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Abstract

Since its development back in the 1990s, Optical Coherence Tomography (OCT) has
been an invaluable tool for biomedical imaging, more so in the area of ophthalmol-
ogy, thanks to its ability to retrieve structural information from within a scattering
sample in a non-destructive, non-invasive, and contactless way. Nonetheless, in or-
der to fully comprehend the nature of a biological sample, it must be studied in
its own environment, or in-vivo, and as most living things, they are susceptible to
motion.

This thesis focuses on different approaches and advances performed in motion
detection and correction from three different points of views, starting from artefacts
due to the motion of the device used for imaging, followed by the artefacts caused by
the motion inherent to the sample, to finalise with a different type of artefact caused
by the internal movement of the imaging system. Within these pages, different set-
ups are presented, all working in the near infrared part of the optical spectrum.

For the first point of view, motion caused by the displacement of the device, this
thesis presents results obtained in an endoscopic set-up, in which the optical probe
can be moved by the hand of the operator or using some mechanically actuated
endoscope. In the case of the second point of view, the device employed consists
on a free space Swept Source OCT (SS-OCT) in two different configurations, one
described for skin applications, called configuration (s), and a second one described
for ophthalmology applications, referred as configuration (e). These same config-
urations, except for the removal of a dichroic filter, are the ones explored in the
third point of view, pairing the optics from the SS-OCT system with an extra swept
source. The final study presented in this thesis led to another application, described
in the same chapter, to characterise the sweeping direction of any swept source in

an indirect way.
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Thesis outline

With Optical Coherence Tomography (OCT) being already established as a non-
invasive, contactless imaging technique with results akin to those of a biopsy, hence
referred sometimes as an optical biopsy, more and more developments in high reso-
lution systems appear in both research and medical settings. While extremely high
speed has been reported at higher wavelengths, at 850 nm most sources are still be-
hind, either due to the sensors or to technicalities in the manufacturing of the swept
source, which leaves OCT open to motion artefacts when these are not accounted
for.

In this thesis I approached the study and correction of motion artefacts in the
axial axis from three different point of views, starting for the artefacts generated
due to the translation of the field of view of the OCT across the sample, followed
by the artefacts generated by the inherent motion of a living sample, such as the
eye, and then finishing with axial distortions that present themselves in the same
fashion as those before, but that are not generated by the translation of either the
sample or the system. Instead, these final distortions are generated by the design of

the detection system paired with a scanning laser.

Organisation of the thesis

This thesis is divided into 6 chapters, with chapters 1 and 6 being a brief introduction
and a brief future work sections respectively, chapter 2 being the main theory chap-

ter, and chapters 3, 4 and 5 being the experimental chapters in which my personal



work has been described. Each chapter is described more in depth below:

e Chapter 1: This brief introduction presents a few snippets of the origins of
biological imaging and OCT, as well as the concept of ”biological window”,
and the narrative link between the chapters, being centred in axial motion

artefacts.

e Chapter 2: While throughout the experimental chapters, the main imaging
modality of OCT used was Master-Slave OCT (MS-OCT), introduced in 2013,
in this chapter the main theory behind the main different modalities of OCT
as well as MS-OCT is presented: Time Domain OCT, Spectrometer Based
OCT, and Swept Source OCT. There is also a description of Point Scanning
OCT and Full Field OCT.

e Chapter 3: As the first chapter in the experimental section, this chapter com-
prises the results of the paper ” Endoscopic en-face optical coherence tomogra-
phy and fluorescence imaging using a correlation-based probe tracking”[1], in
which a novel image stitching algorithm was presented being applied to a dual-
clad OCT /fluorescence endoscope designed for lung imaging. While the peer
reviewed paper that this chapter was developed from was written in collabora-
tion with several other authors, my contributions were mainly on the Region
of Interest (ROI) positioning, evaluating different strategies for compensating
the axial motion of the probe, as well as testing, characterising, and finishing
the assembly of the dual OCT /fluorescence imaging system. As the ROI was
an initial necessary step for the stitching algorithm, a brief description of the

whole algorithm was included.

e Chapter 4: In this chapter I expanded upon the results presented in the confer-
ence proceedings ”Non-mechanical Axial Motion Compensation using Master-

Slave Optical Coherence Tomography” [3]. Here I present an OCT system
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paired with an extra interferometer for axial tracking, referring the imaging
components as Imaging Sub-system (IS) and the tracking interferometer as
Tracking Sub-system (TS). Both IS and TS share part of their sample arms,
with the IS operating at 850 nm and the TS at 1300nm. The conjugation of
these two sub-systems was tested for two configurations: one for skin imaging

and other for retinal imaging.

e Chapter 5: The peer reviewed paper ”Spatial distortions in swept source opti-
cal coherence tomography due to lateral scanning” [3] was used for this section.
Here a type of artefact is described and analysed, seemingly missed by the OCT
community so far, in which a swept source OCT paired with a point scanning
approach experiences a deviation in the axial position related to the scanning
speed. Experiments with both unidirectional and bidirectional swept sources
are presented, in both retinal imaging and skin imaging configurations, as they
are the most common interface optics present in OCT devices. The distortions
discussed in this chapter seem to be a result of the rate of variation of OPD
across the scanning direction, paired with the sweeping speed and direction of

the swept source.

e Chapter 6: In this brief section I mention possible avenues of future work that

could stem from the previously reported work, mainly from the chapter 5.

Thesis outputs

The publications resulting from the research carried through my PhD programme
are listed below, and as previously mentioned in the organisation of the thesis, each
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2021/0145285 A1, with Prof. Adrian Podoleanu. Through the course of the PhD
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Chapter 1

Introduction

Ever since the invention of the first compound microscope by the end of the 16th
century [1], humankind has been looking into the structure of living matter, with
the first inert cell being discovered in 1665 |2] and the first living algae cells reported
in 1674 [3]. Early microscopy required the slicing of the material under examination
and the first roadblocks encountered revolved around the understanding of optics
and aberrations. It was thanks to the technological advances of the 19th and 20th
centuries when the first look into the living body occurred, with the first X-ray of
a human hand in 1895 [4]. Before the first X-ray, all medical devices investigated
ex-vivo images, and while x-ray allowed in-vivo imaging, these were still invasive
due to the high levels of radiation required for imaging.

With the invention of the laser in 1960 [5], optical imaging gained a new momen-
tum, with the development of the first laser scanning microscope in 1969 6] used
just 2 years later, in 1971, to image biological samples [7]. Motivated by a desire
to obtain a non-invasive imaging system, by mid-1970s start appearing the first re-
search in optical reflectivity that eventually led to the creation of Optical Coherence
Tomography (OCT) in 1991, with also the first OCT image of a human retina [§].
OCT images obtain the depth profile of the sample, and by scanning through an

area, reconstruct a full volume.

10



CHAPTER 1. INTRODUCTION

The retrieval of depth information from a sample is related to its capacity to
absorb and scatter the radiation employed. In order to reach deep into biological
samples, the wavelength of the optical imaging device is selected accordingly to low
levels of absorption, which is determined by the composition and structure of the
sample under investigation. This leads to the so-called “biological window”, a region
of the light spectrum in which the main components of biological samples present

minimal absorption.
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Figure 1.1: Adapted graph of absorption coefficients of a generic tissue from Scott
Prahl and Steve Jacques [9]. The components of the tissue have been reduced to
oxyhaemoglobin (HbO2), deoxyhaemoglobin (Hb), water and melanin between 250
and 1300 nm.

Fig[I.T] presents some of the main elements that contributes to light absorption
in biological tissues. These elements are the two variations of haemoglobin [10),
11], oxyhaemoglobin (HbO2) and deoxyhaemoglobin (Hb), water [12] and melanin
[13]. Depending on the idiosyncrasies of the imaged tissue, the best wavelength

for imaging might vary, but the biological window is defined between 600 nm and
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CHAPTER 1. INTRODUCTION

1300 nm [14].

In-vivo imaging allowed for new levels of understanding, but living tissue tends
to present motion artefacts. In certain cases, motion can be fixed, but some tissues
have their motion linked to their function, such as lungs, heart and eyes. This can
lead to different type of artefacts in the retrieved image, both laterally and axially.
In other cases, the field of view (FOV) of a system might be small, and the device
requires to be moved across the sample to analyse large regions, therefore motion
artefacts can appear even if the sample is stationary. Analysis and correction of
motion artefacts has been studied almost since the first OCT image, with the first
reports of corrected images dating back in 1993 [15].

In general, there are two ways to approach motion artefacts. A first approach
consists on increasing the acquisition speed, which enables the retrieval of infor-
mation before the motion has occurred, removing the need to compensate for it.
Another approach is to analyse the nature of the artefacts presented in the image,
and correct them appropriately, either post acquisition, or mechanically adjusting
the device so that the device moves in sync with the sample.

In this thesis, we explore the second approach, evaluating the nature of the arte-
facts in three separate scenarios, with my work focusing on those artefacts created
along the z axis: firstly, when a probe or device is translated across a stationary
sample; secondly, when the motion artefact is inherent to the sample; and thirdly,
when the artefact along the z axis is produced by a secondary effect related to the
nature of the laser source and imaging method employed, even when both the device

and the sample are stationary.
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Chapter 2

Optical Coherence Tomography (OCT)

Author’s note: All the theoretical calculations and formulas showcased in this
chapter have been extracted from two well known books, the latest edition of the
three volumes of “Optical Coherence Tomography: Technology and Applications”
books from Drexler and Fujimoto [1], and “Biomedical Optics: principles and

imaging” from Wang and Wu [2], with the nomenclature being adapted as needed.

Cites have been added wherever papers have been used rather than these books.

2.1 Introduction to OCT

Optical Coherence Tomography (OCT) is a contactless, non-invasive imaging tech-
nique based on interferometry that allows to retrieve depth information from a given
sample, similar to a biopsy, in a non-destructive way. OCT owes its origins to the
Michelson interferometer back in 1881 [3], in which the light of a broadband source
is split in two different paths, one in which light reaches a mirror at a known dis-
tance from the splitting point, z,, and is reflected back, and another path in which
the sample under investigation is placed. The first path is the reference arm and
the second is the sample arm. The back-scattering points within the sample will
each reflect light back through the arm, each traversing an optical distance z,, and

recombine with the light reflected from the reference arm into a detector.
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M
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- arm
: z _
OS. 1 B'S _______;_____S_____._._.;___;.;? S
Sample arm

[ ]D

Figure 2.1: Schematic representation of a simple Michelson Interferometer. In light
blue the reference arm is marked, and in light yellow the sample arm is highlighted.
Both arms are measured from the beamsplitter. BS: Beamsplitter; D: Detector; M:
Mirror; OS: Optical Source; S: Sample; z,: Reference arm distance from BS to M;
zs: Sample arm distance from BS to S.

In Fig. a basic Michelson interferometer is depicted, in which z, and z, are
depicted. No optical elements apart of the beamsplitter (BS) have been represented,
as the principle for the interferometer is valid for any design. The light from the
optical source (OS) is drawn in red, with the discontinuity segments representing a
length that might be different than the one depicted.

Each refractive index change inside a sample constitutes a scattering point, thus
existing an electric field reflectivity profile dependent on depth inside the tissue
rs(zs). In real case scenarios, this rg(zs) profile is continuous, but for ease of ex-
planation, we will consider a discrete scenario, in which the changes occur only at

specific distances inside the sample N times according to the equation:

N

ro(z) = Y 10 [(2 — 2,)] (2.1)

n=1

Where 0 refers to the Dirac delta function, due to the scattering points being

considered discrete. The focus of OCT is on the reconstruction of the function 74(z;)

out of the measured interferometric signal, whose square modulus |r,|?* corresponds

to the power reflectivity of each reflector Ry so that ry(zs) = /Rs(zs). Given a
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complex electric field by:
E; = s(k,w)e'*==t) (2.2)

Where s(k,w) is the electric field amplitude as a function of the wave number
k = 27/X and the angular frequency w = 2mv, the electric field affected by the

scattering points defined by eq. would be:

E;

E,= %
V2

[75(25) ® €727%] (2.3)

In which ® represents convolution, the term —wt has been removed considering
t = 0 and the factor of 2 in the exponential refers to the round trip in the arm
between the beamsplitter and the sample under examination.

The interference experienced at the detector by the convergence of the waves
from the reference, F,, and the sample arm, F,, will be proportional to the square

sum of the incident fields, described as:

o
&

Y

Ip(k,w) = S(|E, + E[*)

(B, + E) (Br + ES)*> (2.4)

Expanding eq. the terms related to w cancel each other, reducing to Ip(k,w)

V2 ' V2

NI NI NI

N
s(k,w)T piChs—at) | s(k,w) er JRICIE)

n=1

to Ip being only dependent on k, Ip(k), so that:

In(k) =§ [S(k) [R: + R, + R,..]]  7(A)”
+ g S(k) Z VR, R, (cos [2k(z, — an)])] "(B)”? (2.5)
+ g S(k) Z R, R, cos[2k(zs, — Zm)]] 7(C)”
I
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Where S(k) corresponds to (|s(k,w)|?) and represents the power spectral de-
pendence of the light source [4]. In eq. we can observe 3 distinct components,
labelled as (A), (B) and (C) in the equation, that corresponds to the DC, Cross-
correlation and Auto-correlation respectively. The DC term does not depend on
the interference, just on the power associated with each reflector individually. The
Cross-correlation corresponds to the interference component between reference and
sample arm, being this part of the equation the one OCT uses to reconstruct the
reflectivity profile of the sample in most designs. The Auto-correlation term is
obtained by the self interference of the different waves coming from different lay-
ers within the sample, being considered artefacts or noise in some setups, while in
common-path interferometers it is the interference signal used for the reconstruction
of the sample.

Upon further analysis of S(k), most sources used in OCT presents either a Gaus-
sian or a square profile for their spectrum shape. As Gaussian profiles are more
common, S(k) and its inverse Fourier transform, (z), are represented by the equa-

tion:

v(z) = e 7 L g(k) (2.6)

= mg‘

Simplifying the scenario to a single reflection from the sample and a monochro-
matic light and applying eq. [2.5 the component E; can be expressed as Fy as no
dependencies are present in k£ nor w, and the intensity observed by the detector

employed in the system can be simplified to the expression:
I = E% + E2 + 2E,gEycos (2mn2(z, — z,)) (2.7)

Where 27n in the phase difference corresponds to the propagation constant along
the arms, assuming both arms in the same medium, where n is the refractive index

of the medium. Any intensity variation will depend solely on the mismatch between

19



CHAPTER 2. OPTICAL COHERENCE TOMOGRAPHY (OCT)

the distance travelled by the light on each arm, called Optical Path Difference (OPD)
as:

OPD =2nAz =2n(zs — 2,) (2.8)

When the OPD approaches 0, the interference will result on a maximum. Scatter-
ing samples will return several beams with different optical lengths travelled, either
by the scattering experienced inside the sample, or by the axial location inside the
sample being different between each back-scattering point. By obtaining the OPD
of each of these back-scattered beams, a depth profile of the sample, called A-scan,
is created.

While based on eq. the interference should present maximums and minimums
periodically, two beams will only interfere as long as they are sufficiently coherent.
A coherence length, ., is defined as the length along the propagation direction over
which the electric field is substantially correlated. Similarly, a coherence time, t.,
is defined as the interval of time in which the correlation of a stationary point of
the propagation is maintained. Therefore, t. and [. are related through the speed
at which light is being propagated, ¢ if assuming vacuum, such as [, = ¢ * t..

Extending the definition of coherence length to a polychromatic source, consid-
ering a Gaussian shape, the coherence length will be given by the full width half
maximum, FWHM, of the profile defined by the eq. 2.6}

- 2vIn2  2In2 A}

¢ Ak T AN (2:9)

For a theoretical purely monochromatic source similar to a dirac delta function,
the coherence length would be infinite, leading to a interference at any OPD, with
periodical maximum and minimums. As the FWHM of the spectrum increases, the
l. diminishes, reducing the OPD over which the two beams interfere. This is the

basis of the first type of OCT described later, Time-Domain OCT (TD-OCT).
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2.1.1 Nomenclature of scanning

Describing the space in terms of x, y and z, being x the horizontal lateral axis, y
the vertical lateral axis, and z the axial axis, we can define different types of data
retrieval from the sample. The building block of OCT is the depth profile of a
sample, or A-scan, in which the OPD of each back-scattering point along the z axis
is obtained. The name was taken from ultrasound imaging or sonograms, first used
medically in 1949 by George Ludwig [5], in which the information is retrieved via
sound waves.

When retrieving consecutive A-scans along one of the two lateral axis, either x or
y, a cross-section is obtained, typically represented with z in vertical and the lateral
axis in horizontal. This cross-section is called B-scan, and at the top of the B-scan
we encounter OPD = 0. By obtaining every B-scan on the other lateral coordinate
we obtain a full 3D volume of the sample.

(a) (b)
A

Amplitude

Y

—
(9]

M -
N
—
(=1
—

Figure 2.2: Graphical depiction of the main types of images obtained with OCT,
with the size of the volume acquired being 200x200x200 voxels. (a) A-scan, (b)
en-face, (¢) B-scan, (d) 3D volume. While (a) has been obtained out of a single
surface sample, (b), (c) and (d) were obtained from a ROWE retina model [6] using
the OCT set-up described later on in chapter .
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We can create a C-scan or en-face image by obtaining every lateral point along
the x and y axis that shares the same OPD or z position. This representation
usually has the y axis in the vertical dimension and the x axis in the horizontal
dimension, obtaining a “surface plane”. Fig. presents examples of each type of
image obtained in OCT.

Lastly, we can perform an analysis over time by repeating any of the previously
defined scans over the same positions in the sample. This is referred as “m-mode”
OCT. An m-mode A-scan will be a 2D image, in which the vertical dimension
corresponds to z and the horizontal dimension is time. Consequently an m-mode B-
scan and m-mode en-face will retrieve 3D volumes, in which the first two dimensions
corresponds to the traditional B-scan and en-face and the 3rd dimension corresponds
to time. By applying m-mode to a volume, a 4D structure is retrieved.

We can distinguish between two main approaches in order to investigate larger

sections of a given sample: Point scanning OCT and Full Field OCT.

Point scanning OCT

In point scanning OCT, a mechanical element is added to the basic optical design
presented in Fig. 2.1} conventionally in the form of a pair of galvanometer scanners,
one responsible of displacing the optical beam through the line axis to create a B-
scan, and the other across the remaining lateral axis to acquire the frame, either for
en-face or 3D volumes. The galvanometer scanners are positioned after the BS in
the sample arm. As the beam returns from the sample, the displacement caused by
the galvanometer scanners is countered, as long as the scanners are in a conjugated
plane with the sample under examination.

Since each lateral position is illuminated at once, point scanning OCT does not
suffer from cross-talk between adjacent points of the sample, but as a drawback,

the imaging speed is limited by the maximum speed of the scanners. Despite this
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limitation, point scanning OCT has been applied in multiple biomedical applications,
such as imaging tear thickness [7], deformations on the cornea for the analysis of
metabolic diseases [8], and even infectious diseases at the retina level [9], but some
other techniques, such as scanning multiple separated points at once [10], have been
developed in order to use this strategy with faster laser sources. Miniaturisation of
the scanning elements allowed for endoscopic scanning probes being used for OCT
[11, 12]. In the experimental sections of this thesis, only point scanning OCT has

been employed.

