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Abstract
Skin cancer is usually detected at a late stage, when the treatment can
become painful and not convenient for the patients.
Line-Field Confocal Coherence Tomography is an non-invasive
and in vivo imaging technique that can alleviate the problem by allowing detection of skin tumours at an early stage, thus accelerating the process and reducing costs and patients’ stress. This imaging
technique is based on low-coherence interferometry for cross-sectional
high-resolution imaging of semi-transparent samples, applied in this
case to dermatology.
During the degree project, I have built a new setup of Line-Field
Confocal Optical Coherence Tomography, the role of which is to be an
open and flexible setup to lead the research on the improvement of this
technique. The setup is based on a Michelson interferometer combined
with microscope objectives to increase the resolution. The sample is
illuminated with line-shaped light and probed thanks to a piezoelectric linear stage. Meanwhile, a high-speed CCD linear camera collects
the light reflected by the sample to build the en-coupe image. The
functioning and the performances of the setup are investigated in this
report.
A quasi-isotropic resolution of 1 µm ∗ 1 µm has been reached while
imaging in vivo and in real time at 7 frames per seconds to a depth
of at least 350 µm. Some images of the skin taken by this setup are
presented.
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Sammanfattning
Hudcancer upptäcks vanligtvis på ett sent stadium, då behandlingen
kan bli smärtsam och inte lämplig för patienterna.
Line-Field Confocal Coherence Tomography är en icke-invasiv och
in vivo bildteknik som kan lindra problemet genom att möjliggöra detektion av hudtumörer i ett tidigt skede, vilket på så sätt accelererar
processen och minskar kostnaderna och patientens stress. Denna bildteknik bygger på interferometri med låg koherens för högupplösande
avbildning av halvtransparenta prover i genomskärning, applicerade
i detta fall till dermatologi.
Under examensprojektet har jag byggt upp en ny uppsättning
av Line-Field Confocal Optical Coherence Tomography, vars roll ska
vara en öppen och flexibel inställning för att leda forskningen om
förbättring av denna teknik. Inställningen baseras på en Michelsoninterferometer i kombination med mikroskopens linser för att öka
upplösningen. Provet är upplyst med linjärt ljus och sonderade tack
vare en piezoelektrisk linjär plattform. Under tiden samlar en höghastighets CCD linjär kamera det ljus som återspeglas av provet för att
bygga en-coupe-bilden. Funktionen och tekniska prestanda för installationen undersöks i denna rapport.
En kvasiisotropisk upplösning på 1 µm ∗ 1 µm har uppnåtts medan
görande bilder in vivo och i realtid vid 7 bilder per sekund till ett djup
av minst 350 µm. Några bilder av huden som tas av denna inställning
presenteras.
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Chapter 1
Introduction
1.1

Health issues

Nowadays, among all human cancers, skin cancer is the most common
in white populations, and its incidence rate is expected to increase [2].
It represents an economic burden, which could be reduced with early
detection at the same time as morbidity and mortality.
However, dermatologists diagnose skin cancer by examining superficially the patient’s skin with a dermatoscope. The usual way to
confirm that a lesion is malignant is to remove a sample, slice it, dye it,
and finally analyze it thanks to a histopathologic analysis. This procedure is expensive, time-consuming and painful for the patient. Moreover, as more than half of the diagnoses turn out to be benign and
approximately 20% of skin cancers are missed [7], an optimization is
needed.
Thus, a non-invasive and efficient imaging technique needs to be
developed in order to detect skin cancers at an early stage.

1.2

Existing imaging techniques

For dermoscopic applications, the most important characteristics of
the imaging systems are listed below:
• the resolution, which should ideally be as low as 1 µm in order
to have a cellular or subcellular resolution to detect melanomas
at early stage, for example;
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• the penetration depth, which must reach at least 200 µm in order
to image the junction epidermis-dermis, where the melanomas
begin to develop themselves;
• the acquisition rate, which should be as high as possible in order to be able to display in vivo imaging in real time and get an
instantaneous diagnosis.
There are already a lot of medical imaging modalities that can acquire images non-invasively: Magnetic Resonance Imaging (MRI), Xray Computed Tomography (CT), ultrasound imaging and confocal
microscopy, for example.

1.2.1

Comparison of MRI, CT, ultrasound imaging and
confocal microscopy

A 10 µm resolution is reachable with MRI using intense magnetic fields,
but it is expensive and not practical. CT can also reach a resolution as
low as 10 µm but needs very complex algorithms and complex optics
to focus the beam.
The standard resolution of ultrasound imaging in a clinical use lies
between 0.1 − 1 mm in both axial and transverse directions, at frequencies between 3 − 40 MHz. At such frequencies, the ultrasound waves
are not absorbed too much by the tissues and it is possible to image
deep structures in the body. The resolution can be as low as 20 µm at
100 MHz but with a penetration depth of a few millimeters [6]. It is
nonetheless possible to perform in vivo imaging in real time at several
dozens frames per second.
One can reach a transverse resolution down to 1 µm or finer with
confocal microscopy, due to the optical diffraction, which depends
on the wavelength and the numerical aperture. However, the light is
heavily scattered when going through a biological tissue, limiting the
penetration depth to a few hundreds microns [6]. Moreover, the long
acquisition time can prevent from doing real time imaging.

1.2.2

Comparison with OCT

Optical Coherence Tomography (OCT) is between ultrasound imaging and confocal microscopy in terms of performances (Figure 1.1). Its
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axial resolution, which depends on the width of the spectrum of the
source, can reach 1 − 10 µm, while the penetration depth can reach a
few millimeters in biological tissues, at most. This imaging technique
was, and is still applied to scan the retina thanks to the transparency
of the aqueous humor and the good resolution it can provide. It has
began to be used in dermatology because the resolution could be better than ultrasound imaging and the penetration depth reasonable for
skin diagnoses.

