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ABSTRACT
Laser-based photo-thermal therapies can provide minimally-invasive treatment of cancers.
Their effectiveness is limited by light penetration depth in tissue due to its highly scattering
properties. The highly disordered refractive index distribution in tissue leads to multiple-scattering
of incident light. It has been hypothesized that mechanical compression has a great potential to
enhance the capabilities of laser therapy by inducing localized water transport, decreasing the
refractive index mismatch, and decreasing the scattering coefficient of tissue. To better understand
this process, we investigated the refractive index change of ex-vivo dog skin during mechanical
compression using a swept-source optical coherence tomography (OCT) device built in our lab.
The Lorentz-Lorenz rule of mixtures was applied to evaluate the water and protein weight fraction
of tissue simultaneously. Results show that the refractive index of skin increased from 1.38 to 1.52
during compression and water content decreased about 60%-70% when the skin sample was
compressed by 70%.
In addition, we conducted compression experiments on human finger, palm, back of hand,
and front of forearm in vivo. OCT images of these skin sites before and after compression by 1
minute were compared. Optical thickness of epidermis and light penetration depth in the dermis
were measured. The extended Huygens-Fresnel model was applied to measure the scattering
coefficient μs of skin specimens. μs of skin was measured to be about 10-17 mm-1 before
compression and decreased 60%-80% after compression, which increases the averaged light
intensity by 2-7 dB and almost doubles light penetration depth in dermis. It is quite significant in
laser therapies especially for treating epithelia cancers which originate at 1-2 mm beneath the
tissue surface.
In the OCT imaging of skin dehydration experiment, we conclude that dehydration is an
important mechanism of mechanical clearing.
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Chapter 1: Introduction
1.1. Statement of the project
The goal of this research is to build a high resolution noninvasive imaging device swept
source Optical Coherence Tomography (OCT) system and apply it to measure tissue optical
properties during mechanical compression. The Lorentz-Lorenz mixing rule was applied to
calculate the tissue water content during compression. The effect of mechanical clearing was
investigated and its mechanism was studied by analyzing the tissue refractive index, scattering
coefficient, and anisotropy factor during mechanical compression. These results will help
validate and improve a new optical clearing method, which can enhance optical diagnostics and
phototherapy for cancers.

1.2. Optical clearing
1.2.1.

Laser-based photo-thermal therapies

Cancer has been a leading cause for the death all over the world for long time. According
to the data from American Cancer Society, it accounts for a quarter of death in United States and
1,437,180 new cancer cases were diagnosed and 565,650 cancer deaths occurred in 2008 [1].
There is still a lot of chance to cure the cancer at the early stage. Therefore the diagnosis and
choice of therapy are very important for surviving from cancer.
Optical imaging such as OCT provides a noninvasive and effective technique with high
resolution of several microns for diagnosing abnormal cells in epithelia tissue which cause
cancers. Surgical resection is a traditional and effective method to treat well-defined and
accessible tumors. But with its high invasiveness, it is not the best means to treat the poorlydefined and small tumors. Laser surgeries are advantageous to conventional resection procedures
because of their high focus and preciseness, less invasiveness and shorter recover time. Instead
of using a scalpel, it can be used to cut through tissue or vaporizing cancers of the cervix, liver,
or skin. Photoablation is another type of surgery which is used to destroy tumors and relieve
symptoms. Optical imaging and therapy are vita for the diagnosis and treatment of laser.
However, their effectiveness is greatly affected by the limited light penetration into the tissue
because of high scattering and absorption properties in tissue.
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1.2.2. Mechanisms of optical clearing
In order to enhance optical imaging and therapies, a lot of research has been done to
improve the light penetration to the tissue, which is called optical clearing. It can be classified
into two classes: chemically based and mechanically based optical clearing. The chemically
based optical clearing uses hyperosmotic agents such as glycerol to change the tissue optical
properties. The hypothesized mechanisms are: 1) tissue dehydration; 2) index matching by
replacing the interstitial or intracellular water with an agent [2]; 3) structural modification or
dissociation of collagen fibers [3, 4]. These three mechanisms may work together when applying
an agent to the tissue. The potential drawbacks of this method are: 1) the toxicity of the chemical
agents to tissue; 2) slow transport of these agents to tissue; 3) poor targeting of the specific site;
4) difficult removal of chemicals.
It has been suggested that mechanically based optical clearing is faster, better
controllable, and more repeatable way to enhance the light penetration into the tissue [5]. The
hypothesis for that method is that by applying the mechanical force to the tissue, the water
content of the area under pressure is pushed away to the surrounding area, thus decreasing the
water content, reducing the scattering by index matching. It is less invasive and safer because no
chemical agents are injected into the tissue and the stratum corneum is maintained to function as
a barrier to protect the tissue.

1.3. Optical coherence tomography
1.3.1. Time-domain optical coherence tomography
OCT is a noninvasive imaging technique with high resolution (1-10µm) at depth within
several millimeters into the tissue. Time-domain OCT (TD-OCT) emerges in 1990s [5]. The
basic configuration is a Michelson interferometer, with a sample in an arm and a reference mirror
in the other. Light from the SLD is split by a 95:5 coupler with 95% of the light going to the
reference path and 5% going to the sample path. The reference mirror keeps moving to scan
different depths in the tissue. When the optical path difference between two arms is within the
coherence length of the light source, the light reflected from the reference mirror and the light
backscattered from the sample coupled together and generate interference signal. Coherence
means the length within which two beams are correlated, which means the ability to predict the
oscillation of the second wave by the first [6]. By moving the reference mirror continuously
2
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1.3.2 Fourier domain optical coherence tomography
Fourier domain OCT (FD-OCT) analyzes the spectrum of the interference signal, with the
frequency representing the depth of the layer and the amplitude representing the reflectivity of
that layer. It can be classified into two types: spectral OCT using a broadband light source and a
spectrometer to acquire the interference signal and swept source OCT using a high speed
tunable, narrow linewidth laser source. Since FD-OCT avoids mechanically moving the
reference mirror to generate the time delay, it greatly improves the imaging speed, sensitivity and
resolution of the system [13-15]. Ultrahigh resolution OCT with resolution of about 3 µm and
video-rate OCT has been developed by Fujimoto etc [16].

1.4. Optical properties: Refractive index
Refractive index is the ratio of light velocity in the vacuum to the speed of light in a
medium, which is expressed as

, where c is the speed of all electromagnetic radiation in

the vacuum which is approximately 3×108m/s,

is the phase velocity of a wave which is the

propagation rate of the phase of the wave. It is different from the group refractive index which is
defined as
the wave. Since

, where

is the group velocity which is the travelling speed of the envelop of

varies with frequency and is not the same with

in a dispersive tissue, the

group refractive index is not always the same with the n. They are related as
where

,

is the wavelength of light in vacuum [17].

