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Abstract

Liver surface is covered by a collagenous layer called the Glisson’s capsule. The structure of the
Glisson’s capsule is barely seen in the biopsy samples for histology assessment, thus the changes
of the collagen network from the Glisson’s capsule during the liver disease progression are not
well studied. In this report, we investigated whether non-linear optical imaging of the Glisson’s
capsule at liver surface would yield sufficient information to allow quantitative staging of liver
fibrosis. In contrast to conventional tissue sections whereby tissues are cut perpendicular to the
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liver surface and interior information from the liver biopsy samples were used, we have
established a capsule index based on significant parameters extracted from the second harmonic
generation (SHG) microscopy images of capsule collagen from anterior surface of rat livers.
Thioacetamide (TAA) induced liver fibrosis animal models was used in this study. The capsule
index is capable of differentiating different fibrosis stages, with area under receiver operating
characteristics curve (AUC) up to 0.91, making it possible to quantitatively stage liver fibrosis via
liver surface imaging potentially with endomicroscopy.

Graphical abstract
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1. Introduction

Liver fibrosis is associated with the excessive accumulation of collagen in the extra-cellular
matrices of the liver, which occurs in chronic liver diseases that affect millions of people
worldwide causing high morbidity and mortality rates [1]. Hence, much effort has been
placed in developing markers for staging and grading fibrosis, evaluating anti-fibrotic drug
efficacy, and predicting fibrosis progression, regression and liver de-compensation [2]. Liver
biopsy is the gold standard for staging liver fibrosis in patients with chronic liver diseases
[3]. However, it has several disadvantages such as being invasive, providing poor sampling
volume, and inter-/intra-pathologist staging variations [4]. Most importantly, repeated
biopsies for monitoring disease status and efficacy of treatment are painful for patients, and
risk other complications [5].

To overcome these problems, various non-invasive diagnostic tools are proposed ranging
from advanced medical imaging modalities to serum biomarker assays [6]. Nevertheless,
ultrasound and magnetic resonance imaging (MRI) [7] cannot identify early and mild
fibrosis stages due to their limitations in image resolution [8]. Liver stiffness measurement
using transient ultrasound elastography (Fibroscan) [9, 10] or magnetic resonance
elastography (MRE) [11, 12] provide no cellular and tissue level information; and their
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performance in fibrosis evaluation are still under validation [13, 14]. The accuracy of serum
biomarkers to predict fibrosis progression is also reported to be unsatisfactory since these
biomarkers are indirect expression of liver fibrosis process and are easily affected by other
factors such as systemic inflammation [15, 16]. We have previously found that surrogate
histological markers such as collagen proportionate area (CPA) in liver sub-capsule region
are consistent with those measured in liver interior and are well-correlated with fibrosis [17].
Hence, we envision the possibility of liver surface scanning to complement the conventional
liver biopsy based assessment, with the advance in endomicroscopy and laparoscopic
surgical techniques [18], in most of the scenarios in routine clinical practice where liver
biopsy is needed for fibrosis assessment, such as the prognostic of fibrosis progression and
regression for treatment planning and evaluation of treatment efficacy.

Liver surface is covered by a collagenous layer called the Glisson’s capsule [19]. The
thickness of the Glisson’s capsule has been reported to increase during fibrosis progression
[17, 20] as imaged from the biopsied liver tissue sections perpendicular to the liver surfaces,
which does not reflect the overall structural changes of the collagen in the Glisson’s capsule.
The histo-pathological features that are used in routine semi-quantitative scoring systems
[21-23] by pathologists to stage liver fibrosis are also derived from the cellular and tissue
structures in the liver interior that cannot be observed on the liver surface. To investigate the
feasibility of liver surface scanning for scoring fibrosis, we would need to extract all relevant
liver surface features, especially on the Glisson’s capsule which is essentially bundles of
collagen fibers [24]. Second harmonic imaging (SHG) is a powerful tool for visualization
and quantification of collagen fibers in various tissue states including liver fibrosis [25-28].
As the capsule collagen is the outer-most layer wrapping the entire liver; and it generates
appreciable backward second harmonic signals, SHG imaging in reflective mode can be
employed for stain-free quantitative imaging of the liver surface. It would also be possible to
image larger areas of the liver surface as the limited sampling volume often causes errors in
fibrosis scoring [29, 30].