Full-field OCT

By applying a different variation of the Michelson Interferometer from Fig. in
which the interface optics are positioned before the BS, and therefore are shared
by both arms of the interferometer, we can project a large illumination area over
the sample, and project those points over a 2D camera as a detector. Therefore,
full-field OCT systems reduce cost and maintenance by removing mechanical parts
on the system, and bypass the speed limitation imposed by the scanners in the
previous design, but in exchange, there can be cross-talk between adjacent pixels in
the image under certain conditions [13, 14] and spectrometer based OCT set-ups,
defined in following sections, are not suitable as they would require 3D pixel arrays
as detectors.

Nonetheless, there has been extensive research on how to minimise cross talk in
full-field OCT. Between some of the examples, there have been reports of the usage
of deformable membranes to introduce random phase illumination [15] paired with
different filtering methods [16] that effectively minimises cross talk. Recent reports
using multicore fibre with small core diameters |17] seem to provide better results

with simpler OCT designs.
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2.2 Types of OCT

While OCT owes its origin to the Michelson interferometer, different procedures

have been developed over time, each with their strengths and limitations.

2.2.1 Time Domain OCT (TD-OCT)

In order to recreate an A-scan in a TD-OCT system, the axial positions of each back-
scattering point are obtained sequentially, one at a time, by matching the optical
length of each arm to each other. As long as the OPD between both arms is below
the coherence length, [., of the source used, the interference will occur in what is
called “coherence gating”. Hence, the capability to accurately determine the axial
position of any given point, is inversely proportional to ..

In order to reconstruct a full A-scan, the reference arm must be modified to
match the OPD for each individual back-scattering point along the z axis per lateral
coordinate. There are several ways to modify the optical length of the reference
arm, but they all respond to the same properties. Thus, in order to simplify the
explanations, we can focus on a design as depicted in Fig. in which the reference
arm is a round-trip in which at one of the ends there is a mirror mounted on a fast

moving linear translation stage.

Reference .
Arm T
‘ s ':::::::::‘Eh-i—hﬂirmr
| Fiber
Coupler Translatio
Stage
‘”Etm”f :::::::::?g \Eample
' Sample
Arm

Figure 2.3: Schematic design of a simple TD-OCT system.
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Given a single back-scattering point in a sample, as the reference arm length
varies, the OPD shortens and lengthens, for as long as the coherence length, [., with
a maximum in OPD= 0. This creates an envelope which FWHM determines the
axial resolution, Az,, or the capability to discern between two consecutive back-
scattering points along the z axis, of the system, as each back-scattering point will
have its own associated envelope, and they will be detected as two distinct points
only when their envelopes are sufficiently separated.

Assuming the envelope of interference follows a Gaussian distribution with an

standard deviation of o;, the FWHM or axial resolution Az, is defined by:

Az, = (2v/2In2)o, (2.10)

In which o, is the standard deviation of the variation of OPD, given by

o) = % (2.11)

Where c is the speed of light in vacuum and o, is the temporal standard deviation,

defined by:

2
_ >\0
O =
2meoy,

(2.12)

Where )q is the central wavelength of the source and o), is the standard deviation
of A. If the spectrum of the source also follows a Gaussian, eq. can be applied,

having:
AN

2v2In2

By applying eq. [2.11] [2.12] and [2.13] into eq. we obtain that the axial

resolution of a conventional TD-OCT is defined by:

(2.13)

o) —

_ 21n2/\_(2)

Az,
: T A)

(2.14)
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When compared eq. with eq. 2.9} we can see that the axial resolution is the
coherence length of the source.

In terms of spatial resolution across the lateral coordinates x and y, the lateral
resolution will be the minimum distance between two adjacent points such as both
can be resolved as individual points. Based on this definition, there are several
approaches to mathematically determine the lateral resolution. The most common
approach is that followed by the Rayleigh criterion, in which the minimum resolved
distance between two adjacent points will be when the centre of the Airy disc of the

first point overlaps with the first minimum of the Airy disc of the second:
Al, = ———=0.61— (2.15)
Where m; is the radius constant for the first minimum of any given Airy disc,

and NA is the numerical aperture of the system defined as:

nD

NA=o5

(2.16)

Where n is the refractive index of the medium, D is the diameter of the beam,
and f’ is the focal length of the objective lens used.

Based on Rayleigh criterion, the two points to be distinguished will have a small
region in between with a significant drop in intensity. Since the centre of the spots
can be determined with a smaller drop on the intensity profile, other definitions
uses a smaller constant than 0.61, such as the Abbe limit, in which 0.5 is preferred,
or using the FWHM of the profile of the beam, which requires an analysis of the
profile of the wavefront emitted, but in many cases yield a smaller value for the
lateral resolution up to 0.41. In the following sections of this thesis, the criteria
applied for the lateral resolution is that of the Rayleigh criterion, since it errs on the

side of caution, and usually better approximates the situation encountered during
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an experiment, as some parameters can be difficult to fully control outside of a

laboratory setting.

2.2.2 Fourier domain OCT (FD-OCT)

In contrast to TD-OCT systems, in which each depth in an A-scan was obtained
sequentially, in Fourier Domain OCT (FD-OCT) systems, all depths are acquired
simultaneously using spectral interferometry, without varying the length of the ref-
erence arm. Primarily two distinct types of FD-OCT exist based on the method to
separate the spectra of the source. If the spectra is separated spatially, using a focus-
ing element and a diffraction element, we have Spectral Domain OCT (SD-OCT),
also called Spectrometer Based OCT in some sources. If the spectra is separated
temporally, by sweeping the spectrum in the source using different types of filtering,
and then obtain the interference element sequentially, using a photodetector, we talk

about Swept Source OCT (SS-OCT).

Spectral Domain OCT (SD-OCT)

A typical SD-OCT system employs a low coherent source that is split into two
different arms, as in TD-OCT, but differs in the usage of a spectrometer as a de-
tector. A spectrometer is made up of a focusing lens, a diffraction element, such as
a diffraction grating, and a photodiode array, conventionally a 1D line camera. A
conventional design of such system is shown in Fig.

After recombining the two beams, the diffraction element, from now on a diffrac-
tion grating, separates the recombined beam into its spectral components. The
spectral components of the reference beam interferes with the spectral components
of the sample arm, creating an interference pattern that is projected onto the 1D
line camera. As the interference is now generated at the spectral components, the

linewidth of each spectral component, determined by the density of lines of the

27



CHAPTER 2. OPTICAL COHERENCE TOMOGRAPHY (OCT)
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Figure 2.4: Schematic design of a spectrometer based SD-OCT system. The ref-
erence arm, marked in light blue, reflects on a mirror mounted on a translation
stage (TS). The TS is used to fine adjustments on the OPD between both arms,
remaining stationary during operation. BS: Beamsplitter; C1,C2: Collimators; DG:
Diffraction grating; D: Detector; F1: Fibre mount; I1O: Interface optics; M: Mirror;
OS: Optical source; S: Sample; TS: Translation stage

diffraction grating, determines the sensitivity of the SD-OCT, which is expected to
be improved over the TD-OCT counterpart [18].

The interference signal acquired by the camera follows eq. [2.5] so in order to

reconstruct the A-scan, a Fourier transform is required, obtaining:

in(2) =% [Y(2) [B + Ry, + Roy..]]
+ 51 ®Z\/R R, (6]z%2(= ZSn)])] (217)
AR Z R R, (62 %2 zsn—%m)})]
L n#m=1

In order to recover the reflectivity profile, previously mentioned in eq. [2.1] the

cross-correlation term of eq. can be benefited from the sifting property of the
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delta function, so that:

ip(2) =2 () [Ry + Ry + Rpr]] 7 (A)
+ g nzz:l RrRsn ['7 [2(27“ - an)] +7 [_2<Zr - an)“ ”(B)” (218)

+ g Y VR R, (s, — 2] + 72202, — 2,1 7(C)

A few key differences can be found in (B) against eq. 2.1 While some of these
differences, such as the axial position of each scattering point in the sample being
now measured against the position of the reflector in the reference arm, or the relative
distances inside the sample being doubled, due to the double-pass configuration, are
to be expected from the previous analysis in TD-OCT, there are extra details to
account for. For instance, the reflectivity from the sample, R(z;), is amplified by
the reflectivity from the reference arm, R,, but the biggest one is the apparent
broadening of each reflector due to the convolution with the gamma function, y(z).
This effect is in itself the definition of the point spread function, PSF, of an imaging
system. It is related to the coherence length of the source, meaning that the axial
resolution is still linked to the FWHM of the full spectrum, following eq.

On top of these differences, as any inverse Fourier transform of a real number
produces positive and negative frequencies that are complex conjugates of each other,
a duplicity or mirror terms appear in the cross-correlation terms. These mirror terms
will appear at an exact opposite from the OPD = 0, so in order to avoid them as

artefacts, the OPD = 0 must be placed outside of the sample.

Swept Source OCT (SS-OCT)

All the previous theory described for SD-OCT still applies in SS-OCT, as once the

interferometric signal has been retrieved by the detector, both interferometric signals
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share the same properties and can be processed into an A-scan in the same manner.
Therefore, all the differences we will discuss here are in the source choices and the
setup designs.

Different approaches to build Swept Sources can be found in the literature. From
SS-OCT systems employing micro-electromechanical systems (MEMS) paired in ver-
tical cavity surface-emitting lasers (VECSEL) |19} |20], in which the MEMS vibrates
at high speeds inside the cavity, changing the tuning wavelength, to Acousto-Optical
tunable filter (AOTF) based systems |21} [22], in which a birefringent crystal’s prop-
erties are modulated with an acoustic wave, filtering the incident optical spectrum,
to pairing a polygon mirror with a diffraction grating inside the cavity of the source

23].

Reference
arm

o s

c> Sample arm

Figure 2.5: Schematic diagram of a conventional SS-OCT setup. Both the fibre end
and its corresponding collimator lens on the receiving end of the reference arm is
mounted on a translation stage (TS) for fine adjustments of the OPD, but remains
stationary during operation. BPD: Balanced photodetector; BS: Beamsplitter; C1-
3: Collimators; F1-3: Fibre mounts; FC: 50/50 Fibre coupler; 10: Interface optics;
OS: Optical source; S: Sample; TS: Translation stage

In Fig. a typical SS-OCT setup is presented. In comparison with Fig. [2.4]
a photodetector, in this case a balanced photodetector (BPD), is used to detect the

interferometric signal instead of a spectrometer. The 1D-line cameras used in SD-
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OCT read out all the spectrum at once, which results in a signal roll-off. The usage
of a photodetector allows to avoid this shortcoming, improving depth and range of
imaging.

The Fourier transform required for the reconstruction of the A-scan in FD-OCT
implies a maximum imaging depth and a sensitivity falloff related to the spectral
resolution of the setup. In addition to the spectral resolution, as the spectral inter-
ferogram is digitally analysed, sampling of the interferogram is required, following
Nyquist criterion.

The instantaneous linewidth and the sweeping speed of the sources designed for
SS-OCT determines the spectral resolution and the A-scan rate respectively. These
parameters vary greatly between each design, with narrower and uniform linewidths
improving the spectral resolution and faster sweeps improving the A-scan rate. In
SD-OCT the spectral resolution is determined by the design of the spectrometer,
improving when using denser gratings, longer distances between grating and cam-
era, and higher pixel-density camera arrays, while the A-scan rate is linked to the
acquisition speed of the camera readout.

Both FD-OCT systems experience non-linearity effects due to the spectral dis-
persion required by design, in SD-OCT due to the non-linear distribution of the light
by the grating, and the SS-OCT non-linearities linked to slightly different linewidths
across the spectrum sweep. These non-linearities translate into a loss of axial reso-
lution. In order to correct this artefact, a relinearisation step is added on the A-scan
retrieval algorithm that can be speed up by the addition of k-clocks on the source,

secondary interferometers that interrogate the spectrum shape in real time.

2.2.3 Master-Slave OCT (MS-OCT)

First introduced in 2013 as Master-Slave Interferometry (MSI) [24], and later on

2016 improved to Complex Master-Slave Interferometry (CMSI) [25], Master-Slave
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OCT (MS-OCT) operates in the same regime as the FD-OCT set-ups described
above, but instead of reconstructing the A-scan using an FFT, MS-OCT relies on a
direct product of the interference spectra with a previously recorded set of spectra,
called masks.

Each masks is, simply put, an interference spectra corresponding to a particular
OPD that carries all the non-linearities and dispersion encountered in the specific
optical set-up being used. MS-OCT is executed in two stages, a first stage of cali-
bration, called Master, in which the sample arm is also fitted with a mirror, similar
to the one of the reference arm. In these conditions, spectra is recorded at dif-
ferent OPDs which will be used as masks. After storing this spectra we move to
the second stage of operation, or Slave, in which the mirror in the sample arm is
replaced back with the sample to investigate. The interference spectra obtained is
then correlated with the masks obtained in the previous Master stage, generating
the A-Scan. Originally, each OPD to be evaluated in an A-scan required a mask
obtained experimentally, recorded as a set of masks, which required large amounts
of time, so for real-time applications, another interferometer could be set up out
of the same optical source with a specific OPD, generating that specific mask in
real-time, with no recording needed, and retrieving each depth from the A-scan by
modifying the OPD in the Master interferometer.

The correlation based algorithm described in [26] consists on comparing the
spectra recorded as masks with the spectra obtained from the sample. The whole
set of masks is multiplied with the spectra at from the sample, now referred as
slave spectra, and the closer the resemblance between the slave spectra and a mask,
the higher the intensity returned for that particular OPD. This allows MS-OCT to
operate in more regimes than a regular FD-OCT, as an en-face can be retrieved
without requiring a full volume acquisition of the sample by simply multiplying

the interrogated spectra with a single mask, which determines the depth to which
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the en-face corresponds. Fig. obtained from the original article “Master-Slave
interferometry for parallel spectral domain interferometry sensing and versatile 3D
optical coherence tomography” authored by Adrian GH. Podoleanu and Adrian
Bradu , presents a simplified view of the operation of MS-OCT.
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Figure 2.6: “Illustration of the MSI principle. (a) Implementation of the MSI
method using two interferometers, a master interferometer (MI) and a slave in-
terferometer (SI). OS: optical source; MBS: master beam-splitter; SBS: slave beam-
splitter; MRM: master reference mirror; SRM: slave reference mirror; O: object
under investigation; MOM: master object mirror; XYSH: two-dimensional lateral
scanning head; MAB: master acquisition block; SAB: slave acquisition block; C:
comparison block. (b) Parallel implementation of the MSI principle, where the MI
in (a) is replaced with SoM: storage bank of P memories, M1, M2, ... MP, a memory
for each point in depth in the object, O. C1, C2, ...CP: P comparison blocks; A1,
A2,... AP: amplitudes of sampled points of the A-scan from scattering points inside
the object O from respective depths z1, z2, ...zP.” quoted from - Podoleanu et. al.

24]

By this point, MS-OCT had already a set of advantages over other FF'T based
systems, such as higher tolerance to dispersion, no need to resample data, and even

tailor the depth resolution by using sets of masks, but the Master stage required still
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too much time, causing issues for any changes or readjustments in the set-up could
render the system unusable for hours, until a full new set of masks was reacquired.
CMSI solved the issue of the slow mask generation by reconstructing the storage
of masks out of a few pre-recorded channelled spectra. The method, described
extensively in [25] is based on the generation of two functions, a first function g that
responds to the non-linearities experienced by the decoder element of the OCT, i.e.
the spectrometer itself in SD-OCT or the non-linear sweep of the swept source in
SS-OCT, and a second function h that represents the unbalanced dispersion present
in the interferometer. These two functions are embedded into each experimental
channelled spectra, therefore, they can be extracted out of a selected number of
OPDs and used to reconstruct the masks for the rest of OPDs not evaluated in the
Master stage.

To obtain g and h functions, we follow the steps described in [25], by starting
obtaining the complex exponential form of the channelled spectra at a particular z.

The phase obtained from this spectra can be expressed as:

B 2r -
PP (0, 2) = ?9(0)22 + h(D) + drana(z) (2.19)
where ¢ is the non-uniform distribution along the axis of the detector. Then we
proceed to remove the random phase by performing a derivative in respect of v:

g exp [~ _ 2_7T (=~ 1/~
%qb (0,2) = . g'(0)2z + h'(v) (2.20)

where ¢'(0) and h'(0) are the derivatives of g and h respectively. By applying
a linear regression over a few experimental channelled spectra, we obtain the slope
of the function g’ and the y-intercept of h’ and we rebuild them along the spectral
coordinate h'(0). Finally, following an indefinite integration, g and h can be used

to reconstruct a phase to build a matrix M of masks at any given z. With this new
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procedure, the time taken by the master stage in CMSI is reduced to just a few
minutes. On top of that, some adjustments in h can be performed without requiring
new acquisitions, allowing for some improvements even in post-processing.

In summary, the procedure to obtain a depth profile in MS-OCT can be explained
as follows: First, a flat mirror is placed in focus on the position of the sample in
the sample arm. Second, the OPD is matched with the reference arm and the
interference spectra is collected via a digitiser. Third, the length in the reference
arm is displaced a known quantity and a new spectra is collected. Fourth, for CMSI,
we repeat the previous step 3 to 4 times, and then collect the non-interferometric
signal of the reference and sample arm separately, blocking one arm at a time, while
for MSI we would repeat step 3 as many times as depths to evaluate in our A-scan.
Fifth, if using CMSI, we generate g and h out of the spectra collected and then
generate as many masks as depths wanted to evaluate in our A-scan, then we save
this stack. Sixth, now with our stack of masks, either in CMSI or MSI, we remove
the mirror in the sample arm and place the object to study. Finally, the channelled
spectra returned from the object is now compared to the masks using a correlation-
based algorithm, returning the intensity for each OPD returning from the different
layers inside the sample, which constitutes the A-scan.

This methodology has been applied via LabVIEW code on the experimental
chapters of this thesis. While most of the reports on MS-OCT currently implement
complex master-slave OCT algorithm, some research is being done following sim-
ilar designs as the two parallel interferometers presented in the original paper for

downconversion 27} 2§].
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2.3 Sensitivity and Signal-to-Noise Ratio (SNR)

As the name itself implies, Signal-to-Noise Ratio (SNR) is the ratio between the
signal power and the background noise. It is commonly used as an indicator of the
sensitivity of an OCT device, and it has slight differences based on the OCT type
employed.

