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Abstract: We present a noninvasive method for characterizing the
refractive index (RI) and thickness distribution in biological tissues using a
combined multiphoton microscopy (MPM) and optical coherence
tomography (OCT) system. Tissue layers are distinguished by the MPM and
OCT images, and the RI and thickness of each layer are determined by
analyzing the co-registered MPM and OCT images. The precision of this
method is evaluated on four standard samples which are water, air,
immersion oil and cover glass. Precision of within ~1% error compared to
reference values is obtained. Biological tissue measurement is demonstrated
on fish cornea. Three layers are detected, which are identified as the
epithelium and stroma I and II of the cornea. The corresponding RI of each
layer is measured to be ~1.446—1.448, 1.345-1.372, and 1.392-1.436,
respectively. The difference of RI in the three layers correlates with the
tissue compositions including cells in epithelium, large collagen fiber
bundles in stroma I, and small collagen fibers in stroma II. The combined
MPM/OCT technique is shown to be able to distinguish tissue layers
through biochemically specific contrasts and measure RI and thickness of
tissue layers at different depths.

© 2012 Optical Society of America

OCIS codes: (180.4315) Nonlinear microscopy; (170.4500) Optical coherence tomography;
(120.5710) Refraction.
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1. Introduction

The refractive index (RI) of biological tissue is a key parameter for characterizing the light-
tissue interactions [1,2]. Knowledge of the tissue RI plays an important role in many
biomedical applications. In optical diagnostics, malignant tissues can be distinguished from
normal tissues by measuring and comparing their RI [3-5]. In laser eye treatments, the RI and
thickness of cornea are important indicators of cornea states, such as cornea hydration and
intraocular pressure, before and after laser surgery [6-9].

Several methods have been reported for measuring RI in tissues. One method was based
on total internal reflection where it used a semicylindrical lens to determine the critical angle
and therefore the RI of biological tissues [10—12]. It required direct contact with sample and
only the RI of the layer in contact with the optics was measured. Wang et al. employed a
phase contrast microscopy to quantitatively determine the spatial fluctuation of RI of tissues

#176359 - $15.00 USD Received 17 Sep 2012; revised 6 Dec 2012; accepted 7 Dec 2012; published 11 Dec 2012
(C) 2012 OSA 1 January 2013 / Vol. 4, No. 1 / BIOMEDICAL OPTICS EXPRESS 39



[5]. The phase contrast microscopy provided the optical pathlength of tissue. To obtain the RI,
the physical thickness of the sample was determined by slicing the sample into a thin section.
Choi et al. reported a method for quantitative three-dimensional (3D) mapping of refractive
index in live cells and tissues using a phase-shifting laser interferometric microscope based on
a Mach—Zehnder interferometer and multi-angle scanning [13]. This method required
complicated 3D reconstruction algorithms and could only work for very thin tissues. Dirckx et
al. devised a method based on a confocal microscope by measuring the optical thickness
which was related to the RI and the physical thickness of a sample [14]. Complicated sample
preparation was needed to section and sandwich the sample between two glass slides.
Therefore, those methods are not suitable for noninvasive measurement of thick tissues
because of the complicated sample preparation and requirement for thin or sectioned tissues.

Focus-tracking has been reported for RI measurement in tissues noninvasively [1,15-18].
This method employed low-coherence interferometry, such as optical coherence tomography
(OCT), combined with translation stages. RI was obtained by taking the ratio between the
optical pathlength measured by OCT and the focus shift resulted from translating the focus of
an objective lens inside biological tissues [1]. This method required focusing the laser beam
onto the front and rear surfaces of a sample. Determining the front and rear surfaces were
based on reflected light, which could be difficult in biological tissues. Moreover, this method
measured the RI along one axial line in tissue at a time, which made it difficult to determine
the distribution of RI within tissues. Kim et al. reported measurement of RI and thickness by
combining low coherence interferometry and confocal optics [19]. The confocal optics was
used to determine the focus shift within a sample, which was similar to the focus-tracking
method. Zvyagin et al. demonstrated a bifocal optical coherence refractometry system which
was capable of creating two foci in the sample simultaneously [20]. The optical pathlength
difference between the two foci was used to determine the RI of the sample. The limitation of
this method was the requirement of exogenous contrast agents such as polystyrene spheres to
increase image contrast for less scattering samples. For the low coherence interferometry and
confocal based methods which rely on reflected or backscattered light as contrast,
distinguishing tissue layers can be difficult in multilayered and heterogeneous tissue structures
because the reflection or scattering contrast is non-specific to tissue compositions.