Figure 1.1: Comparison of the performances of confocal microscopy,
OCT and ultrasound in terms of resolution and depth penetration.
Confocal microscopy has a very good resolution but a low penetration
depth, whereas the resolution in ultrasound imaging is worse, but the
depth penetration very good. OCT fills the gap between these two
modalities, making the dermatoscopic diagnosis efficient. Taken from
[1].
We have seen that OCT is a good imaging modality that partly fulfills the requirements for dermatoscopic diagnosis in terms of resolution and depth penetration.
However, the acquisition rate is not sufficient yet, since the tissue is
only scanned point by point. The trick is thus to introduce a cylindrical
lens in the OCT in order to scan a line and, therefore, accelerate the
acquisition rate: this is the basic idea of Line-field Confocal Optical
Coherence Tomography (LC-OCT).
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Objective

The main objective during my degree project at Charles Fabry Laboratory, in collaboration with the start-up company DAMAE Medical,
is to build a new experimental setup of a Line-field Confocal Optical Coherence Tomography (LC-OCT) and manage to capture a crosssectional image of a sample, in vivo and in real time. It should be an
open setup in order to be able to easily add components and degrees
of liberty to capture images of the skin with the best resolution as possible.
A LC-OCT is based on a Michelson interferometer and is usually
built following a Linnik setup, that is to say with similar microscope
objectives at both arms of the interferometer. The interferometer and
the Linnik configuration will be described in greater details in the next
chapter.

1.4

Outline

In a first time, the principle of LC-OCT will be described, based on
the principle of the classical OCT, in both qualitative and quantitative
ways. Then, the setup that I have built and its performances will be
presented, along with potential outlooks. Finally, there will be a summary of what has been done during this degree project.

Chapter 2
Line-field Confocal Optical Coherence Tomography
This chapter is dedicated to the functioning of LC-OCT. In a first time,
the basics about OCT will be described, and from that point, every
new element will be introduced step by step in order to get a proper
LC-OCT, all of this in a qualitative way. Then, some more complex
matters about the system will be explained, quantitatively.

2.1

Principle of LC-OCT in a qualitative way

LC-OCT is logically based on OCT, with some interesting improvements. OCT stands for Optical Coherence Tomography:
• Optical:
the near infrared electromagnetic frequencies/wavelengths are used to avoid too much absorption in the
tissues. In our case, the system works within 600 − 1100 nm;
• Coherence: this technique relies on low-coherence interferometry to collect information from the sample. OCT needs a source
with a large spectrum to be only slightly coherent in time and
therefore have a good axial resolution;
• Tomography: it means that this technique allows to reconstruct
3D models of the sample by stacking several en-coupe or crosssectional (2D) images.

5
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OCT is often compared to ultrasound imaging. Indeed, the employed method to scan a tissue along one line (A-scan) with ultrasound imaging is to send an ultrasonic wave through the tissue, and
then record the echoes that come back to the detector. For one wave
sent, several echoes can be recorded because the initial one can be reflected by the different layers of the tissue, at different depths. The
time needed for the echoes to come back (time-of-flight) determines
the depth of the reflective layer while the intensity determines the reflective coefficient of the layer, correlated to the properties of the tissue. It is then possible to perform an A-scan (along the axis of propagation of the wave).
It would be interesting to do the same thing with an optical wave,
but the main problem is that no electronic system whatsoever is fast
enough to record the time-of-flight of light travelling in 1 mm of biological tissue.
In order to know from which depth the sample is reflecting and
with which intensity, low-coherence interferometry will be needed.
Let us apprehend its role in Time-Domain OCT.

2.1.1

Classical Time-Domain OCT (TD-OCT)

An OCT is based on a Michelson interferometer, which is basically
composed of a source, a beamsplitter, two mirrors (reference mirror
and sample mirror) and a detector. The source is collimated, then is
separated at the beamsplitter in the two "arms" (reference arm and
sample arm) of the interferometer, the waves propagate and are reflected on the mirrors, they recombine at the beamsplitter and the resulting wave is detected by the detector. The interferometer is surrounded by air (optical index ~1).
Some terms need to be defined (Figure 2.1):
• the path length difference δ is the difference of optical path travelled between the sample arm and the reference arm;
• the coherence plane is the plane in the sample arm for which the
path length difference with the reference mirror is equal to 0. It
means that translating the reference mirror along its own axis is
equivalent to translating the coherence plane along the sample
arm;
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• the coherence length lc is the maximum length ensuring that if
|δ| ≤ lc , interferences can occur. It means that there is a detection window around the coherence plane: when the sample mirror is inside, and only at that moment, the wave reflected on it
can interfere with the wave from the reference arm. The coherence length is determined by the characteristics of the source:
λ2
lc ≈ ∆λ0 with λ0 and ∆λ respectively the central wavelength and
the bandwidth of the source. It would be possible to distinguish
two layers only if they were separated of at least lc . Therefore,
a shorter lc leads to a better axial resolution. That is why it is
important in OCT to have a broadband source. There will be a
more thorough explanation in the subsection 2.2.2.

Detector

Detector
Reference mirror
(moving)

Broadband
source

Sample mirror

Sample arm

Coherence plane
(moving with ref)

Reference arm

Reference mirror
Broadband
source
Detection
window
Coherence plane
Sample mirror

𝑙𝑐 /2

𝛿/2

Figure 2.1: On the left, illustration of a moving coherence plane; on the
right, illustration of the difference path length δ, the coherence plane,
the coherence length lc and the detection window in the case of TDOCT. Translating the reference mirror is equivalent to translating the
coherence plane. If |δ| ≤ lc , i.e. if the sample mirror is within the
detection window, then interferences will be observable.
So, if |δ| is smaller than lc , the sample mirror is in the detection
window and interferences can be seen by the detector in the form of
dark and bright fringes.
The obtained fringes maximum intensity is linked to the reflective
coefficient of the sample mirror. Moreover, provided that the coherence length is very short, while translating the reference mirror along
the optical axis, interferences will be detected only when the coherence
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plane "coincides" with the sample mirror. In other words, the position
of the sample mirror is known via the position of the reference mirror.
Let us assume that the sample mirror is replaced by a real sample,
e.g. a biological tissue. It can be simply considered as a stack of reflective layers with different reflective coefficients. So, by translating
the reference mirror, i.e. the coherence plane, the detector will record
fringes each time the coherence plane encounters a reflective layer. The
sample is scanned in depth and the interferogram is obtained.
The last step is to extract the envelop of the interferogram to get the
reflectivity of the sample as a function of the depth z, i.e. the desired
A-scan. The whole process is summarized in Figure 2.2:
Detector
Reference mirror
(moving)

