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Abstract

This thesis describes the development of an optical device to assess the inflammatory state of
the middle ear mucosa through the ear canal, after ventilation tube insertion in otitis media with
effusion in children.

An optical phantom of the middle ear was developed in order to allow repeatable experiments.
The phantom consists of eardrum and mucosa while all other structures are neglected. The optical
properties of the phantom were determined based on literature review and experiments on an
animal model. The middle ear mucosa phantom is based on a polyester resin, with dyes added
to introduce absorption and a titanium dioxide based white colour to introduce scattering. Four
phantom are created to model healthy, intermediate, and diseased mucosa. Several approaches are
taken for the eardrum phantom, either a grid glass diffuser or a resin phantom with scattering
introduced by fibre glass is used.

Middle ear inflammation affects the mucosa while the eardrum might not be affected. Hence,
the mucosa must be assessed and signals resulting from the eardrum, blocking the direct light path,
filtered, in order to reduce background signals. During literature research and preliminary experi-
ments, multi-wavelength measurements were selected to assess the mucosa and confocal techniques
to allow measurements through the eardrum. The tissue is illuminated with two wavelengths and
the reflected signal analysed. Appropriate selection of the wavelengths at characteristic point of the
absorption spectrum of blood allows assessment of the inflammation via the blood concentration
in tissue. The confocal idea was adopted leading to the “anti-confocal” system, where a central
stop replacing the pinhole rejects light from the plane in focus rather than rejecting all out of
focus light. With the eardrum in focus and a stop radius larger than the confocal pinhole radius
(rstop = 0.48 mm), most light from the eardrum is rejected (reduced to 0.2 %) while signal from
the mucosa are still detected (reduced to 25.6 %), according to simulations.

Simulations of the anti-confocal system showed an increase of the signal level by a factor of 3.2 or
a 1.5 times higher background rejection ratio (SBR) compared to the conventional confocal system,
when keeping the respective other value constant. This advantage still holds and is even improved
in some cases when increasing the scattering coefficient (from 11 up to 44mm™!), reducing the
scattering anisotropy (from 0.99 to 0.6), changing the distance between eardrum and mucosa (0.5
to 8 mm), inaccurate focus (up to 3mm out of focus), and changed NA (0.055-0.27). Further, best
wavelengths for measurements of the blood concentration and thus inflammation of the mucosa
have been determined in simulations to be 730 and 546 nm. In the investigated range of wavelengths

(500 to 940 nm), the relation of near infra-red signal at 730 nm to green reflection signal at 546 nm



gives the highest response to a change in the total blood level in tissue while showing a low response
to changes in blood oxygenation.

The anti-confocal system was built as bench-top system and characterised. Instead of using a
physical stop, a CCD camera was used and anti-confocal filtering done during post-processing, by
selecting certain pixel on the camera. Experimental results confirmed the simulations and showed
an increased signal and easier use of the anti-confocal system compared to the confocal system as
no exact focus is required. An anti-confocal stop with 0.48 mm radius showed best performance,
showing a high contrast and low variation during the measurement. Measurements were possible
with increased scattering (simulated by the stronger scattering grid glass diffuser) and attenuation
(simulated by absorbing dyes added to the resin eardrum phantom) of the eardrum, increased
distance between eardrum and mucosa (2 6 mm), defocus of the system, and altered orientation
of the phantom surface (0-10 deg) with differences in the mucosal blood level still detectable. But
the measured inflammation index is influenced by the transmission properties of the eardrum.
While the influence of absorption can be accounted for by confocal detection of the properties
of the eardrum during the same measurement, improved signal processing and modelling of light
propagation are necessary to account for changed scattering of the eardrum.

Tests on the hand of healthy volunteers showed that the proposed system is able to detect a
change in the concentration of haemoglobin of living tissue measured through an eardrum simulat-
ing scattering layer. The next steps are the improvement of signal processing to account for changes
of the measured inflammation index due to scattering of the eardrum. Once this is achieved, the
optical system can be minimised to allow measurements on the ear and pilot trials for evaluation

and calibration of the system.
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Chapter 1

Introduction

The aim of this project is to develop an optical diagnostic device for the improved diagnosis of
the inflammatory state of the middle ear mucosa during otitis media with effusion (OME) in
children. To understand this task, the anatomy of the middle ear, the clinical state of OME and
its consequences are explained first. Based on this knowledge, the task is then explained in detail

in Section 1.5 and the outline of this report presented in Section 1.6.

1.1 Anatomy of the Ear

The ear is divided into three parts, the outer, middle, and inner ear as shown in Figure 1.1. The
outer ear consists of the pinna and the external ear canal, also called external auditory meatus,
which has a length of about 25 mm from pinna to eardrum. The ear canal is circular in children
and has an approximate diameter of 6 mm. It has the shape of a lazy “S”, so it is possible to
see the eardrum, also called the tympanic membrane (TM), from the outside using an otoscope (a
diagnostic instrument to investigate the appearance of the eardrum described later in Section 2.1)
to straighten the ear canal and illuminate and image the eardrum [1].

The eardrum is a translucent structure, dividing the outer and middle ear which contains the
ossicles, called the malleus, incus, and stapes. The ossicles transfer and amplify the pressure
variations from the eardrum to the cochlea in the inner ear. The system of eardrum and ossicles
provides impedance matching of air (environment) to liquid (inner ear) and prevent the reflection
of the majority of the energy at the interface of both media which would be the case otherwise. The
cavity of the middle ear, called the tympanic cavity, has a volume of about 0.5 cm? [2]. The vertical
(height) and anterior-posterior (length, into the paper in Figure 1.1) dimensions of the middle ear

cavity are 15 mm and the transverse diameter (width, horizontal dimension in Figure 1.1) is about
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Figure 1.1: Anatomy of the Ear.

6 mm above, 4 mm below, and 2mm opposite the centre of the eardrum [3]. The middle ear cavity
is lined by mucosa and connected to the nasopharynx (back of the nasal cavity) by the Eustachian
tube.

The eardrum has a shallow cone shape with oval base and a longest diameter of 9-10 mm and
shortest diameter of 8-9mm [3]. The cone has a depth of about 2mm and points inward to the
middle ear [1]. Figure 1.2 shows a drawing of the eardrum seen from the external ear canal, while
Figure 2.1 shows photos of the earadrum. Three main features are obvious: the outline of the
handle of the malleus attached to the medial (side facing the middle ear) of the eardrum in the
middle, the pars flaccida above, and pars tensa attached to the malleus. Also visible in most
images of the eardrum is a cone of light in the lower part resulting from direct reflection of the
illumination. The pars tensa, a thin translucent layer, constitutes the main part of the eardrum.
It consists of an epidermal layer laterally (towards the external ear canal), radial fibrous layer,
circumferential fibrous layer, and mucosal layer medially, forming part of the lining of the middle
ear cavity. The two fibrous layers give the eardrum its mechanical strength. The radial fibres,
leading from the hand of malleus in the middle to the edge (annulus), are present in all regions of
the pars tensa while circular fibres are less prominent in the centre. In humans, the pars tensa’s
thickness measurements vary from a minimum value of 20 um to a maximum value of 500 pm [4]
with average values of the thinnest part which is central between annulus and malleus of 50 to
70um [5]. The pars flaccida is thicker than the pars tensa, up to 600 pm [4] and is not under
tension.

The best position to perform measurements on the middle ear is marked in Figure 1.2 in green.

The reasons for this are that the eardrum is thinnest in the middle between malleus and annulus,
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Figure 1.2: Eardrum as seen from the ear canal.

there are no ossicles obscuring the view on the mucosa in this area, and last, this area is close to
the Eustachian tube where the inflammation when present is most severe.

The inner ear contains the cochlea which converts the mechanical vibrations of sound into
electrical signals by use of the inner hair cells. These signals are then transferred to the brain via
a neural nerve relay for further processing. The round and oval window form two flexible fibrous
boundaries between the cochlea and middle ear, the remaining boundary is bone. The oval window
is in direct contact with the stapes and transmits vibrations, while the round window is necessary

to allow the incompressible fluid inside the cochlea to move and the hair cells to be stimulated.

1.2 Middle Ear Inflammation

Otitis media (OM) is inflammation of the mucosal lining of the middle ear cavity. Several different
types of otitis media are recognised, with acute otitis media (AOM) and otitis media with effusion
(OME, also called glue ear) being the most common forms. AOM is an acute viral or bacterial
infection mostly affecting only one ear (unilateral) resulting in ear pain, deafness, fever, tiredness,
and unease of the patient. OME in contrast is a chronic inflammation with only deafness as a
symptom. The hearing loss is present due to liquid accumulation in the middle ear cavity of
normally both ears (bilateral) and biofilms (group of bacteria in lower metabolic state adherent to

mucosa) are present [6]. This work focuses on the diagnosis of OME.

1.3 Diagnosis of Otitis Media with Effusion

OME is a common condition that 80 % of British children experience by the age 10 [7]. It leads

to hearing loss which in turn may affect their speech and education if persisting for an prolonged
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time. It is a chronic inflammation of the middle ear and may persist up to several years. This
inflammation is caused by an irritation of the mucous membrane in the middle ear and Eustachian
tube increasing the production of secretion with higher viscosity and swelling of the mucosa in the
Eustachian tube and thus impaired clearance of the middle ear cavity. According to the surgeons,
the inflammation is more severe in the lower part of the middle ear close to the Eustachian tube
and less severe above the eardrum, as shown in Figure 1.1 with a thicker marked mucosa near the
Fustachian tube. The secretion filling the middle ear cavity damps the movement of the eardrum
leading to decreased sound transmission to the cochlea and thus hearing loss.

In 63 % of the cases OME resolves spontaneously within three months making surgery unnec-
essary. But if a significant hearing loss is present for more than three months and the child’s
speech and education is affected, a surgery is recommended by NICE (The National Institute for
Health and Care Excellence) guidelines [8]. In these surgeries, called myringotomy, the eardrum
is punctured and the effusion is aspirated while the child is under general anaesthetic [7]. Then
a ventilation tube also called grommet is inserted into the eardrum to replace the function of the
blocked Eustachian tube by ventilating the middle ear. After six month or longer, depending on
the type of the ventilation tube, the eardrum grows back closing the hole extruding the grommet.
In England, more than 30,000 of these surgeries are performed each year (data from 2005/06) [9]
and this is one of the most common surgeries performed on children in the developed world [10].
But this operation is far from ideal, in 25 % of the cases, further surgery is necessary within two
years due to recurrence of OME. The recurrence of OME is due to persistence of the inflammation,
currently biofilms are considered the probable cause [10]. Additionally, a ventilation tube increases

the risk of persistent perforation of the eardrum, the longer it stays in place [11,12].

1.4 Motivation for this Project

OME is diagnosed by a history of hearing loss and otoscopy and is confirmed by tympanometry
(Measurement of the pressure dependent sound signal reflected off the eardrum. For more detail
see Section 2.1.2). The diagnosis by otoscopy requires an experienced clinician to give a definite
and correct diagnosis. Further, there are only guidelines suggesting when to perform a surgery and
these are often ignored [13,14]. These facts ask for improved and standardised techniques for the
diagnosis of otitis media [9].

To date there is no way of predicting in which cases OME will recur and in which it will not. We
hypothesise that in the recurrent cases the mucosa does not return to normal but stays inflamed
resulting in a new fluid build-up after the grommet is expelled from the eardrum. But at the

moment there are no diagnostic devices available to assess the inflammation in the middle ear and
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test this hypothesis.

This motivates the development of a diagnostic device able to assess the inflammation of the
middle ear mucosa after myringotomy. If the hypothesis is proven correct, the device could be
used to predict the course of OME and recurrence. This would reduce stress for the child and
decrease costs and save time for the NHS and parents by avoiding unnecessary visits to a doctor
for non-recurrent cases. Further, it would increase the credibility of the diagnosis when being able

to perform a more accurate statement of the course of OME.

1.5 Definition of the Problem

The task is to develop a device able to perform assessment of the middle ear inflammation and
characterise its severity and course over time. The device must be similar to the current diagnostic
devices with respect to size, handling and contact with the patient in order to be easily accepted
into clinical use. Thus the device should have a small handheld head, use the same specula as
standard otoscopes, while an additional table top setup is acceptable. The table top setup may
include a display, signal processing, light sources, and other components and must be connected
to the optical head via optical fibres and signal cables to allow easy movement and alignment
of the optical head with the patient’s ear. The measurement time needs to be short for it to
be practicable in the clinical examination of children. Further, no invasive techniques such as
the use of biomarkers, or approach through the Eustachian tube are allowed in order to enable
quick and cheap diagnosis. Assessment must happen through the external ear canal. Thus, a
second problem is introduced — performing measurements and assessment through the eardrum.
Puncturing of the eardrum is not an option as a non-invasive diagnostic device is desired. Also,
imaging through the ventilation tube is not possible as it is not always aligned with the ear canal.
Fixation of a ventilation tube’s position is not possible as this requires contact with the eardrum
and a movement of the patient might cause rupture of the eardrum. Thus, the system must be able
to optically penetrate the eardrum without damaging it and be able to filter signal components
resulting from the mucosa from signal components resulting from the eardrum or other structures
not involved in the inflammation. Image reconstruction is not necessary as long as information
about the inflammation is collected.

The device to be developed has to perform according to the following requirements:
Show the inflammation To give information about the degree of the inflammation.

Imaging depth The inflamed tissue is the middle ear mucosa hidden behind the eardrum with

a thinnest area of 50 to 70 pm and average thickness of 100 pm with the cavity having a
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2—-4mm depth. As reflection signals are measured, the signal must penetrate the eardrum
and the middle ear cavity and return the same path in order to be detectable. In healthy
ears the middle ear cavity is air filled and does not add signal or attenuation. While OME
cavities can be filled with a fluid, this fluid is removed during ventilation tube insertion and

thus a air filled cavity present in the investigated cases.

Imaging resolution No image is required; only a single indicator for inflammation is necessary.
Thus, the only requirement on resolution is to distinguish between mucous tissue and eardrum
and other structures not involved in the inflammatory process. A large sampling area of
the mucosa is desirable in order to average the mucous membrane properties during the

measurement.

Non-invasive and quick The inflammation must be assessed from the external ear canal through
the eardrum without puncturing of the eardrum or using biomarkers or stains. Accessing
through the Eustachian tube is not possible as the inflamed tissue would be traumatised
increasing the risk of scarring. The image acquisition time may not exceed a few seconds,

and the system must be similar in use to ordinary otoscopes.

Cheap To be usable in clinics without high investments. (This requirement must not be met for
the prototype during the research phase but must be considered with regard to a later stage

of this project.)

Hand-held The head of the monitoring device should be hand-held to allow easy handling and
easy usage by the medical staff. Further, it should not to scare the child by being a bulky

and threatening tool.

Safe To ensure safety the monitoring device is not allowed to be in contact with the eardrum and

the optical radiation must not exceed safety limits.

Figure 1.3 shows a schematic drawing of the problem. The handheld imaging system is placed
outside the ear canal and assesses the middle ear through the external ear canal. A standard
otoscope speculum is used to align the system with the ear canal and ensures compatibility with
clinical standards. The probing light (golden) penetrates the eardrum (blue) and middle ear cavity,
reaches the mucosa (red), and propagates back to the detector system. On the way signal is lost
due to scattering and absorption in the eardrum. The system then filters signal from the mucosa
(red), carrying information about the inflammation, and signal from the eardrum (blue), without
information. Thus the background is rejected and only the signal from the mucosa analysed in

order to assess the inflammation.
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Figure 1.3: Simplified schematics of the ear and imaging problem. Light scattered at the eardrum
is not illustrated for simplicity. Thickness of mucosa, eardrum, and middle ear cavity are not to

scale.

1.6 Further Outline of the Thesis

The problem and task of this project has been presented. In the next chapter, a literature review
is conducted in order to identify potentially suitable methods to apply to this task. Then, an
optical tissue phantom of the middle ear is developed in Section 3 in order to allow reproducible
and standardised experiments and characterisation of the system. The selected method, confocal
imaging is presented in Section 4 and first experiments are conducted. This system is then adopted
for the current task and the anti-confocal system developed and simulated in Section 5. Spectro-
scopic measurements using this system are then introduced and simulated in Section 6 with best
wavelength for measurements selected based on the simulation results. Afterwards, the system is
built, characterised, and its performance tested in Section 7. Finally, the project is summarised

and an outlook of future work given in Section 8.



Chapter 2

Literature Review

This chapter aims to identify possible techniques to assess the middle ear inflammation. Signs
of an acute inflammation are redness and increased heat, resulting from increased blood flow due
to a higher metabolism of the tissue; swelling, due to an accumulation of liquid; pain, and a loss
of function [15]. OME is a chronic, not an acute inflammation and only some of these signs are
present. According to surgeons, the normally white middle ear mucosa (see Figure 3.2) turns red
during inflammation and is more severe close to the Eustachian tube. While this is a marker that
can be used to assess the middle ear inflammation it is not easy to acquire as hidden behind the
eardrum and most research and currently used diagnostic methods focus on the appearance of the
eardrum as it is easily observable.

This chapter first explains the currently used tools for diagnosis of otitis media, and then
presents current research in imaging the middle ear in the context of otitis media. Third, pos-
sibilities to characterize inflammation as well as findings of research projects, and last 3D tissue
imaging methods are presented. The chapter concludes with an evaluation of the methods with

respect to the task of assessment of the inflammation in the middle ear through the eardrum.

2.1 Current Diagnosis of Middle Ear Inflammation

OME is diagnosed by a combination of the following methods: The hearing loss is reported by the
children’s parents and the loss of function is confirmed by tympanometry (analysis of the response
of the eardrum to a stimulating sound, see Section 2.1.2) and pure tone audiometry (determination
of hearing levels). The liquid accumulation, reddening of the mucosa, and other signs of OME are
observed during otoscopy (visual inspection of the eardrum) and the movement of the eardrum

can be observed during pneumatic otoscopy.



CHAPTER 2. LITERATURE REVIEW 9

(a) Healthy left eardrum. (b) OME in the left ear. Malleus handle in

normal position.

(c) Liquid level in left ear with OME. (d) Eardrum with grommet inserted.

Figure 2.1: Examples of otoscopic findings in healthy and OME ears taken from [17] (a, b, and ¢)
and [18] (d).

2.1.1 Otoscopy

As standard diagnostic tool, an otoscope is used for optical examination of the eardrum. Based
on the appearance of the eardrum, the type of OM is diagnosed. Signs for OME are decreased
translucency of the eardrum, increased vascularity, presence of bubbles behind the eardrum, colour
change, and no concavity or even convexity of the eardrum. In different patients, different combi-
nations and developments of these signs are present complicating a correct diagnosis [16].

Figure 2.1 shows four examples of otoscopic findings. Subfigure (a) shows a healthy eardrum,
while (b) and (c) show OME ears. For a layperson it is hard to detect inflammation in case (b)
while the presence of bubbles (a sign of resolution) and liquid in (c) allow an easier detection of

OME. Subfigure (d) shows an eardrum with a grommet inserted.
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Figure 2.2: Basic otoscope [19].

Basic otoscopes are simple devices for viewing of the eardrum with a light source for illumi-
nation; speculum to fit into the ear canal; and a magnifying lens with magnification of around
2.5 [19]. More sophisticated types have an improved illumination structure, higher magnification,
and a camera to allow presentation of the eardrum on a screen.

Figure 2.2 shows a picture (left) and structural drawing (right) of the head of a basic otoscope
(Riester Pen-Scope, Rudolf Riester GmbH & Co. KG, Germany). The head consists of the housing
(1), removable magnifying lens (2), screw fitting to attach the handle (3), and reusable speculum
(4). Located at the side of the head is an adapter for an inflation bulb (5) for pneumatic otoscopy.
The lamp for illumination (6) of the eardrum is placed inside the hollow head. Visual inspection
of the eardrum is possible though the magnifying lens.

Figure 2.3 shows a video otoscope (Digital Macroview ™ Otoscope, Welch Allyn, Skaneateles
Falls, NY, USA) for video recording and image acquisition of otoscopic images for presentation on
a PC. The dimensions of the head are 70 x 102 x 37 mm and the image is focussed manually by the
use of a focussing wheel [20]. The basic setup is similar to the previously presented otoscope, except
for more elaborate optics and the camera replacing visual observation. Cables will be attached to
the otoscope head to allow visual inspection of the middle ear on a screen.

During pneumatic otoscopy pressure is applied to the eardrum using an inflation bulb attached
to the otoscope head and its movement can be observed through the otoscope. Liquid in the middle
ear changes the reaction of the eardrum to a changed pressure as it hampers the movement. This
gives an additional indicator to improve the diagnosis. According to [21], pneumatic otoscopy
yields an accuracy of 72 to 92 % of predicting the presence of liquid in the middle ear. Pneumatic
otoscopy is useful in general practices or nurse clinics where no tympanometry is available, in ENT

clinics tympanometry is preferred.
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Figure 2.3: Video otoscope [20].

2.1.2 Tympanometry

Tympanometry is used to measure the mobility of the eardrum. The tympanometer is placed on
the ear to seal the ear canal to be able to change the pressure in the ear canal. A tone of 226 Hz
is generated and the from the eardrum reflected energy is measured as a function of ear canal
pressure. As a result the admittance (a measure of how sound is transmitted through the middle
ear) of the eardrum is plotted over the pressure range in the tympanogram as shown in Figure 2.4.
Most sound is transmitted through the middle ear when the pressure in the external ear canal
equals the pressure in the middle ear cavity. In a healthy ear this is the case at atmospheric
pressure, and the tympanogram shows a sharp peak at atmospheric pressure (Type A). In ears
with effusion the peak may show a flat tympanogram (Type B) or a shifted peak to lower pressures
(Type C). The test takes less than 10s and is easy to conduct except for difficulties when the
sealing of the ear canal in some of the patients [22].

A flat tympanogram and a shift of the peak in the tympanogram can also result from perforation
of the eardrum, a tumour in the middle ear, or other diseases. Thus, tympanometry must not be
used as the only tool for diagnosis. Tympanometry yields an accuracy of 76 to 94 % of predicting

the presence of liquid in the middle ear [21].

2.1.3 Spectral Gradient Acoustic Reflectometry

Spectral gradient acoustic reflectometry is a relatively new technique to assess the presence of
middle ear liquid. The sound reflected from the eardrum is measured over the range 1.8-4.4 kHz.
A maximum cancellation of the sound appears if 1/4 of the wavelength equals the eardrum to
detector distance as the reflected sound is then out of phase. Presence of a liquid in the middle ear

causes increased reflection of sound energy, narrowing the bandwidth of cancellation. This causes
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Figure 2.4: Example tympanograms. Type A normal, Type B advanced OM with liquid or
perforation, Type C—early OM [23].

the reflectivity plot to show a narrow minimum which can be used to detect liquid. The advantage
in contrast to tympanometry is that there is no need for an airtight sealing in the ear canal and thus
an easier application. But its accuracy is lower than in tympanometry and pneumatic otoscopy

with values of 58 to 95 % [22]. Hence, tympanometry is the most widely used technique.

2.2 Current Research in Imaging of the Middle Ear

As seen above none of the current methods is satisfying. Diagnostic accuracy is subjective and
dependent on personal experience. Consequently, there are several groups trying to improve the
diagnosis of OM. This section summarises research that deals directly with the imaging of the

middle ear in context of otitis media.

2.2.1 Image Processing for Enhanced OM Diagnosis

The simplest and cheapest approach to improving OM diagnosis is to use state of the art otoscopes
or endoscopes for image acquisition and to improve diagnosis using digital image processing. One
idea is to use image processing to enhance important features to aid the surgeon in diagnosing and
the other is to provide automated classification algorithms to standardise the diagnosis procedures
and help inexperienced otoscopists.

Vertan et al. [24,25] performed colour analysis on otoscopic images of the eardrum to distinguish
between healthy subjects and subjects with OME. The colour of the ear canal is used for colour
correction to improve the algorithm. The algorithm was tested on 100 images and showed correct
classification for 74 % in normal and 62.5% in eardrums with effusion. This shows that colour

alone is not a sufficient feature for correct diagnosis but also other information such as texture,
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air or liquid bubbles, light reflections, and contrast between eardrum and ear canal have to be
considered.

Kurvilla et al. [16,26] propose an automated classification system for the three classes of acute
otitis media (AOM), otitis media with effusion (OME), and no effusion (healthy person). The
diagnosis is made based on the features of concavity and bulging of the eardrum, translucency,
colour tone, grayscale variance, and bubble presence in acquired images of the eardrum. The
algorithm was tested on 181 eardrum images and reached an accuracy of 84 % in a first study [16]
and 90 % with improved algorithms [26], increasing the accuracy seen in [24,25] by including more
information than just colour.

Cheng et al. [27] used a camera mounted on a standard otoscope for image acquisition and
performed image processing to enhance important features to facilitate the diagnosis. Contrast
enhancing and segmentation algorithms were employed and promised better diagnosis although no
evaluation was conducted yet.

Shiao et al. [28] propose the use of videotelescopy instead of otoscopy as better illumination,
higher magnification, and a smaller head allowing closer examination of the eardrum enable a better
diagnosis. The disadvantages are the use of more expensive and non-portable endoscope systems
and the danger of rupturing the eardrum when the patient moves their head as the endoscope is
close to the eardrum. This cannot happen during normal otsocopy as the tip of the speculum is
about 13mm apart from the eardrum and its position is fixed by the speculum being in contact
with the ear canal. The study reports an improvement compared to pneumatic otoscopy and
tympanometry with an accuracy of 98 % (197 out of 201) in OME diagnosis compared to 89.1 %
(179/201) and 88.6 % (178/201), respectively.

These examples show that image processing on eardrum images might help to improve the
diagnosis of otitis media but cannot be the only approach as it does not lead to a certain diagnosis.
Further, only the type of the middle ear inflammation is diagnosed (AOM or OME compared to

healthy ears) but not the state of the inflammation itself.

2.2.2 Spectroscopy or enhanced Illumination for Improved Otitis Media

Diagnosis

Valdez et al. [29] investigated the influence of illumination colour on diagnostic accuracy of AOM.
A video otoscope as presented in Section 2.1.1 was used for imaging and the standard white
light illumination was replaced by colour LEDs in order to change the illumination colour. The
images recorded with green and blue illumination show improved contrast of blood vessels and

the material behind the eardrum allowing easier diagnosis of pathological states. Figure 2.5 shows
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(a) Normal white light illumination (b) Hlumination by a green LED

Figure 2.5: Image of an AOM eardrum with different illumination colours. The green illumination

shows increased contrast of blood vessels and the material behind the eardrum [29].

images recorded with green versus white light illumination for illustration.

Sundberg et al. [30,31] analyse the reflectance spectrum of the eardrum in the visible range of
450 to 600 nm (600 to 800 nm is also measured but does not give additional information) to classify
the cases of mucous, serous, or no effusion, eardrums after myringotomy, and healthy ears. Using
this measurement it is possible to distinguish the groups “in statistical terms”. As the eardrum is
translucent it is assumed that the eardrum itself does not contribute to the changing spectra but
the medium behind the eardrum, namely middle ear liquid and mucosa. This work shows that
spectroscopic data of the ear contains information about the disease but spatial filtering of the
signal is necessary for improved precision of the measurements in order to determine the origin of

the signal.

2.2.3 Confocal Fluorescence Imaging for Bacteria and Biofilm Detection

Stoodley et al. [32] and Ehrlich et al. [33] show the application of confocal microscopy to visualize
bacteria and biofilms in the mucosa of chinchilla and human ez wvivo, techniques that require
staining of the investigated samples.

Wekhaven et al. [34] and Spector et al. [35] on the other hand do not require the use of dyes
as the auto-fluorescence profile of bacteria present in the OM model ear of chinchilla ex vivo was
investigated. Only seven samples were investigated with each picture recording taking 40 min but
the results show a 100 % accuracy when classifying three kinds of bacteria and no bacteria.

None of these methods are suitable for this project as either staining is necessary or the ac-

quisition time is too long. Valdez et al. [36] on the other hand managed to quickly record auto-
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fluorescence images of the middle ear. The system was described earlier in Section 2.2.2 [29] and
uses filters in the imaging path to detect fluorescence instead of reflected light. This allows record-
ing of autofluorescence spectra and differentiation of pathological from healthy regions in case of

cholesteatoma (destructing and expanding growth of tissue).

2.2.4 3D Shape Extraction of the Eardrum

Extraction of the shape of the eardrum adds information to the image of the eardrum. Convention-
ally this is achieved by pneumatic otoscopy. Several groups have developed enhanced otoscopes to
directly extract this information without the need for pneumatic measurements.

Bedard et al. [37] made use of a light field otoscope (a lens array allowing the recording of
multiple images with different viewing angles but reduced resolution) to measure the shape of the
eardrum in order to improve the diagnosis of AOM. Anshuman et al. [38] made use of structured
light illumination to extract the shape of the eardrum. In [39] the movement of the eardrum is
recorded at video rate while a microphone creates stimuli similar to pneumatic otoscopy. The
movement of the eardrum are recorded and can be used for diagnosis. These methods add no
information compared to pneumatic otoscopy, but do allow easier handling and diagnosis as two

steps are combined into one system.

2.2.5 Optical Coherence Tomography

Optical coherence tomography (OCT) is a technique comparable to ultrasonic imaging but uses
light instead of ultrasound. Light is emitted into a tissue and the depth information of the back
reflected light used to localise scattering particles. While depth information is acquired via delay
of the signal in US, interferometry is used in OCT. The signal is superposed with a reference
path and depth information is extracted from the resulting interferometric pattern. A 3D image
is acquired by scanning the beam across the sample. As light is used instead of ultrasound the
resolution increases to less than 10 wum but also the penetration depth decreases to 2-4 mm. A
common application of OCT is in ophthalmology (assessment of the eye) to image the tissue layers
of the retina. However, several groups have developed OCT systems to acquire images of the
middle ear [40-48].

Nguyen et al. [45] use a hand held OCT-otoscopy system to acquire OCT images of the eardrum
and detection of biofilms adherent to it. This OCT system is able to determine the absence or
presence of biofilms with a sensitivity of 83 % and specificity of 98 % in adult patients. A future
aim of the project is to differentiate between different cases of OM based on the structure of the

biofilm. Figure 2.6 shows OCT images of a healthy eardrum and one with biofilm acquired by this
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OCT system. A normal eardrum shown in the upper image shows a sharp contrast between outer
ear canal, eardrum, and middle ear cavity. In presence of biofilm a thick layer adherent to the

eardrum is visible and a less distinct transition from biofilm to middle ear cavity is observed.

Biofilm

Figure 2.6: OCT images of an healthy eardrum and one with biofilm [46].

Pitris et al. [44] use a bench top system to show the feasibility of imaging the ossicles in the
middle ear using OCT. Images acquired with this system area shown in Figure 2.7. The field of
view is 5xb mm (width x depth) and the resolution 15 um. As Figure 2.7 B shows, structures up
to 2.5 mm below the eardrum, such as the incus (I), are clearly visible.

Hubler et al. [47] developed an OCT system to measure the thickness of the eardrum. This is
a possible marker for different cases of OM where inflammation and biofilms change the eardrum
thickness. Cho et al. [41] for example report the mean thickness of the eardrum in healthy cases
(122 um), OME cases (108 um), chronic OM (326 um), and adhesive OM (251 um), also measured
by OCT. Pawlowski et al. [48] developed a small OCT with tunable focus for extended field of
view to image middle ear structures and record sound induced movement of the eardrum.

OCT has proven to be suitable to visualise structures within the middle ear. Disadvantages are
that no inflammation is visualised and the system is quite complex and expensive. An improvement
would be the use of spectroscopic OCT as described later in Section 2.3.8 in order to detect

inflammation as well as structures.
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Figure 2.7 OCT images the eardrum and underlying structures; TM-—tympanic mem-
brane/eardrum, M —malleus, I—-incus, CT —chorda tympani nerve, and TT —tensor tympani mus-

cle [44].

2.2.6 Ultrasound

Ultrasound is a cheap, fast, and safe imaging modality and widely used for non-invasive imaging.
Seth [49], Discolo [50], and Abramson [51] show the application of ultrasonic imaging to detect
liquid in the middle ear. Different liquid states result in different observed reflection peaks. An
empty ear shows a single peak for the eardrum whilst the presence of liquid results in further peaks.
The amplitude of these peaks is dependent on the thickness of the effusion. Thus it is possible to
assess the thickness of the liquid and also to detect bubbles within the liquid.

Landry et al. [52] use high frequency ultrasound to visualize structures in the middle ear. In
contrast to the previous papers images are recorded instead of only single scans. An example image
taken from an cadaveric eardrum is shown in Figure 2.8. The middle ear cavity was filled with a
liquid and also a contact medium between eardrum and probe was required to record the image.

Water or gel in the external ear canal is used as contact medium from transducer to eaerdrum
and due to low cooperation of the children, anaesthetisation is necessary [50]. Junho et al. [53]
present the development of an ultrasound probe that allows application without anaesthetization
but still needs a short low-pressure water pulse to provide the contact medium. The use of a
contact medium for imaging is undesirable, furthermore, only the presence and state of the liquid
are imaged, but not the inflammation. Consequently ultrasound imaging is not suitable to assess

the middle ear inflammation.
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stapedius

Figure 2.8: US image of the middle ear [52].

2.2.7 Temperature

One effect of inflammation is increased blood flow and thus an increased temperature of the tissue
if its normal temperature is lower than body core temperature. Derowe and Fishman [54, 55]
investigate this effect to enhance the diagnosis of OM by measuring the temperature of the eardrum
using a fibre optic infra-red radiometer. The measurements show an increased temperature of
eardrums with AOM with contrast to healthy eardrums of 0.68 + 0.27°C in one sided OM. It is
stated that this measurement could be used as diagnostic tool when combined with other data and
that it is not intended to be a sole diagnostic measure. Further, OME is mostly present on both

ears in contrast to mostly unilateral AOM, hence a reference measurement is not available.

2.2.8 Magnetic Resonance Imaging and Computed Tomography

The diagnosis of otitis media in dogs using magnetic resonance imaging (MRI) [56] and computed
tomography (CT) [57] is investigated. Both methods show the ability to diagnose OM with MRI
providing more information as it has higher contrast for soft tissues. But both methods are not
suitable for the quick diagnosis of OME due to high costs, radiation exposure, and the complicated

imaging procedures.

2.2.9 Evaluation of the presented Methods

Different approaches to improve the diagnosis of OM have been described. Image enhancing meth-
ods were presented first. Improved imaging methods (wider field of view or improved illumination)

or image processing are able to enhance important features and allow easier diagnosis. Other
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projects use computer programs to perform automated diagnosis. While these methods may make
diagnosis easier and more objective they do not add new information. Further, these methods are
used to diagnose different OM cases but are not able to assess the inflammation of the middle ear
mucosa itself.

OCT, US, CT, MRI, and improved otoscopes for eardrum shape extraction visualise struc-
tures inside the middle ear such as the shape of the eardrum, liquid inside the middle ear, and
biofilms attached to the eardrum. While these methods add some additional information to stan-
dard otoscopic images they only replace previously used methods such as pneumatic otoscopy or
tympanometry that are already able to detect liquid and increased pressure in the middle ear.
Further, these methods are not able to detect inflammation itself. The only exception is OCT that
can be extended to spectroscopic OCT able to pick up spectroscopic information as explained later
in Section 2.3.8.

Fluorescence imaging adds new information but requires long acquisition times, the use of
dyes, or has only been applied to other pathologies in the ear such as cholesteatoma, but not
OME. Hence, its suitability to diagnose the middle ear inflammation is questionable.

According to Chandrasoma [15] the signs of an acute inflammation are redness, increased heat,
swelling, pain, and a loss of function. The first two signs are a result of increased blood flow and
swelling is due to an accumulation of liquid. OME is a chronic, not an acute inflammation and only
some of these signs are present. The only methods assessing the inflammation using these signs are
temperature and spectroscopic measurements. Since temperature measurements need a healthy
ear as a reference and are not intended as a sole measure the only method left is spectroscopy.

In the next section literature research is expanded to diagnostic methods to assess inflammation
in general, rather than those restricted to the middle ear in order to find methods that could be

transferred to this application.

2.3 Current Research and Clinical Practice in Detecting In-

flammation

Most of the above techniques do not assess the state of the inflammation of the middle ear. Rather
they aim to improve the discrimination of different types of OM, determine the state of the liquid
in the middle ear, or to show the presence of bacteria. In this section, other areas of medicine
are investigated in order to find techniques to assess the state of inflammation as these techniques
might be applicable to the middle ear.

The metabolic state of an inflamed tissue is increased and so too is the blood supply due to a
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higher oxygen demand. Hence, many methods are based on the blood content and oxygenation in
tissue. Thus, the oxygen transport and circulatory system in the human body is explained first.
Also the water content in inflamed tissue is increased, and the absorption of water instead of blood

can be used as indicator as well.

2.3.1 Oxygen Transport System in the Human Body

Oxygen is transported in the human blood system in two ways. It is either bound to haemoglobin
(about 98 %) or dissolved in the blood plasma (about 2 %) [58]. This description and most literature
focuses on the portion bound to haemoglobin as this constitutes the vast majority of oxygen in
the blood. The haemoglobin is loaded with oxygen in the lung and pumped through the arteries
into the body. The arteries branch out and decrease in diameter to reach every part of the body.
The small branches leading to the capillaries are called arterioles. While most of the exchange of
oxygen happens within the capillaries, some portion of the oxygen leaves the blood while in the
arteries. A pressure difference due to the heart beat is visible in the arteries and arterioles. After
passing the capillaries, the deoxygenated blood is collected by the venules and led back to heart and
lungs by the veins. No pulse is present in venules or veins. The biggest diameter of the arterioles
and venules is about 100-200 wm and decreases to a diameter of 5 pm in the capillaries [58]. The
oxygenation in the arteries is between 95 to 98 % in a healthy person. This value decreases slightly
in the arterioles and shows a linear falloff in the capillaries as oxygen is dispensed into the tissue.

The oxygenation of the venous blood in a healthy subject is between 60 to 80 % [59].

2.3.2 Spectroscopy

Several groups have investigated the use of far infra-red (15 pum to 1 mm) spectroscopy to analyse
the state of different tissues. Li et al. [60] use the infra-red spectrum at wavelength from 15 to
78 um to classify gastric cancer, gastritis (inflammation in the stomach), and healthy tissue and
yield an overall accuracy of 77 %. The image acquisition time is 1 to 2min. In ex vivo tests in mice
Katukuri et al. [61] reach an accuracy of 90 % (sensitivity 92 %, specificity 88 %, and predictive
value of 88 %) when differentiating colitis (inflammation of the colon) and healthy colonic mucosa.
The wavelengths used were 35 to 70 um. Shaw et al. [62] use the spectrum from 42 to 70 pm to
classify tendon, healthy muscle, and inflamed muscle tissue in mice ez vivo and classify 27 out 36
cases correctly. The observed changes in the spectra stem from changes in the structure of the
tissue and composition of the molecules proteins, fats, and nucleic acids in the tissue [60].

De Veld et al. [63] analysed the diffuse reflectance of oral mucosa for healthy and cancerous

tissue in the wavelength range of 400 to 700 nm. The reflection spectra enabled distinguishing
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between healthy tissue and malignant lesions (cancerous tissue) with a sensitivity of 82% and
specificity of 88 %. The cancerous tissue analysed here is benign and malignant (benign - tumour
that does not have the ability to spread and infect other tissues; malignant - can spread) lichen
(chronic inflammatory disease of mucosa or skin [64]).

Liu et al. [65] analysed the absorption spectrum of healthy oral tissue, gingivitis (inflammation
of the gum tissue), and periodontitis (inflammation of the periodontium, tissue supporting the
teeth) in the wavelength range of 500 to 1100 nm as shown in Figure 2.9. The absorption A =
log (%) is used to determine the oxygenation of the tissue and a significantly decreased oxygenation

and significant increase in deoxyhaemoglobin of inflamed tissue is found.
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Figure 2.9: Mean absorption spectra from healthy, gingivitis, and periodontitis sites [65].

Another approach to enhance the visualization and detection of inflamed tissue is proposed by
Wang et al. [66,67]. The idea is to find an optimal illumination colour to improve the contrast
between normal and inflamed tissue. This method is applied in the oral cavity and a good combi-
nation of multicolour RGB LEDs with a colour temperature of 4000 to 5000 K improves the colour
difference by 42 % compared to the standard fluorescent lamp illumination.

According to Wang et al. [68], tissue oxygenation is an important biological indicator in inflam-
matory diseases. Several groups use spectroscopy to determine the concentration of oxygenated
(HbOs), de-oxygenated haemoglobin (Hb), and absolute concentration of haemoglobin (HbOs +
Hb) [69-71]. These measurements are based on the different absorption coefficients of oxy- and
de-oxygenated haemoglobin. Taking measurements at different wavelengths including one isobestic
point (a wavelength where both types show the same absorption coefficient) all three values can
be determined. Measurements are done in the visible and near infra-red (NIR) wavelength region
of 475 to 1000nm and make use of the isobestic points at 500, 530, 570 or 797 nm. Similarly, Liu

et al. [72] uses the NIR spectra to detect the accumulation of water in the tissue to distinguish
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healthy gum tissue and gingvitis with an accuracy of 60 % and specificity of 85.7 % in the control
set.

Persson et al. [73] investigate a problem similar to the middle ear, the diagnosis of inflammation
in human sinus cavities. The sinus cavities are illuminated by a single wavelength laser diode
whose wavelength is temperature tuned across the molecular oxygen absorption line at 761.003 nm.
During inflammation the air in the sinus cavity is replaced by liquid as a result of swelling of the
mucosal tissue and occlusion of the cavity similar to the fluid build up in OME. The reflection
signal backscattered from tissue layers below the sinus cavity is used to determine whether the sinus
cavity is filled with air or fluid. An air filled cavity results in strong absorption at the molecular
oxygen line while a fluid filled cavity does not show this characteristic. Other wavelengths are
less affected by the fluid and can be used as reference. Spatial filtering of the reflection signal is
necessary to reject photons scattered in the bone and skin layers above the sinus cavities. It is
mentioned that measurements in the ear should be straight forward, but again, this method is not
suitable for the problem treated here as the detection of liquid does not give information about
the grade of the inflammation and can be detected using other methods. In contrast, the other

presented spectroscopic methods are able to detect and classify inflammation.

2.3.3 Pulse Oximetry

Pulse oximetry makes use of the different light absorption spectra of oxygenated HbOs and deoxy-
genated Hb blood as well as the pressure and thus volume change of the arteries and arterioles.
Conventional pulse oximeters measure the oxygenation of arterial blood at peripheral body parts
such as fingertips, toes, or earlobes. The tissue is illuminated by LEDs of different wavelengths
(normally 660 and 940 nm [74]) and the transmitted light is measured opposite the illumination
point. The light is absorbed by tissue, venous, and arterial blood. To extract only the desired
absorption due to the arterial blood the measured signal is analysed over time. The absorption due
to tissue and venous blood does not change over time (except for motion artefacts) but the arterial
absorption does. This is due to the pressure change induced by the heart beat and pulse. This in
turn results in an expansion of the arteries and thus higher contribution to the total absorption.
This pulsation component is about 1 to 5 % of the total signal [75] and can easily be extracted.
Pulse oximeters are calibrated by measurements on healthy subjects breathing different oxy-
genated air to artificially change their blood oxygenation. As levels below 80% are dangerous,
the calibration cannot be done below this level and the measurements are interpolated and thus
less accurate [75]. Further factors decreasing the performance of pulse oximeters among others

are abnormal levels of other haemoglobin derivatives such as methaemoglobin MetHb (normally
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less than 1 %) and carboxyhaemoglobin HbCO (normally less than 2 %), ambient light, vasoactive
drugs [76], and an inaccurate peak wavelength of the illuminating LEDs [74]. The accuracy of
pulse oximeters is about 2-4 % [74].

As these conventional oximeters measure transmission they can only be used at thin samples
such as an earlobe. In some cases such as badly perfused limbs these measurements are inaccurate
thus new devices based and reflection measurements are developed. Using reflection measurements
the sensors can be placed at any part of the body. Transmission and reflectance based sensors are
compared in [77] and [78] showing similar performance in normal patients and improved perfor-
mance of the reflectance sensors in badly perfused limbs.

Pulse oximeters can also be used to diagnose inflammation. For example, Setzer et al. [79] use
a modified pulse oximeter to assess the tissue oxygenation in different forms of pulp inflammation.
The only relevant modification of the system is an amplification of the pulsed signal by a factor
2.5 to compensate the worsened signal in this application. A statistical difference between the
oxygenation of healthy and inflamed cases is discovered, showing that also arterial/arteriol blood

is less oxygenated during inflammation.

2.3.4 Pulse Co-Oximetry

Pulse oximeters are only able to measure the oxygenation of tissue but not the total blood con-
tent or concentration of other haemoglobin derivatives. The Masimo rainbow Pulse CO-Oximeter
(Masimo, Irvine, CA) solves this problem and is able to measure total haemoglobin concentration
as well as oxy-, carboxy-, and methaemoglobin content. In [80] it is shown that these measure-
ments have “acceptable” accuracy for clinically use. The measurement principle is similar to that
of conventional pulse oximeters, but instead of only 2 more than 7 wavelengths are used [81] and

allow for the identification of multiple haemoglobin components.

2.3.5 Camera Images for Oximetry

Another option to perform oximetry is to take multi-colour images of the tissue and analyse its spec-
tral components or change the spectral characteristics of the illumination in different images [82].
This is done for the retina, using illumination with wavelengths of 586 nm and 605nm. At 586 nm
both oxygenated and deoxygenated blood have the same absorption coefficient. This isobestic case
is used as reference measurement. At 605nm the absorption coefficient of deoxygenated blood
is higher than the one of oxygenated blood. A measurement at this wavelength is then used to
determine whether the amount of oxy- or deoxygenated blood is higher. The group finds mean

values for the oxygenation of arterioles of 99 % and of venules of 52 %. The standard deviation is
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3.7% and 5.3 %, respectively. These results show the feasibility of oxygenation measurements by
camera images but this method cannot be applied to the middle ear as the eardrum obscures the

light path and no clear image of the vessels will be available.