In this study, we have imaged the liver surfaces from 40 rats of thioacetamide (TAA)
induced fibrosis model, which represents parenchymal fibrosis [31,32], using reflective
second harmonic (R-SHG) imaging. Image analysis was performed to extract 125 features
that characterize the morphology and texture of the collagen network of the Glisson’s
capsule. These features, together with the capsule thickness, were combined to build one
single index — capsule index by multinomial logistic regression (MNL) after feature
selection. Good performance is found for the detection of fibrosis at different stages by
capsule index, enabling liver surface scanning as a viable tool for liver fibrosis assessment.

2. Materials and methods

2.1 Animal and tissue sample preparations

Male Wistar rats at an average weight of 220 g were housed two per cage in the Biological
Resource Centre (BRC) of Biopolis, A*STAR with free access to laboratory chow and water
ina 12:12 h light/dark schedule. The Institutional Animal Care and Use Committee
(IACUC), Biological Resource Centre, Agency for Science, Technology and Research,
Singapore approved all animals-related experiments.
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Thirty-five rats were randomly separated into seven groups, and a group of five as control
rats. These were treated with thioacetamide (TAA) 200 mg/kg by intraperitoneal injection
three times a week for 14 weeks to induce liver fibrosis. The 35 rats in the TAA-treated
group were sacrificed at time-points of 2, 4, 6, 8, 10, 12, and 14 weeks (n=5 per week). 5
rats of the control group were also sacrificed at week 0, without treatment. Cardiac perfusion
with 4% paraformaldehyde was performed to flush out blood cells and the liver was fixed
before harvesting.

The left lobe of each liver was used for imaging, as there were no differences of the features
extracted from the capsule and sub-capsule regions between the left and right lobe of the
same liver [17]. The volume of left lobe of liver decreased in the course of fibrosis
progression in the TAA model (stage 0: 4.1 + 0.2 cm3, stage 1: 3.6 + 0.6 cm3, stage 2: 3.1
+0.6 cm3, stage 3: 2.7 + 0.5 cm3, stage 4: 1.9 + 0.4 cm3).

2.2 Image acquisition

The non-linear optical microscope was developed based on a multiphoton and confocal
imaging system (LSM510Meta, Carl Zeiss, Heidelberg, Germany) using an external tunable
mode-locked Ti : Sapphire laser (Mai-Tai broadband, Spectra-Physics, USA). A schematic
of the set-up is shown in Figure 1, where the laser was passed through a pulse compressor
(Femtocontrol, APE GmbH, Berlin, Germany) and an acousto-optic modulator (AOM) for
group velocity dispersion compensation and power attenuation, respectively. Laser was then
routed by a dichroic mirror (reflect >700 nm, transmit <543 nm), through an objective lens
(plan-neofluar, 20x, NA = 0.5, Carl Zeiss, Heidelberg, Germany), to the tissue specimen.
The average power after the objective lens is ~80 mW. The excitation wavelength that was
used in the study is 900 nm. Two-photon excitation fluorescence microscopy (TPEF) signals
in the epi-direction was collected by the same objective lens and recorded by a photo-
multiplier tube (PMT, Hamamatsu R6357, Tokyo, Japan), after passing through the dichroic
mirror (reflect <490 nm, transmit >490 nm) and a 500-550 nm band-pass (BP) filter. SHG
signals were collected similarly but with a 390-465 nm band-pass filter before reaching the
PMT.

The detector gain and amplifier gain and offset settings of the photomultiplier tube of our
system were optimized to eliminate under- or over-saturation. Noise floor was typically
around 200 intensity counts. The number of pixels per image plane was fixed at 1024 by
1024 for varying depths into the tissue with a 12-bit data depth. A zstack of TPEF and SHG
images were taken at 10 randomly selected sites on the anterior surface of the left lobe of
each liver sample with a field of view of 450 pm by 450 pm and 20 optical sections with 1
um depth between each section. Time taken to image a typical 450 um by 450 um by 20 pm
z-stack is about 100 seconds (1024 by 1024 pixels per plane with a spot dwell time of 3.2 x
1076 seconds). Hence, imaging 10 random sites would need 1000 seconds (about 17
minutes) per sample without considering the time taken in between stage movement and re-
focusing. Images were acquired 3 days after formalin fixation of the harvested livers so as to
allow stable cross-links to form and the morphology be preserved.