Cornea is a fairly complex structure which consists of five layers, epithelium, Bowman’s
membrane, stroma, Descemet’s membrane and endothelium [21]. Epithelium is the outmost
layer of cornea which is only 5-6 cell layers thick. Epithelial cells are densely packed and
normally there is very little extracellular space between individual cells. Stroma is the thickest
layer which mainly consists of collagen fibrils that run parallel to each other. Bowman’s
membrane and Descemet’s membrane lie above and below stroma respectively, and consist
mainly of collagen fibrils. Endothelium is only a single layer of cells. For cornea RI
measurement, Kim et al. [22] and Lin et al. [23] measured the overall RI of cornea by focus
tracking. Meek et al. measured the RI change in stroma when cornea swells [24] and Patel et
al. measured the RI change in stroma before and after laser eye surgery [9] with Abbe
refractometer. Abbe refractometer is based on the measurement of refraction angle and
requires direct contact of cornea with two prisms. In all the above references, only the average
value of cornea RI or a single layer such as the stroma of cornea RI has been reported. To the
best of our knowledge, there has been no report on the characterization of RI variations among
the multiple layers of cornea.

In this paper, we present a new method which can measure the RI and thickness of
multiple tissue layers simultaneously in thick biological tissues noninvasively. It is based on a
combined multimodal multiphoton microscopy (MPM) and OCT system. MPM and OCT are
powerful tools for noninvasive functional and structural imaging of tissues. Derived from the
Michelson interferometer, OCT can generate a cross-sectional view of tissues using the
interference between the reflected light from a sample and a reference arm. MPM is a
nonlinear microscopy which detects two-photon excited fluorescence (TPEF) and second
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harmonic generation (SHG) in tissues when excited by a femtosecond laser. TPEF signal
originates from intrinsic sources such as nicotinamide adenine dinucleotide phosphate
(NADPH) or exogenous fluorophores, while SHG signal comes from non-centrosymmetric
molecules such as collagen, a common structural protein [25]. Thus, the highly specific
contrasts in MPM can better distinguish tissue layers based on their biochemical
compositions. In our experiment, OCT cross-sectional images and MPM 3D images of tissues
at the same sample location are taken successively. Optical pathlength and physical thickness
can be derived from those images, respectively. The Rl is obtained by taking the ratio between
the optical pathlength and the physical length. This method requires no sample preparation
and is non-contact. It can measure the thickness and RI distribution of multiple tissue layers
through a single measurement. Furthermore, the technique also provides visualization of
cellular and extra-cellular matrix structures for characterizing multiple layers of biological
tissues.

In Section 2, the principle of the method is explained. In Section 3, the measurement
precision is first validated on four standard samples, water, air, immersion oil and cover glass.
Then the capability of the system to measure RI and thickness of multilayered biological
tissues is demonstrated on fish corneas. Section 4 discusses the sources of measurement errors
and Section 5 concludes the paper.

2. Principles

OCT is an optical interference technique where interference happens only when the optical
pathlengths of sample and reference arms are matched within the coherence length of a light
source. Therefore, the thickness of a sample obtained from OCT images is the optical
pathlength, which is the product of the physical thickness of the sample and its group index. In
this paper, we assume the group index is equivalent to the RI of a sample. Thus, for a sample
with a thickness of # and a RI of #, the corresponding optical pathlength L, is

L,=txn (1)

In our spectral domain OCT system, a spectrometer records the interference fringes which
are processed by non-uniform fast Fourier transform (NUFFT) [26] to obtain a depth profile
(A-line) in the Z direction. Cross-sectional view of the sample is obtained by scanning the
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Fig. 1. Illustration of the OCT/MPM image acquisition procedure. (a) The solid rectangle
denotes the OCT cross-sectional image which is reconstructed from 512 A-lines. (b) MPM en
face image. (c) A stack of MPM en face images. (d) The reconstructed MPM 3D matrix from
the MPM stack. (¢) MPM cross-sectional image (solid rectangle) is sectioned from the MPM
3D matrix.
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laser beam in the Y direction and acquiring multiple A-lines as shown in Fig. 1(a). The optical
pathlength L, can be measured from the OCT cross-sectional image.