The distribution of refractive index in the tissue is highly disordered [18-20]. Most of the
tissue is mainly composed of water with a refractive index of 1.33 and proteinaceous structures
such as collagen with a refractive index of 1.43-1.55 [21]. The heterogeneity of tissue leads to
the scattering of light in the tissue, which limits the light penetration depth.

1.5. Optical properties: Scattering coefficient and anisotropy factor g
When photons collide with atoms in the tissue, it is either absorbed or forced to deviate
from its original paths which is called scattering. These two processes lead to the light
attenuation into the tissue. Scattering coefficient is the probability of scattering per unit length.
There are lots of scatterers in the tissue such as cells and collagens etc. Light can be scattered in
4

all directions. The scattering angle θ is the angle between the forward direction of the incident
light and the straight line between the scattering point and the detector. The anisotropy factor g is
the mean of the cosine of the scattering angle θ. g=0 means isotropic scattering. g=1means the
total forward scattering. g=-1 means the total backward scattering. For in vitro tissue at the
visible and near-infrared wavelengths, g is between 0.95-0.99, which means that light is most
probably forward scattered [22].
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Chapter 2: Design of Swept source optical coherence tomography
device
2.1

Components and experimental setup
2.1.1

Swept source

The laser that we used is the high speed scanning laser Santec HSL 2000 with the center
wavelength of 1310 μm. The tuning rate can reach as high as 20 kHz with 110 nm FWHM and
the maximum of the tuning range is 120 nm. The maximum optical output power is measured to
be 17.2 mW. A start trigger is provided to synchronize with the start of each linear wavelength
sweep. The output has a varying frequency which is called chirp signal.
2.1.2

System configuration

The system is basically composed of two Mach-Zehnder interferometers (MZI), one is
for generating OCT signal and the other one is a clock to recalibrate the OCT interference signal.
As shown in the system schematic figure 2.1, the light from the swept source (Santec
HSL 2000) was split by a 95/5 coupler (optowaves), with 95% of light going to the upper MZI to
generate OCT signal and the rest of the light coupling into an input to an unbalanced MZI which
generates a sinusoidal fringe signal with zero-crossings as well as maximums and minimums
evenly spaced in frequency to calibrate the interference signal [7]. In the upper MZI, the light
was split by another 95/5 coupler and 95% of it went to the sample arm and 5% went to the
reference arm. The sample arm comprises a circulator (Optowaves), a collimator (Princetel CLB131-28-FA), a 2D galvano (Cambridge 6210H), and an achromatic doublet (Thorlabs, AC-254060-C) which focuses the light on the sample. The galvano was used to scan the sample in two
proportional directions x and y. Two dimensional cross-sectional image of tissue can be
generated by combining x scan with the depth scan (A scan) of laser. Three dimensional tissue
images can be reconstructed by using both x scan and y scan [23]. A function generator board
generated a 10 Hz triangle signal with amplitude of several hundred mV to drive the galvano.
The reference arm comprises a circulator, a collimator, and a protected silver mirror (Thorlabs
PF-10-03-P01). Light reflected back from the reference mirror and the backscattered light from
6

the sample went through circulators to a 50/50 coupler and generated interference signal when
the optical path difference between two paths is within the coherence length. The interference
signal was transformed to electrical signal and amplified by a 75MHz bandwidth photodetector
(Thorlabs PDB120C), then was acquired by a channel of Dual channel 180Ms/s data acquisition
card (DAQ) (Alazar ATS9462 – PCI) and converted to digital signal. The DAQ was
simultaneously triggered by the TTL trigger signal of the swept source. The acquisition mode of
OCT signal is NPT (no pre-triggering) which means that only the signal after the trigger was
acquired and processed.
Light going into the clock MZI was split by a 50:50 coupler and went into two paths
composed of two collimators with different path lengths. The light beams from each path are
coupled in the second 50:50 coupler and generate a clock signal, which was acquired by the
second channel of DAQ.

MZI clock

Figure 2.1. Schematic of swept source OCT
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2.2

Principles and simulation
2.2.1. Coherence and interference
Coherence describes the extent that how two waves with slightly different frequencies

and phases are correlated. A light source with small number of frequencies has a high coherence
length while a broadband light source has a short coherence length over which the properties of
beam remain constant.
Assuming that the light source is monochromatic and the polarization is neglected, the
two backreflected electric fields from the sample arm and the reference arm can be expressed as
[24]:
exp
exp

2

(2.1)

2

,

(2.2)

s and r denotes the sample arm and the reference arm. Es0 and Er0 are the amplitude of the
backreflected sample beam and reference beam; k is the wave number constant defined as 2п/λ;
2ls and 2lr are the round trip optical path length of the sample arm and the reference arm counting
from the first beam splitter to the second splitter in the MZI; w is the angular frequency; and t is
the time. The electric field of the recombined beam is the superposition of the two back reflected
sample and reference beam:
(2.3)
The recombined signal is then converted to photocurrent by a photodetector, the intensity of
which is expressed by:
|

|

(2.4)

where η is the efficiency of the phototetector, e is the electron charge,

is the photon energy,

Z0 is the impedance of the free space, and<> denotes averaging over the response time of the
photodetector. Neglecting the constant, I(t) can be expressed as:
|

|

(2.5)

Substituting equations (2.1) and (2.2) into (2.5), we get
2

cos 2

2

(2.6)

Where Es02 and Er02 are the intensity of light reflected back from sample and reference mirror.
The third term results from the interference signal between the backscattered light from sample
8

and the reflected light from reference mirror. The phase difference between the two beams is
denoted as Δφ:
2

2

(2.7)

If ks= kr=2пn/λ0,
2п
Where

(2.8)

denotes the single-trip arm-length difference between the sample arm and the

reference arm; 2

is the round-trip path difference between the two arms; 2

is the round-trip optical

path difference between the two arms.
The frequency of interference signal is very high (several THz). Since the photodetector can only
detect signal within a few hundred MHz, it outputs a modulation created on top of the optical carrier of
the interference signal, which is called beat signal. A single frequency in the beat signal is proportional to
the delay between two arms, which corresponds to the depth of a backscattering layer in the sample.