For comparison with conventional histopathology scoring, 5 pm thick tissue slices were
sectioned from each liver sample, the biopsy spot being within 0.5 cm radius of the imaged
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sites, stained with Masson Trichrome (MT) stain kit (ChromaView advanced testing,
#87019, Richard-Allan Scientific) and imaged with bright-field microscopy (Aperio Digital
Pathology Environment).

2.3 Histo-pathological scoring

Each sample was scored by a pathologist based on blind reading of the MT image to reduce
any bias using Metavir score (21). In the Metavir scoring system, liver fibrosis was classified
into five stages from FO to F4 according to the severity of fibrosis: no fibrosis, fibrous portal
expansion, few bridges or septa, numerous bridges or septa, and cirrhosis (33). The number
of samples belonging to each stage is: 5 FO, 4 F1, 8 F2, 9 F3 and 14 F4.

2.4 Image analysis and feature extraction

An image analysis system (Figure 2) was developed to quantify capsule index, a continuous
measurement of the Glisson’s capsule, to stage liver fibrosis. Each image stack of a site on
the anterior surface of the sample was first rotated and the maximum intensity projection
(MIP) [34] was performed along the zdirection to generate a two-dimensional (2D) image
which is a good representation of the Glisson’s capsule in the original image stack, in order
to save computation time and cost in further processing. The 2D capsule image was then
segmented and 125 features were extracted, followed by feature selection to identify the
most significant measurements for monitoring fibrosis progression. A multinomial logistic
regression model [35] was trained using the selected features, and the capsule index was
calculated by applying the measurements from the image to the trained regression model.
The details of each step are described as follows.

2.4.1 Image pre-processing—To reduce computation time and cost for image
segmentation and feature extraction, the original three-dimensional (3D) image z-stack was
rendered by a 2D representative image. Since the liver surface was not always perpendicular
to the z-direction of the image stack, the 3D stack was rotated first. To identify the rotation
angle, MIP was first performed along the y-direction (Figure 3A) and the centerline of the
capsule was recognized by extracting the maximum intensity pixels along the z-direction in
X-z images, after which the stack was rotated around the y-axis by the degree @ calculated
from the angle between the centerline and the z-axis (Figure 3D). Similar procedure was
performed to rotate the stack around the x-axis; where MIP was applied along x-direction
and the rotation angle was identified from the angle between the centerline and the y~axis
(Figure 3B, E). MIP was finally applied to the rotated image stack along z-direction to
generate the representative 2D image (Figure 3C, F). As the Glisson’s capsule was generally
less than 20 pum thick in z-direction only, the projected image contained most of the structure
and architectural information of the 3D image stack and hence, it is a good representation of
the Glisson’s capsule.

2.4.2 Capsule feature extraction

2.4.2.1 Morphological features: To trace each collagen fiber from the network and extract
morphological features, we use the existing skeletonization based method to extract the
centerlines of the collagen fibers, and adopt a gap filling method to connect broken fiber
ends.
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The 2D SHG image (Figure 4A) was first filtered by the Frangi filter [36] to enhance the
collagen structures from the noisy background. Although the Frangi filter is originally
designed for vessel enhancement, it could be extended to the applications of any tubular/
linear structures such as neuron [37]. Thus, it is also appropriated to be used for collagen
structure enhancement. Different scales of the Gaussian kernel with o from 1 to 8 were used
in the Frangi filter and the intensity of each pixel in the filtered image was assigned the
maximum output value of the Frangi filter among all the scales assessed. The filtered image
was shown in Figure 4B.

The enhanced image after Frangi filtering was segmented into collagen and background by
using a segmentation algorithm based on Gaussian mixture models [38], which was shown
to be more accurate than other methods such as global thresholding and clustering methods
[39] (Figure 4C). The morphological closing was then performed to smooth the binary mask
of the collagen and any segment with less than 5 pixels was removed (Figure 4D).

The initial centerlines of the binary mask of the segmented collagen were extracted by
skeletonization (Figure 4E). Since the boundaries of the segmented collagen areas are
usually noisy, the classic skeletonization methods based on morphological thinning are not
appropriated as the skeletons extracted could be affected by spurious branches. We
implemented a skeletonization method proposed by Telea et al. [40] which uses Fast
Marching Method (FMM) to evolve the boundary towards inside of the collagen area by
assigning a U value to each pixel accordingly. It assumes that the collapsed points on the
front of boundary during the propagation would be the skeleton points, which has larger
differences of U values between its neighbors. Thus, we set a threshold as 10% of the
maximum U value difference in each collagen segment which gave satisfactory results for
identification of skeleton points in collagen segments with different sizes. The thinning
processing was further performed if the identified skeleton is not one-pixel in width.

