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Abstract. The scattering properties and refractive indices (RI) of tissue are important parameters in tissue
optics. These parameters can be determined from quantitative phase images of thin slices of tissue blocks.
However, the changes in Rl and structure of cells due to fixation and paraffin embedding might result in inac-
curacies in the estimation of the scattering properties of tissue. In this study, three-dimensional Rl distributions of
cells were measured using digital holographic microtomography to obtain total scattering cross sections (TSCS)
of the cells based on the first-order Born approximation. We investigated the slight loss of dry mass and drastic
shrinkage of cells due to paraformaldehyde fixation and paraffin embedding removal processes. We propose a
method to compensate for the correlated changes in volume and RI of cells. The results demonstrate that the
TSCS of live cells can be estimated using restored cells. The percentage deviation of the TSCS between
restored cells and live cells was only —8%. Spatially resolved Rl and scattering coefficients of unprocessed
oral epithelium ranged from 1.35 to 1.39 and from 100 to 450 cm~', respectively, estimated from paraffin-
embedded oral epithelial tissue after restoration of Rl and volume. © 2014 Society of Photo-Optical Instrumentation
Engineers (SPIE) [DOI: 10.1117/1.JB0.19.7.075007]
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1 Introduction

The propagation of light in biological tissue can be analytically
modeled by radiative transport theory.! The light-scattering
process under the framework of the radiative transport theory
is described by the scattering coefficient and the scattering
phase function. The scattering coefficient is defined as the
total scattering cross section (TSCS) per unit volume of tissue.>>
The scattering coefficient also gives the probability of a scatter-
ing interaction per unit distance traveled. The scattering phase
function, defined as the normalized differential cross section, is
the probability density function of a photon being scattered at a
scattering angle. These two scattering properties are important
and essential parameters for modeling photon migration in bio-
medical applications such as quantitative spectroscopy, diffuse
optical tomography,'** and photodynamic therapy.*’ One
potential application of clinical significance is to use these prop-
erties as a marker for early detection of epithelial precancer/
cancer. In particular, the cellular morphologies and structural
heterogeneities of stratified squamous epithelia are altered dur-
ing the progression of epithelial cancers.®'% Therefore, the scat-
tering coefficients of stratified squamous epithelia may be a
useful indicator to distinguish precancer/cancer from normal
tissue.

*Address all correspondence to: Kung-Bin Sung, E-mail: kbsung@ntu.edu.tw
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Accurate measurements of scattering coefficients of stratified
squamous epithelia are difficult to obtain. The epithelial layer is
too thin to lift off for measuring the scattering coefficients by
utilizing conventional methods such as the integrating sphere'!
and collimated transmission methods. Prior efforts attempting to
extract the scattering coefficients of the epithelial tissue can be
categorized into two groups: those based on backscattered light
measurements of in vivo or fresh ex vivo tissue, and those based
on two-dimensional (2-D) quantitative phase images of thin sli-
ces of tissue blocks. In the first category, the attenuation coef-
ficient of bulk tissue, consisting of the some of the scattering and
absorption coefficients, is extracted by fitting the depth-depen-
dent decay of reflected light [measured using reflectance
confocal microscopy®!'? or optical coherence tomography
(OCT)"*"¥] to single-scattering'*'* or multiple-scattering mod-
els.!>1%2% In the visible and near-infrared region, the absorption
coefficient of the epithelial tissue is significantly lower than the
scattering coefficient, and thus the measured attenuation coeffi-
cient approximates to the scattering coefficient.”! These meth-
ods have limited accuracy because they rely on the assumptions
of depth-independent reflectivity or backscattering cross sec-
tion, 12131571922 5 fixed fraction of the attenuated light being
backscattered,'* a certain spatial distribution of refractive
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indices (RI),'” or a certain scattering phase function'” in tissue.
Although many methods have been demonstrated to measure the
average RI of bulk tissue based on the focus-tracking or bifocal
optical coherence tomography>>> and the critical angle
method,?® there is still no suitable method for obtaining the spa-
tially resolved RI values of fresh epithelia. Arifler et al. obtained
the RI distributions of stratified squamous epithelial tissue from
Feulgen-thionin stained cervical biopsies.?’” The results revealed
that the different layers of the epithelial tissue, such as the super-
ficial, intermediate, and basal layers, show distinct morpholo-
gies and RI distributions. Therefore, the scattering properties,
such as backscattering cross section and scattering phase func-
tion of different layers, are expected to differ.”’

