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Scarring is one of the biggest areas of unmet need in the long-term success of glaucoma ¯ltration
surgery. Quantitative evaluation of the scar tissue and the post-operative structure with micron
scale resolution facilitates development of anti-¯brosis techniques. However, the distinguishment
of conjunctiva, sclera and the scar tissue in the surgical area still relies on pathologists' experi-
ence. Since polarized light imaging is sensitive to anisotropic properties of the media, it is ideal for
discrimination of scar in the subconjunctival and episcleral area by characterizing small di®er-
ences between proportion, organization and the orientation of the ¯bers. In this paper, we de¯ned
the conjunctiva, sclera, and the scar tissue as three target tissues after glaucoma ¯ltration surgery
and obtained their polarization characteristics from the tissue sections by a Mueller matrix
microscope. Discrimination score based on parameters derived from Mueller matrix and machine
learning was calculated and tested as a diagnostic index. As a result, the discrimination score of
three target tissues showed signi¯cant di®erence between each other (p < 0:001). The visuali-
zation of the discrimination results showed signi¯cant contrast between target tissues. This study
proved that Mueller matrix imaging is e®ective in ocular scar discrimination and paves the way
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for its application on other forms of ocular ¯brosis as a substitute or supplementary for clinical
practice.

Keywords: Tissue discrimination; glaucoma ¯ltration surgery; polarized light; Mueller matrix;
machine learning.

1. Introduction

Excessive ocular ¯brosis features in many signi¯-
cant visual impairment and is responsible for many
treatment failure.1 It happens in disease (e.g., dia-
betic retinopathy, macular degeneration and pro-
liferative vitreoretinopathy), injury (e.g., corneal
and conjunctival scarring after trauma or burn),
surgery (e.g., scar after glaucoma ¯ltration surgery
(GFS), capsular opaci¯cation after cataract sur-
gery, scarring around the extraocular muscles after
strabismus surgery), or regenerative therapies (e.g.,
cellular transplantation).2 Collectively, ocular ¯-
brosis is one of the biggest areas of unmet need in
ophthalmology. Visualization and quanti¯cation of
ocular ¯brosis with micrometer-scale resolution
facilitates research on e®ective anti-scarring thera-
pies which could potentially revolutionize the
management of many diseases like glaucoma
worldwide. This paper aims to provide a way of
discrimination and quanti¯cation of scar tissue after
GFS and paves the way for its application on other
forms of ocular ¯brosis.

Glaucoma is the ¯rst reason that leads to irre-
versible blindness in millions of people worldwide.3,4

GFS including trabeculectomy and/or glaucoma
drainage device (GDD) implantation, is warranted
if topical medications cannot control the intraocular
pressure (IOP).5 By creating a channel between the
anterior chamber and the subconjunctival space,
the aqueous humor is drained into the bleb and
absorbed by the vasculature, thus lower the IOP.
Unfortunately, in a signi¯cant percentage of cases
as previous studies reported, when excessive scar
forms in the bleb and blocks the ¯ltration channel,
it will result in the increase of IOP and ultimate
failure of the surgery.6

Studies ranging from new therapeutic agents
targeting di®erent pathways of wound healing
processes to novel drug delivery system, and from
more precise usage of anti-¯brosis medicine to im-
provement of surgical skills have been emerging
during the past two decades.7–9 Many imaging
techniques have been deployed for measuring

and/or visualizing the ¯brosis tissue and determin-
ing which therapy is likely to be worthwhile. Optical
coherence tomography (OCT) works well in vivo,
however, the segmentation based on structural in-
formation of ¯brosis tissues is di±cult, since the
scattering properties are not distinctive enough for
discrimination, and the limitation in resolution has
further precluded the application in microstructure
observation.10,11 Staining methods such as H&E
stain, Masson trichrome stain, Van Gieson stain can
assist to investigate the structure of collagen ¯bers
in scar and yield qualitative information on collagen
alignment and deposition by histopathological ex-
amination,12 but none of them can directly outline
the region of the scar.13,14 To segment clearly the
scar area, the judgement by well-trained pathologist
is urgently required, however, the results may vary
by their discrepancy in knowledge and experience.

