratio 

intensity increases from 0.1 to 0.9 within the transition zone, which provides a 

reasonable estimate for lateral resolution.28 This analysis revealed an edge width of  

4.3 mm for the standard probe, which was comparable to the measured spot size of  

4.2 mm at a 9 mm working distance. The noncontact probe demonstrated an edge width 

of 0.9 mm; double the measured spot size of 0.45 mm. The scattering properties of 

tissue, therefore, limited the achievable localization of biochemical information. Still, the 

noncontact probe offers a 4-times improvement in lateral signal confinement relative to 

the standard probe.   
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Figure 5.8. Edge spread response for estimating lateral signal confinement. (a) Bovine 
tissue specimen with fat-muscle transition and scan path (dashed arrow). (b) Spectra of 
the fat (solid) and muscle (dashed) zones and peak assignments used for the 1003/1295 
cm-1 ratio metric. (c) Sigmoid fits of this ratio for the standard (circles) and noncontact 
(asterisks) probe. 
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5.6 Discussion 

 
 

Encouraging the adoption of RS into clinical practice necessitates minimizing the 

size of the device to enhance usability within routine clinical care, especially if it is 

desired to guide the probe through small body cavities or through the instrument channel 

of clinical endoscopes that typically have diameters between 2-4 mm. In many cases, 

noncontact operation is beneficial when analyzing delicate tissues or when sanitization 

is a priority. As a proof-of-concept, the presented prototype has a diameter of 4 mm 

without the camera module and could realistically fit into most adult colonoscopes. With 

the camera module, the handheld device provides a stand-alone solution for noncontact 

RS analysis of exposed tissues or to visually guide the probe through narrow structures 

like the ear canal, sinuses, colon, esophagus, or vagina. If necessary, the size of the 

noncontact RS probe could be further minimized by decreasing the working distance of 

the lens or fiber NA, but smaller imaging lens may be challenging to manufacture and 

may impact the achievable collection efficiency. 

The optimal choice of lens material will depend on the application-specific 

requirements of the probe. While the CaF2 lens provided the highest signal quality for 

dual-region RS among the tested materials, it is a delicate crystal. CaF2 is relatively soft 

compared to other lens materials, which poses challenges in manufacturing custom lens 

geometries but also makes it susceptible to scratching during long-term usage. It is also 

hygroscopic, which may lead to water absorption over time, especially with frequent use 

within moist body cavities or if device sanitization is required. These physical 

characteristics lower the durability of this crystal for use as a lens. Sapphire, a much 

harder and more stable crystal, may be an optimal choice if the Raman signal 

contributions at 640 and 750 cm-1 within the FP region do not constrain spectral analysis. 
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Given the improvement offered by AR coating in minimizing signal contribution from the 

glass lens, crystalline lenses with such coatings should also be explored to optimize 

performance. Furthermore, if the application requires collecting only the HW region, then 

specialized crystals can be avoided. Cheaper alternatives, like fused silica or quartz, 

were shown to perform equivalently to sapphire and CaF2 in acquiring the HW region of 

the Raman spectrum.  

While the overall trends in measured collection efficiency were consistent with 

simulation, the fall-off in signal intensity versus working distance was not as drastic as 

predicted. In simulation, collection efficiency of the noncontact probe was expected to 

increase by 150% compared to the standard probe at the 9 mm working distance, 

whereas it experimentally showed to increase by only 65%. This could be due to multiple 

reasons, including manufacturing tolerances of the RS fiber bundle and lens, variances 

in the sample's optical properties, or limitations of the simulation in modeling surface 

roughness. However, the Raman component of the signal showed an increase of 91%, 

demonstrating that the Raman scattering collection efficiency was uniquely enhanced 

compared to the background. Simulating Raman scattering is typically modeled by 

isotropic scattering8 that was not incorporated into this stochastic light propagation 

model, which could explain this divergences in experimental results. These results also 

verify that the diffuse nature of the optical signal and collection geometry of the miniature 

imaging relay provides an extended range over which the signal intensity is at maximum 

for the noncontact probe, where RS signal intensity varied by only 5% within the working 

distance range of 6-10 mm.  

Finally, the presented prototype incorporated a miniature camera to guide the 

lateral positioning of the device during in vivo use but provides no feedback on the axial 

position relative to the tissue surface. Inconsistencies in probe-tissue offset may limit 

signal repeatability and spatial localization of spectral features. Range-sensing optical 
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strategies could provide the operator with additional information on the active working 

distance of the probe. Some examples include low-coherence interferometry to measure 

depth-resolved reflectance29 or focal length divergence measurements that utilize the 

spot size of the beam seen by the guidance camera to estimate probe-tissue offset,30 

which were not explored here but will be investigated for future development. 