As an alternative, Wang et al.”® and Xu* have proposed to
determine the scattering coefficient from the spatial variance of
the phase shifts and the physical thickness of thin slices of tissue
blocks, based on the first-order Born approximation. This
method provides a convenient and feasible way to investigate
both the quantitative structural information and the spatially
resolved scattering coefficients of ex vivo tissue specimens.
The quantitative structural information helps the interpretation
of the determined scattering properties and provides comple-
mentary cellular-level morphologies and RI for clinical diagno-
sis. Due to the intrinsic limitations of quantitative phase
microscopy, however, this method is limited to imaging thin sli-
ces of tissue blocks.

Thin tissue slices are commonly cut from frozen or paraffin-
embedded tissue blocks. Figure 1 shows the hematoxylin and
eosin (HE) stained image of a frozen section of human oral epi-
thelial tissue. The morphology of cellular structures has been
significantly altered, including nuclear shrinkage and empty
voids between nuclei and cytoplasm.*® Hence, the frozen sec-
tions are inappropriate to determine the scattering properties
of tissue. Thin slices from paraffin-embedded tissue blocks
show less morphological alterations than frozen tissue slices
and have been extensively used as a standard in pathologic diag-
nosis. Previous studies have reported the changes in cell and
tissue volumes after fixation’'*? and paraffin embedding
removal processes.”> An increase in the average RI of HE
stained paraffin sections compared to nonstained frozen sections
has also been shown.>* However, the influences of the parafor-
maldehyde (PFA) fixation and paraffin embedding removal
processes on these structures, RI distributions, and scattering
properties of cells and tissue have not been fully elucidated.

Fig. 1 HE stained image of a frozen section of human oral epithelial
tissue.
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To help interpret the RI and scattering properties derived
from quantitative phase images of thin slices of tissue, knowl-
edge of the effects of these processes on cells and tissue is essen-
tial. We measured the three-dimensional (3-D) RI distributions
and volumes of epithelial cells in a live state and after both proc-
esses. The quantitative 3-D RI distributions were used to calcu-
late the TSCS of the cells before and after processing. The
results give insight into the influences of PFA fixation and par-
affin embedding removal on the volume shrinkage, RI distribu-
tions, and scattering properties of epithelial tissue. Based on the
results, we propose simple methods for compensating the cell
shrinkage and alterations in RI distributions stemming from
the paraffin embedding removal processes. We demonstrate
the applications of the compensation methods to estimate the
spatially resolved scattering coefficient and RI of human oral
epithelial tissue from 2-D quantitative phase images of thin sli-
ces of tissue.

2 Materials and Methods

2.1 Instrumentation: Digital Holographic
Microtomography

In this study, 2-D phase images and 3-D RI distributions of spec-
imens were acquired using microtomography (DHyT), which is
described in detail elsewhere.’>*¢ The DHuT is essentially a
Mach—Zehnder interferometer equipped with two galvanometer
mirrors and a piezoelectric transducer. The light source is a 532-
nm continuous wave diode-pumped solid-state laser and is di-
vided into sample and reference beams. The illumination direc-
tion of the sample beam is controlled by the mirrors. The
transmitted scattered field of the sample is delivered to a high-
speed CMOS camera (Point Grey Co., Canada; Gazelle
Model) by the objective (Olympus UPLSAPO 100, 1.4 NA,
Japan) and tube lenses and interferes with the reference beam
on the camera. For each angle of illumination, six consecutive
phase-shifted interferograms were recorded for calculating one
scattered field, including the amplitude and phase images. We
used the circular scanning strategy in this experiment. In circular
scanning, the illumination angle of the incident beam is scanned
over 2z azimuthal angles at 10 polar angles with respect to the
optical axis of the objective lens. This can improve the axial res-
olution due to a higher coverage in the Fourier domain of RI dis-
tributions.**” The 3-D RI distributions of the specimens were
reconstructed using the optical diffraction tomography algo-
rithm. Lateral and transverse resolutions were 0.35yum, and
the recording time of a single tomogram, reconstructed from
480 scattered fields at different illumination angles, was 28.8 s.