2.3.6 Optical Coherence Tomography

Besides the application of OCT in ophthalmology and research in imaging the eardrum, there is
also research in diagnosing inflammation using OCT. Shen et al. [83] for example investigate the use
of OCT in colonoscopy to distinguish the two major types of inflammatory bowel diseases (IBD)
Crohn’s Disease (CD) and Ulcerative Colitis based on the tissue structure. Transmural (spanning
the whole depth of the intestine wall) inflammation, a hallmark of CD, can be detected by OCT as
the layered structure of the tissue disappears and its presence or absence helps deciding which form
of IBD is present. A light source with centre wavelength of 1270 nm is used, a spatial resolution of
10-20 um, and an imaging depth of 1.5 mm (up to 3.5 mm when compressing the tissue) achieved.

A study of 70 patients results in a specificity of 83.3 % and a sensitivity of 90 % in diagnosing CD.

2.3.7 Doppler Optical Coherence Tomography

Doppler optical coherence tomography (DOCT) is an advancement of OCT aiming to visualise
blood flow in addition to the structure of the tissue. The velocity of a particle is extracted from the
OCT signal using the phase difference between two adjacent z-scans. This method was successfully
used to measure retinal blood flow and is a promising non-invasive alternative for other applications
such as angiography [84]. In the investigated application it could be used to visualise the blood

flow in the middle ear mucosa in addition to structures in the middle ear.

2.3.8 Spectroscopy Optical Coherence Tomography

Rather than using the spatial information of OCT only, the addition of spectroscopic information
would enhance the system and allows assessing the blood oxygenation. Spectroscopy Optical
Coherence Tomography (SOCT), an enhancement of OCT, is capable of this. The basic idea
of SOCT is to combine OCT and Fourier Transform Infra-Red Spectroscopy (FTIR) as both
techniques are based on an interferometer.

Similar to conventional spectroscopy, light is passed through a sample and the transmitted light
recorded. But instead of scanning the wavelength though the desired range, a broadband pulse
is used and the transmitted light brought to interference with a reference beam. The interference
signal is Fourier transformed and allows to detect all frequencies at once reducing the measurement

time [85]. The spectrum within the bandwidth of the source, which is normally about 50 to 100 nm,
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is analysed. This spectral bandwidth is broad enough to determine the oxygen and de-oxygen level
of haemoglobin in tissue to asses inflammatory diseases [68].

As OCT is clinically used for diagnosis in the eye it is obvious to facilitate SOCT for retinal
oximetry. For example, the group of Kageman [86] use wavelengths from 805 to 855 nm for oximetry
and find statistical differences between arterial and venous blood. This study demonstrates the
theoretical feasibility of oximetry using SOCT but as [87] states, it is not ready for clinical use yet.

Further examples are the work by Liu [88] and Faber [89] who investigate the use of SOCT
to determine the oxy-haemoglobin content of blood in witro and in vivo, respectively. Lui [88]
measures the properties of both fully ox- and de-oxygenated, diluted (to reduce the scattering
coefficient) sheep blood and the spectroscopic results show good correspondence to the oxygen
level. In wvivo, the measurement would be less accurate due to the strong scattering of blood.
But still they conclude that it is possible to do real time HbO- assessment using spatial filtering.
In contrast [89] states that current models for light transport are not sufficient to extract the
absorption coefficient from SOCT measurements. Only careful calibration of the system may lead
to quantitative measurements taking the path length of the detected light into account. The optical
properties of the surrounding tissue in the optical path has to be taken into account to compensate
for errors [86].

The resolution of SOCT is about the size of red blood cell. Thus, a single OCT scan can assess
only very few blood cells. Yi and Li [90] investigate the possibility to assess the haemoglobin
oxygenation by the measurement of single cells. The in vitro experiments show that this is possible
although more elaborate models for scattering and signal processing are necessary.

In conclusion, SOCT could be used to assess the oxygen saturation in blood if appropriate light
transport models are used, the optical properties of the surrounding media are taken into account,
and the system is calibrated properly. But none of the presented works achieves this in a reliable

way in order to transfer this technique into clinics.

2.3.9 Raman Spectroscopy

Lieber at al. [91] develop a portable confocal Raman spectroscopy system to classify inflamed scar
tissue, two kind of cancerous tissue, and healthy skin. In case of Raman scattering the frequency
of the scattered photon is shifted due to interaction with a vibrating molecule. The resulting
frequency depends on the interacting molecule and can be used to determine substances or classify
tissues. The proposed method uses a 825 nm, 40 mW laser for illumination, an image acquisition
time of 30s, and collects the Raman spectra from 500 to 1800 nm. The different tissues can be

distinguished with an overall accuracy of 95% (40 out of 42 cases, 100 % sensitivity, and 91 %
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specificity).

2.3.10 Laser Doppler Flowmetry

In laser Doppler flowmetry (LDF) the Doppler shift of a laser beam reflected from the moving
blood is used to measure its velocity. The blood velocity can be related to the metabolism which
in turn is connected to inflammation in the tissue. Baab [92], Quinn [93], and Gleissner [94] use
LDF to assess inflammation of for example gingvial sites. The results are not reliable [94] and
are less accurate than conventional techniques [93]. During measurements in the middle ear, the
eardrum would pose another source of error and unreliable results are expected. Hence, LDF is

deemed not suitable for the proposed task.

2.3.11 Evaluation of the Presented Methods

Most of the above presented methods are based on spectroscopic measurements making use of the
changed absorption spectrum of the tissue under investigation. Either the total blood content or
the oxygenation is assessed. The full spectrum or only single wavelengths can be analysed.

Pulse oximetry is widely used in clinics and is a reliable method as background signals are
filtered by use of the pulsating nature of the blood absorption due to volume changes of vessels.
While it is mostly used for oxygenation measurements, it also shows statistical differences when
analysing inflamed tissues. LDF is used to measure blood flow instead of blood oxygenation. This
gives information about the blood content in the tissue and thus the metabolism, but results are
not reliable.

Spectroscopic measurements using a wide wavelength range are also promising as more informa-
tion is extracted than in single wavelength measurements. The problem when doing measurement
in the middle ear is that the eardrum prevents direct measurements. Spatial discrimination/3D
imaging techniques become necessary in order to filter background from the eardrum and signal
from the mucosa.

SOCT is a technique that combines spectroscopy and 3D imaging and is used to assess blood
oxygenation. The analysed wavelength range is restricted to the bandwidth of the source (about
100nm or less) and also the analysed volumes are small. This results in inaccurate results and
improved signal processing is necessary. The next section investigates other 3D imaging techniques
that allow resolving signal from mucosa and eardrum and can be combined with spectroscopic

methods in order to assess the inflammation.
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2.4 Current Research in Imaging 3D Volumes

This section summarizes 3D imaging techniques used to visualize tissue volumes. OCT and its
enhancement SOCT have been described earlier. Other techniques are Diffuse Optical Tomography
[95,96], Laminar Optical Tomography [95], Low Coherence Enhanced Backscattering (LEBS) [97,
98], confocal microscopy [99, 100], Photo-Acoustic Tomography (PAT) [101-105], Acousto-Optic
Imaging [106], Orthogonal Polarisation Spectral Imaging (OPS) [107,108], and Side Stream Dark
Field Imaging (SSD) [109,110]. These techniques might be useful to separate background from

signal to facilitate the assessment of inflammation in the middle ear.

2.4.1 Diffuse Optical Tomography

In Diffuse Optical Tomography (DOT) the tissue is illuminated by near infra-red radiation and
light exiting the medium is recorded by spatially distributed detectors. While photons propagate
through the media they experience scattering and absorption. Using a photon propagation model,
the spatial distribution of absorbers is reconstructed from the detected signal. In this way the
distribution of the main absorbers (haemoglobin, water, and melanin) in tissue and thus the
distribution of different tissues is identified. The imaging depth is several centimetres and the
resolution 5 to 10 mm [95]. It is used for example in breast imaging for cancer detection and brain
imaging [96].

This method is not applicable to the middle ear as distributed detectors are necessary and thus
the system cannot be placed in the ear canal. Further the resolution (> 5mm) is too coarse for

the small structures inside the ear.

2.4.2 Laminar Optical Tomography

Laminar Optical Tomography (LOT) evolved from DOT and achieves higher resolutions of about
100 to 200 um but smaller penetration depths of about 2 to 3mm [95]. The improvement in reso-
lution is achieved by smaller source detector separation. Further, the spatial source and detector
grid in DOT is changed to a single source surrounded by several detectors and images are achieved
by scanning of the system across the sample. It is assumed that light emerging far away from the
illumination experienced more scattering events and thus has travelled deeper into the tissue. Us-
ing light propagation models, the spatial distribution of scatterers and an image are reconstructed.
The penetration depth is of the same order as the source-detector separation which varies between
200 um up to 3mm. As for DOT, this method is not suitable for this task as the required detector

separation is to larger to be used within the ear and contact with the tissue is required.
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2.4.3 Low Coherence Enhanced Backscattering

Low Coherence Enhanced Backscattering (LEBS) is based on interference of directly backward
scattered light. Scattered photons travelling in inverse direction in the tissue form an interference
pattern at small angles with up to twice the intensity than incoherent scattered light. The first and
last scatterer of the path act similar to pinholes in the double slit interference experiment resulting
in constructive interference causing the increased signal. At higher angles from the direct backward
direction this signal disappears as no constructive interference is possible. The penetration depth
is restricted to the coherence length of the illumination (approx. 150 um) as no interference is
observed if photons travel further than the coherence length [98]. Depth resolution is obtained by
analysing the interference pattern at different angles, high penetration depths affect the centre of
the interference pattern and shorter paths affect the periphery [97]. Spectroscopy is for example
done in the wavelength range of 400 to 700nm [98]. The penetration depth of 150 wm is high
enough to penetrate the eardrum with average thickness of 100 wum but still has to penetrate the
middle ear cavity of 2 to 4 mm depth. Further, the system is only used in research, making this

an experimental, less reliable system.

2.4.4 Confocal Microscopy

In confocal systems a pinhole is placed in the plane of focus so that only light resulting from the
intersection of optical axis and image plane passes through the pinhole to the detector. At the
same time, the illumination light is focused on the same spot. In this way a very good resolution
of less than 1 pum is achieved [99] and light from out of the focus planes is rejected. As only a tiny
area is imaged, scanning is needed to reconstruct an image of an area or volume. The penetration
depth is up to 250 um depending of tissue type and the wavelength used. As most of the light is
blocked by the pinhole the signal intensity is low and high illumination power is needed. Confocal
systems are used in reflection mode as well as for fluorescent imaging.

Dunbar et al. [100] show the application of confocal endomicroscopy used to investigate gas-
trointestinal mucosa. One presented system shows imaging depth of 250 um, lateral resolution of
0.7 wm, axial resolution of 7 pum, and field of view of 475 x 475 um? at an outer diameter of the
endoscope of 12.8 mm. An alternative system shows a penetration depth of 130 um, resolution of
3.5 x 15 um, and field of view of 600 wum while the endoscope has an diameter of 2.7 mm. Both
systems need contrast agents for fluorescent image acquisition [100].

While the use of dyes is not allowed in this project due to requirement of a quick and non-
invasive technique, confocal imaging is still possible when used in absorption mode where the

reflected or transmitted light with original wavelength is analysed. Spectral measurements can
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easily be conducted by the use of different illumination wavelengths and subsequent measurements
as for example done by Itzkan et al. [111] when imaging cells and Reinholz et al. [112] to image the
retina. As the wavelength can be chosen freely this method is easily combined with spectroscopy
to assess the blood concentration and oxygenation. Similarly to SOCT, the signal processing is
expected to be a main issue as tissue in the light path affect the measurement at the sampled area

by wavelength dependent scattering and absorption.

2.4.5 Photo-Acoustic Tomography

In Photo-Acoustic Tomography (PAT) laser pulses (with e.g. 5ns pulse duration and 10 to 20 Hz
repetition rate [101]) are absorbed by tissue resulting in heating of the absorbing tissue and pressure

P increase according to

2
P= ’BciuaF (2.1)
p

where 3 is the thermal coefficient of volume expansion, C, the heat capacity, ¢ the speed of
sound, p, is the absorption coefficient, and F' is the laser fluence [101]. This pressure change in
turn leads to ultrasonic (US) emissions. Depth information is achieved by evaluating the relative
time of arrival of the US signals and spectroscopic information by evaluating the amplitude of the
recorded signal dependent on exciting wavelength. Penetration depth is higher than in OCT (up to
84 mm have been demonstrated in experiments) as the radiation only travels in forward direction,
while the less attenuated ultrasound signal travels back. The spatial resolution is about 1/200
of the imaging depth [102]. Figure 2.10 illustrates this relation and also shows example images
recorded with different scales. PAT shows a good contrast of capillaries as the signal is dominated
by absorption and haemoglobin is a main absorber in tissues. Thus this imaging modality is well
suited for blood analysis [103].

The signal amplitude of the PAT signal is related to the volume expansion coefficient 8 and
the speed of sound ¢ which both are dependent on the temperature. Thus the signal amplitude
is temperature dependent and using calibration for a particular tissue the temperature of the
tissue can be determined [101]. The sensitivity is about 0.1 °C. Further, PAT can assess the blood
flow. Thus, PAT can measure all metabolic parameters of blood circulation: vessel structure,
haemoglobin concentration, temperature, and flow velocity [102].

To record the ultrasonic emissions traditional sensors must be in contact with the tissue to
avoid attenuation in air and reflection at the tissue to air interface. But contact with the eardrum
is not permitted here. Recently, several groups have developed non-contact sensors using laser
interferometry [104] and Low Coherence Interferometry [105] overcoming this problem. As inter-

ferometric system are used for US detection it is straight forward to include OCT in the system,
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Figure 2.10: Resolution versus imaging depth of PAT shown in subfigure E) [102]. Subfigure A)
shows an image recorded with SW-PAM (Sub-Wavelength Photo-Acoustic Microscopy), B) was
recorded with OR-PAM (optical-resolution PAM), C) with AR-PAM (acoustic-resolution PAM),
and D) with PACT (photoacoustic computed tomography).

as done by [103] developing a combined PAT and OCT system.
On a first glance, PAT seems to be suitable for this task as it allows to assess vessel structure,
haemoglobin concentration, temperature, and flow velocity. But expensive equipment is necessary

making the system less suitable.

2.4.6 Acousto-Optic Imaging

Acousto-Optic imaging (AOI) [106] increases the imaging depth in scattering tissue to depths
deeper than the ballistic path length of photons. This is done by use of acoustic modulation of the
light wavelength making use of Doppler shift.

When light propagates through a scattering medium an area with high absorption cannot be
seen when buried deep inside the tissue as photons are scattered resulting in random light paths.
Doppler shift modulation of the light passing through the tissue, changes the wavelength of some
of the photons. When restricting the area of modulation, this small area acts as a virtual source of
light with the modulated wavelength. If this modulation area is placed on tissue with high absorp-
tion, less light will pass through the modulation area and the detected modulated light is reduced,

compared to an area with low absorption. This allows measurement of the optical absorption of
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the tissue inside the modulation area. Imaging depth is increased to several centimetres as the area
is determined by the US and not by the ballistic path length. Resolution is around 1.5 mm traverse
and 15 mm along the US axis, defined by the US focus. By scanning the modulation area through
the sample, an image is reconstructed with resolution according to the US focus. Light and US
source need to be orientated orthogonally as the unfocussed signals overlap otherwise, adding an

offset to the modulated signal. Orthogonal orientation is not possible inside the ear.

2.4.7 Orthogonal Polarisation Spectral Imaging

Orthogonal polarisation spectral imaging (OPS imaging) uses the effect that polarised light keeps
its polarisation state when reflected but loses its polarisation after several scattering events. Using
an analyser orientated orthogonal to the polarised illumination, reflected and superficial scattered
light can be filtered from deeper penetrated and multiple scattered light. This is used to image and
enhance the contrast of subsurface structures such as blood vessels [108]. Mathura et al. [107] report
an improved image quality of capillaries using OPS imaging compared to capillary microscopy while
measurements of blood cell velocity and capillary diameter shows similar results.

This method would allow reducing reflections from of the surface of the eardrum but light is
still scattered when passing though the eardrum. This cannot be corrected resulting in a blurred
image of the mucosa. A recorded image would be similar to normal otoscope images with specular
reflections rejected and reduced signal from the eardrum but still would not show a clear image of

the middle ear.

2.4.8 Side Stream Dark Field Imaging

Similarly to OPS, side stream dark field imaging (SSD Imaging) is used in capillaroscopy to enhance
the contrast of images of blood vessels [109,110]. Illumination beam and detection are spatially
separated as shown in Figure 2.11 where the sample is illuminated with an annular ring and the
detection aperture is inside the illumination ring so that no direct reflections are detected. Only
scattered light is detected and the contrast of subsurface structures improved compared to normal
detection.

This method cannot be applied inside the narrow ear canal as the spatial separation of illumi-

nation and detector requires contact of imaging device and sample.

2.4.9 Evaluation of the Presented Methods

Confocal microscopy, SOCT, and PAT seem to be the most promising techniques to image the

middle ear. While PAT shows high contrast for blood vessels it requires a complex system. SOCT
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Figure 2.11: Concept of side stream dark field imaging [110].

is also a promising technique as OCT systems have been shown to be usable in the ear and
spectroscopic measurements would add information. The system is simpler than in PAT but the
spectral measurements require improved signal processing. Last, confocal microscopy systems are
simpler than both PAT and SOCT which is of advantage considering the possible further use of the
system requiring cheap and simple devices. Furthermore, the wavelengths used for spectroscopy
can be freely chosen in contrast to SOCT. Hence, we think that confocal microscopy is the best

alternative.

2.5 Conclusion

Table 2.1 and 2.2 summarise the presented methods and give short comments about the usefulness
for the assessment of middle ear inflammation.

Current research projects do not focus on the assessment of the inflammation of the middle
ear mucosa. Projects either aim to improve the discrimination of different cases of middle ear
inflammation or to detect signs of middle ear inflammation such as biofilms, middle ear effusion,
or bulging shape of the eardrum. Hence, the literature search was widened to find techniques
to assess inflammation in general. The mostly used method is spectroscopy making use of the
changed absorption spectrum of the tissue due to changed blood content. While promising results
are achieved, the problem in the ear remains to overcome the eardrum in the light path. 3D imaging
techniques that can be combined with spectroscopy will be able to achieve this. While OCT and
PAT seem promising alternatives, we argue that confocal microscopy is the best alternative due
to a simpler and cheaper system and free choice of wavelengths for spectroscopic measurements.

Consequently, a spectroscopic confocal system is developed and tested after a middle ear phantom
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has been developed.

33



Table 2.1: Overview of the Presented Imaging Methods

Method What is shown Penetration | Resolution Detects in- | Rejects Comments References
depth [mm] | [pum)] flammation | background
Image process- | Eardrum in improved qual- No No [16,24,25,27,
ing ity 28]
Spectroscopy Spectrum of area/volume Yes Not on its | able to reject background when (30,31,60-62,
own combined with 3D method 66-71,113]
Fluorescence Bacteria & Biofilms see confocal see confocal No Yes used in combination with Con- [32-35]
focal Microscopy
Shape extrac- | 3D image of TM No No [37-39]
tion of TM
Ultrasound Structures, liquid in the | 150 > 200 No Yes [49-51,53]
middle ear
Temperature IR Radiation Yes No healthy ear as reference needed | [54,55]
MRI Structure > 210 400 Yes* Yes very expensive system; *via [56,114]
structural changes
CT Structure > 350 500 Yes* Yes x-radiation; *via structural [57,115]
changes
Raman Spec- | Structure & Spectrum see confocal see confocal Yes Yes used in combination with [91]
troscopy Confocal Microscopy; high
power/long exposure time
Pulse Oxime- | blood oxygenation No Yes no clear relation of inflamma- [74-79]
try tion and oxygenation (see Sec-
tion 3.3.2)
Pulse Co- | blood oxygenation and to- Yes Yes no access to the signal process- [80,81]
Oximetry tal blood content ing and used wavelengths
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Table 2.2: Overview of the Presented Imaging Methods, Continued

Method What is shown Penetration | Resolution Detects in- | Rejects Comments References
Depth [mm)] | [pum] flammation | background
LDF Blood flow Yes No not accurate enough (92 94,116]
DOT Structure & Spectrum > 10 > 5000 Yes No resolution too low [95,96]
LOT Structure & Spectrum 3 100 - 200 Yes Yes does not fit in the ear canal [95]
SOCT Structure & Spectrum 4 5 Yes Yes improved algorithms necessary [40,43-45,68,
86,88, 89]
LCEB Structure & Spectrum 0.15 9 Yes Yes only research projects, unreli- (97,98]
able
Confocal Mi- | Structure 0.25 <15 Yes* Yes *combined with spectroscopy [100,111,112]
Croscopy
PAT Structure & Spectrum >4 1/200 of | Yes Yes expensive and complex
penetration [103-105,117]
depth
AOI Structure & Absorption several cm (1.5x15)%10% | Yes Yes does not fit in the ear canal [106]
OPS spectrum, reflection re- No Yes improves contrast of subsur- [107,108]
duced image face structures only
SSD spectrum, reflection re- Yes Yes does not fit in the ear canal [109,110]

duced image
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Chapter 3

Development of a Middle Ear

Phantom

The optical system that will be developed later has to be tested before being used on human
subjects. These test will have to be conducted on a sample with known optical properties in order
to validate the results. Further, stable optical properties are desired in order to be able to compare
results when improving and changing the optical system. Hence, an optical tissue phantom of the
middle ear is developed in this section.

The middle ear phantom will consist of two main layers, the eardrum and the middle ear
mucosa, both separated by an air gap simulating the middle ear cavity. A phantom holder is
designed as well in order to align and position the middle ear phantom with the optical system.
The eardrum phantom will be simulated by a thin layer introducing scattering and absorption in
the light path, while the mucosa phantom is a sample thicker than the penetration depth of light.
The layered structure of the middle ear tissue (mucosa, sub-mucosa, and underlying tissue) will
be neglected and simulated by a single layer. This is valid as the penetration depth is expected
to be lower than the thickness of mucosa and sub-mucosa. A change in the mucosa tissue will
then be simulated by different exchangeable mucosa phantoms simulating healthy and diseased
mucosa. All other components of the middle ear, such as ossicles or the ear canal, are neglected in
the phantom as the selection of an appropriate measurement area in combination with the small
detection aperture in the ear canal rejects light originating from these components.

This chapter first presents several approaches to create optical tissue phantoms and selects the
most appropriate approach. Then, the background of light propagation in tissue and optical prop-
erties of tissues are explained. Optical properties of mucosa are collected from literature in order

to design a mucosa phantom. Then literature is scanned for optical properties of eardrums and

36
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animal eardrums are characterised to enable the creation of realistic eardrum phantoms. Finally,

the middle ear phantom is designed and presented.

3.1 Possible Models

There are several alternatives to design a middle ear phantom, which have to be evaluated by the
following criteria. First, the model has to be as close as possible to reality, second, its properties
must be reproducible to allow comparable and repeatable experiments, and third, the approach

must be feasible within this project and time scale.

Animal Model: An animal model for middle ear inflammation as for example used in [33,118,
119] would be closest to the human case but is also most difficult to work with. First a
model has to be found and all the ethical obstacles overcome. Further, results would not
be repeatable as the disease in animals changes over time and different animals will show
different characteristics. This approach is not feasible during this project, but could be an

alternative to test a fully developed system before testing it in clinics.

Human Model: While tests on patients are not feasible at this stage another option would be
to simulate inflammation on a healthy volunteer by either inducing inflammation (as done
by [120] in rats or [121] on humans using histamine) or occlusion of limbs as done in [122].
Results are not reproducible but this provides an option for tests of the system once it is

characterised.

Tissue Phantom: The next possibility is to develop homogeneous tissue simulating phantoms
with properties defined by the mixture of the phantom material. Only static properties are

achieved but different phantoms simulating different metabolic states can be produced.

Phantom with Real Blood: The use of a tissue phantom with capillaries to conduct blood with
different oxygen contents as presented in [123] would mimic the real live mucosa closer than a
static tissue phantom. This would allow reproducible properties, but setting the oxygenation
is a problem and requires a complicated setup. Further, the sample will not be homogeneous
as small vessels cannot be produced and measurements would be dependent on the sampled

area.

Static tissue samples will be used as this option will give most reproducible properties and is
easiest to handle. The optical properties of mucosa will be collected from literature, while animal

eardrums are characterised in order to define optical properties of an eardrum phantom. This
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middle ear phantom will be used to characterise and test the optical system. Once this is done

other phantoms can be considered.

3.2 Background

When light interacts with tissue, several phenomena can be observed: reflection at the air tissue
interface and attenuation within the tissue. The attenuation is composed of scattering and absorp-
tion of the light. Scattering is a result of refraction at interfaces within the tissue such as cells,
cell organelles, and fibre structures that exhibit a different refractive index than the surrounding
medium [124]. Absorption appears when the photon interacts with a molecule and its energy is
transformed into internal energy (such as thermal energy) of the absorbing molecule.

The mathematical description of light propagation in tissue is presented first and then these

properties are linked to physical parameters of the tissue and their origin explained.

3.2.1 Light Transport in Tissue

The optical properties of tissue are given by the absorption coefficient p,, scattering coefficient ps,
scattering anisotropy factor g, and refractive index n. Derived units are the reduced scattering
coefficient (also called transport scattering coefficient) u. = (1 — g)pus and attenuation coefficient
Ut = pa + ps. The anisotropy factor g is the mean cosine of the scattering angle 0, a value of
0 means isotropic scattering, a value close to 1 means forward scattering, and a value close to
-1 describes backward scattering. The Henyey-Greenstein function is often used to model the
probability distribution of the scattering angle p(6) as a function of g as it describes a typical
phase function for light interacting in tissue.

_ 1 1-¢°
A7 [14 g2 — 2gcos(0)]3/2

p(0) (3.1)

The mean free path M F' P of photons in tissue before scattering or absorption occurs is given by
the inverse of the attenuation coefficient M FP = i

Light transport through a non-scattering but absorbing media is described by the Lambert-Beer
Law

I(z) = Iy exp(—pad) (3.2)

where Iy is the incident intensity, I the exiting intensity, and d the thickness of the medium.

Including the reflection at the interface this equation becomes

I(2) = Io(1 — Rp) exp(—ftad) (3.3)
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with the Fresnel Reflection Ry at the tissue to air interface

Ry = (Z;i)g (3.4)

In case of weak scattering media (Z—L < 0.5) as well as for a thin sample (u; - d < 1) with

more scattering (% < 0.9) and a collimated laser beam also scattering can be included into the

Lambert-Beer Law as follows [124]
I(z) = Ip(1 — Ryg) exp(—pd) (3.5)

For higher scattering coefficients a more complex theory must be used as photons travelling
through the media have different path lengths, dependent on scattering events and angles, and
thus the path length used in the exponential Lambert-Beer law changes. Another approximation

is the modified Lambert Beer Law given by [125]
](’Z) = IO(]- - RF) exp(_As - /Jad) (36)

where Aj is an offset due to scattering. More terms can be included for a better approximation [125].

The time photons need to travel through a media is described by the diffusion approximation
and their path through the media can be simulated by Monte-Carlo simulations. The fluence
rate ¢(r,t) of photons through a tissue at a set time ¢ and distance r from the incident point, is

described by
10

cot

where S(r,t) describes the illumination source and D is the photon diffusion coefficient

(r,t) — DV2¢(r, t) 4+ pach(r,t) = S(r, ) (3.7)

1
P S+ am &
with @ being a scaling parameter with values between 0 and 1. This equation applies if scattering
is greater than absorption and the photon travelled many mean free paths MFP [125].
In case of an infinite space and an ultra short illumination pulse S(r,t) = 6(0,0), the approxi-

mation of the diffusion equation Equation (3.7) is given by

2
P(r,t) = c(4rDet) ~3/? exp ( 4;)ct - ,uact> (3.9)

with ¢ the speed of light in the tissue [125].

Monte Carlo methods are described in more detail in Section 5.3 so only a short description is
given here. The path of a single photon in tissue is simulated as follows: The photon is send into
the media, and after it has travelled a distance according to the mean free path it experiences a

scattering event. The intensity is reduced according to the absorption coefficient and the direction
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Figure 3.1: Absorption spectra of main absorbers in tissue and typical scattering spectrum of brain

tissue [126]. Note the different scaling of both graphs.

is changed using a random scattering angle calculated by the Henyey-Greenstein function. Then
the photon travels further into the new direction until it experiences another scattering event
or exits the medium. The addition of multiple random photons paths results in a distribution

approximating the real case. The more photons are simulated the more accurate are the results.

3.2.2 Origin of Optical Properties of Tissues

The main absorber in tissue are water, blood (oxygenated haemoglobin HbOs, de-oxygenated
haemoglobin Hb/HbR, and other less common haemoglobin derivatives), lipids, and melanin. Fig-
ure 3.1 shows the absorption spectra of water and haemoglobin in the visible and near infra-red
range. The spectra of lipids and melanin are omitted neither of both is present in the middle ear.
The final absorption of tissue is a sum of the single components multiplied by their concentration.
Haemoglobin shows absorption peaks in the UV and blue range (not shown in the graph) and in the
green range and then decreases with wavelength. Oxygenated and de-oxygenated haemoglobin gen-
erally show a similar course on a larger scale but show differences on a more detailed investigation.
For example oxygenated haemoglobin shows two peaks in the green range while de-oxygenated
haemoglobin shows only one peak. These differences are used for the measurement of blood oxy-
genation. The generally low absorption in the red wavelength range allows more red than green
and blue light to be scattered from tissues, resulting in the red colour of blood. Water in contrast
shows a low absorption in the visible range but increasing absorption above 900 nm. This results
in an absorption window in tissues in the red and NIR range with low absorption coefficient.

Figure 3.1 also shows the course of the scattering coefficient in brain tissue, which is much
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higher than the absorption coefficient and decreases with increasing wavelength. Other tissue
exhibit similar spectral dependence but can vary more than one order of magnitude in absolute
values. Scattering results from random refractions of light at interfaces within the tissue, such
as cells and fibre structures. The scattering characteristics (coefficient and angle) are dependent
on the wavelength and size of the scattering particles. Structures such as collagen bundles with
dimensions of 1 to 10 pm are bigger than the used wavelengths and result in Mie scattering which
decreases with wavelength and can be described by s = aA™® with b having values around 0.5
to 1.5. This approximation is used to calculate the scattering spectum shown in Figure 3.1, with
a =1.14-10"7 and b = 1.3. Membranes and organelles on the other hand are much smaller, around
100nm, and result in Rayleigh scattering that is scaled with A\=* [127]. In general, scattering in
the visible and near-infrared range decreases with increasing wavelength.

The scattering anisotropy is dependent on the diameter of the scattering particles as well.
Larger structures (similar or larger than the wavelength) result in mainly forward scattering (g
close to 1) and smaller structures show more isotropic scattering (g closer to 0) [128].

The absorption coefficient is minimal in the range of 700 to 900 nm and the scattering coefficient
relatively small forming an “optical window” with highest penetration depth and low attenuation
in tissue in the NIR range (700 to 900 nm).

A wide range of optical properties in the visible and NIR range are reported. Values for

1 1

the absorption coefficient range from 0.01 to 4mm™", scattering coefficient from 1.09 to 45 mm™",
scattering anisotropy of 0.8 to 0.97, and refractive index of 1.4 to 1.5 [124]. The reported properties
depend on the method of measurement (optical setup), preparation of the samples (in vivo or ez
vivo and storage), and the type of tissue itself. Values for mucosa and the eardrum are reported

in more detail in the following sections.

3.2.3 Scattering on Collagen Fibres

Mostly, the tissue is assumed to be isotropic resulting in an isotropic scattering coefficient but this
is not the case for tissues such as muscles or the eardrum. Cylindrical aligned collagen fibres in the
tissue cause anisotropic scattering that can be described using a direction dependent scattering
coefficient [129]. In calculations, these fibres are assumed to be infinite long (justified as the
diameter is smaller than the length of the fibres) and the scattering calculated by the Mie Theory
for infinite cylinders (as described by [130]). A mean diameter and main orientation direction
are assumed and Gaussian distribution of these parameters can be applied to give more accurate
results when simulating a tissue volume [131].

Light incident on a single fibre is scattered into a cone around the original propagation direction.
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The scattering angle of this cone is dependent on the diameter of the cylinder, the wavelength, the
refractive indices, and the angle of the incident beam towards the fibre. With increasing incident
angle, the scattering cone cylinders’ base turns into an ellipse with longer axis perpendicular to
the cylinder, and finally into a single plane for a perpendicular incident beam. This means the
direction dependent scattering coefficient has a small value in direction of fibre orientation and a

high value orthogonal to its orientation [129].

3.3 Optical Properties of Mucosa

Optical properties of mucosa are reported in this section in order to develop a model for healthy
and inflamed middle ear mucosa.

For illustration, a not inflamed middle ear cavity is shown in Figure 3.2 as seen from the external
ear canal with the eardrum removed [132]. The image was recorded during stapedotomy (surgical
replacement of the stapes) and shows the incus (RLB), oval window (O), and the entrance to the
Eustachian tube (E). The mucosa appears mostly white with local blood vessels. When inflamed,
the middle ear mucosa shows more blood vessels and appears in general redder, according to

surgeons. Effects of inflammation are described later in more detail.

Figure 3.2: Middle ear during stapedotomy seen from the external ear canal with the eardrum
removed [132]; RLB—long process of the incus, NF —facial nerve canal, EP —pyramidal eminence,

E —eustachian tube, O —oval window.

3.3.1 Optical Properties

Literature report little about optical properties of middle ear mucosa, especially during inflamma-
tion. Hence, other mucous tissues in human as well as middle ear mucosa in animals, and other
inflammatory diseases and cancers are considered. A wide variety of optical properties of mucous

tissues are reported. These variations are due to differences in the measurement setups (integrating
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Figure 3.3: Scattering anisotropy of mucosa reported in literature.

sphere, fibre probes, ...), tissue sites (colon, oral, ...), state of tissue (ex vivo, in vivo), and disease
(cancer, polyp, bowel disease). All the diseased cases can be described as inflammatory diseases
or similar diseases showing higher metabolism. Figure 3.3, Figure 3.4, and Figure 3.5 summarise
the scattering coefficients, absorption coefficients, and scattering anisotropy found in literature,
dependent on the wavelength. Different references are shown in different colours, healthy tissues
are shown with circles and solid lines and diseased cases with squares and dashed lines. Full spec-
tra can be found in [133-138]. If the values for the whole spectrum are given then only lines are
shown. Otherwise the given values are indicated by the markers and connected via lines in order
to show the approximate course over the whole range. Average tissue properties are summarised
in Table 3.1 where no distinction is made between different diseased cases and all changes are
summarised into one value. The table indicates a decrease in scattering during disease but this is
not the case for all diseased cases as indicated in Table 3.2 and hence a no change in scattering

due to inflammation is assumed later.

3.3.2 Effect of Inflammation

Effects of inflammation are an increased blood flow and water content in the tissue. The in-
creased blood flow results in a higher haemoglobin concentration in the affected tissue and hence
increased absorption coefficient. First, changes of the tissue structure are presented and then a list
summarising literature reporting changes of optical properties during inflammation is given.

The middle ear mucosa of rats shows a doubled thickness in inflamed ears compared to healthy
ones, changing from about 21 pm to 48 um. The number of vessels showing a diameter bigger than
10 pm doubles in rats [118]. In contrast, Amelink et al. [145] report a constant vessel diameter of

human oral mucosa during cancer. Matanda et al. [146] report a decreased distance of the centre
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Figure 3.4: Scattering coefficient of mucosa reported in literature. For data labelled with “g = 0.9”

the reduced scattering coefficient was given and g of 0.9 assumed for calculation.
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Table 3.1: Average optical properties of mucosa taken from literature partly presented Figure 3.4
and Figure 3.5. As not much data about changes during inflammation is available, data is also

taken from other inflammatory diseases and summarised as ‘diseased’.

Wavelength [nm)] 500 650 800
Reflectance healthy | 21.4 26.4 223
[%] diseased | 12.3 17.0 -
absorption  healthy | 0.23 - 0.04
[1/mm)] diseased | 0.44 - 0.02
scattering healthy | 24.8 - 11.7
[1/mm] diseased | 17.5 - 3.6

of the blood vessels to the surface of the mucosa in humans. In healthy ears the distances are
4241 pum (mean-tstandard error) in the upper part of the middle ear and 61+2 pum in the lower
middle ear compared to the distances of 22+1 and 4541 um in inflamed ears.

Table 3.2 summarises a list of literature reporting tissue parameter changes in diseased mucous

« »

tissues. A “4” indicates a increase in the parameter while a indicates a decrease. Trends are
reported for blood content V1, Oxygenation Ozy, absorption coefficient, and scattering coefficient.
If not listed, the changes are true for the whole wavelength range (red and NIR). The investigated
tissue type and disease are listed as well. Information is taken from literature either reporting the
optical parameters directly or reporting parameters such has the blood concentration or reflectance.
Full spectra of reflectance and absorption are reported in [30, 63, 65,135,137-139,145,147-151].
The table shows clearly that the blood level increases, as does the absorption coefficient. Lit-
erature is less clear on tissue oxygenation and scattering coefficient. Hence, the latter parameters
are assumed to be unaffected by inflammation and only the blood content and thus absorption co-
efficient is changed. Additionally to these properties, [141] reports increased scattering anisotropy

g for tumours in the colon. A mathematical model used for simulations and design of optical tissue

phantoms is presented later in Section 3.3.3.

3.3.3 Mathematical Model for Scattering and Absorption

Rowe et al. [139,153] use Monte Carlo methods to recover the optical and metabolic properties from
in vivo reflectance measurements of human colon mucosa. The parameters of the MC simulations
are varied within plausible pathological limits to fit the reflectance measurements. The optical
parameters scattering coefficient, absorption coefficient, and scattering anisotropy are derived from

the metabolic tissue parameters volume fraction of blood Vi, haemoglobin saturation «,, mean size
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Table 3.2: Influence of disease on metabolic parameters of mucous tissues. Blood Content — Vi,
Oxygenation — Ozxy. No information given for empty fields, changes are true for listed wavelengths
and if none is given they are true for the whole range of interest. *not directly stated but gathered
from reported increase in blood content, **reduced reflection in diseased cases reported and hence

increased absorption expected.

Ref. Vabp | Oxy Ha | Us A Tissue Diseased
[nm] Case

[145] + - +* oral cancerous

[152] - - duodendal pancreatic cancer
[124,142] + 855 oral cancerous

[141] + | + 500 colon tumour
[139,153] + | const. | + - colon cancer

[138] + + - || <600 colon polyp

[138] + + | + || >600 colon polyp

[154] + + +* colon inflammatory bowel disease

[69] + - +* colon ulcerative colitis

[155] + - +* colon ulcerative colitis

[65] + - +* gum gingivitis, periodontitis

[79] - pulp inflammation

[143] + - 630 bowel & tumor

Peritoneum

[63] K oral cancerous

[15] + +* general inflammation

[72] - gum gingivitis, periodontitis

[149] ¥ oral carcinoma

[118] + middle ear inflamed

(rat)
[113] + - +* gingiva inflamed
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of scattering particles ds, mean volume fraction of scattering particles V;, according to [139,156-158]

() = VHbln(lO)ch‘éjgl({)l())[o;/(%)o;]' (1—a)enn(})) (3.10)

ps(A) = ps(A)os (3.11)

where egpo2 is the molar extinction of oxyhaemoglobin, ey the molar extinction of haemoglobin
(data available from [156]), e, = 120 g/1 the concentration of haemoglobin per litre of blood, oy
the density of scattering centres, and ps is the scattering cross section. The density of scattering

centres is given determined by the volume fraction of scattering particles as follows

1

=Vagrarn (3.12)

Os

The scattering cross section is calculated by Mie theory (codes available online [159] or for MAT-

LAB [160]). Inputs to the code are the relative reflective index between particle n, and medium

2md /2
A/nm

of the scattering particles. The scattering efficiency Qg as output of the Mie calculation is then

N given by npe = :—i and the size parameter given by x = , where dg is the mean diameter

used to determine the scattering cross section as follows [161]

ps = Qum(dy/2)? (3.13)

The tissue model in the MC is composed of three layers: mucosa, submucosa, and underlying
muscle tissue. The optical measurement geometry is simulated as well as it is affecting whether
photons are detected or not. The blood volume concentration in mucosa varies from 2 to 10 %
while the variation is 5 to 20% in submucosa. The oxygenation varies from 50 to 75%. The
thickness of the mucosa is 400 to 600 pm and that of the submucosa 400 to 850 pmn [139, 153].

Zonios et al. [138] uses a similar approach to determine the attenuation coefficients by metabolic
parameters but uses the diffusion approximation instead of MC methods to determine the optical
parameters. Yudovsky et al. [158] uses a similar model to determine the absorption and scattering
coefficient for skin in MC simulations. They introduce background absorption of tissue while the
previous references only using blood as absorber. Further, the scattering coefficient is approximated

by a power law as introduced in Section 3.2.2 instead of using Mie Theory.

3.3.4 Final Model for the Optical Properties

The average properties of mucosa found in literature are listed in Table 3.1. Only few values were
given for the diseased cases so these values are less reliable. While these values give the optical
properties for single wavelengths, the model of [139] presented in the previous section gives the

ability to simulate the complete spectrum in the visible and NIR range. But as the properties
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calculated by the mathematical model vary from the average values in literature, the model is
scaled to fit the average values.

A linear scaling is chosen and the offset can be seen as background absorption caused by water
(spectrum given by [162]) or other tissue absorbers. This choice is supported by [158] using a tissue
background absorption in their model. The scaling coefficients are set so that the model fits the

average literature values at 500 and 800 nm.

Ha,scaled = 0.62 - Ma,original +0.03 (314)

Hs,scaled = 0.53 - s original +5.57 (315)

The oxygenation and scattering are held constant in the inflamed case as literature was not
consistent about this change as seen in Table 3.2. The blood volume fraction on the other hand
is consistently reported to increase with disease. A maximum change of 2% in healthy to 20 % in
the inflamed case is assumed. These values are taken from [153] reporting 2-10 % in mucosa and
5-20 % in submucosa. As both layers will be sampled, the maximum range is used for the model.

This model is used later to determine properties for the construction tissue phantoms and to
simulate the optical system using Monte-Carlo models in order to determine best wavelengths to

detect inflammation.

3.4 Optical Properties of the Eardrum

This section first presents the optical properties of the eardrum reported in literature and then

experiments are conducted to characterise the transmission through eardrum samples.

3.4.1 Properties Reported in Literature

Figure 3.6 shows the reflection spectra of a frozen cadaveric eardrum and three eardrums of living
persons taken from [163]. As light penetrates through the eardrum the spectra does not only
result from the eardrum but also from reflections from the middle ear cavity (left graph, plot 1
and 2). To investigate the influence of the middle ear on the spectrum, the tympanic cavity of
cadaveric ears was dyed with black ink to decrease its reflection to zero (left graph, plot 3 and
4). The measurements show a decrease of the reflected intensity but a similar course especially
between 400 and 600 nm. The spectra show characteristics of the haemoglobin spectrum indicated
the presence of blood in the eardrum.

MacDougall et al. [164] present a model for the absorption in the human eardrum. A scattering
coefficient of 22mm ™1 is given for 1310 nm. This value is derived from optical properties of dermis

[165] but not directly derived from measurement on the eardrum. From this value and an assumed
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Figure 3.6: Diffuse reflection spectrum of the eardrum [163].

Left: 1) eardrum and middle ear of frozen cadaveric specimen, 2) eardrum and middle ear of
cadaveric specimen kept in stabilizing solution, 3) eardrum of frozen cadaveric specimen alone, 4)
eardrum of specimen kept in stabilizing solution alone.

Right: 1) eardrum and middle ear of frozen cadaveric specimen, 2)—4) eardrum and middle ear of

living volunteers.

thickness of the eardrum of 100 wm the transmission of ballistic photons is calculated to be 11 %.
A double pass would result in 1.2 % transmitted light, equal to a 19dB loss. Measurements with
an OCT systems show a 13.5dB loss, equivalent to 21 % unscattered light on a single pass. Hence
the actual scattering coefficient is smaller than 22mm™!. Absorption is neglected in this model.

The reflection from an eardrum were measured to be 11.6 % [165].

3.4.2 Effect of Inflammation on the Eardrum

Middle ear inflammation can influence the thickness of the eardrum, which will influence the
transmission and measurements. Cho et al. [41] report an average thickness of healthy eardrums of
122 um, OME eardrums of 108 um, chronic OM eardrums of 326 wm, and adhesive OM eardrums of
251 um. Other groups report the attachment of biofilms to the OME eardrum [45]. The thickness
of rat eardrums increases 2 fold during AOM [166].

While the eardrum thickness can increase during certain cases of OM, it does not increase
during OME. Only a biofilm gets attached to the eardrum. This biofilm should be mostly removed

during clearing of the tympanic cavity and hence not decrease the transmission significantly.
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Figure 3.7: Light micrograph of a histological sample of an human eardrum [168]; EAM —external
acoustic meatus/outer ear canal, EL —epidermal layer, FL —fibrous layer, MEL —mucosal epithelial
layer, and TC —tympanic cavity; the capillary indicated by the box is located between EL and FL;

scale bar corresponds to 100 pm.

3.4.3 Animal Eardrum Model

As the literature does only report little optical properties of eardrums (and the only reference
reporting scattering properties of the eardrum [164] was published in 2015), experiments are con-
ducted in order to determine the optical properties. As human eardrums are not accessible, animal
eardrums are characterized. To allow a transfer of the measurements to the human eardrum,
thickness and other parameters are compared first. The surface area of mammalian eardrums does
not differ a lot despite the huge size difference of the individual species [4]. The structure of the
eardrums is also similar, the only remarkable differences between eardrums of different mammal
species is their thickness and number of fibre layers.

The human eardrum shows a thickness of 50 to 70 um in the thinnest central region, with
increasing thickness towards the malleus and annulus, and around 100 pm average thickness [5].
The human eardrum shows a radial and a circumferential fibre layer. The cross section of the human
eardrum is shown as a histological sample in Figure 3.7. The eardrum consists of an epidermal
layer, showing several cell layers, the radial collagen fibre layer, circumferential fibre layer, and
finally a few call layers thick mucosal layer on the inside facing the tympanic cavity [167].

Figure 3.8 shows the surface of a human eardrum recorded with a scanning electron microscope
when seen from the middle ear [169]. Both fibre layers are clearly visible. [170] reports a diameter
of the radial fibres around 22 pm and 12 pm for the circumferential fibres. [171] on the other hand
reports an average diameter of 8 um.