Starting with TD-OCT systems, the total detected photocurrent responds to:

Ip(z) = 'OSTﬂ [Rr + Ry + 2v/ R, Ry exp — (2, — 2,)*Ak? cos [2ko (2, — zs)]]

2
(2.21)
Where Srpocr = Sp/2 is the instantaneous source power incident in both
arms. The maximum intensity is given when z, = z,, given by (Ip)2,50r =

pzs%% [R-Rs], so the noise present in TD-OCT is mainly shot noise, which is
given by 02, = 2elB, where e is the electronic charge, I the mean detector pho-
tocurrent and B the electronic detection bandwidth. As in a traditional TD-
OCT system, the reference arm is translated across z axis, a doppler shift given
by fo = 2045/ Xo = ko-max/ (wAt). Hence, the optimal detection bandwidth is
around twice the FWHM of fp, given by Brpocr ~ 2Akpw g Zma/ (TAL). As
any backscattered signal from the sample arm will be much smaller than the ref-

erence arm power, the main source of noise comes from the reference arm itself as

02 pocr = peStpoct R Brpoct, which gives us the final formula of:

Ip)2 S’ R,
SNRrpocr = < D2>TDOCT _ POTDOCT (2‘22)
TTpocT 2eBrpoct

Which means that the SNR will be linked to the bandwidth of the detector
used in the set-up. Meanwhile, FD-OCT has been presented with an advantage in

sensitivity over the TD-OCT counterpart [29]. Starting with a simplified equation
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for a single reflector and no autocorrelation, in order to compare with the eq.

from TD-OCT, we obtain:

Ip[K,] = gSFDOCT[km] [RT + Ry + 2y/Ro R, cos [2km (2, — zs)]] (2.23)

where Sppocr|km] = (S(k)|k=k,,)/2 corresponds to the portion of the instanta-
neous power of the central spectral channel m. After an inverse Fourier transform
operation, with a single reflector, maximum intensity will appear when z, = z,

following assuming a Gaussian distribution of the spectral power:

[\ I

M
ip[zm = (2, — ~2\/R, Z rpoct (k2]

p\/ Srpocr|kaye] - M - 0.598

(2.24)

) I

Based on eq. we infer that the spectral interference pattern from each
detection channel adds coherently, leading to a mean-square peak signal power of
(ip)%pocT = M [R,R,]- M?. Noise, on the other hand, will be dependant

on the spectral channel, i.e. the noise in each spectral channel is uncorrelated, and

will add incoherently in the inverse discrete Fourier summation, giving:

orpocr|#m) Z orpocrlkm] = epSrpoct[km| Ry Brpocr - M (2.25)
Thus, the equation for the SNR in FD-OCT systems is described by:

D)3 S Ep | R
SNRppocr = <ZD2>FDOCT _P rpoct (ki) M (2.26)
9FpocT 4eBrpocr
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where a square distribution of power has been assumed, to simplify the equation,
as any other shape would alter a coefficient added to M. In order to compare the
three systems, TD-OCT, SD-OCT and SS-OCT, a few considerations must be taken
into account: For SS-OCT, where each spectral channel is acquired sequentially,
assuming a scanning range Ak = 2kpy g and that an anti-aliasing filter is in place
for Bssocr, then Bssocr = Brpocor. For SD-OCT, where all the spectral channels
are acquired simultaneously, Sspocr|km| = Srpocr/M and Bspocr = Brpocr/M

since there is an integration of all the signals over the full A-scan.

S k| R M
SN Rspocr = SN Rssocr = pSepoct k] R M = SNRrpocr - > (2.27)

4eBrpocrt

The improvement of a factor of M is attributed to the sampling of all depths at
once constantly. Nonetheless, it is important to note that several of the assumptions
taken on the calculations, such as the power distribution or the shot noise condition
at all wavelengths, are unrealistic. Despite this, FD-OCT systems are theoretically

capable of up to 20 dB greater sensitivity [4].
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Chapter 3

Handheld OCT Probe

Author’s note: Most of the work presented in this chapter resulted in a peer
reviewed article called “Endoscopic en-face optical coherence tomography and
fluorescence imaging using correlation-based probe tracking” [1]. The chapter has
been partially rewritten, in order to highlight the work done by this author, bring-
ing some of the contributions in the supplementary material to the forefront. The
main contributions of the author were on the assembly, ROI detection, validation,

and results, with the least work done in the stitching algorithm, as the author

only worked on the axial compensation part of the algorithm.

3.1 Introduction

Endoscopic optical coherence tomography (E-OCT) allows high-resolution imaging
of tissue to a depth of 1-2 mm beneath the surface. E-OCT was first demonstrated
[2] in the 1990s, a few years after the very first report of OCT on the eye [3]|. Since
then, E-OCT has been commercialized for use in coronary arteries, complementing
intravascular ultrasound for interventional guidance [4]. Other potential applications
of E-OCT include imaging the epithelium of internal organs, particularly for early
diagnosis of cancerous lesions or for lateral margin identification during endoscopic

surgery [4].
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E-OCT probes can be broadly divided into ‘side-viewing’ and ‘forward-viewing’
designs. Figure [3.1| presents common schematic designs for both type of scanning
probes. Side-viewing probes involve deflecting the beam exiting a fibre by 90 degrees,
using a prism or mirror or by angle-cleaving the fibre. Scanning can be achieved
by rotating the fibre using a motor at the proximal end, outside of the patient [2|
5, 6]. Alternatively, the deflecting element may be fixed onto a micro-motor at
the distal end of the probe, in which case the fibre and lens assembly itself does
not need to rotate [7-9]. To improve tolerance to probe bending, it is possible to
implement the side-viewing probe as a common-path interferometer [10]. Different
optical configurations in the distal end, such as those involving the use of a diffractive
lens 6], can also help to mitigate spectral losses when large spectral bandwidths are
required for increased axial resolution. 3D imaging is achieved by moving the probe
axially, obtaining ‘tunnel-like’ images. The side-viewing probe can be incorporated
into a capsule for oesophageal imaging without an endoscope |L1]. Side-viewing
probes can also have very small diameters; needle probes with diameters as small as
a few hundred microns having been demonstrated [12]. Using distal motors, they can
also achieve high scan rates (up to 4000 frames/s), particularly when coupled with
optical sources allowing MHz A-line rates, such as Fourier-domain Mode-Locked
Lasers [9]. A comprehensive review of side-viewing probes is provided in Ref. [4].

Side-viewing probes are ideal for imaging tubular-shaped structures such as vas-
culature or parts of the gastrointestinal tract. They are less well-suited to general
endoscopic use where it may be desirable to have a forward-looking image, such as
at branches of the airways, in organs such as the bladder or the stomach, or for
image-guided surgery. For this reason, forward-viewing probes have also been devel-
oped, although not successfully commercialized. There are two common approaches
to miniaturization of forward-viewing scanning probes. The first, and most com-

mon, is to scan the fibre itself laterally, usually behind a lens [13]. It is also possible
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(a) (b)

Forward-viewing Side-viewing

- Magnets

B — 57
el v 1
Electrical \
coil

Figure 3.1: Schematic designs of the usual working principle for 1-D scanning en-
doscopic probes, with the optical fibre coloured in gray, any wires in blue and the
light source in red. (a) Forward-viewing probe. Scanning is based on a voice coil,
with the optical fibre set through a pair of magnets surrounded by electrical coil.
N: North pole of the magnet; S: South pole of the magnet, also coloured in green;
SP: Scanning path of the B-scan; OF: Optical fibre. (b) Side-viewing probe. The
scanning mechanism is based on a distal wedged mirror connected to a small mo-
tor, with the optical fibre, the mirror and the motor all encased in a transparent
material that forms the probe. The motor rotates the wedge mirror that deviates
the light towards the sides of the probe and into the sample, which in this case is
represented in a tubular way around the probe. The motor is connected through
a wire to the proximal end of the probe, with the cable casting a shadow in the
B-scans. PC: Plastic cover, used as the external element encasing the probe; WM:
Wedged mirror.
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to integrate a miniature fibre-based lens into the fibre itself [14]. The second is
to incorporate a miniature beam-scanning element using a micro-electromechanical
(MEMS) mirror surface [15], although the need to fold the beam makes this less
suitable for narrow-diameter probes. In either case, the scanning can either be in
one direction only, producing 2D cross-sectional OCT images, or in two directions,
allowing 2D en-face images and volumes to be assembled.

The design of forward-viewing OCT endoscopic probes is challenging in several
respects. The probe would normally be introduced to the body via the working
channel of an endoscope, limiting both the maximum possible probe diameter (to
around 3 mm) and the length of the rigid tip. It is technically difficult to build a
fast 2D scanning element at low cost and in a sufficiently small package. The field-
of-view tends to be small since, unlike side-viewing probes which can rotate a full
360°, forward-viewing probes only scan over a small arc. For example, while recent
state-of-the-art forward-scanning compact probe heads can acquire several volumes
per second, typical image sizes are 0.8-3.5 mm [13, (14, [16-20]. To maintain an
acceptable depth-of-field for endoscopic use, lateral resolution is typically 10-30 pm,
resulting in a relatively small number of lateral resolution elements in the image.

In this chapter a recently published concept [1] is introduced, in which an en-
doscopic probe designed for lung exploration was fitted with a 1D distal scanning
mechanism (the fast scan), and the raster scanning (or scanning along the orthogonal
axis) was completed by a manual bending mechanism located at the distal end of a
flexible endoscope. This relaxes the requirements on the distal scanning mechanism
(reducing it to a single axis scan), and means that OCT volumes can be much larger
along the manual-scan (slow-scan) direction than those that could be produced by
any feasible miniaturized distal scanning mechanism within the probe itself. This
new approach comes with its own challenges, particularly the difficulty of assembling

volumes during manual scanning without artefacts due to irregular motion along the
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manual-scan direction and unwanted axial motion of the probe (discussed in more
detail below). Contrary to other devices [21] in which the slow-scan is produced by
a robotic actuator, the volumes acquired with the system described here will present
variable speed and direction in the slow-scan, as well as axial position displacements.
In order to ensure an artefact-free image, the instantaneous speed of the probe must
be determined and any motion, lateral or axial, must be accounted for.

In this chapter I will briefly introduce the full method reported, in which the mo-
tion in the direction out-of-plane of the B-scans was corrected by applying a speckle
correlation-based algorithm, and focus on the axial motion analysis and validation,
as this was, alongside the characterisation of the system, my main contributions to
the article in which this chapter is based upon. The probe was designed with the
idea of analysing not just the structural condition of lung tissue, but also assess
other biological processes associated with a normal metabolic function of the tis-
sue. Healthy lung tissue exhibits autofluorescence, while damaged tissue will start
stopping the autofluorescence signal before we can observe any structural damage,
therefore, the idea from the other researchers involved in the project was to use a
dual-clad fibre for a forward viewing probe, allowing the collection of the autofluo-
rescence signal of the specific B-scan explored. Due to different constraints in the
development of the project, we were unable to tested on an in-vivo scenario, so we
used a staining agent on chicken breast to simulate and characterise the fluorescence

sensitivity of the OCT setup.

3.1.1 State of the art in volume assembly

The problem of assembling volumes from 2D B-scans has previously been studied
in the context of manually-scanned 2D ultrasound probes, and algorithms based
on speckle correlation have been suggested [22]. Conversely, most reports on the

assembly of OCT images with some elements of manual scanning focus on building
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B-scans from A-scans. This is in contrast to the situation faced here, where we have
one axis of mechanical scanning, producing high-quality B-scans, and we wish to
assemble volumes and en-face images via manual scanning in the second, slow-scan,
direction. Nevertheless, there are some clear similarities between the two tasks.
For assembly of B-scans from A-scans, in 2009 Ahmad et al. |23] demonstrated
a simple algorithm in which the Pearson cross-correlation coefficient is calculated
between a reference A-scan and each subsequent A-scan. Once the correlation drops
below an experimentally determined threshold, the current A-scan is added to the
B-scan and the process is repeated (with the current A-scan becoming the new
reference). To reduce the impact of structural features, the A-scan had a moving
average filter of several resolution elements in size applied, and this filtered A-scan
was subtracted from the unfiltered A-scan. Liu et al. extended this work in 2012 [24]
by incorporating a theoretical model of speckle to determine the probe displacement
corresponding to a specific correlation value without experimental calibration. In
2015, Wang et al. [25] showed that improved performance could be achieved by
taking multiple correlations between pairs of A-scans with different time separations.
While these A-scan assembly techniques were developed mainly for manually-
scanned OCT probes, similar techniques have been applied to proximally-driven
side-viewing endoscopes in order to correct non-uniform rotational distortions (NURDs).
Of particular relevance to this work, Uribe-Patarroyo et al. [26] noted difficulties
with patient motion, occasional under-sampling and areas of tissue with low signal
which inevitably mean that image-based tracking cannot provide a perfect correc-
tion. Aboeui et al. [27] adopted a more complex algorithm involving dynamic time
warping. Other approaches to correct NURDs in side-viewing endoscopes include
tracking reflections from the endoscopic sheath [28] or fiducial markers [29]; these
methods are not applicable to a forward-viewing probe or the work reported in this

manuscript.
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The task faced here of assembling volumes from B-scans, where the slow-scan
direction is manually scanned, is also related to the task of assembling volumes in
side-viewing endoscopic OCT, where a manual pull-back of the probe acts as the
second axis of scanning. Variations in the speed of the pull-back cause distortions in
the resulting volume. Lee et al. [30] proposed an approach in which two B-scans are
acquired at two axial positions of the probe. As the probe moves axially, at some
point the rear B-scan images the same point on the tissue as the front B-scan, and the
time difference between these two events allows for the axial speed of the probe to be
determined. A similar method was applied to a forward looking galvanometer-based
[31] bench-top system but would be difficult to implement in a compact forward-
viewing probe. More recently, Nguyen et al. [32] proposed a method to correct both
for NURDs and longitudinal speed variations in side-viewing OCT. The longitudinal
correction involved analysing the statistical variation of intensity in the en-face
image within a sliding window to estimate the pull-back speed.

As discussed below, the method we adopted is closely related to the cross-
correlation technique previously used to assemble B-scans from A-scans with manual
scanning [23], but with the difference that mechanically-scanned B-scans are assem-
bled into volumes (and fluorescence T-scans are assembled into fluorescence images).
The lower frame rate of B-scans compared with the line rate of A-scans necessitates
some modifications to the approach to allow for difficulty in ensuring over-sampling
during manual scanning along the slow axis. As demonstrated below, this allows
volumes to be successfully built when the probe is manually scanned using an en-

doscope at speeds of up to 4 mm/s.
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3.2 Materials and methods

A schematic diagram of the OCT /fluorescence endoscopic system used in this study
is presented in Fig. The system, loosely based on a configuration reported
by Scolaro et al 33|, combines a swept-source OCT sub-system operating at a
central wavelength A\g = 1310nm with a fluorescence imaging sub-system, with a
Ae = 488 nm solid-state laser providing the excitation. The two sub-systems share
the same endoscopic probe (detailed in the next section), combined by means of a
double-clad fibre coupler (DCFC, Thorlabs, model DC1300LEFA).

Briefly, in the OCT sub-system, the output from a MEMS swept-source (Axsun
Technologies, central wavelength \g = 1310 nm, tuning range A\ = 100 nm, sweep
rate 100 kHz) is sent to a fused fibre coupler DC1, with a splitting ratio of 90/10.
10% of the optical power is routed to a custom-built optical delay line (ODL) forming
the reference arm of the interferometer, and is afterwards reunited with the power
returning from the object arm at DC2, which has a 50/50 split ratio to ensure
balanced detection at the photo-detector BPD (Thorlabs, model PDB480C-AC).

In the object arm of the OCT interferometer, the optical signal from the swept
source is routed to a fibre-based wavelength division multiplexer (WDM, Font Canada,
custom 488/1310nm fibre optic combiner) via a circulator, CIRC (AFW Technolo-
gies, model CIR-3-13-B-1-2-VRO01), where it is combined with the output power from
a 488 nm solid-state laser providing the fluorescence excitation (JDSU, FCD488FC-
020, 488 nm wavelength, ~ 20mW CW output power). Both optical signals are
directed to the double-clad fibre coupler, DCFC (Thorlabs, model DC1300LEFA),
where the combined OCT /fluorescence excitation power is routed to the double-
clad fibre output, connected to the OCT/fluorescence probe, which is described in
greater detail in Section [3.2.1]

The first cladding mode of the double-clad fibre collects any fluorescence signal
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Figure 3.2: (a) Schematic diagram of the endoscopic SS-OCT /fluorescence system
used in this study. DC1-2: fused fibre directional coupler; CIRC: optical fibre cir-
culator; WDM: wavelength division multiplexer/combiner; DCFC: double-clad fibre
directional coupler; LF: emission filter; FL: achromatic lens; APD: avalanche photo-
detector; ODL: optical delay line; BPD: balanced photo-detector; ENF: Olympus
ENF endoscope proximal controls. (b) Photograph of the Olympus ENF-P4 endo-
scope distal end (i), showing the OCT /fluorescence probe (ii) mounted to it using a
3-D printed bracket (iii). (c1)-(c2) Detail from (a), showing a close-up of the com-
bined probe end with the Olympus endoscope at two manual scan positions. (d)
schematic diagram showing the voice coil operated 1-D scanning probe.
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from the sample, whereas the back-scattered OCT signal is routed through the core
(fundamental) mode. In this way, the DCFC is capable of separating the returned
OCT signal from the fluorescence signal. The latter is sent to an avalanche photo-
diode amplifier module (APD, Hamamatsu model C5460-01, frequency response
from DC to 100kHz) via an emission filter LF (Thorlabs, model FBH520-40) and
an achromat f = 200 mm lens FL (to ensure an optimum spot size on the active area
of the APD), whereas the former is sent to the OCT interferometer via the WDM
and CIRC. To provide fluorescence signal, the tissue in Section 4 was stained for
approximately 2 minutes with acriflavine hydrochloride before rinsing with water.

Following detection of both OCT and fluorescence signals, their electrical repre-
sentations are digitized into the computer (using, respectively, an AlazarTech model
9350 sampling at 500 MS/s and a National Instruments model PCle-6321, sampling
at 200kS/s).

3.2.1 OCT /fluorescence probe

The endoscopic probe is a forward-viewing, 1-D scanning probe, with an outer di-
ameter of approximately 3 mm and a working distance of approximately 1 mm. Its
working principle has been described elsewhere [21], 34, 135]; briefly, the probe oper-
ates on the voice coil principle, employing a cantilevered optical fibre which oscillates
when driven by an alternating electric current (schematically shown in Fig. (d)).
The fibre tip is imaged onto the sample by means of a gradient-index (GRIN) lens
(Edmund Optics, #64-545, 0.46 mm working distance), creating a linear scan of up
to 2mm in length, depending on the amplitude of the drive signal. Whereas the
similar probe employed in our previous work [21] used a single-mode, SMF-28e fi-
bre, in this case, due to the need to detect the fluorescence signal, we instead used a
1250-1600 nm double-clad fibre (DCF13, Thorlabs, Newton, NJ, USA, core diameter

9um, first cladding diameter 105 um, second cladding diameter 125 pum).
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3.2.2 OCT image reconstruction

In order to reconstruct OCT B-scans, the raw channelled spectra are processed using
the Complex Master-Slave (CMS) method [36]. CMS replaces the Fourier transform
usually employed in conventional OCT signal processing, presenting advantages such
as tolerance to dispersion in the interferometer [37], long depth imaging due to the
requirement for a swept-source k-clock being dropped |38], and improved reconstruc-
tion speed when only a small number of depth points are needed [39]. This last point
is of potential relevance to this work, as the image reconstruction could be made to
operate over a subset of the axial range, allowing en-face images to be assembled in
real-time even for very high B-scan rates. However, this selective depth reconstruc-
tion was not necessary for the frame rates reported here. Further processing was
also required to correct the distortion in the lateral direction due to the sinusoidal
probe scanning drive signal. This was corrected by linear interpolation, assuming a

sinusoidal scan, and was performed in real-time.