Broadband
source

Interferogram

Reference arm
Sample arm

Demodulation
« Optical » echoes
(A-scan)

Sample
z

z

Figure 2.2: Illustration of the TD-OCT in practice. While translating
the reference mirror, one gets fringes each time the coherence plane
coincides with a reflective layer of the sample, provided that the coherence length is very short. The interferogram is then processed in
order to have the envelop of the interferences, that is to say the A-scan.
This type of OCT is called Time-Domain OCT because the sample
is scanned and the fringes are recorded over time by translating the
reference mirror, contrary to the Fourier-Domain OCT where the reference mirror does not move.
We now know how to have A-scans with an axial resolution determined by the spectrum of the source. But there is no control over
the lateral resolution yet, which is determined by the size of the spot
illuminating the sample. In order to improve it, the beam of the source
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needs to be focused thanks to microscope objectives, which switches
the original TD-OCT into a Linnik configuration.

2.1.2

Linnik configuration: improvement of the lateral
resolution

Different versions of TD-OCT exist: there is the version using the
Michelson configuration, as in the subsection 2.1.1, but also the ones
using the Linnik configuration. It incorporates microscope objectives
to improve the lateral resolution and is described in this subsection.
The difference with the Michelson configuration is that the same
microscope objectives are put in each arm of the interferometer, at the
right distance from the mirrors to focus the beam on them. This is
basically the Linnik configuration: an interferometer that makes two
focused points interfere. The size of the point inside the sample determines the lateral resolution of this system, given by the Full Width
Half Maximum (FWHM) of the transverse point spread function:
∆r =

1.22λ0
2NA

(2.1)

With λ0 the central wavelength of the source and NA the numerical
aperture of the objectives.
The fact that the information underneath the skin is wanted must
be kept in mind: the reflective layers in it do not reflect so much light
(less than 1%), and in order to optimize the contrast of the fringes, the
reflective coefficients in both arms should be approximately equal. The
reference mirror is thus replaced by a glass plate (Rref = 4%), the furthest side of which the light beam is focused on (reflection always on
an interface glass-air). Moreover, there can potentially be an immersion medium between the objectives and the reference/sample, like
air, water, or oil, that can be used as a degree of liberty of the system.
The sample objective illuminates and collects the light from the
same spot. More generally, it illuminates and collects the light from its
focal plane, provided that a confocal gate blocks the out-of-focus photons (Subsection 2.1.3). Therefore, in order to scan the sample in depth,
the sample objective and its focal plane have to be translated along the
z-axis. However, the interesting information to collect is from the coherence plane, and nothing assures that focal and coherence planes
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coincide. Indeed, the position of the coherence plane depends on δ but
not the focal plane. It is, nonetheless, possible to rectify the position of
the coherence plane by translating the set {reference objective + reference glass plate} or the beamsplitter in real time (Figure 2.3). Another
degree of liberty is the immersion medium index.
Detector

Tube Lens
Immersion

Broadband
source
Collimator

Reference
Equivalent to the
reference mirror

Focal plane
Coherence plane

Sample

z

Figure 2.3: Illustration of TD-OCT in a Linnik configuration without
lateral scan. The collimator and the tube lens have been represented to
show the focusing effect of the objectives on the light beam. The reference mirror is replaced by a glass plate. The sample objective can be
translated along the z-axis to illuminate and collect information from
its focal plane, provided that the out-of-focus photons are blocked by
a confocal gate (Subsection 2.1.3). However, the relevant information
comes from the coherence plane, and they do not necessarily coincide.
The position of the coherence plane can nevertheless be adjusted by
translating {reference objective + reference glass plate}, the beamsplitter, or by modifying the immersion medium index. It is possible to
add a galvomirror, i.e. a rotating mirror, between the beamsplitter and
the sample objective to perform a lateral scan and therefore reconstruct
point by point a 2D or 3D image.
By translating the sample objective and making sure that the coherence plane coincide with the focal plane at the same time, it is possible
to make A-scans, but also B-scans (cross-sectional images) if adding a
rotating galvomirror between the beamsplitter and the sample objec-
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tive. However, constructing an image from a point by point acquisition is not efficient. One way to increase the acquisition rate is to use a
cylindrical lens and a linear camera.

2.1.3

Cylindrical lens and linear camera: introduction
of the line-field and the confocal gate

Adding a cylindrical lens between the collimator and the beamsplitter
leads to defocusing the beam in one direction, so that the illuminated
area of the sample is line-shaped instead of a spot. The image of the
line is then refocused thanks to the tube lens on a linear camera (Figure
2.4). This allows to collect the interferogram from several points of the
sample at the same time and accelerate the acquisition rate by a factor
of a few thousands.
In addition, this technique creates a linear confocal gate. The principle of confocal microscopy also rests on the use of a confocal gate,
but shaped like a pinhole, in order to block any out-of-focus photons,
and so to increase the signal-to-noise ratio (SNR) and the contrast of
the image. Unlike the Full-Field OCT, which uses a classical lens to illuminate the sample with a disk-shaped field and has no confocal gate
[4], the exposure time of the camera can be very short and still produce
an exploitable image in real time.
Figure 2.4 illustrates the setup of LC-OCT. The movement of the
different components will be clarified in the next section.

2.2

Subtleties of LC-OCT

This section is dedicated to the matters that need more accuracy and a
mathematical model, such as the position of the different planes while
the sample objective gets closer to the sample, the axial resolution, the
shape of the interferogram, and the effect of dispersion.