Several animal eardrums have been investigated. For example the guinea pig eardrum shows
similar colour and shape as the human one but is thinner and shows little collagen fibres resulting
in a higher transparency [172]. Table 3.3 summarised the structure of human and animal eardrums

for easy comparison.
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Figure 3.8: Scanning Electron Microscope image of the human eardrum seen from the middle

ear [169]. Radial fibres (RF) and circular fibres (CF) are visible.

Table 3.3: Comparison of human and animal eardrums.

H Thickness [pum)]

Fibres & Diameter Other layers

Human 50 70 in thinnest | radial (22 pm) and circumferen- | several cells of epidermal
area, 100 average [5] | tial (12 pm) [170] externally, and few cells
of mucosal layer internally
[167]
Guinea 1020 [Appendix A], | circular scarcely encountered, | 1 layer of epithelium inter-
Pig 10 according to [173] | except near annulus [172]; cir- | nally and externally [175]
cular ~2 pum, oblique fibres 0.8
1.2 pm, radial 3—4 um [174]; ra-
dial fibres (8 um) seen every-
where, scarcely circumferential
fibres
Gerbil 7 in central region, 20 | densely packed collagen fibres,
near manbrium, 35 | strictly arranged radial and cir-
near annulus [176] cular [177], [178]; ~5pum [Ap-
pendix A]
Chinchilla one fibre layer visible [171]
Cat 30-50 [173] radial (16 pm) and circumferen- | epidermal and mucosal
tial (8 pm) [171,179] layer [179]
Pig 80 [165] anatomy similar to human [165]

Sheep

no fibres [180]
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Figure 3.9: Microscope image of a gerbil eardrum with two fibre layers visible.

Pig would make a good animal model as the eardrum shows similar thickness to the human one
and the anatomy is very similar [165]. Further, pig heads can be acquired from a local butcher.
This was done but we were not able to dissect an eardrum sample as dissection is not trivial due
to the deep placement of the eardrum inside the skull.

Gerbil middle ears were provided in frozen state by Sameer Mallick (University of Sheffield).
Animals were treated and killed according to their procedures and only middle ears of dead animals
used here.For imaging, the eardrums were thawed, the eardrum dissected and placed on a micro-
scope slide, suspended in saline solution to avoid drying, covered with a cover-glass, and imaged.
Figure 3.9 shows a microscope image of a gerbil eardrum recorded with a wide-field microscope at
10 times magnification. Two orthogonal fibre layer structures are visible. These fibres are densely
packed and smaller than in human. We were only able to dissect small useful samples and hence
experiments were not easy to conduct.

Stored guinea pig eardrums were provided by Emma Hoskinson and Mike Milheran (Univer-
sity of Leicester) and a recently killed guinea pig eardrum was provided by Mark Wallace and
Adam Palmer (MRC THR, University of Nottingham). In all cases animals were treated and killed
according to the procedures of the respective institutes and only middle ears of dead animals used.

Guinea pig eardrums were acquired in either frozen state, suspended in formaldehyde, or freshly
dissected from a just killed animal. Figure 3.10 shows a photograph of an eardrum stored in a frozen
state and thawed still attached to the annulus and middle ear. The eardrum is visible as round
area with the malleus in the middle. It is surrounded by the bony annulus and shows a puncture
above the malleus. The Eustachian tube is visible through the eardrum as dark shadow. During
dissecting the eardrum was cut loose from the annulus, placed on a microscope slide, suspended
in saline solution, and covered by a cover slip to prevent drying.

Figure 3.11 shows widefield images of a guinea pig eardrums, a single layer left, and two stacked
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Figure 3.10: Photograph of a guinea pig eardrum still attached to the annulus and middle ear.

The diameter of the eardrum is around 6 to 7 mm.

(a) Single layer (b) Double layer

Figure 3.11: Microscope images of guinea pig eardrums.

layers on the right. The prevalent radial fibre structure is visible in subfigure (a) and scarce circular
fibres are also observed. The fibre diameter is around 8 um. As this is not a good model for the
human eardrum showing two fibre layers, two guinea eardrum sections are placed on top of each
other with orthogonal fibre orientation as shown in subfigure (b). Histological images of a guinea
pig eardrum and middle ear are presented in Appendix A for more detailed analysis.

The gerbil eardrum structure resembles the human eardrum structure more closely than the
guinea pig, but is much thinner. Also, samples are not easy to dissect, bigger samples of the guinea
pig eardrums were easier to dissect. Further, the guinea pig eardrum is thicker and the double
layer can be achieved by placing two eardrums on top of each other. In this way, also the thickness
is closer to the thickness expected in a human eardrum. Hence, the double layered guinea pig
eardrum will be used as model for the human eardrum. The transmission through this model will

be measured in the following section.
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Figure 3.12: Experimental set-up used to characterise the transmission of the eardrum and other

samples.

3.4.4 Measurement of the Transmission

This section describes the characterisation of the animal eardrum model in order to determine its
transmission characteristics. First, the experimental set-up is described, then the system calibrated

on a sample with known characteristics, the eardrum characterised, and finally a model derived.

Experimental Set-up

The experimental set-up for transmission characterisation is shown in Figure 3.12. A collimated
light beam of 200 um diameter is directed on the sample and a camera (PL-B955U, PixeLink,
Ottawa, Ontario, Canada) placed behind the sample to record the transmitted light. A reference
measurement is taken with a microscope slide in place to characterise the input beam and make
the measurements independent of the reflections from the surface.

The camera records light scattered in an angular range of arctan(r/d) = £6.6 ° with the distance
d between the camera and the scattering layer and r the maximum possible radius on the detector
area. This means, strongly scattered light (o > 6.6°) is not detected, for this a larger detector
would be necessary. Possible set-ups for improved measurements would be the use of integrating
sphere in order to detect all signals without spatial distribution as in [141] or spatial scanning of
the detector as done in [181] in order to cover a bigger area and measure total transmission and
reflection. But as measurements in the ear are restricted to a NA of 0.08 corresponding to an
angle of 4.6 °, a complete characterisation is not necessary. Further, the scattering of the eardrum
is very forward directed and most light is detected with the current setup.

The recorded camera images are analysed using MATLAB. The input power is defined as the
sum over all pixels in the reference image with no scattering sample in place. The central portion

of unscattered light is defined as the area illuminated by the reference beam with power more than
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e% of the maximum. The relation of input power to the sum over all pixels approximates the total
transmission of the sample (neglecting widely scattered light) and the power in the central portion

divided by the input power approximates the unscattered transmission.

Z 11 Isample
Tiotal = =220 (3.16)
o Zall Iref
Z t 1ISa‘n1ple
Tunscattered scenttal — (3 1 7)
Zcentral Iref

Three lasers are used for illumination, one with 532 nm (BWN-532-30, B&W Tek, Newark, DE,
USA), the second at 632nm, and the third at 808 nm (L.808P010, Thorlabs, Newton, New Jersey,
USA, controlled by the power and temperature controller kit LTC100-B LD, Thorlabs, Newton,
New Jersey, USA) to allow measurements of the transmission characteristics in dependence of the

wavelength in the visible and NIR.

Influence of Storage

In a first version of this experiment a white light source was used for illumination and a RGB
camera (DCC1645C, Thorlabs, Newton, New Jersey, USA) used as detector. As the light is not
collimated a wider pinhole was necessary to allow enough light to pass through the system. This
measurement allowed the easy measurement of three wavelength ranges (red, green, and blue) but
no accurate measurement of the unscattered light due to the large beam diameter.

The transmission through eardrum samples stored in frozen state, preserved in formaldehyde,
and one just killed guinea pig is measured. The fresh sample shows a total transmission of 72 %
in the red, 70 % in green, and 66 % in the blue region. When converting the RGB colour map into
LUV and using the lightness a transmission value of 67 % is measured. The lightness transmission
value of a frozen sample is measured to be 58 % and the transmission of three samples stored in
formaldehyde are 15, 41, and 36 %.

This shows a wavelength dependent attenuation with higher wavelengths being less attenuated.
It further shows less attenuation of the fresh sample, with the frozen following, and lowest trans-
mission of the formaldehyde samples. When using stored samples for further experiments, the
attenuation will be higher than for in vivo eardrums. All further experiments are conducted on

eardrums stored in formaldehyde.

Calibration

The transmission of a 1500 grid ground glass diffuser (DG20-1500, Thorlabs, Newton, New Jersey,
USA) with known scattering characteristics is measured in order to test and calibrate the system.

The transmission pattern recorded by the camera is shown in Figure 3.13 (a) with the white
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(a) Power distribution on the camera (NIR) (b) Radial power distribution

Figure 3.13: Transmission calibration using diffuser with known scattering characteristics

circles marking steps of 0.5 deg scattering angle o from the central spot, calculated by distance
between scattering layer and detector surface d and distance from the edge of the unscattered
beam r according to a = arctan (g) Subfigure (b) shows the power divided by area for each
angle measured at 3 different wavelengths, 532 nm (green), 632nm (red), and 808 nm (NIR). The
reference data is shown as red, dotted line and taken from the supplier data sheet [182], measured
at 633 nm.

The central unscattered beam has a diameter of 0.2 mm and is not an ideal point source. This
means light with a small scattering angle is still detected within the central spot and registered as

unscattered light. To account for this, the central power (0deg) is scaled and the power added to

0.5 and 1deg scattering angle resulting in the scaling

P(0deg) = P(0deg)-0.85 (3.18)
P(l1deg) = P(1deg)+ P(0deg)-0.11 (3.19)
P(2deg) = P(2deg)+ P(0deg)-0.04 (3.20)

This scaling results in the good accordance of measurement and supplier data shown in Figure 3.13

(b) and is used for all further measurements.

Results

The transmission through a single layer guinea pig eardrum and two orthogonally stacked layers
are measured and the transmission pattern are shown in Figure 3.14. A speckle pattern is visible
as the small collimated laser beam and scattering particle in the eardrum cause interference of

the transmitted light. Main scattering directions are visible as a result of the light being mostly
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(a) Single layer (b) Two orthogonal layers

Figure 3.14: Transmission pattern through guinea pig eardrum samples. Speckle pattern and main

scattering directions are visible.

scattered at the collagen fibres in the eardrum as explained previously in Section 3.2.3. The
collagen fibres act as a grating and diffraction profiles can be seen when illuminating with a beam
of larger diameter.

The radial power distribution for both cases is shown in Figure 3.15, independent of the scat-
tering direction as the optical system is symmetric around the optical axis. The blue dotted curve
shows the power of the unscattered reference beam while the measurement of the eardrum is shown
in black. 5 measurements at different positions are taken, with the mean shown here and the stan-
dard deviation indicated by the errorbars. The used wavelength is 808 nm. Light is more scattered
by the double layered model (TM 2x) than by the single model (TM 1x) indicated by the lower
power in in the centre and higher power at higher scattering angles. The total detected power on
the camera is 80 % for the single and 73 % for the double eardrum. This shows that the scattering
does not scale linearly with thickness. This is due to the fact that scattering mostly results from
the fibre structure and surface roughness of the eardrum which does not have the same effect on a
second layer.

Next, the wavelength dependent scattering is analysed using transmission measurements at 532,
632, and 808 nm through a single eardrum. As Figure 3.16 shows, scattering is lowest for 808 nm
and highest for 532nm. The transmitted light at 808 and 633 nm is similar at wider angles but
the NIR shows higher unscattered transmission indicated by higher power at 0 and 0.5 ° scattering
angle. The transmitted intensity at 532nm is lower in all regions. This is in accordance with
theory describing wavelength dependent scattering by a power function ps = aA~? resulting in the

scattering coefficient decreasing with wavelength.
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Figure 3.15: Angular power distribution of direct illumination (plain) and transmission through a

single (TM 1x) and two layer (TM 2x) eardrum measured at 808 nm.
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Figure 3.16: Wavelength dependent transmission through a single layer eardrum measured at 532

(green), 632 (red), and 808 nm (NIR).
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Figure 3.17: Transmission through three different double eardrum samples measured at 808 nm.

Figure 3.17 compares the transmission measurement of 3 different guinea pig eardrums stored
in formaldehyde, measured at 808 nm with two stacked eardrum layers, identified earlier as best
model for the human eardrum. All samples show similar results at larger scattering angles, with
sample 3 showing lower direct transmission. In overall the transmission of all three eardrums is
similar and variations between different eardrums are close to variations between different positions

of a single eardrum, indicated by the errorbars of each plot.

3.4.5 Simulation Model

In order to allow simulation of the middle ear system and to derive optical properties of the
eardrum, a computer model was varied to match the scattering characteristics. The experimental
geometry was simulated and the scattering in the eardrum simulated using Monte Carlo Models
(presented later in Section 5.3). The scattering coefficient, scattering anisotropy, and absorption
coefficient are varied to match the angular distribution of simulation and measurements on the
double layered guinea pig eardrum. The direction dependent scattering of the eardrums is not
considered in this simulation model or later in the construction of the eardrum phantoms as the
optical system is symmetrical about the optical axis and hence only the deflection angle from the
optical axis is important.

Simulated distributions are shown in Figure 3.19 and Figure 3.18 where first the scattering
anisotropy and then the scattering coefficient is varied. A low scattering anisotropy results in
high scattering angles and the light scattered outside the camera area, shown by the fast decay
of the power distribution in Figure 3.18. A anisotropy factor of 0.99 fits the measurements best.

This high anisotropy is a result of the large dimension of the fibres compared to the wavelength
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Figure 3.18: Simulated transmission with varied scattering anisotropy.

resulting in strong forward scattering as explained earlier in Section 3.2.2. An increasing scattering
coefficient decreases the unscattered light portion and causes more light being scattered away from
the optical axis. A coefficient of 11 mm ! is selected here and the absorption coefficient of 1.8 mm !
is found. As this model is only an approximation, the properties of the eardrum are later varied in

simulations in order to account for an inaccurate model and changes between different eardrums.

3.5 Design of the Middle Ear Phantom

There are many different approaches to create tissue phantoms, an overview is given in [183]. Epoxy
resin based tissue phantoms are used here for the mucosa, for two reasons. First, the phantoms are
solid and show stable properties over years, and second a recipe is available from the Biomedical
Optics Research Laboratory, UCL, published in [30,31]. Different options are investigated for the

eardrum phantom, but all show stable characteristics as well.

3.5.1 Mucosa - One Wavelength

The first set of phantoms is produced at and with help of the Biomedical Optics Research Labo-
ratory, UCL and matches the optical properties of mucosa at 650 nm only as at this stage of the
project only one red laser was used. A second set of phantoms matching the optical properties of
mucosa at 808 and 532nm is produced in Nottingham, and based on the recipe provided by the
Biomedical Optics Research Laboratory, UCL.
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Figure 3.19: Simulated transmission with varied scattering coefficient.

Recipe

The recipe was provided by the Biomedical Optics Research Laboratory, UCL. The base material
is the clear polyester casting resin (405-210, Tiranti Ltd., Thatcham, UK) which is mixed in a
relation of 99:1 (in weight) with the Liquid Hardener (405-810, Tiranti Ltd. Thatcham, UK).
Superwhite (TiOs particle based white colour; 407-220, Tiranti Ltd. Thatcham, UK) is used as
scattering agent and the dye Pro Jet 900 NP (in solution with the epoxy resin MY753, Ciba-Geigy
Ltd., Switzerland, to give absorption coefficient of 20.5 mm~"! at 800nm [184]) as absorbing agent.
The required weight of dye and scattering agent is calculated by the desired phantom volume and
the density of the resin of 1.15g/cm?®.

The required weight of dye maye (in grams) is given by the absorption coefficient 1, as follows

Ma — Ma,resin Miotal 1 Ha — 0001 . Myotal . 1

. . = 3.21
Ha,dye 1000  cxa 0.0205 1000 0.36 ( )

Mdye =

with absorption coefficient of the pure resin py resin = 0.001 mm™!, absorption coefficient of the
dye mixture py gye = 0.0205 mm ™! at 800 nm, total mass of the mixture motal = Mresin + Mhardener
in grams, and the lambda factor cy , accounting for the wavelength dependent absorption of the
dye and the recipe being characterised for 800 nm. The absorption coefficient at 650 nm is 0.36 of
the value at 800 nm, resulting in cy ,(650) = 0.36.

The required weight of scattering agent mgcattering is given by a very similar formula

Mogw 1000 cyg 0.8 1000 1

! m 1 m 1
Mgscattering = fo  Mtotal — Ha  Thotal - (322)

where 1 is the desired reduced scattering coefficient in mm™1, e sw = 0.8 mm~* is the reduced

scattering coefficient of the superwhite scattering agent. The lambda factor cys = 1 is used here
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Table 3.4: Desired optical coefficients and required concentration of scattering and absorbing agent

for the one-wavelength mucosa phantoms at 650 nm.

Phantom 7 [mmil] Cscattering |8/Kg] | pa [mmfl} caye [g/kg]
1 - Healthy 1.341 1.675 0.061 8.130
2 - Intermediate 1.341 1.675 0.1 13.415
3 - Intermediate 1.341 1.675 0.18 24.255
4 - Diseased 1.341 1.675 0.264 35.637

even though a factor of about 1.34 would be correct [185]. This is corrected in the next set of
phantoms. The designed optical properties are accurate to 5-10 %, depending on the accuracy of
the measured weights of the ingredients. The g factor of the scattering agent is 0.5 to 0.7 [185].

Four phantoms are produced; one simulating healthy mucosa, another one simulating inflamed
mucosa, and two intermediate ones. The properties and calculated concentrations are given in
Table 3.4. According to Monte Carlo Simulations this results in a total reflectance of 39.6, 32,
23.4, and 20 % for the four phantoms.

Production Process

In the first step an excess amount of the resin is poured in a container by weight, the scattering
agent added, also measured by weight, and the whole resin stirred manually until the mixture is
homogeneous by eye inspection. A quarter of this mixture is then poured into a second container
and the absorbing agent added. An excess amount of the initial mixture is necessary as not
all of the mixture can be scraped out of the containers when poured into the second container.
The mass of each individual phantom mixture is measured and the required amount of dye added.
Again, the mixture is stirred by hand and finally the hardener added, the mixture stirred again, and
poured into the mould. In this way four different phantoms with the same scattering coefficient but
different absorbing coefficients are produced. The phantoms are left at normal room temperature to
harden for 2 days before extracting from the mould and machining into the final shape. Tupperware
boxes are used as containers and the phantom can easily be removed from the mould and the mould
be reused.

Machining is necessary for three reasons, firstly to achieve a diffuse scattering surface instead
of a specular one as is the case after casting without any further processing. Secondly, there is a
low concentration of particles at the surface of the phantom. When removing the top layer this
low concentration is removed and a cut through some of the particles is done. This results in more

homogeneous properties of the phantom. Third, flat surfaces are needed for a defined orientation
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Figure 3.20: Production process for the four mucosa phantoms with same scattering and different
absorption coefficients. ¢g is the concentration of scatterer and c,1—ca4 the four different concen-

trations of absorbing agent.

of the phantom towards the sampling beam. This is not given without machining as the mould is
not rectangular.

Figure 3.21 shows the 4 phantoms after curing and machining. All phantoms are grey as they
match the optical properties of tissue at 650 nm only and otherwise exhibit the spectrum of the
used dye. But a difference in the grey level of the phantoms is visible, according to the absorber

concentration. The absorber concentration increases from phantom 1 to 4.

Figure 3.21: Photograph of the cured and machined phantoms.
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Table 3.5: Surface roughness of the mucosa phantoms

R, [A.U.]
Surface | Phantom 1 ‘ Phantom 2 ‘ Phantom 3 ‘ Phantom 4
machined 1.91 2.04 3.57 4.62
polished 1.41 0.94 1.90 1.70

Surface Characterisation and Polishing

The surface of the phantoms is characterised using a confocal microscope (TCS SP2, Leica, Wetzlar,
Germany) in reflection mode and probing wavelength of 488 nm and 10x objective. A z-stack of the
surface is taken with 512x 512 x50 pixel resolution corresponding to a volume of 1.5x1.5x0.104 mm.
Vignetting of the image is visible, thus the 100 outer pixel are removed resulting in images of
312 x 312 pixel. These images are then processed in ImageJ (Wayne Rasband, National Institutes
of Health, Public Domain program, imagej.nih.gov/ij/) as presented in a note by the Otago
Centre for Confocal Microscopy [186].

The plug-in “Extended Depth of Field” (available from [187] and described in [188]; Settings
‘Expert mode’ with standard parameters and ‘denoising’ in post processing) is used to create a
height map and completely focused composite image of the stack. The composite images are
displayed in Figure 3.22 (a) to (d) for phantoms 1 to 4. In the next step the surface characteristics
are calculated using the plug-in “SurfCharJ” (available from [189] and reported in [190]). The
surface roughness is then characterised by the arithmetic average R, of the deviation of the surface

to the mean surface given by

1 n
Ry =~ > 1% = Ymean] (3.23)
i=1

where n is the number of measured points, y; the current surface height, and ymnean the average
surface height. All standard parameters of the plug-in are used, except for levelling the surface.
The surface roughness values R, given in Table 3.5 quantify the roughness of the surface visualised
in the images.

As the surface of the phantoms show different roughness, one surface of the phantoms is polished
and the surface recorded again. Polishing was done on the wheel polishing machine “LabPol 21”
(Struers, Catcliffe, UK) in two steps, first a wet 4000 grit grinding (Microcut, Silicone Carbite,
P4000, Buehler, Lake Bluff, IL, USA) and second the a polishing suspension (Master MetTM2,
Non-Crystallizing Colloidal Silica, 40-6380-064, Buehler, Lake Bluff, IL, USA) were used to polish
the surface for about 1minute for each step. Figure 3.22 shows the resulting surfaces of all four
phantoms in subfigures (e) to (h) and Table 3.5 lists the R, values.

Bright regions of the images in Figure 3.22 are in focus while dark regions are not. When
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Phantom 4

! :

(e) Phantom 1, polished (f) Phantom 2, polished (g) Phantom 3, polished (h) Phantom 4, polished

Figure 3.22: Composite surface image of the phantoms recorded with confocal microscopy. Sub-

figures a) to d) show the unpolished while e) to h) show the polished surface.

comparing the polished surface to the machined surface, large white areas are visible at polished
surfaces. This means large flat areas are present and in focus in the image. These areas result from
polishing with a very fine grid and cause specular reflection on the phantom surface, visible by eye.
The dark groves result from roughness due to earlier processing with a coarse grid and could be
removed by extended polishing. But as all treated surfaces show specular reflections indicating a
very smooth surface no further treatment is done. The unpolished surfaces do not show specular
reflections and no flat areas indicating a rougher surface. This is confirmed by the R, values given

in Table 3.5, decreasing from machined to polished surface.

3.5.2 Mucosa - Two Wavelengths

A second set of phantoms is produced matching the optical properties of mucosa at 808 and 532 nm.
For this, a red dye with similar absorption spectrum to blood has to be found and characterised.
The specific absorption coefficient €(\) of a dye can be characterised using a spectrometer and the

formula [191]

A=In <§’> _ <L)exp(fm> = ta(N)d = e(N)ed (3.24)

The attenuation A is measured by the spectrometer, the concentration ¢ given by the mixture,

and the pathlength d given by the sample. This calculation uses the Lambert-Beer Law for light
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propagation in absorbing media and is valid as no scattering is present. The spectrometer Libra
S32PC (Biochrom, Cambridge, UK) was used for measurements and gives attenuation reading
from -3 to 3 over the wavelength range of 190 to 1100nm (only 450 to 1100 nm could be used,
error in reading below 450 nm). Negative attenuation readings indicate fluorescence while positive
values indicate absorption. Only positive values occur during the absorption measurements here
and Equation (3.24) can be applied. The used cuvettes have a pathlength of 10 mm.

The selected dye are the previously used dye “Pro-Jet 900NP” (Fujifilm, Minato, Tokyo, Japan;
Fujifilm kindly provided a free 5g sample of the dye) [185], later called NIR dye, and “Polyester
Pigment: Translucent Red” (407-330, Tiranti Ltd. Thatcham, UK), later called red dye, supplied
by the same supplier as the epoxy resin.

The supplier has “translucent” and “opaque” colours in stock, hence it is assumed that translu-
cent colours do not contain scattering particles while opaque colours do. This assumption is tested
by measuring the transmission of a collimated laser beam through the dye solution using the same
setup used before to characterise the scattering characteristics of the eardrum (see Section 3.4.4).
Figure 3.23 shows the radial power distribution for both green and NIR laser without a sample as
solid line and with the dye in the path as dashed line, all normalised to the maximum value to
allow easy comparison of the distribution. Only small angles (compared to the previous experi-
ments) are shown as the camera had to be placed further away to accommodate the container with
the dye. The characterised sample is about 8 mm of a solution with 2.25 g/kg dye concentration.
The angle observed with only air in the beam path (“plain”) is a result of the beam divergence.
The distribution with sample in the beam path is not widened indicating no scattering particles
in the dye. The even slight narrowed distribution is a result of increased exposure time needed to
record the image and thus changed noise level after noise subtraction. The green laser is stronger
attenuated than the NIR dye (not visible here due to normalisation) according to the absorption
spectrum of the dye shown in Figure 3.24.

Four different concentrations are mixed for each dye and the absorption characterised. The
measured absorption spectra as well as the original characterisation of the NIR dye [184] are
shown in Figure 3.24. The dotted vertical lines indicate the wavelengths (532, 650, and 808 nm)
used to test the relation between dye concentration and absorption coefficient. Figure 3.25 shows
the calibration curves, where the measured absorption coefficient is shown in dependence of the
concentration of the mixture, for three wavelengths indicated in Figure 3.24. The solid line and
dots indicate the four measured solutions and the dotted lines show the linear interpolation.

Alin
o =a

=e€(N)-c (3.25)

where the slope € is the specific absorption coefficient of the dye. The interpolation is very good
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Figure 3.23: Scattering of light passing through 8 mm of red dye measured at 532 and 808 nm.
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solution is different and the data is scaled to match the measurement performed here. The vertical

lines indicate the wavelengths of the lasers used in the experiments.
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Figure 3.25: Absorption coefficient versus dye concentration, markers show measurement points
and lines the linear interpolation. The fourth concentration is not shown for some of the graphs

as reading were out of the range of the spectrometer.

with a R? value of 0.9977 to 0.9999 showing that both dyes are easily soluble and an accurate
determination of the optical properties is possible. Errors in determining the optical properties
of the phantom will be caused by inaccurate measurement of the weight rather than dye not
being completely dissolved in the base material. To achieve these results, a large stock of high
concentration (1:100, dye:resin) of the “Pro-Jet 900NP” dye had to be mixed. This solution was
well mixed for over one hour in an ultrasonic bath and intermitted manual mixing. This solution
was then further diluted in the final mixtures. Both this second step and mixing of the red dye
result in homogeneous mixtures when mixing by hand for less than five minutes. Use of the pro-jet
dye directly without the use of a pre-mixture results in less accurate properties as small amounts
of the dye are not diluted. This is avoided by the pre-mixture as longer mixing in the ultrasonic
bath is possible and the same ratio of unmixed material is present in all further diluted samples.

The needed quantities of the dyes in order to achieve the desired optical properties are deter-
mined by

pa(A) = Cred - €red(A) + cNIR - NTR(A) (3.26)

Using these two dyes it is not possible to achieve the absorption as determined in the model
as the absorption coefficient of the red dye is higher at 808 nm than for blood. This results in
theoretical negative concentrations of the NIR dye to achieve the desired properties. Hence, the
phantoms are adopted by increasing the absorption coefficient in the NIR range to a constant value
for all four phantoms. The phantoms were then produced similar to the process described earlier
and the final desired properties are given in Table 3.6 and a photograph of the produced phantoms

is shown in Figure 3.26.
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Table 3.6: Desired optical coefficients and required concentrations of scattering and absorbing

agent for the two-wavelength mucosa phantoms.

Phantom 1s(808) | Cscat 1a(532) | 1a(808) Cred CNIR

mm™'] | [g/kg] || [mm™'] | [mm™'] | [g/ke] | [g/kg]

1 - Healthy 6 7.5 0.244 0.173 1.571 7.131

2 - Intermediate 6 7.5 0.873 0.173 6.832 4.754

3 - Intermediate 6 7.5 1.502 0.173 12.093 | 2.377
4 - Diseased 6 7.5 2.131 0.173 17.354 0

Figure 3.26: Photograph of the mucosa phantoms matching the absorption at two wavelengths

The scattering anisotropy of the phantoms is 0.6 while the one of mucosa is around 0.9. Hence,
the reduced scattering coefficient is adopted accordingly, but this results in a changed reflection of
the phantoms than expected for real mucosa. Hence, the reduced scattering coefficient is increased
here to match the expected reflections values. Optimising was done using the simulation presented

later.

3.5.3 Eardrum

The straight forward approach is to produce eardrum phantoms the same way as the mucosa
phantoms were produced. The problem is that the scattering anisotropy is given by the scattering
particles and is about 0.6 [185] and the scattering distribution of the eardrum with g = 0.99 cannot
be reproduced. Further, the thickness cannot be set reproducibly as the material shrinks during
curing. And finally the surface would need to be machined off as the distribution of particles is not
homogeneous at the surface of phantoms. Hence, alternative eardrum phantoms are investigated.
The tested samples are a diffuser (used as calibration target earlier), paper, microscope slides
whose surface was treated with sand paper to introduce scattering, and fibre glass cast in resin.
Photographs of these samples are shown in Figure 3.27.

The transmission of the eardrum samples was measured with the same setup as the transmission

of the animal eardrums. The power distribution per angle of the eardrum model and the phantoms
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(a) Diffuser (b) Sanded microscope slide

(c) Fibre glass cast in resin (d) Fibre glass cast in resin

including dye for absorption

Figure 3.27: Photographs of different eardrum phantoms.

is shown in Figure 3.28, measured at 808 nm. The average distribution of the double eardrum
model is shown in black, while the phantoms are shown in different colours. The distribution of
the diffuser presented earlier is shown in blue, a grease proof paper (GPP) in green, two different
sanded microscope slides (SG3 and SG7) in red and turquoise, and a fibre glass sample (FR1.2) in
magenta. All of these samples show higher scattering than the eardrum with the sanded microscope
slide being the closest model.

The diffuser is further used as standard sample as its properties are well defined and the
transmission characteristics relatively homogeneous. A fault in this model is that scattering appears
only at the rough surface of the diffuser instead of inside the whole volume and second, that the
scattering is not direction dependent as it is the case in the eardrum. The latter is not a problem
as the detection system is rotational symmetrical. Paper is rejected as eardrum phantom because
scattering is much higher and almost no unscattered photons pass the sample. The scattering
characteristics of the sanded microscope slides depend on the used grid size of the sand paper
and the sanding direction, time, and sanded surfaces. The samples shown here are treated with
P240 (SG3) and P40 (SGT) grit size at both surfaces, with orthogonal sanding direction. A
P40 sandpaper is rough and has an average particle diameter bigger than 250 wm, while a P240
sandpaper is much finer with 63 um average particle diameter [192]. This explain higher scattering

of SGT7 as the surface is rougher. In this phantom, the scattering occurs at the surface only but as
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Figure 3.28: Transmission through different eardrum phantoms measured at 808 nm. TM 2x—
two layer guinea pig eardrum, GPP —grease proof paper, SG3—sandpaper ‘treated’ glass number
3, SG7—sandpaper ‘treated’ glass number 7, FR1.2—fibre glass cast in resin with one fibre glass

layer.

two surfaces are treated it is closer to the eardrum than the diffuser.

The last eardrum phantom investigated is a fibre glass mat (406-010, Tiranti Ltd., Thatcham,
UK) cast in resin (405-210, Tiranti Ltd., Thatcham, UK). In contrast to the mucosa phantoms,
scattering is introduced by the fibre glass rather than TiO, particles. The advantage of this model
is that scattering appears within the sample volume not just at the surface as it is the case for the
previous samples. The used fibre glass mat is inhomogeneous and the model could be improved by
using more homogeneous fibre glass mats with fibres matching the diameter and refractive index of
collagen fibres in the eardrum and the resin matching the refractive index of the connecting tissue
in the eardrum. The surface roughness of the phantoms depends on the amount of used resin.
When little resin is used the fibre glass is close to the surface causing a rough interface, while it is
flat when more resin is used completely covering the fibre glass. Hence, the surface of all produced
fibre glass sample is sanded with a P1200 grid paper to achieve comparable surface characteristics.

In order to test the influence of absorption of the eardrum on measurements, a set of phantoms
with dyes mixed into the resin were produced. Figure 3.27 (c) shows a clear fibre glass sample
without dye and (d) one with red dye added. This will have an effect on the transmission of
different wavelengths through the eardrum and affect the measurements of the inflammation and
will be tested later. One clear phantom, 4 phantoms with different concentrations of red dye, and
two phantoms with NIR dye are produced. The concentration and resulting absorption coefficients

for these coloured samples is given in Table 3.7. The measured transmission at 532 and 808 nm
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Table 3.7: Dye concentration and resulting absorption of the fibre glass eardrum phantoms

Caye fra [1/mm]
Sample lg/kg] | 1a(532)  11a(808)
Coloured Fibre Glass NIR2 22.5 0.161 0.496
Coloured Fibre Glass NIR1 11.1 0.080 0.244
Coloured Fibre Glass white 0 0 0
Coloured Fibre Glass redl 0.45 0.056 0.004
Coloured Fibre Glass red2 1.30 0.160 0.013

Coloured Fibre Glass red3 2.27 0.279 0.023
Coloured Fibre Glass red4 4.58 0.562 0.046

and their relation is given later in Table 7.1 to explain observed experimental results. The relation
of transmitted intensity at 532 and 808 nm shows the expected decrease from black to red samples
when measured at the total area. This is not the case when measured at the centre (unscattered

light) indicating inhomogeneities of the scattering coefficient due to the fibre structure.

3.5.4 Complete Middle Ear Phantom

The middle ear phantom must be included into the optical set-up, its position, orientation, and
distance between eardrum and mucosa defined. For this a sample holder is designed and is machined
in the local workshop.

Figure 3.29 shows the holder for the middle ear phantom. The middle ear phantom consists
of the mucosa (6) and eardrum (7). The mucosa phantoms is placed on the base (1) and pushed
towards the window in the base by use of the pusher (3) and two springs (5). Additionally, a
stop (10) is placed at the side of the holder to guarantee reproducible positioning of the sample.
The eardrum phantom is placed opposite the window and held by two forceps (9). The distance
between eardrum and mucosa is defined by the wall thickness of the window and can be increased
by placing additional spacers between wall and phantom. The holder is mounted on a rotational
stage and two translation stages to allow variation of the distance from the lens, angle of the surface

towards the optical axis and change of sample position.

3.6 Compared to Real Middle Ear

The developed middle ear phantom has some differences to the real middle ear. The influence of

these differences is discussed.
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Figure 3.29: CAD model of the middle ear phantom and phantom holder with laser shown to
indicate position of optics and illumination. 1—Base, 2—Rods, 3—Pusher, 4—Post, 5—Springs,
6 — Mucosa Phantom, 7—Microscope Slide with eardrum Phantom, 8 - Rods, 9—Forceps, 10— Stop,
11—-Laser beam, 12— Objective Lens. Arrows indicating rotation («) and translation axis (z—along

optical axis, x—position on the sample) of the sample.

Thickness and fibre structure of the eardrum: The human eardrum has a thickness of 50
to 70 um at it thinnest part and shows two orthogonal fibre layers while the guinea pig has
a thickness of less than 20 um and shows only one layer and an improved model with two
stacked orthogonal orientated fibre layers is used. This model shows a similar fibre structure
but the fibres are thinner and the total thickness is lower than in the human case. But as
attenuation is mostly caused by scattering at the collagen fibres, the two layer eardrum model
is appropriate. As scattering is mostly a result of the fibres and not by particles distributed

over the whole thickness, the animal model is appropriate.

State of the samples eardrum sample ex vivo: As the experiments show it is critical to keep
the eardrums moist as the attenuation increases when drying. Also, the stored samples show
higher attenuation than a fresh sample. It is not known if there is a similar effect when
comparing in vivo and ex vivo experiments but if so, the scattering would be overestimated

in the model compared to the real case.

Direction dependent scattering of the eardrum: The eardrum shows direction dependent
scattering while some of the phantoms do not. This is not a problem as long as the radial

distribution is in accordance, as the optical system is symmetrical around the optical axis
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and not selective to the rotation angle.

Model for absorption of the mucosa: The model for change of blood flow and absorption in
the mucosa during inflammation is based on literature reporting a wide variety of properties.
Hence, the model might be inaccurate. To test this, experiments are conducted later in

Appendix F to validate that different level of blood can be detected.

Homogeneity of the mucosa: While the phantoms are homogeneous over the whole volume,
this is not the case for the middle ear. The middle ear mucosa is only around 0.8 to 1.7 mm
thick (1-1.7 for chinchilla middle ear [193] and 0.8 to 1.5 total thickness for human colonic
mucosa and sub mucosa [153]). Further, the optical properties are not homogeneous, but
absorption particles are concentrated in the blood vessels. Nonetheless, the phantom is a
valid approximation as a rather large area will be sampled and thus a homogeneous sample
can be assumed. Additionally, the reflection from tissue is mostly caused by the superficial
layers and hence deeper layers of a multi-layer phantom would only have a small influence

on the measurement. Hence, these homogeneous phantoms are valid approximation.

Influence of other structures in the ear: The ossicles, the ear canal, and cerumen are not
included into the middle ear phantom. This is a valid simplification as measurements at an
appropriate position on the eardrum (marked in Figure 1.2) make sure that the ossicles are
not within the measured volume. The use of the speculum with small aperture on the tip

ensures that light reflected from the ear canal and cerumen in the ear canal is not detected.

In summary, the developed middle ear phantom is a simplified model of the human middle ear al-
lowing repeatable experiments and variation of single parameters of the model. The simplifications

are justified and are not expected to change the experimental results.



Chapter 4

Confocal Imaging of the Middle
Ear

Confocal techniques combined with spectroscopy were selected as most suitable method to assess
middle ear inflammation. Hence, a more detailed description of confocal microscopy is given here
and experiments on a middle ear model are conducted in order to test the hypothesis that confocal

imaging through the eardrum is possible.

4.1 Confocal Imaging

Confocal imaging is used to record 3D images of thick sample or to image a single plane within the
sample while rejecting out of focus light. The penetration depth is up to 250 pm, depending on
the optical properties of the sample. For imaging, the light is focused on the point to be sampled
resulting in a high illumination power in this volume and small power everywhere else. Further,
a pinhole is placed at the image plane of the sampling area and only light originating from the
small sampled volume reaches the detector. Most other light is rejected by the pinhole as shown
in Figure 4.1. The combination of focused illumination and pinhole result in an intensity point

spread function psf of the confocal system in direction of the optical axis given by

. 4
psf(eo=0 = (F12) (a.1)

where ¢ = 2XNA®z is a measure for the z-distance, p = 2XNAr is a measure for the radius,
both normalised by NA and wavelength [195]. The point spread function is the convolution of two

. 2
identical functions (%) of illumination and detection optics. This function decreases rapidly

75
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Figure 4.1: Optical set-up of a confocal system [194]. Light from the spot on the optical axis in
the focal plane is focused on the confocal aperture and is detected. All other light, such as out of
focus (dashed and dash-dotted lines) and off-axis (solid, skewed) is blocked by the aperture and is

not detected. Illumination is not shown.

when moving away from the focus & # 0 showing the good background rejection of the confocal
imaging system.
The point spread function in traverse direction of the optical axis at £ = 0 is given by

psf(E=0,p) = (2‘];;(’“’ )) (4.2)

Again, this is a result of the convolution of two identical functions of illumination and detection
optics.

In order to create an image of the full sample the focus must be scanned across the sample. This
is a “long” process, especially when a 3D image is to be reconstructed. Also, most of the light is
rejected by the pinhole resulting in a high radiation exposure of the sample. In most applications,
the sample is fluorescent but reflection mode can also be used. A confocal system shows best
performance when the radius of the pinhole is just below 4 optical units QU = ﬁ [196]. The
axial raxia1 and radial r;,qia1 resolution of a confocal microscope are derived from the confocal point
spread functions Equation (4.1) and Equation (4.2). The resolution is given by the distance two
adjacent point spread functions need to be separated so that a dip by 26 % of the maximum power

is observed between both maxima and can be calculated according to [195].

Taxial = L5 (4.3)
Tradial = 0.445% (4.4)
As example, Figure 4.2 shows the comparison of a wide-field versus a confocal image of a cell

aggregate labelled with three fluorescent dyes taken from [197]. The confocal image is much clearer

as light from out of focus planes is rejected.
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(a) Non-confocal (b) Confocal

Figure 4.2: Non-confocal and confocal microscope image of a triple labelled cell aggregate [197].

Scale not given.

Confocal microscopy is mostly used to image small samples on a microscope but other appli-
cations of confocal systems are being researched such as endoscopic imaging of mucosa as earlier
presented in Section 2.4.4. A confocal system allows the implementation of spectroscopic measure-
ments as for example shown in [112] implementing a 3 wavelengths system or [111] implementing

a broadband system.

4.2 Imaging Inside the Ear

Imaging the middle ear through the external ear canal is restricted by the small diameter and
length of the ear canal. The diameter of the ear canal in children is about 6 mm and has a depth
of 25 mm, as described in Section 1.1. Imaging is done through the speculum of an otoscope in
order to straighten the “S” shaped canal and enable view on the eardrum. Figure 4.3 shows a
schematic drawing of the speculum of the otoscope presented in Figure 2.2. Eardrum and mucosa
are shown as simple lines indicating their position. The reusable speculum can be easily removed
and is changed between patients while the fixed speculum is attached to the otoscope. The fixed
speculum has an external thread and can be easily attached to other optical components to allow
build-up of custom optics while maintaining the normal clinical interface with the patient.

The opening of the fixed speculum poses the smallest aperture with an angle & = arctan(r/d)
(r is the radius of the smallest aperture, and d the distance from sample to the aperture) of about
4.7deg and a NA of around 0.08. At 808 nm, this results in 4.4 and 187.5 um radial and axial
resolution, respectively.

While these restrictions have to be considered in the optical setup, they will not be considered
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Figure 4.3: Sketch of the otoscope speculum including dimensions.

in the experiments conducted here. Experiments are conducted with an objective with NA of 0.4,

the smallest NA available in the system.

4.3 Experimental Setup

This section presents experiments using a commercial confocal microscope (TCS SP2, Leica, Wet-
zlar, Germany) where a target is imaged through animal eardrums showing that confocal mi-
croscopy is able to image though an eardrum model. The confocal microscope has several adjustable
excitation lasers with wavelengths ranging from 458 to 633 nm. It is designed for fluorescent imag-
ing but the settings can be adjusted for reflectance imaging. The maximum working distance with
an objective with 10 times magnification and numerical aperture of 0.4 is 3.6 mm.

The experimental setup on the confocal microscope is schematically shown in Figure 4.4. A
“1951 USAF resolution target” covered by a guinea pig eardrum is placed on the microscope. The
test resolution target is used instead of the mucosa phantoms developed earlier as an image of the
target is to be recorded and the homogeneous mucosa phantoms do not show any contrast within
one single phantom. The distance between resolution test target and the eardrum is set to either
1 or 2mm, by use of a spacer (a distance of 3mm is expected in the ear but the working distance
of the objective restricts the maximum distance). The eardrums are placed on a microscope slide,
suspended in saline solution, and covered with a cover slip to prevent drying. Images are either
recorded in wide-field transmission or confocal reflection mode.

Several tests of imaging the same target through different eardrum samples are presented, either
a single or a double layer of eardrum is used, the distance between eardrum and target is varied,

and the illumination wavelength is changed (458, 488, and 543 nm).
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Figure 4.4: Setup of the sample on the TCS SP2 confocal microscope. Yellow indicates confocal

Sample

light path, used in reflection mode, and red indicates wide-field light paths, used in transmission

mode.

4.4 Results

Recorded images of the resolution target are shown in Figure 4.5. Subfigure (a) shows a transmis-
sion image, focused on the eardrum, and the structure of the eardrum is clearly visible. Subfigure
(b) shows another transmission image, this time focussed on the target. The reflective bars of
the test target are clearly visible on the top right of the image while the rest of the image shows
poor quality as light is scattered by the eardrum placed above the target. Subfigure (c), shows
the confocal reflection images when focussed on the target recorded at 543 nm. The transmission
images are displayed to explain the confocal image. Subfigure (d) shows an image of the eardrum
only, recorded with higher magnification. The white square in subfigure (a) indicates the area
displayed in subfigure (d). The yellow lines in the images mark borders between single layered
eardrum, double layered eardrum, and no eardrum, best visible in subfigure (a). In the top right
area of the image no eardrum is present and the target is clearly visible when focused on the target
as done in subfigure (b) and (c). On the bottom right, a single eardrum layer is present and on
the bottom left a double layer is present. This transition from single layer to double layer eardrum
is clearly visible in subfigure (d). The top left area shows a folded eardrum or some other tissue
attached to the eardrum resulting in a thick sample and high attenuation. The squares marked in
subfigure (b) indicate areas analysed to measure the contrast as explained below.

A strong confocal signal of the reflective bars is visible in the uncovered area (top right). The
gain of the detector is adjusted so that these areas do not saturate in order to allow transmission
measurements. The signal in the area of the single layered eardrum (bottom right) is smaller but

still obvious and in the area of the double layered eardrum (bottom left), the signal is further
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Figure 4.5: Target imaged through a double layered guinea pig eardrum. Yellow lines mark borders
between different areas of the eardrum sample, no eardrum on the top right, a single eardrum on

bottom right, and a double eardrum on bottom left. The boxes marked in (b) indicate analysed

areas to measure the contrast.
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Table 4.1: Contrast for different wavelengths and eardrum layers. The distance between target

and eardrum is 1 mm.

Contrast

A [nm] || Unhidden Single Double 1 Double 2

458 0.66 0.28 0.13 0.07
488 0.69 0.37 0.20 0.13
543 0.65 0.35 0.22 0.15

attenuated.
To measure the unscattered transmission through the eardrum the contrast C'is defined, using

the definition of the Michelson Contrast [198]

C = Isigna‘l - Iba‘ckground (45)
Isignal + Ibackground

is measured. Isignal is the average intensity of the confocal signal of a reflective bar and Ipackground
the average signal detected in the area of the glass substrate. The analysed areas are marked in
Figure 4.5 (b) with white boxes for the signal and black boxes for the background. This measure
is applied to the unhidden, single, and two double layered areas and the analysed areas labelled
accordingly. Two areas are analysed for the double eardrum to show inhomogeneities of the sample.
Table 4.1 summarises the contrast values for the presented image.