 

5.7 Conclusion 

 
 

The performance of a standard RS volume probe suffers during noncontact 

operation due to decreased collection efficiency and expanded spot size of the laser on 

the sample. Here, a small-diameter noncontact RS probe was developed to circumvent 

these limitations and effectively measure both FP and HW regions of the Raman 

spectrum at a 9 mm working distance. Results demonstrate that silica optics are inferior 

due to aberrant signal contributions that limit the ability to resolve tissue RS spectral 

features. CaF2 and sapphire were identified as optimal lens materials for dual-region 

detection, while fused silica or quartz could adequately measure the HW region. A 

clinically compatible prototype with a wide-field camera module provides positioning 

guidance during in vivo use while maintaining a small diameter of 4-by-5 mm. The 

performance of this device during noncontact operation was experimentally validated on 

in vivo tissues, which showed improved collection efficiency and enhanced spatial 

resolution compared to a standard probe. In the future, the effectiveness of this 

noncontact RS probe for routine tissue diagnostics will be assessed to determine its 

clinical utility.  
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CHAPTER 6 
 
 
 
 

6. CLINICAL IMPLEMENTATION OF IMAGE GUIDED RAMAN SPECTROSCOPY 
FOR DIAGNOSIS OF OTITIS MEDIA 

 
 
 
 
This chapter is in preparation for submission to the Royal Society of Chemistry as: 
 
 
ñNoninvasive characterization of Otitis Media with image-guided Raman Spectroscopyò 
 
 
 
 

6.1 Abstract 

 
 

Otitis Media (OM), an inflammatory disease of the middle ear, is the most 

common pediatric diagnosis and the leading cause of outpatient antibiotic use for 

children. It is a complex disease that progresses through unique phases with varying 

severity. Overlapping symptomologies between different forms of OM cause challenges 

in proper diagnosis and treatment. Current clinical strategies to diagnose OM rely on 

visual inspection of the eardrum, resulting in low diagnostic accuracy and inappropriate 

prescription of antibiotics. This work summarizes an effort toward the pre-clinical 

translation of Raman Spectroscopy (RS), an inelastic light scattering technique, to 

noninvasively identify spectral signatures related to OM. A noncontact RS fiber probe 

with visual guidance capabilities using an integrated camera was used to measure the 

Raman signatures from the middle ear of children undergoing bilateral myringotomy and 

tympanostomy tube insertion. This clinical feasibility study served to understand the 

operational requirements, and benefits of image guidance, for applying RS within the 

middle ear. Results demonstrate that RS can detect the presence of middle ear fluid with 
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93% accuracy, and can differentiate fluid type with 76-88% accuracy in vivo. Lastly, an 

advanced image guidance approach utilizing Low-Coherence Interferometry (LCI) to 

control device positioning was evaluated on a chinchilla model. Multimodal RS-LCI is 

capable of interferometric imaging to resolve morphologic features related to OM and 

provide accurate device positioning for highly stable RS measurement. 

 

6.2 Introduction 

 

Otitis media (OM), or inflammation of the middle ear, is one of the most common 

diagnoses for children under the age of three,1 with at least 80% of children experiencing 

some form of OM by three years of age.2 It is the leading cause of outpatient antibiotic 

prescription and surgery in children.3-5 Side effects related to OM often result in bouts of 

sleepless nights, discomfort, lost time at school for children, and subsequently lost work 

hours for parents. This loss of time and resources results in approximately 25 million 

physician visits and $4.3 billion USD annually of socioeconomic financial impact in the 

United States alone.6 Appropriate clinical management, including early diagnosis, timely 

vaccination, and administration of antibiotics, prevents more severe complications for 

OM (e.g., abscess, death), which are typically rare in developed nations.7, 8 Therefore, a 

primary focus in the management of OM in children is to maintain hearing acuity for 

unimpeded speech and language development.9 The major burden for OM patients 

living in developing countries is that they are at higher risk for complications such as 

mastoiditis and prolonged hearing impairment, which may further inhibit proper speech 

and language development at a critical stage in their lives. OM is an umbrella term that 

encapsulates various transient stages of disease, which are closely related and can 

overlap, but currently are diagnosed solely by presenting symptomologies. 
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The pathogenesis of OM is multifactorial, and clinical terminology for diagnosing 

the various presentations of OM serve to differentiate aspects of disease progression. 

Initiation of OM most commonly begins with Eustachian tube dysfunction,10 which leads 

to a negative pressure in the middle ear and improper ventilation. Without restoration of 

pressure regulation, an aggregation of fluid behind the tympanic membrane (TM), 

commonly called middle ear effusion, will accumulate. This effusion reduces the mobility 

for the TM to transduce sound waves and hinders the childôs ability to hear. Without 

further symptoms of acute infection like fever, erythema of the TM or otalgia (i.e., ear 

pain), this condition is termed OM with effusion (OME).11 However, an active infection in 

the upper respiratory tract may lead to the reflux of bacterial or viral particles into the 

middle ear space. They can then begin to colonize in the fluid and cause an acute 

infection to develop. This stage of disease is termed acute OM (AOM). Importantly, OME 

may manifest as a new-onset condition, or as a sequela of AOM when the inflammatory 

process subsides but effusion persists.12 Notably, after an AOM episode, all children 

exhibit OME for a certain duration. OME itself serves as a risk factor for AOM, 

highlighting the interconnected nature of these conditions.  