Polarization imaging has shown great potential
in characterizing the speci¯c microstructural fea-
tures of complex biomedical samples, especially the
anisotropic ¯brous components.15 Studies have
found both birefringence and depolarization in
various ocular tissues. For example, birefringence in
corneal stroma, the sclera, ocular muscles and ten-
dons, trabecular meshwork, the retinal nerve ¯ber
layer, and the scar tissue; and depolarization in
melanin containing tissue like the retinal pigment
epithelium, also in accumulations of pigment loaded
macrophage.16 Scar tissue can be regarded as the
product of collagen ¯ber synthesis and the disar-
rangement of its density and orientation, mixed
with the extracellular matrix as ¯ber-reinforced
anisotropic soft tissue, hence polarization imaging
has its distinctive advantage to visualize and ana-
lyze the scar tissue. Jan et al. used the polarized
light microscopy (PLM) to study the collagen ar-
chitecture of the eye and demonstrated that PLM
can provide objective and robust data on ¯ber ori-
entation with micrometer-scale resolution over a
broad ¯eld of view without requiring tissue dehy-
dration, labeling or staining.17 Woessner et al. uti-
lized a quantitative polarized light imaging system

X. Liu et al.

2241003-2



for observing wound sections in mouse model, and
thus demonstrated the increase in ¯ber density and
thickness in the wound healing process.18 Miyazawa
et al. developed a tissue discrimination algorithm in
anterior eye using three optical parameters obtained
by polarization sensitive optical coherence tomog-
raphy (PS-OCT).10

To develop speci¯c parameters that can dis-
criminate scar tissue surrounding the bleb, we
adopted Mueller matrix (MM) imaging. MM is a
complete description of the polarization character-
istics of complex biological specimens, which con-
tains abundant micro-structural information and
optical properties.19 It is in the form of 4� 4 matrix,
and contains 16 elements. However, the individual
elements often lack clear physical meanings and
explicit connections to speci¯c microstructures.
Recently, many studies have proposed multiple sets
of polarization parameters based on physical theo-
ry, named as polarimetry basis parameters
(PBPs).20 They are functions of MM elements, and
have relatively clear physical meanings. Assisted by
high dimensional data processing methods, such as
machine learning, several studies have shown the
potential capability of PBP as diagnostic index to
quantitatively evaluate distinctive pathological
features. Ahmed et al. fed four polarization prop-
erties spectra, including depolarization (�T and
�L) and retardance (RT and �), into the machine
learning classi¯er to distinguish the normal and
adenocarcinoma colon samples.21 Wang et al. ap-
plied the logistic regression models based on ma-
chine learning to determine optimal polarization
parameters for the classi¯cation of lung cancer
cells.22 Dong et al. used the LDA-based training
method to ¯nd the most e±cient parameters from
PBPs for the combination of new parameters which
could describe the speci¯c microstructural features
of typical breast tissue diseases.23

In this work, we built the animal model of GDD
implantation surgery and imaged the tissue section
of the ¯ltering bleb by both ordinary light micro-
scope and MM microscope. We de¯ned conjunctiva,
sclera and scar tissue as three target tissues in the
discrimination algorithm. Their polarization char-
acteristics demonstrated in the form of MM element
and PBPs at pixel level were analyzed quantita-
tively and were used as features of training model
respectively. Analysis of variance (ANOVA) was
adopted for principal feature selection and
Gaussian-kernel based support vectormachine (SVM)

was leveraged for tissue discrimination. Each pixel
of the target tissue would have a discrimination
score and thus decided its classi¯cation. The per-
formance between using MM elements and PBPs as
features in the algorithm was compared. The ca-
pability of discrimination score as a diagnosis index
was statistically analyzed. To our best knowledge, it
is the ¯rst study on ocular scar tissue recognition
based on MM imaging and its application on the
model of GFS can be a paradigm for other ocular
¯brosis tissues.