The contrast is highest (around 0.67) for the uncovered area as expected. For the single layer
the contrast is decreased to 0.28 to 0.37, dependent on the wavelength and for the double layer the
contrast is even smaller with 0.07 to 0.15 in region 2 and 0.13 to 0.22 in region 1. The attenuation
of the eardrum is not homogeneous as shown by the two different analysed areas of the double
eardrum sample (double 1 vs. double 2). The contrast is reduced for the second area indicating a
higher attenuation. Measurements on an eardrum that is not stored in saline solution shows even
more attenuation indicating that drying increases the scattering of the eardrum.

A wavelength dependence of the contrast is visible in Table 4.1. The used wavelengths are
relatively close (difference of 85 nm) so the effect is small, but still visible. The contrast generally
increases for the hidden cases when imaging with higher wavelengths and the effect is bigger for
the double layer. This means the attenuation in the eardrum is higher for lower wavelengths. This
is in accordance with the transmission measurements presented in Section 3.4.4. It is expected
that the attenuation further reduces going to higher wavelengths allowing better images in the red
or NIR.

The distance between eardrum and resolution target also affects the contrast as seen in Ta-
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Table 4.2: Contrast for changed distance between eardrum and target.

Contrast

Distance [mm] | A [nm] || Unhidden Single

1 543 0.73 0.20
2 543 0.62 0.12

ble 4.2. New images were recorded to allow comparison of the same area for both measurements,
and only the single eardrum layer is analysed. A higher distance between eardrum and target
reduces the signal level even though the eardrum itself does not change. This effect, sometimes
called “shower curtain effect”, “tracing paper effect”; or “t-effect” in literature [199], is observed
when imaging a target through a translucent, scattering layer. When moving the scattering layer
away from the target towards the observer, the image quality degrades. In the case of confocal
imaging the contrast is reduced with increasing distance because scattered light propagates longer
to reach the mucosa target and thus the displaced distance orthogonal to the optical axis is bigger.
For small distances and forward scattered light, a detection might still be possible as the scattered
photons with small angle still reach the sampled volume while for a high distance the light has
propagated to far to be detected. Both, the contrast for the single layers as well as for no layer
in the light path decrease with distance. This effect is not expected for the plain measurement as
no scattering should appear. But as saline solution including small particles is in the beam path,
some scattering is introduced and a small decrease in contrast is observed. The effect is bigger for

the case when imaging through the eardrum.

4.5 Conclusion

When drawing conclusions from the above animal experiments to the proposed application in the

human ear the following differences have to be considered:

Wavelength: The wavelength used here is in the blue and green range (458, 488, and 543 nm)
while the wavelength used later may reach up to the NIR. The scattering and absorption
coefficient in tissues decrease from the visible to NIR range resulting in lower attenuation

and thus improved signal level when using higher wavelengths.

Distance between eardrum and target: In the confocal experiments the distance between
eardrum and target is restricted to 1 and 2mm while in the human ear the distance is

higher with 2 to 4 mm. The signal will decrease when increasing the distance.
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Reflection of mucosa compared to the test target: The target used here is a 1951 USAF
resolution test target where the reflection of the target varies from almost completely re-
flecting to almost no reflections. The mucosa is less reflective and shows a contrast between

healthy and inflamed of around 20 % only [63].

Numerical Aperture The NA used in the experiments here is 0.4 while the maximum possible
NA in the middle ear is 0.08. This will reduce the background rejection ratio of the system

and signal power.

As the described experiments show, confocal reflection images of a resolution test target can
be taken in the blue and green wavelength range when placed behind a single and double layer
of guinea pig eardrum in 1 and 2mm distance. No image could be acquired for a dry guinea pig
eardrum.

The increased thickness, increased distance between target and eardrum, as well as less re-
flectivity of the mucosa compared to the test target decrease the signal in the human case. A
change in wavelength to the NIR range would results in an increased reflection signal. Further,
the illumination power and acquisition time can be increased to increase the detected signal, but
must be kept within the health and safety limits.

It is assumed that an increase in input power and use of longer wavelengths will allow imaging
even with increased attenuation of the eardrum and reduced reflectivity of the mucosa. Hence, a

confocal system will be developed in order to assess the middle ear inflammation.



Chapter 5

Anti-Confocal System

The previous chapter showed that it is possible to record images through most eardrum samples
investigated. Hence it was concluded that confocal techniques are suitable to assess the middle ear
and reject background signals from the eardrum.

Confocal imaging is well suited to image a layer embedded within a sample and by selecting one
single plane to be imaged and rejecting light originating from all other layers. But the investigated
geometry is different, a target volume needs to be sampled (middle ear mucosa) and it is separated
from superficial layers (eardrum) by an air gap (middle ear cavity). This means no sharp cut off
between rejection and detection planes are necessary and time consuming scanning becomes neces-
sary to cover a representative volume of the mucosa instead of just a single point or plane. Further,
confocal imaging has the disadvantage of rejecting most of the light and thus need for sensitive
detectors and high illumination power posing a risk to the sample [194]. Another disadvantage in
the case considered here is the unknown position of the target layer and the resulting need to scan
through the sample along the optical axis in order to find its surface.

All this leads to the idea of an “anti-confocal” system, inverting the confocal idea by rejecting
only light from a thin plane while detecting all other light. This anti-confocal system is presented
and investigated in this chapter. First, similar ideas in literature are presented, then the concept is
explained in detail, and the system simulated. Variations of the properties of the sample (scattering
of the eardrum, distance between eardrum and mucosa, surface angle and roughness) and the
optical system (position and radius of the stop, position of the focus, detection and illumination
NA) are investigated to allow optimisation of the optical system and characterise its behaviour over
a wide variety of samples as no ear is like the other. All results are compared to a conventional
confocal system with respect to detected signal level and background rejection in order to test

whether the anti-confocal system introduces an advantage over the confocal system.

84



CHAPTER 5. ANTI-CONFOCAL SYSTEM 85
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Figure 5.1: Idea of indirect confocal imaging [200]. (A) showing the tissue structure, (B) imaging

using a confocal system, and (C) imaging in the indirect mode.

While this chapter deals with the principle of the anti-confocal system, and its ability to separate
signal from background, the next chapter is based on this investigation and will introduce multi-
spectral measurements to assess the haemoglobin content. Experimental validation is presented

later in Section 7.

5.1 Literature

A similar idea to “anti-confocal” imaging, called “indirect mode” is presented in [200,201] where
a transmissive annulus, as shown in Figure 5.1 (C) top, is used to reject reflections and directly
scattered light. This is in contrast to the confocal imaging or direct mode (B) imaging where
only these direct components are detected. This method is applied to imaging the human ocular
fundus and enables improved imaging of sub-retinal structures. It is shown that the light detected
with indirect mode increases with wavelength (in the investigated range of visible and NIR) as
light is penetrating deeper into the tissue and thus the indirect component is increased. In general
the amount of detected light is a function of light penetration depth, stop, and aperture/pinhole
radius. While confocal imaging emphasises thin or highly reflective and backwards scattering
features, indirect mode imaging emphasises features that scatter light laterally, such as liquid
accumulation [200] and shows good contrast for large vessels [201].

This idea is also implemented in spectroscopic imaging of the ocular fundus [202] and blood

oxygen measurements in retinal vessels [203]. Either the transmissive annulus (central stop and
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Figure 5.2: Optical principle of the anti-confocal system compared to the conventional confocal

system.

large pinhole) or a central stop is used to reject unwanted signal components with the system called
“anti-confocal” and “anti-pinhole”, respectively.

In all cases the anti-confocal filtering is applied to imaging of the ocular fundus and no other
uses have been found. Also, the description and characterisation of the system is minimal. Hence,
the system will be investigated and characterised in this chapter. It is encouraging, that the above
presented literature use spectroscopy and blood vessel oximetry in context with the anti-confocal

system showing that detection of blood content should be possible.

5.2 Principle

The schematic setup of the anti-confocal system is compared to a confocal system in Figure 5.2.
The sample shown simplified on the left is composed of the mucosa (red), and air gap indicating
the middle ear cavity, and the eardrum (blue). In the confocal system the illumination beam
(yellow, dotted) is focused on the mucosa. Hence a large area of the eardrum is illuminated, while
only a small area of the mucosa surface is illuminated (not considering scattering). Reflected
and backscattered light is collected by a lens, passed through a beam-splitter, used to couple the
illumination beam in, and focused on a pinhole. Light originating from the mucosa surface (red,
dashed) is in focus at the plane of the pinhole and passes through and reaches the detector. Light
originating from the eardrum (blue, solid) is out of focus at the pinhole plane and most light is
rejected. Light scattered inside the mucosa will be rejected the same way, only that it is focused

in front of the pinhole rather than behind. Both the pinhole as well as the focused illumination,
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directing most power to the sampling volume, result in the good background rejection ability of
the confocal system.

But this shows already a disadvantage of the confocal system applied to diagnosing inflamma-
tion in the middle ear mucosa: Light scattered inside the mucosa, and carrying most information
about its properties is rejected by the confocal pinhole. Hence, depth scanning would be necessary
to acquire information about the inside of the mucosa as well as radial scanning to image an area
to acquire average properties instead that of a single small spot. This would result in relatively
long imaging times and low signal from inside the mucosa as attenuated by superficial mucosal
layers and the eardrum.

In the anti-confocal case the illumination is focused on the eardrum rather than the mucosa,
and a central stop blocks all light inside its radius rather than outside. The stop is placed in the
focal plane of the eardrum as opposed to the pinhole placed in the focal plane of the mucosa. Thus,
light originating from the eardrum is in focus at the stop and does not reach the detector. Light
originating from the mucosa is out of focus and most of the radiation reaches the detector. This
means a much larger area is sampled and less light lost due to spatial filtering. Hence, scanning
might not be required, depending on the homogeneity of the mucosa and its sampled volume.
This will be investigated later. On the other hand the resolution is greatly reduced, but this is
not of importance here as no image is required, rather a single measure about the severity of the
inflammation is desired.

The radius of the stop needed to reject most light from the eardrum depends on several factors.
Firstly, it must be bigger than the illuminated area on the eardrum in order to reject all reflections
and directly scattered light. When the eardrum gets thicker, the focal spot increases according to
the thickness and beam aperture and thus the stop radius must be increased. Finally, increased
scattering and increased thickness will result in light being scattered inside the eardrum resulting
in light backscattered from outside the directly illuminated area and the stop radius must be
increased further to reject these components as well. But an increase in the stop radius results in
a decrease of detected signal from the mucosa. A compromise between detection of signal from the
mucosa and rejection of signal from the eardrum must be found. This will be investigated in the
following section.

Imaging inside the ear is restricted to a small NA of 0.08 by the speculum as illustrated in
Figure 4.3. This has the disadvantage of restricting the detectable light. On the other hand it acts
as an aperture rejecting light that was scattered far inside the ear and sampled other structures
such as ear canal and ossicles that are not included in the model. These structures pose other
background sources that cannot be rejected by the anti-confocal stop. But as they are rejected

by the small speculum aperture the simplified model of the middle ear composed of mucosa and
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eardrum only is valid.

5.3 Simulation Methods

The anti-confocal system and the middle ear are simulated using MATLAB in order to allow
prediction of its performance and investigate the system itself. First, Monte Carlo Methods for
light propagation in tissues and then the geometrical optics code used to propagate the photons
inside the optical system are explained and tested, then the simulated geometry, and finally the

simulation results are presented.

5.3.1 Monte Carlo Method

Monte Carlo Methods are widely used in tissue imaging to simulate light propagation inside a
tissue with given optical parameters (absorption and scattering coefficient, scattering anisotropy,
and refractive index). Single random paths of photons are simulated inside the tissue, with these
paths then combined to give an approximation of light propagation in the tissue. The more photon
paths simulated the more accurate the simulation gets.

Monte Carlo simulations are described in detail elsewhere [204,205], with example code available
online [206] and a basic structure of the code is shown in Figure 5.3. The steps of the simulation

of a single photon path are:

1. First the photon is launched into the tissue. The incident position is randomly chosen
inside the illuminated area and the direction is given by the illumination system (focus,

beam profile, etc.) and the weight w of the photon representing its power is given by 1.

2. The photon propagates a random distance [ inside the tissue according to an exponential
function and the mean free path M F'P. The distance in the code is given by

—log(¢&)

l= —log(g)-MFP:
Mt

(5.1)
where £ is a random variable distributed between 0 and 1.

3. At the new position an interaction with the tissue occurs, some of the energy is absorbed
and the weight of the photon reduced according to the albedo «
Ha

Wpew = Wold * (1 - a) = Wold - (1 - ;) (52)
t

and the photon is scattered. The new propagation direction is given by two random vari-

ables, one determining the deflection angle ¢ (angle to the original propagation direction)
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according to the Henyey Greenstein function

! ) - 1\

and the second one determining the azimuthal angle ¢ (rotation around the original propa-

gation direction) according to

W =E&2m (5.4)

4. If the weight of the photon is to small to have a significant effect on the final result (for
example w < 0.001 as used here) it is either eliminated or its weight increased. The relation
of elimination and increase of weight keeps the total power in balance, as 9 in 10 photons

are eliminated and the weight of one in 10 photons is increased by a factor of 10.

5. When the photon step size is big enough to pass an interface between two layers the photon is
moved a reduced distance to the interface and no scattering or absorption occurs. According
to the reflection ratio given by the Fresnel formula, the refractive indices of the media n; and
ns, and the incident angle ¢;

_ sin(¢; — ¢¢)? | tan(d; — ¢y)?
fi=05: (sin(qbi T 002 | tan(es + qﬁt)?) (5:5)

with the transmission angle ¢ calculated by sin(¢;) = sin(¢;) - Z—; The photon is either

reflected or transmitted, again determined by a random variable. If reflected, the photon
moves the remaining distance backward in reflection direction; if transmitted the direction
is changed according to refraction and the remaining distance scaled according to the MFP

in the new layer.

6. The simulation of one light path is ended when the photons weight is too low or the photon
exits the medium and is final weight, exit position, direction, and path inside the medium

are recorded for further processing.

In the reported code [206] scattering and absorption occur on every interaction with the mate-
rial. The absorption is scaled by the albedo o = % giving the relation of absorption to attenuation
coefficient but the scattering is not scaled. This results in a dependence of the number of scattering
events on the absorption coefficient which is not given in this form in reality. Increased absorption
of the material results in shorter light paths and this is considered by the weight of the photons.
The original form of the code would increase the number of scattering events in this light path
as the number of interactions is increased, even though the number of scattering events should

be constant during the same propagation distance. This is corrected in this code by introducing
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Figure 5.3: Structure of the Monte Carlo code.

scattering only in some of the interactions according to the relation of scattering to attenuation
coefficient and using a random number (scatter only if £ > «).

Another change of the code is to replace the specular reflection at interfaces by diffuse reflection.
Lambertian reflection is implemented as explained in Appendix B with an option to combine both
specular and Lambertian reflection. Further, the time consuming simulation of scattering inside
the mucosa is replaced by a model giving the exit angle and exit radius of photons directly. This
model is explained and tested in Appendix B and used in this chapter but not in Section 6 which

is based on white Monte Carlo simulations explained below.

5.3.2 White Monte Carlo

Monte Carlo simulations are time consuming, especially when the same geometry is simulated while
changing scattering and absorption coefficient. "White Monte Carlo’ codes try to solve this problem
by performing a base simulation and then scaling the results according to the new scattering and
absorption coefficient. Alerstam [207] introduces a code for modelling single layered tissue and
Liu [208] introduces a code that can be used for the scaling of multiple layers. None of the codes
is able to scale the scattering anisotropy.

The codes are explained first and then compared to normal Monte Carlo simulation results to
ensure correct implementation. The white Monte Carlo code will be used to simulate the spectral
reflectance of the mucosa dependent on blood content presented in the next chapter, while the

normal Monte Carlo code is used in this chapter analysing the anti-confocal system.
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Single Layer

The code introduced in [207] is applicable for a single layered medium filling a half space. The

Monte Carlo code is similar to a normal Monte Carlo code, except for the following changes:

e The tissue is simulated without any absorption (u, = 0) and a base scattering co-
efficient ps0 (a maximum expected scattering coefficient is used in [207] but this is not

necessary, any value can be used).

e The step size of a photon is chosen according to the scattering coefficient rather than the

attenuation coefficient [ = %S‘C) as no absorption is included.

e A photon is eliminated after it travelled a predefined distance instead of calculating its
weight. This is a source of error as the power of the eliminated photon gets lost. In normal
Monte Carlo code a proportion of the photons are kept alive and their weight multiplied by
the probability to be eliminated and thus the total power is kept constant. But if the path

length is chosen to be long enough, this error is negligible.

The simulation results are then scaled to fit the tissue properties. Dimensions d (path length,
exit distance of a photon from the incident point, ...) are scaled according to
d=dy- =0 (5.6)
s
where d is the new dimension in the medium with scattering coefficient ps and dj is the distance
resulting from the simulation with randomly chosen scattering coefficient jiso. The weight w of a
photon is scaled according to
0
w = exp (—pap) = exp <_Map0M‘:> (5.7)
S
where p is the path length of the photon inside the tissue scaled by the scattering coefficient as
given in Equation (5.6).

Multiple Layer

Liu et al. [208] (based on [209]) extend this scaling to multiple layers and semi-infinite slabs. Again,
the code is based on normal Monte Carlo code and the step size is determined as previously. But
here, a photon is terminated after a predefined amount of scattering events [209] instead of using
the path length. The power of the eliminated photon is lost and the same error is introduced as
previously.

A baseline medium with a single layer is simulated. Virtual interfaces are then placed inside

the medium to build up a multi layered tissue. In order to do so, the position of photon must
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be tracked over the whole medium to be able to choose the positions of layer interfaces freely.
The position of each photon is saved in a grid and the position of the photon at the interface
interpolated. This introduces a small error (when the layer surface does not fall onto a grid-line)
that can be minimised without increasing the data when using a variable grid size, with smaller
grid closer to the surface where the influence of errors is bigger.
Scaling of the photon weight is done according to the scattering events N in each layer ¢ and
the attenuation and scattering coefficient
" e N
s,
w:H(M) (5.8)
The distances are scaled separately for each layer and the final distance is a sum of travelled

distances in all layers.

A=Y d- "0 (5.9)

i1 Ht,i
It has to be noted that the attenuation coefficient p is used here in contrast to the scattering
coefficient pg as previously. Further, the thickness ¢ of each layer is scaled according to

Ht,i
Ht,0

t=1to- (5.10)

It is not explained how refraction at layer surfaces with different refractive index is handled.

Inaccuracies in the Reported Codes

The first obvious problem is that distances are scaled by 4 in [208] while g is used in [207]. The
latter is correct as the path length in the white simulations is only affected by the scattering coef-
ficient, not the absorption. Attenuation is included later using scaling of the weight. Simulations
confirm this as shown in Figure 5.4 where simulations scaled by gy match the normal simulation
better.

Second, the use of number of scattering events N when scaling the photon weight in Equa-
tion (5.8) is invalid. The weight is scaled by the albedo « and thus the relation between scattering
and absorption events is considered. But then the scaling is only applied to scattering events, not
all possible events including absorption events. Hence, the number of scattering events must be

multiplied by é in order to get the number of all possible events. This error is similar to

_ stita
T
the one in the normal Monte Carlo code where scattering was done on every event, including the
absorption events.
Third, the minimum weight determining the elimination of a photon determines the spread

of the signal. A higher weight results in photons being eliminated earlier and long paths are

not simulated. Figure 5.4 ¢) and d) shows this effect, in the normal simulation a photon was
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1

10mm™" in white MC simulation with p, =

0.5mm ! in the top two graphs and p, = 5mm ™! in the bottom figures. The backscattered signal

dependent on the distance from incident point on a semi-infinite slab is simulated. The radius from

the incident point is sampled from 0 to 5mm in 0.1 mm steps, all photon with exit radius larger

than 5mm are binned into one value. All values for the white simulation are calculated from the

same base simulation.
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eliminated when the weight was smaller than 0.00001 and only short paths and small exit radii

appear, while in the white simulation a photon was aborted after 1000 scattering events equivalent

1500 — _ pa 1500

TR, . Thus, longer

to % - 1000 = 1500 total events and an elimination weight of «
paths are sampled.
When the absorption coefficient gets much smaller than the scattering coefficient as it is the

case for most tissues, the above effects are negligible.

Code Implemented here

The code implemented here is a mixture of both the above presented codes and the structure is
shown in Figure 5.5. A photon is eliminated after 1,000 scattering events. In [209] a photon is
eliminated after 20,000 scattering events. This was tested for geometry 6.1b (explained later) and
the difference was not significant but the simulation took 4.2 times longer. Scaling of the photon
weight is done according to the path lengths as introduced in [207]. Only the code for a single
layer is implemented as scaling of multiple layers is not necessary as only the properties of the
mucosa are to be changed according to the blood content. Further, the tracking of photons in the
whole medium poses more requirements regarding code, storage, and computation time and the
code does not implement refractive index changes between the layers which would be necessary at
the air-tissue interface in the ear.

Further, it was discovered that the code for a single medium can be used to scale the absorption
coefficient of multiple layers and scattering coefficient of the last layer, a semi-infinite slab. The
scattering coefficient of all other layers must be set to the desired one. Hence, this code can be
used to scale the absorption coefficient of eardrum and mucosa, and scattering coefficient of the

mucosa.

5.3.3 Geometrical Optics for Propagation inside the Optical System

The inputs to the Monte Carlo simulations are the entry position on the surface and propagation
direction of the photon. The focused input beam is sampled as described in [210]. The input
position of the photon is given by a random position within the input beam and the propagation
direction is calculated according to the position and NA of the optics. The Monte Carlo simulation
implemented here accounts for the refraction at the surface so that the calculation of the depth of
focus in the tissue as done in [210] is not necessary.

The output of the Monte Carlo simulations are the exit position of the photon, its direction,
weight, and saved path inside the medium (optional). This information is used as input for the

simulation of the optical system in order to calculate the incident power at the detector. A paraxial
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Figure 5.5: Structure of the White Monte Carlo code.

approximation and a skew optics calculation are implemented. The first one is used for small NA

of the system and the second one when a higher NA of the system is tested.

Paraxial and thin Lens Approximation

Lenses are approximated by thin lenses and angles are assumed to be small resulting in the cosine of
the angle towards the optical axis to be 1 (cos(y) & 1) and the sine and tangent are approximated
by the angle itself (sin(vy) =~ ~ and tan(y) = =), according to the paraxial approximation. The
paraxial approximation is valid when the system with small NA of 0.08 is simulated. For example
the error e = %(na()a) is 0.11 % for the angle @ = 0.08rad = 4.6 deg equal to the NA of 0.08.
The formulae for geometrical optics in the 3-dimensional case are described in [211]. For the 3-

dimensional case the components x and y perpendicular to the optical axis z can be calculated
independently and the output position z’ and output angle o’ are given by
/

v | " (5.11)
cos(’) cos(a)

where = and « are input parameters, and M is the propagation or refraction matrix. For the y-
components z is replaced by y and « by the angle in y-plane 8. The z-dimension is not calculated

as cos(7y) is assumed to be 1. The propagation matrix for a free air space is

1 d
My = (5.12)
0
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Figure 5.6: Geometry used for skew ray propagation, only two dimensions are shown.

with propagation distance d, and the matrix for refraction at a thin lens is

Myons = (5.13)

with the focal length f.

Skew Ray Optics

The paraxial approximation is not true for photons with high angles towards the optical axis. This
is the case when simulating optical systems with higher NA. Thus, a second code is implemented
to propagate the photons through the optical system without using approximations. The formulae
for non-paraxial and non-meridional or skew rays are given in [212]. Instead of the thin lens
approximation, the real lens definitions are used here, given by the surface curvatures, thickness,
and refractive index of the materials. Hence, the propagation through a singlet lens is composed
of three actions, refraction at the first surface, transmission through the lens to the second surface,
and refraction at the second surface. The new coordinates (2’ and y') and angles (o’ and ')
are calculated as done previously according to Equation (5.11) and the calculation of the third

dimension 2’ and angle " changes to

2 z

= Mrefraction . (514)
cos(y') — K/(c - nout) cos(7)
for refraction and
'+ z
= Mtransformation ‘ (515)
cos(+) cos ()

for transformation.
The propagation and refraction matrices are defined differently. Figure 5.6 shows a sketch of

the geometry of an optical system showing only two dimensions for simplicity. The matrix for
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propagation in a medium is given by

1 T
Miransformation = (5 16)

0 1

F
T = 5.17
—E++VE?—cF (5.17)
E = c-[dcos(y) + xcos(a) + ycos(B)] — cos(7) (5.18)
F = c(P+2®+y°)—2d (5.19)
1
= - 2

¢ = - (5.20)
d = z—vw (5.21)

with the surface radius r of the lens with curvature ¢, v the distance on the optical axis from
start position to intersection of the next interface with the optical axis, and F and F' are dummy
variables to simplify the formula. z is the distance from the intersection of the interface at the
optical axis to the z-position where the ray hits the interface.

The matrix for refraction at a medium interface is given by

1 0
Mrefraction = (522)

_K/(SQnout) nin/nout

K'—OnmeMYUCMW)WNM@ (5.23)

TNout

_cos(7)(1 — cz) — cos(a)ze — cos(B)yc
cos(p) = S0 (5.24)

SQ = VE24+y)+ (1 c2)? (5.25)

5.3.4 Test of the Code

The code is tested and compared to codes presented in literature in order to ensure correct imple-

mentation.

Monte Carlo Code

The standard and white Monte Carlo code are tested on and compared to the results of the tests
geometries described in [204], Chapter 6.1, 6.2, and 6.6.

The first geometry (6.1a) is a single slab with refractive index of 1, scattering coefficient of

1 1

9mm -, absorption coefficient of 1 mm™", anisotropy factor of 0.75, and a thickness of 0.2 mm.
50,000 photons are simulated and total transmittance and reflectance recorded. Results of the
normal and white Monte Carlo code implemented here and the reference code are given in Table 5.1.

Second, the total reflectance of a semi-infinite half space with refractive index of 1.5, scattering
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Table 5.1: Results of test geometry [204] 6.1a). The average and standard deviation of 5 indepen-

dent simulations is given for the tested code.

Source

‘ Reflection

‘ Transmission

204]
standard Code
white Code

0.0973 £ 0.0004
0.0973 £ 0.0005
0.0978 £ 0.0010

0.6610 £ 0.0002
0.6611 £ 0.0013
0.6605 £ 0.0010

Table 5.2: Results of test geometry [204] 6.1b). The average and standard deviation of 5 indepen-

dent simulations is given.

’ Source ‘ Total Reflection

[204] 0.2591 + 0.0017
standard Code | 0.2590 £ 0.0009

white Code 0.2595 £ 0.0007

coefficient of 9mm™!, absorption coefficient of 1 mm™!, and anisotropy factor of 0 is simulated
using 50,000 photons and the results is presented in Table 5.2.

The angular resolved reflectance and transmission of a slab is tested in 6.2. The optical prop-
erties are the same as in 6.1a and 100,000 photons are used this time. Figure 5.7 compares the
angle of the exiting photons of both simulations.

Finally, a multi layered tissue is simulated. Transmission through three layers and the reflection
are recorded and resolved by distance of exit position to incident position. The optical properties
of all three layer are reported in [204], 100,000 photons are simulated, and total transmittance
and reflectance reported in Table 5.3 and the radial resolved transmittance and reflectance in
Figure 5.8. Tt has to be noted that the radial position in the multi-layer geometry (6.6) is scaled
by the area (circumference and radial step size) thus the units of mm~2. Further, no reflection at
the first surface is considered in this simulation.

The presented tests involve single and multiple layered tissues, transmission, reflection, radial,

Table 5.3: Results of test geometry [204] 6.6. The average and standard deviation of 5 independent

simulations is given.

Source ‘ Diffuse Reflection Transmission

[204] 0.2375 0.0965
standard Code | 0.2390 # 0.0021 | 0.0959 = 0.0010

white Code 0.2392 £ 0.0027 | 0.0963 £ 0.0011
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Table 5.4: Test of different implementations of the white Monte Carlo code using normal code and
white code implementing scaling of absorption and scattering coefficient. White base simulation

for test of scaling of the scattering coefficient was done with yso = 20mm 1.

10% photons were
simulated for each run. The average and standard deviation of five simulations are given here.
“white N” means the weight was calculated by the number of scattering events, “white p” means

the weight was calculated by the path length.

coefficients Reflection [%]
[mm_l] scaling of jia scaling of pa and pus
s Ha normal white NV white p white N white p

10 10 0.108 £ 0.004 0.070 £ 0.002 0.225 £ 0.005 0.071 +0.003 0.232 +£0.011
10 1 3.144 £ 0.034 3.129 £ 0.036 3.515 £0.048 3.157 £ 0.050 3.548 £ 0.060
10 0.1 25.871+£0.095 | 25.870+0.096 26.050 £ 0.102 | 26.107 £ 0.071  26.256 & 0.069

and angular distribution of the signal. The results of both codes are similar (within variability due
to the random nature of MC simulation) to the reference, indicating a correct implementation of
the code used here.

None of these tests checks for correct implementation of the scaling of the scattering coefficient
in white simulations. Hence, a custom test geometry is set up and simulations performed to test
scaling of the scattering coefficient in the white Monte Carlo Code. Results from the normal, white
code with actual simulated scattering coefficient, and white code with scaled scattering coefficient
are compared. The geometry is a semi-infinite slab and the reflection signal is registered. Optical
parameters and total reflection values are given in Table 5.4 and Figure 5.4 shows the radial
distribution indicating correct scaling of dimensions (scaling by scattering events, not path length).
100,000 photons are used for simulation, five simulations were conducted with the average and
standard deviation shown in the table, and reflection at the surface is neglected.

An error between the different implementations is visible for high absorption coefficient but
falls within the error due to the random nature of the Monte Carlo simulation for small absorption
coefficients, that are typical for tissues. Scaling by scattering event produces more accurate results

and is implemented here.

Geometrical Optics

The code for geometrical optics was compared with the results of the design software for optical
systems “WinLens3D” (Qioptiq, Paris, France). A single lens system is simulated, using the thin

lens approximation for paraxial optics and a completely defined lens for skew optics. The tested
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geometry is shown as sketch in Figure 5.9 on the top. The lens has a focal length of 30 mm (AC254-
030-B, Thorlabs, Newton, New Jersey, USA) and is an achromatic doublet. The distance from the
object to the first lens surface is set to 40 mm, and the distance to the image is 120 mm for the
thin lens approximation and 115.08 mm for the complete defined skew ray test.

Several rays are tested, as shown in Figure 5.9 in subfigures 1 to 5. In the first one, only one
plane is used. The ray starts at distance x = o off axis at the object (indicated by the red dot)
and propagates to the optical axis at the lens surface (indicated by the tip of the arrow). In the
second test only one plane is used again, but the propagation angle is changed, the start position
is the same but the ray propagates parallel to the optical axis. In the other tests the geometry is
expanded to 3 dimensions. In (3) the start position is the same, but the ray moves in an angle of
45 deg and reaches the lens at = 0 and y = 0. In (4) the y-coordinate is included into the start
position (z = y = 0/v/2) and the ray reaches the lens on the optical axis. And finally, in (5) the
ray propagates in a way that the optical axis is not passed.

To change the rays in WinLens3D, one must open the table “Single Ray” and change the input
“Field X/Y” and “Apt. X/Y”. Both field are values between —1 and 1, where 1 for the field
means the ray starts at the maximum diameter of the object o, and —1 results in —o. The value
for “Apt.” gives the position where the ray passes the aperture, and a value of 1 again means
maximum aperture. The image position is given by “X” and “Y” of the last plane called “Img”
and the cosine of the angle to the optical axis is given by the field “N”.

The calculated position at the image plane and the angle between the ray and the optical axis
are compared for WinLens3D and the implemented MATLAB code and results shown in Table 5.5.
The results fit well, showing that the code is correct. The variation in the position calculated with
skew optics and the thick lens compared to the paraxial approximation result from aberrations
of the lens that are not calculated by the approximations and are the same for the WinLens3D

reference and for the implemented code.

5.4 Simulation of the Anti-Confocal System

After the anti-confocal system and simulation code have been explained, the simulated geometries

and the simulation results will be presented in this section.

5.4.1 Simulated Geometry

First, the transmission experiment to characterise the eardrum and eardrum phantoms presented
in Section 3.4.4 was simulated in order to determine the optical parameters of the eardrum. Results

were presented earlier.
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Lens

Figure 5.9: Test Geometry for geometrical optics code. The top drawing shows the system com-
posed of a doublet lens, object, and image. The images on the bottom show 5 tested rays, when
looking along the optical axis of the system. The red arrow indicates the tested ray, starting at
the object at the position marked with the dot and hitting the first lens surface at the end of the

arrow. The cases 1 and 2 are shown in the top sketch.

Table 5.5: Comparison of WinLens3D (WL3D) results with the code implemented here

0.988  0.988 2 45 1.948 1948 | 4.198  4.198
0.988 0.988 | 3.692 22.5 1.536  1.537 | 4.159  4.160

Inputs/Object Outputs/Image
Size o Angle « Angle o Size i

Case x y Qo %) WL3D code | WL3D code

1 0 1.397 2 90 2.000 2.000 4.190 4.191

2 0 1.397 0 90 2.666 2.666 4.191 4.191

paraxial 3 -1.397 0 2.828 45 2.108 2.109 4.191 4.191

4 0.988 0.988 2 45 2.000 2.001 4.190 4.191

5 0.988 0.988 | 3.692 225 1.600  1.602 | 4.190 4.191

1 0 1.397 2 90 1.948 1.948 4.198 4.198

2 0 1.397 0 90 2.617 2.617 4.207 4.207

skew 3 -1.397 0 2.828 45 2.058 2.059 4.190 4.191
4
5
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Table 5.6: Optical parameters of the simulated middle ear

scattering coef., scattering absorption coef., refractive thickness,
Layer s [1/mm] anisotropy, ¢ Ha [1/mm] index, n t [mm]
Eardrum 11.00 0.990 1.800 1.43 0.1
Middle ear cavity 0 0 0 1 3
Mucosa 6.25 0.897 0.035 1.40 inf.

Next, the complete anti-confocal system is simulated. Two slightly different geometries were
simulated, one including the otoscope speculum and one without. The first variation is used to
characterise the anti-confocal system and simulate the influence of different parameters on the
performance. The latter is used to investigate changes of the NA of the system and in the next
chapter simulating spectroscopic measurements. The reason for this is that the optical bench top
setup was implemented without the speculum in place and simulations are intended to be as close
to the optical setup as possible.

The simulated sample consists of 4 layers, layer 1 includes the optical system and the medium is
air. The middle ear is composed of eardrum, air-filled middle ear cavity, and mucosa with infinite
expanse. The properties of these three layers are summarised in Table 5.6 and were defined in
Section 3. The illumination is simulated by a beam with homogeneous power distribution, focus
angle given by the NA, and focused on the eardrum surface. These settings are used as standard
parameters in all simulations unless stated otherwise.

Figure 5.10 shows the complete simulated geometry of middle ear and optics used to characterise
the anti-confocal system. For simulations presented in this chapter, both lenses are simulated with
a focal length of 30 mm and placed 2f = 60 mm apart. In all simulations using the small NA of 0.08,
the lenses are simulated as thin lenses and a paraxial approximation is used for light propagation.
In the case simulating higher NA real lens models and skew optics formula are used. The stop is
placed in the image plane of the eardrum. The speculum aperture is placed 9.9 mm away from the
eardrum (resulting from an average distance of the speculum to eardrum of 13 mm [45] scaled to
the focal length of the simulated lens) and has an aperture radius of 1.5 mm.

The aperture is only used when simulating the system with NA of 0.08 and varying the other
parameters but not used when simulating different NAs. The radius of the objective lens aperture

is r = D/2 with the diameter D given by the NA of the system as follows.
D = tan(arcsin(IVA)) - 2f (5.26)

The system without speculum was simulated in order to compare simulations with the exper-

imental system. Dimensions were adapted to the experimental system, the objective lens has a
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Figure 5.10: Simulated Geometry with both stop and pinhole position shown. Dependent on the

simulation parameters either pinhole, stop, or both elements are used.

focal length of 80.3 mm, and the distance between both lenses is 90 mm. The beam splitter is not
simulated and the aperture of the speculum removed. The radius for the objective lens aperture
of 6 mm is used in the simulations giving an NA of about 0.08. Skew optics are used here instead

of the paraxial approximation.

5.4.2 Variable Parameters of the System

Several parameters of the optical system as well as the middle ear can change and might have an
influence on the measurements. While parameters of the optical system can be changed (within
certain limits) the parameters of the middle ear cannot be controlled. During simulations of the
anti-confocal system below, simulation of spectroscopic measurements (Section 6), and experiments
on the anti-confocal, and spectroscopic system (Section 7) these parameters will be varied and their
influence on measurements investigated. Table 5.7 summarises these parameters, their standard
value, and variation range during simulations.

The absorption of the middle ear mucosa is influenced by the inflammatory state and blood
content and is the value to be measured. It changes during inflammation, is wavelength dependent,
and spans the range from 0.037 to 2.74mm™'. A constant value is used during the investigation
of the anti-confocal system and is only varied when investigating spectroscopic measurements of
inflamed tissue. The stop radius is to be optimised, finding a trade-off between low detected signal
from the eardrum and high signal from the mucosa.

According to previously presented theory the anti-confocal system is best focused on the
eardrum, nonetheless, a shift of the focus is investigated. Further, a combination of confocal
and anti-confocal filtering is investigated. Last, the NA of the system can be adopted as well. The

maximum possible NA of the optics within the otoscope speculum is 0.08. A smaller illumination
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Table 5.7: Parameters that can change in the optical system and the middle ear and can have an

influence on the anti-confocal measurement of inflammation.

Parameter Standard Value Variations

Parameters of the Middle Ear

Absorption of the mucosa dependent on inflammatory state

Scattering of the mucosa 6.25 +5, 10, 20%

Absorption of the eardrum 1.8 A dependent and independent change
Scattering of the eardrumn g =0.99; g = 11mm*' g =0.9,0.6; s =22, 33, 44mm !
Distance between eardrum and mu- 3mm 0.1, 0.5, 2, 4,8 mm

cosa

Roughness of the surfaces flat rough

Angle between eardrum and mu- 0° 5,10°

cosa

Parameters of the Optical System

Stop radius to be determined

Combination of pinhole and stop stop only stop & pinhole

Focus on eardrum surface focus shifted towards eardrum
Illumination NA 0.08 0.003

Detection NA 0.08 0.027-0.27

NA will reduce the complexity of the optical system as less lenses are required for beam expansion
and its influence on the system tested. A maximum possible NA is assumed to be best as more
signal can be detected, this is tested by varying the NA over a wider range of 0.027 to 0.27.
While the absorption of the mucosa is the change to be measured other parameters of the
sample can influence the measurement and may make detection of the absorption impossible. To
investigate their influence each parameter is changed while all other parameters are kept constant.
These parameters are listed in Table 5.7 and shortly explained here: The scattering coefficient of
the mucosa which will directly influence the back scattered signal but changes might be compen-
sated for my multiple wavelength measurements. The absorption and scattering characteristics
of the eardrum will influence the signal level and distribution reaching the mucosa as well as the
background signal from the eardrum itself. The distance between eardrum and mucosa will influ-
ence the spread of the signal and thus the illuminated area on the mucosa as well as the need for a
sharp cut-off between signal and background planes. Finally, the orientation angle and roughness
of both eardrum and mucosa will influence the distribution of reflected light and thus influence the

signal level detected by the system with NA of 0.08.
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The influence of most of these parameters on the anti-confocal is discussed in the results below.
Absorption of eardrum and mucosa are wavelength and inflammation dependent and hence, are
not discussed here as only the performance of the anti-confocal system is investigated but are
included later when discussing spectroscopic measurements. Also, scattering of the mucosa is not

investigated here as multi-wavelength measurement might be able to compensate for these changes.

5.4.3 Results

In order to analyse the performance of the confocal compared to the anti-confocal system, the
signal-to-background (SBR) is proposed analogue to the commonly used signal-to-noise ratio
(SNR). The signal s is calculated as the sum of the weight of photons exiting the middle ear
that reached the mucosa surface or penetrated the mucosa and thus carry information about the
mucosa. Background b on the other hand is defined as the photons that do not reach the mucosa
and have been back scattered by the eardrum and have then been detected. The SBR is given as

the relation of signal to background photons.

SBR = z (5.27)

While the signal level and SBR of a single measurement are investigated here, multi-wavelength

measurements will be investigated in the next chapter.

Flux

First, the flux of all simulated photons is shown in Figure 5.11 a). The right part of the figure
shows the optical system with positions of speculum aperture, both lenses, and focus of the eardrum
marked in white. The left figure shows the middle ear with interfaces between eardrum middle ear
cavity, and mucosa marked. The flux is shown in logarithmic scale dependent on the radius and
consequently the power at higher radii is higher as a larger area is analysed. The z-axis of both
figures is scaled differently while the radius from the optical axis shows the same scale.

Subfigure (a) shows the complete signal and background superposed. The signal propagates
far into the mucosa, but the power decreases exponentially, even though this is not obvious due
to logarithmic scaling. Photon paths in the optical system are cut off, when passing outside the
speculum and objective lens aperture. Subfigure (b) shows only signal reaching the detector, and
(¢) shows only background reaching the detector.

The background shows a clear focus at the eardrum image plane. The stop is best placed at
this position. The signal focus is shifted towards the sample and shows much more scattered and
wide spread signal and hence signal is able to pass the stop. The signal near the optical axis inside

the mucosa seems to be low and photons to be scattered away from the axis. This is due to the fact
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(c) Background reaching detector (no confocal or anti-confocal filtering)

Figure 5.11: Simulated flux of photons in middle ear and optical system. The graphs are split into
tissue (left) and optical system (right). The positions of the surfaces are marked in white in the
tissue and the position of the speculum aperture, lenses, and focus in the optical system. Further,

the maximum aperture of objective lens and speculum are marked by horizontal lines.
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that the signal is shown over radius and hence larger volumes are sampled for a higher radius. A

scaling by the area would normalise the signal but this is not done as the total power is important.

Combination with Pinhole and Variation of the Position

First, it is tested whether variation of the theoretical stop position and combination of stop and
pinhole can improve the performance of the anti-confocal system. For this the stop and pinhole are
moved along the optical axis, the radius of both elements changed, and signal and SBR recorded.

The simulation results (no plots given) show, that neither addition of a pinhole nor changes of
the position of either element improves the performance of the anti-confocal system. The speculum
and objective lens aperture reject widely scattered and reflected light and act as large apertures.
As shown later, when changing the NA of the optical system in simulations, this restricts the

detected signal and reduces the SBR.

Stop Radius

The influence of the radius of the pinhole in the confocal case and the stop in the anti-confocal
case on the signal and SBR are investigated here. For this the radius of both elements is varied
from 0 to 2.5 mm and the results are shown in Figure 5.12, where the confocal data is shown in
blue and the anti-confocal data in red. The left graph shows the signal (in arbitrary units A.U.
equal to the weight of detected photons, with 107 simulated photons and initial weight of 1) and
the right graph the SBR.

The confocal system has its lowest signal level for the smallest pinhole radius, as expected as a
small pinhole rejects most light. The signal level increases with increasing pinhole radius as more
light can pass through the pinhole. For small radii the increase is high and then slows down. The
SBR behaves inversely, it is highest for a small pinhole radius and then decreases, first quickly
and then is almost constant and even increases slightly. The anti-confocal system shows highest
signal level for a small stop radius and the signal decreases with increasing stop radius. The SBR
is lowest for a small stop and increases continuously, with a high increase for very small radii.

As the pinhole blocks out of focus light it is obvious that the SBR is highest for small pinhole
radii as most background is blocked. But at the same time more signal components are blocked,
as signal is defined as photons not only from the focus plane but also as photons penetrating the

mucosa, a semi-infinite half space. A confocal microscope achieves best performance with respect

to SBR and signal level at a pinhole radius of just below 4 optical units QU = 273\[ = [196]. Here,
this value is 4 - OU = 6.4um and a pinhole radius of 5pm is used for further analysis (chosen
as closest value within the sampled grid in the simulations) of the confocal setup and marked in

both signal and SBR plot with a black circle. The strong increase in signal at the beginning is due
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Figure 5.12: Influence of the stop and pinhole radius on signal and SBR. The confocal system
would normally be used with a pinhole radius of around 6 pm [196]. This point is marked in both
plots and the same signal level and SBR of the anti-confocal system are marked in the left and right
figure, respectively, connected by the dotted line. In the signal plot, the third marker (connected
by the arrow) indicates the improved signal level at the radius (r = 0.75mm) where the SBR is
the same, as shown in the SBR graph. In the SBR plot, the improved SBR at r = 1.1 mm is shown

where the signal is the same.

to the fact of the exponential light distribution in tissue and hence most signal close the optical
axis. Much more signal components are detected close to the optical axis while fewer signal is
present further away from the optical axis resulting in a slower increase. The SBR decreases as
more background is detected and its level increases more quickly than the signal. At higher radii,
the background increases less and the SBR can increase slightly. This is due to the fact, that the
background is mostly caused by reflections and the signal caused by scattering. Scattered light is
further spread and still present far away from the optical axis. Background on the other hand is
only present closer to the optical axis and does not increase further for high stop radii.

The signal in the anti-confocal case is highest for small stop radii as no signal is blocked. A
small stop does not block much signal as it is out of focus and hence the signal shows a slow
decrease at first. Up to a stop radius of 0.5 mm the signal then decreases more quickly as the
blocked area increases and most signal is concentrated close to the optical axis. Over 0.5 mm stop
radius the decrease slows down as less signal is scattered this far. The SBR increases quickly for
small stop radii as the direct reflection from the eardrum surface is blocked easily by a small stop
as the illumination beam is focused on the eardrum surface and the image is small. The increase in
SBR then slows down as firstly, the signal decreases as well and secondly, as little more background

components are scattered this far and are blocked by the increasing stop radius.
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The SBR reaches much higher values for the anti-confocal system than for the confocal system.
But the signal level is compromised when reaching a high SBR. For better comparison, the signal
of the anti-confocal system is fixed to the level of best performance of the confocal system (pinhole
radius of 5 um) and the SBR compared. The signal level at this radius is about 2100 and the SBR
is 150. The anti-confocal system reaches a similar signal level with a stop radius of 1.1 mm. The
SBR is with a value 480 about 3.2 times higher. When fixing the SBR of the anti-confocal system
to the best value of the confocal system, and comparing the signal level an improvement of factor
1.5 (signal level of 3140) is achieved. The stop radius is 0.75mm in this case. This shows that
the anti-confocal system can reach better performance than the confocal system as expected and

explained in the introduction of the anti-confocal system.