3.2.3 Endoscope integration

While the OCT probe is small enough to fit through a standard endoscope working
channel, a suitable endoscope was not available when conducting this study. Instead,
the OCT probe was fixed externally to an Olympus MODEL ENF-P4 endoscope,
using a 3-D printed bracket as shown in Fig. [3.2(b)(iii). The Olympus endoscope
has an outer diameter of 3.6 mm and a bending range of up to 130 degrees, which
allows the OCT /fluorescence probe to be scanned in the out-of-plane direction with
respect to the B-scans. A similar approach of external fixing was previously em-
ployed for combined endoscopic and OCT imaging of the larynx [35]. In practice the
OCT /fluorescence probe would normally be inserted through the working channel

of a compatible endoscope, but otherwise the procedure would be similar.
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When fixing the probe to the endoscope it was necessary to ensure that the
direction of endoscope bending was approximately perpendicular to the OCT probe
scanning direction. This was achieved by viewing the laser scanning line on an infra-
red viewing card, rotating the OCT probe until the line was correctly oriented, and

then fixing the probe in place.

3.2.4 Algorithm for assembly of volumes and en-face images
Axial positioning

The method to determine the out-of-plane speed requires that a region of interest
(ROI) is extracted from within a scattering region of the sample. In practice this
means placing the ROI just under the top surface. I compared five different ap-

proaches for determining the location of the top surface of the sample in the B-scan:

e Method 1. Convolution of each A-scan in the B-scan with a step function (5
pixels of -1, 5 pixels of 1). The position of the peak intensity of the result for

each A-scan is then taken as the position of the surface for that A-scan.
e Method 2. As Method 1, but using correlation instead of convolution.
e Method 3. As Method 2, but using normalized cross correlation.

e Method 4. Binarisation of the B-scan (using a threshold of twice the mean
pixel value for the image) followed by morphological open and close operations
with disc-shaped structuring element of 30 x 30 pixels (285 x 300 pum). The
first non-zero pixel in each A-scan is then taken to be the surface position for

that A-scan.

e Method 5. Applying a Sobel filter and then taking the position of the peak
intensity in the result for each A-scan as the location of the surface position

for that A-scan.
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For each approach, three different pre-processing steps were also tested: an auto
intensity adjustment (Matlab imadjust, using 1% saturation high and low), a Wiener
filter, and a 3x3 moving average filter.

All methods were compared against manual segmentation of a test set of B-scans
extracted from 10 data volumes, with three B-scans analysed per volume. The first
three volumes were taken from in-vivo human skin imaging, while the other seven
were taken from ex-vivo ox tripe. The RMS difference between the manual and
automatic surface position was then averaged across all the datasets. The results,
grouped by method and image pre-correction, are shown in Fig. [3.3(a).

The Sobel filter with pre-processing using the Wiener filter (Fig. [3.3{(a)(ii)) re-
sulted in the lowest average RMS error across the datasets (0.13mm). However,
while this was slightly better than the binarisation and morphological operations
method (0.29 mm), the binarisation method is computationally much simpler. Small
errors with respect to the manual segmentation are not of great importance as the
ROI will still cover approximately the desired area of tissue. The binarisation and
morphological method (Fig. [3.3(a)(i)) was therefore used throughout this study.

Fig. [3.3[(b) compares the results of these two methods on the images on which
they performed best and worst: an example of in-vivo human skin, on the left, and
ex-vivo tripe, on the right. In both cases, the median top surface position (and
hence the location used for the top of the ROI) is the same to within a few pixels
(i.e. a few 10s of pm). While some methods seem to present large RMS, the images
used had more than 5mm depth. The step function in methods 1 to 3 has to be
optimised for the sample under investigation, which in this case could not be done
as the surface could change abruptly. Therefore, these methods had break points in
many B-scans, which drove the RMS up as it could be identified as a maximum of
5mm jump. Method 4 seemed unaffected by the irregularity of the surface, which

made the approach more efficient on this sample.
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Figure 3.3: (a) Average RMS error with respect to manual segmentation for each
combination of surface detection approach and image pre-correction. The error bars
are the standard deviation of the RMS values across 30 different test images. Arrows
indicate: (i) Method 4 with no pre-correction, which was employed in the chapter,
and (ii) Method 5 with a Wiener pre-filtering, which provides slightly better results
at the expense of more complex processing. The RMS in some methods, while large,
is to be expected, as breaks in the surface detection can drive the errors up. (b)
Examples of B-scans of human skin (left) and ox tripe (right). The dashed lines
indicate the median position of the surface across the sample while the continuous
lines show the position detected at each A-scan. The freehand registration is shown
in green, the Sobel method in red, and the binarisation in blue. The units are image
pixels, in the vertical scale 1 pixel is 10 um, in the horizontal scale 1 pixel is 9.5 pm,
leading to images of 1.9 mm by 5 mm.
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As an example, the processing steps for locating the approximate axial position
of the tissue surface in a B-scan using the selected method are shown for ez vivo
imaging of porcine lung tissue in Fig. . The raw image shown in Fig. (a) is
thresholded and binarised, as shown in Fig. (b), and morphological open and
close operations are performed, as shown in Fig. (c) The location of the first
non-zero pixel in each column is shown overlaid on the B-scan in Fig. [3.4(d). The

median value of these surface heights, which is used to position the region of interest

(ROI) for correlation measurements, is shown in Fig. [3.4f(e).

Figure 3.4: Example of surface finding in a B-scan of porcine lung tissue. (a) B-
scan. (b) Thresholded and binarised B-scan. (c¢) Morphological close and open. (d)
Estimated surface overlaid on B-scan (e) Median surface overlaid on B-scan.

The step-by-step process for the assembly of volumes is summarise as following
and represented graphically in Fig. [3.5} First, a ROI (Fig. [3.5(b)) is extracted from
the B-scan (Fig. [3.5[a)) using the methods explained above. Secondly, the mean
filtered version of this ROI, Fig.[3.5]c), is subtracted from the original ROI to obtain
an image with increased speckle contrast, Fig. (d) This is then Gaussian filtered

to reduce noise, as shown in Fig. (e). Thresholding, followed by a morphological
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open operation, produces a mask which is shown in Fig. (f) and overlaid as red
pixels on the ROI in Fig. [3.5(g).

Only pixels which are not masked, i.e. those which are black in Fig. (f), are
used in the correlation calculation, to avoid saturated pixels affecting the results.
The cross-correlation is taken between the masked image and a masked reference
image to determine the in-plane shifts. After correction for the in-plane shifts, the
correlation is calculated between the reference image and the current image (with the
mask still used to remove bright pixels). If the correlation is below the threshold,
the B-scan is added to the volume and the current image becomes the reference

image.

3.2.5 Real-time implementation

To demonstrate the feasibility of assembling en-face images in real-time during
endoscopic investigations, a simplified form of the algorithm was implemented in
LabVIEW (National Instruments). While the majority of the algorithm was im-
plemented using standard LabVIEW functions (including the Vision Development
Module), cross-correlation and image filtering prior to speckle correlation measure-
ment was performed using the OpenCV4 library, accessed from LabVIEW via DLLs
compiled from C++. The implementation functioned similarly to the method de-
scribed above, including tissue flattening in the slow-scan direction and interpola-
tion. Probe tilt correction (i.e. flattening in the fast-scanning lateral direction)
was not performed, as this requires information from the entire volume scan and
hence cannot be implemented in a real-time en-face preview. OCT B-scans can be
streamed directly to the en-face assembly algorithm from the OCT acquisition and
processing software or from a saved datafile. Images were successfully processed in
real-time at B-scan frame rates of 250 Hz, and the en-face image extracted at a

fixed depth relative to the estimated tissue surface was displayed with line-by-line
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Figure 3.5: Illustration of processing steps in shift calculation. (a) Complete B-
scan of chicken breast tissue showing region of interest (ROI) as dashed box. (b)
Extracted ROIL (c) Mean-filtered ROI. (d) Result of subtracting mean-filtered ROI

from original ROL. (e) Result of a applying a 2D Gaussian filter to (d).
calculated by thresholding and morphological open operation on (b).
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update as the probe was scanned. A video of the real-time display is provided in
Supplementary Video 1 of the associated publication [1] and the LabVIEW code is

provided on Figshare [40].

3.3 Quantitative characterisation and validation

3.3.1 Optical coherence tomography probe and system

The procedure to quantify the sensitivity of the OCT channel was the same as in a
previous study from Marques et al. [21]. An A-scan was obtained from a brushed
metal target and the signal to noise ratio (SNR) of the A-scan peak was measured
with respect to the average noise floor to be 39.8dB. The reference arm was then
blocked and the optical power was measured at the BPD first from the brushed
metal and then from a mirror. The ratio of these measured powers was 35.5dB,
and this was used to correct the measured signal-to-noise ratio of the signal from
the metal to obtain a sensitivity of 75.3dB. This is much lower than 85 — 92dB
in our other MS systems previously reported in the literature. This may be due
to lower efficiency in re-injecting light back into the DCF inside the custom-made
probe. The width of the A-scan peak was measured to be 28 pm, which effectively
dictates the axial resolution of the system.

To measure the signal level of the fluorescence channel as function of distance
from the probe, the probe was mechanically translated at constant speed away from
a piece of paper stained with a 0.05g/100 mL solution of acriflavine hydrochloride.
The average signal across the fluorescence T-scan is plotted as a function of distance
from the probe tip (determined from the position of the OCT-scan surface peak) in
Fig. [3.6[a). Peak signal was obtained at 1.5 & 0.1 mm from the probe, and there is
no significant selection in depth for the fluorescence channel.

To characterize the lateral resolution of the probe, a positive United States Air
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Figure 3.6: (a) Fluorescence signal as a function of distance from probe tip. A
moving average filter of 5 points was applied to smooth the fluorescence sensitivity
profile. (b) En-face OCT image of a positive USAF target. (c) Fluorescence image
of positive USAF target placed over fluorescently-stained paper.

Force (USAF) resolution target was placed on top of the stained paper. The probe
was mechanically translated at constant speed across the sample at an optical dis-
tance of 2.5 mm, without resorting to the B-scan-based reconstruction method. To
this goal, a translation stage (Newport, model LTA-HS) was used. An en-face slice
from the OCT channel and a fluorescence image are shown in Fig. [3.6[b) and (c),
respectively. In the OCT channel, element 4 of group 4 can be resolved in both scan-
ning directions, giving a lateral resolution of 22.1 pm. In the fluorescence channel,

element 1 of group 5 can be resolved, giving a lateral resolution of 15.63 pm.

3.3.2 Characterisation of volume/en-face assembly

To determine the relationship between speckle correlation and out-of-plane motion,
the probe was translated over a scattering phantom (paper resolution target) and
chicken breast tissue at 0.5 mm/s using the same motorized translation stage as in
the previous section, perpendicular to the fast-scan direction (i.e in a direction that
is out-of-plane of the OCT B-scan). The normalized cross correlation between the
first image and a region of interest of 180x 100 pixels (1710x 1000 pm) extracted from

each subsequent image was then calculated to determine in-plane shifts. The shift-
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corrected images were then processed as described above in Section [3.2.4] and the
correlation as a function of out-of-plane motion distance was then calculated. This
was performed 50 times, each with a different starting point within the scan, leading
to a mean coefficient of variation of 14% across all data points, The correlation for
zero shift was calculated by averaging the correlation between 20 pairs of images
when the probe was not in motion to account for the effect of random noise.

The mean correlation is shown as a function of out-of-plane distance for the
chicken breast tissue in Fig. [3.7[(a). The correlation drops to 0.5 at a distance of
10.4 pm. The curve is approximately linear between correlations of 0.7 and 0.3. For
the paper target, the correlation drops to 0.5 at a distance of 10.8 pm, suggesting
that this calibration is not highly dependent on the sample properties, and so this
data is not shown.

A Gaussian fit to the data of the form

f(a:) = (fmaa: - fmm) eXp<_I2/202) + frmin (3-1>

is also shown. o, fe: and f., are free parameters, found to be 12.0 pm, 0.952 and
0.052 for paper and 12.5 pm, 0.891 and 0.114 for the tissue, respectively. f,.4. is the
correlation between images when there is no out-of-plane motion, f,,;, is the residual
correlation at large distances, and ¢ is an estimate of the speckle grain size and
hence the lateral resolution. Using the conventional definition of resolution as the
full-width half-maximum (FWHM) of the point-spread function, this corresponds to
an expected lateral resolution of approximately 21 pm in the out-of-plane direction,
compared to the experimentally determined value of 22 um in the in-plane direction.

This curve can be used to determine an appropriate value for the correlation
threshold, ¢;. Clearly the value must lie in the range between f,,;,, and 1 or it will

never be reached. As the threshold approaches f,,;, the separation between B-scans
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Figure 3.7: Validation of speed estimation in the out-of-plane direction via speckle
decorrelation, using a mechanical translation stage to move the OCT probe over
chicken breast tissue. (a) Correlation as a function of out-of-plane movement dis-
tance, average of 50 starting points. Error bars are standard deviation across 50
runs. A least-squares Gaussian fit is shown. (b) Measured speed using simple
and interpolation based methods for six different velocities. (c) Speed measured as
a function of time using interpolation method for four different translation stage
speeds. (d) Speed measured as a function of time using interpolation method for
probe motion with varying speed. Drops to zero speed are a mechanical feature of
the way in which the stage was programmed, and are not artifacts of the method.
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will become reasonably large compared to the lateral resolution, while a threshold
close to 1 will be more subject to random noise or other variations unrelated to
out-of-plane motion. To follow the convention of sampling approximately twice per
resolution element, a threshold of ¢; = 0.5 was adopted for the following work.
The out-of-plane movement required to reach this decorrelation threshold is then
Zdee = 10.4 pm.

The speed of the probe in the out-of-plane direction can be estimated by deter-
mining how many B-scan frames are required for the correlation to drop below the

threshold (n). The measured average speed, v, is then given by

deec

v =

- (3.2)

where R is the B-scan frame rate. The number of frames, n, can be calculated using
either the simple method, taking the first frame where the correlation falls below the
threshold, or the interpolation method, in which a non-integer number of frames is
calculated. For both methods, Fig. [3.7(b) shows the average estimated speed when
the stage was set to move at several constant speeds. The simple method under-
estimates larger speeds quite significantly as expected. The maximum possible speed
which can be predicted by the simple method is that corresponding to when a single
frame (n = 1) is sufficient to drop below the threshold, which is approximately
2.6 mm/s with the parameters used here. In comparison, the interpolation method
continues to accurately estimate speeds as high as 4 mm/s, even though the probe
is under-sampling by a factor of 1.5 at this speed.

The instantaneous speed estimated as a function of time is shown in Fig. 3.7)(c)
for four velocities. The standard deviation is approximately 10% of the mean for
all velocities in the range 0.25 to 4mm/s, but there are an increased number of

spurious high and low speed points for the larger speeds. Figure (d) shows the
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results of setting the motorized stage to change speed during the acquisition. Due to
the way the stage was programmed, the speed briefly dropped to zero between each
segment, as can be seen in the estimated speed. The processing step of masking
bright pixels prior to measuring the correlation between images was found to be
critical when specular reflections occurred from the tissue surface, otherwise the
probe speed would be significantly under-estimated at these points.

The OCT probe was then moved freechand over a printed grid phantom with
fluorescent highlighter applied. An example of the raw en-face OCT and fluorescence
images are shown in Fig. [3.8(a,b). Severe distortion is present due to lateral motion
and inconsistent out-of-plane motion, as expected. Figure (a) also shows the effect
of axial motion of the probe; this is less apparent in Fig. [3.8(b) due to the lack of
optical sectioning in the fluorescence channel (see Section [3.3.1). Figure[3.§|c) shows
the reconstructed en-face image correcting only for out-of-plane and lateral motion,
while Fig. [3.8(d) shows the result if surface-flattening is also employed. Finally,
Fig. [3.8|(e) shows the reconstructed fluorescence image. While some artifacts can be
observed in the reconstructed en-face views, the algorithm successfully recovers the

broad morphology of the sample.

3.4 Imaging Results Under Simulated Conditions

An example of an OCT volume and fluorescence images of porcine lung tissue
(stained with acriflavine hydrochloride, as described in Section [3.2)), manually ac-
quired using the endoscope for the slow-scan (as described in Section, is shown
in Figure Figure [3.9(a-d) show raw acquisitions, while Fig. [3.9(e-g) show recon-
structed images after processing. Figure (c,g) show B-scans along the fast-scan
direction, while Fig. m(a,e) show B-scans extracted from the volume along the

slow-scan direction. Figure (b,f) show en-face images extracted from the vol-
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Figure 3.8: Reconstruction of OCT and fluorescence images following frechand probe
scan over fluorescently-stained printed grid phantom. (a) En-face slice extracted
from raw volume. (b) Raw fluorescence image. (c) En-face slice from motion-
corrected volume without surface correction. (d) En-face slice from motion-corrected
volume with surface correction. (e) Motion-corrected fluorescence image. (a)-(b)
have the same horizontal scale as (c¢)-(e) but have no vertical scale since this depends
on the instantaneous probe speed. The arrows in (a) show the direction of the fast
lateral (F) and slow manual endoscope (S) scans.

ume. There was considerable in-plane lateral motion during this scan, and so the
en-face and fluorescence images have been rotated by 37 degrees for convenient dis-
play. The effect of the algorithm in removing the motion artifacts near the top of the
images can clearly be seen. The surface flattening effect can also be clearly observed
by comparing the slow-axis B-scans and by observing the more constant intensity
along the en-face image in Fig. B.9(f).

Figure[3.9(i) shows the relative probe position as a function of time calculated by
the algorithm, while Fig. [3.9]j) shows the calculated speed in the slow-scan (out-of-
plane) direction. For most of the scan the measured probe speed in the out-of-plane
direction was approximately 1 mm/s, although there are a large number of spikes
up to around 2 mm/s which could be a result of jerky motion leading to sudden
decorrelation.

Further example of images manually acquired using the endoscope are shown
in Fig. B.10l En-face and fluorescence images are shown from porcine trachea in

Fig. 3.10(a), lung in Fig. [3.10(b) and oesophagus in Fig. [3.10(c). The tissue was

prepared and stained as before, with the difference that, in order to simulate a typical
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Figure 3.9: Example reconstruction from manual acquisition using endoscope for
slow-axis scanning over porcine lung tissue. The raw volume is represented in (a),
(b) and (c), which shows a B-scan along the slow-scan direction (a), an en-face slice
(b) and a B-scan along the fast-scan direction (i.e. a raw B-scan) (c¢). The raw
fluorescence data is also shown in (d). The reconstructed OCT volume is shown
in (e), (f) and (g), which again shows a slow-axis B-scan (e), an en-face view (f)
and a fast-axis B-scan (g). The reconstructed fluorescence is shown in (h). The
en-face and fluorescence images have been rotated by 37° for display purposes. The
insets show zooms on parts of the slow-axis B-scans, where the improved uniformity
of the speckle pattern can clearly be seen in the processed image. Labeled arrows
indicate the directions of the fast lateral (F) and slow manual lateral (S) scans and
axial depth (D). The in-plane lateral, out-of-plane lateral and axial shifts detected
by the algorithm are shown in (i), and the measured out-of-plane speed is shown
in (j). (a) and (b) are at the same horizontal scale as the other images, but have
no vertical scale since the vertical position corresponds to the time of acquisition of
cach B-scan. Raw data and reconstruction code is available in Ref. [41].
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usage scenario for this probe, we ran the probe through a plastic tube with an inner
diameter of 12 mm, which was placed against the opened and pinned stained tissue.
All three sets of images are shown at the same scale, except for the zoom insets

which show an area of 1 mm x 1 mm.