The same diagnostic methods are used for both AOM and OME, which primarily 

rely on otoscopy. The otoscope is a simple magnifying device that is inserted into the 

ear canal to provide the physician with an illuminated view of the TM. Otoscopy alone 

has low sensitivity and specificity for determining whether a child has OM; 60% and 70% 

respectively.13 Pneumatic otoscopy evaluates the degree of mobility of the TM when air 

pressure is applied, which is a more effective way to assess the presence or absence of 

effusion than otoscopy. Jones et al. determined that the accuracy of detecting presence 

of effusion with pneumatic otoscopy (76%) was higher compared to static otoscopy 

(61%).13 However this technique requires training and is subjective, leading to low 

clinical adoption, where 96% of the general practitioners and specialist trainees still 
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relied primarily on otoscopy for evaluation of OM, while use of other techniques varied 

significantly.14 

Detecting the presence of effusion is helpful in identifying OME. Within OME, the 

óqualityô of effusion can be subclassified as serous or mucoid based on its flow 

properties. Serous effusion has a water-like consistency and is typically seen in earlier 

stages of OME. Over time, mucus secretions by the middle ear and reabsorption of water 

transform the effusion from serous to mucoid, which presents as relatively viscous 

displaying gel-like characteristics; commonly called óglue earô.15 There are important 

clinical implications to differentiating serous from mucoid middle ear fluid since it is 

commonly agreed that, unlike serous effusion, mucoid effusion often does not resolve 

on its own and may require myringotomy and tube placement, otherwise leading to 

chronic states of disease.16 A method sensitive to this aspect of middle ear effusion 

would be valuable for tracking OM progression and to inform when surgical intervention 

is advised. In cases of AOM, the immune response initiated by acute infection in the 

middle ear leads to a purulent, or ópus-filledô fluid. It is a creamy white color due to 

invasion of leukocytes to combat infection. Although these classes of effusion can be 

visually distinguished once aspirated from the middle ear following myringotomy, they 

are difficult to visualize behind the opaque TM when viewed with otoscopy. There is 

currently no method sensitive to typing of middle ear effusion noninvasively, leading to 

a diagnostic gap in differentiating OME from AOM, and similarly to identify serous versus 

mucoid effusion in cases of OME. 

Optical methods represent an attractive alternative for diagnosing OM, as they 

are inherently noninvasive, quantitative, and fast; aspects well suited for clinical 

translation. Diffuse reflectance spectroscopy (DRS) analyzes the wavelength-dependent 

absorption and scattering properties of a sample, where the diffuse reflection of a 

broadband light source encodes compositional or structural differences related to 
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disease states and has been investigated for several pathologies17-19. Schmilovitch et al. 

demonstrated feasibility in DRS to identify AOM in vivo and showed a sensitivity of 89% 

and specificity of 95%.20 However, their approach could not differentiate OME from 

normal ears. An issue with using DRS for diagnosis of OM is that strongly absorbing 

chromophores, like water, blood, and fat tend to dominate the DRS spectrum. This was 

demonstrated in Sundberg et al., whose DRS spectra of OM patients were overwhelmed 

by absorption peaks from blood.21 The specific sensitivity to blood limits itôs potential to 

discriminate purulent/serous/mucoid effusion types, as it mainly provides sensitivity to 

the degree of TM erythema. There has been considerable work in using Optical 

coherence tomography (OCT), an interferometric imaging technique, for in vivo OM 

diagnosis. Monroy et al. showed that the thickness of the TM was correlated to acute 

and chronic states of AOM and that OCT could visualize bacterial biofilm growth,22 where 

nearly all cases of chronic OM demonstrated biofilms. Similar work also demonstrated 

that the thickness of TM measured by OCT depended on the chronic state of the 

disease.23 While it can also aid in detecting the presence of effusion, similar scattering 

properties between effusion types limits adequate differentiability between mucoid and 

purulent fluid.24  

Raman spectroscopy (RS) is an optical technique based on inelastic scattering, 

where the coupling of a photon to a molecular bond vibration results in an instantaneous 

transfer of energy and a measurable shift of the scattered photonôs wavelength. This 

interaction creates a spectral ómolecular fingerprintô that represents a comprehensive 

chemical description of the analyte that can be used to identify the sample or 

characterize biochemical changes associated with disease. Among the available optical 

molecular sensing techniques, RS is particularly advantageous due to its ability to probe 

the biomolecular content of tissue with high specificity, in both ex vivo and in vivo 

settings, without the need for exogenous labels.25 The majority of in vivo RS studies 
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have relied on the fingerprint region, between 600-1800 cm-1, which provides a large 

degree of biomolecular signatures from various macromolecules including lipids, 

proteins, collagen, DNA, and amino acids.26 However, the high wavenumber (HW) 

region also provides valuable information about higher energy vibrational modes 

corresponding to CH vibrations from lipids and proteins between 2800-3000 cm-1, and 

OH vibrations associated with water molecules within tissue, from 3000-3600 cm-1.27 The 

HW region has been used to study hydration in various tissues, including bone28, 29 

skin30, and hydration states related to oral cancer detection.31 There has also been 

promising results in using HW spectra for disease detection from biofluids like urine32 

and blood plasma33 towards cancer screening. Given the relationship between 

mucus/water content  and the transformation from serous to mucoid effusion types, the 

HW region is of interest to characterizing OME. 