2.2 Analysis of Dry Mass, Volume, and Total
Scattering Cross Section of Epithelial Cells

We imaged live HeLa cells, a human epithelial carcinoma cell
line. Cells were cultured on poly-L-lysine coated cover slips and
incubated at 37°C and 5% CO, for 24 h before measurements.
The 3-D RI distributions of the cells were obtained by DHuT.*
Subsequently, the cells were fixed with 4% PFA solution, made
by adding 4 g PFA powder to 100 mL phosphate buffered saline
(PBS). The solution was heated to 60°C until the PFA powder
was completely dissolved.*® The RI distributions of fixed cells
were measured 1 h after fixation. After imaging, the cells were
processed using standard paraffin-embedding procedures.*
Afterward, the cells were deparaffinized with xylene, hydrated
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with an alcohol gradient, and washed with PBS. The cells were
finally immersed in PBS for measuring the 3-D RI distributions
by DHuT.

The volume of a cell can be determined using the 3-D RI
distribution. The dry mass of a cell equals the biomolecular con-
centration times the volume of the cell. The biomolecular con-
centration is calculated from its 3-D RI distribution based on the
relationship®

n(x,y,z) = ny +aC(x,y,z). (1)

Here, n is the RI of the medium measured to be 1.337 using a
commercial refractometer; n(x, y, z) is the RI of the cell; « is the
specific RI increment, typically 1.8 X 107 g=! cm™ for bio-
logical cells; and C(x,y,z) is the biomolecular concentration
expressed in grams per 100 mL.

To investigate the influences of PFA fixation and paraffin-
embedding removal on the TSCS of cells, we calculated the
TSCS using the 3-D RI distributions. The relative RI distribu-
tions of biological cells and tissue with respect to that of water
range from 1.0 to 1.06.%° Hence, they can be regarded as weakly
scattering objects.*! Under the Born approximation, only a sin-
gle-scattering event needs to be considered for such objects and
subsequent multiple-scattering events can be neglected. The
scattered fields and differential scattering cross sections of
cells or tissue illuminated by a plane wave were calculated
using the first-order Born approximation,> such as the 3-D
RI distributions of cells. The TSCS of the cell was obtained
by integrating the differential scattering cross section.

2.3 Estimation of Volume Shrinkage of Epithelial
Tissue

To investigate the effect of shrinkage on epithelial tissue, we
imaged freshly excised pig oral epithelial tissue using a second
harmonic generation (SHG) microscope.*? After imaging, the
tissue was fixed with 4% PFA for 24 h and embedded in par-
affin. Transverse and longitudinal sections of 4-um thickness
were cut from paraffin blocks and stained with HE. The shrink-
age factor of the tissue due to PFA fixation and paraffin-embed-
ding removal was estimated by dividing the average cellular
volume of superficial cells measured using the SHG microscope

134 135 136 1.37 1.38 1.39 140 1.34 1.35 1.36

by the average volume of superficial cells measured from the HE
stained paraffin sections.

2.4 Preparation of Human Oral Epithelial Tissue

We obtained human oral mucosa specimens with histologically
moderate dysplasia from three patients. The study was approved
by the Institutional Review Board of National Taiwan University
Hospital and informed consent was obtained from subjects. The
size of each human oral mucosa specimen from the three inde-
pendent subjects was approximately 2 X 2 X 1 mm. Specimens
were fixed with 4% PFA solution and embedded in paraffin.
Slices of 2-um thickness were cut from the tissue blocks
using a rotary microtome. These slices were deparaffinized
with xylene, hydrated with an alcohol gradient, and immersed
in PBS for quantitative phase imaging by DHuT.