2.2.2 Simulation of swept source OCT principle using Labview and MATLAB
Labview and MATLAB were used to simulate the imaging principle of swept source
OCT. In Labview, a TFA Gaussian Chirp Generator function VI was used to simulate the signal
generated by a swept source (center f=2.26e8, chirp rate=3.8e11). The sampling rate is 109 and
chirp length is 0.00005s. Same delays (s) was added to before a chirp signal and after the same
chirp signal to generate two different chirp signals A and B with same lengths but different
phases. A represents the reflected signal from the reference mirror and B represents the
backscattered light from the sample. They were added together and squared shown as C, which
denotes the interference signal. C is low-pass filtered which simulates the modulation of the
photodetector and then the carrier of C is generated shown as D. E is the FFT of D.
When the delay is zero second, the interference signal of A and B is shown as figure
2.2(a). The beat frequency is f=0 Hz. When the delay is 1µs, the interference is shown as figure
2.2 (b). The beat frequency is f=20 Hz. When the delay is 5 µs, the interference is shown as
figure 2.2 (c). The beat frequency is f=100 Hz. The simulation result shows that suppose the
delay is Δτ seconds, the beat frequency is f= Δτ×2×107.

9

(a)

(b)
10

f=100Hz

(c)
Figure 2.2. Simulation of swept source OCT principle in Labview. A (white signal) denotes
reference signal, B (red signal) denotes backscattered light from sample with round trip time
delay of 2Δτ. (a) Δτ=0; (b) Δτ=1e-6 s; (c) Δτ=5e-6 s
In MATLAB, the case of two scatterers s1 and s2 with the reflectivity of r1 and r2 in the
sample are simulated. The electrical filed of the reference signal is assumed to be 1. The
electrical fields of scatterers are:
exp

2

(2.9)

Where n is the refractive index of the sample, ls is the depth of the scatterer.
The interferogram is :
1

(2.10)

Where G(k) is the power spectral density of the swept source in terms of wavenumber k. Then
the FFT of I is analyzed. The f is frequency of the peak in the spectrum. The depth of the s can
be recovered by:
/2

(2.11)

Suppose ls1=50e-6, rs1=0.5, ls2=150e-6, rs2=0.25, the interferogram and the FFT of interferogram
are shown as figure 2.3 (a) and (b).
11

Normalized intensity

spectral interferogram I(k)
1

0.5

0

0.7

0.8
0.9
1
1.1
1.2
Propagation constant k/k0

1.3

1.4

(a)

Fourier Transform of I(k)

Reflectivity

1

0.5

0

-2

-1

0
Depth (m)

1

2

3
-4

x 10

(b)
Figure 2.3. Simulation of swept source OCT principle in Matlab. Suppose two scatterers at
depth of 50 µm and 150 µm with reflectivity of 0.5 and 0.25 respectively, the electrical field of
the reference signal is 1, then (a) Interferogram; (b) FFT of the interferogram
From Figure 2.3 (a) and (b), we can see that the spectrum of the interferogram contains
information of each scatterer, with the frequency of each fringe corresponding to the depth of
each scatterer, the intensity of each fringe corresponding to the reflectivity of that scatterer. In
figure 2.3 (b), the center fringe represents a DC noninterference signal which results from the
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reflected sample and reference signal. The small fringe between two scatterers at ±1×10-4m is
from the interference between two scatterers at 0.5×10-4 m and 1.5×10-4 m.
Therefore, the basic principle of OCT image reconstruction is the Fourier Transform of
the interference signal between the sample arm and reference arm.
2.2.3. Recalibration
Since the output of the swept source HSL2000 is unidirectional sweeping from short to
long wavelength at a 20 kHz repetition rate, it is not even spaced in frequency domain according
to

/ , where f is the frequency, v is the speed of light, and λ is the wavelength.

Nonlinearity in the tuning frequency of the source results in a degradation of axial resolution at a
constant depth. Therefore, k space recalibration is necessary prior to the Fourier Transform of the
interference signal.
There are generally two types of methods to do the frequency linearity calibration. One of
them is post-processing mode [25]. It is accurate but not suitable for real time imaging. The other
is to use a clock which is evenly spaced in k space such as fiber Fabery-Perot (FFP) [26] or
unbalanced Mach-Zehnder interferometer (MZI) [27] to resample the interference signal. Since
the FFP is relatively expensive, we built a MZI clock as shown in figure 2.2, which is
simultaneously acquired by the DAQ with the interference signal. The interference signal was
recalibrated to be evenly spaced in frequency according to the “nearest neighbor check
algorithm” [8] prior to Fourier transform in the PC. The MZI clock signal is first band-pass
filtered according to the frequency range of interference fringes to get a clean sinusoidal signal
shown in figure 2.4. Then maximum and minimum positions at the MZI clock signal were
selected to generate a recalibration array to resample the interference signal. In order to satisfy
the Nyquist sampling rule, the frequency of the MZI clock is adjusted to be about 20MHz. The
sampling rate of the DAQ is 50MHz. A band-pass filter with cutoff frequencies of 15 MHz and
24MHz is applied to filter the clock signal. The algorithm is simulated in the MATLAB. The
comparison of the point source function of the system without calibration and after calibration is
shown in figure 2.5.
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Figure 2.4. Simulation of “nearest neighbor check algorithm” to correct frequency space
nonlinearity in Matlab. In (a), an A scan and the same length of MZI clock signal were
processed, peaks and valleys (red dots) in the filtered MZI signal (blue) line were selected and
were used to recalibrate the OCT signal (black line) and generate the resampled OCT data
(green). (b) is the zoomed-out picture of (a).
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Figure 2.5. Point spread function (PSF) when the displacement of the mirror is 0.5mm. Black
and green curve represents PSF before and after rescaling.
The axial resolution is defined as -3dB intensity width. It can be seen that the calibration
effectively improves the axial resolution of the system. The axial resolution was measured to be
about 12~13 μm.

2.3.

OCT image reconstruction
The flowchart to reconstruct OCT images is shown in figure 2.6. The clock signal was

bandpass filleted and its peaks and valleys were detected to resample OCT data to make it
linearly spaced in frequency domain. Then the resampled OCT data is Fourier transformed and
converted to grayscale image, with the scaled frequency and amplitude denoting depth and
intensity.
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(2.12))

∆

п

Where λ0 is the cen
nter waveleength of thee light sourcce, Δλ is thee bandwidthh of the laseer. It can bee
seen thaat the coheerence lengtth is inverseely proporttional to thee bandwidthh. In order to get high
h
resolutiion, the big bandwidth of the light source is needed. So th
he axial resolution ΔzR is:
п

(2.13))

∆
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F our laseer, λ0=1310
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hen ΔzR is aabout 8 μm
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resolutiion also equuals the -3dB
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about 12~13 μm.
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2.4.2 Lateral resolution
The lateral resolution of OCT is mainly dependant on its ability to focus the incident
sample beam. For the Gaussian shape sample beam, it is given by [24]:
(2.14)

п

where NA is the numerical aperture of the objective lens which is defined as
,

(2.15)

where D is the beam diameter on the lens of the diameter of the lens whichever is smaller, f is
the focal length of the lens. Substituting NA into equation,
(2.16)

п

The depth range is defined by the depth of focus Δzf within which the lateral resolution is
maintained. It is given by [24]:
п

(2.17)

For our system, the objective lens is an achromatic doublets AC-254-060-C (Thorlabs)
with focus of f=65mm, the 1/e2 output beam diameter beam from the collimator AC-240-APCC (Thorlabs) is 1.4mm. Therefore the lateral resolution of our system is Δ
7

R

77

.