2. Materials and Methods

2.1. Animal model of GFS

In this study, six mature male New Zealand rabbits
(mean body weight 1.5 kg) were used in the GFS
model. The tested novel drug delivery system is
the GDD coated with cyclosporine A (CsA) and
poly(lactic-co-glycolic acid) (PLGA) (CsA@PL-
GA@GDD) which can continuously release CsA to
prevent postoperative ¯brosis following GFS.
Details of the preparation of CsA@PLGA@GDD
were described in previous work.24 Before surgery,
the rabbits were housed in the animal experiment
center in EENT Hospital (Fudan University) for no
less than 3 days to familiarize them with the envi-
ronment. The customized CsA@PLGA GDD was
implanted into each rabbit's eye. The GDD im-
plantation surgeries were performed following the
procedure described previously by one experienced
ophthalmologist.24 Figure 1(a) shows a schematic
diagram of the GDD and its location after sub-
conjunctival implantation. After 12 weeks follow-up
observation, all rabbits were sacri¯ced by injecting
air into the auricular veins. All experimental pro-
tocols, including the experiments, transportation,
and care of the animals, complied with the Associ-
ation for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic
and Vision Research and the guidelines of the An-
imal Care and Use Committee of Fudan University
(Shanghai, China).

2.2. Histological study of the

¯ltering bleb

The eyeballs of six rabbits from CsA group and
control group were removed and ¯xed with 4% PFA
for histological examination, respectively. Tissues in
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the surgical ¯eld including ¯ltering bleb, the GDD/
CsA@PLGA GDD inside the bleb, and the eyeball
wall under GDD of each eye were trimmed from the
¯xed eyeball. Then the tissues were embedded in
para±n, sectioned into 10-�m-thick slides, and
stained with H&E. Tissue sections were observed
under the transmission microscope (Yuexian,
L2050, Guangzhou, China), and the imaging data
were collected by an 8-bit CCD (Jinghang,
JHSM300f, Shenzhen, China). To show the entire
¯ltering bleb in the surgical ¯eld, images of regions-
of-interest (ROIs) were collected under objective
lenses of 4�. Each ¯ltering bleb is merged by
three ROIs. The size of all the ROIs in this study is
1000� 1000 in pixels.

2.3. Experimental setup and PBPs

MM microscopic imaging was obtained for the same
18 ROIs of six samples, respectively, after histo-
logical observation. The MM microscope used in
this study was developed by a collaborator shown in
Fig. 2(a).25 The microscope was constructed by
adding polarization state generator (PSG) and po-
larization state analyzer (PSA) modules into the
existing optical path of the commercial transmission
microscope (Liss Optical Instrument Factory,
China) to facilitate fast and high precision

acquisition of MM images. The PSG includes a ¯xed
linear polarizer P1 and a rotatable quarter-wave
plate R1 which is controlled by a motor (PRM1/
MZ8, Thorlabs Company, USA). The PSA and 2D
image detection module consists of a 50:50 non-
polarized beam splitter prism and two paired
division-of-focal-plane (DoFP) polarimeters
(PHX050S-PC, Lucid Vision Labs Company, 16-
bit, Canada), called DoFP-CCD1 and DoFP-
CCD2, both with resolution of 2048� 2448 pixels.
The two DoFP polarimeters are ¯xed at the trans-
mission end and the re°ection end of the beam
splitter prism. The illumination light comes from a
LED at 633 nm and bandwidth �� ¼ 20 nm. A
polarization image of the sample is taken by DoFP-
CCD1 through a ¯xed-angle phase retarder R2, and
another paired image is taken directly by DoFP-
CCD2. MM images are then calculated from the
two paired and co-registered images.22 To show the
polarization properties of the sample clearly, all
the MM elements in our results were normalized by
m11. Before measuring the biological samples, MM
of air (without any sample) is taken and a calibra-
tion process is carried on to obtain an approximate
unit matrix with the maximum errors for both the
diagonal and o®-diagonal elements less than 0.005.
The microscope takes an MM image in less than 10 s
(Fig. 2(b)). For improving the visual e®ect, MM is

Fig. 1. Illustration of the animal model and histological study of the surgical area. (a) Schematic diagram of the animal model of
GFS. Reproduced with permission from Ref. 24. (b) Image of one typical surgical ¯eld on H&E stained tissue section obtained by
ordinary optical microscope (merged by 3 ROIs). Blue dashed line outline conjunctiva; green dashed line outline scar; black dashed
line outline sclera. (c) Observation of three target tissues under objective lenses of 20�: (c1) sclera; (c2) scar; (c3) conjunctiva.
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subtracted by unit matrix I to reduce contrast
di®erences between diagonal and o®-diagonal ele-
ments. The MM-I image is shown in Fig. 2(b).