Here, a dual-region RS investigation is presented to characterize spectral 

signatures related to OM and determine the efficacy of detecting and differentiating 

middle ear effusion types noninvasively. The noncontact RS probe design, summarized 

in Chapter 5, is employed to collect spatially-specific Raman spectra from the middle ear 

of pediatric patients undergoing myringotomy. An integrated camera provides image 

guidance to laterally position the device within the ear canal. Fluid type is identified after 

aspiration from the ear and is used as the ground-truth to analyze regions of the FP and 

HW spectra unique to the different presentations of OM fluid. Following this, an 

additional fiber is integrated into the device to perform Low-Coherence Interferometry 

(LCI), the non-scanning variant of OCT that has shown merit in characterizing OM,34 to 

provide depth-resolved reflectance image features of the ear and axially position the 

device. The multimodal RS-LCI probe is tested on a physiologically-relevant phantom 

model composed of chinchilla middle ear bullae and synthetic effusions to verify trends 

seen in the in vivo dataset and determine advantages in this image guidance approach. 
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6.3 Methods 

 

6.3.1 In vivo RS system  

 The in vivo RS system consists of a laser source, imaging spectrograph, charge-

coupled device (CCD) and fiber probe, as depicted in Figure 6.1a. The laser module 

contains two narrowband, wavelength-stabilized laser diodes at 785 and 680 nm 

(II0785/680 MU0350MS, Innovative Photonic Solutions, NJ). A high-throughput imaging 

spectrograph with a 100 µm slit (HT-SPEC-785, EmVision LLC, FL) receives light from 

the probe collection fibers and spectrally disperses the signal. A thermoelectrically 

cooled deep-depleted CCD (Blaze 400HR, Teledyne Princeton Instruments, CA) 

records the optical spectrum through communication with a personal laptop. 

Spectrograph wavelength dispersion was calibrated using the atomic emission 

spectrum of a Neon-Argon lamp, and the relative wavenumber axis was then 

independently calculated from the 785 and 680 nm laser lines for the FP and HW 

regions, respectively. Calibration error was confirmed with chemical standards to ensure 

it was below the system's spectral resolution of 8 cm-1. A NIST-traceable tungsten-

halogen white light source (UIS-LS-30W, StellarNet Inc., FL) was measured through the 

fiber probe to correct the intensity response of the system.  

 

6.3.2 Noncontact RS fiber probe 

The noncontact RS fiber probe was specifically designed for in vivo application 

within the ear canal. Chapter 5 outlines the optical design efforts towards the 

development of this RS probe, which can efficiently analyze tissues from a working 

distance of 9 mm. The device consists of a flexible fiber assembly to support 

maneuverability within a clinical setting by decoupling the laser and spectral detection 
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components, creating a light-weight handheld form factor that can easily be positioned 

within the ear canal of a pediatric patient. The custom fiber bundle assembly is arranged 

at the device tip, where a 300 µm core laser fiber (0.22 NA) delivers the laser sources 

and is affixed with an 800 nm short pass filter to block extraneous wavelengths from 

reaching the sample. A ring of nine 300 µm core collection fibers with equivalent NA 

surrounds the laser fiber to accumulate diffusely reflected emissions from the sample. 

An annular-shaped 800 nm long pass filter covers the collection fibers to reject 

backscattered laser light. 

To effectively acquire spectra from the middle ear while maintaining an offset 

from the TM, the noncontact probe has a miniature lens at the tip to reimage the fiber 

bundle onto the tissue surface. This lens was manufactured out of Calcium Fluoride 

(CaF2), which demonstrates superior performance as a Raman lens (see Section 5.4.2, 