The skeletons were vectorized and represented by a graph G = (V, E), where each vertex v;
€ Vis a point on the skeleton and each edge e, = (v} V) € £ connects two neighboring
vertexes on the skeleton. The vertexes were further identified into three types (end points,
curve points and branch points) based on the number of their neighboring vertexes:

End Point if deg(vi)=1
v;=1< CurvePoint if deg(v;)=2 .
Branch Point if deg (v;) =3

Before we trace each of the collagen fiber from graph G, it is necessary to adopt a gap-filling
algorithm to preserve the real collagen network topology. As the collagen network topology
is strongly affected by the discontinuities of the segmented collagen fibers due to the
influence of noise, the gaps are formed between the closest discontinuous collagen fibers
that affect the accuracy of the following quantification of collagen network features.

A direction profile was first established for each end point in the skeletons, which uses a
plurality of directions in its circular neighborhood with radius defined as 5 times of the
shortest distance from the end point to the background. In the neighborhood, the direction
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profile is defined as the average squared intensity deviation with respect to the directions to
the particular point. It is assumed that, along the direction where a tubular structure existed,
the variation of intensity should be low. Hence, the local minimums were identified from the
direction profile and considered as the directions of the potential gaps. Searching through
each of these directions detected, we found the nearest end point or branch point belonging
to the skeleton of another collagen segment as the other end of the gap and connected them
accordingly (Figure 4F-H).

To trace each fiber in the graph G, we started from each end point through the connecting
curve points towards another end point or branch point. If another end point was reached, a
complete fiber was traced and updated in the fiber list. Otherwise, the fiber was stored as an
incomplete fiber for further processing. We next started from each branch point through the
connecting curve points towards another branch point and updated in the incomplete fiber
list as well. For all the incomplete fibers that share the same branch point as one end, they
were connected if the difference of the orientation of these two incomplete fibers is smaller
than a threshold of 60 degrees. The connected incomplete fibers were finally updated in the
complete fiber list. The short fibers would be removed since they are likely the false
branches from the skeleton of collagen fibers. A fiber will be considered as the candidate of
short fiber to be deleted if at least one end is a branch point. The threshold was set as 5
pixels to delete all candidates shorter than this. Finally, 16 features were extracted to
represent morphologies of fibers and geometrical distributions of collagen network, which
are described in Table 1.

2.4.2.2 Texturefeatures: A total of 108 texture features including gray-level co-occurrence
matrix (GLCM) based features [41], Daubechies wavelet transform based features [42],
Gabor filters based features [43] and Fourier transform based features [44] were extracted.

We calculated contrast, correlation, energy and homogeneity [41] from the GLCM with
three different pixel distances of two, four and eight, where the distance between the pixel of
interest and its neighbor to create the co-occurrence. At each pixel distance, each feature was
the average of the same measurement calculated at four different directions at 0, 45, 90, 135
degrees from the GLCM.

A three-level Daubechies wavelet transform was preformed to generate ten sub-images from
the original image, after which energy, entropy, mean, standard deviation, third moment and
fourth moment [42] of the wavelet decomposition coefficients were calculated for each sub-
image.

To calculate Gabor wavelet transform features, the original image was initially convolved
with a Gabor filter with five wavelet scales and six filter orientations. Energy, entropy, mean,
standard deviation, third moment and fourth moment [43] of the magnitude of the
convolution over the image at each scale were then calculated by averaging each
measurement from six orientations at the same scale.

Fourier transformation was performed on the original image and energy, entropy, mean,
standard deviation, third moment and fourth moment of the coefficients were calculated.
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2.4.2.3 Capsulethickness: The capsule thickness was calculated from the rotated image
stack before the MIP was performed. The thickness was defined as the width of the band
with high pixel intensities in the x-z or y~zimage (Figure 3) and quantified as described
previously [17].

The mean and the standard error of mean (SEM) values of all 125 features from the TAA
model are shown in Supplementary Table 1.

2.4.3 Feature selection—*Feature selection was applied to recognize the best subset
among all 125 features that are the most relevant to fibrosis progression. Support vector
machine recursive feature elimination (SVMRFE) approach [45] was first adopted to rank all
the features. SVMRFE was introduced as a multivariate feature ranking method that uses
SVM weights as the ranking criterion of features. Starting from using all the features, a
SVM was trained and features were sorted by the absolute value of their weight in the hyper-
plane. The feature with the smallest weight was least important and was eliminated from the
feature set and a SVM was trained again using the new feature set after elimination, this
process was performed iteratively until all the features had been removed. All the features
were hence ranked during this recursive elimination procedure.