2.2.1

Superimposition of the coherence and focal planes

It is essential, when using a LC-OCT, to make sure that coherence and
focal plane coincide. That is why the different components must be
translated very accurately.
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Linear camera

Tube Lens
Collimator

Broadband
source
Cylindrical
lens

Reference

Sample

z

Figure 2.4: Addition of a cylindrical lens and a linear camera into the
system. The dashed red lines represent the light beam in the plane the
cylindrical lens has an effect on. The camera can collect a lot more information than before, improving the acquisition rate. The created linear confocal gate helps collecting only the relevant and coherent photons, increasing the SNR and the contrast of the image.
After much pondering, it has been decided to adopt a configuration
equivalent to translating both the beamsplitter and the sample objective with the same piezoelectric linear stage (PZT). In this way, from
an initial position, once the beamsplitter and the sample objective are
translated, the optical path length in the beamsplitter evolves in the
same manner in both arms and cancels itself in the calculation of δ.
This subject has been investigated in the article [3].
Initially, let us assume that the sample objective focuses the light on
the surface of the sample, and that the "reference" (reference objective
and glass plate) has been translated to superimpose the planes, at z =
bs
x
0. We thus have dbs
ref = dsam with dy the length of the y (reference or
sample) arm in the medium x (bs for beamsplitter).
Position of the coherence plane
Let us calculate the position zcoh of the coherence plane when the sample objective is translated of d towards the sample (Figure 2.5).

CHAPTER 2. LINE-FIELD CONFOCAL OPTICAL COHERENCE
TOMOGRAPHY
13

𝑖𝑚
𝑛𝑖𝑚 𝑑𝑠𝑎𝑚
+ 𝑛𝑔𝑝 𝑑 𝑔𝑝

𝑎𝑖𝑟
𝑑𝑠𝑎𝑚

𝑏𝑚
𝑑𝑠𝑎𝑚

PZT

Sample z

𝑧=0

𝑏𝑚
𝑑𝑠𝑎𝑚
′

𝑏𝑚
𝑑𝑟𝑒𝑓
′

𝑖𝑚
𝑛𝑖𝑚 (𝑑𝑠𝑎𝑚
−𝑑)
𝑔𝑝
+𝑛𝑔𝑝 𝑑 + 𝑛𝑧𝑐𝑜ℎ

𝑏𝑚
𝑎𝑖𝑟
𝑑𝑟𝑒𝑓
𝑑𝑟𝑒𝑓

𝑖𝑚
𝑛𝑖𝑚 𝑑𝑟𝑒𝑓
+ 𝑛𝑔𝑝 𝑑 𝑔𝑝

PZT
𝑑

Sample z

𝑧=0

Figure 2.5: Illustration of the parameters for the calculation of the position of the coherence plane. Left: initial situation; right: the interferometer after translation. The PZT carries both the beamsplitter and
the objective, so that when translated, the optical length of both arms
before the objectives stay equal. Thus, only the optical length in the
immersion and the sample matters.
The value of zcoh is linked to the equality δ = 0 which initially
yields:
gp
bs
air
air
im
im
gp
nbs dbs
ref + dref + nim dref + ngp dref = nbs dsam + dsam + nim dsam + ngp dsam

With nx the optical index in the medium x (bs for beamsplitter, im
for immersion and gp for glass plate). The arms are symmetrical, so
nx dxref = nx dxsam for each x in this situation. It is the variation of optical
length in the immersion and sample that matters. Moreover, since the
objectives that are used have a low NA, the optical length travelled
by all the light beams that come out of the objectives (even slightly
inclined) is considered equal to that of the light beam on the optical
axis. Therefore, when the objective is translated:
im
nim dim
ref = nim (dsam − d) + nzcoh
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With n the optical index of the sample. Thus the former equation
yields:
nim
d
(2.2)
zcoh =
n
The translation of the coherence plane is proportional to that of the
objective with a proportionality coefficient nnim .
Position of the focal plane
Let us now calculate the position zf oc of the focal plane when the objective is translated of d. We will ignore the presence of the glass plate in
the sample arm since it only introduces an offset of the initial position
(Figure 2.6).

𝑛𝑖𝑚

𝑛

𝑑0

𝑧=0

z

𝑧𝑓𝑜𝑐

𝑑

𝑎0

𝑎2 𝑎1
𝑖1

𝑖2

Figure 2.6: Illustration of the parameters to calculate the position zf oc
of the focal plane when the objective is translated of d towards the sample. Left: initial situation; right: after translation. The glass plate has
been omitted to simplify the calculations, but the result is not changed.

The angles will be assumed small enough to do the approximation
sin(i) ≈ tan(i) ≈ i. The Snell-Descartes law and the geometry of the
system yield the conditions:
(
nim i1 = ni2
a1 + a2 = a0

With a0 , a1 , a2 the distances and i1 , i2 the angles as defined in Figure
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2.6. This yields:



i1 =

i (d − d) + i z
1 0
2 f oc

n
i2
nim
= i1 d 0

With d0 the initial distance between the objective and the sample and
d the translation of the objective towards the sample. Hence:
zf oc =

n
d
nim

(2.3)

Finally, the position of the focal plane is translated proportionally
to d with the proportionality coefficient nnim . Repositioning the glass
plate on the sample does not affect this result, provided that initially,
the focal plane is still on the top of the sample.
Results and solution
When the sample objective is translated, so are the coherence and focal planes depending on the optical indexes of the immersion and the
sample.When scanning, the separation of the planes is given by:
|zcoh − zf oc | = d

n
nim
−
n
nim

(2.4)

A solution to avoid this effect is to choose a suitable immersion
medium so that nim ≈ n. For the skin, n ≈ 1.4.

2.2.2

Shape of the interferogram and axial resolution

The shape of the fringes must be known accurately in order to demodulate the signal properly. Moreover, the formal calculations give access
to the value of the axial resolution. This subject has been investigated
in [5].
Interferometry calculations for a gaussian-shaped broadband source
Let us assume that nim = n and calculate the raw signal recovered
by the camera for a single wavelength (or wave vector k in vacuum)
when reflecting on a single reflective layer of a sample (Figure 2.1).
The depth of targeted layer is noted z0 and the position of the coherence plane is the variable z (scan). The light beams coming out of the
objectives are considered parallel to the optical axis (low NA).