Table 5.1). Geometric design decisions considered that the device would need to be 

inserted into the ear canal of children as young a 6 months old, which set the primary 

design constraints. Ear canals of infants can be as small at 4mm in diameter with a 

length of 10mm (see Table 2.1), so the imaging lens was set to have a diameter 

equivalent to the minimum of 4 mm and a working distance of 9 mm. To achieve a  

two-focal-length (2f) image relay, the radius of curvature for this biconvex CaF2 lens was 

initially optimized using optical design software (Zemax OpticStudio 2023, NE) to have 

a diameter of 4 mm and achieve a consistent focal length of 4.5 mm at 785 nm. Once 

manufactured, the lens was retained inside a custom-machined, stainless-steel lens 

tube with a wall thickness of 0.1 mm that added negligible thickness to the diameter of 

the assembled probe. During assembly, this lens tube was positioned over the RS fiber 

bundle at the appropriate position to achieve beam focus at the intended working 

distance of 9 mm. The device also includes a miniature color camera (NE2D_RGB, 

AMS, Austria), and a 400 ɛm white light illumination fiber (M118L02, Thorlabs, USA) to 
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provide wide-field visualization of the device position during use within the ear canal, 

which were attached to the probe using a custom chuck 3-D printed with biocompatible 

resin (RS-F2-SGAM-01, Formlabs, USA). This chuck was designed with a minimal 

footprint to accommodate these imaging components, increasing the long-axis diameter 

of the probe by only 1 mm.  

 

6.3.3 RS-LCI integration 

For the exploration of advanced image-guidance features with multimodal  

RS-LCI to axially guide the probe within the ear canal, a second iteration of the device 

was manufactured with an auxiliary single-mode laser fiber integrated into the fiber 

bundle, positioned directly next to the RS laser fiber near the optical axis of the imaging 

lens. In this way, both RS and LCI laser sources are coregistered at the sample surface. 

This LCI subsystem (see Figure 6.1a) used a broadband light source with a central 

wavelength of 860 nm and a bandwidth of ~145 nm, providing a coherence length (i.e., 

axial resolution) of 2.3 µm. The LCI beam had an optical power of ~2.35 mW at the 

sample. The imaging lens produces a spot size of ~100 µm in diameter at the focus, in 

air. A spectrometer (Wasatch Photonics, NC, USA) and 4096-pixel line scan camera 

(Piranha 4, Teledyne DALSA, Ontario, CA) captures single depth profiles (i.e., A-lines) 

at a 80 µs integration time. 

The A-scans generated by LCI are constructed from the raw spectral domain 

data by first resampling to be linear in wavenumber, and then processed with a custom 

dispersion compensation and fast-Fourier transform algorithm.35 The time-lapse  

A-scans are plotted along the x-axis in similar format to M-mode OCT.  
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6.3.4 Clinical RS acquisition and preprocessing 

The in vivo RS feasibility study was conducted at Monroe Carell Jr. Childrenôs 

Hospital at Vanderbilt University under a protocol approved by the Vanderbilt University 

Medical Center Institutional Review Board (IRB no. 161563). A total of 26 pediatric 

human subjects (6 m.o. ï 7 y.o.) that were scheduled for bilateral myringotomy and 

tympanostomy tube (TT) placement were enrolled in this study. Informed and written 

consent was obtained from the patient and/or legal guardian(s).  

As part of the standard-of-care surgical procedure, each subject was brought into 

the operating room and placed under anesthesia. The surgeon cleared each ear canal 

of any obstructing earwax. Immediately prior to myringotomy, the noncontact RS probe 

was inserted into the ear canal and positioned at the target working distance of ~9 mm 

from the TM surface (see Figure 6.1b).  Widefield imaging provided by the miniature 

camera was displayed on an external monitor, giving the device operator with feedback 

to laterally position the beam focus over the anterior inferior quadrant of the TM (Figure 

6.1b, inset) and ensured consistent RS measurements of spectral signatures across the 

cohort. A consequence of integrating widefield imaging is that the white light and laser 

sources must be sequentially shuttered during RS spectral acquisition to avoid 

saturating the spectrometer. A custom acquisition environment was created using 

Python to synchronize the light sources and readout from the spectrometer CCD through 

a serial communication protocol. 

Room lights were turned off temporarily while RS measurements of the FP and 

HW regions were sequentially acquired. Due to differential scattering and fluorescent 

intensities generated at the two RS laser lines of 785 and 680 nm, exposure times were 

scaled to stay within the dynamic range of the CCD. FP measurements took 2 sec  

(200 msec exposure time, 10x accumulations) per acquisition, and HW measurements 

took 500 msec (50 msec exposure time, 10x accumulations) at 80 mW of power. After 
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RS spectral acquisition, room lights were turned on, myringotomy was performed, and 

the presence (Effusion +) or absence (dry ears, Effusion -) of fluid was confirmed with 

the surgical microscope. If present, any effusion was aspirated from the middle ear, 

collected in a fluid trap, and fluid type (serous, mucoid, purulent) was noted by the 

surgeonôs opinion. TT placement was subsequently performed. This procedure was then 

repeated in the contralateral ear. In total, the RS acquisition procedure added 

approximately 2 minutes (1 min / ear) to the surgical procedure and anesthesia time. No 

LCI scans were acquired for this portion of the study. 