The diversities were generated on the training set by the bootstrapping method [46], after
which SVMRFE was applied on each of these bootstrap samples and a diverse set of feature
rankings was obtained. The ensemble rankings of all the features were aggregated by
summing the ranks over all bootstrap samples [47] for each feature. Different numbers of the
features were selected according to the ensemble rankings from the top order to train a SVM
on the bootstrap samples and be evaluated on the out-of-bag samples based on the area under
the receiver operating characteristic curve (AUC) [48], which was a measure of test
performance. The subset of the features that lead to the highest AUC among all was finally
selected.

2.4.4 Sample classification—A leave-one-out cross-validation approach was adopted,
where one sample was used as the test set to calculate capsule index while all other samples
were used for training. MNL model [35] was used for the training set with selected features
to predict the probabilities of all the stages from 0 to 4 for the test sample. MNL is a
generalization of normal logistic regression by allowing more than two discrete outcomes
that were appropriate, as we need to classify each image into one of the five stages. We then
combined the probabilities of each stage for the test sample into the capsule index by the
equation as follows:

Capsule Inch:aZpi * B, 1=0,1,2,3,4,

K3

where pjis the probability of stage /, £;= /is the expectation value of each stage 7and a is a
scale factor to normalize the capsule index into certain range. a was set to 0.25 in our study
so that the capsule index is a continuous measurement ranging from 0 to 1.
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All image processing and statistical learning algorithms were developed and performed
using Matlab (The Math Works, Inc., Natick, Massachusetts).

3. Results and discussions

3.1 Reflective SHG reveals collagen architectures of the Glisson’s capsule

TPEF/SHG microscopy on unstained samples is a good substitute for conventional
histological imaging of liver fibrosis where most of the important features used in scoring
system can be observed [27, 28]. A Masson Trichrome (MT) stained image of a normal liver
which contains minimal collagen within portal tracts and around central veins is shown in
Figure 5A. Similar collagen patterns were observed in the TPEF/SHG image of the same
location (Figure 5B). In a late stage fibrotic liver of the TAA model, the collagen patterns
changed significantly where broad complete septa are formed between portal areas, and
between portal areas and central veins. These changes can be clearly identified in both MT
stained (Figure 5D) and TPEF/SHG images (Figure 5E).

None of the pathological features related to the cellular and collagen structures in the
interior of the liver showed up in the Glisson’s capsule as the outermost layer of the liver.
Reflective SHG microscopy used to scan the front surface of the livers from the TAA model
successfully revealed collagen network architectures of the Glisson’s capsule. In the capsule
layer of the normal liver (Figure 5C), capsule collagen fibers or fibrous bundles are dense
with wavy sub-filament structures. In fibrotic liver of the TAA model (Figure 5F), the
capsule collagen fibers or fibrous bundles are denser than that of the normal liver and the
spaces in between the fibers or bundles are smaller. The fibers are straight with loss of curry
sub-filament structures and spaces between the fiber bundles are larger than the normal liver.
These structural changes are likely due to the dramatic alteration of liver mechanical
properties because of increased extracellular matrix (ECM) deposition and portal
hypertension, which in turn affect the cellular and tissue functions or structures [49, 50].

The capsule images of the normal and fibrotic livers were shown at different imaging depth
from 0 to 16 um in Figure 6. The morphology of collagen network is consistent in the
images at different depth. Thus, the 2D image generated by MIP from the z-stack image is
well representative of the entire collagen network of the Glisson’s capsule and is valid for
the further quantification.

3.2 Quantitative assessment of liver fibrosis by capsule index

In the feature selection process, the important features should have higher frequencies since
they tend to be selected more often no matter how the training set changes. The frequency of
the features selected from all measurements to build the regression model in the TAA
models were shown in Supplementary Figure 1. It is important to fine-tune capsule index in
liver diseases of different etiologies by building the specific multinomial logistic regression
model for each disease with proper training set of capsule images. One advantage of the
proposed framework to calculate capsule index in this study is that the rule of combination
of various features to create the index was automatically learned from the training set using
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the pathology scores as the ground-truth. The selected features are shown in Supplementary
Table 2, which gives the best performance of classification.