MPM is a nonlinear optical imaging technique where two photons are absorbed
simultaneously to excite a fluorescence photon as in TPEF or two photons are converted to a
harmonics photon at twice the energy as in SHG. A focused laser beam is raster scanned and
nonlinear signals such as TPEF and SHG are acquired pixel by pixel. By scanning the laser
beam in the XY plane, an en face view MPM image (Fig. 1(b)) is obtained from the focal
plane. By further scanning the focal plane of an objective, a stack of en face MPM images can
be acquired as shown in Fig. 1(c). From the MPM volume data, 3D reconstruction and
subsequent cross-sectional view of the sample can be obtained as shown in Figs. 1(d) and

1(e).

Immersion
medium

Glass slide

Fig. 2. Schematic of the optical phantom for validation. 7 and » are the physical thickness and
RI of the sample, 7, is the RI of the immersion medium.

Although the MPM stack is obtained by scanning a microscope objective in the Z
direction, the thickness of the sample obtained from the MPM cross-sectional image is not
exactly the physical thickness due to the multilayer refractions in the sample arm. Figure 2
shows how refraction happens in a multilayered sample preparation. The sample (e.g.
fluorescent dye solution) is held between two glass plates and the objective is immersed in
water. Refraction occurs at the interfaces between the immersion water, the top glass plate and
the sample.

Figure 3 shows the ray optics diagram for a multilayered refraction case. The beam is first
focused onto the top surface of the sample (point ¢). Then the objective is moved downward
by a distance of L, so that the beam is focused onto the bottom surface of the sample (point g).
Here L, is referred as the optical thickness of the sample which is related to RI. From Snell’s
law, we have

n,sin6, = n, sin @, = nsin b, ()

where n,, n; and n are the RI of the immersion medium (water), cover glass and sample,
respectively, 6, and 6, are the incident angle and refractive angle on the boundary between
immersion medium and cover glass, and 65 is the refractive angle on the boundary between
cover glass and sample.

By analyzing the triangle relationships in Fig. 3, we can get the relationship among n, ¢
and L, (see Appendix A for more details of the derivation):

2 2 22
n, —n, sin” 6,
L= ix [ S G ®)
n° —nysin” 6,
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Fig. 3. The multilayer refraction of laser beam in sample arm. ¢ and » are the physical thickness
and RI of the sample. 7, is the RI of the immersion medium (water), n; is the RI of the glass
plate, 6, is the incident angle, 6, and 05 are the refractive angles. L, is the distance of the
objective lens moved during imaging.

For the MPM system using high NA objective, spherical aberration needs to be
considered. Since the objective is corrected for spherical aberration, the effect is mainly from
the index mismatch between the immersion medium, cover glass and sample [27]. Equation
(3) shows that the L, and ¢ relationship depends on the incident angle. However, when the
index mismatch between the immersion medium (water, ny) and the sample (n) is small, as in
the case for tissue imaging, the effect of spherical aberration is very small. It has also been
reported that spherical aberration is much smaller in two-photon systems than in one-photon
systems [28]. In the next calculations, marginal beams will be used because of their
contribution to the tight focusing in MPM, for which

n,sin6, = NA “)

and

(&)

Based on the two relationships (Eq. (1) and Eq. (5)), the physical thickness and the RI of
the sample can be calculated:

[y +yJ(Na)’ +4;[nf —(NAYIL /12 ©
V2L

t= = (7
A+ J(va) 4 —(vay 12 1
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In this paper, a water immersion 40 x objective (N4 = 0.8, ny = 1.33) is used for the MPM
imaging. The optical thickness L, can be measured from the MPM cross-sectional image and
the optical pathlength L, can be measured from the OCT image. From L, and L,, the thickness
t and refractive index n can be determined.