Random Error of the Simulation

The error in the results due to the random nature of the Monte Carlo methods is investigated
here. For this 10 simulations with each 10® photons are performed and the standard deviation is
calculated and used to characterise the error of the simulation. When combined, this results in
the 107 photons used in the previous section. The maximum error of the signal is 23 % and occurs
when high stop radii are used. In these cases the signal level is low and hence the variation due
to the random nature of the simulation is higher as the error scales with the square root of the
number samples vV N [213]. The calculation of the SBR is dependent on the background, which is
much lower than the signal using correct filtering. This results in lower samples and thus higher
variations. Hence, the variation of the SBR is higher and shows standard deviation values up to
89 %.

But as all 10 simulations are combined in the previous results, the photon number is increased
by a factor of 10 while the error is only increased by a factor of /10, resulting in a \/% smaller
error. In all future simulations the number of photons is increased to 108 and hence the error
reduced by a factor of 10 and can be assumed to be below 3% for the signal and below 10 % for
the SBR.

Scattering of the Eardrum

The optical properties of the eardrum used in the simulation were approximated using an animal
eardrum model, consequently, the properties might not be accurate. Further, the eardrum changes
its properties from human to human and especially during disease where the eardrum might be
thickened or biofilms might be attached to the eardrum as discussed in Section 3.4.2. To account for
these variation and inaccuracies, the scattering coefficient (11, 22, 33, and 44 mm ') and anisotropy

(0.99, 0.9, and 0.6) are varied and signal and SBR analysed. Results are shown in Figure 5.13, with
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the scattering coefficient along the x-axis and different plots for changing scattering anisotropy.
A stop radius of 1.1 mm is used in this and all following comparisons. The simulated values are
indicated by the markers in the graph and the lines show exponential curves fitted to the simulated
values. The exponential curves appear linear due to the logarithmic plotted y-scale.

The signal and SBR in the confocal system decrease with increasing scattering coefficient but
are almost unaffected by the anisotropy. The anti-confocal system shows an interesting behaviour,
signal level and SBR increase in certain cases even though scattering is increased. The signal for
highly forward scattering (¢ = 0.99) increases slightly with increasing scattering coefficient, but
decreases for less forward scattering (¢ = 0.9 and 0.6). The SBR decreases for highly forward
scattering while it increases for the other cases. The signal decreases with a decreasing scattering
anisotropy while the opposite is true for the SBR. The exponential curves fit well with R? values
higher than 0.98 except for two cases. Approximating the SBR of the anti-confocal system with
a scattering anisotropy of 0.99 results in R? = 0.81 and in the case of the anti-confocal SBR with
g = 0.6 the last value (us = 44mm!) is ignored to achieve a good fit with R? = 1. The latter
shows that while the SBR can increase with increasing scattering, too high scattering will decrease
the SBR again.

As described previously, the confocal system only detects scattered light when the distance
between mucosa and eardrum is 3 mm as in this simulation. The number of unscattered photons is
dependent on the scattering coefficient. The scattering anisotropy does not influence the number
of scattered photons and hence does not influence the signal level significantly. The background
mostly caused by reflections is less affected by the scattering characteristics and is relatively con-
stant meaning the SBR decreases with the signal level.

The situation is more complex in the anti-confocal system, since scattered photons are detected
here. The signal level depends on the number of photons scattered into the detection annulus de-
fined by the stop radius and NA. The signal does increase when the scattering causes more photons
directed into this annulus. This is the case for highly forward scattering and increasing scattering
coefficient. For less forward scattering more photons are scattered away from the detection NA
and the signal decreases. In the anti-confocal case, the detected background is not only caused
by reflections from the eardrum surface but also by scattering inside the eardrum. Consequently,
the noise is dependent on the scattering coefficient and anisotropy. For highly forward scattering
a higher scattering coefficient causes more background to reach the detector, decreasing the SBR.
For less forward scattering on the other hand, the higher scattering coefficient reduces the back-
ground and increases the SBR. A decreasing scattering anisotropy causes photons to be scattered
with a wider angle and not falling into the detection NA, causing a decrease in the signal level.

Nonetheless, the SBR increases as also less noise is detected.
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Figure 5.13: Influence of scattering of the eardrum on signal and SBR. Markers indicate simulated

values and lines indicate exponential fits, with R? values given for each fit. C confocal, AC anti-

confocal.
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legend. Markers indicate simulated values and lines indicate linear (anti-confocal, y, = 3.5 mm~1!)

or exponential (all others) fits, with R? values given for each fit.

The performance of the confocal system is always decreased for higher scattering coefficient
while this is not the case for the anti-confocal system. The performance can even increase in
certain cases. This shows that the anti-confocal system is suitable over a wider range of optical

parameters of the scattering layer.

Distance between Eardrum and Mucosa

The distance between eardrum and mucosa can vary from person to person and is dependent
on the measurement position as neither eardrum nor mucosa are flat and both surfaces are not
aligned in parallel. A distance between 2 to 4 mm is expected [3] and 3mm is used as standard
parameter, but here the distance is varied in a wider range of 0.1 to 8 mm in order to enhance the
understanding of the system and results are shown in Figure 5.14. Three different plots are shown
for the anti-confocal system, with the absorption coefficient of the mucosa increased by a factor
of 10 and 100. This increase is appropriate as the absorption in the green wavelength range is
about 10 times higher than in the NIR and the inflammation can increase the blood concentration
and thus absorption again by a factor of 10. Markers indicate simulated values and lines indicate
exponential or linear fits, with R? values given for each fit below the figure.

The confocal system shows a highest signal for a small distance between eardrum and mucosa.
The signal decreases in exponential form with increasing distance and reaches a minimum limit at a

distance of about 2100 A.U. at around 2 to 3 mm distance. The SBR is lowest for a small distance
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and increases continuously with distance, also approximated by an exponential function. The
anti-confocal system is less influenced by the distance between eardrum and mucosa. The signal
decreases slightly for a low absorption coefficient but increases for higher absorption coefficients
with increasing distance. The first value (d = 0.1 mm) is ignored for curve fitting in the anti-
confocal case as it does not fit the general trend and an additional effect seems to play a role. The
cases of lower absorption are best approximated with an exponential function with offset and the
case with highest absorption (u, = 3.5mm!) with a linear function. The SBR generally follows
the signal but shows more fluctuations and bad R? value for highest absorption.

A confocal system with small pinhole diameter detects mostly unscattered photons. This
number is unaffected by the distance between eardrum and mucosa. Hence, a constant signal level
is expected as shown by the almost constant value for distance higher than 3 mm. The reason that
the signal increases at small distances is the forward scattering nature of the eardrum. In case
of a small distance, photons scattered with a small angle between optical axis and propagation
direction can still reach the sampled volume as not propagating a long distance. These photons
contribute to the signal even though they were scattered. When increasing the distance between
scattering event and target, the travelled distance gets bigger and more and more photons fall
outside the sampled volume and are not detected any more, decreasing the level of detected signal.
The SBR increases as the background rejection ratio of a confocal system increases with distance
of scattering and target layer, according to the point spread function presented in Equation (4.1).

Three separate effects are present for the anti-confocal system. Firstly, the optics focused on
the eardrum move away from the mucosa when increasing the distance and hence the effective
NA decreases. This results in less signal being detected, visible for an absorption coefficient of
0.035mm™!. The second effect is that the stop moves further away from the image of the mucosa
surface and thus blocks less signal photons and increasing the signal. This effect is strongest for
small distances (d = 0.1 mm) and can be seen for all cases, and was ignored during curve fitting.
The last effect is that with increasing distance, the signal is further spread on the mucosa due
to scattering in the eardrum and the light being focused on the eardrum. This effect is small
for low absorbing samples as the light propagates far inside the mucosa, compared to the size
of the illuminated area. In case of high absorbing media, the path length inside the mucosa is
smaller compared to the illuminated area. A stop rejects more signal, when the illuminated area
is small. Hence, the signal is bigger when the absorption is lower (visible in the different plots for
the anti-confocal system), and when the distance between focus and mucosa is bigger, causing a

wider spread of the signal, visible in the plot for p, = 3.5mm—!.

The noise is unaffected by the
distance and changes are due only to the random nature of MC simulations. Consequently, the

SBR is following the signal. The fluctuations seen in the graph, especially at 0.035 mm ! with low
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Figure 5.15: Influence of the focus on signal and SBR. ‘-3.1’ equals to focus on the eardrum surface
(anti-confocal configuration), ‘0’ equals to focus on the mucosa surface (confocal configuration),
and positive values indicate the focus is placed inside the mucosa. Markers indicate simulated
values and lines indicate fits, with R? values given for each fit. The anti-confocal graphs were
linearly fitted while the confocal graphs were exponentially fitted with two independent sections,

separated at ‘0’.

R? value, are results of the random nature of the simulation and a low number of detected noise

photons.

Focus

This section investigates the importance of an exact focus of the anti-confocal system on the
performance of the system. In previous simulations the confocal system was focused on the mucosa
surface and the anti-confocal system on the eardrum surface. This is changed here, the focus
for both systems is shifted from the eardrum surface (focus = —3.1mm) to the mucosa surface
(focus = Omm), and into the mucosa (positive focus values). The dependence of signal level and
SBR on the focus is shown in Figure 5.15. Markers indicate simulated values and lines indicate
fits, with R? values given for each fit below the figure. The anti-confocal graphs were linearly fitted
while the confocal graphs were exponentially fitted with two independent sections, one from -3.1
to 0 and the second from 0 to 0.5.

The signal level of the confocal system is close to zero when focused outside the mucosa,
increases exponentially to reach a peak on the mucosa surface, and then decreases exponentially
when focused inside the mucosa. The SBR behaves similarly, with all curves well fitted by the

exponential functions as shown by the high R? values. The signal of the anti-confocal system



CHAPTER 5. ANTI-CONFOCAL SYSTEM 116

increases when moving the focus from eardrum to mucosa with some fluctuations near the mucosa
surface where more data points are simulated. The SBR is relatively unaffected by the focus and
shows similar fluctuations. Both graphs were linear fitted and show low R? values, caused by the
fluctuations of the graphs.

The signal of the confocal system is close to zero when focused outside the mucosa as rejected
by the pinhole. The signal is maximal on the mucosa surface as reflections from the surface
and scattered light are detected. The reflected light could be labelled as background as well as
independent on the scattering and absorption characteristics of the mucosa and only affected by
the refractive index and incident angle. This would result in a lower signal level and SBR of the
confocal system but less so in the case of the anti-confocal system as the signal is mostly caused by
scattering. In this case the superiority of the anti-confocal system would be even more significant.
When moving the focus into the mucosa, the signal decreases again, as no reflections are detected
and the light reaching the detector is attenuated by the superficial mucosa layers. The background
is high when focused on the eardrum but otherwise constantly low and the SBR follows the course
of the signal.

The anti-confocal system was designed with a focus on the eardrum surface but this simulation
shows that the signal increases slightly when shifting the focus towards the mucosa and adopting
the stop position at the same time. This increase in signal can be explained by the increased NA
of the optics moving closer to the sample and hence increase in detected signal. The SBR is almost
not affected as both signal and background increase with NA and the effect is cancelled. The
observed fluctuation in both signal SBR of the anti-confocal system and thus low R? is assumed
to be related to the random nature of the Monte Carlo simulation.

The performance does not decrease with change of the focus for two reasons, firstly the small
NA of 0.08 and the relatively high stop radius of 1.1 mm. The small NA results in only a slow
increase of the illuminated area on the eardrum (r &~ NA - d = 0.25 mm when focused on mucosa
surface) and hence the background is not spread much further. This means a stop with the same
radius can still block most of the background and hence the SBR. does not decrease significantly. A
more significant change would be visible when using a smaller stop radius closer to the illuminated
area on the eardrum. An increase in the illuminated area would then result in reflections passing
the stop and significantly decrease the SBR. In case of a higher absorption coefficient of the mucosa,
the focus would have a bigger influence. In this case, the signal level would be affected by the
illuminated area on the mucosa as described in the previous section when changing the distance
between eardrum and mucosa. A focus closer to the mucosa would cause a smaller signal and also
affect the SBR.

Overall, this shows a good performance of the anti-confocal system, even when out of focus, in
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contrast to the confocal system that requires an exact focus.

Illumination NA

So far, the illumination NA was the same as the detection NA, as is the case for confocal systems.
In the confocal system both the focused illumination beam and detection pinhole are necessary in
order to achieve good background rejection.

In a simulation the illumination beam was restricted to a radius of 0.1 mm (effective NA of
0.003). No significant change in signal or SBR was observed (graphs not shown here) compared
to the normal illumination. The illumination NA determines the illuminated area on the mucosa.
But this is also affected by the scattering characteristics of the eardrum. Further, light propagates
inside the mucosa increasing the illuminated volume even further. Propagation inside the tissue
has a bigger effect on sampled volume than the NA in the investigated range, consequently no
changes are observed.

In an experimental implementation, this would simplify the set-up as no beam expansion is

necessary.

Detection NA

The detection NA in the middle ear is restricted by the speculum. Nonetheless, the NA is varied
in this section to investigate its influence on the anti-confocal system. Figure 5.16 shows the signal
and SBR for varied NA. Markers indicate simulated values and lines indicate fits, with R? values
given for each fit below the figure. Exponential fits are used for the anti-confocal graphs while
linear functions fit the confocal graphs better.

Both the confocal and anti-confocal system show an increase in signal level and SBR with
increasing NA while the increase in the anti-confocal case is much higher and approximates an
exponential function compared to linear increase in the confocal case. The increase in the signal of
the confocal system results from more photons being detected by the higher NA. But as the signal
is mostly caused by reflections (simulated by a lambertian distribution) this increase is relatively
small as the power reduces with higher angle. The SBR increases because both the signal and the
background rejection ratio increase as given in Equation (4.1), resulting in less background.

The signal of the anti-confocal system increases more significantly as the signal is mostly due
to scattered photons, showing a high exit angle and thus much more photons are detected by a
higher NA. The SBR increases with the signal even though more background is also detected, as
the background is mostly caused by reflections from the eardrum whose power increases less with

increasing NA.
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Figure 5.16: Influence of NA on signal and SBR. Markers indicate simulated values and lines

indicate exponential (anti-confocal) or linear (confocal) fits, with R? values given for each fit.

This shows an even more improved performance of the anti-confocal system over the confocal

system where optics with higher NA can be used.

Angle and Roughness

The middle ear is simulated with flat surfaces orthogonal to the optical axis although this is not the
case in the ear where the eardrum and mucosa are tilted and not flat. The roughness is considered
in simulations by the use of Lambertian reflection instead of specular reflections at the surfaces.
A change in orientation of the interfaces will cause a change in direction of the main reflection
axis and affect the detected light level. This will influence the background from the eardrum more as
mostly composed of reflections, while the signal from the mucosa is less affected as mostly composed
of scattering. This will rather improve the SBR unless the eardrum is orthogonal orientated while

the mucosa is not.

5.4.4 Summary of the Simulations

The simulation of the anti-confocal system showed that it is superior to the confocal system when
measuring through an eardrum. Both signal level and SBR are higher. The signal decreases and
the SBR increases with stop radius and an optimum must be found so that SBR is maximised with
still detectable signal level. This optimum is dependent on the system noise, sample characteristics,
and other parameters. This still holds with increased scattering of the eardrum or the surfaces in

the sample being tilted. A change in the distance between eardrum and mucosa does not affect the
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performance of the system significantly. This shows suitability of the anti-confocal system even if
the used model does not match optical properties of real tissue accurately.

The simulations further showed that an inaccurate focus of the system does not affect the
performance, increasing the ease of use of the system. Considering other applications where the
NA of the system can be varied, a higher NA is advantageous as more scattered signal is detected

and the SBR improves.

5.5 Physical Stops Compared to Camera Detection

Either a physical stop combined with a simple detector such as a photo diode or a camera combined
with virtual filtering could be used to implement the anti-confocal system. In the second case the
central pixels of the camera would be neglected during post-processing simulating a stop. The use
of a camera has several advantages. Firstly, the alignment is easy as the beam can be observed.
Secondly, the distribution of the power can be analysed and the radius of the virtual stop adopted
accordingly. Last, the camera can be used for visual feedback and observation of the middle ear
when using widefield illumination instead of anti-confocal laser illumination. Disadvantages are
the higher costs of the camera and need for a high dynamic range due to a high signal component
resulting from the eardrum and the low signal from the mucosa. A camera will be used during
design of the system to investigate the signal components closer and determine the most suitable

stop radius. Nonetheless, the construction of a physical stop is investigated in Appendix C.

5.6 Conclusion

Due to the special geometry of the middle ear, the confocal idea was adopted and the anti-confocal
system introduced. After introduction of literature, the principle of the system, and simulation
methods, the anti-confocal system was simulated and its performance compared to the conventional
confocal system. The performance was rated by detected signal level and signal to background
ratio.

Results showed the ability to detect signals from the mucosa when measured through the
eardrum with an increased signal level and better background rejection of the anti-confocal system
compared to the conventional confocal system. For the standard simulation parameters, the signal
is increased by a factor of 1.5 while showing the same SBR in confocal and anti-confocal case. When
keeping the signal level constant, the SBR can be increased by a factor of 3.2. The standard optical
properties of the simulated system were then changed and the performance rated again. Increased

scattering of the eardrum causes the signal level and SBR to decrease in all cases when using a
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confocal system. In contrast, the anti-confocal system shows a less decreased performance and
in some cases an even improved performance when increasing the scattering of the eardrum. An
increasing distance between eardrum and mucosa increases the SBR of the confocal system while
the anti-confocal system is less affected in the range expected in the middle ear. An inaccurate
focus of the confocal system causes a strong decrease in performance while the anti-confocal system
is relatively unaffected by a defocused system. An increased NA of the system increases the
performance of both confocal and anti-confocal system while the increase is stronger for the anti-
confocal case.

These results show an improved performance of the anti-confocal system over a wide range
of variation of the middle ear. Further, the ease of use is improved as no accurate focusing
of the anti-confocal system is necessary. Hence, the anti-confocal system will be implemented
and experimentally characterised in Section 7. Prior to this, multi wavelength measurements are
introduced in Section 6 and the ability of the anti-confocal system not just to pick up a signal but

also to pick up changes in the inflammation are investigated.



Chapter 6

Spectroscopy

The previous chapter introduced the anti-confocal system and simulation results showed that it
is able to reject background signal from the eardrum while still detecting enough signal from the
mucosa. This chapter is based on these simulations and investigates whether measurements at
multiple wavelengths with the anti-confocal system allow to assess the inflammation. For this the
concentration of blood in the mucosa, linked to its metabolism, is to be measured in order to
assess the inflammation. First different oxygenation and blood concentration measurements used
in literature are presented. Then the theory behind the measurements is derived and simulations
conducted. Finally, the wavelengths giving best measurements are determined using data acquired

from the simulations.

6.1 Literature: Measuring Oxygenation and Blood Concen-
tration

Several different indices measuring blood concentration and oxygenation are defined in literature
and have been presented in Section 2.3. The indices vary in the used wavelengths, the number of
wavelengths, and calibration factors. The most common and established use is in pulse oximeters
where only the oxygenation is measured. Other methods where 2D or 3D images are used to
separate background absorption from blood absorption are mostly still in the research phase.
Examples presented below focus on the wavelengths used and mathematical calculation of the
oxygenation and blood concentration.

Pulse oximeters (previously presented in Section 2.3.3) measure the reflection or transmission
signal at two wavelengths, usually red (660 nm) and NIR (940 nm). The absorption is recorded over

time in order to measure the constant signal DC'|, resulting from tissue, venous, and partly arterial
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blood absorption, and a pulsating signal AC, resulting from blood absorption in arteries changing
their volume due to pressure changes caused by the pulse. The ratio of AC to DC absorption (AC
is about 1 to 5% of the DC signal) compensates for changes in the light source and allows the
measurement of signals with similar level rather than the measurement of input and output signal

whose difference is much higher. The ratio of red to NIR signal

~ ACs60/DCse0

. i 6.1
AC40/DCoyp (6.1)

reflects the ratio of deoxygenated to oxygenated blood and can be converted to oxygen saturation
in blood using experimentally derived calibration curves [75].

Setzer et al. [79] use a commercial pulse oximeter to characterise pulp inflammation. The only
change in the system is an amplification factor of 2.5 of the pulse signal in order to compensate
for the reduced signal in this measurement. Otherwise the system is unchanged and allows mea-
surement of statistically significant different oxygen saturations in different inflamed tissues. The
assessment of the tissue is based on oxygenation, while the total blood content is not measured.

Hardarson et al. [82] measure the blood oxygenation using camera images of the retina recorded
with illumination at four different wavelengths. The oxygen saturation of haemoglobin SO; has an
approximately linear relation to the ratio of optical density OD at certain wavelengths (e.g. 586 and
605nm) [82]. These wavelength were selected as the difference in absorption between oxygenated
and de-oxygenated blood is high at 600 nm and 569 nm is an isobestic point. The almost linear
relation of OD to oxygen saturation was discovered in experiments [214]. This relation is used to

define the oxygenation (in percentage) as

ODsg6
ODeos

SOy =a+k- (6.2)

The optical density is defined as the logarithm of the relation of the intensity level inside a blood
vessel I and just outside the vessel Iy according to OD = log(Ily/I). During calibration the
constants were determined to be a = 125 and k = —142.

Su et al. [154] measure the mucosal haemoglobin concentration IHB and oxygen saturation
150, endoscopically, using the relative absorbance Er = log(%) at 569, 577, 586, and
650nm. Ir is the intensity of diffusely reflected light. Normalisation by a standard is used to
compensate for differences in the input signals. The indices are defined as
AFErsr7 586 —9/1TAErs69 586

AFEr569-586
200 - AET‘569,650 (64)

ISO; = 0.673- (6.3)

IHB

where AFEr is the difference in relative absorption of the two wavelengths indicated in the subscript.

569nm is an isobestic point, hence the reflectance is independent of the oxygenation while the
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absorption at 650 nm is relatively low compared to 569nm and Su et al. approximate it with zero.
This choice of wavelengths allows measuring the total haemoglobin content. The index is linear
up to a haemoglobin concentration of 150 nmol/g of tissue, above this errors are introduced due to
the approximation, but still this index is used in commercial systems. The tissue oxygenation is
measured at two isobestic point 586, and 569 nm, and at the peak absorption of oxyhaemoglobin
HbO2 at 577 nm giving a high difference between the absorption of oxy- and de-oxygenated blood.

The InSpectra™ StO2 Tissue Oxygenation Monitor, Model 650 (Hutchinson Technology Inc.,
Hutchinson, MN, USA) is able to measure tissue oxygenation and tissue haemoglobin index. The
latter is a measure of the haemoglobin signal strength and used to determine correct positioning
of the sensor [215]. Myers et al. [215] investigate the use of tissue haemoglobin index to measure

total haemoglobin concentration. The tissue haemoglobin index T HI is defined as

_ Ms02(2D760)
THI = SaE (6.5)
2D760 = Agoo — 2A760 + A720 (6.6)

with a scaling factor PSF' accounting for spacing between illumination and probe optical fibre, the
linear slope coefficient Mgoo, the second derivative attenuation 2D7¢0, and the tissue attenuation
A = log(Ires/Isample) measured at the wavelength denoted by the subscript [216]. This is an
empirically determined equation and requires the measurement of the tissue oxygenation in order to
determine the linear slope coefficient. While the tissue haemoglobin index is insensitive to changes
of the oxygenation is does not reliably measure the total haemoglobin concentration showing the
need for a better choice of wavelengths for measurements.

Other groups determine the total haemoglobin concentration with measurements at 758, 795,
and 833nm in a time resolved spectroscopy system [217], in the range of 740 to 1040 nm using
Photo-Acoustic Spectroscopy [218], or find in simulations that the best wavelengths for measure-
ments are 1040, 1120, 1140 and 1200nm (investigating the range of 800 to 1600 nm) [219].

A wide variety of wavelength in the range of 560 to 1200 nm and different calculations are used
to determine the tissue oxygenation and haemoglobin concentration. The choice of wavelengths is
important in order to get a reliable and measurable response as well as to measure the oxygenation
independent of the total haemoglobin content and vice versa. Simulations are conducted later in

order to find the best wavelengths to measure blood content and oxygenation in this application.
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6.2 Theory of Absorption Measurements

6.2.1 Lambert-Beer Law

For simplicity, absorption models in literature are mostly based on the Lambert-Beer or Modified
Lambert-Beer law. According to the Lambert-Beer law the light intensity I in non-scattering tissue
is given by

I =TIyexp(—pa - d) (6.7)

where [ is the input intensity and d the thickness of the tissue. The attenuation A is given by
A =log (%) in reflection or A = log (%) in transmission mode. Using the Lambert-Beer law this

results in
1
A =log <IO> =ty - d (6.8)
The absorption coefficient u, of tissue is given by the wavelength dependent molar extinction

coefficient of the absorber ¢ and the concentration of the absorber ¢ by
ta =€(N) - ¢ (6.9)

This assumes only one absorber, otherwise the absorption coefficient is the sum of several molar
extinction coefficient multiplied by their concentration p, = >, €(A) - ¢i. The attenuation can be
rewritten as

A=eN)-c-d (6.10)

This relation can be used to calculate the absorber concentration ¢ (in this case haemoglobin)
using the measured attenuation A, the known molar extinction coefficient, and the thickness of the
sample. This model is not correct as the Lambert-Beer law is only valid in non-scattering media.
Hence, experimental calibration of the factor k describing the relation of blood concentration and

absorption ¢ = A - k is necessary.

6.2.2 Modified Lambert-Beer Law

In reality tissue is scattering and the Lambert-Beer law is not valid. An offset Ag is added to

account for scattering resulting in the Modified Lambert-Beer Law
A=A+ pa-d (6.11)

This model is more accurate but still requires experimental calibration of the system for the given
range. This is shown in Figure 6.1 where the simulated attenuation is shown dependent on the
absorption coefficient of the tissue. The blue curve shows the simulated data for a scattering

coefficient of 24.83mm™! and a scattering anisotropy of 0.9 using the Monte Carlo simulation
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presented in Section 6.2.3. The green and red curve show linear fits according to the Modified

Lambert-Beer law, while the red one approximates the range of ji, = 0.14 to 0.59 mm™!, the green

one approximates the range from 0.70 to 1.14mm*.

1.6

—*— MC simulation -
151 — ~ —Fit 1 .
-~ Fit2 -7

141

1.3F
1.21
11F

1+

Attenuation = log(1/R)

0.9F

0.8

07— ‘ ‘
0.2 0.4 0.6 0.8 1

Hy [1/mm]
Figure 6.1: Simulated attenuation and approximations by the Modified Lambert-Beer law for

different ranges.

It is obvious that the model is only accurate for the approximated range and the error increases
rapidly outside the approximated range. Selection of appropriate wavelengths and calibration in

the desired range ensure a linear relation.

6.2.3 Monte Carlo Simulation of the Reflection

As the above models of the attenuation are only approximations, more accurate values are simulated
here using Monte Carlo methods as presented in Section 5.3. The simulations are based on the
model for blood absorption and scattering as presented in Section 3.3.3 and given in Equation (3.10)
for the absorption and Equation (3.11) for the scattering coefficient.

Simulations are conducted in the wavelength range of 500 to 940 nm as this is the typical range
used for the assessment of blood. This range includes the optical window of low absorption and
highest penetration depth in tissue as well as absorption peak of blood needed for contrast. The

absorption of the mucosa is altered according to the model developed in Section 3.3.3, based on

Vab ln(IO)CHb . (abeOQ()\) + (1 - Oz)EHb()\))

Ha(A) = 64500[g/mol] (6.12)

where egpo2 is the molar extinction of oxyhaemoglobin, ey, the molar extinction of haemoglobin,
cap = 120g/1 the concentration of haemoglobin per litre of blood and the molecular weight of

haemoglobin of 64500 ¢g/mol. During inflammation the metabolism is increased resulting in an
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Figure 6.2: Absorption coefficient for different blood volume fractions Vgy,. Intermediate plots are

given in 2 % steps of blood volume fraction.

increased blood flow in the tissue. Thus, the volume fraction of blood in tissue Vi, is increased.
This results in an increased absorption coefficient u, of the tissue as shown in Figure 6.2 were the
absorption coefficient in the visible and NIR range is shown for a blood fraction of 2 % in blue, for
20 % in red, and in black dashed for intermediate concentrations in 2 % steps. The oxygenation a
for all curves is fixed to 70 % [139] as literature review showed no consistent change of oxygenation
during inflammatory diseases.

As the simulations are time consuming wavelength space was sampled as approximate using
points around significant values minima, maxima, and isobestic points of the absorption curves.

The scattering coefficient is assumed to be independent of the inflammatory state (see Sec-
tion 3.3) and thus Figure 6.3 shows only one curve of the scattering coefficient, used for all inflam-
matory states.

The simulated reflection signal R is given in percent as a proportion of the summed output
photon weight wphotons,out divided by the total input photon weight wphotons,in

R— Wphotons,out (6.13)
Wphotons,in

The model of the eardrum was presented in Section 3.4. A scattering coefficient of 11 mm™!,

absorption of 1.8 mm ™!, and scattering anisotropy of 0.99 is used. The thickness of the eardrum

is 100 pm. Simulated reflectance signal and attenuation will be presented in this chapter.
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Figure 6.3: Scattering coefficient used in the simulations.

6.3 Definition of an Inflammation Index

A measure for the inflammation will be based on the blood concentration in the tissue. Nonetheless,
oxygenation is included into the theory later on as it might give some additional information and

state of the tissue.

6.3.1 Direct Measurements on Mucosa

In case of no eardrum in the light path where direct measurements on the mucosa are possible,
the inflammation could be assessed by one wavelength only. The detected signal Siota; is given by
the input power Iy and the wavelength dependent reflection of the mucosa Ry;. Only input and
reflected power must be known.

Stotal = Lo - Rm (6.14)

The reflection from the mucosa is dependent on the absorption of the tissue. As blood is the
main absorber in tissue, the measured reflectance is a function of the blood concentration and
thus inflammation. This means inflammation causing higher metabolism, increased blood content,
higher absorption and thus a smaller reflection signal. Using experimental calibration, the relation
could be determined. The reflection signal depends on other parameters such as the scattering
coefficient as well, although this will be neglected for now it will be considered later.

Figure 6.4 shows the simulated reflectance for a varied blood concentration in tissue. The figure

clearly shows a decrease in the reflectance signal when increasing the blood content.
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Figure 6.4: Simulated total reflectance of the mucosa. Intermediate plots are given in 2% steps of

blood volume fraction V.

6.3.2 Measurements in the Ear

During measurements in the ear, no direct measurements are possible as the eardrum blocks the
view on the middle ear mucosa. The detected signal Siotar is composed of the reflection from
the eardrum Sty and the reflections from the mucosa Ry attenuated by the eardrum Ty as
schematically shown in Figure 6.5.

All other possibilities such as reflections from ossicles are neglected as these can be avoided
during measurements choosing an appropriate sampling area. The best area for measurements is
marked in Figure 1.2. This position is close to the Eustachian tube, where the inflammation is
most severe. Further, the ossicles are located in the upper part of the tympanic cavity and thus
do not obscure the light path in this area. Last, the eardrum is thinnest in this region resulting in
the lowest scattering and absorption possible. Reflections from the wall of the external ear canal
are blocked by the speculum allowing only light to enter and pass the optical system with small
angles towards the optical axis. This negative effect restricting the NA thus filters wide scattered
light that could reach parts of the middle ear other than mucosa and eardrum.

The signals are given by

Stotal = Stm + Sm (6.15)
Stm = Ilo-Rrm- Coptics (616)
SM = IO . RMT’%M * Coptics (617)

where I is the input power, Rty is the reflectance of the eardrum, Ry the reflectance of the
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Figure 6.5: Signals in the ear, neglecting scattering and assuming direction independent transmis-

sion of the eardrum.

mucosa, Ty the transmittance of the eardrum, and coptics a scaling factor of the optics dependent
on the aperture and other factors affecting the amount of detected light. These formulae assume
the same attenuation of the eardrum in both directions and also neglect the light distribution due
to scattering in the eardrum. Simulations considering these factors are explained below but these
factors are neglected in the formula for an easier understanding. A similar model was chosen by
Takiwaki [220] to describe attenuation in layers of skin.

It is obvious from this formula that the inflammation cannot be assessed with a single measure-
ment as the reflection of the mucosa signal is not only dependent on the blood content but also on
the eardrum properties. The detected signal is the desired signal scaled by the transmittance of the
eardrum with an added offset resulting from reflections from and scattering within the eardrum.

Hence, measurements at two (or more) wavelengths must be conducted to extract the signal
from the mucosa. The methods presented in Section 6.1 use the same approach, measurements
at multiple wavelength are used to assess blood volume or oxygenation making use of spectral
characteristics of blood absorption [75,82,154,215]. We define the inflammation index IT as ratio

of the detected signal at two wavelengths as done by [75,82]

_ Stotal()\l) _ [RTM()\l) + RM()\l)T'%M()\l)] N IO(>\1) : Coptics
Stotal()\Q) [RTM(/\2) + RM(/\2)T'12“M(/\2)] : IO(>\2) * Coptics

can extract the signal under certain circumstances as will be derived below. The first advantage

11

(6.18)

of this measurement is already obvious in this formula as the scaling factor of the optics and the
input power can be neglected (requiring the same input power for both wavelengths which can be
achieved by reference measurements and scaling of the signals).

Ry adds an offset to the desired signal Ry and is denoted as background from now on. The
aim of the anti-confocal system is to increase the signal-to-background ratio (SBR) in order to
minimise Rry with respect to RyTEy. If the SBR is high enough (as will be assured by the
choice of a high stop radius rejecting most of the background) then Rty can be neglected and

Equation (6.18) approximated by

_ Ru(O)TEy (M)
% R T2 ) (6.19)
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Figure 6.6 (a) shows the simulated signal when detected with the optical system without apply-
ing stop filtering and when filtering the signal with a stop of 0.75 mm radius (the actual used radius
on the detector is 0.3 mm but this corresponds to a stop radius of 0.75 mm at the used magnification
of the lenses m = 0.37) in subfigure (b). The detected signal is split into the background from the
eardrum and the signal from the mucosa. Without the stop filtering the background is higher than
the signal (SBR, of 0.3 to 0.8) and changes in the background will affect the measurement. When
using stop filtering the background is reduced to less than the signal (SBR of 16 to 216), showing
the approximation made in Equation (6.19), neglecting the background Ry, is valid. But also
the detected signal power is reduced by the stop, limiting the maximum possible stop size. The
dotted vertical lines in subfigure (b) indicate the wavelengths that were determined to be best for
measurements of the blood concentration as will be described later.

The transmission of the eardrum at different wavelengths can be combined into one factor

_ TEn(w)
T™M T T2, (%)

An equal multiplicative change of the transmission at both wavelengths does
not affect the measurement as the eardrum factor ¢y is constant. Only different changes at
both wavelengths will affect the measurement. This will be investigated closer in Section 6.5.3, an
equal change will be assumed for now. As the transmission is mainly influenced by scattering this
assumption can be ensured by selecting both wavelengths to be similar. Hence the inflammation

index is given by

Byi(M)
R~ -c 6.20
Ra(ha) M (6.20)
where ¢ s constant given the assumptions made above. The relation (scaling and linearity) of

g;g;\;g to the inflammation and the best choice of wavelengths is investigated later in Section 6.4.

6.3.3 Alternative Indices

Previously, the inflammation index was defined as the ratio of the detected signal at two wave-
lengths Equation (6.18). Alternative indices such as a difference of the signals at different wave-

lengths as done by Su and Myers [154,215] could be defined:

IIDif. = Stotal()\l) - Stotal()\Z)

= [RTl\l()\l) + RM()\I)T’%‘M()\I)] * IO()\l)Coptics - [RTM()\Z) + RM()\Z)T’%M()\Z)] ° IO()\Q)Coptics
(6.21)

The input power and scaling factor of the optics cannot be neglected as constituting a scaling

factor. But when assuming a high SBR, the reflection from the eardrum can be neglected. Also
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Figure 6.6: Reflection signal with and without stop filtering. Signal and background are plotted
separately; a sum of both would be measured. Intermediate plots are given in 2% steps of blood

volume fraction.
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the transmission factor ¢ty is included, resulting in

T2 (A
Wfo ()‘Q)Coptics

™ (6.22)
> T’%M (Al) * Coptics

it & Bavi(A) T (A1) Lo (A1) Coptics — Bai(A2)

Ry(A2)To(A2)

— (RO -

It is obvious, that this index is dependent on the transmission of the eardrum, optics, and input

power. Hence, this definition cannot be used. In contrast, the index defined by a normalised

difference
o Stotal(Al) - Stota‘l()\Z)
IINorm.Dif. -
Stotal()\l) + Stotal()\Z)
() = B0 13, 00) pyy(a) = B (6:29)
~ = Rar(M
(RM()\l) + %) T3y (M)  RBu(A) + i\:/[T(Mz)

would be independent on the transmission of the eardrum itself and also not affected by an equal
change of the eardrum transmission at both wavelengths as the eardrum factor ¢ty is constant.
Consequently, this index is suitable.

For simplicity, only indices using two wavelengths are considered. As only the two main deriva-
tives of haemoglobin (oxy and de-oxy) are measured, two wavelengths should be sufficent except
for cases of abnormal high concentrations of other blood derivatives which would introduce an
error [221]. An option would be the use of more complicated indices based on measurements of
three or more wavelengths as for example done by Su et al. [154] using four wavelengths to mea-
sure the oxygenation as given in Equation (6.3) and Equation (6.4). Another example are pulse
co-oximeters using more than seven wavelengths compared to standard pulse oximeters using only
two wavelengths. This allows to determine the concentration of oxy-, carboxy, and methaemoglin
as well as total haemoglobin concentration [81]. While this project considers only the measurement
of total haemoglobin content and oxygenation and only two wavelengths are considered, the use of

additional wavelengths might add more information and increase accuracy.

6.3.4 Oxygenation

b0, 5 on reflection and inflammation

In order to study the influence of blood oxygenation o = 0, TG

index the simulations were repeated with constant blood volume fraction of 5% and changed
oxygenation from 30 to 90 %. This changes the absorption coefficient according to Equation (3.10)
and shown in Figure 6.7. The resulting reflection spectra are shown in Figure 6.8 when detected
with the anti-confocal system with stop radius of 0.75mm. The dotted vertical lines indicate
the wavelengths that were determined to be best for measurements of the oxygenation as will be

described later.
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Figure 6.7: Absorption coefficient dependent on oxygenation and wavelength with a constant blood

volume fraction of 5 %. Intermediate steps are shown in 10 % steps of oxygenation.
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Figure 6.8: Simulated reflectance R for changing oxygenation and a stop with 0.75mm radius.
Intermediate steps are shown in 10 % steps of oxygenation. Dashed-dotted, vertical lines indicate

wavelengths that were found to be best to measure blood oxygenation.
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The same indices as defined for the blood content will be applied to the oxygenation, resulting

IOxy,frac = ggi:; (624)
IOxy,rel.dif. = ggii; _T_ ggiz; (625)

6.4 Finding the best Inflammation Index

An optimum wavelength combination and formula for the inflammation index is to be found. A

good index is characterised by:

1. High dependency of the inflammation index of the blood concentration Cyp. This is measured
by the sensitivity of the system, measured by the slope mcmp [222] of a linear interpolation
of the inflammation index II = mcup - Cap + beub Or Moxy of the oxygenation index Ioxy =

Moxy * Ol"y + bOxy-

2. High linearity of the output, expressing how strong the actual curve deviates from a linear
curve. This is often measured in percent [222] but here the r2 value of the linear interpolation
is used as measure. Further, it is checked whether the course is monotonic. If not, then the

index is not considered.

Hence, we propose the measure

My, = |[memn|m2m, (6.26)

used to evaluate the inflammation index. Further, the blood oxygenation Ozy must be considered.
The behaviour of the oxygenation during inflammation is not known, thus the inflammation index
must be independent of the oxygenation. This is measured by the slope of the index dependent
on the blood oxygenation moxy. The linearity of this index is not considered. As this part is to
be minimised, the final measure is a subtraction of both elements. Both slopes must be scaled by
the simulated range, either Aoy, or Achp. As the slope of the oxygenation is desired to be lower
than the slope of the blood volume fraction a factor of 5 is introduced to ensure mcgp > Moxy in
the selected measure. This is an arbitrary chosen value that decides the influence of both slopes

on the index and its influence is investigated later in Section 6.4.2. This results in the measure
Metb-0xy = |Mcab| Actib * 7211 — 5 * [MOxy| Aoxy (6.27)

A high Mcup-oxy indicates a high dependence of the index on the blood volume concentration, a

good linear fit, and a low dependence on the blood oxygenation.
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However, a non-monotonic dependence of the inflammation index on the oxygenation can result
in a small slope even though the difference between two single values can be bigger. To account
for this the slope of the influence of oxygenation moyy is replaced by the maximum difference

max(Joxy) — min(Joxy) so that the measure results in
A[ch—Oxy = |mch|Ach . Tsz —5- | max([oxy) — min([oxy)\ (628)

In this case scaling by the range Aoy, is not necessary as considered in the calculation of the slope

(the slope of a linear function is calculated by m = ‘max([o"g)(;;inuo"y)l

). For completeness, the

same measure is applied to an oxygenation index and defined as
Moxy-ctib = |Moxy|Aoxy - r%xy —5-|max(II) — min(I7)] (6.29)

indicating a high dependence on the oxygenation but low dependence on the total blood content.
The literature is not clear if there is a connection of oxygenation and inflammation but this measure
could give additional information about the state of the middle ear mucosa in case there is a

dependence found during trials.

6.4.1 Best Indices

The indices defined as the fraction and relative differences introduced earlier are optimised for
oxygenation and blood concentration using the simulated data and a stop radius of 0.75 mm

The measure M.y, introduced earlier is given in Figure 6.9 for both indices, where white means
a good measure and black a low one. The relative difference is symmetrical while the fraction is

not. The best indices when only considering blood volume concentration are

Stotal 730

Stotal(730)
Iy = ’
f Stotal(570) <6 30)
Stotal(730) Stotal( 0)
IIre dif. = 31
it Stotal(730) + Stotal( O) (6 ’ )

Both indices are indicated in Figure 6.9, labelled with “Best”.The best indices when considering

blood volume concentration and minimising dependency on blood oxygenation Mcup-oxy are found

to be
Stotal(730)
IIraC. cHb-Ox; = 6.32
f Hb-Oxy Stotal<546) ( )
Stotal<798) Stotal( O)
IIre if.,cHb-Ox; = 6.33
L dif cHb-Oxy Stotal(798) + Stota‘l( 0) ( )

and are also marked in Figure 6.9, labelled with “Best incl. Oxy”. Figure 6.10 shows these indices

depending on blood volume content and oxygenation in blue and red respectively.
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Figure 6.9: Inflammation index rating, not considering oxygenation. A brighter value indicates a
better index and ‘best’ marks the best index found for the measure M.gp. ‘best incl. Oxy marks

the best index found for Mcup-oxy-
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Figure 6.10: Simulated inflammation index in dependency of blood volume fraction and oxygena-

tion.
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Figure 6.11: Simulated oxygenation index dependent on blood oxygenation and blood volume

fraction.

Both indices show good dependence of the blood volume fraction and low dependence on the
oxygenation, when using the wavelengths found during optimisation. The best index using the
relative difference uses wavelengths at the lower end of the simulated range (500 nm). The index
is not expected to increase further below this range as the blood absorption first drops down.
Another peak is present at lower wavelengths but the scattering is increased in this range and
hence a worsened signal expected. All indices flatten out at higher blood concentrations. This
means the measurements will be less accurate in this range. The selected wavelengths are in the
range of those used in literature but span a wider range than in single measurements. But this
wider range is expected to give a higher signal as the contrast in absorption is higher.

The best indices for oxygenation, minimising dependence on blood volume fraction are given

by
Stotal(940)
Irac Xy-C = 6.34
e Ol St (660) (6.54)
Stotal(940) - Stotal(660)
Ire. if.,Oxy-c - 6.35
1 difOxy-ctb Stotal(940) + Stotal (660) < )

and the relation to oxygenation and blood concentration shown in Figure 6.11. The found wave-

lengths for the fraction are in accordance with those used in pulse oximetry [75].

6.4.2 Influence of the Scaling Factor and Stop Radius
Scaling Factor

The factor of 5 was chosen in Equation (6.27) to ensure a small influence of the oxygenation on the

inflammation index. The influence of this factor on the selected wavelengths is shown in Table 6.1
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Table 6.1: Selected wavelength in dependence of the scaling factor.

Scaling || Blood Concentration Oxygenation

Factor || fraction rel. dif. fraction | rel. dif.
0 730/570 730/500 578/600 | 940/600
1 730/570 798/500 578/560 | 578/560
3 730/546 798/500 940/660 | 560/530
5 730/546 798/500 940/660 | 940/660
10 798/584 798/500 940/660 | 940/660
20 798/584 798/500 940/660 | 940/660

listing the selected wavelengths for different factors.

While the selected wavelengths for measuring the blood concentration as relative difference are
independent of the scaling factor (except for factor 0), this is not true for the index defined as
fraction. The wavelengths change slightly but in all cases one wavelength in the high absorptive
green region and one in the low absorptive NIR region are selected.

For oxygenation measurements the wavelength of 940 and 660 nm are mostly selected, especially
for higher scaling factors. The oxygenation index defined by relative fraction shows that the selected
wavelengths have a similar rating as the selection switches from 940/660 nm to wavelengths in the
green range and back, indicating that small changes in the rating metric cause a change in the
selected wavelengths. The scaling factor does not change the selected wavelengths significantly,

and a factor of 5 seems to be a good compromise.