16
CHAPTER 2. LINE-FIELD CONFOCAL OPTICAL COHERENCE
TOMOGRAPHY

To do the calculations, the waves propagating in each arm can be
described with complex numbers:
1
E1 (ω, k) = E0 S(k)r1 e−jωt+jkl1
2
1
E2 (ω, k) = E0 S(k)r2 e−jωt+jkl2
2

in the sample arm
in the reference arm

With ω the angular frequency, k the wave vector in vacuum, E0 the
amplitude of the source, l1 and l2 the optical path lengths of each arm
(when the wave hasRdone a round trip in the arm), S(k) the spectrum
+∞
of the source so that 0 S(k) dk = 1, r1 and r2 the reflective coefficient
in amplitude of respectively the targeted layer of the sample and the
glass plate of the reference arm.
The intensity detected by the camera is:
Ik (z) = |E1 + E2 |2

= (E1 + E2 )(E1∗ + E2∗ )

= kE1 k2 + kE2 k2 + E1 E2∗ + E1∗ E2

= kE1 k2 + kE2 k2 + 2Re(E1 E2∗ )
=
So:


E02
S(k) r12 + r22 + 2r1 r2 Re ej(ω−ω)t+jk(l1 −l2 )
4


I0
S(k) r12 + r22 + 2r1 r2 cos(kδ)
(2.5)
4
With I0 the intensity of the source and δ the path length difference.
Ik (δ) =

One has to sum the effect of all the wave vectors to understand
the polychromatic nature of the source. Let I(δ) be the shape of the
interferogram after summing the effect of all the wave vectors:
I(δ) =

Z

+∞

Ik (δ) dk
0

Z +∞
I0
I0 2
2
(r1 + r2 )S(k) dk +
r1 r2 S(k)cos(kδ) dk
=
4
2
0
0
Z +∞
I0 2
I0
2
= (r1 + r2 ) + r1 r2
S(k)cos(kδ) dk
4
2
0
Z

+∞

(2.6)

The objective is now to calculate
R +∞the integral term, or interferometric
term of I(δ), noted Iinterf = 0 S(k)cos(kδ) dk. To do that, let us
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assume that S(k) is a normalized gaussian curve centered at k0 and
with a FWHM equal to ∆k. Then, S(k) can be written:
√
2π − (k−k20 )2
e 2σ
S(k) =
σ
The condition on the FWHM yields (property of a gaussian-shaped
curve):
√
∆k = 2 2 ln2 σ
∆k
⇐⇒ σ = √
2 2 ln 2
One can rewrite:
Z +∞
S(k)cos(kδ) dk
Iinterf (δ) =
0
Z +∞
S(k)cos(kδ) dk
=
−∞

Because the decreasing exponential makes the integral converge. Therefore, Iinterf can be seen as the real part of the Fourier Transform (FT) of
−jk0 δ
a translated
 It is well-known that F T (f (k − k0 ))(δ) = e
 gaussian.
and F T

√

2π
σ

k2

e− 2σ2

(δ) = e−

Iinterf (δ) = Re

σ2 2
δ
2

Z

. So:

+∞

S(k)e

−jkδ

−∞

= Re(T F (S(k)))
= Re e−jk0 δ F T

√

dk



2π − k22
e 2σ
σ

!!



σ2 2
= Re e−jk0 δ e− 2 δ
∆k2 δ 2

= cos(k0 δ) e− 16 ln(2)

The planes are constantly superimposed because nim = n and we will
assume that z = 0 at the top of the sample. Then the path length difference is two times the distance between the scanned reflective layer
and the coherence plane (round trip) times the index of the sample:
δ = 2n(z − z0 )

(2.7)

18
CHAPTER 2. LINE-FIELD CONFOCAL OPTICAL COHERENCE
TOMOGRAPHY

Finally, if Equation 2.6 is developed:
(n∆k)2 (z−z0 )2
I0 2
I0
−
2
4 ln(2)
I(z) = (r1 + r2 ) + r1 r2 e
cos(2k0 n(z − z0 ))
4
2
That one can rewrite:

I(z) = Ib + A Vs (z) cos(2k0 n(z − z0 ))

(2.8)

With the intensity background Ib = I40 (r12 + r22 ), the amplitude of the
interferometric term A = I20 r1 r2 and the envelope of the interferometric
signal of the targeted layer Vs (z) = e−

(n∆k)2 (z−z0 )2
4 ln(2)

.

Demodulation
The objective of the demodulation is to extract A, which is proportional to the reflective coefficient of the layer, and Vs , which gives the
position in depth of the layer. Some algorithms allow to do that more
or less efficiently. An algorithm using four images (four lines) is presented here.
To simplify the calculations, let us approximate Vs as a gate function centered around z0 with a width ∆z (FWHM of Vs ), equal to 1 if
; z0 + ∆z
] and to 0 otherwise.
z ∈ [z0 − ∆z
2
2
Then, when the coherence plane is within this gate and is scanning
along z, four images with a phase shift of π2 between each other can be
taken:
I1 = Ib + A cos (Φ)

π
= Ib − A sin (Φ)
I2 = Ib + A cos Φ +
2
I3 = Ib + A cos (Φ + π) = Ib − A cos (Φ)


3π
I4 = Ib + A cos Φ +
= Ib + A sin (Φ)
2
Then, one can calculate:
(I1 − I3 )2 + (I2 − I4 )2 = A2 (cos2 (Φ) + sin2 (Φ)) = A2

(2.9)

The reflective coefficient in intensity is thus obtained within the gate
function.
This algorithm was only an example to demodulate a signal. Other
algorithms can be used, because they are more accurate or more tolerant to the noise, like the Larkin’s algorithm that is used in practice in
our case.
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Interpretation: contrast and axial resolution
According to Equation 2.8, there is a constant background signal which
is not a useful signal and can reduce the SNR. This effect is however
limited by the confocal gate of the system.
The contrast can be defined in the following way:
Imax − Imin
Imax + Imin
2r1 r2
= 2
r1 + r22

C=

(2.10)

With Imax and Imin respectively the maximum and minimum values of
the intensity I(z).
The contrast is maximum when r1 = r2 . This is why the reflective
coefficient of the reference arm must be as close as possible to that of
the reflective layers inside the skin, but not too low, to be still able to
collect enough light.
It is worth noticing that the cosine term is only due to the shift of
the spectrum, and that Vs , which comes from the Fourier transform of
the spectrum, determines the resolution of the system to detect a single
layer. Indeed, the axial resolution can be defined as the FWHM of Vs
and be linked to the coherence length:
∆z =

2 ln(2) λ20
lc
4 ln(2)
≈
=
n∆k
πn ∆λ
2n

(2.11)

In these calculations, the effect of the numerical aperture of the objectives has been neglected because it is rather low and the light beams
are not inclined a lot. Otherwise there would have been another sinc
factor centered around the focal plane in the interferometric term of
Equation 2.8, which would have led to the approximated depth of field
nλ0
∆zNA ≈ NA
2 [3].
Finally, when looking at Equation 2.8, one could think that a very
large spectrum is all what is needed to get the best axial resolution.
This is true until a certain limit, determined by the effect of dispersion.