Figure 3.10: Representative pairs of fluorescence (left) and OCT images (right) from
porcine ex vivo tissue generated when using an endoscope and manual acquisition for
the slow-axis scanning. (a) Lung, (b) oesophagus, and (c) trachea. The samples were
stained with acriflavine hydrochloride for 2 minutes and then rinsed prior to imaging.
En-face slices were manually selected for display from reconstructed volumes. For
display purposes, en-face OCT slices were contrast adjusted using the ImageJ auto-
contrast tool. Fluorescence images were auto-contrasted to show the full dynamic
range of the image. Zoomed insets show 1 x 1 mm regions. Arrows show direction
of fast lateral (F) and slow manual endoscope (S) scans.

3.5 Discussion and Conclusions

We have demonstrated the feasibility of using a conventional endoscope to provide
the slow-axis scan for simultaneous 3D OCT and fluorescence endoscopic imaging.
In experiments designed to simulate clinical imaging, slow-axis scans over ranges of
up to 1 cm were performed, and en-face images successfully reconstructed using the
speckle decorrelation and registration algorithms. While some image artifacts are
often present, and the method is not robust to certain kinds of motion, the en-face
images generally appear congruent and are much larger in the slow-scan direction
than could be achieved using any miniaturized 2D endoscopic scanning mechanism.

The probe was validated only using tissue labelled with a fluorescent contrast agent;
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further work will be required to evaluate the SNR for applications requiring imaging
of intrinsic fluorescence.

Importantly, the method does not require any additional tracking systems, po-
tentially simplifying clinical translation by allowing for more straightforward inte-
gration with existing clinical workflows. This is in comparison to other methods of
tracking freehand-scanned probes such as with cameras [42], optical encoders [43]
or magnetic tracking systems [44].

The reconstruction performance is primarily limited by the fast-axis scanning
rate of the endoscopic OCT probe. With a B-scan frame rate of 250 Hz and a
lateral resolution of approximately 20 pm, the (manual) slow-axis scan is limited to
a speed of approximately 2.5 mm/s before under-sampling and hence degradation
of the lateral resolution in the out-of-plane direction. The resolution determined
in section |3.3.1] can therefore be considered a best case given that the probe was
translated at a constant speed below this threshold. At speeds greater than 5 mm/s
the adjacent B-scans will be almost entirely decorrelated and it is no longer possible
to estimate the speed correctly. These scanning speeds are rather low and may be
difficult to achieve in clinical practice. However, a relatively modest increase in
the speed of the B-scan frame, for example to 1 kHz (which is technically feasible),
would increase the permitted scanning speed to between 10 mm/s and 20 mm/s. The
maximum speed is therefore not a limitation of the approach in general. However,
sudden or jerky motion during a scan will also lead to missed areas of tissue, and
even with very high fast-axis scanning speeds it is unlikely that these artifacts could
be avoided entirely.

The manual slow-scan direction must be roughly perpendicular to the fast-scan
direction. While some in-plane motion parallel to the fast-scan direction can be
tolerated, and is corrected by the registration procedure, large amounts of in-plane

motion will reduce the accuracy of the speckle decorrelation algorithm and lead to
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a smaller area of tissue being imaged. It would therefore not be possible to simply
insert the OCT probe into the working channel of an endoscope; there would need
to be some way to check that the orientation aligns with one axis of the endoscope
bending motion. This could be intrinsic, through mechanical design forcing the
probe to be inserted correctly, or by visualizing the fluorescence excitation on the
endoscope camera view and manually rotating the probe. Alternatively, it may be
desirable to permanently build the OCT probe into the endoscope, it which case the
alignment would be fixed during manufacture.

The speckle decorrelation algorithm cannot detect a change in the direction of the
out-of-plane motion. While in principle the endoscope operator could ensure that
the endoscope is translated only along a single direction during the scan, patient
motion or inadvertent endoscope motion could result in the same area of tissue
being scanned over more than once. However, it may be possible to detect and
remove these occurrences through image analysis, and real-time display would help
the operator to identify when they have occurred.

These limitations are partially mitigated by allowing the operator to see the en-
face image being assembled in real-time, providing visual feedback on the scanning
speed and direction and allowing any errors to be more easily identified as they
occur. We have demonstrated that the algorithm is computationally inexpensive
and can readily be applied in real-time for a B-scan rate of 250 Hz. To allow for
higher frame rates, Complex Master-Slave OCT could be used to reconstruct only
a limited axial range around the known surface height.

We have therefore shown that manual slow-axis scanning in combination with
correlation-based probe tracking is a promising approach for endoscopic forward-
viewing OCT and fluorescence imaging. The validation studies reported here make
use of simple phantoms that do not accurately simulate patient anatomy, using rel-

atively large lumens. The true target anatomy will influence the range and stability

71



CHAPTER 3. HANDHELD OCT PROBE

of endoscope motion, and patient motion will also introduce an additional challenge
to motion correction. The next steps in development should therefore involve more
extensive studies using more realistic phantoms incorporating simulated patient mo-
tion, or animal models. To aid these further investigations, we have made the code
for reconstructing OCT volumes and fluorescence images available with this report.

The approach may also have other applications, such as for lower-cost hand-held
probes for external body imaging or industrial inspection and non-destructive test-
ing. Alternatively, it may be applied to endoscopic probes designed to be operated
with mechanical or robotic scanning systems (such as robotic surgical systems). In-
deed, for robotic systems it should be possible to use the speed estimation from the
OCT speckle decorrelation for closed-loop robot control, leading to more precise and

controlled imaging.
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Chapter 4

Axial Tracking for a MS-OCT system

Author’s note: Some of the work presented here led to a peer reviewed article
under the conference proceedings “Non-mechanical Axial Motion Compensation
Using Master-Slave Optical Coherence Tomography” [1] and patent registered

as US 2021/0145285 A1 with Prof. Adrian Podoleanu. The chapter has been

expanded with more material related to both publications, with all work presented

in this chapter being performed by the author.

4.1 Introduction

As a non-invasive, contactless imaging technique, OCT has become almost a stan-
dard procedure in ophthalmology, used for the monitoring and study of visual func-
tion as well as diseases and other ocular conditions. Nonetheless, as discussed in
previous chapters, stabilization of the sample to be observed is required in order to
acquire a well-resolved image, free of any motion artefacts, but due to the nature of
im-viwo samples, such as the human retina, it is impossible to ensure its complete
immobilization, thus being necessary to accurately compensate its inherent motion.

While movements during the acquisition of an A-scan are rare due to the A-scan
acquisition rate in modern OCT systems, motion artefacts can be an issue to account

for in B-scans and en-face images, since despite some recent research achieving ultra-
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high speeds, most commercially available sources range between 70 kHz and 100 kHz.

Most of the approaches to this problem can be categorised as mechanical or
software-based solutions. While both may acquire the axial position of the sample
by using a secondary imaging system of sorts, mechanical-based systems relay more
often on them, feeding the axial position of the sample into a mechanical element, like
a voice coil translation stage [2, 3] or a rapid scanning optical delay line |4, within
the reference arm of the imaging interferometer to change its OPD and match the
sample arm. They are characterised for being particularly accurate without any loss
of sensitivity, but the extra motorised components raise costs and may suffer from
inertia, as well as the inherent electrical response delay.

Software-based systems tend to follow a model of the movement or to analyse
the changes between two acquisitions to decode the displacement experienced by
the sample and compensate it in the images acquired, in some cases analysing the
phase variance between spectra [5], correcting even intra A-scan. Some approaches
involve analysing the variation rate between adjacent A-scans between two adjacent
B-scans [0, 7], in other words, the A-scan at the same x coordinate after a step in
the y axis. In angiography, it has been reported a method to calculate the axial
displacement due to the Doppler shift in the blood vessels [§]. Software approaches
tend to estimate the motion by comparison and sometimes cause flattening, but
in this example, the motion is calculated more accurately and the surface shape
was preserved, but the algorithm reported was a correlation-based algorithm with
a histogram approach that reduced the accuracy of the correction and had some
image degradation.

In this chapter a new axial motion compensation method based on the properties
of MS-OCT is presented, taking advantage of the stored masks prior to examination.
While lacking any mechanical element in the reference arm to compensate for the

motion, a second interferometer is used as in conventional mechanical approaches
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in order to determine the axial displacement of the sample. This displacement is
then used to modify the masks used for MS-OCT, mimicking the effect of physically
displacing the reference arm to match the sample arm. For the validation of the
method, two configurations will be explored, one intended for skin imaging and other
for eye imaging, called configuration (s) and configuration (e). While these same
configurations are used in Chapter [5] in this chapter we refer to this configurations

for both the Imaging sub-system (IS) and Tracking sub-system (TS).

4.2 System description

The OCT set-up here presented combines two interferometers, referred to as Track-
ing sub-system (TS) and Imaging sub-system (IS), that share part of their respective
sample arms. Both sub-systems use swept sources as the optical source, with the
TS being a non-scanning SS-OCT, employing FFT to decode the A-scan, and the
IS functioning as a point-scanning MS-OCT.

The TS Source is a 1300 nm swept source with a 10 kHz sweeping frequency (San-
tec HSL-2000-12-MDL). The resulting modulated spectra is detected by a balanced
photodetector (BPD) with a 200 MHz cut-off frequency, and the corresponding elec-
trical signal is digitised into the computer via a National Instruments PCI-5124 card
with a 25 MS/s sweeping rate.

For the IS, the swept source is a Superlum Broadsweeper 840, with a sweeping
rate of 2kHz and centre wavelength of 850 nm and a tuning range of 50nm. The
resulting modulated spectra are detected by a custom-made BPD with a 1 MHz cut-
off frequency and the corresponding electrical signal is digitised via an AlazarTech
ATS0350 acquisition card, sampling at 2 MS/s. By setting appropriate spectral
tuning ranges, both sub-systems have the same axial resolution in air of 6.7 pm.

In order to correct the axial motion artefacts of a given sample, 4 consecutive
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A-scans of the TS are averaged together, and then the relative depth within the
A-scan at which the main maximum is observed is sent as « to the IS processing
module. In the IS, an arbitrary set of masks is pre-generated, with only a subset
made of a p number of consecutive masks being used for the MS-OCT processing.
By shifting the subset of masks by a we recreate the same effect as applying a
physical offset in the OPD by varying the reference arm length, with the downside

of not improving the sensitivity back to values closer to OPD=0. A representative

graph of this process is shown in Fig. 4.1}

Swept Source

Nz

Complex Master/Slave OCT (CMS-OCT)

Interferometer

-QO)

<0

Small subset of Sample
CS to synthesise<::l Photodetector |
masks Channelled|$pectrum (CS)

p+asP

Figure 4.1: Schematic diagram of the modification over MS-OCT in the IS.

This principle of motion compensation via a shift of the subset of masks employed

in MS-OCT was tested on two different applications: Dermal imaging and Retinal

imaging, called configuration (s) and configuration (e).
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4.2.1 Configuration (s)

For dermal applications, a configuration was devised in which both sample arms
of each sub-system focuses on the same layer of the sample under investigation. A
Dichroic filter is implemented in between the telescope in the Interface optics of the

IS to avoid astigmatism in the IS. A schematic diagram is presented in Fig. 4.2]

NI ATS
| 5124 Computer

9350 |
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TS R. Arm
F1 EM IS
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Fibre arra;J/ & S. Arm
F

Nl

BS
.l jca
F2 ; i
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DA |t —
TS S. Arm
L4
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Figure 4.2: Schematic representation of the two sub-systems, TS and IS, for skin
imaging. The fibre array can be considered as 2 connected fibre couplers, with the
coupler represented in green as a 50/50 coupler, receiving inputs from reference and
sample arms, while outputting to the BPD, and another red coupler as an 75/25
coupler with the 25% power sent to the sample arm. BPD: Balanced photodetector;
BS: Beamsplitter; DF: Dichroic filter; C1-6: Collimators; F1-6: Fibre mounts; FM:
Flat mirror; GS: Galvanometer scanners; T'S: Tracking sub-system; IS: Imaging sub-

system.
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4.2.2 Configuration (e)

For Retinal applications, the L1 and L4 from are removed. By removing L1
lens, the incident beam of the TS at the dichroic filter is now collimated, while the
beam from the IS is focused, and by removing L4, the beam from the IS enters into
the eye collimated, focusing on retina, while the TS beam focuses on the cornea.
Assuming the eye moving as a bulk, this configuration allows to remove artefacts
caused by head and breathing, while retaining those caused by blood flow or other

internal processes, which can be beneficial in some applications.

TS S. arm

EYE
MODEL

TS 0s

Fibre Array

L3 BS
\M 70/30 C3 F3 @
DF | h C
L2 = BPD

F2
TS R. arm

—

OCT F1

C1

FM

FM

Figure 4.3: Schematic representation of the modified section of the sample arm of
both sub-systems. In comparison with Fig. [£.2] L1 and L4 have been removed, so
that the beam from the TS focuses on the cornea while the beam from the IS focuses
on retina.
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4.3 Results

Both configurations previously described can operate in Real-time or in Post-processing
mode, since the axial position of the sample is stored at the same time as the chan-

nelled spectra.

4.3.1 Volumetric post-processing motion compensation

Figures and presents the results obtained on the (s) and (e) configurations
respectively. In the case of skin, a thumb of a healthy volunteer was used as a
sample. In order to keep the thumb within the coherence gate of the set-up while
allowing some motion, the volunteer positioned their finger over a hollow optical
mount and held the thumb vertical, with no support on the top area of the thumb.
Since there was no control over lateral motion artefacts, only M-mode was used to
prove the method.

For the configuration (e), the signal in-vivo from the cornea of a volunteer turned
out to be too unstable and the tracking signal was lost most of the time. In order to
still test the functionality of the correction, a retina model from ROWE Technical
Design, Inc. [9] was mounted on top of a translation stage at the sample plane. At
the beginning of the acquisition, the stage remained stationary, and midway during
the volume acquisition, a triangular signal was applied to the stage, creating a ripple

effect on the images.

4.3.2 Real-time compensation for single depth En-face imag-
ing
The previous post-processing results can be applied to any type of OCT processing,

as the offset a can be sent to a FFT processing unit and correct for such an offset.

86



CHAPTER 4. AXIAL TRACKING FOR A MS-OCT SYSTEM

(b2)

Figure 4.4: Results obtained from an in-vivo skin sample of the thumb of a healthy
volunteer. The motion artefacts have been corrected post-processing. IS is operating
in M-mode, acquiring approximately 10 seconds of A-scans of about 1 mm depth. in
(a) the full volume is represented while in (b) the standard deviation of the whole
set is calculated. The raw data is presented on the left, as (al) and (b1), while the
corrected images are on the right, as (a2) and (b2).
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Sample begins to move
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Figure 4.5: Results obtained from a ROWE retina model mounted on a motorised
linear translation stage, with (a) corresponding to the en-face view of the volume
while (b) are B-scans at the same vertical coordinate. At the beginning of the
acquisition of the volume the translation stage is stationary, and a triangle function
is applied to the stage mid-acquisition. As in on the left are the raw results,
as (al) and (bl), while on the right the corrected dataset is presented as (a2) and
(b2). Small high frequency artefacts remain after correction due to lateral vibrations
caused by the motorised stage.
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Nonetheless, as MS-OCT allows for the acquisition of en-face images without the
acquisition of the whole volume, real-time imaging can be performed even at a 2kHz
sweeping rate.

With the TS offering depth control per A-scan, the mask used for the MS-OCT
processing at each lateral position of the en-face can be individually selected, creat-
ing a reconstructed en-face of the correct depth, but with variable sensitivity across
the x and y axis, proportional to the amount of axial displacement. Since the real-
time regime is obtained with a video recording, Fig. presents a snapshot of the
thumb of a healthy volunteer in the same conditions as previously presented. This
en-face has been obtained by averaging 10 adjacent depths, removing all artefacts
up to roughly 60 pm. On the middle to bottom sections of the image can be ob-
served what seems to be sweat ducts, while the dark section on the top is due to

the curvature of the thumb going out of that depth.

< >

|ml—lﬂ"-ngeﬂ 00 “ Loz

Figure 4.6: Snapshot of a recording of an en-face exploration of the thumb of a
healthy volunteer acquired in real-time. Sweat ducts can be observed in the image.
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4.4 Conclusions

Master-Slave OCT seem to offer new avenues to tackle artefacts related to the ax-
ial motion experienced by the sample, as the results on skin samples were really
promising, with the real-time implementation for en-face images being its greatest
advantage. While the methodology itself is not dependant on the physical configu-
ration of the interferometer employed in the TS, as the results with the retina model
showcase, the method here presented should be validated in-vivo.

While a free space OCT set-up might not offer much interest for dermal imaging,
the artefact correction methodology can be implemented in endoscopic probes, as
the TS and IS can share most of the sample arms pathways. Special attention
must be taken when designing an application in delicate samples as the TS beam is

stationary and could cause damages on the tissue.
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Chapter 5

Spatial distortions in swept source Opti-
cal Coherence Tomography due to lateral

scanning

Author’s note: All of the work presented here has been peer reviewed under the

article “Spatial distortions in swept source optical coherence tomography due to

lateral scanning” [1].

5.1 Introduction

The most modern OCT technology is based on processing of the optical spectrum
at the interferometer output. In a spectrometer based OCT, this is done via a
spectrometer and a broadband source [2, 3]. In Swept Source (SS)-OCT, this is
achieved via a balanced photodetector and a tunable laser (a swept source) [4]
scanned across the sample.

The chapter presents effects so far ignored in cross section SS-OCT images when
performing lateral scanning. They affect the measurement of axial distances as well
as the shapes of contours of the sample imaged, especially when the interface optics

and the lateral scanner are not properly adjusted.
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The importance of proper adjustment of the lateral scanner was identified early
in the OCT evolution. Starting with time domain OCT, it was realised that optical
path modulation due to lateral scanning can be used to generate en-face OCT images
with no need of a phase or frequency modulator to create a carrier [5]. It was also
known from the same imaging technology that offset position of the incident beam
on the lateral scanner leads to optical path variation during scanning. This effect
was already used in Newton rings imaging [6], enabling en-face OCT without an
external phase modulator.

The off-pivot incidence of the beam on the line scanner was also employed in
spectral domain OCT for elimination of the mirror terms [7], based on the associated
Doppler effect introduced. Doppler frequency shifts due to movement of scattering
centres was previously reported [8], however there was no anticipation of image
distortion due to Doppler effects.

As consequence, the authors are not aware of any report on spatial errors in
OCT along the axial direction due to lateral scanning. This study reports on such
effects in a SS-OCT system. We show that incorrect adjustments of the interface
optics, otherwise expected to affect lateral resolution performance, can also produce
important effects in the axial direction in the A-scans and OCT cross section images
(B-scans).

Let us consider a signal applied to the lateral scanner, where for a lateral de-
viation to address pixel m, the instantaneous voltage (for any shape of the signal,
sinusoidal, sawtooth or triangular) is V,. An axial deviation error (ADE) is intro-
duced for each lateral pixel, m, in the B-scan OCT image, defined as the difference
between the position in depth determined with the lateral scanner driven by the
variable signal applied to the lateral scanner, and the position in depth determined
with the lateral scanner at rest, but driven by a bias voltage = V,,,.

The results obtained demonstrate that the ADE magnitude depends on the in-
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terface optics adjustments and on the number of sweeps within the lateral scanning
interval. With reference to the interface optics, off-pivot errors or tilt of sample
layers lead to ADE. The larger the amplitude of the lateral scanning, the larger the
ADE. The ratio of the lateral scanning duration over the sweep duration gives the
number of sweeps per lateral scanning interval. The larger the sweeping frequency in
respect to the lateral scanning frequency, the smaller the ADE. For a given sweeping
frequency, by increasing the frequency of lateral scanning, the number of sweeps per
scanning interval reduces and ADE goes up.