Stop Radius

The influence of the stop radius on the inflammation index and the selected wavelengths is in-
vestigated. Table 6.2 shows the selected wavelengths depending on the stop radius. In case of
oxygenation measurements it is obvious that the stop radius does not have a big influence. Only
for small radii, an influence is observed and the wavelengths do not change above a stop radius of
0.25mm. In the case of the blood concentration measurements defined by the relative difference
no changes are observed while in case of the index defined as the fraction the wavelength change
within a small range. But again, as for variation of the scaling factor, one wavelength in the green
and the second one in the NIR range are selected. This shows that also the stop radius does not
have a significant influence on the selected wavelengths.

In contrast to the wavelengths, the index itself is influenced by the stop radius as shown

in Figure 6.12. The inflammation index (defined by fraction) is shown for the respective best
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Table 6.2: Selected wavelength in dependence of the stop radius.

Stop Radius || Blood Concentration Oxygenation
[mm] fraction rel. dif. fraction | rel. dif.
0 798/500 798/500 560/584 | 584/560
0.25 798/500 798/500 940/660 | 940/660
0.5 798/584 798/500 940/660 | 940/660
0.75 730/546 798/500 940/660 | 940/660
1 730/546 798/500 940/660 | 940/660
1.5 798/584 798/500 940/660 | 940/660
14 T
—— No Stop

1ol —*— 0.25mm
—+— 0.50mm
—>— 0.75mm

10

S()/S(hy)

6 10 14 18
Vi [%]

Figure 6.12: Simulated inflammation index for changing stop radius.

wavelength combination for different stop radii. The index increases with stop radius as more

background is blocked and thus the dependence of the signal on the absorption in the mucosa

increased.

6.4.3 Explaining the Index

The inflammation index defined as a fraction will be used further as the measure rating the indices

yields higher values and the selected wavelength are closer (730 and 546 nm for the fraction versus

798 and 500 nm for the relative difference). The selected indices are

Stotal(730)

11 = 6.36
Stotal(546) ( )
Stotal(940)

Iowy = 6.37

o Stota1 (660) (6.37)
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These wavelengths were marked in the plots of simulated reflectance Figure 6.6 and Figure 6.8.

The physical meaning for these indices is explained below.

Blood Volume Content

Inflammation results in a higher metabolism, which in turn results in a higher blood content to
meet the higher oxygen demand. Both oxygenated and de-oxygenated blood content are increased
and the oxygenation kept constant, in the model used here. Also the scattering is assumed to
be unaffected by inflammation (see Section 3.3.2). As blood is the main absorber in tissue this
increases the absorption coefficient and reduces the reflection signal. The change in absorption
coefficient with blood concentration was previously presented in Figure 6.2 and the change of
reflection signal in Figure 6.6.

In the 700 to 940nm wavelength range the absorption and scattering coefficients are lower
than in the range of 500 to 600nm. An increased absorption coefficient reduces the reflection
signal significantly while increased scattering increases the reflection signal but shows a lower
dependence. This causes the reflection to be higher at 700 to 940 nm than 500 to 600 nm, due to
the stronger influence of absorption compared to scattering. The change of blood concentration
has the same multiplicative effect on the absorption coefficient at all wavelengths (apart from a
small offset in the model due to tissue background absorption) but not on the reflection due to a
non-linear relation (the linear Lambert-Beer relation is only an approximation) and influence of
the scattering coefficient.

This is shown in Figure 6.13 where the reflection signal at four wavelengths (changing the
scattering coefficient) is shown dependent on the absorption coefficient in (a) and the blood con-
centration in (b). The thin lines in subfigure (a) show the full range of absorption coefficient,
while the thick lines indicate the range spanned when varying the blood concentration from 2 to
20 %. The x-axis is shown in logarithmic scale for better visibility at small values of the absorption
coefficient. The curves show a non-linear behaviour as mentioned earlier. When varying the blood
concentration different sections of these curves are reached. Subfigure (b) shows these sections of
the reflectance signal indicated as thick lines in dependence of the blood concentration instead of
the absorption coefficient.

This shows clearly how the change in reflectance depends on the wavelength. For example, at
730 nm the reflection value decreases by 0.034 % (factor of 0.20 of start value) while the decrease
at 546 nm is higher with a change of 0.051% (factor of 0.77). While both reflection values are
decreasing, the decrease is more significant at 546 nm. The inflammation index defined as the
reflection at 730 nm divided by the reflection at 546 nm is thus increasing with increasing blood

concentration as the denominator is decreasing faster.
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Figure 6.13: Simulated reflectance. The thick lines in subfigure (a) indicate the range achieved

when varying the blood concentration from 2 to 20% while the thin lines show the full range.

Subfigure (b) shows the reflectance dependent on the blood concentration. R(730)/R(546) gives a
good index while R(940)/R(660) does not.
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In contrast the two other wavelengths shown in the graph show a similar change of reflection
with changing blood concentration and the relation of both reflection values is almost independent
of the blood concentration. This shows that a good choice of wavelengths is necessary in order to
allow measurements of the inflammation and best measurements are achieved using one wavelength
where the absorption of blood is high (e.g. 546 nm) and one where it is low (e.g. 730 nm).

The whole chain of effects is summarised in Figure 6.15.

Oxygenation

Literature is inconsistent about the relation of metabolism and oxygenation, both an increase due to
increased blood supply and decrease due to higher oxygen demand are reported (see Section 3.3.2).
An increase in oxygenation is assumed here in order to explain the further chain of causes.

Oxygenation measurements are based on the different specific extinction coefficients of oxy-
genated haemoglobin egpo2 and deoxy-haemoglobin egy, causing the total absorption spectrum to
change as shown in Figure 6.7. The extinction coefficient of oxy-haemoglobin egpo2 at 940 nm
is higher than the extinction coefficient of deoxy-haemoglobin epy, the reverse is true at 660 nm.
Consequently, the absorption coefficient is increasing at 940nm and decreasing at 660 nm with
increasing oxygenation. This causes the reflection signal to increase at 660 nm and decrease at
940 nm as shown in Figure 6.8.

As done previously for the blood concentration, the reflection is first shown in Figure 6.14
(a) in dependence of the absorption coefficient, with the thin lines indicating the full range and
the thick lines showing the range spanned when changing the oxygenation of blood. It has to be
noted that the absorption at 660 nm is highest for high oxygenation and decreases with decreasing
oxygenation, while the opposite is true for the other shown wavelengths. Figure 6.14 (b) shows
the reflection signal in dependence of the oxygenation and the increase at 660 nm and decrease at
940 nm of the reflection signal with oxygenation is more obvious.

The index defined as the reflection at 660nm divided by the reflection at 940 nm increases
with increasing oxygenation. Again a good choice of wavelengths is necessary as indicated by the
other two wavelengths in the graphs, both showing a small change with oxygenation and thus a
relation that is almost independent of the oxygenation. The whole chain of effects is summarised

in Figure 6.15.
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Figure 6.14: Simulated reflectance dependent on blood oxygenation. The thick lines in (a) indicate

the range achieved when varying the oxygenation from 30 to 90 % and thin lines show the full

range. Subfigure (b) shows the reflectance dependent on the blood oxygenation. R(940)/R(660)

gives a good index for oxygenation while R(730)/R(546) does not.
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Figure 6.15: Causal relations in formation of the inflammation and oxygen index. Literature is
inconsistent about the relation of metabolism and oxygenation, both an increase due to increased
blood supply and decrease due to higher oxygen demand are reported (see Section 3.3.2). An

increase in oxygenation is assumed here in order to explain the further chain of causes.

6.5 Influence of Other Parameters on the Inflammation In-

dex

Changes of optical properties of the middle ear and optical parameters of the anti-confocal system
(listed in Table 5.7) have been simulated and their influence on single measurements presented
in Section 5.4.3. Here, the influence of these parameters on measurements of the inflammation
index is investigated. Some of these effects are expected to have no influence on the inflammation
index as acting similarly on both wavelengths while others will have an influence. The properties
of the middle ear (distance between eardrum and mucosa, scattering coefficient of the mucosa,
transmission characteristics of the eardrum, and surface orientation and roughness) are altered and
their influence investigated while the optical system (focus, both illumination and detection NA,
and stop radius) are kept constant according to the previous results. The wavelength and blood
content dependent absorption coefficient of the mucosa is the input parameter to be measured,

while all other parameters of the mucosa interfere with the assessment of the inflammation.

6.5.1 Distance from Eardrum to Mucosa

The distance between eardrum and mucosa is changed from 3 mm to 2 and 4 mm in simulations of
the inflammation index and results shown in Figure 6.16.

A change in inflammation index is obvious and results from the different influences of the
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Figure 6.16: Influence of distance from eardrum to mucosa on the inflammation index.

distance on the detected reflection of the mucosa for different absorption coefficients observed in
Section 5.4.3. While the distance does not have a significant influence on the detected signal in case
of a low absorption of the mucosa, a large dependence is present for higher absorption. This causes
the green signal to change with changing distance while the NIR signal is relatively unaffected and

this in turn affects the inflammation index.

6.5.2 Scattering of the Mucosa

The scattering coefficient of the mucosa was assumed to be constant for different inflammatory
stages. This assumption is based on literature research presented in Section 3.3.2. But the scatter-
ing coefficient of tissue can change from person to person and variations of the scattering coefficient
are simulated here and its influence on the inflammation index investigated.

The scattering coefficient of the mucosa is changed by +20, £10, and +5% (corresponding
to scaling by the factors 0.8, 0.9, 0.95, 1.05, 1.1, and 1,2), the reflectance simulated, and the
inflammation index calculated. Figure 6.17 shows the used scattering coefficients over the whole
wavelength range.

The inflammation index is shown in Figure 6.18 a) with the original simulation as black, solid
line and the resulting index with changed scattering as dashed lines. The error in the index is

smaller than the variation of the scattering coefficient as obvious from Figure 6.18 b) showing the

[T Tchanged — I original|

error in percent of the original value E = . The maximum error is 3.7% for a

Iloriginal

20 % change in the scattering coefficient, 1.5 % for a 10 % change, and 0.7 % for a 5 % change. This

shows that the inflammation index is relatively robust to variations of changes in the scattering of
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Figure 6.17: Values for the changed scattering coefficient of the mucosa.

the middle ear mucosa.

6.5.3 Properties of the Eardrum

A change in the transmission of light through the eardrum with the same factor at both used

wavelength (k # f(A)) will not affect the measurement of the inflammation index in the simplified

k2 Ta\ (A1)

m is constant. But if the

equations presented above as the transmission factor ¢y =
transmission of the eardrum is affected by absorption of blood or other absorbers and scatter-

ing elements within the tissue with wavelength dependent relation, then the measurement of the

k2 (A1) Ty (A1)

inflammation index will be affected ¢ty = T2 0n) T2 (0
T™

A possibility to account for this change is to use the reflected light from the eardrum Rry
collected inside the stop radius and use its information to make conclusions about the transmission.
In effect, this would be confocal detection of the properties of the eardrum at the same time as
performing anti-confocal detection of the mucosa. Only the small illuminated area would be probed
and the eardrum characteristics of a small area determined. This area affects the transmission of
the illumination. The characterisation of a wider area of the eardrum would be necessary to also
characterise the transmission of backscattered light. Further, the axial resolution of the confocal
system with NA of 0.08 would be 7ayja = 1.5nﬁ = 189 um for 808 nm [195]. This is more
than the thickness of the eardrum. Hence, reflections from the surface cannot be rejected and will
influence the measurements.

Increased absorption inside the eardrum would result in a smaller reflection signal Ry and
lower transmission. Hence, it should be possible to account for a changed absorption coefficient in

the eardrum. An increased scattering coefficient will decrease the transmitted signal but increase
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Figure 6.18: Influence of scattering of the mucosa on the inflammation index.
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the reflected background (as presented in Section 5.4.3 describing the influence of scattering in the
eardrum on signal and background). These assumptions will be tested on simulations varying the

eardrum parameters presented below.

Absorption of the Eardrum

The absorption of the eardrum is changed in simulations in order to investigate the influence on the
inflammation index. Two wavelength independent cases were investigated, in one the absorption at
both wavelengths is either doubled or halved. Further, the absorption is changed differently at both
wavelength by a factor k of 2.2 (multiplication by 4.33 and 2 for 546 nm and 730 nm, respectively)
and 1.7 (multiplication by 2.5 and 1.45). Figure 6.19 shows the wavelength independent cases
in red and the wavelength dependent cases in green. Subfigure a) shows the original data while

subfigure b) shows the data scaled by the square of the relation k? at 730 and 546 nm.
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(a) Original Data

(b) Data scaled by k>

Figure 6.19: Influence of absorption of the eardrum on the inflammation index.

The wavelength independent change of absorption introduces an error (maximum of 7.6 %
and 7.7% for scaling of 0.5 and 2 respectively) due to non-linear effects due to scattering that
were neglected in the simplified derivations and definition of eardrum factor cry. A wavelength
dependent change has a much higher effect on the inflammation index as observed in Figure 6.19
(a). This influence is due to the fact that the light at 546 nm is more strongly attenuated than at
730nm and thus the relation reduced. As the light passes the eardrum twice, the index is correct
by the square of the scaling factor k?; the results are shown in subfigure (b). The error is still
higher than for the cases of equal change showing that correction of the inflammation index using
the absorption of the eardrum is not trivial.

Next the confocal detected signal of the eardrum Sconf is measured and the relation regns of
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Figure 6.20: Relation reons of confocal signal (0.04 mm pinhole radius) from eardrum at 730 and

546 nm used to correct inflammation index for changing absorption.

the signal at 730 and 546 nm shown in Figure 6.20 (a). The relation of detected signal is almost
independent on the blood concentration and only determined by the absorption of the eardrum as

the confocal pinhole rejects all light from the mucosa. Subfigure (b) again shows the inflammation

8

index, this time corrected by the confocal signal according to 1/r5 ..

Seont(730)

Teonf = ot 6.38
conf Sconf(546) ( )
This correction factor is chosen to minimise the change in inflammation index and achieves good
results. A correction factor will have to be determined in experiments and will most likely differ

from this factor found in simulations.

Scattering Coefficient of the Eardrum

The influence of the scattering on the signal and SBR of the anti-confocal system was investigated
in Section 5.4.3. An increase of the scattering coefficient reduces the signal but increases the SBR
in most cases. For strongly forward scattering, the opposite can be true. The effect of scattering
on the inflammation index is investigated here.

Wavelength independent and wavelength dependent changes of the scattering coefficient are
investigated. Figure 6.21 (a) shows wavelength independent changes (factor of 2, 1.5, and 0.84) in
red and wavelength dependent changes (“2x” indicates the signal at 730 nm is multiplied by 2 and
“0.5” that the signal at 546 nm is multiplied by 2) in green.

Both, the wavelength independent and dependent cases change the inflammation index signifi-
cantly in contrast to the simplified signal model presented earlier. This is a result of the scattering

coefficient changing the spatial distribution of transmitted light and different distributions of the
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Figure 6.21: Influence of scattering of the eardrum on the inflammation index and confocal signal

from the eardrum.

signal on the detector. A wavelength independent increase in scattering reduces the inflammation
index, while the opposite is true for a decrease in scattering. An increase in scattering at 730 nm
(“2x”) increases the index. This is unexpected as an increase in scattering is expected to reduce
the signal at 730 nm and thus decrease the index. But the opposite is true as the signal is further
spread due to higher scattering and thus more signal detected using a stop. In the same way, an
increase of scattering at 546 nm (“0.5x”) increases the detected signal in the green range due to
more signal being scattered into the detection aperture and the inflammation index is decreased.

Figure 6.21 (b) shows the confocal detected signal from the eardrum which is again independent
of the blood content. The wavelength independent cases do not show a change in confocal signal
relation even though the anti-confocal signal changed. Further, a decreased anti-confocal signal
relation (dark green) is associated with an increased confocal signal while the opposite is true for

changes in the absorption coefficient.

Conclusion

The simulations showed that both the absorption as well as the scattering coefficient of the eardrum
influence the inflammation index even when a change is independent of the wavelength. This shows
that the simplified calculations made above are not valid (still they visualise the basic concept of
the measurements). Also, the correction of the inflammation index by the confocal detected signal
of the eardrum is not trivial as scattering and absorption show opposite effects. The influence of
the scattering anisotropy has not been simulated and would complicate the signal processing even

more.
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6.5.4 Roughness, Rotation, and Noise

Other factors such as the rotation of the sample surface towards the beam affect the measured
power as well. An increased angle results in the main direction of reflection directed away from
the detector and a factor ¢y must be included in the calculation of the signal Equation (6.15).
Second, the surface roughness will affect the measurement as well accounted for by the factor
Crough- LThe use of a factor for the roughness is an approximation, as the roughness influences the
distribution of the reflected signal. But in combination with the optics this results in a change
in the detected signal, and the approximation is valid. Finally, some noise offset is added to the
signal due to internal reflections on optical elements n,.q. and camera noise 7camera- 1he signal

can be expressed as

Stotal()\) = IO . RM ()\)T’%M()\)Crot,M()\)crougmM()\) * Coptics
+ IU * RTM()\)Crot)TM()\)Crough)TM(/\) * coptics <639)
+ Ncamera 1 Trefl.

As explained previously, the background reflection by the eardrum is avoided by use of the anti-
confocal system with high SBR. Noise subtraction (by use of an image recorded with the laser
switched on and beam reflected from the sample directed away from the detector) both noise

components can be minimised. The total signal simplifies to
Stotal()\) ~ IO - RM ()\)T’%M ()\)Crot,M()\)crougmM()\) * Coptics (640)

Use of the inflammation index as measure will get rid of the roughness and rotation constants if
both factors are independent on the wavelengths. This is assumed to be the case as it is intended
to use wavelengths that are relatively close to each other and the same surface is sampled due
to alignment of the lasers. The optics scaling factor and input power can also be neglected as
explained previously. Hence, the inflammation index can be expressed as given in Equation (6.20)

and will not be affected by the above factors.

6.6 Conclusion

Best wavelength for the measurement of the inflammation (blood concentration in tissue) and
oxygenation have been found in simulations and match with wavelengths used in literature. The
index is relatively unaffected by changes in scattering of the mucosa, roughness, angle of the surface,
and wavelength independent changes of the absorption of the eardrum. In contrast, the distance
between eardrum and mucosa, the scattering and wavelength dependent changes of the absorption

of the eardrum affect the measurement. While the confocal detected signal of the eardrum might
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give information about its properties signal processing is not trivial as scattering and absorption
have opposite influences on the inflammation index and the confocal eardrum signal. The use
of wavelengths closer to each other would reduce the influence of changes in scattering on the
eardrum, but reduce the sensitivity of inflammation index to changes in the blood content.

While the influence of the eardrum on the measurements can be reduced using these two
approaches, they cannot completely compensate for it. This means, if the absorption and scattering
of the eardrum vary significantly between different patients or within one person over time, then the
inflammation index cannot be reliably measured as the eardrum properties affect the measurement

and calibration can only be performed on an average set of optical properties.



Chapter 7

Experimental Validation

During simulations the wavelengths 730 and 546 nm were found to be most suitable for measure-
ments of the inflammation giving highest sensitivity. But no lasers are available at 546 nm or in
the green range above. Hence, a laser with 532 nm wavelength is used instead. An NIR laser with
808 nm wavelength was available and used instead of a 730 nm laser as suggested by simulations.
This will decrease the sensitivity of the inflammation index as shown in Figure 7.1, where the
inflammation index and dependence of the measurement on oxygenation of the simulated and for
experiments selected wavelengths is shown. The dependence on the oxygenation is low for both
wavelength combinations while the dependence on blood concentration is lower for the wavelengths
used in experiments. The measure for the sensitivity of the inflammation index Mcmp-0xy defined

according to Equation (6.28) is decreased by a factor of 0.82.

7.1 Optical Setup

The anti-confocal system was set up on an optical bench for characterisation. A sketch of the
system is shown in Figure 7.2. The used lasers are either a red laser with 650 nimn wavelength or
a green laser with 532nm (BWN-532-30, B&W Tek, Newark, DE, USA) and a NIR laser with
wavelength of 808 nm (L808P010, Thorlabs, Newton, New Jersey, USA, controlled by the power
and temperature controller kit LTC100-B LD, Thorlabs, Newton, New Jersey, USA). The red
laser is used for characterisation of the anti-confocal system and later replaced by the green laser
for spectral measurements. The red laser was used to characterise the anti-confocal system and
replaced by the green laser after according to spectral simulations presented in the previous chapter.
The beams are expanded to achieve a diameter larger than 12mm, aligned using a mirror pair,

and attenuated to the same power level so avoiding saturation of the camera during recordings
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Figure 7.1: Simulated inflammation index for best wavelengths (730 and 645nm) and experimen-
tally used wavelengths (798 and 530 nm). Actually, 808 and 532 nm were used in experiments but

were not simulated and hence the closest simulated wavelengths are used as approximations.

and allowing to use the same exposure time for measurements with both lasers. The second
mirror in beam path of laser 1 is a cold mirror (M254C45, Thorlabs, Newton, New Jersey, USA)
transmitting wavelengths higher than 700 nm and reflecting wavelengths lower than 700 nm used
to combine both laser beams without significant loss of power.

An adjustable iris diaphragm with a maximum beam diameter of 12mm (SM1D12C, Thorlabs,
Newton, New Jersey, USA) restricts the beam diameter before directing the beam on the pellicle
beamsplitter (CM1-BP145B2, Thorlabs, Newton, New Jersey, USA) with a split ratio of 45:55
(R:T) in the 700 to 900 nm wavelength range. The use of a pellicle beamsplitter is important
because cube or plate beamsplitters result in ghost images with intensities higher than the signal
reflected from diffuse samples. The reflected beam in the unused path is eliminated in a beam
dump to avoid reflections to influence the measurements. A second iris diaphragm placed between
objective lens and beam splitter is used to restrict the detection aperture. The aperture of both
irises is adjustable to allow a change of the NA of the system for characterisation. The first one
is necessary to reduce the beam diameter before the beamsplitter to avoid reflections from the
backside of the second iris that can reach the detector and add background noise.

Two achromatic doublet lenses are used as imaging and objective lens respectively. The focal
lengths are 80.3mm (AC254-080-B, Thorlabs, Newton, New Jersey, USA) for the objective and
40 mm for the imaging lens when using the red laser. The lenses are coated for low reflections in

the 650 to 1050 nm range. In case of the green laser, the focal lengths are 90 mm for the objective
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Figure 7.2: Optical bench top setup of the anti-confocal system. The magnified images of the
sample show setups for recording a reference image (1), a background image (2), and a sample

signal image (3).
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and 80.3 mm (AC254-080-B, Thorlabs, Newton, New Jersey, USA) for the imaging lens. The lenses
are again coated for low reflections but this time in a wider wavelength range down to green. The
middle ear phantom is placed on the sample holder presented in Section 3.5.4 with the eardrum
phantom in focus. The camera iXon®M+ (Andor, Belfast, Northern Ireland) is placed in the image
of the eardrum and acts as stop and detector. Spatial filtering is done in post-processing using
MATLAB, by rejecting pixels within the stop radius. The camera has a monochrome CCD sensor
with 1002x1004 resolution, pixel dimension of 8 wm square, and 14 Bit depth. A high dynamic
range is necessary to allow detection of scattered light with low intensity while not saturating
central pixel recording the high power reflected and focused signal from the eardrum. 2 x 2 pixel
binning mode is used as the full 14 bit depth is not achieved without pixel binning. This results in
501 x 502 resolution with 16 pm pixel size.

An angled mirror and a reference target (WS-1-SS, Ocean Optics, Dunedin, Florida, USA)
can be placed between sample and objective lens for either noise or reference measurements. The
mirror directs all light to a beam dump so that all noise within the system (sensor noise, reflections
within the optical system, ambient light) is recorded. The reflection standard is used to normalise
the power of both lasers. The whole optical system is placed in a box blocking most ambient light
in order to reduce the background noise in the system.

The alternative to the use of a camera would be to use a physical stop and a photo diode.
This would increase the ability to detect small signals as high background reflections from the
eardrum are directly rejected by the stop and the power could be increased to levels where central
camera pixel would saturate and cause blooming effects. On the other hand, alignment would be
more difficult, the stop radius would be fixed and the spatial distribution of the signal would be
unknown. With the camera as detector, the stop radius can easily be changed in software and
the whole detector area investigated to find the highest signal and lowest background components.
Additionally, the central pixel of the CCD detector can also be used to confocally assess the

eardrum as explained in Section 7.3.3.

7.1.1 Noise Reduction and Normalisation

Dark noise and reflections within the optical system add an offset to the recorded images. Hence,
noise images are subtracted from the recordings in order to minimise the background. These are
recorded as shown in Figure 7.2 option 2; a mirror directs the sampling beam to a beam dump
resulting in no signal reaching the detector. Further, the power of each laser is normalised using
the measurement of reflections from a reflection standard with refection bigger than 98 % for 250

to 1500 nm [223].
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The recorded power changes over time as shown by the example recording in Figure 7.3. The
NIR laser and camera are switched on for at least 15 minutes to allow the temperatures and laser
output to stabilise. Noise images are then recorded over a time course of 27 minutes and subtracted
from a signal image recorded at ¢t = 15 min, resulting in a longer break in the recording of the noise
images and exposure of the sensor to laser radiation, indicated by the dashed section in the graph.
The sum of all pixels normalised by the average of all measurements % is shown here
and variations are up to 5% are visible. This is assumed to be a result of temperature changes of
the detector even though the camera is temperature controlled. These small temperature changes
change the background level and thus the final signal. The influence is relatively high here as the
signal is very low. The highest change when recording the signal image can be explained by the
longer interval between the noise recordings and exposure of the camera to laser radiation and
hence warming of the detector.

As a result, the background and normalisation images have to be recorded as close as possible
to the recording of signal images in order to minimise variations in the background noise. This

results in the experimental protocol as follows:
1. The reflection from a white reflection standard is measured to determine the laser power.

2. The background noise is measured with a mirror directing the sampling beam away from the

detector.
3. The reflection from the sample is measured.

This process is repeated for every sample and each wavelength. The final signal s is then calculated
as the sum over the pixel values of the selected area of the signal image Pne with background
noise Phackground Subtracted and scaled by the input power given by the reference power P,f minus

background image

ng - Pba‘ckground
5= E (7.1)
Pref - Pbackground

sel. area

The short term variation from one time point to the next is smaller than the long term variation

over the whole timespan. Hence, the signal will be improved by repeated updates of the background
image.

32 frames were averaged for each measurement and the exposure time was 20 ms. Experiments

showed that the contrast between the phantoms cannot be reliably detected when using only 4 or

less frames or reducing the bit depth to 10bit or lower. This again shows how critical good noise

reduction is. It also shows the requirements of high dynamic range of detectors for anti-confocal

measurements.
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Figure 7.3: Influence of varying background on the measured signal over time. The shown example
is recorded using the NIR laser. In the beginning an image was recorded every 30s and after a

short break (dashed section) the interval was set to 60s.

7.1.2 Beam Width at Sample

In order to characterise the focus of illumination at the sample, the beam width at the focal region
is measured. This is necessary to ensure a good focus to allow comparison of confocal and anti-
confocal detection later. The beam width is measured by the knife edge measurement according
to [224]. For this the detected power is recorded on the transition of a non-reflecting to reflecting
straight edge. This is achieved here by moving a test resolution target orthogonal to the optical
axis (x-direction) and an example result shown in Figure 7.4 (a).

When the beam is incident on the reflective area, the highest power is recorded. As soon as
part of the beam hits the non-reflective area, the reflected power is reduced and reaches a minimum
when the whole beam is falling on the non-reflective area. The width of the transition is used to
determine the beam width. The distance dgg/19 between the point showing 90 % of the power to
the point showing 10 % of the power is used as a measure as the edges of the transition are not easy
to identify. The 90/10 distance of a Gaussian beam is related to the full width at half maximum
(FWHM) and 1/¢? radius of the PSF by [224]

d90/10 =1.09-FWHM =1.28 - 7"1/82 (72)

The 1/€? radius is the measurable diameter of the beam where the power is reduced to 1/e? of the
maximum power, containing 86.5 % of the beam power [225]. Figure 7.4 (b) shows this radius is
dependent on the position of the target on the optical axis. Several measurements were taken for

the green laser, while only one is shown for the NIR laser. The beam is in focus at z = 0.
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Figure 7.4: Measurement of the beam width using the knife edge measurement.

This theory is only valid for Gaussian beams. The beams used here are not Gaussian as they
are restricted by the apertures and the beam profiles at the sample are shown in Figure 7.5 (a).
The beam is recorded by a RGB camera (DCC1645C, Thorlabs, Newton, New Jersey, USA) placed
at the sample position, slightly out of focus. The green beam shows a Gaussian shape but is cut
off while the NIR beam shows a relative constant power distribution. The blue dashed line shows
an ideal Gaussian distribution with 530 pixel radius.

As both beams show a clear cut-off, the transition from constant maximum and minimum power
to transition region is more distinct than for Gaussian beams and the distance between maximum
and minimum detected power djgg/9 is used to measure the beam width. This measurement is
shown in Figure 7.5 (b) in green and the previously measured beam width is shown in blue. A
scaling of the beam radius measured by the 90/10 distance by a factor of 2.3 approximates the
100/0 distance for the green laser. Another scaling factor is necessary for the NIR beam due
to a different beam profile. The measurement fits well with the theory, shown in black dashed,
except for a less ideal focus with minimum beam diameter of around 8 instead of 4 um, caused by
aberrations. The theoretical beam width is calculated by

¢-2°

w(z) = woi/1+ e (7.3)

where wq is the minimum beam diameter given by the Airy disc wg = 2 rajry = 2 0.61 - ﬁ, and

¢ is the beam divergence given by the NA [224].
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Figure 7.5: Modified knife edge measurement

7.2 Anti-Confocal System

In this section the optical setup with red and NIR laser is used and measurements are made on
the one wavelength phantoms. Spectroscopic measurement, presented in the next section, will be
conducted on the 2 wavelength phantoms and using the setup with the green instead of the red

laser.

7.2.1 Axial Resolution

The focal plane is scanned through the sample along the optical axis (z-axis). In case of the
confocal system (pinhole filtering) a maximum signal is expected when the sample is in focus,
while a minimum is expected for the anti-confocal system. First, a mirror is used as sample and
the recorded power dependent on the focus position for different pinhole or stop radii shown in
Figure 7.6 (a) and (b), respectively. At z = 0mm the sample is placed closest to the objective lens
and is moved further away with increasing z.

From subfigure (a) it is obvious that the mirror is in focus, at z = 13.5mm as a maximum
signal is shown. Further, it can be seen that more power is detected for a higher pinhole radius
and also the peak is wider indicating an increased detection depth and decreased depth resolution.
The opposite is true for the stop as the stop is the inverse of the pinhole filtering.

The dashed lines in subfigure (a) and (b) show the theoretical signals calculated by geometrical
optics. The detected power is calculated using the thin lens and paraxial approximation and
optical system as used in the experiment. A homogeneous beam is assumed and the detected

power calculated by the transmissive area of the filter divided by the beam diameter at the filter
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Figure 7.6: Z-scan through a sample using confocal and anti-confocal filtering. At z = 0 the sample

is placed closest to the optics.
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position.
er%inhole
PPinhole = 5 (74)
"Beam
PStop =1- PPinhole (75)

where the beam radius rgeam is easily calculated using geometrical optics. The theoretical values
only account for signal loss at the spatial filter and need to be scaled to match the measured
power. The scaling used here is chosen to match the total power when no stop or pinhole filtering
is applied. Another effect is visible in the total signal (stop of 0 mm diameter), where the power
decreases when the mirror passes the focus. This is due to the fact that the reflected beam is cut
off by the lens aperture and thus less light is detected. This effect is shown in measurements and
theory. The maths used here is different from the normal confocal theory in that the pinhole radius
is increased to a level where diffraction effects are negligible and geometrical optics can be used.

The theory fits well in the anti-confocal case, except that the signal does not go to zero. This
is assumed to be due to the offset caused by the background level that cannot be removed due
to the long time difference between recording of the background and signal image. The theory
and measurement differ more in the confocal case. The peaks are less distinct and wider in the
measurement. This is due to aberrations in the system causing a wider and not perfectly focused
beam. Hence, a large pinhole must be used, degrading the axial resolution. But as the sample
investigated here is characterised by a distance of 3 mm between mucosa and eardrum, the reduced
resolution is not a problem. However as the pixel size is 16 x 16 um a pinhole with radius similar
to the pixel dimension is only able to be approximated with a low resolution.

Figure 7.6 (c) and (d) show the same scan over a wider z-range for different samples, the diffuser
as scattering layer, a mucosa phantom, and the complete middle ear phantom composed of mucosa
and eardrum. When using the mucosa phantoms only, a clear peak is visible in the confocal case
indicating the z-position of the surface. The cases of a scattering layer show a smaller peak at the
position of the scattering layer surface. The peak is lower as the signal is smaller for the scattering
layer. The case of eardrum only and complete middle ear phantom are not distinguishable and no
peak is seen for the phantom surface as only few unscattered photons pass the eardrum phantom
twice and very low signal is detected.

The anti-confocal filtering shows a clear minimum for the mucosa phantom only, while the
minimum is less clear for the case of middle ear phantom. The case of eardrum phantom only is

clearly separated from the case of middle ear phantom.
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7.2.2 Radial Resolution

The radial resolution of the system is characterised for measurements through the eardrum. The
same setup as the beam width measurement explained in Section 7.1.2 is used with the difference
that measurements are conducted with an eardrum sample in the beam path. In case of the
confocal measurement, the surface of the mirror is placed in focus and the eardrum sample 3 mm
in front of it. In case of the anti-confocal measurement the eardrum is placed in focus and the
mirror is placed with a distance of 3mm behind it. The detected signal is measured when moving
a reflective edge through the beam. The test resolution target used earlier is replaced by the edge
of a mirror because a large homogeneous area is necessary to measure the resolution of the wide
spread scattered signal. Resolution for both confocal and anti-confocal systems are measured, with
the mirror alone and with the diffuser as eardrum phantom placed in front of the mirror. The
green laser is used for sampling.

Figure 7.7 shows the result of the experiment with each measurement normalised to its maxi-
mum value resulting in a scale of 0 to 1 of the detected power. The confocal signal measured on the
mirror shows a sharp transition with a width of about 25 um. The approximate transition width
is marked by the vertical dotted lines. When placing the diffuser in front the mirror the width
of the transition gets wider (about 200 um) and the contrast is decreased. The latter is the case
because the signal is reduced due to scattering and background is added due to a use of a pinhole
of 48 um radius.

The transition area is about 670 pm wide for the anti-confocal system (stop radius of 480 pn)
without the diffuser in place. This increase is a result of the beam being focused 4mm in front
of the mirror (at the position where the diffuser would be in focus) resulting in a beam radius of
300 wm at the mirror. This transition area is further increased to about 1050 pm when placing the
diffuser in the beam path as the light is spread further due to scattering. But at the same time
the contrast is increased compared to the confocal system.

The detected confocal power is about 50 times lower than the anti-confocal signal. This shows
the better resolution but lower signal level of the confocal system. As the resolution is not relevant

in this application whilst the signal level is, the anti-confocal system is advantageous.

7.2.3 Radial Power Distribution

In this section in the CCD camera images are analysed to allow further signal processing. In
this and in all following experiments (unless stated otherwise) with the anti-confocal setup the
optical system is focused on the surface of the eardrum. If no eardrum phantom is used during the

experiments, the focus is not changed and is where the surface of the eardrum would be if placed.
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Figure 7.7: X-scan through a sample using confocal and anti-confocal filtering. Pinhole radius =

48 um, stop radius = 480 um, and sample and filtering according to legend.

The mucosa phantoms are placed 3 mm behind the eardrum or its theoretical position and out of
focus.

Recorded images of the anti-confocal detector are shown in Figure 7.8 using a logarithmic scale.
The left image shows the power distribution when only a mucosa phantom is used as target, in the
middle image only the eardrum phantom is used as target, and on the right the detected power is
shown when both mucosa and eardrum phantom are used as target. All three images show the same
scale of pixel readings of the camera. In case of the mucosa phantom, the signal is distributed over
a wider range as the beam is defocussed and light scattered inside the phantom. The illumination
is focused on the eardrum and thus a higher maximum intensity is seen and the power is more
concentrated in the middle graph in Figure 7.8. For the complete middle ear phantom both images
are superimposed, with the signal from the mucosa attenuated.

Smearing of the signal below the centre is observed in all images even though images are not
saturated. The used camera is a frame transfer CCD and the pixels are still exposed to light during
the frame transfer [226]. This causes the observed smearing, which is more obvious for smaller
exposure times (20ms are used here). To avoid this effect, the lower half of the images is ignored.

To analyse the power distribution in more detail, the power dependent on the radial distance
r from the centre of the beam is shown in Figure 7.9. MATLAB was used to find the centre of
the beam, defined as centroid of the area where the intensity is higher than % maximum intensity,
and calculation of the power. The radius is analysed in steps of 2 pixel equal to 32 um or about
four times the diameter of the point spread function at the focus. The power in each radial area is

shown dependent on the radius on the x-axis and is different from the intensity (power per area)



CHAPTER 7. EXPERIMENTAL VALIDATION 165

8
6
4
2
0

Mucosa Eardrum Middle Ear

log(Pixel Value)

Figure 7.8: Examples of recorded images for anti-confocal detection from different phantoms.
Smearing is visible in all images as bright lines below the central signal spot. The camera area is

8 x 8 mm?.

as the area for each radial section changes with 2. Hence, the intensity falls off more quickly than
the shown power per angle. This current way of plotting is selected as it directly shows the power
that will be selected by anti-confocal stop filtering with a certain radius.

The coloured solid lines show the power distribution of the mucosa phantom only, each colour
indicates a different phantom. The dashed lines show the power distribution for the middle ear
phantom with the same colour coding used for the different mucosa phantoms. The black dash-
dotted line shows the recorded power for the eardrum phantom.

It is obvious that the signal from the eardrum phantom is spread over a smaller area and shows
a higher maximum value than the mucosa phantoms only. The mucosa phantoms show a main
lobe with about 320 um radius and then a flatter decay for a higher radius (transition indicated
by the vertical black dotted line). This main lobe is a result of direct reflections from the phantom
surface. The theoretical width of the illumination beam diameter at phantom surface w is given
by

w:%-d%NA-dz0.0S-zlmm:OBmm (7.6)

where 7 is the aperture radius, f the focal length of the lens, and d the distance from scattering
surface to mucosa surface. This fits well with the measurement and is also visible in experiments
shown later where the distance and NA are varied.

The maximum of the power at around 150 um observed here is a result of decreasing intensity
with increasing radius but at the same time increasing area. Intensity plots do not show this
behaviour but show a maximum in the center instead.

Further, it can be seen that the power is higher for the phantoms with lower absorption coeffi-

cient (lower number) when measuring the reflectance of the mucosa phantom only (factor of about
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Figure 7.9: Radial distribution of power in the images.

1.1, 1.2, and 1.5 in the main lobe or 1.3, 3, and 5.1 in total of phantom 1 compared to the others).
At high radii (bigger than around 600 pm) the same is true for the complete middle ear phantom.
At lower radii this is not true as in the centre the power is more determined by reflections from

the eardrum rather than the mucosa phantom.

7.2.4 Filtering of the Signal using the Anti-Confocal Stop

As seen in Figure 7.9, the detected signal from the middle ear phantoms can be distinguished
at radii higher than around 600 wum while this is not the case for smaller radii. Hence, the anti-
confocal stop is used to reject the central portion and only recover the absorption dependent
signal. Figure 7.10 shows the detected signal for the four mucosa phantoms when using stops
with different radii ranging from 160 to 640 pm. The detected power is shown dependent on the
absorption coefficient of the phantoms at 808 nm wavelength along the x-axis. The total detected
power without stop filtering is shown as a solid line while the power when using stop filtering
are shown as dashed lines. The red line indicates the measurement where the sample used is the
mucosa phantom without the eardrum phantom in place. This is the ideal signal that could be
achieved when the signal path is not blocked and is used as a reference. The power is normalised
to the power of Phantom 1 (lowest absorption) for each series to allow easy comparison of the

contrast between the phantoms. Five positions (1 mm apart) were measured, the mean values are
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Figure 7.10: Contrast between phantoms for different stop radii. The absorption coefficient
for each phantom is given on the x-axis (fa Phantom1 = 0.061mm™', fin Phantom2 = 0.1 mm™?,
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shown here with the standard deviations shown by the errorbars. Additionally to the stop, a large
pinhole with radius of 1.92mm was applied to reduce the influence of background variations far
away from the centre of the beam.

The reference measure of the total detected power of the mucosa phantoms shows a contrast
between the phantoms with small errorbars indicating homogeneity of the phantoms. This contrast
is not visible without stop filtering when the eardrum phantom is placed in front of the mucosa
as the mucosa signal is attenuated and superimposed by the reflections from the eardrum. The
large errorbars of the total signal stem from inhomogeneities of the diffuser used as the eardrum
phantom and the small sampled area as the beam is focused on the eardrum.

When applying a stop, the contrast is improved and the errorbars reduced as the reflections
from the eardrum are rejected while signal from the mucosa is still detected. When using a stop,
the contrast also improves for the mucosa phantom only (not shown) as direct surface reflections
are rejected leaving only scattered light. For the full middle ear phantom including the eardrum,
the contrast increases further as more and more scattered light from the eardrum is rejected.
Values below zero are reached when the influence of the varying background noise causes negative
pixel readings after noise subtraction. But the standard deviation increases again for higher radii
because the signal power decreases with increasing stop radius, increasing the influence of the
background.

Figure 7.11 (a) shows the absolute power of mucosa phantom 1 alone, eardrum phantom alone,
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Figure 7.11: Absolute power and SBR for different stop radii. Inaccurate background noise sub-
traction causes negative pixel readings for the eardrum phantom and hence the SBR can not be

calculated.

and complete middle ear phantom in dependence of the stop radius. The power of the mucosa
phantom decreases slower than the power detected from middle ear and eardrum phantom. This
shows that the stop is effective at rejecting more power from the eardrum than from the mucosa.
The power of the eardrum reaches negative values due to the variation of the background level
observed in Figure 7.3 resulting in inaccurate noise subtraction. In case of the eardrum as lone
phantom only signals are expected in the center of the camera area. Thus at larger radii, no signal
is present ans small error in noise subtraction cause the observed negative values. Similar result
were observed in other measurements, an increase in background level results in negative values
while a decrease in background causes a positive offset.

The background and combined signal of background and signal are directly available from
the measurements, the first measured by the reflection signal from eardrum alone P.,rqrum and
the latter measured by the complete middle ear phantom Ppiqdie ear- Lhe signal is not directly
available and must be derived by subtracting the background from the combined signal. The SBR,
in the measurements is calculated according to

Pmi r P rdrum
SBR — ddle ea eardru (77)
Peardrum

In accordance with simulations, the resulting SBR shown in Figure 7.11 (b) first increases with stop
radius, but no values are shown above 160 pm as the background measurement reaches negative
values and the calculation of the SBR is not valid any more. In theory the SBR should increase
further as the background decreases faster than the signal and reaches almost zero. The SBR

is a derived measure dependent on different measurements and strongly affected by the changing
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Figure 7.12: Detected Power for different mucosa phantoms with p, for each phantom on the

X-axis.

background level, and hence not very accurate. Instead of the signal level and SBR as used in
the simulations, the ability of the anti-confocal system to detect a difference in the signal from
different mucosa phantoms is used as a measure.

Figure 7.12 shows the absolute power when applying stops similar to Figure 7.10 where the
relative power was shown. Additionally to the previous mucosa samples, a white (p, = 0mm™1!)
and completely absorbing (1, = inf mm™—!) sample are included. The white sample is the reflections
standard and the total absorbing signal is measured when using a mirror to direct all signal away,
simulating total absorption. This graph illustrates the contrast of the four mucosa phantoms
(pa = 0.061, 0.1, 0.18, 0.264mm~1') at a scale ranging from 100 % reflection from the mucosa
(reflections standard) to no reflection (mirror). The phantoms span only a small range of the total
contrast, but still can be distinguished as shown earlier. The figure further shows the decreasing

detected power when using larger stops.

7.2.5 Influence of Other Parameters on the Measurement

During simulations the influence of optical parameters other than the absorption of the mucosa on
the measurements were investigated. These parameters were listed in Table 5.7 and can be split
into parameters of the optical system and properties of the middle ear. The subsequent sections
will investigate their influence on anti-confocal measurements experimentally. The combination of
pinhole and stop is not investigated as simulations showed no advantage and because it would com-
plicate the optical setup. Further, scattering of the mucosa is not varied as this would require the

production of additional phantoms and simulations shows only small influences on measurements
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Figure 7.13: Radial distribution of power dependent on the surface orientation.

of the inflammation index. All other parameters will be varied.

Influence of the Surface

In this section the influence of the surface of the phantom and the angle of the surface towards
the optical axis is investigated. For this the above measurement is repeated for two angles (0 and
5°) of the middle ear phantom and two different surfaces of the mucosa phantom. One surface is
rough due to machining of the samples and the second one is polished, showing partly specular
reflections.

The influence of the angle on the measurements is shown for the polished side as the effect is
more distinct. Figure 7.13 shows the radial distribution for mucosa phantom 1, compared for both
angles, where green lines are used for 0° and blue lines for 5° orientation. Solid lines show the
mucosa, dashed lines the middle ear, and dashed-dotted lines the eardrum phantom.

Comparing the signal from the mucosa phantom a higher main lobe for 0° is visible. This is
due to the fact that specular surface reflections are directly reflected back and reach the detector
while this is not the case when angled as specular surface reflections are directed away from the
collection optics. The signal from the eardrum phantom is similar but higher for 0° as the main
scattering direction is towards the detection aperture while it is away from the detection aperture

for the angled case. The same effects are visible for the full middle ear phantom, where the main
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Figure 7.14: Influence of surface orientation on the contrast at stop radius of 0.48 mm. M —mucosa

phantom, ME —middle ear phantom.

lobe is more pronounced for 0°. The falloff of the 5° mucosa signal at high radii is a result of a
changing background level during the measurement.

Figure 7.14 compares the contrast for both cases at a stop radius of r = 0.48 mm. Subfigure (a)
was shown previously while subfigure (b) shows the contrast for 0° orientation. While the contrast
is visible for the mucosa phantom only at 5 © measurements, this is not the case for 0°. This is due
to direct surface reflections. The phantoms are not polished in exactly the same way and flatter
ones show higher specular reflection and higher signal, but stop filtering is able to eliminate this
portion and in both cases, the contrast can be reconstructed using the stop but is higher for the
5° measurement.