3 Refractive Indices Distributions, Dry Mass,
Volume, and Total Scattering Cross Section
of Epithelial Cells

We analyzed a total of 15 live cells in three repeated experi-
ments. Representative RI distributions of the live cells before
processing, after PFA fixation and after the paraffin embedding
removal process, are shown in Fig. 2. The morphology of cells
after PFA fixation showed no apparent alteration compared to
that of the live cells. The paraffin embedding removal process
led to a significant shrinkage of volume and an increase in the RI
of cells. The mean and standard deviation of the RI for cells in
the three treatments were 1.376 4 0.0035, 1.376 4 0.0026, and
1.400 £ 0.0055, respectively. Dry mass, volume, and TSCS are
summarized in Fig. 3. The percentage differences in dry mass,
volume, and TSCS of cells before and after PFA fixation were
2.0%, 7.3%, and —9.6%, respectively. A slight swelling of the
HeLa cells was observed. Shrinkage or swelling of cells after
PFA fixation appeared to be cell-specific.>#*** The average
dry mass and volume of cells after the paraffin embedding
removal process were reduced by 6.4% and 38.8%, respectively,
compared to those of the live cells. The slight reduction in dry
mass of cells probably resulted from the dissolution of lipids of
the cell membrane in the organic liquids used (i.e., xylene and
alcohol solutions).*> The significant volume shrinkage of cells

1.37 1.38 1.39 1.40 1.34

Fig. 2 Rl distributions of (a) live cells, (b) PFA-fixed cells and (c) cells after paraffin embedding removal

process. Scale bar = 20 ym.
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O Live cells following the paraffin removal process. The light-scattering
O Fixed cells with 4% paraformaldehyde properties of cells and tissue were sensitive to morphologies
A Cells after paraffin embedding-removal process and RI fluctuations.*! To obtain the scattering properties of
600 live cells from cells after the paraffin embedding removal proc-
ess, we proposed to compensate for the RI changes using RI
500 § Q histogram specification*® and for the volume shrinkage using
. H A Q isotropic scaling.
2 400 8 g ) The histogram specification algorithm adjusted the RI values
z) E % Q Q of the processed cells so that the resulting probability histograms
g 300 (] g A of RI were similar to those of the live cells. The flowchart of the
2 00 2] = R histogram specification algorithm is shown in Fig. 4. For each
o cell, a cumulative probability distribution (CDF) of the RI of the
100 cell after the paraffin embedding removal process, as well as that
of the corresponding live cell, was formed. The two cumulative
0 T s 7 5 5 7 5 s o s is probapility histograms were related to build a lookgp table,
LUT[j] = k. To set up the lookup table, for each input RI
Cell number level j, we found an output RI level k, which minimizes the
@) absolute difference between the CDFs of the live and processed
6.000 cells, |P,[j] — Pp[k]|- The RI values of postprocess cells were
5000 then reassigned based on the lookup table.
7 o To compensate for the volume shrinkage, we enlarged the
E 4,000 8 ? o cells in all 3-Ds by the same scaling factor, based on the assump-
3" Eg (o) i tions of isotropic shrinkage and space-invariant scaling factors.
2 3.000 A B a 8 8 B8 o E; The scaling factor is the cubic root of the ratio of the average
% A A 8 A 8 0 A volume of the live cells to that of the cells after the paraffin
= 2.000 A A 8 A T embedding removal process, and was determined to be 1.18,
S § A o A according to a 38.8% volume shrinkage.
1,000 ~ The proposed compensation methods were applied to 15
cells after paraffin embedding removal. The RI distributions
0 of the three groups of cells are shown in Figs. 5(a)-5(c), respec-
123456 7.8 910111213 1415 tively. Figures 5(d)-5(f) show the corresponding histograms of
Cell number RI within the cells. To evaluate the performance of the proposed
(b) compensation methods in restoring the RI distributions and the
60 TSCS of cells, we calculated the TSCS of the restored cells and
- a A A A the live cells. To reduce the scattering of the boundary between
_ A cell and medium, we also changed the RI of the surrounding
E 10 A
‘?2 . A A A A a4 Processed cell Live cell
x A A A T —————— . T, .
§ 20 4 Rl image Rl image ;
e : nq(x,y,2) : ny(x,y,2)
10 :
@ _o00g a v v
0 ? Q o8 saea Qo ? Probability histogram Probability histogram
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Pelil P pplil
Cell number : I
() ' v - v
CDF Do CDF
Fig. 3 (a) Dry mass, (b) volume, (c) TSCS of the 15 Hela cells. o\ . Pl _\* .
Pl =) pali - i| nras .. el
led to a significant increases in mass density and average RI of P