Spectral pre-processing served to isolate the Raman component of the 

measured spectrum, shown for both FP and HW regions in Figure 6.1c. In all clinical RS 

measurements from the middle ear, the spectra exhibited a uniquely large proportion of 

non-specific background intensity relative to Raman peak intensity. Because detector 

shot noise is proportional to total signal counts,36 this strong background signal 

component limits the SNR of Raman peaks, requiring at least ten accumulations to 

resolve the Raman peak intensities. Data was also smoothed with a 2nd order Savitzky-

Golay filter over a 9-pixel window. Following this, the background tissue 

autofluorescence was estimated with a modified polynomial fitting approach37 (Figure 

6.1c, red curve) and subsequently subtracted. Lastly, the spectral counts were 

normalized to the mean value of a region of the signal for further data analysis. The FP 

region data was normalized to the mean intensity between 1100-1700 cm-1 to avoid the 

influence of the prominent and highly variable peak at 960 cm-1. For the HW region, data 

was normalized to the OH bonding region between 3000-3700 cm-1 in order to visualize 

relative differences between the CH and OH regions, as discussed in Section 6.4.1. 
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Figure 6.1. (a) Schematic of the RS and LCI subsystems. (b) Clinical RS acquisition 
scheme, where the noncontact RS probe (upper inset picture) was positioned within the 
ear canal using image guidance with the miniature camera to position the laser focus 
over the anterior inferior quadrant of the TM (lower inset picture). (c) Raw and 
preprocessed FP and HW regions of Raman spectra from the middle ear.  
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6.3.5 Chemometric RS analysis 

 Chemometric data analysis encompasses a set of multivariate tools to discover 

patterns within high-dimensional datasets. In the context of RS biomedical analysis, 

these tools can build predictive models to accurately classify spectroscopic data for the 

purpose of diagnostics. Principle Component Analysis (PCA) is a popular data 

transformation method used in RS. This technique operates on the covariance matrix of 

a dataset, capturing the primary sources of variation within the data by projecting it into 

a subspace whose basis vectors point in orthogonal directions of maximum variance.38 

PCA was used in this analysis as an initial dimension reduction procedure, where a 

subset of PC scores that explained 95% of data variance were set as inputs to train an 

alternative classification algorithm. Accuracy of prediction typically improves when only 

a subset of PCs that capture the majority of data variance.39 Here, the supervised 

classifier Linear Discriminant Analysis (LDA) was employed to investigate the diagnostic 

potential of differentiating fluid type based on FP and HW spectral features. Being a 

supervised transform method, LDA attempts to segment data on the basis of within-class 

and between-class scatter using predetermined class labels.38 

LDA was trained separately on FP and HW regions independently, and then on 

a concatenated dataset that included both regions of the spectrum. To determine if 

dimension reduction would improve predictive power of the trained model, this was 

performed with- and without PCA dimension reduction. Three classification schemes 

were investigated in this study: 1) 4-class identification of the presenting fluid type (no 

fluid, serous, mucoid, and purulent; 2) 2-class identification of the presence of fluid as 

no fluid, or fluid present (serous, mucoid, purulent); 3) 2-class identification of the 

presence of purulent fluid. To ensure the model was robustly tested with the small 

experimental dataset (Nears = 45) and avoid biasing accuracy results, cross-validation 

was performed with a leave-on-ear out strategy.    
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6.3.6 Middle ear physiological phantom model 

To investigate the trends seen within the in vivo RS data, and the advantages of 

an advanced image guidance approach using RS-LCI, a physiologically relevant middle 

ear model was created using middle ear components from a chinchilla and synthetic 

effusions. This provided a system which resembled the biochemical composition of the 

ear and anatomical architecture of the tissues seen in vivo. 

Intact middle ear bullae were collected from juvenile outbred chinchillas. The 

chinchilla is considered the gold-standard animal model for OM, as the anatomical 

dimensions and OM etiology are similar to humans.40  Chinchillas were acquired from 

an approved commercial breeder (Rauscher Ranch, LaRue, OH) and animal 

experiments were completed in adherence with the Guide for the Care and Use of 

Laboratory Animals of the National Institutes of Health, and approved by the Institutional 

Animal Care and Use Committee (IACUC) at the Abigail Wexner Research Institute at 

Nationwide Childrenôs hospital in Ohio, USA (Welfare Assurance Number A35544-01). 

The chinchillas were socially housed in groups of three with corncob bedding in a 

biosafety level 2 facility. Experimental procedures were performed under anesthesia and 

all efforts were made to minimize any potential suffering. Animals were sacrificed and 

dissected to remove superior and inferior bullae, which contain all middle ear 

components including TM and ossicles. The bullae were retrieved and placed in sterile 

saline, put onto dry ice, and shipped to Vanderbilt University where they were placed in 

-80°C freezer storage for later experimentation. 