The results for the diffuse side are not shown. Observations are similar, but the influence of
the angle is lower as the influence by specular reflections is also lower. But in all cases the contrast

can be reconstructed.

Wavelength

All results shown earlier were recorded using the NIR laser. This section compares the results of
the red to the results of the NIR laser. The scattering coefficient of the mucosa samples is higher
and the absorption coefficient is lower in the red range compared to the NIR range. This results
in a higher reflection signal compared to NIR. This means the reflected power will be higher for
red than for NIR and this is shown in Figure 7.15 (a) where the measured reflected signal is shown
for red and NIR at a stop radius of 0.72 mm. The x-axis shows the absorption coefficient for each

mucosa phantom at the respective wavelength. The NIR signal shows lower power and also reduced
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Figure 7.15: Simulated and measured reflectance of the full middle ear phantoms at two wave-

lengths.

contrast between the phantoms.
Subfigure (b) shows the simulated reflection signal using a stop of 0.75 mm. The measurements

show a similar course to the simulation, confirming the simulation results presented earlier.

Focus

The influence of the focus of the anti-confocal system is tested. For this, one measurement with
the eardrum in focus is compared to a defocused case (focus is moved 1 mm away from the middle
ear). The NIR laser is used in this case and the polished side with 0° orientation is measured.
Figure 7.16 shows the contrast for both cases when using a stop of 0.48 mm radius. The signals
are very similar but show a lower standard deviation when out of focus. This is due to the fact
that the beam is defocused and thus illuminates a bigger area of the eardrum and so an average
rather than the reflection from a small area is measured. This effect is bigger for the eardrum as
the focus spot is smaller.

The filtered contrast is also slightly better for the defocused case as a wider area is sampled and
local inhomogeneities and surface characteristics play a smaller role. This shows that an accurate
focus of the anti-confocal system is not of importance and a defocus may even improve the system
characteristics. This will improve the ease of use of the whole system and confirms simulations

predicting no deterioration of the signal when out of focus.
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Figure 7.16: Contrast at stop radius of 0.48 mm with the system 1 mm out of focus. M —mucosa

phantom, ME —middle ear phantom.

Distance between Eardrum and Mucosa

As the middle ear differs from person to person the distance from eardrum to mucosa may change.
Hence, the influence is tested by changing the distance of mucosa and eardrum phantom from 2 to
6 mm spanning the range expected the in humans, while keeping the optics focused on the eardrum
and all settings of the optics unchanged. As described earlier the main lobe of the radial power
distribution of the mucosa phantom is dependent on the distance between eardrum and mucosa
according to Equation (7.6) and an increasing width of the main lobe observed in the measurements
(graphs not shown). Also the signal of the middle ear phantom is further spread with increasing

distance and the contrast reduced.

Scattering Layer

The eardrum phantom was changed in order to investigate the performance of the anti-confocal
system for changed scattering characteristics. Instead of the diffuser, greaseproof paper and a
sandpaper ‘treated’ glass slide of 1.1 mm thickness (P240 grid, treated in same direction on each
side) are used as the eardrum phantom. In the case of the highly scattering greaseproof paper
the system is not able to reconstruct the contrast as the attenuation is too high and no signal
components are detected. In case of the sanded glass the contrast can be reconstructed.

It has to be mentioned that the direct reflections from the sanded glass are higher than for
the diffuser used previously and the illumination power has to be reduced so as not to saturate
the camera and no mucosa signal could be reconstructed in the first measurement. In a second

step, the phantom was defocussed or was tilted, both reducing the power of the central direct
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reflection. This allowed an increase of the illumination power without saturating the camera image
and enabled detection of signal from the mucosa.

This shows limitations of the use of a camera instead of a physical stop. A physical stop
would reject the central high intensity and avoid saturation of the detector and the need for a high
dynamic range of the detector in order to pick up small mucosa signals. However, this also shows
another positive effect of a defocussed system, apart from the reduced variation of the signal. It
allows an increase of the input power without saturating the detector and thus an increase of the

detected signal.

Small illumination diameter

The use of a small illumination diameter was proposed in order to simplify the optical setup as
no beam expansion would be necessary. The simulations suggested that this will not affect the
performance of the anti-confocal system. This is tested by reducing the illumination diameter
from 12 to 1 mm in experiments. This causes all power of the input beam to be centred close to
the optical axis where the lens surface is almost orthogonal to the optical axis. This results in
more power being reflected from the lenses back along the optical axis and increases reflections and
background noise on the camera. This introduces noise masking the small mucosa signal and hence
no contrast can be recovered. This result could not be predicted in simulations as no reflections

on optical elements or noise was simulated.

NA

The influence of the NA on the anti-confocal system is investigated by changing the NA from 0.027
to 0.196. One iris is used to restrict the input beam diameter D and a second one to restrict the
detection aperture. The NA is changed according to NA = ?. The maximum beam diameter is
12mm and hence the maximum achievable NA with the current lens with 80.3 mm focal length is
about 0.08. To achieve a high NA this lens is replaced by a lens with 30 mm focal length achieving
a maximum NA of 0.196. But this changes the magnification of the lens system (40 : 80.3 = 0.5
versus 40 : 30 = 1.33) and the stop dimension on the camera need to be adopted by the change in
magnification 2.68.

The results for these experiments are shown in Figure 7.17 where the radial power distribution
for each NA is plotted in subfigures (a) to (c). Subfigure (a) shows the power distribution for the
mucosa phantom, (b) for the eardrum phantom, and (c) for the middle ear phantom consisting
of both. Subfigure (d) shows the total power at the detector for all cases, dependent on the NA.
As the incident power is scaled with the input aperture, the data shown here is normalised to the

input power and only the effect of the detection aperture is shown.
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Figure 7.17: Radial power distribution for different NA

It is obvious that the detected power increases with increasing NA as more widely scattered
photons are detected. In case of the mucosa phantom alone, shown in subfigure (a), the signal is
further spread as a bigger area of the mucosa is illuminated according to Equation (7.6). While the
mucosa is out of focus and the illuminated area increases with NA, the eardrum is in focus and the
illuminated area and signal distribution on the detector should be unchanged, except for a higher
signal level. But as Figure 7.17 (b) shows, the signal is also more widely spread in cases of a high
NA. This effect is caused by spherical aberrations of the optical system. Two achromatic doublet
lenses with 30 and 40 mm focal length, respectively, are used for imaging, resulting in maximum
traverse spherical aberrations of 0.3, 2.6, 8, 40, and 100 um for the NA of 0.027, 0.055, 0.08,
0.14, and 0.196, respectively (calculated using “WinLens3D”, Qioptiq, Paris, France and the lens
specifications for ‘AC254-030-B’ and ‘AC254-040-B’, Thorlabs, Newton, New Jersey, USA). This

considers spherical aberrations only and assumes perfect alignment, hence the total aberrations are
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expected to be higher. This shows that aberrations are not a problem for small NA but will result
in a bad focus of the system using higher NA. This defocus is observed in subfigure (b) and (c).
When a stop with small radius is used, background will be able to pass the stop due to aberrations
and the performance of the system decreased. But a radius of 0.48 mm of the stop is selected later
and hence the aberrations do not pose a problem in the current system.

The contrast does not improve significantly with increasing NA in contrast to results in the
simulations. Different scattering and reflection characteristics of the eardrum phantoms between
simulation and measurements are the reason. In the simulation it was expected that the background
(reflections and scattering from the eardrum) increases much less than the signal (reflections and
scattering from the mucosa) with increasing NA. But as shown in Figure 7.17 (d) this is not the
case in the measurements, both components increase similarly and the difference is not as big as

expected. Nonetheless, the signal level increases making a high NA favourable.

Summary

The influence of the surface, wavelength, focus, distance between eardrum and mucosa, scattering
of the eardrum, and NA on the anti-confocal measurements have been investigated. The contrast
between the reflection signal of the different mucosa phantoms was used to compare the influence
of the parameters and the results are summarised below.

The surface roughness and orientation can have a high influence on the measurement due to
direct reflections from the surface but in all investigated cases anti-confocal stop filter is able
to detect the contrast and minimise the effects. The absorption and scattering of the mucosa
phantoms are a function of the wavelength and hence, the detected signal is wavelength dependent
and fits well with simulations. A change of the focus position does not have an influence on the
contrast itself but decreases the deviation between measurements as higher signals are possible
and a larger area of the eardrum is sampled, reducing the influence of surface variations. An
increase in the distance between eardrum and mucosa slightly decreases the measured contrast
as the distribution of the signal is changed. The eardrum phantom has a strong influence on
the measured contrast, at very high scattering no contrast can be recovered and also high direct
reflections of the eardrum phantom can cause the need for lower input power and thus no contrast
can be detected. While these are extreme cases, the contrast can be recovered when the properties
of the eardrum phantom are changed within expected limits. In contrast to simulations, a small
illumination diameter cannot be implemented as surface reflections on optical elements mask the
signal. The detected signal increases with NA but the contrast does not increase as anticipated as
the background changes similarly with increasing NA.

While some of these effects are wavelength dependent, others are not. Thus, the total effect
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(a) Confocal reflection image at 488 nm, focused on (b) Wide-field transmission image, focused on the

the target diffuser

Figure 7.18: Confocal imaging through the diffuser. The target is directly visible on the left side of
the images while it is covered by the diffuser on the right. The confocal image shows the reflective
bars as bright areas but these are only visible when directly visible. In the transmission image, the
reflective bars are visible as dark area, even when placed behind the diffuser. The vertical dark
line in the transmission image is caused by the edge of the diffuser, block light transmission. Its

rough surface indicated by the grainy area on the right side of the image.

on the inflammation index can be different as formed by the relation of two measurements at
different wavelengths. Consequently, the influence of these parameters on inflammation index are

investigated later in Section 7.3.2.

7.2.6 Comparison with Confocal

In order to compare the confocal to the anti-confocal system, the optics were rearranged for confocal
measurements. For this, the mucosa phantom is placed in focus, pinhole instead of stop filtering is
applied, and the previous experiments repeated. The contrast between the four mucosa phantoms
could not be recovered and no results are shown.

To confirm these results, comparative tests were conducted on a commercial confocal micro-
scope. The same configuration as previously presented in Section 4 was used and the eardrum is
replaced by the 1500 grid ground glass diffuser. The test resolution target provided a high contrast
compared to the mucosa phantoms used in the previous experiment.

Figure 7.18 (a) shows the confocal image of the test target half covered by the diffuser, recorded

by the commercial confocal system. The target is directly visible on the left side, and the reflective
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bars are clearly visible. On the right side, where the diffuser is in the light path, no signal is visible.
The transmission image focussed on the diffuser shown in subfigure (b) shows the reflective bars
behind the diffuser.

The pinhole diameter was varied from 60 to 600 um, and the gain set to a maximum until
the image saturated. In none of the cases did the bars become visible behind the diffuser in the
confocal image. This means the confocal system cannot pick up a signal of the test target when
placed behind a diffuser even though the contrast is higher than for the mucosa tissue phantoms.
This shows superiority of the anti-confocal system in distinguishing the mucosa phantoms and

hence detecting inflammation in the investigated case.

7.2.7 Conclusion

The phantoms can be distinguished for most of the presented cases except when the scattering is
too high as when the eardrum is simulated by a greaseproof paper. This is not the case for confocal
imaging where no signal can be recovered, showing an improved performance of the anti-confocal
versus confocal system. Simulation results are mostly confirmed except for the predicted improved

SBR with increasing NA due to different characteristics of the eardrum phantom.

7.3 Spectroscopy

The anti-confocal system has been tested and been shown to be able to detect signal from different
mucosa phantoms. In this section two wavelength spectroscopic measurements will be conducted
in order to determine the ability to measure blood content in tissue.

The setup with green and NIR laser is used in this section and measurements are performed
on the mucosa phantoms matching the tissue properties at two wavelengths. As previously in
Section 7.2, the mucosa phantoms are placed behind an eardrum phantom (standard diffuser) and
the reflection detected at two wavelengths to allow measurement of the inflammation index IT
defined as ratio of reflection in the NIR to reflection in the green.

The contrast for stop filtering is shown in Figure 7.19 (a) for the green, and (b) for the NIR
laser. Each of the graphs shows the total detected signal as a solid line and the signal when using
a stop for filtering as dashed line, each plot is normalised to its maximum value. Both graphs show
the dependence upon the absorption coefficient of the phantom at 532 nm.

The green signal shows the expected course, a decreasing signal with increasing absorption
coefficient. The NIR signal is expected to be constant as the phantom is designed to have constant
absorption at 808 nm. The reason for the increase is a decreasing absorption coefficient which is

due to an error in the characterisation of the dyes. Figure 3.24 shows the spectra of the used dyes
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as well as the data given by Firbank [184] and differences in the spectrum are apparent. At 808 nm
the absorption coefficient of [184] is higher than the one measured here. This error is assumed to
be caused by the spectrometer. This means the actual absorption is higher than the one assumed
in the recipe and results in higher absorption in phantom 1 and lower absorption in phantom 4,
explaining the observed increase in reflection signal. Although the phantom was not correctly
characterised, new phantoms were not produced as the inflammation index can be measured and

the model of absorption was validated on living tissue as described in Appendix F.

NIR
Green

Figure 7.19 (c) finally shows the inflammation index IT = dependent on the absorption
coefficient at 532nm for different stop radii. For all radii, the inflammation index increases with
increased absorption, equivalent to a higher blood concentration and inflammation. A higher stop
radius results in a steeper curve due to an increased contrast in the reflectance measurements.
Additionally for the four phantoms shown before (y,(532) = 0.244, 0.873, 1.502, and 2.131 mm~1!)
the index for a phantom without absorption (p,(532) = 0mm™1!) is shown. This phantom shows
only scattering and is used as reference. The II for this phantom is expected to be close to 1 as
the signal is only affected by the reduced scattering coefficient which is about 11 mm~"' for 532 nm
(interpolated from 808 nm using the course given in [185]) and 6 mm ™! for 808 nm.

This shows that changes in the blood concentration can be measured and it should be possible to
measure blood concentration after calibration of the system. In the next step different parameters
(angle of the surface towards the incident light, distance between scattering layer and mucosa, and
scattering as well as absorption characteristics of the eardrum phantom) are altered in order to

investigate the robustness of the index to changes of the phantom.

7.3.1 Best Stop Radius

The inflammation index increases with stop radius, but the standard deviation increases at the
same time. A high linearity with high dependency of the measured index and blood concentra-
tion/absorption (sensitivity) and a low variation of the signal is desired (high precision) [222].
Hence, a measure M for a good index is proposed as

2

M:m-r

(7.8)

o
where m is the slope of a linear interpolation of the index II = myu, + b, 2 is the coefficient of
determination indicating the goodness of the linear fit, and o is the standard deviation of the 5
measurements, shown in Figure 7.19 (c) as errorbars. In the example shown this results in a best
inflammation index when using a stop radius of 640 um. Averaging the best stop radius over all
measurements done for different variations of the phantom as presented below results in a value of

480 wm. This stop radius will be used for all further graphs. The variation of the best stop radius
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Figure 7.20: Variation of the inflammation index of the same sample during three independent

measurements.

is high, ranging over the whole tested range with a standard deviation of £342 um. These values
are true for the current optical setup and depend on factors such as focal length of the lenses, lens

apertures, and distances between the lenses.

7.3.2 Parameters affecting the Measurement

When characterising the anti-confocal system the influence of different parameters on the measure-
ments were presented in Section 7.2.5. Now, the influence of these parameters on measurements
of the inflammation index is investigated. This could be different from the previous results as
the relation of measurements at two wavelengths is taken and changes might cancel each other or
amplify.

But before changing any parameters of the sample, the standard measurement is repeated
three times to determine the variation from measurement to measurement. Figure 7.20 shows the
three independent measurement series in grey with errorbars indicating variation between different
measurement points. The mean of all measurements is shown in black with errorbars indicating
the standard deviation between the mean of each of the three series. This average is shown in all
other graphs as a reference. The standard deviation between measurement positions of a single
series is smaller than the deviation between the three series. This shows that the variation of the

background noise level still has an influence.
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Figure 7.21: Influence of the geometry on the inflammation index.

Angle between Optical Axis and Phantom Surface

Figure 7.21 (a) shows the dependence of the inflammation index on the angle of the optical axis
towards the surface of the sample. The standard shown before is measured with an 10 ° angle and
two variations, 5 and 0 ° orientation are shown. A higher angle causes an increased index.

During the investigation of the anti-confocal system it was observed that the detected power is
increased with smaller angle due to direct reflections towards the optics. These direct reflections
are background components and are not dependent on the absorption of the sample, but only on
the surface and refractive index. When angled, these reflections are directed away from the optics
and are not detected, decreasing the constant offset in the reflection signals, increasing the contrast

between phantoms, and thus increasing the measured inflammation index.

Distance between Eardrum and Mucosa

The distance between eardrum and mucosa also influences the inflammation index as shown in
Figure 7.21 (b). The index decreases with increasing distance (within the tested range). This is
in accordance with the simulations and a result of the changed illuminated area on the mucosa.
A larger distance results in a larger illuminated area as the illumination beam is focused on the
eardrum as observed during characterisation of the anti-confocal system in the previous section.
This in turn increases the sampled area and increases the signal detected further away from the
optical axis. In the green range this effect is larger as the absorption in the mucosa is higher and
path lengths are smaller. The sampled volume increased more compared to the NIR signal causing

the inflammation index to decrease.
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Table 7.1: Total transmission through different eardrum samples. The ‘CFG’ samples are made of

fibre glass mats cast in resin with absorbing dye added to adopt the absorption.

Total Transmission | Relation
Sample 532 nm 808 nm 808/532
Diffuser 0.21 0.39 1.88
CFG NIR2 0.35 0.41 1.15
CFG NIR1 0.41 0.48 1.17
CFG white 0.48 0.57 1.20
CFG redl 0.33 0.48 1.47
CFG red2 0.23 0.39 1.73
CFG red3 0.20 0.42 2.08
CFG red4 0.18 0.48 2.67

Absorption of the Eardrum

The absorption of the eardrum obviously affects the measured inflammation index. When attenu-
ating one wavelength more than the other, the relation between both, and thus the inflammation
index, is changed. Figure 7.22 (a) shows the measured index for different eardrum samples. All
samples are fibre glass mats cast in resin. No dye is added to the resin of the “white” sample, while
either red or NIR dye is added to the other phantoms. The concentration of each dye increases with
number as listed in Table 3.7. The measured total transmission values measuring the absorption
of each sample are given in Table 7.1.

As expected, the inflammation index increases with increasing absorption in the green region
compared to the NIR absorption (going from sample “NIR1” to “red4”). The only exception is
the index measured for “NIR2”. This is assumed to be an error introduced by scattering that
also influences the inflammation index as shown later. The fibre glass samples show relative
inhomogeneous scattering characteristics. This can mask the small change in absorption between
the white and two NIR eardrum samples.

All in all, the observations are in accordance with the simulations, showing a strong influence of
wavelength dependent absorption on the measured inflammation index. A wavelength independent
change in absorption as simulated is not tested, but only a small change of the inflammation index

is expected.
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Table 7.2: Central transmission through different scattering eardrum samples made using sandpa-

per ‘treated’ microscope slides “SG”.

Central Transmission | Relation
Sample || 532 nm 808 nm 808/532
Diffuser 0.001 0.032 23.53
SG 3 0.061 0.174 2.83
SG 6 0.014 0.108 7.93
SG 7 0.000 0.002 6.98

Scattering of the Eardrum

The scattering characteristics also influence the measured inflammation index. This is shown in
Figure 7.22 (b) that illustrates the index for the standard sample and three differently sandpaper
‘treated’” microscope slides. The first sample “SG3” was treated with P240 grid sandpaper at both
sides, with orthogonal scratch directions. The other two samples were treated with rougher P40
grid sandpaper, “SG6” at one and “SG7” at both sides. The measured central transmission and
so scattering of the phantom at 532 and 808 nm as well as the relation between both transmission
values are given in Table 7.2.

The relation between scattering and measured inflammation index is more complex than for
absorption. According to simulations, even a wavelength independent, change in scattering changes
the inflammation index. This is obvious when comparing the results of “SG6” and “SG7”. Both
have a similar ratio of transmitted light at 532 and 808nm (7.93 vs. 6.98) but different total
transmission (10.8% vs 0.2% at 808 nm). This causes one inflammation index measurement to
be increased and the other one to decrease even though the relation of transmitted light at both
wavelengths is similar. The two effects to be considered are a decrease in total signal due to higher
attenuation but at the same time a higher portion of this signal can be detected due to a changed
distribution of the signal. This results in a relation of scattering to change in inflammation index

that is not easily predicted.

7.3.3 Correcting the Inflammation Index

The influence of scattering could be decreased using closer wavelengths and thus reducing the
difference in scattering coefficients. But this would decrease the sensitivity of the inflammation
index itself and cannot minimise the influence of absorption and geometry on the measured index.

Another idea to correct the inflammation index is to use confocal detection of the eardrum in

order to determine its optical properties. Detection is easily done with the camera focused on the
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eardrum and pinhole filtering using the central pixel at the same time as performing anti-confocal
filtering using peripheral pixel. The confocal signal can then be used to determine the optical
properties of the eardrum and reconstruct the original inflammation index. While determination
of scattering characteristics is challenging, the influence of absorption can be determined easily.
An increase in absorption decreases the confocal as well as the anti-confocal signal and after
determining the relation of both effects, the confocal signal can be used to correct the inflammation
index.

This is tested on the coloured fibre resin eardrum phantoms used to alter the absorption of the
eardrum. Figure 7.23 (a) shows the relation of NIR to green confocal detected signal rconofeal for
the seven different eardrum samples. The confocal signal is measured for six different phantoms
(five different mucosa phantoms and one measurement on the eardrum only), the average of these
six measurements is shown here, and the standard deviation is indicated by the errorbars.

The red and uncoloured phantoms show the expected relation, the NIR compared to the green
signal decreases with decreasing dye concentration. This means a higher absorption in the green
range of the eardrum phantom decreases the confocal detected green signal as well as the anti-
confocal detected signal of the mucosa. This relation is not observed for the NIR dye samples. Due
to the fact that they show a much lower change in absorption and because surface and scattering
characteristics of the samples influence the measurement. The axial resolution of the confocal
detection system is 7axial = 1.5nﬁ = 189 um at 808 nm wavelength and the reflections from the
surface cannot be rejected. Further, an inaccurate focus of the system also changes the confocal
detected signal. This makes the confocal detection of the absorption of the eardrum difficult.

Nonetheless, the detected properties of the eardrum can be used to correct the inflammation
index. The ideal correction factor is the inverse of the slope ¢ = m%l of the linearly interpolated
inflammation index

Il =myy - ua(532) + bir (79)

But this slope is not available for later measurements. Hence, the relation of the confocal detected

RNIR,confocal

signal Tconfocal = is used to interpolate the slope. This relation is again linearly

Rgreen,confocal

interpolated

1
C= —— =M " Teonfocal + 0 (7.10)
my

And then the correction factor as a function of the confocal relation ¢ = f(rconfocal) used to adopt
the inflammation index. Results are shown in Figure 7.23 (b). While the inflammation index
measure at the red phantoms show less variation, the signal for the green phantoms is worse
compared to the original measured index shown in Figure 7.22 (a).

The calibration and test data set are the same in the experiments shown here. This explains
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party why the inflammation index improved more for the red samples than for the green ones.
Another reason for no improvement of the green samples is the influence of surface roughness and
focus on the correction algorithm. An inaccurate focus of the confocal detection as well as an more
diffuse surface decrease the confocal detected signal Rcontocal @nd thus influence the correction
factor ¢ = f(RNIR,confocal; Rgreen,confocal)- Still, the results show that it is possible to use the
confocal signal from the eardrum to correct the inflammation index for changes in absorption of
the eardrum if correct calibration is used. The remaining challenges are to correct the inflammation
index for changes in scattering as well as the absorption and improved calibration of the correction

factor ¢ valid for human eardrums.

7.3.4 Conclusion

This section showed that measurement of the simulated blood content of the mucosa phantoms
through different eardrum phantoms is possible. All measurements show an increase of the inflam-
mation index with blood concentration, but the slope is influenced by the orientation of the sample
towards the optical axis, distance between eardrum and mucosa, and properties of the eardrum.
While correction of the index is possible using the confocal detected signal of the eardrum, this
processing is not trivial due to different influences of the absorption and scattering on the different

signals.



Chapter 8

Conclusion and Future Work

8.1 Summary

The aim of this project is to develop a device to assess the inflammatory state of the middle
ear mucosa in children after grommet insertion used to treat OME. It is hypothesised that the
inflammation is linked to recurrence of otitis media with effusion and a diagnostic device could be
used to predict the course of OME. None of the clinically available diagnostic devices are able to
assess the inflammation directly, with only symptoms detected. While several groups are working
on improved imaging of the eardrum and diagnosis of different cases of middle ear inflammation,
none of these groups addresses the inflammatory state of the mucosa directly. In this report an
optical device was developed to do so.

As a first step for this work a stable middle ear phantom was developed, it consists of eardrum
and mucosa. All other parts of the ear do not influence the measurements when choosing an
appropriate measurement position and method. Hence, no other structures of the middle ear
needed to be included in the model. The mucosa phantom is based on the recipe presented
in [184,185] where an epoxy resin is used as base material and scattering and absorbing particles
are added to set the optical properties. A new dye was characterised and included into the recipe
to allow matching the optical properties of tissues in the green and NIR wavelength range. A
model for the absorption of the mucosa dependent on the blood content and thus inflammation
level was adopted from literature. This model was used to determine the optical properties of
the mucosa phantoms and used in simulations. For the first time to the author’s knowledge,
light transmission and scattering characteristics of the eardrum were measured and a simulation
model fitted. Guinea pig eardrums were used as the animal model as no human eardrums were

available. As the guinea pig eardrum is thinner than the human one and possesses only one

189
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collagen fibre layer in contrast to two layers in the human eardrum, two guinea pig eardrums
orthogonally aligned on top of each other were used as a model. Light is mostly scattered from
the collagen fibres in the eardrum, resulting in a main direction of scattering orthogonal to the
fibre orientation. As two orthogonal fibre layers are present in the animal eardrum model, two
main scattering directions were observed. The collagen fibres have a large diameter (12-22 pm [170])
compared to the wavelengths used, causing the scattering to be very forward directed and resulting

1 and

an anisotropy factor of 0.99 of the simulation model. A scattering coefficient of 11 mm™
absorption coefficient of 1.8 mm™! approximate the scattering of the eardrum model best. The
simulation model ignores the azimuthal direction (rotation around the optical axis) of scattering
as the optical system is circularly symmetric. The absorption coefficient of the simulation model is
relatively high as the transmitted light was characterised within a small scattering angle only, due
to the small detector area. Widely scattered light is not detected as it falls outside the detector
area; this decreases the detected power, reduces the measured transmission, and increases the
measured absorption of the eardrum. Different phantoms were developed to mimic the eardrum,
with the most realistic phantoms being fibre glass mats cast in resin to set the scattering with
dye added to determine the absorption of the phantom. A custom built holder allows variation
of the distance between eardrum and mucosa phantom as well as measurements with variable but
repeatable focus, position, and orientation of the middle ear phantom.

During the literature review photo-acoustic tomography (PAT), spectroscopic optical coherence
tomography (SOCT), and confocal microscopy were determined to be the most suitable methods
to diagnose the middle ear inflammation as all three methods are able to spectroscopically assess
the inflammation and spatially separate signals from eardrum and mucosa. Experiments with the
developed eardrum model on a commercial confocal system showed that it is possible to image a
target through the eardrum and confocal imaging is selected because it has a simpler setup than
the two other options. This is necessary because a cheap and simple system is required with regard
to the future clinical use. Inflammation is normally measured spectroscopically at two or more
wavelengths and hence, two wavelengths were included into the confocal system.

The confocal system was adopted for the special geometry in the ear, resulting in the “anti-
confocal” system. The anti-confocal system uses a central stop rather than a pinhole to reject light
inside instead of outside its radius. This allows cancellation of light reflected from the eardrum
with only signals from the mucosa detected when performing measurements on the middle ear. The
optical resolution is greatly reduced by this change but this is not a disadvantage in the current task
as a relatively large area needs to be sampled in order to measure representable properties of the
mucosa. MATLAB code was implemented in order to simulate the anti-confocal system. The code

utilises Monte-Carlo methods to simulate light propagation inside the tissue and geometrical optics
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to simulate the optical system. Simulations show a superiority of the anti-confocal versus confocal
system regarding detected signal level and background rejection in the investigated application.
This holds for changed parameters of the optical system and tissue model. The NA is restricted to
0.08 in the ear canal when using standard otoscope specula but an increase in NA would increase
the detected signal in the anti-confocal system and thus improve its performance although a more
complicated optical arrangement would be necessary to achieve this. Increased scattering of the
eardrum can even increase the signal in the anti-confocal system while this is not the case in
the confocal case. This shows that the simulated results are reliable even for inaccurate optical
properties of the middle ear model.

Further, the wavelength dependent reflection signal of the middle ear was simulated in order to
determine the best wavelengths to measure inflammation. Results show that a highest dependence

on the blood content is achieved when measuring the inflammation as the ratio of detected light in

R(730)
R(546) °

the NIR divided by the reflection in the green according to Il = A more severe inflammation
increases the blood content in tissue which strongly reduces the detected power at 546 nm due to
the high specific absorption coefficient of blood in this region. The reflected signal at 730 nm is less
influenced by the blood concentration due to a low absorption coefficient in this range, causing the
index I1 to increase with increasing severity of the inflammation. This measure is independent of
the oxygenation of the blood as shown in simulations. Additional wavelengths could be included
into the measurement to measure oxygenation as well. A good choice of wavelengths for this would
be 940 and 660 nm.

The anti-confocal system was set up as a bench top system using off the shelf optical compo-
nents. The originally proposed wavelengths (730 and 546 nm) were changed to 808 and 532 nm due
to the sources available. This reduces the measurable range of the inflammation index by factor
of 0.82 (measured by Mcub-oxy defined according to Equation (6.28)) and the system could be
improved by using the proposed 730 nm instead of 808 nm but no lasers are available at 546 nm.
A CCD camera is used as the detector allowing confocal and anti-confocal filtering with variable
stop and pinhole radii during post-processing. Experiments on the optical middle ear phantom
confirmed the results of the simulations. The anti-confocal system is able to distinguish between
different states of the mucosa (simulated by phantoms with different absorption characteristics
according to the blood content) while the confocal system in not able to do so. An optimum
stop radius of 0.48 mm has been determined for the current tissue model. Different properties
of the eardrum affect the measured inflammation index, while the different phantoms are always
distinguishable within one series. In simulations and experiments, the properties of the middle
ear phantoms differ and an exact comparison is not possible, but the reported trends and overall

results agree.
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Confocal detection of the eardrum parameters were performed in order to determine its op-
tical properties to correct the inflammation index changed by transmission characteristics of the
eardrum. A change in the measured inflammation index due to absorption can be partly cor-
rected. Improved signal processing algorithms are necessary to improve the correction and also
include scattering into the model. Further, the addition of more wavelengths for measurements
might provide more information and improve the system. For example, the oxygenation of the
tissue could be assessed by addition of measurements at 940 and 660 nm. An example for the use
of additional wavelengths is the pulse-co oximeter [80] using seven instead of two wavelength for
measurements as compared to the conventional pulse oximeter. This allows measuring the total
blood concentration and concentration of blood derivatives additionally to the oxygenation.

The system was also tested on human volunteers (see Appendix F). For this, the system was
shown to be safe for tests on humans, a first step of the system towards clinics. e blood flow in
a hand was altered by exposure to cold water and used as a model. The anti-confocal system
was able to detect changes in the blood level with measurements conducted through an eardrum
phantom.

The developed spectroscopic anti-confocal system is able to measure blood content tissues
through an eardrum simulating scattering layer. This is true for a variety of different scattering
layers while no measurements are possible for very high scattering. The scattering layer influences
the measurement of the blood content; while changes in absorption can be corrected by confocal
detection of the eardrum, no correction was found for changes in scattering. This means large
changes in characteristics of the eardrum will make reliable measurements of the inflammation
difficult. Future work includes the minimisation of the system for clinical use and the conduction
of trials on improved inflammation models and in clinics, as will be presented in the next section

in more detail. The specifications of the anti-confocal system are listed below.

8.1.1 Reflecting on Requirements

Section 1.5 stated the requirements of the optical diagnostic device under development. These
requirements are that the system must be able to show the inflammation, have an imaging depth
high enough to probe the mucosa through the eardrum and middle ear cavity while no requirements
were posed to the resolution except for being able to distinguish between eardrum and middle ear
mucosa, allow non-invasive and quick diagnosis, be cheap device to enable a wide use, be hand-held
for easy use, and finally to be safe on humans. It is discussed below whether these requirements

are met.

Show the inflammation Experiments showed that the developed system is able to assess the
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blood level in the middle ear mucosa phantoms and thus will be able to assess the inflamma-
tion. But improved signal processing is necessary to allow repeatable experiments in cases

where changing eardrum properties affect the measurement.

Imaging depth The system is able to pick up signals from the middle ear mucosa hidden behind
the eardrum and middle ear cavity. A depth of up to 4mm was tested in experiments and

up to 8 mm in simulations, while a maxim distance of 4 mm is expected.

Imaging resolution A single measurement is performed assessing the inflammation, and back-

ground from the eardrum rejected.

Non-invasive and quick The measurement is done through the ear canal and data acquisition

takes less than a few seconds after the operator aligned the system manually.

Cheap The current optical system is not cheap as an expensive and cooled CCD camera (iXonEM+,
Andor, Belfast, Northern Ireland) is used as detector at the moment. An improved design
of the detection system is necessary to allow the use of a cheaper detector while still solving

the noise problem posed by the low signal components spread over a large area.

Hand-held The current optical system is not hand held but is a large set-up on an optical bench.
But a partly hand-held system is proposed in Section 8.2.2 that will meet this requirement

once implemented.

Safe The optical system was designed so that the mechanical part in contact with the patient
(i.e. the speculum) of standard otoscopes can be used. This ensures safe use if assessment is
performed by a trained operator and that the eardrum can not be ruptured during diagnosis.
Further, the optical system was shown to be safe for use on humans and laser safety limits

are not exceeded.

Most of the requirements are met, while further development is necessary to design a cheap

optical system and to allow repeatable results when the optical properties of the eardrum change.

8.1.2 Specifications of the Anti-Confocal System

Most of the specifications of the system depend on the optical properties of the sample as described

below.

Sampled area: The sampled area is dependent on the absorption and scattering characteristics of
the mucosa determining the mean free path. It is further influenced by the illuminated area

on the mucosa, determined by the scattering characteristics of the eardrum and the distance
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of the focus from the mucosa surface as well as the NA of the system. As an example, the
sampled volume is derived from simulations based on the standard parameters of the system.
The sampled volume is defined as the volume where the light flux is higher than e% of the
maximum flux at the mucosa surface. The depth and radius are 0.29x0.4mm? at 532nm
and 20 % blood concentration (p, = 2.13mm™!, pg = 22.3mm~!) and 0.6x1.19mm? for
808 nm and 2 % blood concentration (u, = 0.04mm™!, us = 11.7mm™!). These values will
change when changing properties of the eardrum, the position of the focus, or the NA. The
used definition results in a higher axial penetration depth than radial spread of the signal

as incident photons propagate forward in axial direction before being scattered and thus

increases the penetration depth in axial direction.

Stop radius: A radius of 480 um was identified to show best performance in the investigated

phantoms.

SBR: The signal-to-background ratio (SBR) defined as ratio of detected signal from the mucosa
to background from the eardrum increases with stop radius according to simulations. In
measurements, this is not true as noise of the system and dynamic range of the camera
restricts the minimum detectable signal level. A balance between signal strength and SBR

needs to be found, resulting in the above stop radius.

Camera: A camera with at least 10 bit dynamic range is required. When reducing the bit depth
below this value in the measurements, results become unreliable. This is due to the fact,
that the signal from the mucosa is spread over a large area and the intensity on a single pixel
is too low to be detected when using less than 10 bits. While an increase in optical input
power is not an option as the camera would saturate due to high background components
from the eardrum and possibly damage the tissue. This could be improved by not focusing
the optics directly on the eardrum resulting in a larger illuminated area and lower power
density, allowing higher power without saturating the detector and thus giving a higher
signal. Also cooling of the camera is of advantage in order to minimise offset drifts masking
the low signal. For example, using an uncooled 12 bit camera (PL-B955U, PixeLink, Ottawa,
Ontario, Canada) instead of the 14 bit camera with cooled sensor presented previously, does

not result in reproducible measurements.

Focus: An exact focus of the anti-confocal is not necessary. A slight defocus can even improve
measurements as the signal level can be increased without saturating the camera. But con-

focal detection of eardrum parameters will not be possible with a defocused system.
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8.2 Future Work

Future work involves the improvement of signal processing algorithms to accound for changes in
the eardrum and the construction of a hand-held system to allow test on the ear and clinical
trials to calibrate the system and test the hypothesis that a recurrence of OME is connected to
a remaining inflammation of the middle ear mucosa. Further, some additions to the proposed
system are presented that are easily included and have the possibility to add more information and

improve diagnostic accuracy.

8.2.1 Possible Improvements and Additions to the System

As shown by [34-36] the acquisition of auto-fluorescence spectra can add information about bacteria
(assumed to be a cause for OME [7]) in the ear or some pathological cases of the middle ear. This
could be easily added to the proposed system by adding filters in the detection path to reject
reflections at the illumination wavelength and addition of an appropriate excitation wavelength as
done in [36] in case of a standard otoscope.

Additional wavelengths could be included into the system to, for example, measure the oxygena-
tion of tissue and other blood derivatives. While general literature about inflammatory diseases
(not specific to middle ear inflammation) showed no correlation of blood oxygenation and inflam-
mation, a connection could be present in middle ear inflammation and an investigation could be

of value.

8.2.2 Hand-held System

The proposed system is composed of a table top setup including the lasers, electronics, and PC for
signal processing as well as data visualisation and the hand-held head including the anti-confocal
system as shown in Figure 8.1. In the bench top system the lasers will be aligned, shutters used to
quickly select the measurement wavelength, and the light coupled into an optical fibre. More than
two lasers can be easily included into this setup. The optical fibre is connected to the hand-held
head to provide the illumination.

In the optical head, the beam will be first expanded to use the full aperture available in the
ear and then collimated. A beam splitter directs the light towards the ear, while the light in
the unused path needs to be directed to a beam dump to avoid reflections. An objective lens
with about 80 mm focal length is necessary to focus the illumination light on the eardrum. This
lens needs to be movable in order to manually adopt the focus of the system as the position of the
eardrum varies in patients. Imaging of the eardrum as visual feedback is necessary in order to allow

manual focusing. The NA is restricted to 0.08 by the clinically used speculum providing contact
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Figure 8.1: Proposed layout of the optical system.
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and alignment of optical head and ear canal. The reflected light is focused on a detector via the
objective and an imaging lens. We propose the use of a camera as detector as this allows visual
inspection of the eardrum as well as anti-confocal and confocal filtering during image processing.
For visual inspection of the ear, the laser sources must be switched off and a wide field illumination
similar to normal otoscopes is provided through the speculum. The eardrum can then be observed
on a screen connected to the camera. An alternative would be the use of a physical stop and single
sensor instead of using a camera. This would reduce the costs of the system but a second light path
would need to be included for visual inspection and recording of pictures of the eardrum would
not be possible.

The dimensions of the hand-held system depend on the used camera and could be minimised
using a sensor with custom electronics partly placed in the table top setup. The CAD view of the
head in Figure 8.1 (c) shows a CCD sensor and cooling rib as heat sink instead of a complete camera
system. This visualises possible dimensions of a miniaturised CCD set-up with electronics placed
in the table top set-up. The dimension of the system shown here are about 40 x 130 x 180 mm?®
(width xheight xlength), including the speculum.

A measurement sequence includes manual alignment of the system including focussing on the
eardrum and selection of an appropriate sampling area. The white light source will then be
switched off and anti-confocal measurements taken. Reference and noise measurements have to be
recorded to reduce background noise and determine the illumination power. The input power can
be easily measured by a photo diode in the unused beamsplitter path while an extra measurement
is necessary for the background subtraction. During this measurement no signal may be reflected

from the sampling path and ambient light needs to be rejected.

8.2.3 Improved Signal Processing

The biggest remaining challenge of the system is that measurements of the inflammation index are
affected by the optical properties of the eardrum. While a method was presented to allow correction
of the inflammation index for changes in absorption of the eardrum, changes of scattering are not
considered in the current system. The proposed approach is to determine the optical properties of
the eardrum using confocal measurement at the same time as anti-confocally assessing the middle
ear mucosa. Improved signal processing and further investigation is necessary in order to develop
correction algorithms that account for changes of scattering in addition to absorption. Only when

this problem is solved and the optical system minimised clinical trials can be considered.



Appendix A

Histological Images of the Guinea

Pig Middle Ear

Guinea pig middle ear samples were fixed in formaldehyde for storage. The samples were removed
from the formaldehyde solution, dehydrated, and then placed in a paraffin wax mould. A micro-
tome was used to cut sample slices with a thickness of 8 pum. These slices were then placed on
a microscope slide, stained with Masson’s Technique, and finally mounted using a cover slip and
DPX (Mounting medium with refractive index similar to glass). Masson’s Technique is suitable
for collagen staining [227] and nuclei are stained blue-black; Muscle, red blood cells, and fibrin are
stained red; and connective tissue are stained blue or green dependent on the counterstain used.

Figure A.1 shows a 10x magnification sample of the complete guinea pig middle ear on the left
and four 50x samples of sections of the eardrum on the right. The full middle ear sample shows
the thin eardrum on the right in red and the middle ear mucosa in underlying tissue in turquoise
and red. The annulus and attachment of the eardrum to the middle ear can be seen on top and
bottom of the eardrum. The eardrum has been fractured during processing but most of it is still
in place. The distance from eardrum to mucosa in the middle ear is between 180 to 340 pm with
an average of 260 pwm.

Four images of the eardrum are shown on the right with higher magnification, each showing
another section of the eardrum and different fibre orientation. The top image is located near the
attachment of the eardrum to the annulus. A radial fibre is visible, cut along its length but also
the cross sections of circular fibres are visible. The second image shows cross-sectional cuts of
radial fibres. In the third image, the radial fibres are cut orthogonal to their length and fallen
over so that short cylinder segments are visible. These are visible as squares placed next to each

other. This image shows that the fibres have different diameter reaching from 2.1 to 7.2 um and
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an average of 4.4 um. In the last image two fibres are visible. One fibre (lower half of the image) is
cut and the next fibre gets visible below (upper half of the image). The thickness of the eardrum

varies from 11 to 20 um with an average of 14 um.
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Figure A.1: Masson stained sample of the guinea pig middle ear. See text for description.



Appendix B

Additions to the Monte Carlo

Software

B.1 Cosine Distribution for Lambertian Reflection

The deflection angle ¢ of Lambertian reflection is given by a cosine distribution between the angle

—m/2 to 7/2 and the probability density function (PDF) is given by
PDFeosine = () = Imax - cos() (B.1)
The cumulative distribution function (CDF) is the integral as the PDF
CDF osine = /PDngo = /Ima‘x - cos(p) = sin(p) (B.2)

The inverse of the CDF is then used to generate the random distribution using the uniform random

variable £ between 0 and 1, given in MATLAB by the function“rand()”.
¢ =CDF ! = arcsin(¢) (B.3)

The azimuthal angle v is given by a normal distribution in the range 0 to 27 and the random

variable generated by

Yp=¢-2-7 (B.4)
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B.2 Angular and Radial Distribution to Simulate the Mu-

COosa

In order to reduce the computation time, the angular and radial distribution of photons exiting
the mucosa were approximated. Instead of simulating the photon path inside the mucosa, an
incident photon is given a random exit angle and radius according to a previously simulated and
interpolated distribution.

The angular distribution (given by the cosine of the angle vz) is approximated by a linear

function
PDF = f(z)=a-x+b (B.5)

This results for example in a = —124.7 and b = —3.029 for the parameters of the mucosa of

fa = 0.35mm 1, pg = 6.25mm ™!, and g = 0.9. The CDF is given by

0
CDF = F(vz) = / a-x+ bdx (B.6)
—vZz
0
= [91‘2 + bz + c} (B.7)
2 —vz
a 2 a .2
= —5(71)2) —b(—vz) = —5v2 + bvz (B.8)

solved for vz using the abc-formula this results in

0 = —%sz—i-bvz—F(vz) (B.9)
bt .\/0>—4-—-%-U
ve=F1U) = 5e 2 (B.10)
2
— 2 .a-
_ bx PP 2a€ (B.11)
a
(B.12)

For scaling purposes « is replaced by -1 and b by }a. Using the reverse of the CDF to calculate

the random cosine of the angle vz results in

flx) = z+ —ia (B.13)
vz = —ia + <_b> +2-¢& (B.14)
(B.15)

This results in vz between -1.4 and -0.05 while the real distribution results in values between -1

and 0. Hence, the random variable is re-sampled when vz is smaller than -1. The fact that no
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samples bigger than 0.05 are created fits well with the distribution shown in Figure B.1 a) and is
accepted.
The radial r distribution is interpolated by an exponential function f(z) = a-exp(—b-z). The

exponential function is scaled by the factor b as done in [125] and other calculations are done as

previously.
PDF = f(x) = a-b-exp(—b-x) (B.16)
CDF =F(r) = /r a-b-exp(—b-x)dz (B.17)
0
= [~a-exp(—b-2)]; (B.18)
= —a-exp(=b-r)+a (B.19)

Again, scaling must be done and a is set to 1, while b is not scaled. The random sampling variable

is then calculated by

r ) = log(1—-1U) (B.20)

_ log(¢
- = (B.21)

~ O

The constant b is —0.7926 for the same optical properties of the mucosa as above. Both random
distributions must be scaled by the total reflection of the mucosa (R = 5.99 % for the properties
used here) in order to match the real distribution. The simulated distributions, interpolations, and

sampling model of exit angle and radius are shown in Figure B.1.

o
o
o

©

w

o

O Simulation O  Simulation
Linear Fit 0.3y Exponential Fit
* Random Angle Generator 0.25 *  Random Distance Generator
0.1 i 25¢ |

o
S

0.05 0.15¢

Photon Weight \ Input Wight [%]
Photon Weight / Input Wight [%]

or D
0 L L L 0
1 08 06 04 02 0 0 ] 2 3 4 5
Cosine of Exit Angle vz Distance from Center r [mm]
(a) Cosine of exit angle (b) Exit radius

Figure B.1: Simulation, fitting, and sampling test for the position and angle of photons exiting the

mucosa with g, = 0.35mm ™!, yg = 6.25mm*, and g = 0.9.