Besides using individual MM elements, this study
also adopted PBPs to analyze the polarization
characteristics of the target tissues. Based on our
collaborators' work, altogether 104 PBPs derived
from MM representing di®erent physical meanings
were summarized. This study traversed the 104
PBPs and selected the most sensitive PBPs which
could show di®erence between target tissues both
via contrast on the image and the following princi-
pal feature selection algorithm.

2.4. Tissue discrimination via principal

feature selection and Gaussian-
Kernel SVM

2.4.1. Dataset

To distinguish scar tissue from the surgical ¯eld,
three main types of tissues surrounding the bleb
(i.e., sclera, conjunctiva and the scar tissue) have
been set as the target tissues. Training and testing
were completed in 18 ROIs (3 ROIs per tissue sec-
tion for each eye). 9 ROIs from 3 eyes were used for

training, the other 9 ROIs from 3 eyes were used for
testing. In order to improve the signal-to-noise ratio
of the image, we used Gaussian ¯lter to preprocess
the images. Regions that can be considered as a part
of a target tissue is labeled manually on the MM
image data. Labeling of the target tissues was based
on the anatomical and histological features of the
tissues assisted with the corresponding light micro-
scopic imaging. Pixels in the labeled regions from all
the 18 ROIs were collected and formed the datasets
for discrimination. The machine learning classi¯er
randomly sampled 300,000 pixels from each target
tissue for training and testing. Each pixel has two
sets of polarization features, i.e., 16 MM elements
and 104 PBPs. The performance of using di®erent
sets of features were compared and the principal
features for discrimination were selected.

2.4.2. Principal feature selection via ANOVA

Analysis of variance (ANOVA) F -test was adopted
to compare the importance of the features in dis-
tinguishing target tissues. The methods based on
F -test estimate the degree of linear dependency
between two random variables. We calculated the
target pixels with 16 MM elements features and 104

Fig. 2. (a) Photograph and schematic structure of MMM-DoFP. P: polarizer; R: quarter-wave plate. Reproduced with permission
from Ref. 25. Sample shows the light intensity image of the surgical ¯eld of one typical tissue section. Rectangle box shows one ROI.
(b) MM-I image of the ROI indicated in (a). The identity matrix was subtracted from the MM only for display. (c) Selected PBP
images of the ROI indicated in (a).
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PBPs features, respectively, by ANOVA, and got
the ranking of these features' importance ratio. The
values of the top 10 importance ratio were nor-
malized by the top one feature (MM element or
PBP). To analyze data distribution of three target
tissues on di®erent polarization parameters, their
mean value and standard deviation of MM elements
and the PBPs ranking top 10 was plotted
respectively.

2.4.3. Discrimination of target tissues via

Gaussian-kernel SVM

Based on empirical experiments, most of the po-
larization features conform to approximate Gauss-
ian distributions. Invoked by this prior knowledge,
we adopted Gaussian kernel in the SVM classi¯er
for the discrimination of the three target tissues.26,27

Give consideration to the working e±ciency and
classi¯cation e®ect of the classi¯er, we used PBPs
ranking top 30 based on principle feature selection
for discrimination and compared its performance
with using 16 MM elements as features. SVM
returned three discrimination scores on each pixel,
predicting the probability of the pixel belongs to
each target tissue classi¯cation. The maximum
score was used for the pixel assignment. Logloss,
accuracy, precision, recall and area under ROC
curve (AUC) were calculated by feeding the testing
data and the target tissues ground truth into the
trained model to predict and evaluate each pixel in
the testing sample.