3. Experiment and results

The schematic of the experimental setup is shown in Fig. 4. A femtosecond Ti:sapphire laser
with a centre wavelength of 800 nm and a spectral bandwidth of 120 nm is shared by MPM
and OCT. A beam splitter splits the laser beam into a sample and a reference arm. The
interference fringes of the backscattered beam from the sample arm and the reflected beam
from the reference arm are recorded by a custom-built spectrometer. The OCT system can
acquire cross-sectional images with a field-of-view of a few millimeters in the transverse
direction and ~600 um in depth at a speed of ~100 frames/s. MPM consists of two channels,
TPEF and SHG, which are separated by a dichroic mirror and received by different
photomultiplier tubes (PMTs) respectively. The MPM system can acquire en face images with
a field-of-view of a few hundred microns at a speed of ~0.4 frames/s. The XY scans are
controlled by two galvanometer mirrors. The depth scan (Z axis) of MPM is controlled by a
piezo objective scanner. Two objectives are used in the MPM/OCT imaging, a 10 x objective
(MPlanFL N, Olympus, N4 = 0.3) for the OCT imaging and a water immersion 40 x objective
(LUMPIlanFL N, Olympus, N4 = 0.8) for the MPM imaging. The OCT lateral resolution is ~2
pm and its axial resolution is ~2.8 pm (in air). The MPM lateral resolution is ~0.6 pm and its
axial resolutions is ~1.5 um. A detailed description of the setup can be found in our previous

work [25].
Ref. mirror TPEF PMT
i Pt

Dichroic

Scanner
Ti:Sapphire —{Pre-comp XY |—“

q_
q —_

Grating CCD Sample

Fig. 4. Schematics of the combined MPM/OCT system. BS: beam splitter; F: filter; Obj:
Objective; PMT: photomultiplier tube [25].

In the experiment, firstly, a cross-sectional OCT image as in Fig. 1(a) is obtained. The
dimension of the OCT image in the Z direction is determined by the spectrometer design and
is calibrated to be 600 pm by moving the reference mirror with a micrometer. From the OCT
cross-sectional image, L, can be measured. Secondly, a stack of several hundred MPM en face
images are acquired and then reconstructed into a 3D matrix. Afterwards, the MPM cross-
sectional image is sliced from the 3D volume as shown in Fig. 1(e). The dimension of the
MPM image in the Z direction is determined by the number of frames in the image stack and
the step size between the frames which is controlled by the piezo objective scanner. From the
MPM cross-sectional image, L, is derived. Finally the RI and thickness are calculated based
on Egs. (6) and (7). The OCT and MPM cross-sectional images are co-registered and
represent slightly different information about the optical pathlength and the optical thickness
of the tissue respectively [25].

3.1 System validation

Four standard samples, water, air, immersion oil (Nikon, type A) and cover glass (Fisher, 12-
542C), are used to evaluate the performance of this technique. The measurement for the RI of
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water is given as an example. A sandwiched phantom, as shown in Fig. 2, is prepared for the
experiment. Fluorescent dye solution of very low concentration is used instead of pure water
to generate TPEF contrast. The thickness of the solution layer is designed to be around 250
um so that it is neither too thin to increase the measurement error nor too thick to go beyond
the image depth of OCT (600 um) and MPM (400 pm). Firstly, an OCT cross-sectional image
of the phantom is obtained with the 10 x objective. Then the objective is switched to the 40 x
objective without moving the phantom. Next, a stack of 400 MPM images are acquired at 1
pum step size. Based on the data volume, 3D visualized MPM image is reconstructed and a
MPM cross-sectional image corresponding to the OCT image is generated.

OCT intensity profile

600 T

(b)

Depth (um)
g

200

100

0 50 100 150 200 250

Intensity (A.U)
350 %
300 )

MPM intensity profile

50 100 150 200 250 300

Intensity (A.U.)

Fig. 5. MPM/OCT images of the phantom. (a) Cross-sectional view of OCT. (b) The intensity
profile along the central line of OCT cross-sectional image. (c¢) Reconstructed cross-sectional
view of MPM. (d) The intensity profile along the central line of MPM cross-sectional image.
Scale bars are 50 pm.