2.2.3

Dispersion effect

The effect of dispersion comes from an asymmetry of the interferometer. Indeed, although the arms are completely symmetric when the

20
CHAPTER 2. LINE-FIELD CONFOCAL OPTICAL COHERENCE
TOMOGRAPHY

surface of the sample is imaged, the path length in the immersion
medium is replaced by a path length in the sample as the sample is
scanned. According to [3], the effect on the axial resolution is:
s
4 

2
nim
c0
GVD −
GVDim z 2
(2.12)
∆z = ∆z0 1 + 4
n∆z0
n
With ∆z0 the resolution when the dispersion is neglected, c0 the speed
of light in vacuum and GVD the group velocity dispersions of the sample and the immersion medium.
As the system scans in depth, the resolution is degraded. It means
that Vs in Equation 2.8 is gradually broadened, and therefore, flattened
because of the conservation of energy: the amplitude of the useful signal is gradually lost.
One can also notice that if the resolution ∆z0 at z = 0 has a small
value, then the effect of dispersion will be accentuated. Moreover, using a larger spectrum increases the values of the GVDs because there
are more frequencies: there is a trade-off to make between the resolution gain and the dispersion effect. The last remark is that this effect
can be compensated if the right optical index for the immersion is chosen, so that nim = n, as well as to keep the planes superimposed. That
is why it is very interesting to use immersion microscope objectives
in that kind of imaging system.

Chapter 3
Experimental setup
The experimental setup that I have built from scratch will be described
in this chapter. The objective is to have an open setup flexible enough
to add components and degrees of liberty, in order to test different
configurations and get images with the best resolution as possible.
The main components of the setup will be listed, then a schematic
will show how everything is linked, especially with the software. Finally, some images and the performances of the setup will be presented.

3.1

Equipment

My setup uses the following components:
• source: a supercontinuum laser Leukos SMHP-80.2. It belongs
to the High Power Series with a repetition rate of 80 MHz and an
average total power of 2W . It is a powerful laser that allows collecting enough photons in a very short amount of time to avoid
averaging a translating/moving signal for in vivo imaging;
• cylindrical lens: a LJ1695RM-B from Thorlabs, the focal length
of which is equal to 50 mm;
• beamsplitter: a CCM1-BS014/M from Thorlabs, 50:50 working
in the bandwidth [700-1100 nm];
• objectives: two Olympus UMPLFLN10XW water-immersion
microscope objectives. It conjugates from the focal plane to the
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infinity and magnifies the image ten times if used with a 180 mm
focal tube lens. The numerical aperture NA is equal to 0.3.
• glass plates: plane glass plates made of fused silica with a 500 µm
thickness;
• tube lens: a TTL200-B from Thorlabs, the focal length of which
is 200 mm;
• linear camera: an e2v AViiVA EM4 CL Line Scan camera with a
sensor of 2048 pixels 14 µm ∗ 14 µm and a line rate up to 70 kHz.
It is the element limiting the speed of the setup;
• piezoelectric linear stage (PZT): P-628.1CD from Physik Instrumente and the controller E-753.1CD. The maximum amplitude of
oscillation is 800 µm with a 1 nm resolution or less;
• FPGA Base Board (FPGA): a microEnable 5 Marathon VCL from
SiliconSoftware to collect the images (lines), process them and
display the raw and demodulated images.
The detected central wavelength has been determined to be λ0 ≈ 800 nm
λ0
.
by directly measuring the value of the fringe spacing i = 2n
Let us see now how all these elements have been arranged to build
this LC-OCT.

3.2

Setup

From the top (Figure 3.1), my setup looks like the theoretical drawing of LC-OCT (Figure 2.4), but there are some differences: indeed, for
practical reasons, it has been decided to align the axis of the objectives
with the vertical direction, so that it becomes easier to handle the immersion: the liquids only need to be poured inside a vat. By the way,
the immersion medium is silicone oil, the optical index of which is
about 1.4, to keep the planes superimposed and reduce the dispersion
effect. In addition, it becomes interesting to include a galvomirror just
before the sample objective to perform a scan in the direction perpendicular to the line-field: in a later state, it will be possible to perform
3D imaging (Figure 3.2).
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Linear camera

Beamsplitter

Tube
lens

Reference
arm

Cylindrical
lens
Source arm

PZT
Sample arm

Figure 3.1: View of the setup from the top. The white dashed lines represented the trajectory of the laser beam. It can be easily compared to
the theoretical configuration of LC-OCT (Figure 2.4), but a difference
is that the reference and sample arms are folded thanks to a mirror and
a galvomirror respectively, to handle the immersion (silicone oil) more
easily and eventually perform a lateral scan of the sample for en-face
and 3D imaging.
Another main difference is that the PZT carries the sample objective and the galvomirror, instead of the sample objective and the beamsplitter. This brings several advantages: this is a configuration almost
equivalent to translating the cube, but the weight carried by the PZT
is lower, so it becomes easier for the PZT to follow the command from
the software and perform a linear translation at higher rates.
The collimated light beam comes out of a fiber, with a diameter
of 4 mm. It is then magnified four times thanks to a reflective optical
beam expander 4X BE04R/M from Thorlabs to get a beam with a diameter of 16 mm and to make sure that the cylindrical lens is covered
by the beam and so maximize the field of view of the system. How-
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PZT
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Tube lens
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Linear camera
Reference
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Figure 3.2: Side view of the setup, showing the folded reference and
sample arms. The white dashed lines represent the trajectory of the
light beam. Both objectives are in a vertical position, so that the immersion medium (silicone oil) can be easily poured into the vats. The
sample arm is folded thanks to a galvomirror which will help to perform lateral scanning. The PZT carries the galvomirror and the sample
objective to reduce the carried weight and thus improve its translation
speed. The sample to image has to be placed under the glass plate of
the sample arm.
ever, the beam does not come out from the center of the fiber, and its
trajectory had to be controlled with two mirrors, folding and extending the source arm of the interferometer, but also allowing a very fine
tuning of the trajectory of the beam. A dichroic beamsplitter could be
added in this arm to reflect the wavelengths longer than 1000 nm to
suppress the pump peak at 1064 nm, suspected to deteriorate the resolution (Figure 3.3). The spectrum of the source is only barely studied
for now, since the spectrometer at disposal is not calibrated yet.
Finally, the PZT is plugged to the computer and the camera to the
FPGA Base Board, so that PZT, FPGA and camera can communicate in
order to collect and process the lines collected by the camera.
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Linear camera
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Dichroic
beamsplitter