2.4.4. Display of the discrimination results

For display of the discrimination results, all the
pixels on the sample images were calculated based
on the model obtained from training. Speci¯c
pseudo-colors corresponding to each tissue classi¯-
cation result were attributed to every pixel in the
image: red indicates sclera, blue indicates conjunc-
tiva, and green indicates scar tissue. The color bar
was set according to the range of the discrimination
score, the higher the discrimination score is, the
darker the corresponding color. Regions without
tissue on the slide were taken as background, and
were automated, segmented and masked by con-
nected components labeling (CCL) algorithm30,31

(Matlab, version R2016a; MathWorks, Inc., MA,
USA). Black in the discrimination results corre-
sponds to pixels that were masked as background.

2.5. Clinical statistical analysis of the
discrimination score

To evaluate the e±cacy of the discrimination score
as a diagnosis index, one-way ANOVA was per-
formed to compare the obtained scar tissue dis-
crimination score among sclera, conjunctiva and
scar tissue. The di®erences were considered statisti-
cally signi¯cant if p < 0:05. The statistical analyses
were carried out using statistical software (SPSS,
version 19.0; IBM Corp., Armonk, NY, USA).

3. Results and Discussion

3.1. Histological features of the target

tissues

The histological morphology of the 18 ROIs in 6
glaucoma post-operative ocular tissue samples were
studied by ordinary optical microscope ¯rst.
Figure 1 illustrates the animal surgery model and
histological features obtained by ordinary optical
microscope. Figure 1(a) is the schematic diagram
showing the appearance of the customized
CsA@PLGA GDD, and the location of the GDD
after surgery. Blue arrows show the direction of
aqueous humor °owing through the CsA@PLGA
GDD tube after GFS. The rectangular box on the
eyeball diagram shows the place for tissue section-
ing after trimming. Figure 1(b) is the image of the
H&E stained tissue section obtained by ordinary
optical microscope. It is merged by 3 ROIs under
objective lenses of 4�. Since the cross-sectioned
silicon GDD body and tube could not be sticked to
the slide, the inside of bleb shown on the slide was
an empty lumen. The regions of three target tissues
can be vaguely distinguished only by H&E staining,
and are outlined by dashed lines in di®erent color
based on anatomical position and clinician's expe-
rience. Figure 1(c) shows detailed histological fea-
tures of target tissues at high magni¯cation. We can
¯gure out that sclera stroma (Fig. 1(c1)) has its
typical hierarchical structure of the type I collagen-
rich scleral extracellular matrix and is devoid of
vessels.28 Conjunctiva (Fig. 1(c3)) has much looser
arrangement of the ¯ber and is highly vascularized
compared with sclera. Scar tissue (Fig. 1(c2)) which
is anatomically close to conjunctiva and sclera after
GFS, is mainly composed of irregularly arrange-
ment of type VIII and type I collagens and lots of
¯broblasts among the ¯bers.
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Although there are many studies on evaluation of
the ¯ltering blebs after glaucoma surgery based on
morphology and functionality,29,30 there are few
works focusing on the quantitative evaluation of the
scar tissues directly. In previous study on the anti-
¯brosis e±ciency of the CsA@PLGA GDD, we met
the problem of the quantitative evaluation of the
scar area between the control group and the new
material group. As a substitute, we could only give
a qualitative comparation based on pathologists'
experience. This also happened in lots of basic re-
search on anti-¯brosis techniques. Clinicians have
to de¯ne the scar based on description of the ir-
regular morphology.31 One of the main reasons can
be considered as that both the conjunctiva and the
sclera surrounding the scar tissue in the surgical
area are formed by connective tissue, which means,
their main components are similar with scar. Con-
nective tissues consist three main components:
¯bers (elastic and collagenous ¯bers), ground sub-
stance and cells.32 Scar tissue is formed by enhanced
¯broblast proliferation, synthesis and secretion of
collagen, and deposition of extracellular matrix.33

The di®erences among these three connective tis-
sues are the proportion, organization and the ori-
entation of the main components. For these aspects,
MM microscope imaging can provide much more
relevant information than ordinary light microsco-
py based on traditional staining. The results of
histological study con¯rmed us with further study
on target tissue by MM microscope imaging.