.

2.5. OCT image galleries
Since our OCT system has axial resolution of 12-13 μm, it can be used to acquire images
of tissue in vivo and ex vivo. Different structures of tissue can be observed and big sized cells
such as fat cells are also able to be recognized. Figure 2.7 and 2.8 is an in vivo OCT image of
finger and an ex vivo OCT image of pig fat tissue. SC denotes stratum corneum. ED denotes
viable epidermis. UD represents upper dermis which is also papillary dermis. Figure 2.9 is an
OCT image of an orange cell placed on a glass slide. The maximal imaging depth for tissue is
usually 1-1.5 mm.
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SC
ED
UD
500 μm
Figure 2.7. In vivo OCT image of finger

500 μm
Figure 2.8. Ex vivo OCT image of stomach fat tissue of pig

1 mm

glass slide

Figure 2.9. An orange cell placed on a slide
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Chapter 3: Simultaneous tissue refractive index and thickness
measurement using OCT
3.1. Sorin and Gray’s technique for simultaneous measurement of tissue
refractive index and thickness
There are generally two methods to simultaneously measure tissue refractive index and
thickness using OCT: focus tracking method developed by Tearney [29, 30] and optical path
length shift method developed by Sorin and Gray [31]. OCT can only measure the group
refractive index ng because it detects the group delay imposed by the sample. The group
1

refractive index is related to refractive index as

. When

dn/d is small, the group refractive index is approximately the same with the refractive index n.
For example, the refractive index of water at 1300 nm is different from its group refractive
index by only 1.6% [32]. In our project, we assume

0. Therefore,

.

The focus tracking method focuses the incident beam on the surface of the sample first.
Then the sample was moved towards the objective by z which makes the incident light focus
inside of the sample, and the reference path length was adjusted by Δz to get a maximal
interference signal. The refractive index n can be calculated by equation 3.1[29].
. .

Δ

. .

(3.1)

where N.A. is the numerical aperture of the imaging objective. This method is used to measure
the refractive index of tissue in vivo. But the sample needs to be moved during the measurement,
which is not suitable for our experiment.
Sorin’s technique measures the refractive index of ex vivo tissue by recording the optical
path length of the tissue sample and the optical path shift of a fixed reflector beneath the sample.
As shown in figure 3.1, the optical position of a fixed mirror was recorded as xm(0) before
placing the tissue sample on it. It shifted right when the sample was placed on it because of
increased optical path length by the sample. The optical position of the top surface of the sample
and the mirror were recorded with time as xtop(t) and xm(t).
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Figuree 3.1. Descrription of Sorin’s techn
nique. x den
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d mirror and
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y:
0

0

(3.2)
(3.3)

Co
omparing to
o the focus tracking meethod, Sorinn’s method is easier to calculate and
a does nott
need to move the ssample durin
ng the meassurement.

3.2. Lorentz-L
L
Lorenz rulle of mixttures
A
Assuming
thhat the skin
n is compo
osed of watter and pro
otein, the L
Lorentz-Lorenz rule off
mixturees as shown
n in equatio
on (1) [33]] was applieed to dynam
mically dedduce water and protein
n
concenttration of thhe specimen
ns during co
ompression.
(3.4)
,

, and

respectiively;

, and

where

a the refrractive indices of the skin sample, water, and
are
a protein
n
arre the weigh
ht fractions of the wateer and proteein. We assu
ume

1. According
g to the pub
blished dataa, nwater andd nprotein are consideredd as 1.33 an
nd 1.55 [21]]
respectiively.
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3.3. Materials
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3.4. Experiment results
The tissue refractive index and water weight fraction at each tissue thickness were plotted
in the same plot as shown in figure 3.3. The skin refractive index was about 1.385 without
compression and increased to be about 1.526 till the end of the compression. The water content
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1.44
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was 73% initially and decreased to be about 10% when the sample was compressed by 70%.

0
Refractive index
water wight fraction

Figure 3.3. Measurement of refractive index and water weight fraction of the fresh dog skin
sample with initial thickness of about 800 μm.

3.5. Discussion and conclusions
Mechanical compression increased the tissue refractive index dramatically from about 1.38
to about 1.52. The possible reason is dehydration of the compressed area. Mechanical
compression on the tissue leads to the dehydration of local area by pushing the water away to the
surrounding area. The water weight fraction decreased about 60% at the maximum compression.
In natural state, tissue is generally mainly composed of 70% of water with refractive index of
1.33 and 30% of proteineceous tissue with refractive index as high as 1.55. Tissue dehydration
leads to the increase of the weight fraction of proteineceous tissue with higher refractive index,
which increases the refractive index of the tissue.
The great change of water content may also change the absorption property of skin.
Assuming that the skin is only composed of water and protein, according to Brugmans et al. [34]:
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1

,

where

is the water weight fraction in tissue,

water (1.2 cm-1, λ=1310 nm) [35] and

,
,

(3.5)

is the optical absorption coefficient of

is the optical absorption coefficient of protein (0.25

,

cm-1, λ=1310 nm) [36]. As water has much higher absorption at 1310 nm, the decrease of water
content decreases tissue absorption coefficient.
Mechanical compression also decreases skin thickness z a lot by 60%. According to the
definition of local fluence Φ(z),
Φ z

Φ e

µ

(3.6)

where Φ is the laser irradiance on the surface of the tissue,

is the effective attenuation

coefficient defined as
3

(3.7)

Φ z decreases exponentially with increase of depth into the tissue. The great decrease of z
during compression leads to an obvious increase of Φ z , especially in the deep site of tissue
such as adipose tissue. More light can be focused into the deep site of tissue which improves the
effectiveness of the laser therapy.
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Chapter 4: Tissue scattering coefficient and anisotropy factor g
measurement using OCT
4.1 Extended Huygens-Fresnel principle for OCT
According to the Extended Huygens-Fresnel (EHF) [37] [38-40], the OCT signal can be
expressed as
absence of scattering and Ψ