Exit of
the laser

Figure 3.3: Side view of the setup showing the source arm of the interferometer. The beam expander enlarges the diameter of the laser beam
from 4 mm to 16 mm in order to cover the cylindrical lens and maximize the field of view. The two mirrors help to finely tune the direction
of the beam to introduce it in the beam expander. The source arm is
long enough to incorporate some filters like the dichroic beamsplitter
which reflects the wavelengths higher than 1000 nm and transmit the
rest, to eliminate in particular the pump peak of the laser at 1064 nm.

3.3

Method to display an image

Let us assume that the laser is turned on and that a sample is under
the sample arm. The method to get an en-coupe image is described in
this section.
As a reminder, the focal and coherence planes have to scan the
sample along the z-axis to collect the light reflected on the layers of
the sample. The collected light has to be sampled, but we know that
the demodulation algorithms need a "snapshot" from the camera every time the phase of the interfering waves varies of π/2 (phase of the
cosine term in Equation 2.8), that is to say when the scanning depth z
λ0
varies of 8n
.
The PZT needs in a first time to be configured: the command sent
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by the software of the PZT will make it perform a triangle or a sawtooth-shaped translation. It means that the PZT will translate linearly
along the axis with a certain speed until the maximum depth zmax , and
come back to its initial position with another speed and still linearly:
let us call it a cycle. The interesting thing here is to take the snapshots
when the PZT performs a linear translation, when the PZT goes down,
for instance. At each cycle, when the translation begins, the PZT can
send a trigger to the FPGA, which will send several triggers to the
camera to collect the light and send the information to the FPGA each
λ0
(Figure 3.4).
time the PZT has travelled 8n
Trigger 𝑃𝑍𝑇 → 𝐹𝑃𝐺𝐴
𝑧
Triggers 𝐹𝑃𝐺𝐴 → Camera

𝑧𝑚𝑎𝑥

0

𝑇𝑃𝑍𝑇

𝑡

Figure 3.4: Distribution of the different triggers during the saw-toothshaped translation of the PZT. When the PZT goes down, i.e. when z
increases, a trigger is sent from the PZT to the FPGA, which in turn
will send several equally spaced triggers to the camera so that each
λ0
of them is dephased of π/2, i.e. the PZT has travelled the distance 8n
between each of them.
The lines collected during a cycle are then stacked together to build
a brute image. A demodulating algorithm is finally used on it, either
with Matlab or directly with the FPGA, to obtain the demodulated
image (Subsection 2.2.2).

3.4

Images

The method presented above was used to reconstruct the en-coupe images of this section. There is in a first time the example of the interface
glass-air of the sample arm, without any sample under it. It can be
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considered as the response of the system for a single reflective surface. Indeed, one may think that the two interfaces of the glass plate
would be seen, but the interface oil-glass reflects only a very low quantity of light. Knowing that at λ0 = 800 nm, ngp ≈ 1.45, nair ≈ 1.00 and
nim ≈ 1.40, the reflective coefficient in intensity R of the interfaces can
be calculated:
2

ngp − nair
= 3.34%
Rgp−air =
ngp + nair
(3.1)

2
nim − ngp
Rim−gp =
= 0.0308%
nim + ngp
Therefore, only the interface glass plate-air is visible. A part of the
raw image and the demodulated image of the interface are represented
respectively in Figures 3.5 and 3.6 after scanning from z = 0 to 350 µm.
The fringes can be seen in the raw image and give a white horizontal
line when demodulated. Unfortunately, these images show that there
is some vignetting in the optical system, which must be due to the
excessive length of the sample and reference arms.
𝑧

Figure 3.5: Zoom in the raw image of the interface. The vertical direction of the image is parallel to the z-axis. Each (horizontal) line is
dephased of π/2 with respect to the next one. Fringes can be seen: it
means that the coherence plane was coinciding with the interface at
the corresponding depth.
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Figure 3.6: Demodulated image of the interface (2600 µm ∗ 350 µm).
The bright line at the top corresponds to the interface, under which
the sample will appear. The grey areas on the sides are due to some
vignetting within the interferometer.
An example of skin image is shown in Figure 3.7, where the
epidermis-dermis junction is clearly visible. The result can be more
accurate when averaging several images, as in Figure 3.8.

Figure 3.7: En-coupe image of the skin of a finger. The vignetted areas
have been cropped for more visibility and the dimensions are now
2150 µm ∗ 350 µm. The black line at approximately 100 µm of depth
is the epidermis-dermis junction. This final image corresponds to the
demodulation of one raw image and is therefore easy to obtain in real
time.

Figure 3.8: Average of 30 skin images of the hand (2150 µm ∗ 350 µm).
The horizontal line in the middle of the image is the epidermis-dermis
junction. In the epidermis (top), the small black dots correspond to
the nucleus of the cells. The black forms in the dermis (bottom) can
be blood vessels. This type of image cannot be displayed in real time
because of the averaging. Courtesy of Jonas Ogien and Olivier Levecq.
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Performances

Now that en-coupe images can be taken with this setup, its performances can be characterized, in terms of resolution, acquisition rate
and of field of view.