cells, as shown in Fig. 2(c). As a consequence, the average R I ............... R I ...............

TSCS increased significantly by a factor of 8.6.
A 4
4 Development and Applications of Set up the lookup table , LUT[j] = k
Compensation Methods
4.1 Compensation for Increased Refractive Indices .
and Volume Shrinkage of Cells Reassign RI values of post-process cells
As shown in Sec. 3, the mean and standard deviation of RI of
cells increased significantly and cellular volume decreased Fig. 4 The flowchart of the histogram specification algorithm.
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Fig. 5 Rl distributions of (a) live cells, (b) cells after the paraffin embedding removal process, (c) cells
after restoration of Rl and volume, (d)—(f) RI histograms of the cells in (a)—(c) excluding the medium,

(9)—(i) cells shown in (a)—(c), placed in tissue.

medium to equate that of the average cytoplasmic RI values of
the cells in order to mimic a tissue environment [Figs. 5(g)-5()].
Average cytoplasmic RI values of live cells, cells after the par-
affin embedding removal process, and the restored cells were
1.376, 1.400, and 1.376, respectively. The scatter plots in
Figs. 6(a) and 6(b) show the volume and TSCS of live cells
against those of the restored cells, respectively, with an average
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percentage difference in volume between live and restored cells
of 0.5% and a percentage deviation in TSCS between —60% and
+60%. The average percentage deviation between the TSCS of
the two groups was only —7.8%. Conversely, the average TSCS
of the processed cells without compensation was 8.6 times
higher than that of the live cells. Therefore, the proposed com-
pensation method demonstrates the feasibility of estimating the
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compensation.

TSCS of live cells from the 3-D RI distributions of the same
cells following the paraffin embedding removal process.

4.2 Estimating the Scattering Coefficient of Human
Oral Epithelial Tissue

We estimated the spatially resolved scattering coefficients of
human oral epithelial tissue using the scattering-phase theo-
rem?>? Under the first-order Born approximation, the theorem
provides a formula that relates the scattering coefficient of a thin
slice of tissue to the spatial variance of the phase shifts and the
physical thickness of the tissue slice. The 2-D quantitative phase
images under normal incidence as well as the thickness of the
thin slices of human oral epithelial tissue were acquired by
DHuT. The phase shift of the transmitted field passing through
the specimen is proportional to the line integral of the RI differ-
ence between the specimen and medium along the direction of
light propagation. To apply the compensation method described
in Sec. 4.1 to the RI distributions of the slices, we calculated an
average RI over the slice thickness for each pixel in the phase
images. The lookup table for the RI histogram specification was

(@)
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9t 4
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o
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5 Al
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TSCS of live cell (x107"2 m?)
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15 live cells versus the same values after

obtained from the accumulated RI histogram of all 15 analyzed
live cells. The shrinkage of the epithelial tissue due to the fix-
ation and paraffin embedding removal processes was estimated
by comparing SHG images of fresh ex vivo pig oral mucosa
specimens to white light microscopic images of HE stained sec-
tions of the same specimens following the processes.