Figure 5(a) shows the OCT image of the phantom. The two bright lines denote the top and
bottom boundaries of the solution layer. The intensity profile of the OCT image along the
centre line is plotted in Fig. 5(b). The optical pathlength of this layer can be directly acquired
by measuring the distance between the two peaks in Fig. 5(b). Since the fluorescent dye
solution generates no SHG signal, only the TPEF image is obtained and shown in Fig. 5(c).
The bright area denotes the solution layer while the dark area shows the top and bottom glass
plates. Similarly, the central intensity profile of the TPEF image is plotted and shown in Fig.
5(d). The optical thickness of the solution layer in MPM is then acquired by getting the full
width half maximum (FWHM) of the peak in Fig. 5(d). With these two parameters, the
physical thickness and RI of the solution can be obtained according to Egs. (6) and (7).
Assuming the low concentration fluorescent dye contributes little change in the optical
refraction of water, the RI of water can be determined from this experiment.
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RI measurements for air, oil and cover glass are also performed. For the air and oil
measurement, we designed a phantom similar to the one shown in Fig. 2 but replaced the dye
solution with air or oil. Since cover glass can generate weak TPEF signal, this contrast is used
to detect the top and the bottom surfaces of the air and oil gap. For the glass measurement, the
TPEF signal from the glass itself is used as the contrast. All the experiments are conducted at
room temperature and are repeated three times.

Table 1. The measurement of RI of standard samples”

Meas Ref Err

Water 1.336 +0.003 1.329 [29] ~1%
Air 1.005 + 0.003 1.0003 [30] ~1%
0il 1.515 +0.004 1.515' ~1%
Cover glass 1.576 + 0.002 1.56 +0.01 —

“Meas: measured value (average + standard deviation); Ref: reference value; Err: error with respect
to the reference value. The error has already taken into account the standard deviation. 1: From
Nikon type A immersion oil specification (23°C). 2: The RI of cover glass is measured using the
focus tracking method [1].

The experimental results, the reference values from literature and the errors with respect to
the reference values are summarized in Table 1. The measured results are presented in the
form of average value plus standard deviation. For water, our measured RI is 1.336 + 0.003,
which matches well with the reference value of 1.329 (calculated from Sellmeier equation for
wavelength 800 nm, temperature 20°C) [29]. The small standard deviation indicates that the
measurement is highly repeatable. For air, the measured RI is 1.005 + 0.003 which is close to
the reference value 1.0003 (wavelength 800 nm, temperature 15C) [30]. For immersion oil,
our result is 1.515 + 0.004, which matches with the reference value 1.515 obtained from
product specification (Nikon type A immersion oil, temperature 23°C). For cover glass, our
result is 1.576 + 0.002. The reference value is 1.56 = 0.01, which is measured using the focus
tracking method [1]. Although the average Rls obtained by the two methods are very close,
our method has a much smaller standard deviation. No error is calculated for the cover glass
because our result could have a better precision than the reference value obtained by focus
tracking. From above, the results show that the technique is highly precise and repeatable. Our
measurements are in agreement with reference values within ~1% error range. Thus the
measurement of the standard samples proves the efficacy of this technique.

3.2 Biological tissues

The application of this technique to biological tissues is tested on fish cornea. Fish cornea is
similar to human cornea and generally consists of the five layers, epithelium, Bowman’s
membrane, stroma, Descemet’s membrane and endothelium. Some species may contain more
or less of the above layers [31]. In our experiment, black tilapia fish are obtained from a local
vendor and fresh fish eyes are imaged under the microscope. In the tissue imaging, no sample
preparation is required. The OCT cross-sectional image of fish cornea is acquired and shown
in Fig. 6(a). After that, a stack of en face MPM images are acquired and the representative
images at different depths are shown in Figs. 6(c)-6(g). The reconstructed MPM cross-
sectional view of the cornea is shown in Fig. 6(b). In Fig. 6, the MPM images are color coded
with TPEF in red and SHG in green.

The co-registered MPM and OCT cross-sectional images clearly display the multilayer
structure of the fish cornea. From Figs. 6(a) and 6(b), three layers can be distinguished in the
fish cornea, which are denoted as L1, L2 and L3. The fine structures of each layer are
provided by the high resolution en face MPM images. In Fig. 6(c), the clearly visible cellular
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structures which are shown by the TPEF contrast indicate that the top layer is the epithelium.
Figures 6(d)-6(f) show mainly SHG signals from collagen fibers with different orientations
and densities, which is an indication of the stroma layer. In Figs. 6(d) and 6(e), collagen fibers
are observed to form large bundles and the bundles line up inside the plane but change
orientation between planes. In Fig. 6(f), the SHG intensity decreases significantly and the
collagen fibers seem to be smaller in diameter. Figure 6(g) shows the end of the cornea where
weak autofluorescence is detected, which indicates the endothelium layer. From the en face
MPM images, we can identify that L1 is the epithelium, L2 is the first layer of stroma and L3
is the second layer of stroma (possibly including the endothelium layer). The Bowman’s
membrane and Descemet’s membrane are not distinguished from stroma in our study likely
because they are very thin and mainly consist of collagen fibrils, similar as stroma.