For a given sweeping frequency and lateral scanning frequency, by enlarging the
amplitude of the lateral scanning the ADE also goes up. This behaviour suggests a
dependence of the ADE on the scanning speed, proportional to the speed of variation
of the optical path difference (OPD), that can be altered by either lateral scanning
frequency or by its amplitude.

This report also demonstrates that the ADE sign depends on the direction of
lateral scanning, as well as on the direction of spectral tuning. The ADE, if not
minimised, can lead to distortions of images delivered and to errors in the axial
position of sample structure. When the ADE magnitude is larger than the axial
resolution interval, this prevents correct superposition of B-scans obtained with
both lateral scanning directions, or correct superposition of images obtained using

both tuning directions, in case of bidirectional tuning swept sources.

5.2 Theory

The ADE is evaluated experimentally for two cases of flying spot OCT imaging,
employing two widely used interface optics in the sample arm of an OCT interfer-
ometer, for imaging skin and imaging retina, as shown in Fig. (s) and (e)

respectively. Let us consider a mirror M as an object, and let us see how the B-scan
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of a mirror is affected by the adjustment of the interface optics in the system as well
as by the direction of sweeping in the optical source. For simplicity, a single galvo

scanner (GS) is shown.

Figure 5.1: Schematic diagrams of the interface optics (IO) used for imaging skin
(s) and for imaging retina in an eye (e). GS: Galvanometer scanner; L1, L2, L3:
lenses: L3: lens mimicking the focusing effect of the eye lens and cornea; F1, F2,
F3: Focal distances corresponding to the lenses L1, L2 and L3; M: mirror; P: Pivot
point of the GS; OZ: Optic axis; C: intersection of the axis OZ along depth and the
mirror; J: axial path variation encountered during lateral scanning.

In a first configuration considered, such as that in Fig. |5.1{s), a single lens, L1,
of focal length, F1, is used at F1 from the GS pivot, P, with a mirror M placed
behind the lens L1 at F1. Let us also consider that the mirror is tilted, obtained by
rotation around a direction perpendicular to the sketch plane. At the extremity of
lateral scanning, the sample ray travels plus or minus 0/2 distance more than the
ray to the point C, of intersection of the mirror with the optics axis, OZ.

In a second configuration, in Fig. |5.1|(e), a system composed of 3 lenses is used,

placing L1 at F1 from P, L2 is placed at F'1 + F2 from L1, and L3 is placed at
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F2 from L2, being at the conjugate plane of the GS pivot, P. This is the preferred
configuration for retina imaging, where the lens L3 plays the cumulative role of the
cornea and eye lens of the eye under examination. In this configuration, the OPD
variation shown by ¢ increases with deflection from on-axis, to either side of OZ. In
Fig. p.1f(s), the OPD varies linearly with the deflection angle [5]. In Fig. p.1f(e), due
to the curvature of the wavefront behind L3, the OPD varies quadratically with the
deflection angle [6].

Let us consider the set-up in Fig. [5.1f(s) first. When laterally scanning the beam
from one side to the other of the sample, for the case of a tilted mirror, M, the speed
of OPD variation can be estimated via:

)

V= (5.1)

where T is the duration of lateral scan from one edge of the scanned arc across
the sample to the other edge. The arc scanned is the top of the B-scan, termed here
as a 1D directional contour scanned, or a T-scan. A Doppler shift results, similar to
the case of moving axially the reference mirror in the reference path, of frequency:
v

5
F =23 =27~ (5.2)

The larger the tilt of the mirror, the larger ¢, and the larger the Doppler fre-
quency shift, F. The Doppler frequency shift combines with the frequency of the
photodetected signal due to sweeping. For simplicity, let us consider linear vari-
ation of the optical frequency with the OPD (not affected by non-linear sweeping
or dispersion). For each increase of the OPD by an axial resolution interval, 2a,
the number of peaks in the channelled spectrum, N, increases by one (eq. 22 in
[9]). Hence, the number of peaks and troughs in the photodetected signal of the

channelled spectrum can be written as:
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B OPD
- 2a

N

(5.3)

For N peaks read in the tuning interval 7, the frequency generated by sweeping

18:

p=2 (5.4)

T
For a Gaussian spectrum shape of FWHM A\ in wavelength [10], the axial
resolution in depth, a, is given by:
~ 2In2 X’ A2

a

However, the majority of swept sources exhibit a top hat spectrum shape, in
which case the axial resolution interval is given by [11]
)\2

The number of sweeps during the lateral scanning interval T is:

T
M:

T

(5.6)

An axial deviation error, ADE, appears in the axial display of the T-scan of a
mirror in the B-scan when the extreme point of the lateral angle is at a position

along Z exceeding the correct position by more than an axial resolution interval:

ADE > a (5.7)

This can happen when the Doppler frequency shift due to lateral scanning ex-

ceeds the frequency step 1/7 in the spectrum of the photodetected channelled spec-
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trum. For each added axial resolution interval to the OPD, the number of peaks in

the channelled spectrum goes up by 1 and the frequency f goes up by 1/7, hence

using (52):

0 1
2—— > — .
T\ ~ T (5:8)
Then using (/5.6):
o A

In other words, when half of the OPD variation encountered by lateral scanning
over a transversal pixel size exceeds half of a wavelength, it is expected that ADE
becomes visible.

For good imaging, the number of sweeps in a T-scan, M should exceed several
hundreds, however when M becomes so small that is satisfied, errors become

visible in the B-scan OCT image.

5.2.1 Phase variation

Let us consider the interface optics in Fig. [5.1] as part of the sample arm of an OCT
interferometer. Due to lateral scanning with a velocity, v, the sample path length,

Lg varies in time over an initial value Lgg according to:

Ly = Ly + vt (5.10)

The reference path length Lz in the OCT interferometer can be written respec-

tively as:

L= Lpo (5.11)
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where Lpg is an initial length kept constant. When the sample beam is directed
at t = 0 to the top edge of the object in Fig. |5.1] (s), above the centre of the image

at C, half of the OPD can be written as:

LSO - LRO =z (512)

whilst the OPD/2 with the beam deviated from the top edge due to lateral

scanning is:

Ls—LR:Z+Ut (513)

At the extremes of lateral scanning, the axial deviation is 6/2 or —d/2, separated
in time from the moment when the scanning beam hits the point on axis, C, by half
the period of the signal driving the galvo scanner (GS), 7'/2. Considering the time t
within a 7 interval, while the scanning beam is deflected over the pixel m (where m is
between 1 and M), an expression can be obtained for the phase of the photodetected
signal at the output of the OCT interferometer:

) ot

omt)=k(t) |z+(m—1)— +

—_— 5.14
M M ( )

where the wavenumber variation during each sweep of duration, 7, in time can

be written as:

k(t) = Ko + 25y (5.15)
T

Here K is the initial wavenumber and K5 is the final wavenumber after a tuning

time interval 7
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When tuning from a small wavelength, A\; to a large wavelength, A\, AK < 0

whilst when tuning from a large wavelength to a small wavelength, AK > 0. Using

=0 (5.17)

becomes:
om(t) = k() {z + (m—1) % + vt} (5.18)

Introducing ([5.15)) into (5.14)) and performing a time derivative, the instanta-

neous frequency of the photodetected signal is obtained as:

den AK )

In the middle of a sweeping interval 7 corresponding to lateral scanning over the

lateral pixel m, i.e. for:

.
== 5.20
4 (520
(5.19) becomes:
AK ) T T
m = — _ —-1)— = <—) 21
w . {z—l—(m )M—HJQ]—Hc 5) Y (5.21)
Given the fact that:
T AK K+ K,
b(z) =K = = K. 22
7 1+ 5 5 (5.22)
where K, is the central wavenumber, (5.19) becomes:
AK o T
m — T _ -1)— - Kc 2
w . {z—l—(m )M+v2 + K (5.23)
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The first term determines the frequency of the photodetected signal due to the
sweeping, proportional to the OPD, i.e. due to the modulation of the spectrum into

a channelled shape, hence denoted as w¢g:

AK ) T

s = —— —-1)— = 24
w . z+ (m )M—i-v2 (5.24)
As
T_ wsamdi< (25a, 25b)
V5 = 5uf a 2 a,
AK
Wes ~ ——2Z (5.26)
T

The last term in ((5.23)) can be put under the form:

wWp = UKC = 27TFD (527)

and represents the Doppler shift. This shows that the Doppler shift is pro-
portional to the velocity of varying the OPD, as expected. This depends on the
amplitude and frequency of the driving signal applied to the GS.

If the beam would be stationary on C, wes would be the only frequency term
and the tilt of the mirror would be correctly displayed by the B-scan. Due to lateral

scanning, the frequency of the photodetected signal varies from weg by wp.

5.2.2 Predicting the profile of Doppler shift variation during

lateral scanning

Let us consider the signal driving the GS as triangular, of period 2T, as illustrated
in the top row of the table in Fig. [5.2] Let us also consider that the target is a

mirror, that in the case of (s) configuration is tilted. For the sake of illustration,
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an exaggerated tilt of 45 degrees was considered and the variation of optical path,d,
calculated in the table in Fig. [5.2] middle row left. In configuration (e), the mirror
was considered oriented normally to the optical axis. The path variation is quadratic
in this case, hence ¢ will vary along a parabola. ¢ is considered zero at the beginning
of the lateral scan for both (s) and (e) configurations. In the middle of the lateral
scan, for 0.5T, when the scanning beam reaches point C (Fig. in (s) d =05
while in (e) is maximum, 1 (considered as a normalised value to maximum deviation).
At the end of the lateral scan, at time equal to 1, i.e. for T, in (s) deviation ¢ is

maximum, i.e. 1 while in (e) deviation returned to zero.

Configuration (s) Configuration (e)
1 1
L. . 0.8 0.8
Driving signal | os 0.6
0.4 0.4
to GS 0.2 0.2
0 0 0.5 1 1.5 2 0 0 0.5 1 1.5 2
1 1
0.8 0.8
0.6 0.6
6 0.4 0.4
0.2 0.2
0 0
0 0.5 1 1.5 2 0 0.5 1 1.5 2
2 5
O variation (1) .
rate 1
5 -5
0 0.5 1 1.5 2 0 0.5 1 1.5 2

Figure 5.2: Approximate illustration of the § and its variation rate for each configu-
ration in Fig. [5.1| versus time during lateral scanning. Doppler frequency shifts due
to variation of 9 in the middle row are shown in the bottom row.

The time on the horizontal axis in all illustrative graphs in Fig. [5.2]is in units
of T, where T is the half period of the triangular signal applied to the GS. What
determines the Doppler shift is the variation rate of §, illustrated in the third row.
In configuration (s), the variation rate is expected to be constant, which will lead
to a constant ADE across the B-scan. This ADE will change signs depending on

the scanning direction. In configuration (e), due to the parabolic shape of §, the
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ADE will be larger at the edges than at the centre of the B-scan, and the sign will
remain the same regardless of the scanning direction. The resulting B-scans for a
mirror will be distorted, following the profile obtained by adding the contours in the
middle and bottom rows in Fig.

5.3 Experimental set-up

The schematic diagram of the OCT set-up is shown in Fig. [5.3] This consists in an
interferometer based on a beamsplitter, BS, and a 50/50 fibre coupler, FC, termi-
nated on a balanced photodetector, BPD. The photodetected signal delivered by the
BPD is sampled by an ATS 9350 AlazarTech card digitiser placed in a computer.
A lateral 2D scanning head scans the beam over the sample via an interface optics,
10, such as shown in Fig. 5.1} The 2D scanning head is composed of two orthogo-
nally placed galvanometer scanners, (not shown), determining the line in the raster
and the frame rate. The theory presented above refers to the galvanometer scanner
determining the line, labelled in continuation as GS, that is driven faster than the
frame galvanometer scanner. Depending the case, the role of GS was played by one
or the other galvanometer scanner in the scanning head.

To fully evaluate the conditions that lead to ADE, the GS was driven with trian-
gular signals at different amplitudes and frequency and for most data collections here
the frame galvo scanner was set at rest. The interface optics (1O) discussed in Fig.
5.1] were evaluated under the excitation of three swept sources (SS). (i) CSU-SS, a
commercial slow unidirectional tuning SS, Broadsweeper BS-840-2 (Superlum) with
a sweep rate of 2kHz. The spectral emission is centred at 850 nm, starting at 872 nm
and finishing the sweep at 828 nm; (ii) RSB-SS, an own assembled bidirectional SS
using a resonant scanner driven at 1/(27) = 16 kHz [12], sweeping between 850.5 nm

and 859.5nm, equivalent to tuning at a frequency of 32kHz during each half pe-
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BPD
Sample ATS
Arm i FC 9350 Computer
c2
F1
- Swept
source
E E'?____ |c1
10 ! : !
: i S F3
\/ Reference (3
Sample Arm

Figure 5.3: Schematic diagram of the OCT set-up employed. 10: interface optics;
F1-3: fibre mounts; C1-3: collimator; BS: Beamsplitter; FC: 50/50 fibre coupler;
GS: Galvanometer scanner; BPD: Balanced photodetector.

riod, 7; (iii) CFU-SS, a commercial fast unidirectional tuning SS, Axsun sweeping
at 100 kHz, central wavelength 1060 nm

The CSU-SS exhibits a top hat spectrum, in which case applying for a
bandwidth AX = 44nm ,a ~ 10pm. The RSB-SS exhibits a Gaussian spectrum,
hence using and AX ~ 9.5nm gives a ~ 33pm. The CFU-SS exhibits a A\ =
100 nm according to its data sheet, that should have a top hat spectrum, resulting in
a ~06 pm using , however, its spectrum is a combination of two Gaussian peaks,
resulting on a reduced axial resolution of a ~ 9pm. The axial resolution measured
of the three SSs were respectively: a ~ 10, 33 and 9 pm.

The resonant scanner driver of the RSB-SS delivers a T'TL trigger to synchronise
external instruments, with two sweeps per trigger. This can be conveniently delayed
in relation to the sinusoidal signal applied to the resonant scanner by actuating on

a front panel potentiometer. Fig. presents 3 traces. The TTL signal shown
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Figure 5.4: Channelled spectrum (bottom trace, yellow) versus the sinusoidal signal
applied to the resonant scanner (middle trace, red) in the RSB-SS and the trigger
signal (top trace, yellow).The GSs were kept at rest.

in yellow on the top trace is the trigger sent to the digitiser. In red, middle trace
represents the sinusoidal signal sent to the resonant mirror used for the sweeping in
the RSB-SS. The bottom trace in yellow shows the photodetector signal at the in-
terferometer output. This presents a channelled aspect, where the larger the optical
path difference in the interferometer, the denser its modulation [13].

Because electrical cables used to convey the three signals to the scope are of
different lengths, the transitions on the trigger signal are slightly displaced laterally
in respect to the other two waveforms in Fig. [5.4f In LabVIEW, trigger is delayed
digitally in order to shift the fly-back outside of the displayed image.

One sweep falls under the 5V part of the trigger, while the second sweep falls
under the 0V part of the trigger. The spectrum is split in half and the sweep under
5V is denoted as “Sweep 1”7 whilst the sweep under 0V is denoted as “Sweep 2”.
Later below these sweeps will be put in correspondence with the backwards and

forward sweeping performed by the RSB-SS.
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5.4 Experimental results

The estimated behaviour for ¢ and its variation presented in Fig. can be con-
firmed by performing en-face TD-OCT in both configurations and observing the
pattern formed in the image due to the interface optics. These patterns can be seen
in Fig. b.5] The images were obtained with the CSU-SS source emitting a narrow
spectral emission (non sweeping) and driving both galvanometer scanners, obtaining
a 2D en-face time domain OCT image. In configuration (s), a regular pattern of
parallel lines are obtained [5]. The tilt of lines is due to the mirror surface being
inclined in respect to both X and Y axes. In configuration (e), Newton rings [6]
appear, where the distance between adjacent rings decreases for rings further away
from the centre. Some artefacts can be observed at the edges of both images. In
the case of configuration (s), these artefacts are due to the acceleration of the galvo

scanners, while in the configuration (e), the artefacts are due to aliasing effects.

Config (s) Config (e)
Y/
0.4 mm / .) 0.3 mm
\ é - 1 mm -
- 0.4 mm -

Figure 5.5: En-face TD-OCT image obtained from a flat mirror using configurations
(s) and (e). In the configuration (s) the size scanned horizontally is similar to that
scanned vertically, of 0.4 mm, corresponding to an amplitude of 0.1V applied to
both galvanometer scanners. The frequency of the triangle signal applied to the
galvanometer scanner (line) for scanning horizontally was 500 Hz (T = 1ms) while
the frequency of the signal driving the galvanometer scanner for scanning vertically
(frame) was set to 1 Hz (i.e. leading to a C-scan made from 500 T-scans). In the
configuration (e), the voltages applied to the two galvanometer scanners werel V
and 0.2V respectively, and the image was cropped to show the central rings. The
frequency of the triangle signal driving the line galvanometer scanner was 80 Hz (T
= 6.25ms) and that of the signal driving the frame galvanometer scanner was 0.4 Hz.
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5.4.1 Configuration (s)

SS-OCT where the swept source performs unidirectional sweeping

In order to evaluate the distortions affecting the B-scan OCT images based on the
SS-OCT method, three different measurements in each configuration are performed
using the CSU-SS: the first measurement consists of a 1D TD-OCT image obtained
by driving the line galvanometer scanner only, in contrast to the 2D TD-OCT image
from Fig. 5.5 in order to isolate the distortions in a single scanning axis only; the
second measurement is obtained from an electrical Spectrum Analyser that measures
the RF spectrum of the photodetected signal; the third measurement consists of a
B-scan obtained with the full tuning bandwidth of the CSU-SS. In the first two
measurements, the line galvanometer scanner, playing the role of GS in Fig. [5.1]
was driven at the same rate of 80 Hz, while in the 3rd set at both 80 Hz and 160 Hz as
detailed further below. These results are presented in Fig. for the configuration
(s) and later on, in Fig. for configuration (e).

From the TD-OCT image presented in Fig. a prediction of the ADE value
expected in SS-OCT can be made. With a slit size of 1 mm, which is a 43 % of the
image size, the number of fringes is reduced by a factor of 0.43. 27 fringes are seen in
the image in Fig. top left. This means that within a lateral scan, there are ~ 63
fringes. The number of fringes corresponds to a path variation 6 = 63A/2 = 27 pum.
For 2T = 1/80 Hz, this leads to a speed of z variation of v = §/T" = 4.3mm/s. Then
a Doppler shift = F' = 2v/\ ~ 10kHz can be evaluated. As this is larger than the
sweeping frequency of 2kHz, an ADE is expected according to .