Ψ

, where

is mean square heterodyne signal current in the

is the heterodyne efficiency factor which describes how light

attenuates with the depth because of scattering.

is defined as

/

where α is the power to current conversion factor, PR and PS are the powers of the reference and
the input sample beams, δb is the effective backscattering cross section, wH is the 1/e irradiance
radius in the discontinuity plane in the absence of scattering defined as:
(4.1)
Where A=1 and B=d+z/n are the ray-matrix elements for propagation from the lens plane to the
discontinuity plane. d is the distance between the lens plane and the tissue surface. z is the tissue
optical depth. w0 is the 1/e intensity radius of the beam in the lens plane. f is the focus length of
the lens.
Assuming that wS is the 1/e irradiance radius in the discontinuity plane in the presence of
scatting, it is given as:
(4.2)
where k=2п/λ. λ is the center wavelength of the light source. ρ0 is the lateral coherence function
of the sample light field in the lens plane, for lateral separations less than which the field is
considered to be coherent. It is given as:
(4.3)
where θrms is the root mean square of scattering angle, the effective anisotropy factor g can be
calculated as geff=cos θrms . It is different from the effective anisotropy factor g experimentally
measured by the integrating sphere method and typically geff>g. The extracted geff should be
verified by comparing with cos(θrms) derived from a Mie calculation of the scattering phase
function [41].
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The heterodyne efficiency factor is expressed as Ψ(z) shown as equation 4.4. The first term
is due to single scattering [42, 43], the second term is due to multiple scattering [44-47], the third
term is the cross term.
exp

2

/

1

exp

(4.4)

Fitting the four equations above into the experimental heterodyne efficiency curve, we can
get μs and θrms. The nonlinear curve fitting in the Optimization toolbox in Matlab was used to do
it. The EHF model has been used to measure scattering properties of tissue such as vessels, skin,
and blood [48-50].
This model neglects the light absorption and polarization in the tissue.

4.2 Heterodyne Efficiency Factor Ψ(z) and n, µs, θrms.
As shown in formula (4.4), Ψ(z) is dependent on µs, θrms, and n. We simulated it in the
MATLAB and plotted it with varying µs, θrms, and n. First, we plotted Ψ(z) from z=0 to z=1 mm
with different combinations of µs and θrms when setting

=1310 nm, f=65 mm, w0 =0.5mm, and

n=1.4 to see how Ψ(z) is influenced by tissue optical properties. The result is shown in figure
4.1. Different combinations of µs and θrms generate curves of different slopes. The black curve
represents the signal attenuation using general skin parameters µs =20 mm-1 and θrms=0.3. The
blue curve describes the case when increasing µs to be 80 mm-1 but θrms remains to be 0.3. It can
be seen that the curve of ψ becomes steeper which means that the signal attenuates faster and the
probing depth is shorter when the scattering coefficient is big. When setting µs to be 20 mm-1 and
decreasing θrms to be 0.1, the red curve shows that the curve of ψ is less steeper which means
light attenuates slower and has a deeper penetration depth. The anisotropy factor g=cosθrms
increase from 0.955 to 0.995 when θrms decreases from 0.3 to 0.1., which increases forward
scattering and enhances the light penetration. The green curve represents the case when µs =80
mm-1 and θrms=0.1.
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Figure 4.1. Heterodyne efficiency factor ψ (µs, θrms) in different cases: 1) µs =20 mm-1 and
θrms=0.3 plotted as the black curve; 2) µs =80 mm-1 and θrms=0.3 plotted as the blue curve; 3) µs
=20 mm-1 and θrms=0.1 plotted as the red curve; 4) µs =80 mm-1 and θrms=0.1 plotted as the green
curve. Setting f=65 mm, n=1.4, w0 =0.5mm,

=1310 nm.

We also compared the heterodyne efficiency factor at different refractive indexes shown as
figure 4.2. The red curve plotted using bigger refractive index is slightly less steep than the black
curve using smaller refractive index. But their difference is not obvious. It shows that the
refractive index has a minor influence on the heterodyne efficiency factor. The higher refractive
index leads to slight slower light attenuation and deeper penetration depth.
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Figure 4.2. Heterodyne efficiency factor ψ in different refractive indexes: 1) n=1.33, plotted as
the black curve; 2) n=1.55, plotted as the red curve. Setting µs =20 mm-1, θrms=0.3, f=65 mm,
n=1.55, w0 =0.5 mm,

=1310 nm.

4.3 Materials and methods
In ex vivo measurement, we used the same experimental setup shown as figure 3.2 to
compress a piece of 1.6 mm thick fresh pig dorsal skin within 24h postmortem with hair and
subcutaneous fat removed. The glass rod was moved towards the skin at a step of 50 µm to
compress it for 20 steps. OCT data of skin corresponding to an image after each compression
was saved and post processed. We compounded and averaged all A scans within the skin area
that was in contact with the glass rod in an image to reduce the speckle noise as well as the noise
generated by the random thermal and electronic variations in the OCT system, which generated a
smoothed depth-intensity profile [51]. The first peak and last peak corresponding to the glasstissue and tissue-mirror interface are eliminated to better emphasize the signal generated only by
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the tissue. The profile was normalized and smoothed by a nonlinear filter in the MATLAB. The
EHF was applied to fit on the normalized OCT data to get scattering coefficient μs. We assumed
θrms to be 2o (0.0349 radians) measured by A. Knuttel [52] and it was constant during
compression. Nonlinear curve fitting in the Optimization Toolbox in MATLAB was used to fit
µs.
Since optical properties of ex vivo tissue are different from in vivo tissue due to dehydration
and degradation, in vivo measurement of tissue optical properties is more meaningful. We did
series of compression experiments at different sites of human skin such as palm, finger, front of
forearm, and back of hand. The experimental setup is the same setup described in figure 3.2
except that no mirror was placed underneath the sample because the refractive index can’t be
measured in vivo by Sorin’s method. The skin was in contact with the rod with light compression
first and OCT data corresponding to an image was acquired and saved. Then pushing the same
site of skin hard towards the glass rod to compress itself by 1 minute and another set of OCT
data of an image was saved. In vivo OCT images of palm, finger, back of hand, and front of
forearm before and after compression are shown in figure 4.5, 4.6, 4.7, and 4.8. We chose the
skin area between two dashed lines which is in contact with the sharp rod tip to analyze. All A
scans within that area were averaged, smoothed and normalized. The bright surface of epidermis
was removed to avoid the influence of glass-tissue interface. EHF model was fitted into the
normalized OCT data counting from the epidermal-dermal junction to get μs of the dermal area
assuming θrms=5o=0.087 radians which is typical value for dermis at 1300 nm [39]. The
comparison of the fitted model and normalized OCT data of palm, finger, back of hand, and front
of forearm were plotted in figure 4.9, 4.10, 4.11, 4.12 respectively.