A representative SHG image and the corresponding HE
stained image of the epithelial cells are shown in Figs. 7(a)
and 7(b), respectively. Cells in the images were manually seg-
mented from z-stacks of consecutive SHG and HE stained
images to calculate the mean cellular volumes before and
after the paraffin embedding removal process. Tissue shrank
by 29.6%. Based on the assumption of isotropic shrinkage of
tissue, we enlarged length, width, and thickness of the tissue
slices by the same scaling factor of 1.13, which is the cubic
root of the ratio of the average volume of the fresh tissue to
that of the processed tissue.

After compensation of RI distributions and shrinkage of the
thin slices of processed oral epithelial tissue, we transformed the
RI distributions of the tissue slices into the 2-D quantitative
phase images in order to calculate the scattering coefficients.

Fig. 7 (a) SHG image of the fresh ex vivo pig oral epithelial tissue specimen, (b) HE stained paraffin

section of the same specimen. Scale bar = 100 ym.

Journal of Biomedical Optics

075007-6

July 2014 « Vol. 19(7)



Su et al.: Investigation of influences of the paraformaldehyde fixation and paraffin embedding removal process.. .

The scattering coefficients at each depth, calculated within an
18.2 X 18.2 ym area of the slices before and after restoration
of RI and volume, are shown in Fig. 8(b). The results show
that the scattering coefficients of oral epithelial tissue after
the fixation and embedding removal were increased by an aver-
age factor of 2.96. The estimated scattering coefficients at vari-
ous depths differed, ranging from 100 to 450 cm™'. Scattering
coefficients in the keratinized superficial and basal layers of the
epithelium were higher than in the intermediate layer due to a
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Fig. 8 (a) Rl image of a 2-um thick slice of human oral epithelial tis-
sue. Scale bar = 50 um, (b) scattering coefficient and (c) average RI
along the line labeled “PQ” in (a). Circles are the scattering coefficient
and RI of the tissue slice after the paraffin embedding removal proc-
ess, and squares are after compensation.
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higher spatial frequency in RI fluctuations and a higher RI stan-
dard deviation in the keratinized superficial and basal layers.

4.3 Estimating the Average Refractive Indices of
Epithelial Tissue

Equation (1) indicates that the RI of biological cells and tissue is
related to the biomolecular concentration, which is the ratio of
the dry mass to the volume of a cell or tissue specimen. We pro-
posed to compensate for the volume shrinkage and loss of tissue
dry mass caused by the fixation and paraffin embedding removal
processes, and to estimate the average RI of epithelial tissue
from the average RI of tissue slices measured by DHuT. The
percentage of loss in the tissue dry mass was assumed to be
the same as that obtained from the cell study. Volume shrinkage
was compensated by isotropic scaling with a factor of 1.13 as
described in Sec. 4.2.

Mean RI values of the slice shown in Fig. 8(a) at various
depths from the tissue surface are shown as blue circles in
Fig. 8(c). The RI at each depth was calculated by averaging
the RI within an 18.2 X 18.2 ym area. Depth-resolved RI values
of the slice ranged from 1.36 to 1.42, compared to 1.35-1.39
after compensation, as shown by the red squares in Fig. 8(c).
The average RI of the whole epithelium after compensation
was calculated as 1.369. RI values of the epithelia in the
other two specimens were similar.

5 Discussion

The results of the cell study presented in Sec. 4.1 demonstrate
that the average percentage deviation of the TSCS of restored
cells from that of the original live cells was only —7.8%.
There were some visible differences in RI values and distribu-
tions between the restored cells and the live cells, indicating that
the assumptions of isotropic and space-invariant shrinkage were
only approximate. Despite the minor discrepancy in RI distribu-
tions between restored and live cells, the proposed compensa-
tion method was feasible for determining the TSCS of live cells,
as the areas in restored cells showing different RI compared to
those of the live cells were 0.1-3.0 um in size and thus mainly
contributed to backscattering. The TSCS of single cells was
mostly determined from forward scattering which was several
orders of magnitude higher than the sideward scattering and
backscattering.™¥’ Extending the proposed compensation
method to accurately determine the backscattering characteris-
tics and scattering phase functions of live cells using restored
cells requires further study of the shrinkage mechanism of
organelles to provide guidelines on how to compensate for
organelle- or structure-specific alterations in RI and size.