Indeed, the spectrum analyser in Fig. right shows the main component at
10kHz. In the SS-OCT B-scan image in Fig. bottom left, a peak to peak depth
variation of 20 kHz is measured. This is because each ramp of the GS leads to ADEs

of opposite signs, so the frequency shift corresponding to ADE during each GS ramp
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Figure 5.6: Three procedures to evaluate the ADE in configuration (s) using the
CSU-SS. Only the line galvanometer scanner, playing the role of GS in Fig. [5.1]
is driven, while the other galvanometer scanner is at rest. Top left: TD en-face
fringe pattern from a mirror behind a 1 mm slit with CSU-SS non sweeping; Right:
frequency spectrum at the top and temporal evolution at the bottom of the photode-
tected signal in TD en-face OCT with non sweeping CSU-SS (the spectrum analyser
display corresponds to both cases of either 0.5V at 80 Hz or 0.25V at 160 Hz); Bot-
tom left: cross section (B-scan) image obtained by sweeping the CSU-SS.

is 10 kHz. The agreement of the two ADE values obtained by using either procedure
in Fig. suggests that in practice either TD or SS-OCT method can be used
to evaluate the number of fringes per lateral scan, and consequently, the correct
adjustment of the interface optics (tilt of mirror and hence §).

For each increase of OPD by an axial resolution interval (¢ = 10 pm), according
to eq. , the frequency of the read signal increases by the sweeping frequency,
i.e. by 2kHz. Therefore, for any of the 3 methods above, the ADE can be ignored
if the Doppler shift is less than the frequency pixel of 2kHz. This determines a
maximum speed of (A/2)-2kHz = 0.85 mm/s, when speed exceeds this values, then
distortion takes place. For the case in Fig. , speed is 4.3mm/s, i.e. larger, so
an ADE is expected. Obviously, a Doppler shift of 10kHz exceeds by a factor of
5 the frequency pixel of 2kHz. This factor is similar to that obtained by the ratio
of the current speed of 4.3 mm/s over the maximum speed value evaluated above of

0.85mm/s.
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SS-OCT where the swept source performs bidirectional sweeping

Swapping the CSU-SS with the RSB-SS presents a new effect, as portrayed in Fig.
(a). Since the RSB-SS performs bidirectional sweeping, as presented in Fig.
b.4 to generate a B-scan, the A-scans due to each sweep need to be intercalated.
Therefore, if the A-scans from Sweep 1 are labelled as S11, S12, S13,... Sln and
the A-scans from Sweep 2 are named as S21, S22, S23,... S2n, a B-scan obtained
with the RSB-SS will be composed of A-scans S11, S21, S12, S22,... Sln, S2n.

Whilst previously with the CSU-SS the ADE was constant over the half period
of lateral scanning T, now in Fig. (a), with the RSB-SS, the ADE changes
sign between each A-scan, causing breaks in the B-scan. If the A-scans are sepa-
rated according to their sweeping direction, as shown in Fig. (b), the Sweep 1
experiences an opposite ADE in respect to the ADE of Sweep 2.

When obtaining data from the RSB-SS, we recorded every other trigger and used
the time of the second trigger to split and construct the A-scans. This means that
for each pair of sweeps, that were obtained, sweep 1 and sweep 2 (as labelled in Fig.
, the next pair was not recorded. This means that for example, if the recording
time is set to 1ms, given 27 = 1/(16 kHz), we retain and record 8 pairs of A-scans,
instead of 16.

To obtain Fig. only the line galvanometer scanner, GS, is driven. A tri-
angular signal was applied to GS of 1V amplitude and 1/(27") = 666 Hz, scanning
laterally ~ 4mm of a flat mirror as a sample for each half period T'= 0.75ms. For
the B-scan display, both ramps are recorded 4 times, obtaining a total of 8 B-scans
in 6 ms. During each period 2T of the GS signal, there are M = 12 A-scans, sum-
ming up to 48 A-scans for each sweeping direction. Due to bidirectional sweeping
of the RSB-SS, there are 96 A-scans in the display of the 8 B-scans. Considering
the size of the B-scan along axis Z of 960 pm, the top of the B-scans corresponding

to the two sweep direction are axially shifted in respect to each other by 192 kHz.
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Figure 5.7: B-scans from a mirror obtained using SS-OCT employing the RSB-
SS: (a) The image contains 4 full periods of the GS driven at 666.67 Hz and 1V
amplitude, creating a total of 8 B-scans per image of 4 mm lateral size of the mirror
(extending for 6ms). Vertical axis represents 960 kHz (~ 1mm). (b): a zoomed
section of the third period is presented. The A-scans corresponding to Sweep 1 are
shown in red, while the A-scans from Sweep 2 are shown in blue. The positive slope
of the GS is marked as GS™, its negative slope as G\S™, and the transition between
both slopes is marked as GS?. In the mid of the transition, the speed of the GS
approaches 0 and the ADE disappears. As the GS accelerates, the ADE increases
again.
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This corresponds to an ADE for each sweep of 96 kHz, i.e. of ~ 3 axial frequency
pixels (determined by the resonant scanner half period of 1/32kHz). Clearly, such
high ADE level prevents generating a correct B-scan, with a single, contiguous well

defined image contour.

166 Hz 333 Hz

o

Sweep 1 M P | 603 iz

S et | s

SWEEP 2 |y S | 605 iz
0.5V 0.5V 1V

Figure 5.8: Comparison of B-scans obtained using SS-OCT employing the RSB-SS,
for two values of voltage and frequency of the signal applied to the GS. The vertical
size in all B-scans is 630 pm along the axial coordinate Z, corresponding in frequency
to 608 kHz.

To understand the nature of the ADE, several experiments were performed by
changing the different parameters at which the GS is moved, with B-scans obtained
as shown in Fig. [5.8] and measuring the axial separation between consecutive B-
scans, each obtained from a different slope of the GS. First, the GS was run at 166 Hz
where a small variation on OPD was noticed, giving an error in axial positioning be-
tween contours of 32 kHz (33 pm) in the first column. When doubling the amplitude
of the driving signal from 0.5V to 1V, the amplitude of the ADE doubled. Then by
doubling the frequency to 333 Hz while reducing to 0.5V amplitude the same ADE
value was obtained.

A slip between contours value of 64 kHz (66 um), corresponding to an ADE of
32kHz (33 pm), at 166 Hz and 1V is similar to that obtained for 166 Hz and 0.5V,
presented in both the 2nd and 3rd column respectively. This implies that the ADE
is directly proportional to the angular speed of the GS, that can be modified either
by frequency or amplitude of the signal applied. Obviously such a behaviour can be
attributed to the Doppler shift coming from the lateral scanning imprinted by the

GS in the system, which depends on both the amplitude and frequency of the lateral
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scanning when the target is a tilted mirror. In the last column, with a frequency
of 333Hz and an amplitude of 1V, the distance between contours is ~ 128 kHz
(132 pm).

In the 1st column in Fig. [5.8 the ADE is almost equal to half of the axial
resolution interval of a = 33pm. For each advance in z by a, the electrical signal
spectrum advances by a frequency pixel interval of 1/7 = 32kHz. In the 2nd an 3rd
column, the distance between contours is ~ 2 frequency pixels = 2 axial resolution
pixels, 2a, while in the 4th column it is ~ 4a. This correlates with an ADE for each
ramp of the GS of 1a and 2a respectively. The acquisition time for each B-scan is
6ms. The 166 Hz group covers the full period 2T of the driving signal, while the
333 Hz group covers two periods, i.e. 4T. Each image is comprised of 48 A-scans,
having 24 A-scans per half period T when 1/(27") = 166 Hz and 12 A-scans per half
period T at 333Hz. At 0.5V, the scanned lateral size over the mirror was 2mm,
while at 1V it was 4 mm, as in Fig. 5.6,

The larger the velocity of lateral scanning, the larger the frequency deviation of
the frequency spectrum read by the photodetector during a sweeping time interval, 7.
In the case of the interface optics in Fig. [5.1{(s), a tilt of the mirror leads to a Doppler
shift that is constant during each lateral deflecting interval T. Obviously, during the
next deflecting interval T, the direction of OPD variation changes, meaning that
the frequency spectrum of the electrical signal (read at the photodetector output by
sweeping through the spectrum) will suffer deviations in opposite directions during
the two lateral scanning intervals T given by half period of lateral scanning, of period
2T, as illustrated in Fig. [5.4 The shapes of B-scans in Fig. [5.6] 5.7 and [5.§ are in

line with the expectations predicted by the bottom row in Fig. [5.2] left.
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5.4.2 Configuration (e)

SS-OCT where the swept source performs unidirectional sweeping

In the examples above, the velocity in OPD variation is constant during the lateral
scanning half period, T. This is also proven by the uniform separation of the fringes

in the TD OCT image in Fig. [5.6,

(a) TD (b) SA (c) SS-0CT
i (©Q) I
0.5V
o 0.7 mm 083 L\;nz'l % 8(.) o
JIE & I
0.7 mm
i 0 [k®
1.5 mm %g Q;I‘;l Sé \I_/|Z
1D
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Figure 5.9: Three procedures to evaluate the ADE in configuration (e) using the
CSU-SS. (a): 2D and 1D TD en-face fringe pattern from a mirror behind a 1 mm slit
with CSU-SS non sweeping, top with both galvanometer scanners driven, bottom
using the line galvanometer scanner only, acting as GS from Fig. ; (b): frequency
spectrum at the top and temporal evolution at the bottom of the photodetected
signal in TD en-face OCT with CSU-SS non sweeping; (c): cross section (B-scan)
images using SS-OCT. First row corresponds to driving the GS at 80 Hz with 0.5V
amplitude, while in the second row the GS was driven at 80 Hz with 1V amplitude.

For the case of imaging the eye, as shown in Fig. (e) , the velocity varies
non-linearly, as presented in [6]. As the OPD varies via a square law in relation to
the angle of scanning [6, |14], during each lateral scanning interval T, the velocity
is either positive or negative, going through zero on axis (if the incident beam is
exactly on the GS pivot).

As in Fig. for configuration (s), we started by comparing TD-OCT, B-scans
and the electrical spectrum analyser signal. These results are presented in Fig. [5.9

The source employed for all the sets was the CSU-SS. This time, since we expect
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the ADE to not be constant (according to Fig. right bottom), we also compared
results for two different GS speed rates. First row corresponds to 0.5V amplitude
and 80 Hz frequency, same as in Fig. [5.6] and the second row corresponds to doubling
the lateral scanning speed by applying double of amplitude, 1V at 80 Hz. The mirror
object scanned was set behind a slit of 1 mm width as in Fig. [5.6]

This time, both TD-OCT and the spectrum analyser procedure display a chirp
in periodicity. This makes the exact calculation of ADE dependent on the position
of the pixel in the T-scan. The B-scans in the 3rd column in Fig. show a tilt in
agreement with the predictions in Fig. bottom row right.

To study the relationship between the tilt of contours in Fig. (¢) column,
and the speed of the scanner, we repeated similar measurements as performed for
the configuration in Fig. (s).

Using the CSU-SS, we obtained Fig. [5.10] in which 2.5 periods of the driving
signal are shown, i.e. 2.5 B-scans. Within each half period, for small voltages, the
profile in Fig. bottom left is visible, similar to that in configuration (s), i.e. from
one half period to next, the T-scans jumps axially. This may be due to a small tilt
of the mirror, in which case, when the amplitude is small, all lateral scan is within
one side of point C in Fig. 5.1} At larger amplitudes, the lateral scan crosses the

other side of point C and the offset is less visible.

0.25V 0.5V 1V

0.3 mm
80 kHz

g —————————————— - e e
30 ms 30 ms 30 ms

Figure 5.10: Comparison of B-scans of a flat mirror covered with a slit using the
CSU-SS in configuration (e). The frequency of the signal used for lateral scanning
was kept constant at 80 Hz, while the amplitude of scanning was increased in double
steps.
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Number M of A-scans in each half period T = 6.25ms is M = 2kHz/160 Hz = 12
A-scans. At 0.25 V, when M is larger than 12, ADE can be ignored. Otherwise, more
than M = 48 A-scans are needed at 1V to ignore the ADE, requiring a reduction of

the lateral scan rate to less than 20 Hz.

SS-OCT where the swept source performs bidirectional sweeping

Using the RSB-SS, Fig. [5.11] is obtained, where the tilts of the T-scans are shown.
The higher the voltage, and the higher the scanning frequency of the triangular
signal applied to GS, the larger the tilt. The contours displayed are, to some extent,
similar in shape with the profiles predicted in the right sketch of the bottom row
in Fig. 5.2l As they extend over a few pixels in depth only, they cannot follow
the exact shape predicted. However, for each half period T, the tilt is evident. At
160 Hz frequency (corresponding on each ramp to 320 Hz) and 1V amplitude, the
ADE is 250 pm, ~ 240kHz. A conversion C = 1.04 pm/kHz relates the frequency
deviation to the ADE. In the RF spectrum of the photodetected signal, pixels are
separated by 1/7 = 32kHz and along depth by 33.28 pm. A variation in frequency
of 240kHz means an ADE of 240/32 = 7.5 axial resolution pixels, of size a each,
along the depth coordinate, z.

In Fig. (a), there are M = 16/0.32 = 50 A-scans per each ramp in either
sweeping direction. ADE is barely perceptible. This means that for M > 50, the
error can be ignored. However if the amplitude of scanning is increased, as shown in
(b), the number of A-scans, M, should be increased accordingly (for instance by at
least doubling the sweeping speed, if that would be possible) in order to maintain
the ADE below the axial resolution interval, a, where it could be ignored. In order to
compare the tilts experienced with both sources, Fig. presents tilts of T-scans
in the B-scans obtained for a GS driving signal of different scanning frequency with

the RSB-SS (a) and the CSU-SS (b) against the T-scan obtained with the sample
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A
0.5V 0.5 mm
(@) 160Hz 480 kHz
Y
A
b 1V 0.5 mm
(b) 160Hz 480 kHz
© 0.5V 0.5 mm
320Hz 480 kHz
(d) 1V 0.5 mm
320Hz 480 kHz

6 ms

Figure 5.11: Comparison of B-scans obtained with the RSB-SS in the configuration
(e), only the B-scans from the blue to red (forward) sweep are being presented for
different settings of the signal driving the line galvanometer scanner only, considered
as GS in Fig. 5.1} By doubling the frequency of the signal applied to the GS but
halving the amplitude, the speed of the galvanometer scanner remains the same,
which in theory should lead to the same ADE value. In (a) and (b), the full period
of the driving signal is shown, while in (c¢) and (d), twice that period.
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beam stationary. The larger the scanning speed, the larger the tilt.

The data corresponding to the CSU-SS are obtained from Fig. [5.10] while the
data obtained with the RSB-SS are obtained from Fig. [5.11] Each colour represents
a linear fit of a single B-scan from each of the settings used for each figure. The
base angle deviation of the GS mirror was measured by applying offsets of —0.5V,
0V and 0.5V, to its driver. Finally, the base angle was subtracted from the fits to
measure strictly the deviation produced by the ADE, leaving the base line constant

at 0 (presented in solid black-line in both figures).

(a)30 CSU-SS (b) RSB-SS
Base line 60 Base line i
20 ||——0.25v 80Hz | ——0.5v 160Hz
——0.5v 80Hz 40+ 1v 160Hz ’/’ )
N 10} 1v 80Hz | N ‘= = =0.5v 320Hz ot
§ .......... 2 kHz line § 20 1v 320Hz %
.......... 32 kHz line
£o e £o0
a & 20//
< -0 12 .
-40r .-
_20,
-60f
30 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Lateral A-scan within B-scan Lateral A-scan within B-scan

Figure 5.12: Tilt of T-scans in the B-scans obtained for different frequency of the
signal applied to the GS with the CSU-SS (a) and RSB-SS (b) against the T-scan
obtained with the sample beam stationary (base line) calculated in configuration
(e). The vertical axis corresponds to the ADE in kHz while the horizontal axis
corresponds to the lateral position in the B-scan. The insets show the settings used
for the GS driving signal. The horizontal dotted lines correspond to the frequency
resolution of the spectrum sampling, as determined by the sweeping frequency of
each source, 32kHz for the RSB-SS and 2kHz for the CSU-SS. Any value between
these dotted lines in each graph would not be lead into visible ADEs in the B-scans.

These curves are specific for the sweeping rates of the two swept sources em-
ployed. By increasing the swept source rate, the interval between the two dashed
lines in both figures increases, and correspondingly, the number M of A-scans as a

manifestation of better accomplishment of inequality ([5.9)).
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5.5 Prediction of the sweep direction

As seen in previous figures, the Doppler shift adds to or reduces the frequency of
the photodetected signal due to the two sweeps, sweep 1 and sweep 2 as labelled in
Fig. The ADEs in the two sweeps are of opposite signs. The ADE also changes
sign based on the slope of the ramp of the signal applied to the GS, with one ramp
experiencing a reduction of the observed OPD and the other an increase. For ease of
calculations, the analysis in this section is restricted to the configuration (s), where
a constant ADE is present during each half period T.

When the spectral filter in the swept source uses a resonant scanner (RS), the
instantaneous sweeping direction during each half period, 7, of the signal applied to
the RS, in term of lowering or increasing the wavelength generated, cannot be easily
determined, as any optical spectrum analyser produces a spectrum for an average
of sweeps. The RS cannot be tuned to lower frequency rates in order to enable the
use of an optical spectrum analyser. Synchronising an optical spectrum analyser
at 16 kHz would be difficult. It is demonstrated here that by using a galvanometer
scanner in the OCT interface optics and a tilted mirror as an object, by measuring
the resulting ADE, the sweeping direction of a swept source can be determined.
Differences in the B-scans due to sweeping direction are evident, but from these
images the sweeping direction nor the direction of deflection can be estimated. As
the combination of f (due to sweeping) with F' (Doppler shift) depends on both signs
of the lateral scanning and of the sweeping, a simple procedure was developed to
identify the direction of lateral scanning in the images produced. To this goal, the
measurements described below are presented.

As illustrated in Fig. (a), first, one of the edges of the scanned area of
the sampled mirror is covered partially using an opaque screen, OS, in order to

differentiate between each ramp of the galvo scanner driven, from now on, considered
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as GS in Fig. 5.1} If the right side of the object imaged, when the GS scans from
left to right is covered, then the part of the image end of the ramp will be black.
When the GS scans from right to left, the beginning of the ramp will be missing in
the image. In this way some relation can be established between time and lateral
position. The swap of scanning direction from left-right to right-left will not be
seen, but the transition from right — left to left — right will remain visible, therefore
named Visible Transition, VT.

This procedure allows us to quickly determine in a set of consecutive B-scans
which B-scan corresponds to which ramp of the triangular driving signal, by simply
looking at the transition between B-scans and the location of the black sectors in
the images so produced.

In Fig. [5.13] the effect on the B-scans obtained using the RSB-SS is documented.
In (b), a photo of the set-up is shown while in (c,d), the B-scans without the opaque
screen are (c) while (d) are the B-scans with the opaque screen in place. The VT
changes shape between Sweep 1 and Sweep 2, consequence of a different ADE sign
for each sweep as shown.

The 4 consecutive B-scans presented in Fig. [5.13| were obtained at 333 Hz (i.e.
2T = 3ms). On the top row there are B-scans obtained with sweep 1, while on the
bottom there are B-scans obtained with sweep 2. During the VT, those in sweep 1
follow a pattern “down-up” while the others in sweep 2 follow a pattern “up-down”.

In order to determine the sign of the ADE based on the sweeping direction,
the RSB-SS was replaced with the CSU-SS, for which the direction of sweeping is
known, and the measurements covering the mirror were repeated as performed in
the process of obtaining Fig. [5.13] The Superlum Broadsweeper 840 sweeps from
red to blue (backwards), starting at 873 nm and finishing the sweep at 828 nm, at a
maximum 2 kHz sweeping rate.