4.4 Results
4.4.1. Ex vivo measurement
Figure 4.3(a) and (b) show OCT images of ex vivo pig skin before and after compression
respectively. The initial thickness of the skin was about 1.6 mm and was compressed to be about
0.6 mm. The green curve across the image is the position of mirror without the skin sample on it.
The optical position of the mirror was shifted down because of the increased optical thickness
from the sample. As seen in figure 4.3(a), the dark region above the mirror is reticular dermis
due to its low backscattering property. The bright region is the epidermis and papillary dermis.
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After compression, the mirror position shifted up and the skin surface position shifted down. The
region in the whole tissue is much brighter after compression, with the averaged OCT signal
through the skin increasing about 10 dB.

1 mm
1 mm

200 µm

mirror

mirror

200 µm

(a)

(b)

Figure 4.3. OCT images of ex vivo pig dorsal skin (a) before compression (b) after compression
by 1 mm.
We measured the averaged µs through the whole skin and the averaged µs through the first
600 µm which is the same thickness of the skin after 20 steps of compression by fitting the EHF
model to the averaged OCT data. Fitted µs at each glass rod displacement was plotted in figure
4.4 with blue curve representing µs through the whole skin and red curve representing µs through
the first 600 µm. The averaged µs was about 23 mm-1 through the whole skin and was about 28
mm-1 through the first 600 µm initially, which were reasonable comparing to the measured value
using the reflectance and transmittance method [35]. The averaged µs through the whole skin did
not change much after compression by 1mm. But the averaged µs through the first 600 µm
decreased slightly (about 4 mm-1) after compression by 1 mm. The averaged µs through the first
600 µm was 0-7 mm-1 higher than the averaged µs through the whole thickness.
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Figure 4.4. Averaged scattering coefficient µs (mm-1) at each glass rod displacement (µm). Blue
curve represents the averaged µs through the whole skin and red curve represents µs through the
first 600 µm.
4.4.2. In vivo measurement
We conducted repeated experiments on different sites of skin and compared the OCT
images, fitted models, measured μs before and after compression for 1minute. Figure 4.5, 4.6,
4.7, 4.8 show in vivo measurement results of scattering properties of dermis of palm, finger, back
of hand, front of forearm.
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Figure 4.5. In vivo OCT images of human palm before compression (a) and after compression
for about 1 minute (b).
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Figure 4.6. In vivo OCT images of human finger before compression (a) and after compression
for about 1 minute (b).
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Figure 4.7. In vivo OCT images of human back of hand before compression (a) and after
compression for about 1 minute (b).
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Figure 4.8. In vivo OCT images of human front of forearm before compression (a) and after
compression for about 1 minute (b).
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As shown in OCT images, stratum corneum (SC) in the finger is the thickest (about 500 µm
of optical thickness). SC in the palm is about 400 µm. SC is invisible in the front of forearm and
back of hand because their epidermis is less than 150 µm. The viable epidermis beneath the SC
has dense signal. It is difficult to demarcate viable epidermis and upper dermis (UD) which has
less dense signal. The boundary of epidermis has a waved shape shown in figure 4.6 with
thickest site denoting as Emax and thinnest site denoting as Emin. The less dense region
underlying the epidermis is papillary dermis (PD) which contains a thin arrangement of collagen
fibers. Extending from the papillary layer to the subcutaneous fat is the reticular dermis which is
thicker and made of collagen fibers arranged parallel to the surface of the skin. The collagen
fibers in these two layers are different. The collagen fibers in the papillary dermis is very small,
diameter of which is in order of magnitude less than the visible light, which makes this layer
highly back-scattered especially in the near infrared region due to weak absorption by melanin
and blood in this spectrum. In the reticular dermis, collagen fiber bundles are in large size which
leads to highly forward scattering. Light which gets into this layer is passed on deeper into the
skin and this region in OCT image is darker than the papillary layer [53]. However, it is difficult
to separate the papillary layer and the reticular layer in OCT images with axial resolution of 12
μm.
According to these in vivo OCT images of skin tissue, the thickness of epidermis and the
light penetration depth at different skin sites are different. In order to measure thickness of SC
(dSC) , Epidermis (dE), light penetration depth in dermis (dD) and in the whole skin (dS),
distances between peaks in the averaged A scan shown in figure 4.9, 4.10, 4.11, and 4.12 were
measured to correspond to thickness of each layer. It was converted to physical thickness by
dividing it by the refractive index of tissue which was supposed to be 1.4. We did three
experiments on each skin site and calculated the averaged thickness and standard deviation seen
in Table 4.1. Table 4.2 gives the thickness change in percentage by compression.
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Figure 4.9. Averaged A scan profile of palm skin under the rod. Each peak corresponds to a
layer in the skin, with the strong entrance signal denoting the surface, the second peak denoting
the SC and viable epidermis interface, the third peak denoting the start of upper dermis (UD),
also noted as papillary dermis (PD). Blue and red represent before and after compression
respectively.
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Figure 4.10. Averaged A scan profile of finger tip skin under the rod. Each peak corresponds to
a layer in the skin, with the strong entrance signal denoting the surface, the second peak denoting
the SC and viable epidermis interface, the third peak denoting the start of upper dermis (UD),
also noted as papillary dermis (PD). Blue and red represent before and after compression
respectively.
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Figure 4.11. Averaged A scan profile of back of hand under the rod. Epidermis is counting from
the first entrance signal to the second peak.
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Figure 4.12. Averaged A scan profile of front of forearm skin under the rod. Epidermis is
counting from the first entrance signal to the second peak.
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dSC

dE (µm)

dD

dS

Palm before

342.33±34.73

486.6±40.5

411.74±44.1

898.34±4.25

Palm after

214.3±18.55

349.3±23.8

823.32±82.24

1162.8±87.67

Finger

453.6±54.38

622.17±87.89

470.74±72.58

1092.9±24

215.5±21.05

333.67±22.7

618.5±26.88

949.17±15.1

97.86±12.14

885±30.94

982.86±39.44

of N/A

65.48±18.55

1022.64±118.36 1088.07±105.04

of N/A

93.8±7

765±98.4

858.79±99.31

of N/A

69.52±18.55

861.21±170.48

950.21±152.09

before
Finger after
Back

of N/A

hand before
Back
hand after
Front
forearm
before
Front
forearm
after
Table 4.1. Epidermis optical thickness and light penetration depth in skin before and after
compression
dSC change (%)

dE

change dD change (%)

dS change (%)