3.2. Polarization properties of the sur-
gical ¯eld obtained by MMM-DoFP

The corresponding polarization properties of the 18
ROIs in 6 glaucoma post-operative ocular tissue
samples examined were obtained by MMM-DoFP.
Figure 2(a) shows the photograph and schematic
structure of MMM-DoFP. Diagram of sample shows
the light intensity image of the surgical ¯eld of one
typical tissue section obtained by MMM-DoFP.
Inside the rectangle box, is one ROI. We can ¯gure
out that only by light intensity the H&E staining
shows few information of the di®erences among
target tissues. Figure 2(b) presents the calculated
MM-I images of the ROI indicated in Fig. 2(a). It
can be observed that di®erent MM element shows
di®erent power to distinguish target tissues. The
nine elements in the upper left corner of the matrix

show less di®erence while m24, m42, m34 and m43
show more obvious di®erence. Di®erences on these
four elements indicate that the anisotropy of tissue
is mainly contributed by birefringence of the ¯ber
but not scattering.34 Besides, birefringence of the
sclera looks more signi¯cant than other tissues. In
order to verify the result indicated by MM elements
and ¯nd parameters with more explicit physical
meaning to distinguish the target tissues, we tra-
versed 104 images calculated by PBPs on each ROI,
and evaluated their power to show target tissues by
comparing the contrast on the images. Figure 2(c)
presents selected images calculated by PBPs with
sharp contrast of the ROI indicated in Fig. 2(a).
Their corresponding physical meanings are anisot-
ropy degree (t2) derived from MM transformation
(MMT)35; capability of transforming between linear
and circular polarizations (qL and rL) and orienta-
tion of fast axis (�r) which belong to rotation in-
variant parameters.36 Compared with the contrast
shown in MM element images, PBP images revealed
more obvious di®erence between the target tissues,
and con¯rmed us with its potential in the discrim-
ination method.

Although MM microscopic imaging revealed
much more microstructure information of the target
tissues than ordinary light microscopic imaging did,
only by using either MM element images or PBP
images, the contrast between target tissues is not
signi¯cant enough. Also, to traverse 104 PBPs is
time consuming and ine±cient. More speci¯c fea-
tures need to be extracted from the polarization
properties. Thus, we leveraged the principal feature
selection to analyze the polarization characteristics
of the target tissues quantitatively and to ¯nd the
decisive features in discrimination.

3.3. Principal feature selection of MM

elements and PBPs

Feature reduction based on ANOVA is often used
to enhance the generalization of model and thus
increase the inference performance. Figures 3(a)
and 4(a) show the ranking of top 10 important
features of MM elements and PBPs in discriminat-
ing target tissues based on ANOVA respectively.
Here, the importance ratios of the features are
normalized by the top 1 feature and presented in the
descending order. Figures 3(b) and 4(b) demon-
strate the distribution of the three target tissues'
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pixel values in MM element and PBP images after
the principal feature selection. The mean and
standard deviation of the randomly sampled pixels
from each target tissue in the training dataset are
compared and analyzed.

We can ¯gure out from Fig. 3(a) that the most
important two MM elements in the discrimination
are m24 and m42. In addition, the mean values of
the two features of the three target tissues are dif-
ferentiated, whereas those of the following features
are relatively concentrated, as shown in Fig. 3(b). In
Fig. 4(a), PBP1 and PBP5 represent linear and
circular depolarization calculated by MM logarith-
mic decomposition, respectively; PBP2 is

diattenuation; PBP3 and PBP4 are birefringence
asymmetry related parameters; PBP6 has close re-
lationship with birefringence; PBP7 and PBP8 are
depolarization and retardance proposed by MM
polar decomposition respectively. In Fig. 4(b), the
standard deviations of the pixel values are relatively
smaller than that on MM element images. Also, it
can be seen that the mean value of sclera is always
signi¯cantly di®erent from the other two target
tissues on each PBP.