We estimated the scattering coefficients of the oral epi-
thelium at various depths from 2-D quantitative phase images
of thin epithelial tissue slices. The scattering coefficients of
unprocessed oral epithelia were estimated from 100 to
450 cm~! at a wavelength of 532 nm. The scattering coefficients
of stratified squamous epithelia reported in the literature®>*54°
range from 20 to 150 cm™! in the near-infrared region.
Estimated scattering coefficients of unprocessed oral epithelia
in our study were higher than the values reported in the previous
studies. One possible reason is that the epithelia in different
organs may have different scattering coefficients. The compen-
sation methods employed in the present study could be
improved to obtain a more accurate estimation of the 2-D
phase distributions of unprocessed tissue from tissue slices.
The amount of volume shrinkage could be assessed directly
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by comparing images of stained tissue slices to images of the
same tissue specimen taken before processing. The 3-D micros-
copy techniques, such as SHG or reflectance confocal micros-
copy, could be used to capture the images of unprocessed
tissue. For the RI fluctuations of epithelial tissue, we compen-
sated the RI distributions of the epithelial tissue by the RI histo-
gram of the 15 attached live cells. However, the RI distribution
of single cells may not accurately represent that of epithelial
cells in intact tissue due to the diversity of cells and cell junc-
tions. One possible approach for obtaining more accurate RI his-
tograms of unprocessed tissue is to measure the RI histograms of
monolayered cell cultures on tissue-like substrates.

We also demonstrated the estimation of the localized average
RI of unprocessed human oral epithelia from quantitative 2-D
phase images of thin tissue sections using the compensation
method described in Sec. 4.2. The proposed method could be
adapted to estimate the spatially resolved RI of any semi-trans-
parent tissue from thin tissue slices. The method is particularly
useful for characterizing the RI distribution of heterogeneous
tissue because it does not require the assumption of homo-
geneous or piecewise homogeneous tissue.?3261-%

6 Conclusion

We quantitatively investigated the influences of 4% PFA fixa-
tion and paraffin embedding removal processes on the structure,
RI, and TSCS of in vitro epithelial cells using 3-D RI distribu-
tions of the cells and the first-order Born approximation. Results
show that the fixation and paraffin embedding removal resulted
in significant increases in the mean and standard deviation of a
cellular RI and a significant volume shrinkage (38.8%) com-
pared to live cells. Processing increased the TSCS of the
cells by a factor of 8.6. Knowledge of alterations in the structure
and scattering properties of cells may help interpret the scatter-
ing properties derived from quantitative phase images of thin
tissue slices.

Based on the results of the cell study, we propose simple
methods based on histogram specification and the isotropic
enlargement of volume to compensate for changes in RI and
volume of epithelial cells caused by the fixation and paraffin
embedding removal processes. After compensation, the TSCS
of processed cells deviated from that of the original live cells
by approximately —8%. We also utilized the compensation
methods to estimate the spatially resolved scattering coefficients
and RI of human oral epithelial tissue from quantitative phase
images of thin tissue slices. Estimated scattering coefficients at a
wavelength of 532 nm ranged from 100 to 450 cm™'. After
compensating for shrinkage and a slight loss of tissue mass, esti-
mated spatially resolved RI values ranged from 1.35 to 1.39,
averaging ~1.37. The demonstrated capabilities of these tech-
niques to quantify the structure, RI, and scattering properties
of epithelial tissue facilitate the development and optimization
of optical diagnostic techniques and provide essential informa-
tion for photon-migration modeling.
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