Fig. 6. MPM/OCT images of fish cornea. (a) Cross-sectional view of OCT. (b) Reconstructed
cross-sectional view of MPM. (¢)-(g) MPM en face view at depths 80, 200, 316, 370 and 387
um, respectively. TPEF is in red and SHG in green. Scale bars are 50 um.

Once the MPM and OCT images of fish cornea with clear structures are acquired, the
thickness and RI can be calculated. Clearly, this method cannot only measure the overall RI of
the whole cornea, but also measure the RI of each layer for a multilayered sample as cornea.
Moreover, from the two co-registered cross-sectional images, the thickness variation and the
RI distribution along the transverse direction of a few hundred micrometers can also be
obtained.
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Two sets of data acquired from different specimens are summarized in Table 2. For each
layer of the cornea, the RI and thickness at five different locations are calculated and
averaged. The overall RI and thickness of the full cornea are also computed. For specimen
one, the RI for epithelium (L1), stroma I (L2) and stroma II (L3) are 1.448 + 0.015, 1.345 +
0.002 and 1.436 + 0.009 respectively. For specimen two, the RI for the respective layers are
1.446 +0.011, 1.372 £ 0.005 and 1.392 + 0.012. Although there are some variations between
the two specimens, the results show two common features. First, the epithelium has the
highest RI among the three layers. From the high-resolution MPM images, the epithelium is
observed to be composed of multiple layers of cells. The membrane structures of cells and cell
nuclei tend to have high RI because of their lipid and DNA compositions. Second, the
posterior layer of the stroma (II) has higher RI than that of the anterior layer of the stroma (I).
From the SHG en face images, we found stroma I (Figs. 6(d)-6(e)) is composed of large
collagen fiber bundles while stroma II (Fig. 6(f)) is made of small collagen fibers. Stroma I
also shows higher SHG signal intensity than stroma II. The difference of the RI between
stroma I and II correlates well with the collagen fiber structures and the SHG signal
intensities. The variations between the two specimens are possibly due to the individual
differences and the hydration levels of the corneas [9,24]. The thickness of each layer of the
cornea is also listed in Table 2.

Table 2. RI and thickness of fish cornea

Specimen one Specimen two
Average
Layer Refractive index ~ Thickness Refractive index ~ Average Thickness [pum]
[pm]
Epithelium (L1) 1.448 +£0.015 43.8 1.446 +£0.011 335
Stroma I (L2) 1.345 +0.002 2529 1.372 £0.005 219.0
Stroma II (L3) 1.436 £ 0.009 41.2 1.392+£0.012 39.9
Overall 1.370 £ 0.004 337.9 1.386 & 0.005 292.4

In the literature, the RI distribution in different cornea layers has not been reported. For
human cornea, the average RI of the full cornea is reported to be ~1.37-1.39 [23,32]. In our
result, the overall RI for the two specimens is 1.370 + 0.004 and 1.386 + 0.005 respectively,
which are close to the reported number for human cornea. Our technique can further identify
multiple layers in cornea and measure the RI and thickness distribution of tissue layers at
different depths.

4. Discussion

The axial resolutions of OCT and MPM as well as the physical thickness of a sample are
important factors in determining the measurement precision of this method. To estimate the
error, we can rewrite Eq. (6) in the form of

(NA)' +(NA)" +4[n? —(NA)' 13 / I
n=f(Lp,L0)=\/ \/ 2 : (®)
According to the error propagation theory [33], the relative error of  is
An _ & O ap [0S AL (9)
|n| | f | oL, Pl oL,
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Here AL, and AL, are the measurement errors of L, and L, respectively. The bar symbol
means average.