Compared with MM elements, the selected PBPs
used as input features allows further analysis of
physical meaning for the discrimination of the three
types of tissues surrounding the bleb. Among the

(a) (b)

Fig. 3. (a) Principal feature selection for MM elements based on ANOVA. Histogram shows the importance ratio of the MM
elements ranking top 10 in discriminating the target tissues. (b) Distribution of the corresponding MM element values (mean and
standard deviation) of the three target tissues. The ¯gure indicates that simply using one feature or linear combination of the
features may not be su±cient in the discrimination methods.

(a) (b)

Fig. 4. (a) Principal feature selection for PBPs based on ANOVA. Histogram shows the importance ratio of the PBPs ranking top
10 in discriminating the target tissues. (b) Distribution of the corresponding PBP's value (mean and standard deviation) of three
target tissues. The ¯gure indicates that simply using one feature or linear combination of the features may not be su±cient in the
discrimination methods.

X. Liu et al.

2241003-8



top 10 features, the properties related with depo-
larization, diattenuation and birefringence make
great contributions for the classi¯cation. The pre-
vious experimental studies and Monte Carlo simu-
lations demonstrated that depolarization is closely
related to the size distributions of the scatterers37;
diattenuation is more obvious in cylindrical scat-
terers with small diameters38; birefringence could
characterize the proliferative ¯brous structures in
biological tissues.39 Therefore, Fig. 4 allows us to
further analyze that depolarization may be caused
by the accumulation of the ¯broblast cells; diatte-
nuation and birefringence may be introduced by the
increase of the newly-formed thinner ¯brous struc-
tures or coarse collagen bundles respectively. Also,
distribution of the mean value of target tissue pixels
can show some di®erences on the selected features
to certain extent, however, the di®erences are not
signi¯cant enough to distinguish the target tissues
from each other. Hence, simply using one feature or
linear combination of the features may not be suf-
¯cient in the discrimination methods. For this as-
pect, machine learning classi¯er was leveraged. In
this paper, SVM was chosen based on preliminary
study and its advantage that can be easily extended
into a nonlinear classi¯er by adopting the kernel
trick, which makes it enable to cope with the
dataset even though it holds a high-dimensional/
nonlinear distribution.

3.4. Scar tissue discrimination

Two sets of features, that is, top 30 MM elements
and PBPs are applied to SVM classi¯ers for dis-
crimination of the three target tissues respectively.
Their performance was evaluated and presented in
Table 1. Logloss, accuracy, precision, recall and
AUC were calculated by feeding the testing data
and the target tissues ground truth into the trained

model to predict and evaluate each pixel in the
testing sample. The results demonstrate that (i) the
higher AUC for scar is 0.85, higher overall accuracy
for the three target tissues is 0.74, the lower logloss
is 0.58; (ii) using PBPs as features show signi¯cant
better performance than using MM elements since it
wins in every evaluation index. In particular in the
discrimination of scar, it overcomes the performance
of MM elements by more than 10% in either preci-
sion, recall or AUC. The results are consistent with
our observation of data distribution in Figs. 3 and 4.
Over ¯tting is within the acceptable range by
comparing the accuracy of training data with test-
ing data. The accuracy in the training data is 0.79
and is 0.05 higher than that in the testing data.
Based on the performance, we utilized the training
model by using the top 30 PBPs as features to test
the sample and displayed the discrimination result
in Fig. 5.

In comparison with the ordinary imaging method,
the images of a typical ¯ltering bleb tissue section
obtained by ordinary optical microscope, MMM-
DoFP, and the discrimination results are exhibited
below. Since the illumination light comes from an
LED at 633 nm and bandwidth �� ¼ 20 nm in
MMM-DoFP, H&E staining can provide almost no
information with the observation of the microstruc-
ture in Fig. 5(b). Either in Figs. 5(a) or 5(b), we could
not distinguish the three target tissues in a good
contrast. However, in Fig. 5(c), the display of the
discrimination results in pseudo-color image gives us
better contrast of the target tissues. Clinicians can
outline the scar area in assistant with the boundary
where blue meets green. Figures 5(d)–5(f) show the
results to observe the discrimination results of each
target tissue separately. Although there are some
wrong discrimination results, it is not a signi¯cant
error in clinical practice and can be easily corrected
based on the sample's anatomical structure.