The GS was run with a triangular ramp of 2T = 3 ms. Since the CSU-SS sweeps
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960 kHz

1 mm
960 kHz

Figure 5.13: Procedure to determine the sweep direction. (a) Schematic represen-
tation of time associated to a lateral portion of the T-scan in the B-scan. Tgg:
trajectory of laterally scanned beam by GS in time; An opaque screen (OS) blocks
partially the scanned area; BA: black area in the image due to the OS; VT: visible
transition. (b) Aerial view of the interface optics showing the galvanometer scanner
head (with the frame scanner axis horizontal and fixed and the line scanner vertical,
used as GS in Fig. determining horizontal deflections), the lens L1, the mirror
M and the OS covering one of the edges of the scanned area; (c¢) B-scans separated
for the two sweeps of the RSB-SS; (d) The same images on the left but displaying
the effect of the OS, obscuring the area marked as BA and leaving only a portion of
the object as the visible transition, VT, in the B-scan image between the deflection
from right to left and deflection from left to right.
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at a slower rate of ~ 1.8 kHz, instead of the 32kHz for the RSB-SS, images are gen-
erated by compounding up to 20 consecutive B-scans in Fig. [5.14] to enhance both
“down-up” and “up-down” transitions. Each B-scan is composed from a number of
A-scans that is obtained by: M = 1.8 kHz/0.66 = 2.7 A-scans per each half period

T = 1.5ms.
Mirror uncovered Mirror partially covered
. \

230 um
60 kHz

30 ms - 30 ms

Figure 5.14: Results obtained from 20 consecutive B-scans with the CSU-SS at
333Hz and 0.2V amplitude. When partially covering the mirror as shown in Fig.
CSU-SS replicates the pattern “down-up” marked in red. The measured ADE
peak-peak is 32 kHz.

Since the set-up can only record full A-scans, 2.7 means that sometimes we will
record 2 A-scans per B-scan and sometimes 3, hence we collected 20 B-scans. A
video is recorded from which 9 frames of 20 B-scans each are acquired, and averages
were produced with them. Otherwise, transitions are not visible in the compounded
images due to the slow acquisition speed.

The results are presented in Fig. [5.14] The B-scans present a peak to peak ADE
interval of 122 pym or 32kHz, i.e. 16kHz per each sweeping direction. On the left,
there are B-scans obtained with the mirror uncovered, and on the right there are
B-scans obtained by blocking the right side of the mirror under imaging, same side
as in Fig. [5.13] The transition shown within the window VT, after blocking the
mirror with the opaque screen as illustrated in Fig. top is “Down-Up”, the
same transition as we observed in the sweep 1 in Fig. when using the RSB-SS.
We can then infer that on the RSB-SS, the sweep 1 in Fig. corresponds to a

sweep from red to blue (backward), while the sweep 2 corresponds to blue to red
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(forward). This represents an interesting application of the current study, an optical
spectral characterisation made possible by employing an interferometer, a deflector
and an opaque screen.

It can be noticed that the ADE is larger on the CSU-SS, which runs at ~
2kHz, than for the RSB-SS, running at 32kHz, but this is expected, as the ratio

2kHz/666 Hz is 16 times smaller than 32kHz/666 Hz, in agreement with Eq. (5.6]).

5.6 ADE validation using a fast swept source

While sources at 850 nm are more limited on their speed, higher sweeping frequencies
are achieved at longer wavelengths 15, [16]. A valid question would be if ADE is also
relevant for swept sources widely used by the OCT community at 1060 and 1300 nm,
sweeping at over 100 kHz. Unfortunately, we did not have any bidirectional swept
source to perform the study apart from the swept source own assembled at 32 kHz
used above, at 850 nm. Hence, in this section we do not intend to reproduce all the
steps presented above at 850 nm, but to prove only that axial distortion of B-scan
contours still occur at faster sweeping rates.

We acquired data in a set-up similar to that of Fig. [5.3] designed for imaging
the eye and paired with a commercial fast unidirectional swept source (CFU-SS)
from Axsun at 1060 nm sweeping at a 100 kHz sweeping rate. A rigorous study with
quantitation of tilt using a broadband source as in previous sections was not possible
and therefore simply placing the mirror as a target could not guarantee an exact (s)
or (e) configurations due to the large spherical aberrations of the interface optics in
such a system. The line (fast) galvanometer scanner, playing the role of GS in Fig.
of the set-up was driven with a triangular signal at different frequencies, ranging
from 100 Hz to 1kHz. The results are presented in Fig. [5.15] and were obtained by

scanning 2V amplitude across a slightly tilted mirror from which only 1 mm was
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100 Hz

300 um

10 ms
500 Hz

300 um

10 ms

Figure 5.15: B-scans obtained from a 1 mm section of a slightly tilted mirror with the
CFU-SS Axsun source operating at 1060 nm and 100 kHz sweeping rate. All images
are obtained in 10ms and span 300 pm in depth. From top to bottom, different
lateral scanning frequencies, 1/2T are presented, with first at 100 Hz, second 500 Hz
and third 1 kHz.
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exposed by placing a slit in front of the mirror to minimise the effect of the large
aperture, creating an approximation of the configuration (s), and presenting pairs
of consecutive B-scans corresponding to each slope of the GS. The B-scans in Fig.
show a tilt of 80 pym of the mirror measured from one edge to the other of its
lateral size.

At 100Hz no ADE is perceptible, the B-scan image for the other side of the
ramp of the triangular signal shows the top of the B-scan at a similar axial posi-
tion. However, by increasing the lateral scanning frequency, the two contours slips
in relation to each other as shown for 500 Hz and 1kHz. The deviation of contours
became apparent at 200 Hz, with minimal deviation, and at 500 Hz where the de-
viation is better visible. The distance between the two contours corresponding to
the two ramps is ~ 13 um, which implies an ADE of ~ 6.5 1m in each B-scan. The
ADE approximately doubles up to ~ 13 pm when doubling the frequency to 1kHz,
leading to a total deviation of ~ 26 pm, that represents ~ 2.9a, considering the axial
resolution a ~ 9pm. At the top, where no ADE is visible, M = 500, while at the

bottom, with M = 50 only, where ADE is clearly manifest.

5.7 Conclusions

The chapter presents a distorting effect of contours in the B-scan OCT images that
happens in SS-OCT when the number of sweeps per lateral scanning interval is small
and specular layers are tilted in respect to the wavefront established by the scanning
beam. Two swept sources at 850nm were evaluated, one unidirectional at 2kHz
(CSU-SS), the other bidirectional at 32 kHz (RSB-SS), in two configurations, as used
for imaging skin or imaging the retina. A third unidirectional fast source at 1060 nm
(CFU-SS) at 100kHz was used in a skin configuration to prove that the ADE may

present a problem even when using fast swept sources. With continuous progress in
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the technology of swept sources, more bidirectional sources will be reported, in which
case the error documented here doubles in comparison to that for unidirectional
sweeping.

The distortion manifests in displacement of structure in the B-scan along its
depth, due to the Doppler shift imprinted by lateral scanning. For each lateral
pixel, its depth position is altered axially by an ADE. As long as ADE is less than
the axial resolution interval, a, such error is not visible. As a rule of thumb, the
ADE affects all systems depending on the threshold of path difference ¢ due to tilt,
established by equation (5.9): when §/M exceeds /2, where M is the number of
lateral pixels, given by the ratio T'/7. The ADE is observable at slow as well as at
fast sweeping rates, and the deciding factor is not the sweeping speed, 1/7 but the
ratio M. For instance, for the three systems used: in Fig. at 2kHz, M ~ 13, in
Fig. 5.8 using the 32 kHz bidirectional, M ~ 48 at 333 Hz, and using the fast source
at 100kHz, in Fig. [5.15] M = 500, 100 and 50 in the three cases shown, depending
on the lateral scanning frequency.

So irrespective of sweeping speed, ADE becomes insignificant if larger M values
are used. In general, the OCT community employs large number M of pixels and
perhaps this is why such an effect has not been documented so far. There is some
fundamental value in equation , that OCT developers should be aware of, as
the number of half wavelengths exceeded by /M is equivalent to the number of
axial resolution intervals in the ADE.

The authors are unaware of prior reports documenting such axial errors of con-
tours of specular tilted targets described here, depending on the direction of the
lateral scanning, direction of sweeping and object layer tilt.

The ADE demonstrated here have been kept at minimum values by proper ad-
justment of the interface optics and with due attention given to the beam incident

on the two galvanometer scanner, each to be placed on the rotation axis of the
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respective galvo scanner. However larger deviations were observed for improper ad-
justment of the interface optics which were not included here. The variations in
OPD during scanning can be exacerbated by incorrect lateral adjustment of lens
position L1 in Fig. (s) or of the telescope of lenses L1 and L2 in Fig. (e).
As noticed in the TD-OCT practice, more fringe cycles are created in the C-scan
time display in Fig. if the incidence of the beam is moved away from the pivot
of the GS, or the mirror used as a sample is tilted. Only the simplest cases of a
tilted mirror in the (s) configuration and of a horizontally flattened contour of the
retina in the (e) configuration have been considered. In practice however, equiv-
alent path deviations, as & here can be created by off axis placement of lenses or
incidence beam not exactly on the rotation pivot of either galvanometer scanner,
with the most attention needed to the line scanner, that is driven faster. Therefore
it is expected that ADE to be larger than that estimated by the equation due
to improper adjustment of lateral scanners and interface optics. Similar studies as
presented here for the two simplified cases of (s) and (e) in Fig. can be performed
by writing explicit dependence of optical path versus deviation angle.

Driven by the need for quantitate the ADE, we have also noticed that ADE
generation can find some useful application. In this respect, the chapter also shows
how the direction of sweeping can be determined without using an optical spectrum
analyser. This is important in determining the sweeping direction when employing
resonant scanners, where a spectrum analyser cannot be used to check the sweeping
direction. By observing which transitions in the B-scan due to the ADE are observed
depending on the direction of lateral scanning, the direction of sweeping can be
predicted. Hence this study shows that a simple method can be devised to establish
the tuning laser direction, based on a lateral scanner and an interferometer only.

While the effects described in this chapter are not normally encountered in the

SS-OCT practice, it is expected that they may be easier observed if more bidirec-
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tional sweeping lasers are developed, as the ADE is double to that of unidirectional
sweeping sources. As the development of bidirectional lasers progresses, users should
be aware of such errors introduced and image distortions, that may prevent accu-
rate measurements of axial position of contours and image presentation of moving

targets, such as blood molecules in vessels inspected by OCT Angiography.
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Chapter 6

Outlook and further work

Throughout this thesis I have explored various scenarios in which axial displacements
cause artefacts to OCT images, and how their severity in some scenarios can be
detrimental to the application the device was designed for. Each source of artefacts
requires its own considerations, which may determine the actions to be taken to
correct them, when possible, as for high resolution imaging devices these artefacts
can be a big limiting factor. These scenarios have been described with the handheld
probe in chapter [3] and with the axial tracking system in [} in which the motion,
either from the sample or from the imaging device, was corrected with different
approaches, catered to the specifics of the OCT devices.

Due to the constraints present in compact systems, like the handheld probe in
chapter [3] software approaches with few modifications are preferred over mechanical
or secondary detection systems, such as the solutions presented in chapter 4l While
a second detection system can increase the precision of the motion correction, as
well as reduce the processing time required for the calculation of the corrections,
the added cost and complexity can be difficult to balance for some applications.
Nonetheless, the flattening effect obtained with the approach in the handheld probe
can also be desired in specific applications, such as dermatology and other medical

conditions usually analysed through biopsies. In both chapters, the motion was
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a limiting hurdle that was successfully overcome, and while the tracking system
would benefit from in-vivo testing for ophthalmological applications, the results
were positive with the retinal model, and they lined up with those of the skin
configuration, which worked in both in-vivo and with a mirror. The last barrier to
be breached is the curvature of the surface combined with its specular properties,
which requires more work on the optical design of the tracking subsystem to improve
its reliability.

In line with the constraints of some applications, depending on the budget avail-
able for high resolution systems, there are modern advances in swept sources and
cameras that, by increasing the acquisition speed, can reduce or mitigate the arte-
facts defined in chapters [3] and [4] but most commercially available sources still
benefit from motion compensation as their acquisition speed is still comparable to
the motion of living samples, especially at shorter wavelengths like 850 nm and be-
low. Improvements in motion compensation could extend the usage lifetime of these
devices, as well as allowing better results with low-cost OCT devices. While there is
always room for improvement and research, the approaches discussed in those chap-
ters are ready to be translated into industry, being able to be deployed as upgrading
packages to different potential users in commercial applications.

However, one type of artefact, described in chapter [§ currently does not have a
found correction. The nature of the artefact is complex enough that it depends on
the sample under examination, and since we were the first ones to describe it, more
research is necessary to fully comprehend the limitations and possible approaches
depending on the application. For such a purpose, we performed preliminary exper-
iments on other types of samples that should be expanded upon. The sample used
in chapter 5| is a flat specular mirror, which reflects the light in an easy to predict
fashion, so we could evaluate the deviation of the obtained signal from the expected

one. More complex surfaces that are scattering rather than specular, having a closer
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resemblance to biological tissue, need to be examined. Therefore, I prepared a sam-
ple made by folding paper and adding a layer of tape on top, having a combination
of scattering and specular sections. The experiment couldn’t be fully finished, so the
initial results were scrapped for this thesis, but the initial results seemed to indicate
that the scattering layers not only displayed similar distortions, but also seemed to
grow in thickness with a larger ADE. In the future, I’d like to be able to expand
on this topic, evaluating properly the thickness and material used for the scattering
layers so that the thickness variation can be measured correctly. Another interesting
follow-up experiment would be the proper evaluation of irregularities in biological
surfaces, since the sudden jumps on the surface would be magnified due to ADE;,
being able to measure the small initial variations accurately could help with early
detection of different conditions, such as macular degeneration, in which drusen are
formed in the inner layers of the retina that create bumps over the surface. This
surface irregularities are also heavily present in angiography, in which the different
veins and arteries produce mountains and valleys. It could be of interest to confirm
if ADE alters any results predicted, such as blood flow or ischemic regions, as these
two events would cause a sudden increase or reduction of the diameter of the blood
vessels.

Other experiment which the preliminary results were omitted here consisted on
corroborating the existence of ADE in SD-OCT devices. The preliminary results
seemed to indicate that the SD-OCT devices do not experience the same ADE we
perceive in SS-OCT. If this is to be confirmed, the ADE observed would be confirmed
to be dependant on the sequential nature of a swept source, as the photodetector
would detect the spectral signal one wavelength at a time. It would also present
a strong benefit of SD-OCT over SS-OCT in some applications in which determin-
ing accurately the changes in the surface or the shape of the sample is crucial. In

elastography, for example, could present different results for the same material in
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SS-OCT than SD-OCT depending on the speed of the imaging, as the ripples expe-
rienced by the sample could have different thickness and heights in each setup. And
current lines of research are employing Al to develop quick and precise diagnosis, if
different techniques or optical designs experiment different ADE, the training data
for these Al models could incur in over or underestimations of the severity of the
disease. If ADE varies too much between systems, a method to control and minimise
it would be necessary for these applications to reach a proper gold standard.

There is still much that we don’t understand for the ADE presented in chapter 3]
but while I could not come up with a solution when doing the research corresponding
to these chapters, I do not discard the idea of a way to correct these artefacts. A
possible approach could be first to obtain a calibration of the imaging system with
a flat mirror, understanding the intrinsic ADE of the optical system. Secondly, we
could stop the scanning at randomised points of the volume, obtaining consecutive
A-scans with no motion at a particular point. This would give us a discrete shape of
the surface, that combined with the calibration measurements, could compensate for
follow-ups on that sample. Studying different interpolation options of the discrete
shape of the surface could also be of interest, as it may render a realistic surface
without any distortion at faster rates. Overall, the research on ADE has just started
and I hope that the results presented on the paper that got published will impact
the OCT community enough that other groups will not overlook these distortions,

ensuing the correct development of further OCT technologies.
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Top lett: 'T'D en-face fringe pattern from a mirror behind a 1 mm slit

with CSU-SS non sweeping; Right: frequency spectrum at the top

and temporal evolution at the bottom of the photodetected signal in

TD en-face OCT with non sweeping CSU-SS (the spectrum analyser

display corresponds to both cases of either 0.5V at 80 Hz or 0.25V

at 160 Hz); Bottom left: cross section (B-scan) image obtained by

sweeping the CSU-SS.| . . . . . ... .. ... ... ... ...
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B-scans from a mirror obtained using SS-OCT employing the RSB-

SS: (a) The image contains 4 full periods of the GS driven at 666.67 Hz

and 1V amplitude, creating a total of 8 B-scans per image of 4 mm

lateral size of the mirror (extending for 6 ms). Vertical axis represents

960kHz (~ 1mm). (b): a zoomed section of the third period is

presented. The A-scans corresponding to Sweep 1 are shown in red,

while the A-scans from Sweep 2 are shown in blue. The positive

slope of the GS is marked as GS™, its negative slope as G.S~, and the

transition between both slopes is marked as G\S*. In the mid of the

transition, the speed ot the G5 approaches 0 and the ADE disappears.

As the GS accelerates, the ADE increases again.| . . . . . .. ... ..
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Comparison of B-scans obtained using 55-OC'T" employing the RSB-

5SS, for two values of voltage and frequency of the signal applied to

the GS. The vertical size in all B-scans is 630 pm along the axial

coordinate Z, corresponding in frequency to 608kHz.| . . . . . . . ..

XII



LIST OF FIGURES

5.9

Three procedures to evaluate the ADE in configuration (e) using the

CSU-SS. (a): 2D and 1D TD en-face fringe pattern from a mirror

behind a 1 mm slit with CSU-S5 non sweeping, top with both gal-

vanometer scanners driven, bottom using the line galvanometer scan-

ner only, acting as GS from Fig. |5.1; (b): frequency spectrum at the

top and temporal evolution at the bottom ot the photodetected sig-

nal in TD en-face OCT with CSU-SS non sweeping; (c): cross section

(B-scan) images using SS-OCT. First row corresponds to driving the

GS at 80 Hz with 0.5V amplitude, while in the second row the GS

was driven at 80 Hz with 1V amplitude.| . . . . . ... ... ... ..

[5.10

Comparison of B-scans of a flat mirror covered with a slit using the

CSU-SS in configuration (e). The frequency of the signal used for

lateral scanning was kept constant at 80 Hz, while the amplitude of

scanning was increased in double steps.| . . . . . . . ... L.
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Comparison of B-scans obtained with the RSB-55 in the configura-

tion (e), only the B-scans from the blue to red (forward) sweep are

being presented for different settings of the signal driving the line

galvanometer scanner only, considered as GS in Fig. [5.1f By dou-

bling the trequency of the signal applied to the GS but halving the

amplitude, the speed of the galvanometer scanner remains the same,

which in theory should lead to the same ADE value. In (a) and (b),

the full period of the driving signal is shown, while in (c) and (d),

twice that period.| . . . . . . ... ...
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| signal applied to the GS with the CSU-SS (a) and RSB-SS (b) against
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| tation of time associated to a lateral portion of the T-scan in the

[ B-scan. Tqg: trajectory of laterally scanned beam by GGS in time; An

| opaque screen (OS) blocks partially the scanned area; BA: black area

| in the image due to the OS; VT: visible transition. (b) Aerial view of
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| frame scanner axis horizontal and fixed and the line scanner vertical,
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| the visible transition, VT, in the B-scan image between the deflection
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