(%)
Palm

-37.4±8.35

-28.22±7.72

99.96±29.29

29.44±9.78

Finger

-52.49±7.35

-46.37±8.41

31.39±21.05

-13.15±2.36

Back of hand

N/A

-33.09±20.69

15.55±13.97

10.7±11.57

Front of forearm

N/A

-25.89±20.54

12.58±26.57

10.65±21.85

Table 4.2. Epidermis optical thickness and light penetration depth in skin change (percentage)
after compression
Compression changed thickness of each layer as seen in Table 4.1 and finger 4.2. In the
palm, SC was about 350 μm thick initially which composes 3/4 of the epidermis. Its thickness
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decreased about 37.4±8.35% after compression and the thickness of the whole epidermis
decreased 28.22±7.72%. The dermis rose up and the papillary dermis becomes extremely bright.
Light penetration depth in dermis was almost doubled. Papillary dermis was compressed by half
and reticular dermis was visible in the OCT image after compression. Moreover, the averaged
light intensity over the whole region increased 7 dB.
In the finger, the thickness of SC and epidermis reduced by half after compression.
Although the absolute light penetration depth in skin dS decreased by 13.15±2.36%, light
penetrated to deeper structures in the tissue since dD increased by 31.39±21.05%. And the
averaged light intensity increased about 3 dB. The glass rod-epidermis interface is less bright
after compression because of index matching between the glass rod and epidermis.
In the back of hand and front of forearm images as shown in figure 4.6 and 4.7, the decrease
of epidermis thickness was relatively small comparing to it in finger and palm, because the
epidermis in those skin sites is originally very thin. The range of overall light penetration depth
change is from -11% to +30%. Although the penetration depth did not increase a lot, the
averaged light intensity over all penetration depth increased about 4 dB.
The scattering properties of the dermal area of the skin were measured by fitting the EHF
model into the averaged and normalized OCT data when fixing θrms to be 5o. The fitted model
and corresponded data were plotted in figure 4.13, 4.14, 4.15, and 4.16. Palm has the highest
scattering coefficient which is about 17 mm-1; front of forearm has the second highest µs which is
about 14mm-1. µs decreased 80% and 74% in palm and front of forearm respectively. Back hand
and finger have relatively lower µs initially (~ 10 mm-1), and decreased by about 80% and 60%
after compression.
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Figure 4.13. In vivo measurement of scattering properties of palm before compression and after
compression for 1 minute. Dotted curve is normalized OCT signal and solid curve is fitted
Huygens-Fresnel model, with black representing before compression and red being after
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Figure 4.14. In vivo measurement of scattering properties of finger before compression and after
compression for 1 minute. Dotted curve is normalized OCT signal and solid curve is fitted
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Huygens-Fresnel model, with black representing before compression and red being after

Heterodyne efficiency factor
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Figure 4.15. In vivo measurement of scattering properties of back of hand before compression
and after compression for 1 minute. Dotted curve is normalized OCT signal and solid curve is
fitted Huygens-Fresnel model, with black representing before compression and red being after
compression.
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Figure 4.16. In vivo measurement of scattering properties of front of forearm before
compression and after compression for 1 minute. Dotted curve is normalized OCT signal and
solid curve is fitted Huygens-Fresnel model, with black representing before compression and red
being after compression.

4.5 Discussion and conclusions
Since more light penetrates to deeper structures in the tissue after compression, we expect
less light attenuation and less scattering coefficient after compression according to the simulation
results. The results of in vivo measurement of human skin show 60%-80% decrease of µs which
agrees with our expectation. The light intensity increased by about 2 dB-7 dB in both ex vivo and
in vivo skin. Moreover, the epidermis was compressed by half after compression which raised the
dermis towards the surface of the skin. Light penetration depth in dermis almost doubled in some
skin sites. It is significant in the laser therapy because it is able to treat deeper abnormal tissue
and increase the photon density in the targeted area. For example, most cancers such as skin, GI
tract, ovarian, and cardiovascular tissue etc are originated from abnormal cells in the epithelium
tissue located at 1-2mm beneath the tissue surface. The effectiveness of laser therapy was
influenced by the limited light penetration depth into tissue with highly scattering properties.
With compression devices, it is possible to double light penetration depth into the tissue and
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delivers more light into the dermis, which makes it possible to effectively treat epithelium
cancers.
From the fitted model and experimental data curve, we saw that the plot of the normalized
OCT data of skin was not as smooth as the fitted model curve. There were some fluctuations in
the experimental OCT data curve. It is due to fluctuations of reflectivity of structures in different
layers. For example, as seen in figure 4.13, the first two peaks in the normalized OCT data curve
were corresponded to the viable epidermis and papillary dermis respectively. Before
compression, the peak of papillary dermis was lower than the viable epidermis because it was
located deeper in the tissue. However, it has higher intensity than the viable epidermis although
it was deeper into the tissue, which was caused by the compression.
From 4.4.1 and 4.4.2, it can be seen that mechanical compression has decreased scattering
coefficient µs of dermis in the ex vivo and in vivo tissue. The averaged µs decreased 14% in the ex
vivo pig dorsal skin while it decreased about 50%-80% in the in vivo human skin. The possible
reason for the difference is ex vivo tissue does not have blood perfusion, which minimizes the
influence of mechanical compression.