Table 1. Performance of the discrimination of three target tissues based on MM element versus PBP.

Sclera Scar Conjunctiva 3 target tissues

MM element PBP MM element PBP MM element PBP MM element PBP

Precision 0.80 0.96 0.54 0.68 0.58 0.59
Recall 0.79 0.84 0.50 0.61 0.65 0.76
AUC 0.91 0.96 0.76 0.85 0.84 0.86
Accuracy 0.67 0.74
Logloss 0.73 0.58
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To summarize the results, this discrimination
method based on MM imaging and machine learn-
ing has several advantages over conventional
method. (i) The discrimination method gives a more
objective and concrete results of the ocular ¯brosis
tissue. Previously, evaluation of the scar tissue after
GFS based on histological morphology can only rely
on semi-quantitative scoring system incorporated
visual reference standards. For example, to compare
the tested sample with the controlled sample and
give a grade on a scale of 0–4: 0, same as control eye;
1, 1–25% of control; 2, 26–50% of control; 3, 51–75%
of control; 4, more than 75% of control.13 By
adopting the discrimination score, more studies on
the relationship between discrimination score and
the functionality of the blebs can be thus con-
ducted. (ii) We note that, the discrimination is not
based on structural information, but directly on the
polarization properties of the tissues. So, it will not
be a®ected by various shapes of the blebs. It
visualizes the region of scar, and, hence, provides an
objective measurement that can directly re°ect the
histopathological change during the scar formation.
(iii) Since the light intensity image obtained by
MMM-DoFP has rare microstructure information
provided by staining, it shows the promising possi-
bility in discrimination by nonlabeled tissue section.
Overall, with the advantages of simple structure,
fast imaging speed and low cost, this method
exhibited the ability in discriminating the ocular
scar tissue.

3.5. Evaluation of the tissue

discrimination score

The ultimate goal in this study was to ¯nd a method
for ocular scar discrimination which can be used as a
substitute or supplementary for clinical practice. In
consideration of this point, we tested the power of
the discrimination scores which each pixel of three
target tissues will be assigned from the algorithm as
a diagnostic index. One-way ANOVA was used for
statistical analysis, and the results showed signi¯-
cant di®erence between the discrimination score of
each target tissues (p < 0:001). This result further
con¯rmed the capability of the discrimination score
as an e±cient parameter to assist ocular scar tissue
discrimination in glaucoma post-operative tissue
samples.

This study takes pixels as samples for the train-
ing dataset, the number of individuals providing the
pixels is still small. A larger sample size is essential
to further qualify the discrimination algorithm.
Since the analyzed data already ¯tted the Gaussian
distributions, the algorithm is still suitable for a
larger sample size.

4. Conclusion

In conclusion, we realized the discrimination of not
only the scar tissue but also the conjunctiva and the
sclera surrounding the scar based on MM micros-
copy combined with machine learning algorithm.

Fig. 5. Comparison of di®erent imaging methods for a typical ¯ltering bleb (merged by 3 ROIs) after GFS. (a) Image obtained by
ordinary optical microscope based on H&E stained tissue section. (b) Light intensity image obtained by MMM-DoFP based on H&E
stained tissue section. (c) Image of discrimination results based on PBPs and machine learning. (d)–(f) Display of the discriminated
3 target tissues respectively. From (c)–(f), discriminated sclera (red pixel); discriminated scar (green pixel); discriminated con-
junctiva (blue pixel). Color bar is set based on the discrimination score.
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Also, the virtual staining displaying the three target
tissues based on the discrimination score showed
better contrast than conventional staining methods.
The discrimination score is helpful as a diagnostic
index in ophthalmological pathology. This study
showed tremendous potential of applying MM mi-
croscopy on ocular ¯brosis tissue, especially the
outer sphere wall of the eyeball, which can help the
understanding in pathophysiology of aging and re-
fractive problem such as myopia.
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