The viscoelastic secretions from the middle ear that transform serous effusion 

into mucoid quality during OME are largely  composed of mucins, a family of high 

molecular weight glycosylated proteins (10-40 MDa). To mimic these aspects of effusion 

and how they relate to the optical signals measured in the ear, synthetic middle ear 

effusions were generated by mixing lyophilized Type III Mucin (M1778, Sigma-Aldrich, 
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MA) at variable concentrations with distilled water (0-300 mg/ml). To properly mix the 

solutions, the Mucin was first weighed, and then manually crushed into a powder before 

being combined with 2 mL of water. The mixture was agitated on a vortex mixer and 

then placed into a sonication bath set at physiological temperature (37° C) to fully 

dissolve and homogenize the two components and first-stage degassing of trapped air 

bubbles. Following this, the solutions were placed in a vacuum chamber for 10 minutes 

to remove any remaining air bubbles. As expected, the synthetic fluids showed a visibly 

increasing viscosity and increasing tan/grey color as concentrations of Mucin increased 

(see Figure 6.2a). 

To create the phantom ear model, these components and tissues were combined 

to resemble a pediatric ear presenting with OME. A small hole was created in the 

posterior wall of the chinchilla ear bullae, opposite to the ear canal entrance, to inject 

the synthetic fluids directly behind the TM. Figure 6.2b provides an image of the bullae, 

where the intact TM can be seen from each side; through the injection hole (left) and 

through the exposed ear canal entrance (right). 1 mL of synthetic effusion was injected 

into the bullae to stably sit directly behind the TM. 

Spectroscopic and imaging data was collected with the modified RS-LCI probe, 

described in Section 6.3.3, by inserting the device through the ear canal. Real-time LCI 

data was used to provide feedback for the axial positioning of the probe tip relative to 

the TM surface, noted by the highly reflective surface of the TM. Once positioned, FP 

and HW Raman spectra were collected using similar RS acquisition settings to clinical 

in vivo measurements. To verify the morphologic features measured with LCI, the 

phantom model was then scanned with a commercial 1300 nm OCT system to measure 

2-dimensional structural images (TEL221C1, Thorlabs, NJ). 
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Figure 6.2. Components used within the ear phantom model. (a) Synthetic effusions 
created from variable concentrations of mucin and water (0-300 mg/ml). (b) Chinchilla 
middle ear bullae, with injection hole created in back wall of the bone. TM: tympanic 
membrane. 
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6.4 Results 

 
 
 6.4.1 In vivo RS characterization of OM effusion status 

In total, 26 subjects were recruited into this clinical RS study after informed 

consent/assent given by the parents/guardians and child (if older than 6 y.o.). Bilateral 

myringotomy determined that children undergoing surgery were presenting with either 

fluid in one ear (Nsubj = 6), both ears (Nsubj = 15), or neither ear (Nsubj = 5). Within the 

cohort that did hold fluid in both ears, the surgeonôs decision on fluid quality was similar 

in bilateral ears for  Nsubj = 10, but varied in effusion type for Nsubj = 5. Of the total number 

of ears measured (Nears = 52), 7 exhibited poor data quality, either due to the ear canal 

being too small in the youngest cohort (ages 6 m.o. ï 2 y.o.), or because unique 

conditions of the TM noted by the surgeon (e.g., cerumen impacted onto the TM, 

tympanosclerosis) obscured or saturate the spectrum and eliminated any resolvable 

Raman features. Of the remaining ears with sufficient data quality (Nears = 45), the 

spectra were preprocessed according to the routine described in Section 6.3.4.  

The FP region data, presented in Figure 6.3a, are color-coded for the various 

presentations of middle ear fluid (no fluid - black, serous - blue, mucoid - orange, purulent 

- red), showing the mean and one standard deviation of signal variance for each class. 

A zoomed view of the region between 850-1150 cm-1 (see Figure 6.3b) exhibits strong 

Raman mineral peaks located at 960 cm-1 (’1-PO4 symmetric stretching) and at 1070 

cm-1 (’1-CO3 symmetric stretching), indicated by dotted lines, that are indicative of 

bone.41 Spectra were intensity-normalized to the mean value of the region between 

1100-1750 cm-1 due to high variability in the intense 960 cm-1 peak. The presence of 

effusion is seen to influence the relative intensity of the bone-related Raman bands, and 

the degree of bone peak attenuation was unique between the types of effusion.  
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Figure 6.3. Middle ear clinical data for the FP region of Raman spectra, with the mean 
denoted as a solid line and one standard deviation of signal variance as the shaded 
zone. (a) Full preprocessed spectrum, color coded for effusion type (no fluid - black, 
serous - blue, mucoid - orange, purulent ï red). (b) Zoomed view of the region between 
850-1150 cm-1. (c) Zoomed view of the region between 1300-1520 cm-1.  
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Figure 6.4. Peak ratios within the FP region, analyzed for each fluid type.  
(a) 960/1450 cm-1 ratio, showing significance (*) between measures of no fluid and ears 
with fluid present. (b) 1450/1003 cm-1 ratio. Although no significance found between 
groups, ears with no fluid demonstrate less variance. 
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The relative intensity of the bone-related Raman band at 960 cm-1 relative to 

1450 cm-1, whose mean value was stable between all groups, is plotted for each effusion 

type in Figure 6.4a. Dry ears (i.e., no fluid) presented the highest bone peak intensity 

than ears with effusion present with significance (*). Ears with mucoid and purulent 

effusion, known to be more opaque and have higher scattering fluids, attenuated bone 

features to a greater extent than ears with no fluid or serous. The ratio of  

1450 cm-1, indicative of proteins, CH deformations of fatty acids, and phospholipids,42 to 

that of phenylalanine at 1003 cm-1 particularly demonstrated the most stable peak ratio 

in dry ears compared to those with fluid (see Figure 6.4b).    