And the averaged μs within top part of the skin was

slightly higher than the averaged μs within the whole skin thickness. To fit the EHF model into
part of the OCT data, the method to normalize the OCT data was a little different from fitting
into the data corresponding to the whole thickness. Before compression, the light penetration
depth was about 1 mm with the minimum light intensity of about 15 dB. After compression by 1
mm, the minimum light intensity increased to be about 23 dB right before the peak of the mirror.
When normalizing the OCT data, the minimum was set to be 15 dB rather than 23 dB because
the z in the model represents from the surface to the deepest depth that OCT can detect.
OCT can be used to measure the epidermis thickness noninvasively. To convert the optical
thickness of epidermis to physical thickness, assuming the refractive index of skin to be 1.4, the
epidermal thickness of the palm, finger tip, back of hand, and front of forearm was measured to
be about 486.6±40.5, 622.17±87.89, 97.86±12.14, and 93.8±7 respectively. According to
literatures, the epidermis thickness in the palm, finger tip, back hand, and front of forearm are
429, 369±111.9, 84.5±26.2, 60.9±20, [54-56]. Our results are reasonable comparing to those
data. It is difficult to measure the thickness of layers in dermis as the papillary dermis and
reticular dermis are not well demarcated in OCT images. But it is possible to differentiate them
in the Polarization OCT (PS-OCT) images. In PS OCT images of skin, the epidermis and
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papillary dermis showed a characteristic homogenous light to dark grey signal, and the
underlying reticular dermis showed heterogeneous changes in signal from white to black either
in vertical or horizontal direction [57].
OCT has been used as a noninvasive way to observe the morphological and pathological
changes in skin diseases [58-61]. Although conventional excisional biopsy is still gold standard,
OCT provided a noninvasive method for diagnosis which avoids swelling and side effects
brought by the biopsy method. Comparing to other noninvasive method, OCT has much better
resolution than ultrasound imaging and deeper detection depth than confocal imaging. Moreover,
it is able to measure tissue optical properties both in vivo and ex vivo using OCT.
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Chapter 5: OCT imaging of skin dehydration
5.1 Materials and methods
In order to investigate the change of optical properties of tissue by dehydration, a piece of
fresh pig dorsal skin (1.8mm thick, 1.5×1.5cm2) was prepared with the hair and subcutaneous fat
removed. It was placed on a piece of mirror with the dermis side exposed to air for about 48
hours. OCT images of the skin were taken every hour for the first 14 hours and 25, 35 hours later
until the skin is totally dried. Then we picked 83 A scans corresponding to the same site of skin
(about 600 µm) in each image and applied the EHF model described in Chapter 4 to fit into the
averaged OCT data and get µs by fixing θrms to be 0.0349 radians.

5.2 Results
Figure 5.1 (a)-(r) show OCT images of the fresh pig skin with dermis side exposed to air
for 1-14 hours, 25, 32, and 48 hours. The green solid line shows the optical position of the mirror
without the skin sample on it. All images have some artifact especially at the beginning from (c)(h). There might be two reasons. The first is multiply scattering of photons which undergoes
longer optical path length than single scattering and leads to the dislocation of scatterers which
makes them seems deeper than their actual positions. The second is the strong mirror reflection
from small oil drops on the surface which causes signal saturation. The backscattered light from
the skin was very strong shown in figure (a)-(c) because the tissue is very turbid and the mirror
beneath the sample was invisible. From (d)-(i), mirror occurred in images which means light
penetrates deeper into the tissue and reach the mirror. The mirror was not smooth as it should be
because of different delay from the sample at each lateral site. The thicker the sample is, the
optical position of mirror is deeper. From (j) to (r), the epidermis side of the tissue was visible
and there was little backscattered light from the region near the epidermis. The optical thickness
of the skin decreased about 60% and the skin was curved slightly during dehydration.
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green curve was the optical position of the mirror without the sample on it. All images have the
same scale bar as (a).
We picked consecutive 83 A scans which correspond to the same region of the skin in each
image which is shown in figure 5.2. By applying EHF model into the OCT data, the measured µs
of skin within first 14 hours was plotted in figure 5.3. It was 24.53 mm-1 initially and decreased
to be 6.36 mm-1 after being exposed to air for 14 hours. Figure 5.4 shows the fitted model (solid
curve) with the normalized OCT data of skin (dotted curve) at t=0, 4, 9, 14 hours.

Time (hour) 0 1 2 3 4

5 6 7 8

9 10 11 12 13 14 25

Figure 5.2. OCT images of the same region of the skin at different time
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Figure 5.3. Scatter coefficients of skin within the first 14 hours measured by EHF

OCT signal intensity (dB)

1

t=0, us=24.5261 mm-1;
t=4, us=7.5083 mm-1;

0.8
t=9,us=14.3553 mm-1;
t=14,us=6.3566 mm-1;

0.6
0.4
0.2
0
0

0.5

1

1.5

2

2.5

Physical depth (mm)
Figure 5.4. EHF model (solid curve) with the normalized OCT data of skin at t=0, 4, 9, 14
hours.
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5.3 Discussions and conclusions
Dehydration has been suggested as an important mechanism for optical clearing using
chemical agents like glycerol or DMSO [3] [62]. In Chapter 3, ex vivo experimental results show
that refractive index increased significantly from 1.38 to 1.52 and scattering coefficient
decreased 14% while the water content decreased by 70% during mechanical compression. In
Chapter 4, both in vivo and ex vivo experiment results show that mechanical compression
decreased scattering coefficient of tissue, especially for ex vivo tissue the scattering coefficient
decreased by 60%-80%.We conclude that dehydration is an important mechanism for mechanical
clearing. It contributes to reduced light scattering in soft tissue by increasing concentrations of
proteinaceous structures, displacing water from the space between collagen fibrils which
decreases refractive index mismatching in the tissue [63].
Dehydration shows great potential to improve laser therapy and optical diagnostics. As
shown in OCT images of skin during dehydration, the mirror underneath the skin specimen was
firstly invisible due to the high attenuation by skin. But it can be seen in OCT images three hours
after dehydration which means enhanced light penetration depth. However, since the contrast of
OCT images is based on refractive index differences, it was decreased by the index matching
during dehydration.
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Chapter 6: Future Prospects
6.1

Swept source OCT
Future work will include integrating C scan for real time three dimensional imaging. The

problem with synchronizing the DAQ (Alazar ATS 9462) and the galvano is required to be
solved. Frame trigger of the laser will be used to trigger both the AUX I/O of DAQ and the
function generator board. A software command is needed to configure the AUX I/O as a Trigger
Enable Input. OCT probes will be designed and integrated into the system, which makes it
possible to image different tissue sites in vivo. Endoscopic OCT probes will be used to image the
vascular systems.
More applications of OCT will be developed. Since it has high resolution within
millimeters of probing depth, it can be used to observe the morphological changes of skin
diseases such as acne, psoriasis.

6.2

Verification experiment for scattering properties measurement
Tissue phantoms with known optical properties will be prepared and their scattering

coefficient and θrms will be measured by fitting the EHF model into OCT data of the phantoms.
By comparing the measured results with the known properties of phantoms, it is able to verify
this method and see how accurate it is. Tissue phantoms can be made by using microspheres or
intralipid suspended in water or gel. Their scattering properties can be measured by a wellestablished method such as the integrating sphere method and inverse adding doubling (IAD).
The extracted θrms can be compared with calculated θ from the scattering phase function at 1300
nm using Mie theory.

6.3

Mechanical compression experiments
Because of limited skin specimens and time, we just did few compression experiments

on human palm, skin, front of forearm, and back of the hand. More skin specimens are needed to
give statistical results. In addition, we need to study the influence of compression time, glass rod
shape such as diameter, curvature to the effectiveness of mechanical compression to optimize
this mechanically based optical clearing technique.
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