Thus, we get
An AL, AL

@ ” 2L, T, (1

Based on Eq. (10), there are two ways to reduce the relative error. One is to increase the
optical pathlength L, and thickness L,. Since L, and L, are proportional to the physical
thickness ¢, the increase of ¢ can give rise to the increase of L, and L,. In our experiments, the
phantoms are specially designed so that they can make full use of the imaging depth and
minimize the relative error. In tissue measurement, the sample thickness will be limited by the
nature of the tissues. The other way is to reduce the measurement errors AL, and AL,, which
are determined by the OCT and MPM axial resolutions. In Fig. 6, the optical pathlength L,
and the optical thickness L, are measured from the intensity profile of the images. Since the
detection of the boundary of the layers directly depends on the system resolving ability, a
higher axial resolution will provide better measurement precision. In our system, the OCT
axial resolution (2.8 pum in air) can potentially be improved to reach the source limited
resolution (2.35 pum in air). To further improve the OCT resolution, a source with shorter
center wavelength and/or broader bandwidth will be needed. For MPM, a higher axial
resolution can potentially be achieved by using objectives with higher NA. Besides axial
resolution, speckle noise in OCT and spherical aberration in tight focusing optics may also
affect the measurement precision. Speckle noise is inherent in OCT due to the interference of
coherent light [34]. Speckle noise makes it more difficult to identify the boundaries in OCT
images. Spherical aberration is mainly caused by the index mismatch between the immersion
medium and the sample [27,28]. For water and fish cornea measurements, the effect of
spherical aberration is very small. For air and oil measurements, the effect of spherical
aberration is expected to be higher. Considering the three factors above, the measurement
precision of our system is estimated to be around ~1%, which matches with the error
calculation in Table 1.

The experiment on fish corneas demonstrates the advantages of this method. Based on the
tissue structures determined by OCT and MPM cross-sectional images, the RI and tissue
thickness can be obtained. Furthermore, the high resolution en face TPEF and SHG images
show the compositions of each tissue layer which can provide information on why RI varies
among the different layers. This method works well for multilayered inhomogeneous samples.
With a single measurement, the distribution of the RI and thickness within a sample can be
obtained. Furthermore, by comparing the OCT and MPM images in the cornea data, the MPM
image shows better identification of the different layers because the compositions of the
epithelium and stroma are highly different which can be distinguished by the TPEF and SHG
respectively. The scattering contrast in OCT shows no identification of the tissue
compositions. Therefore, by using combined MPM/OCT, the tissue layers can be better
distinguished during RI and thickness measurement, compared to techniques based on low
coherence interferometry or confocal.

The MPM/OCT technique is noninvasive and requires no sample preparation. Therefore, it
could be applied for in vivo characterization of RI and thickness of tissues. For in vivo
imaging, the MPM acquisition speed needs to be increased which can be achieved by
scanning the MPM image in cross-sectional mode directly.

5. Conclusion

We have presented a technique for characterizing the RI and thickness of biological tissues
noninvasively using combined MPM/OCT. For standard samples, high precision
measurements (~1% error) have been achieved. In fish cornea measurement, three layers in
cornea are identified and the RI and thickness of each layer are obtained simultaneously. The
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results demonstrate that this technique is especially suitable for biological tissue
characterization where the multilayered and heterogeneous structures of tissues can be
distinguished through the MPM/OCT imaging and the RI and thickness distribution can be
derived simultaneously.

Appendix A

Based on Eq. (2) and the triangle relationships in Fig. 3, we can derive

tanf _ac/cf ch

(A1)
tand, ac/ch cf
t
an g, :bc/cdzﬁ (A2)
tand, bc/ce cd
We can combine Eq. (A.1) and Eq. (A.2) into
1 —
an@zﬁzzzch ce:ﬁ (A3)
tand, c¢f cd cf—-cd df
Similarly, we have
tanb, _eg (A.4)
tand, eh
Multiply Eq. (A.3) with Eq. (A.4),
tan6 _eg 1 (A5)
tand, df L,
Notice that
sin 6, sin 6,
tan @, = L= L (A.6)
' cosg J1-sin’ 6,
and
and, - sin 6, __ sin 0, (A7)
cosfy \[1-sin’ 6,
By combining Egs. (A.5)—(A.7), we can get the relationship among #, ¢, and L,:
2 2.2
L =tx w (A.8)

o

n* —n. sin’ 6,
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