The HW region data, presented in Figure 6.5a, were normalized to the OH bond 

region between 3100-3700 cm-1 associated with water vibrational modes. This provides 

a visual representation of the relative intensity of CH bond region between  

2800-3050 cm-1, related to proteins and lipids, to that of water. Data is color-coded 

similarly to the FP region on the basis of effusion type. Figure 6.5b shows a zoomed 

region of the CH bond region, demonstrating that relative intensities are dissimilar 

between the effusion-type groups. Also, alterations to the shape of this spectral band 

exist, particularly for purulent effusion. These observations are summarized through 

peak ratios in Figure 6.6. The OH/CH ratio was calculated by the area-under-the-curves 

(AUCs) between 3100-3700 cm-1 and 2800-3100 cm-1, respectively. Results 

demonstrate that mucoid group exhibited the highest OH/CH ratio with significance (***) 

(see Figure 6.6a) and that the dry ears had the lowest and most stable ratio value. 

Demonstrated by the ratiometric analysis in Figure 6.6b, the purulent group 

demonstrated a significantly high (**) proportion of the 2880 cm-1 (symmetric and 

asymmetric CH2 stretching of lipids) peak relative to 2940 cm-1 (CH3 stretching of 

proteins).  
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Figure 6.5. Middle ear clinical data for the HW region of Raman spectra, with the mean 
denoted as a solid line and one standard deviation of signal variance as the shaded 
zone. (a) Full preprocessed spectrum, color coded for effusion type  
(no fluid - black, serous - blue, mucoid - orange, purulent ï red). (b) Zoomed view of the 
CH bond region between 2700-3100 cm-1. 
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Figure 6.6. Peak ratios within the HW region, analyzed for each fluid type.  
(a) OH/CH ratio, calculated by the AUCs between 3100-3700 cm-1 and 2800-3100 cm-1, 
respectively. Significance (***) was seen between the mucoid group, as well as the no 
fluid group. (b) 2880/2940 cm-1 ratio, where significance (**) was seen for the purulent 
group. 
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Given the uniqueness of Raman spectral features seen for each class of effusion 

type, LDA was applied to test the diagnostic capacity of RS to classify the spectra 

measured from a clinically compatible system. The first classification scheme studied 

was the 4-class differentiation between cases with no fluid, serous, mucoid, and 

purulent. This was analyzed independently on the FP and HW regions, with a 

combinatory dataset including spectra of both regions. Accuracies were measured with 

and without PCA applied, as reported by the confusion matrices in Figure 6.7. Results 

demonstrate that FP data was able to differentiate the measurements with 55.6% 

accuracy, either with or without PCA applied (see Figure 6.7a,d). The HW region, 

however, was far more robust in differentiating the 4-class scenario. An accuracy of 

68.9% was found when LDA was trained on the full spectra without dimension reduction. 

With PCA applied, accuracy minimally rose to 71.1% (see Figure 6.7b,e). Although the 

combinatory FP/HW dataset was expected to improve performance, results show that 

the addition of FP spectral features decreased classification accuracy 57.8% and 66.7%, 

with and without PCA applied(see Figure 6.7c,f). 

The highest performing PCA-LDA model to differentiate effusion types was found 

by training on the HW region alone. Figure 6.8 summarizes this modelôs performance 

metrics. Figure 6.8a shows the posterior probabilities of class membership, where the 

cutoff of 50% probability was used to determine the predicted effusion type. Figure 6.8b 

plots the receiver-operator curves (ROCs) for this multiclass problem, showing that the 

trade-off between sensitivity and specificity was similar between all classes, except the 

purulent effusion type that was identified as having a particularly lower true positive rate, 

indicated the lowest sensitivity.  
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Figure 6.7. Classification accuracies using LDA to discriminate effusion type (no fluid, 
serous, mucoid, purulent) without (a,b,c) and with (d,e,f) initial dimension reduction using 
PCA. (a,d) Accuracy using the FP region. (b,e) Accuracy using the HW region. (c,f) 
Accuracy using combinatory data from both regions. All models were trained with  
leave-one-ear out cross-validation to avoid biased analysis of accuracy. The best 
performing model is outline with dotted box.  
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Figure 6.8. (a) Posterior probability of class membership for the best performing  
PCA-LDA model to differentiate fluid type, which used HW spectra alone. Dotted line 
denotes the cut-off probability of 50%. (b) Receiver operator curve. Dotted line denotes 
randomly estimated classification. AUC: Area-under-curve.  
























