3.5.1

Resolution

Axial resolution
The method to measure the axial resolution is to capture a raw image
of a single interface and measure the FWHM of the signal as a function
of the depth z, knowing the scanning depth to rescale. In this case, it
is possible to use the raw image Figure 3.5 is taken from and plot the
profile of a single column. Figure 3.9 represents the interesting part
of that profile, after being normalized , centered and rescaled. The
FWHM can define the axial resolution ∆z of the setup, and one can
measure:
∆z = F WHM ≈ 0.9 µm
(3.2)
Unfortunately, there are a lot of "bounces" on the sides of the interfering signal, which can in practice reduce the effective resolution; and
the theoretical value of the axial resolution could not be calculated because the spectrometer at disposal is not calibrated yet. The spectrum
of the source will nonetheless be investigated in the future.
Lateral resolution
The theoretical resolution is given by the radius of the Airy pattern,
depending on the central wavelength λ0 ≈ 800 nm of the source and
the numerical aperture NA = 0.30 of the objectives:
1.22 λ0
= 1.6 µm
(3.3)
2 NA
The lateral resolution could not be directly measured. A method to do
that would be to image a resolution test target with structures as fine
as 1 µm at least.
∆r =

Global resolution
According to the previous results, this setup can be considered to have
a quasi-isotropic resolution of about 1 µm ∗ 1 µm.
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Figure 3.9: Part of the profile of a column from a raw image of an
interface containing the interfering signal as a function of the depth.
The profile has been normalized and centered on the ordinate axis and
rescaled on the abscissa axis. The FWHM of the interfering signal is
measured as F WHM ≈ 0.9 µm, which can be a definition of the axial
resolution of the system.

3.5.2

Acquisition and display rate

One important requirement of the setup is to be able to display encoupe images in real time, a characteristic that can be quantified in
frames per second (f ps).
As explained in the section 3.3, at each cycle (or period) of the PZT,
it sends a trigger to the FPGA, which sends several triggers to the camera (Figure 3.4). In fact, to image until zmax = 350 µm, the number of
lines Nlines that are stacked in each raw image is:
Nlines =

zmax
λ0
8n

= 4900 lines

This means that the camera has to take a snapshot 4900 times at each
cycle: the frequency of the camera has to be much higher than that of
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max
the PZT. The maximum frequency of the camera fcam
= 70 kHz is thus
the element limiting the acquisition rate of the setup: for a maximum
depth zmax = 350 µm and the camera recording lines at its maximum
max
frequency fcam
, the PZT could be set to perform a saw-tooth-shaped
translation at fP ZT ≈ 7 Hz (7 cycles per second). Therefore, for this
value of zmax and with this camera, this setup can display images in
vivo at 7 f ps, which is satisfying.

There are nevertheless faster cameras on the market that could improve the acquisition rate of LC-OCT.

3.5.3

Field of view

The field of view is the part of the line in the focal plane of the sample
objective that is conjugated with the sensor of the linear camera. In
other words, it is the width of the en-coupe images at real scale: the
greater, the better.
Theoretical value
′
It can be calculated theoretically, if the focal length of the objective fobj
′
and of the tube lens ftube
= 200 mm are known. To do this calculation, it is necessary to know that in an optical conjugation object →
objective → tube lens → sensor, (Figure 3.10) the magnification is:

g=−

′
ftube
′
fobj

(3.4)

Regarding the objective, the manufacturer only indicates that the
magnification is gOlympus = 10 when used with a tube lens with a focal
Olympus
= 180 mm. Hence, using Equation 3.4:
length ftube
′
fobj

′

f Olympus
= 18 mm
= tube
|gOlympus |

(3.5)

Knowing that the size of the sensor ("diameter") is Lcam = 2048∗14.0 =
2.87 ∗ 104 µm, the theoretical field of view F OVtheo can be calculated
with Equation 3.4:
Lcam
F OVtheo =
|g|
′
fobj
= Lcam ′
ftube
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Objective

𝑦

Tube lens

Sensor

𝜃

𝑦′ = 𝑔 × 𝑦
′
𝑓𝑇𝑢𝑏𝑒
=− ′ ×𝑦
𝑓𝑂𝑏𝑗

Figure 3.10: Illustration of an optical conjugation object → objective →
tube lens → sensor to explain the magnification formula with y the
size of the object (radius), y ′ the size of the sensor and θ the angle
between the optical axis and the chief rays coming from the object to
the objective and from the tube lens to the sensor. By definition, the
′
magnification is g = yy . One can see that θ appears four times in the
drawing and that θ =

y
′
fobj

′

= − f ′y , leading to Equation 3.4.
tube

With g the magnification of the optical conjugation of the setup. Thus:
F OVtheo = 2.58 mm

(3.6)

Practical value
The field of view could also be directly measured by imaging a linear
resolution target 1 mm long and graduated every 0.01 mm (Figure 3.11)
which could simply be used as a scale reference. After rescaling, the
measured field of view was:
F OVmeas = 2.59 mm

(3.7)

Which is coherent with the previous calculations.
The effective FOV should be lower than that because of the vignetting effect with this camera.
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Figure 3.11: Image of a linear resolution target 1 mm long and graduated every 0.01 mm to measure the depth of field of the system. The
101 graduations are visible. After rescaling the image thanks to this
reference, the width of the image, or the field of view, was measured
equal to F OVmeas = 2.59 mm, which agrees very well with the theoretical value.

3.6

Outlook: en-face and 3D imaging

The plan for the degree project was a bit ambitious and everything
could not be done. This is the project that is very likely to be dealt
with in a near-future.
3D imaging can be performed by stacking several en-coupe or enface images together. Either way, it is necessary to scan the sample
along the perpendicular direction with respect to the line. One future
project is thus to make the galvomirror rotate accurately in order to
have en-face images.
However, the coherence plane is likely to become curved. Indeed,
when the PZT does not move and the mirror rotates, the path length
in the sample arm varies. These properties will be investigated later.

Chapter 4
Conclusion
During my degree project, I have successfully built an open setup of
LC-OCT able to give cross-sectional images of skin samples in vivo in
real time at 7 f ps with a quasi-isotropic resolution of 1 µm ∗ 1µm for
a maximum penetration depth of at least 350 µm. The setup is open
and flexible enough to improve LC-OCT by testing and adding new
elements in Linnik configuration to perform, for instance, 3D imaging.
These studies will be pursued in a PhD project.
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