Appendix C

Stop Construction

A possibility to construct an anti-confocal stop is sputtering of a reflective or absorptive stop on
a glass slide. Several materials are available for sputtering, such as gold, silver, chrome, indium
tin oxide (ITO). Chrome is used as coating material for reflective resolution targets (such as the
1951 USAF Resolution Targets) and results an optical density of bigger than 3 (at 430nm) for a
chrome layer thickness of 0.12 um [228].

A metal sheet is used as mask and placed on the glass slide. A hole is drilled and the edges
bevelled as shown in Figure C.1 (a) to allow the chrome to access the whole area more easily
without being blocked by the edges of the mask. Figure C.1 (b) shows a microscope image of a
sputtered stop. The diameter is about 0.86 mm. As seen by the brighter edges of the stop it is
obvious that less chrome reached the edges of the radius as blocked by the mask. A thinner mask
must be used to avoid this problem. But this process is quick and easy and allows adopting the

beam diameter.

1. Process: Chrome Sputtering

Mask

-
l__—_h_———GIass Slide

2. Result: Chrome Stop

[ [«— Glass Slide

(a) Process (b) Image of a sputtered stop with about 1 mm

diameter.

Figure C.1: Sputtering of the chrome stop on a glass slide.
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Appendix D

Safety Documentation

The standard operating procedure (SOP) and safety documentation for the optical table top sys-
tem and experimental procedure for experiments on human volunteers are attached here. These
documents are necessary in order to show the safety of the system for experiments on humans and
to acquire ethics permission to conduct the experiments.

Permission for the experiments has been granted by the Faculty Research Ethics Committee.

on the 4t of March 2016.
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COSHH PROCEDURE ASSESSMENT FORM r

SCHOOL OF BIOLOGY

The University of

Nottingham

Laboratory/Room: A16, Life Sciences Building ‘ UP X QMC []

Title of procedure: Operation of class 1 Laser System for Skin Reflectance Measurements

safety report.

Brief description of procedure: This risk assessment covers the turning on, safety check, use,
and shutting down of the laser system. It does not cover changes of the system itself.

This risk assessment requires class 3B laser risk assessments to be in place. Safety check of the
system requires the user to have 3B laser training and is subject to the Ibios class 3B laser protocols.
Normal operation of the system does not require any laser training, but is subject to the attached

Risk severity calculation - see attached notes (page 3)

Identified hazard Severity Probability Impact Score
(S) (P) (M (SxPXI)
Electrical supply 1 1 1 1
Sharps 1 1 1 1
Biological agents 1 1 1 1
Class 3B lasers 3 1 1 3

score = 1-2 - no further action required, but follow and maintain safe working practices.

score = 3-4 - action should be taken to ensure that control measures are in place within 1 month
of hazard identification. Identify control/action required below.
score = 6-8 - work should not be started until control measures are in place. If work is already in
progress, action should be taken as quickly as possible. Identify control/action required below.
score = 9+ - work must not start until control measures are in place to reduce the risk. If this is
not possible then work may not begin. If work is already in progress it must be stopped
immediately. Identify control/action required below.

laser system before the start of
experiments. This requires 3B laser
training.

This includes measuring of the output
power and mechanical locking of the
system.

Control measures required Action required to achieve this Date action
(this may include training) completed
Laser registration, training and Refer to Laser registration form. complete
registration of users applies according

to the ‘IBIOS laser protocol’.

The laser user must confirm class 1 of Follow checklist on attached safety report. | On going

(before each
experiment)

The user must be familiar with the Individual must read and sign attached complete
optical system and measurement safety report.
protocol.

| Emergency contact person (if known):
Assessed by: Signed: Date:
Approved by: Signed: Date:

A HARD COPY OF THIS FORM MUST BE KEPT IN THE AREA WHERE THE PROCEDURE IS
USED WITH RELEVANT SUBSTANCE RISK ASSESSMENT FORMS ATTACHED




Device Safety

David S. Jung

March 8, 2016

1 Purpose of the Device

The described device will be used to measure the signal reflected from the skin of the hand of
volunteers. First, the setup of the device will be described, then the experimental protocol, and

finally its electrical, mechanical, and laser safety discussed.

2 Device

A schematic sketch of the device is shown in Figure 1. Two laser beams are expanded and aligned
and focused on the sample. The reflected signal is directed on a camera for detection. The whole
optical system is placed inside a box to avoid laser light to exit the system (except at the sample
position) and to avoid accidentally changes of the system. Two shutters (one for each laser) are
used to block the beams when no measurement is conducted to reduce the time of laser exposure
on the sample.

During experiments the volunteer will place their hand on the sample holder and it will be

exposed to the laser. The following section will describe the procedure in more detail.

3 Experimental Protocol

The volunteer will not have access to the equipment without a trained laser user as the room is
locked by a keypad. Before the start of the measurement the trained experiment operator will check
the system for any alterations affecting the safety of the system. The check includes measurement
of the laser power at the sample and visual inspection of the placement of the shutters to ensure
that the laser power is kept below the MPE. Further, is must be ensured that the box enclosing

the system is mechanically fixed in order to prevent the volunteer to access the optical system and
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System Enclosing

Beam
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ND Filter T
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Cold P» 8 H ____________________ o

Mirror € i
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Detector

Objective Lens - e=f==-

Target

Figure 1: Setup of the system

class 3R laser. A checklist is given in Tab. 4 at the end of this report. The measurement procedure

is as follows:
1. Measurement of reference power using reference sample

2. Measurement of noise

w

. Placing of the hand on the sample holder
4. Measurement (Started by software). 5 repetitions of the following cycle:

(a) Opening of laser shutter 1

(b) Measurement with laser 1

(d) Measurement with laser 2

)
)
(c) Closing of shutter 1 and opening of shutter 2
)
(e) Closing of shutter 2

)

(f) Movement interval of 1 mm to new measurement position

5. Removal of the hand from sample stage.
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4 Hazards

4.1 Summary

No hazards have been identified as long as the system is used according to the protocol, as listed

in Table 1. A more detailed description of the individual possible hazards follows below.

Table 1: Summary of possible hazards

Category H Comment ‘ Safe ‘
Electrical No electrical elements Yes
Biological and Chemical Contact with aluminium Yes
Mechanical Sharps Flat surfaces Yes
Mechanical — Moving Parts || 4 mm moving distance Yes
Laser Below MPE (see Tab. 2 for detail) Yes
System Safe, when used according to intended procedure | Yes

Table 2: Laser Safety. MPE for skin given for 1s exposure time (which is 50 times the

camera exposure time allowing for slow switching of the beam shutters).

MPE [W/m?] actual value [W/m?] | Safe
Case 532nm / 808 nm 532nm / 808 nm
Skin (normal operation) 11000 / 18088 2.52 / 3.14 Yes
Skin (worst case) 11000 / 18088 7738 / 4193 Yes
Eye (worst case) 10 / 16.4 0.01 / 0.013 Yes

4.2 Electrical Hazards

required

The electrical equipment used in the system use either standard power supplies with valid PAT test

or their voltage is restricted to 12 V. No electrical equipment is connected to the sample holder.

Hence, no electrical hazards have been identified.

4.3 Biological and Chemical Hazards

The only contact point of the volunteer and the system is the sample holder, made of aluminium.

No other chemical or biological substances are involved in this system and experiment. Hence

there are no biological and chemical hazards.
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4.4 Mechanical Hazards

A hand will be placed on the sample holder for measurements and the holder moved a distance of
4mm to allow measurements at 5 different positions.

A sketch of the sample holder is shown in Figure 2 and the position of a hand indicated. The
sample holder has flat surfaces and is made of aluminium. The movement direction is also marked
in the figure. The gaps between the sample holder and the case of the optical system are small
and it is not possible to trap a finger. Further, the box is made of plastic that is more elastic than

a finger.

Sample
Holder

Laser Beam

Movement Direction
(4mm in 1mm steps)

Figure 2: Placement of the hand on the sample holder.

Hence, there are no mechanical safety hazards present in the system.

4.5 Laser Hazards

The two lasers used are a NIR laser diode (Uni Ref No. L462; CW, 808 nm, 30 m, WL808P010,
Thorlabs, Newton, New Jersey, USA) and a green laser module (Uni Ref No. L396; CW, 532 nm,
50 mW, BWN-532-30, B&W Tek, Newark, DE, USA). ND filters are placed and mechanically fixed
just behind the laser output to reduce the power of the lasers to 2.34 and 0.058 mW, respectively.
Before reaching the sample stage this power is further reduced by another set of optical filters to
0.5 W and 0.4 uW for 808 and 532 nm, respectively. The safety limits for skin and eye (accidental
viewing into the optics) are derived below.

Measurements taken on 05/02/2016 with the FieldMazIl power meter with the sensor head
OP-2 VIS (Coherent, Santa Clara, USA).
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Table 3: Laser Power in the system. Power in optical system is only accessible when the box is

opened. This is mechanically fixed and not possible during experiments.

808 nm 532 nm
Location Power Class Power Class
Laser 30mW 3B 50mW 3B
Accessible in optical system || 2.34 mW 3R 0.058 mW 1
Accessible at sample 0.425 pW 1 0.393 uW 1

4.5.1 Skin

The hand will be exposed to laser radiation during measurements. The calculations below show
that the maximum permissible exposure (MPE) is not exceeded during the experiments. The
definition of MPE for laser radiation on skin are defined in the BSI Standard of safety of laser
products (BS EN 60825-1:2014) in Table A.5. For exposure times t = 1077 to 10s the MPE is
given by

MPE(400 — 700nm, 1077 —10s) = 1.1-10*-¢%% J/m 2 (1)

MPE(700 — 1400nm, 107 —10s) = 1.1-10%.10%002(A=700) . 40.25 j /pp, 2 (2)
and for 10 to 3 - 10%*s by

MPE(400 — 700 nm, 10 — 3 - 10*s) 2000 W/m 2 (3)

MPE(700 — 1400 nm, 10 — 3 - 10*s) 2000 - 100-002(A=700) — 3989 W /m 2 (4)

This can be used to translate the MPE given in energy per area into power according to

Apeam
maz. power exposure [W] = MPE [J/m™?]. % 5)

using the area of the beam Apecam = ﬂrgeam at the sample. Rearranged to calculate the maximum
permissible exposure time and replacing the MPE by the measured power at the samples stage

results in

4/3
(%) if P(532) > 2000 W /m?

fman(532) P(532) ()
310 if P(532) < 2000 W /m?
1.1.10%.100-002(808—-700)_ 4 4/3 9
( i wn ) 7 if P(308) > 3289 W /m
fanax(808) = (7)

3.104 if P(808) < 3289 W/m?

where P(532) and P(808) is the power density of the beam given by the measured power of the

laser beam divided by the expected beam area Apeam-
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The permissible exposure time depend on the radius of the beam. Two cases are considered
below, first normal operation and second the worst case scenario where all the power is focused
into a diffraction limited area.

Normal Operation: In normal operation the hand will be placed 3 mm away from the focal
spot. The beam radius for the optics with and NA of about 0.08 is 0.225mm and the beam

2. This results in a power density on the sample of P(808) = 3.14 and

area is Apeam = 0.16 mm
P(532) = 2.52W/m?. This in turn results in a maximum permissible exposure times of 3 - 10%s
for both lasers.

Worst Case Scenario: The radius of the diffraction limited spot 7,y is given by

A
Tairy = 0.61 - m (8)

giving a radius of 6.16 pm and 4.06 um for 808 and 532 nm, respectively. The area of the beam is
Apeam (808) = 119 and Apeam (532) = 52 um?. This results in a power per area of P(808) = 4193
and P(532) = 7738 W/m? and maximum permissible exposure times of 7.02 and 1.6s for 808 and
532 nm.

The above measured power is used in current experiments with required exposure time of the
camera of 20ms. This is well below the limits for both worst case scenario and normal operation.

The actual exposure time will be controlled by electronic shutters and be less than 1s.

4.5.2 Eye

For calculation of safety for the eye the program Laser Safe PC Pro 4 (Lasermet Ltd, Bournemouth,
UK) was used. Retinal damage worst case is when a collimated beam is incident on the eyes lens.
This brings all the laser light into focus on the retina. In this case the MPE is 10 W/m? for 532 nm
and 16.4 W/m? for 808 nm. With 10.4 and 13mW/m? for 532 and 808 nm respectively, the actual

power density is about 1000 times smaller than this and so is considered call 1 (inherently safe).

5 Safety Check-list

The experiments may only start if all four questions in the following check list have been answered

with “Yes” by the trained experiment operator.
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Table 4: System Safety Check-list

No

O

Check Yes
Both shutters in place? O
Laser power at sample for 532nm: .......................... < 0.5puW? O
Laser power at sample for 808 nm: ............ceeeeiereeeee < 0.5 uW? O
|

Box closed and fixed?

O 0o od

Start experiment only if all checks have been answered with “Yes”.



Appendix E

Ethics Approval

The ethics application form for experiments on humans presented in Appendix F including study
design, recruitment poster, information sheet for participants, participant consent form, and data
collection sheet are printed below. Further, the mail notifying about approval of the application

and both reviewer decisions are shown as well.
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The University of

Nottingham

Faculty of Engineering
Process for approval of research study involving human participants

Introduction

This document describes the process to be followed when planning and obtaining approval for studies involving
human participants within the Faculty of Engineering. This process is based on one previously run within the
School/Dept M3. The process is administered by the Faculty Research Ethics Committee, and managed by the
Chair of the Ethics Committee, Dr. Gary Burnett, and Faculty Research Ethics Officer, Dr. Sarah Sharples. All
queries regarding the process should be initially sent to the Faculty Ethics Administrator, Dina Martin.

What is Ethics Approval?

When conducting any study or observation or collecting data about individuals, it is essential that full
consideration is given to ethical issues and that steps are taken to ensure participant well-being throughout the
study.

Participants involved in research studies have a right to:

- Know the goals of the study and who is funding the work

- Make an informed decision about whether or not they wish to participate
- Leave the study at any time if they do not wish to continue

- Know what will happen to them during the study and how long it will take
- Know if they may experience any discomfort

- Know what will happen to the findings

- Privacy of personal information

- Be treated courteously

The University of Nottingham and Faculty of Engineering have an ethics procedure that requires all staff and
students to submit an application for ethical approval before conducting any research study involving human
participants. Members of the Ethics Committee read through study proposals to check that the researcher has
demonstrated that they have given full consideration to ethical issues and that they have provided participants
with appropriate and sufficient information.

Who needs Ethics Approval?

ANY member of staff or registered student of the University of Nottingham involved in conducting any study or
observation or collecting data about individuals MUST adhere to the University Code of Research Conduct and
Research Ethics. Those affiliated with the Faculty of Engineering MUST ALSO comply with the Faculty ethical
approval process before commencing their study.

Ethics application procedure

The attached document outlines the ethics approval process within the Faculty of Engineering. For all
applications required to undergo formal review, applications must be submitted to the Ethics Administrator,
Faculty of Engineering Research Office, Coates Building. The application will then be reviewed by the ethics
committee. We aim to return a decision to applicants within two weeks but the procedure may be delayed if
the ethics committee require further information. It is the applicant’s responsibility to make sure that
applications are submitted in good time.

THE STUDY MAY NOT START UNTIL ETHICAL APPROVAL HAS BEEN AWARDED



Information you should give to ALL participants

The following list describes the information that should be given to all participants. Normally this should be given in a
participant information sheet at the beginning of the study, and participants should be required to confirm that they have
understood the nature of the study, and that they are happy to participate.

The following information should be included:

Details of who will be conducting the study.

Details about who is sponsoring the study and what the terms of the sponsorship are (i.e. who will 'own' the data
and how the data will be used).

Details about the nature, purpose and duration of the study. (Participants whose first language is NOT English may
need further explanation of what is involved as their understanding of some of the terminology may be limited).

What kinds of procedures will be used and what participant will be asked to do.

Details about any hazards, inconveniences and risks associated with the study.

What procedures will be followed if a participant is injured. (only needed if risk of injury has been identified)
What benefits (payments, expenses etc) are attached to the study.

What they need to do in order to receive the payments described above.

What procedures will be employed to maintain confidentiality and anonymity (e.g. removing personal details from
data/reports, keeping data in locked files)

What will happen to the data (how it will be used, how it will be stored, in what form it will be disseminated and if it
is likely to be used for further analysis).

How you will use photographs or video records (data analysis, illustration purposes, displayed to sponsors/ non-
public academic audiences, printed in public domain documents etc).

Details about who to contact if questions or problems arise.
ALL participants must be told that any involvement in the study is voluntary and they are free to withdraw at any

time. You should also explain any consequences for the participant of withdrawing from the study and indicate
what will be done with the participant’s data if they withdraw.



Faculty of Engineering
Application for approval of research study involving human participants

ALL applicants must provide the following information
The applicant must be the person who will conduct the investigations; each application must be made by one
applicant:

. usually the student in the case of taught or research courses,

. usually the researcher (the member of university research or academic staff) who will conduct the study
in the case of funded research projects,

. usually the principal investigator in the case of applications for ethics approval in advance of submission

of a research proposal

If the applicant is an Undergraduate or Postgraduate taught or research student please complete the
information below. The application must be approved by a Supervisor.

Name of student: David Jung Student No: 4202060
Course of study: PhD, EEE Email address: eexdsj@notthingham.ac.uk
Supervisor: Chung See

If the icant is a member of university research or academic staff, please complete the informati :
For research staff, the ication must be approved by the Principal Investigator
Name: | Principatinvestigator

wmder)
EmW Pl Signature: ...

Title of investigation : Skin reflectance measurement under influence of temperature

Planned date for study to begin: 1° March 2016 Duration of Study: 1 Month (until end of March 2016)

Please state whether this application is:

& New |:| Revised |:| A renewal |:| For a continuation study

Selection of review process

Please indicate whether the application is required to go forward to the ethics committee for formal review, or,
in the case of projects completed by taught undergraduate and postgraduate students only, whether the
application can be approved by the supervisor under the expedited review process.

Formal review, application will be |:| Expedited review, application is approved
submitted to ethics committee by supervisor

roval by supervisor: expedited review

| approve the application as supe oject, under review procedure.

............................................................... SIENATUIE ettt ettt s saeeeeees

Office use only
Date form received:

Passed tO reVieWers: 1. NAMC... ..ttt s es et sares e eesnes Date..uiceeeeceeeen

(formal review only) 2. NamM.....ooeciceeeeetse ettt s seees Date....ccoeeereerereeenennen.
Date decision returned to applicant:




Ethical Issues Checklist

The purpose of this Checklist is to facilitate the review process and to identify any ethical issues that may concern the
Committee. It is meant to be an aid to both the researcher and the Committee. Listed below are areas which require some
justification and attention on your part in specifying your study protocol. Please answer each question honestly, giving full
details where required. Answering “YES” to any of the questions will not necessarily lead to a negative response to your
application but it will draw issues to your attention and give the reviewers the opportunity to ensure appropriate steps are
being taken. In expedited review, supervisors should ensure that for any questions where the answer “YES” has been
given, appropriate measures have been taken to maintain ethical compliance.

Applicant’s full name: David Jung
You must complete ALL of this section before submitting your application

1 Who is the population to be studied?

Humans, 18+ years old, white skin colour.

2 Please give details of how the participants will be identified, approached and recruited. (Include any
relationship between the investigator and participants e.g. instructor-student).

Posters will be put up in the department. The information sheet will be send to interested individuals via
email.

3 Will the population studied include any vulnerable members of the public? YES NO
Note: for the purpose of ethics approval this includes participants who are under 18, people who are
disabled or in poor health, and also those who are non-English speakers and may not be able to |:| &
understand the consent forms. (If YES, please give further details)

4 Will it be possible to associate specific information in your records with specific participants on the YES NO
basis of name, position or other identifying information contained in your records? |:| X|
5 What steps have you taken to ensure confidentiality of personal information and anonymity of data

both during the study and in the release of its findings?

No personal data will be collected. Each participant will be given a unique 3 digit number. This number will
be connected to the data, but not to the consent form. Their name will be only connected to the consent
form but not the data. The participant will not be identifiable.

6 Describe what data will be stored, where, for what period of time, the measures that will be put in
place to ensure security of the data, who will have access to the data, and the method and timing of
disposal of the data.

The data to be stored are skin reflectance measurements and photographs of the hand.
The original photographs will be stored on a removable SD card on the camera. This data will be transferred
to the University network (Z: drive) and the original data on the SD card deleted. The measurement data will
be stored on the University network directly. The data will be accessible by the student conducting the study
only, using their username and password.
The participant may request deletion of the data quoting their unique ID number, before publication of the
data. All paper documents (consent form and data collection sheet) will be stored securely within the
University.

All data will be kept for 7 years after date of publication.

7 Will persons participating in the study be subjected to physical or psychological discomfort, pain or YES NO
aversive stimuli which is more than expected from everyday life? (If YES, please give further details) & |:|

Exposure of one hand to cold (~6°C) and hot (~47°C) water for 5 minutes each.
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11

12

13

14

If you require space for additional information, please add it here and identify the question to which it refers:

Will participants engage in strenuous or unaccustomed physical activity? (If YES, please give further details)

Will the investigation use procedures designed to induce participants to act contrary to their wishes?
(If YES, please give further details)

Will the investigation use procedures designed to induce embarrassment, humiliation, lowered self
esteem, guilt, conflict, anger, discouragement or other emotional reactions? (If YES, please give
further details)

Will participants be induced to disclose information of an intimate or otherwise sensitive nature? (If
YES, please give further details)

Will information be withheld from participants that they might reasonably expect to receive? (If YES,
please give further details)

YES

YES

YES

YES

YES

YES

YES

NO

NO

NO

NO



Checklist of information to include with your application:

Please tick the boxes below to confirm that you have included the following information with your submission.
Failure to include the required information may result in your ethics application and approval for start of your
research to be delayed.

E[ A brief description of the study design:

number and type of participants

number and duration of activities participants will be involved in
equipment and procedures to be applied

information about how participants will be recruited

whether participants will be paid (state how this will be done)
plans to ensure participant confidentiality and anonymity
plans for storage and handling of data

information about what will happen to the data after the study
information about how any data and images may be used
state whether it will be possible to identify any individuals.

VVVYVVYVYVYVYY

]Z[ Copies of any information sheets to be given to participants (include recruitment information (e.g. adverts,
posters, letters, etc)

]X[ A copy of the participant consent form

]Z[ Copies of data collection sheets, questionnaires, etc

I confirm that all of the above is included in the application:

As the applicant | confirm that | have read and understand the Ethical requirements for my study and have read
and complied with the University of Nottingham Code of Research Conduct and Research Ethics.

Signature of applicant ... Date .o,

As supervisor, | confirm that | have checked the details of this application.
Signature of SUPEIVISON ... s [DF- | T
NB The signature of the supervisor on this part of the application DOES NOT indicate supervisor

approval for expedited review. If supervisor approval is granted then the front page of the
application MUST be signed for approval to be confirmed.



Ethics Committee Reviewer Decision
This form must be completed by each reviewer. Each application will be reviewed by two members of the
ethics committee. Reviews may be completed electronically and sent to the Faculty ethics administrator (Dina
Martin) from a University of Nottingham email address, or may be completed in paper form and delivered to
the Faculty of Engineering Research Office.

APPIICANT TUIT NMAIME .ottt ettt e e et s s et e aeetesse s e e st e s sessesseseesarssnsaseese stassnss s sessassesensarsannans ane

Reviewed by:

NI e e et e e e sae e n e s e e ee e seeeae e neeans
Signature (Paper DAsed ONIY) et et sttt ettt e e re e s
Date .,
|:| Approval awarded - no changes required
|:| Approval awarded - subject to required changes (see comments below)
|:| Approval pending - further information & resubmission required (see comments)
|:| Approval declined — reasons given below
Comments:

Please note:

1. The approval only covers the participants and trials specified on the form and further approval must be requested for
any repetition or extension to the investigation.

2. The approval covers the ethical requirements for the techniques and procedures described in the protocol but does

not replace a safety or risk assessment.

Approval is not intended to convey any judgement on the quality of the research, experimental design or techniques.

4. Normally, all queries raised by reviewers should be addressed. In the case of conflicting or incomplete views, the
ethics committee chair will review the comments and relay these to the applicant via email. All email correspondence
related to the application must be copied to the Faculty research ethics administrator.

w

Any problems which arise during the course of the investigation must be reported to the Faculty Research
Ethics Committee
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Skin Reflectance Measurement

Summary:

During the exper

iment, the participant will submerge their hand in cold and hot water for a period of

5 minutes in order to change the blood flow in the hand. This will change the colour of the skin.
Camera recordings as well as reflection measurements with a custom build optical setup will be

taken. The safety of the custom build optical system is has been checked with the safety office and

supervisors.

Details:

Participants

3, white skin colour, no preference for age or gender

Activities

1. The participant will be asked to stay at room temperature for 10 minutes.

2. Measurement of the skin reflectance: The hand will be placed on a sample
stage, illuminated with laser and the reflectance measured. A measurement
will take less than one minute. Photographs of the hand will be taken to
document the skin appearance.

The participant will be asked to submerge their hand in cold (6°C) water for 5
minutes.

Measurement of the skin reflectance.

Wait for 30mins, to reach normal skin temperature.

Measurement of the skin reflectance.

The participant will be asked to submerge their hand in hot (47°C) water for 5
minutes.

8. Measurement of the skin reflectance.

No v s

Equipment
and
Procedures

- Hot and cold water, thermometer
- Custom optics
- Photo Camera

Recruiting

Poster

Pay

No

Data,
Confidentiality
and
Anonymity

No personal data will be collected. Each participant will be given a unique 3 digit
number. This number will be connected to the data, but not to the consent form.
Their name will be only connected to the consent form but not the data. The
participant will not be identifiable.

The data to be stored are skin reflectance measurements and photographs of the
hand. The original photographs will be stored on a removable SD card on the
camera. This data will be transferred to the University network (Z: drive) and the
original data on the SD card deleted. The measurement data will be stored on the
University network directly. The data will be accessible by the student conducting
the study only, using their username and password.

The participant may request deletion of the data quoting their unique ID number,
before publication of the data. All paper documents (consent form and data
collection sheet) will be stored securely within the University.

All data will be kept for 7 years after date of publication.
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Skin reflectance measurement under influence of
temperature

Study running from 1°* March 2016 to 1°* April 2016

Background

Inflammation in tissue is to be detected. Inflammation results in
a higher blood flow in the diseased tissue causing a red
appearance. For this, a spectroscopy based optical system has
been developed and needs to be validated. Instead of inducing
inflammation, the blood flow will be altered by immersing a
hand in hot and cold water. This will change the skin colour and
different reflection spectra can be measured.

What will I need to do?

In order to change the blood flow in a hand you will be asked to immerse one hand in hot/cold water
for 5 minutes and reflectance measurements and photographs will be taken before and after. The
study consists of the following steps:

1. The participant will be asked to stay inside (room temperature) for 10 minutes.
Measurement of the skin reflectance: The hand will be placed on a holder, illuminated with
a laser and the reflectance measured. A measurement will take less than one minute.
Photographs of the hand will be taken to document the skin appearance.

The participant will be asked to submerge their hand in cold (6°C) water for 5 minutes.
Measurement of the skin reflectance.

Wait for 30mins, to reach normal skin temperature.

Measurement of the skin reflectance.

The participant will be asked to submerge their hand in hot (47°C) water for 5 minutes.
Measurement of the skin reflectance.

NV R Ww

Who can apply?
This study is looking for willing participants with white skin colour of eighteen years or older.
Additional information:

This study is entirely voluntary. No reimbursement will be provided. All collected data will be stored
securely within the University of Nottingham and might be used in publications.

Interested?
If you would like to take part or want more information about this study please contact

David Jung (PhD Student) david.jung@nottingham.ac.uk
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Skin Reflectance Measurement

Participant ID: DDD

Study will be
conducted by

Background

Procedures

Discomfort & Risk

Payment

Collected Data &
Data Storage

David Jung, PhD student at the University of Nottingham and Nottingham
Hearing Biomedical Research Unit

His research focussed on the assessment of inflammation in the middle ear.
This study is part of his research.

Inflammation in the middle ear is to be detected. Inflammation results in a
higher blood flow in the diseased tissue causing a red appearance. For this, a
spectroscopy based optical system has been developed and needs to be
validated.

Instead of inducing inflammation in the ear, the blood flow in a hand will be
altered by immersing a hand in hot and cold water. This will change the skin
colour and different reflection spectra can be measured. This will validate the
system design and show its ability to detect differences in blood flow based on
the measured reflection spectra.

In order to change the blood flow the hand has to be placed in hot and cold
water and reflection measurements and photographs are taken. The whole
process will last about 60minutes (including breaks) and involves the following

steps:
1. The participant will be asked to stay inside (room temperature) for 10
minutes.

2. Measurement of the skin reflectance: The hand will be placed on a sample
stage, illuminated with red and NIR laser and the reflectance measured. A
measurement will take less than one minute. Photographs of the hand will
be taken to document the skin appearance.

3. The participant will be asked to submerge their hand in cold (6°C) water

for 5 minutes.

Measurement of the skin reflectance.

Wait for 30mins, to reach normal skin temperature.

Measurement of the skin reflectance.

The participant will be asked to submerge their hand in hot (47°C) water

for 5 minutes.

8. Measurement of the skin reflectance.

Nouwuse

It will be uncomfortable to keep the hand in the cold/hot water for 5 minutes.
But no risks are involved in this. The participant may withdraw from the study
at any time due to discomfort or for any other reason.

None
No personal data (such as name, age, or sex) will be recorded so that the

participant cannot be identified. Photographs of the hand and experimental
data will be stored securely within the University of Nottingham and are not

Information for Participant Page 1 of 2



connected to your name. You can request deletion of the data quoting the ID
number given on the top of this form. This is only possible before publication
of the data.

The collected data will primarily be used to validate the developed optical
system. It might also be used in publications and for further research.

Contact Student (conducting  David Jung
the study) Email: david.jung@nottingham.ac.uk
Phone: 0115 8468848

Supervisor John Crowe
Email: John.Crowe@nottingham.ac.uk
Phone: 0115 9515590

Involvement in this study is voluntary and the participant is free to withdraw at any time without
giving reasons. There are no consequences for the participant of withdrawing from the study. All
data will be deleted in case of withdrawing from the study.

You may contact the conductor of the study (see above) and request for your data to be removed
from the study. You will need your identification number that was given to you during the data
acquisition in order to do this (see top of this form). Note: Once your data has been used in a
publication (including thesis submission) the elements that appear in the results cannot be deleted or
removed.

Information for Participant Page 2 of 2



The University of
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Participant Consent Form A | Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

Skin Reflectance Measurement

Please tick box

1. | confirm that | have read and understand the information sheet
explaining the above research project and | have had the opportunity to
ask questions about the project and had these answered satisfactorily.

2. lunderstand that my participation is voluntary and that | am free to
withdraw at any time without giving any reason and without there being
any negative consequences.

3. lunderstand that my name will not be linked with the research materials,
and | will not be identified or identifiable from the data or in reports that

result from the research.

4. |agree for the anonymised data may be used in publications.

U o o i

5. lagree to take part in the above study.

Name Date Signature
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Data Collection Sheet

Skin Reflectance Measurement

No Participant ID Water Temperature [°C] Date
Cold Start Cold End | Warm Start | Warm End

N |WIN|F-




Jung David

From:

Sent:

To:

Subject:
Attachments:

Categories:

Dear David

Deeley Joanne

04 March 2016 14:50

Jung David

Ethics Application

Jung_BR_Reviewer Decision.docx; Reviewer Decision - DM.docx

Important

Please find attached the final decision on your recent ethics application.

The decision was: Approval Awarded — subject to required changes (see comments).

Please ensure that these changes are made and approved by your supervisor(s).

Best of luck with your study.

Best wishes,

Jo Deeley

Research Administrator
Engineering Faculty Research Office
University of Nottingham

University Park

Nottingham

NG7 2RD

Tel: 0115 74 84583



Ethics Committee Reviewer Decision

This form must be completed by each reviewer. Each application will be reviewed by two members of the
ethics committee. Reviews may be completed electronically and sent to the Faculty ethics administrator (Jo
Deeley) from a University of Nottingham email address, or may be completed in paper form and delivered to
the Faculty of Engineering Research Office.

Applicant full name David Jung
Reviewed by: Brendan Ryan

Name
Signature (Paper based ONIY) ettt ettt et st ee e e et s st an s e ene

Date. ............ 4 March 2016............

|:| Approval awarded - no changes required
. Approval awarded - subject to required changes (see comments below)
|:| Approval pending - further information & resubmission required (see comments)

|:| Approval declined — reasons given below

taken. The safety of the custom build optical system is has been checked with the safety office and
supervisors.

Comments:

...See above extract from the Study design document. This is approved on the basis that this has been checked
by the safety office and supervisor and does not present a risk to participants. It may be advisable to point this
out to participants if this has been approved.

Please note:

1. The approval only covers the participants and trials specified on the form and further approval must be requested for
any repetition or extension to the investigation.

2. The approval covers the ethical requirements for the techniques and procedures described in the protocol but does

not replace a safety or risk assessment.

Approval is not intended to convey any judgement on the quality of the research, experimental design or techniques.

4. Normally, all queries raised by reviewers should be addressed. In the case of conflicting or incomplete views, the
ethics committee chair will review the comments and relay these to the applicant via email. All email correspondence
related to the application must be copied to the Faculty research ethics administrator.

w

Any problems which arise during the course of the investigation must be reported to the Faculty Research
Ethics Committee



Ethics Committee Reviewer Decision

This form must be completed by each reviewer. Each application will be reviewed by two members of the
ethics committee. Reviews may be completed electronically and sent to the Faculty ethics administrator (Jo
Deeley) from a University of Nottingham email address, or may be completed in paper form and delivered to
the Faculty of Engineering Research Office.

Applicant full name David Jung
Reviewed by:
Name David Morris

Signature (Paper based ONIY) ettt ettt sre st e e s st an et e e

Approval awarded - no changes required
Approval awarded - subject to required changes (see comments below)

Approval pending - further information & resubmission required (see comments)

O ddm

Approval declined — reasons given below

Comments:

I am happy for this study to proceed as is.
Please note:

1. The approval only covers the participants and trials specified on the form and further approval must be requested for
any repetition or extension to the investigation.

2. The approval covers the ethical requirements for the techniques and procedures described in the protocol but does

not replace a safety or risk assessment.

Approval is not intended to convey any judgement on the quality of the research, experimental design or techniques.

4. Normally, all queries raised by reviewers should be addressed. In the case of conflicting or incomplete views, the
ethics committee chair will review the comments and relay these to the applicant via email. All email correspondence
related to the application must be copied to the Faculty research ethics administrator.

w

Any problems which arise during the course of the investigation must be reported to the Faculty Research
Ethics Committee



Appendix F

Measurement on Human

Volunteers

The system cannot be tested on the middle ear in the clinical setting as no hand-held system is
available yet and the experiments would require a more complicated ethics application procedure
to be followed. Instead, experiments on human volunteers are conducted in order to validate the
model for absorption of blood in the mucosa phantoms and show that the system is able to measure
blood concentration in living tissue. For this the blood level in a human volunteer is altered and
the inflammation index measured. First several options to alter the blood flow are presented and

the most suitable one selected.

Occlusion of limbs: The first option is to alternate the blood flow in a limb by a pressure cuff as
in [122]. A pressure of 50 mmHg allows blood flow into the tissue while the blood flow out of
the tissue is blocked. This causes the total blood level to increase while the pressure is applied.
A pressure of 250 mmHg stops both blood flows. This causes a need for oxygenated blood
and a release of the pressure causes more blood to flow into the limb (reactive hyperemia)
in order to supply the needed blood and the blood concentration is increased directly after

pressure release. The oxygenation is also altered during these experiments.

Histamine: Histamine has an important role in the immune response and inflammation, it causes
the local blood vessels to dilate and increase in permeability to allow more blood to reach
the tissue [229]. Tt is commonly used in allergy skin tests to validate the normal response of
skin [230], in animal models to trigger inflammation [120,231], and in human studies [121,232].
This could be used to induce inflammation and alter the blood flow in a local area but would

require a trained person to apply histamine.
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APPENDIX F. MEASUREMENT ON HUMAN VOLUNTEERS 232

Exposure to cold and heat: Warming of tissue causes assimilation (expansion of the blood ves-
sels) while exposure to cold causes vasoconstriction (decrease in vessel diameter) and can
decrease blood flow to essential zero [233]. For example Stephen et al. [234] use exposure of
a hand to 45-50 deg hot water for 2 minutes to increase the blood flow and to measure the

skin colour.

Scratching: Another option would be to scratch the skin and measure the resulting increase in
blood flow. The skin might be injured and the amount of scratching is hard to measure and

cannot be easily reproduced.

The exposure to cold and heat is chosen as method as it is least invasive, allows a reproducible
protocol, and changes the blood flow relatively quickly to allow comparable measurements at the

same area.

F.1 Protocol

Approval for these experiments was obtained at on the 04/03/2016, the relevant documentation
and communications are printed in Appendix E. Four healthy volunteers were recruited between
the 08/03/2016 and 18/03/2016. Only volunteers with white skin colour were selected to avoid
high melanin concentrations in the skin that may to influence measurements. This is appropriate
as no melanin is present in the middle ear mucosa.

After waiting at room temperature for more than half an hour to avoid influences of extreme
temperatures outside the volunteer submerged a hand in cold water (temperature about 5°C) for
5minutes. The hand is then dried and a photograph taken. Then the hand is placed on the sample
holder presented in Figure 3.29 at the position of the mucosa phantom (as shown in Figure 2
of the attached safety documentation Appendix D). The 1500 grid diffuser is placed in front to
simulate the eardrum. The green and NIR reflectance signals are then recorded over a time course
of 4 minutes, with one measurement taken every minute. The hand is kept on the sample stage
during the measurements to ensure sampling of the same area. After the measurement series
another photograph of the hand is taken. The photograph is taken with a flash, in a room without
windows and the room light on and a defined distance between hand and camera of about 20 cm
in order to ensure constant lighting. The protocol of the measurement is illustrated in Figure F.1.

A safety data sheet of the system is produced and shown in Appendix D in order to show the

safety of the optical system and acquire permission to conduct the experiments.
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repeat 5x
Exposure to .
Room wait
Temperature —| cold wa_ter —| Photograph |—| Measurments |— 1min Photograph
for 5mins

Figure F.1: Protocol of the experiments on human hands.

F.2 Results

The exposure to cold water causes the blood content in the hand to increase in order to increase
the temperature of the hand. This is in contrast to [233] reporting a decrease in blood flow during
exposure to cold. It is assumed that the increase in blood flow observed here is due to the fact
that only one hand is exposed to cold and the body does not need to protect the body to become
hypothermic. Further, the measurements are made when the hand is exposed to air at room
temperature and the temperature of the skin is rising again. Over the time course of 4 minutes
the hand warms up and the blood flow is reduced. This is visible in the photographs that show
a reddening of the hand directly after exposure to cold water in Figure F.2 (a), indicating a high
blood volume. After 4 minutes, the hand is less red indicating a normal blood level as seen in
Figure F.2 (b).

The measured inflammation index for the 4 volunteers is shown in Figure F.2 (c) and shows a
highest value directly after the exposure to cold water (¢t = 0 min) and lowest value after 4 minutes.
The markers indicate measurements and the lines are exponential interpolations I'Tg; = a-exp(b-t)+
¢ with the R? values of 0.89, 0.66, 0.96, and 0.95. The difference between the measured index for the
volunteers can be explained by any of the following reasons: differences in the thickness of skin (up
to 1.5mm on the palm [235]) with no blood perfusion in the top layer (epidermis) [235], different
levels of blood perfusion, or different reactions of the blood circulation to exposure to cold. Still,
all cases show an increase of the measured inflammation index with blood concentration. Volunteer
2 shows a very small change in measured inflammation index, but this was expected as the hand
did not show a change in colour and it is assumed that the blood content did not change.

The change in inflammation index seen here corresponds to a change from mucosa phantom
2 to phantom 1 equivalent to a change of 8% to 2% blood concentration. This comparison does
not consider the skin with a thickness up to 1.5mm. A more accurate phantom model would be

necessary for correct calibration.
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sl
(a) Photograph of the hand at the start of (b) Photograph of the hand at the end of

measurement (¢ = 0 min) measurement (¢ = 4 min)

263 —¥— Volunteer 1
—>— Volunteer 2
—-+—- Volunteer 3 | -
P> Volunteer 4

247

Time [min]
(¢) Time course of the inflammation index. Markers indicate

measurements and lines indicate exponential fitted curves.

Figure F.2: Inflammation index measured on human volunteers. The photographs show the hand

of volunteer 2 before and after the measurement series.
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Appendix G

Publications

The publications resulting from this project are attached below. First, a paper presenting the anti-
confocal system and simulations was submitted to “OSA - Optics in the Life Sciences” conference
held in Vancouver, Canada from the 12" to 15" of April 2015. The paper was accepted as
poster presentation and the poster is printed as well. Second, a more detailed description of the
simulations and change of parameters of the optical system and tissue was accepted for publication

in the “Biomedical Optics Express”, Volume 6, Issue 10, published 2015.

235



APPENDIX G. PUBLICATIONS 245

m The University of
National Institute for ) ) l'. Notting am
Health Research Monte Carlo Photon Simulation e won- o ws:

of an Anti-Confocal System to
Monitor Middle Ear Inflammation

David S. Jung!?, John P. Birchall*?, John A. Crowe3, Chung W. See?, Michael G. Somekh3*

1. Motivation

Medical Background: Aim of the project:

Chronic Middle Ear Inflammation is characterized This project aims to develop a medical device that will be able e
by inflammation of the middle ear mucosa to determine whether the middle ear mucosa is still inflamed Hiddle Ear " Canal
and secretion of a liquid causing hearing loss. or has returned to normal in order to improve diagnosis.  cochiea M

The only effective treatment is surgically draining Direct view of the mucosa is obscured by the eardrum.

the liquid and placing a ventilation tube through Consequently, an optical method must be implemented to

the eardrum. This is one of the most common allow measurements through the eardrum by ma: g th

surgeries in children in the developed world [2]. ignal detected from the mucosa and

In 25% of the cases the symptoms recur [3] and background reflections from the eardrum. The ratio of the

there is no way of predicting the recurrence. detected signal at two wavelengths will allow assessment of

It is hypothesised that a recurrence is linked to a the i ion  similar

persistent inflammation after surgery. measurements. The use of confocal and anti-confocal systems

is investigated here.

2. The Anti-Confocal System 3. Monte Carlo Simulation

Conventional Confocal System: Monte Carlo methods are used to simulate light propagation in the ear
Mucosa  Eardrum Uumination and anti-confocal system in order to study the influence of different design

h I parameters on the system performance.
! A random path of a photon in the tissue is swmu\ated and then
— / pmpaqa(ed through the optical system to the detect ths
i — added in crder to achieve a representable dstribution. Tissue
e from literature and measurements on

‘ animal mcde\&
L

Inputs: Numerical Aperture (NA), geometry, tissue properties, photon
weight and direction.
s Pinhole  Detector
Dependent on NA
nd sour

sample s Beam Splitter

«Illumination focused on the mucosa
- Pinhole placed in the image plane of the mucosa blocks out-of-focus light o
High resolution
+Small sampling volume Random according

Anti-Confocal System: to mean free path

b w h
Random according to Random according to
]/ stop, refractive indices scattering and absorption
[l Reflection S (EEi
Fandom, Lambertan accodnglo_ tandom ey
e lvon resnssoh Ricita phetonlmeght

medium or weight neglegibl

i /] out:

Yes
«Illumination focused on the eardrum

«Stop placed in the image plane of the eardrum blocks in-focus light
= Low resolution
+Big sampling volume \Ollkmlls: photon path and position.
4. Results
Sample path of a single photon: Simulated signal and SBR vs. radius of pinhole or stop:
(1) Launched into the tissue -
(2) Passes eardrum and tympanic cavity
(3) Scattered several times inside the mucosa - - -
(4) Propagated to detector 3
o # N S AL J——
) E N H
. TOL amedn S 2
o 3 = ]
1 s 8 i H e K
e = 3 = s
2 (ot a
Addition of 10,000 paths to distributi 10
o5 + T5 B 3s o5 0 T T s
1 | Radius [mm] Radius [mm]
. . Confocal System:
£ « Increasing signal but decreasing SBR with increasing diameter
5 o -— } Anti-Confocal System:
3 i1 H « Increasing SBR but decreasing signal for increasing radius
°l 2 i ? 3 * 2.5x better SBR at 1.15mm radius for same signal level compared to confocal system or
o 3 H 2l i H g * 1.4x higher signal level at 0.85mm radius for same SBR compared to confocal system
R N R )
N Variations of the system:
Knowing the photon path signal, background, and signal-to- | V
background ratio (SBR) can be defined as follows: : Eocu: of[me |I\:m|n:t‘|on == igg::‘lyr;rcg:e\/:d SBR when focused on mucosa
Signal Number of ‘photons reaching the mucosa, thus carrying SOOI CEED R P
. SBR increases for confocal and stronger for anti-confocal
information about inflammation ol PG &= e ren R
Background . Number of photons blocked by the eardrum thus no | Scattering of the eardrum . . . B T
R Rt istance between eardum and miicosa . Improvement ofthe SBR for confoal but no significan change for ant:
SBR Signal divided by Background confocs!
5. Preliminary Experiments 6. Conclusion

Both the confocal and anti-confocal systems have their merits.

The anti-confocal system is superior in this special case as:

«Easier to focus

«Bigger sampling volume in tissue

~Higher SBR and signal power possible

«More photons penetrating deeper into the tissue carrying ‘more' information of the inflammation are
detected

But it cannot replace the confocal system as:

« Low spatial resolution

«Not applicable when single layer to be imaged is embedded in scattering sample.

confirm that the anti-
confocal system is. workmg

Recovering the Svgna\ (b\ack)
reflected o rarget
(reflective bars on non-
reflective background)
hidden behind a guinea pig
eardrum. The contrast is
better using anti-confocal
system (red) compared to . E _ Future tasks:

the confocal system (yellow) Position [mm] -Expenmental cnaractensanon and validation of me anti-confocal system using tissue simulating targets.

making use of the absorption spectra of blood.
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