The Capsule index values of the TAA rat models samples at different Metavir stages are
shown in Figure 7. The Metavir scores were assigned by an experienced pathologist from
reading the MT stained slices of the interior of the same liver of which the surface was
scanned. We also presented the capsule thickness and collagen proportionate area (CPA)
quantified from the capsule images at different fibrosis stages for the comparison.

In the TAA model, an increasing trend of the capsule index could be observed with fibrosis
progression (Figure 7A). One-way ANOVA indicated that the means of the capsule index of
each stage were not all equal (p < 0.0001). Further analysis revealed that the capsule index
could differentiate between all fibrosis stages. On the other hand, capsule thickness
decreased until stage 3 and a sharp increase was observed in the late stage. No significant
differences were found between stages from 0 to 3 in the TAA model for capsule thickness
(Figure 7B). No trend was observed for CPA along the fibrosis progression (Figure 7C).

These results showed that the conventional quantification of the Glisson’s capsule by
measuring capsule thickness was not sufficient to accurately monitor fibrosis progression.
CPA was useful to quantify fibrosis progression in the liver interior [28]; however, it is not a
good indicator for liver fibrosis assessment from the surface.

3.3 Capsule index can detect liver fibrosis at different stages

The performance of capsule index for detection of fibrosis at different stages was evaluated
with receiver operating characteristics curve (ROC) analysis. The larger area under the ROC
curve (AUC) indicates the better sensitivity and specificity for the detection of certain
stages. The AUC of 0.5 represents a random classification.

For the detection of fibrotic samples against normal samples (stage O versus. stages 1-4,),
the AUC of capsule index was 0.80 for the TAA model, and were significantly higher than
0.5 (Figure 8A, p<0.001). The AUCs of capsule thickness and CPA were 0.53 and 0.65 for
the TAA model. Since these AUCs were not significantly higher than 0.5, both capsule
thickness and CPA failed to differentiate between normal and fibrotic samples.

The detection of significant fibrosis (stages 2—4) versus non-significant fibrosis (stages 0-1)
is critical for assessing the need of antiviral therapies [51]. Capsule index achieved AUCs at
0.84 for detection of significant fibrosis in the TAA models (Figure 8B). The best cut-off
value was 0.52 for the TAA model with 81.8% sensitivity and 71.4% specificity. The AUCs
of capsule thickness and CPA were smaller (0.52-0.69).

The detection of cirrhosis (stage 4) versus non-cirrhosis (stages 0-3) is also an important
indication for the end stage of fibrosis progression which has the higher risk of developing
liver cancer such as hepatocellular carcinoma [51]. The AUCs of capsule index was 0.91 for
the detection of cirrhosis in the TAA model (Figure 8C). The best cut-off value was 0.62 for
the TAA model with 90.9% sensitivity and 90.0% specificity. The capsule thickness can
detect cirrhosis well in the TAA model with the AUC at 0.88. The performance of CPA was
as not good as capsule index with lower AUCs (0.69).
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Thus, capsule index can monitor the liver fibrosis progression in the TAA model, and can
detect liver fibrosis at different stages with reasonable sensitivity and specificity. The
superiority of the capsule index over the capsule thickness and CPA for fibrosis staging
comes from the detailed collagen network structure imaged by reflective SHG microscopy
and quantified by our image analysis algorithm. Capsule collagen structures are highly
correlated with the fibrosis progression.

The TAA animal model has similar characteristics as viral hepatitis in humans [52], such as
hepatitis B and C which are the leading and important targets for fibrosis assessment in
chronic liver diseases (CLDs). The good performance of capsule index to detect different
fibrosis stages in the TAA model (AUC: 0.80-0.91) showed that it is a useful marker for
prognosis of fibrosis progression and regression for treatment evaluation in CLDs.
Furthermore, we have previously demonstrated the correlation of sub-capsular features to
the interior liver features and the correlation of sub-capsular features to fibrosis stages [17].
Hence, it would be beneficial to further investigate the sub-capsular collagen and cellular
information beneath the Glisson’s capsule to improve the sensitivity and specificity of the
capsule index for the detection of liver fibrosis at different stages. We have previously
demonstrated the use of scale-invariant feature transform (SIFT) for staging liver diseases
from sub-capsular TPEF images [53] which can be potentially used together with the
Capsule index method proposed in this study under the statistical framework of supervised
learning from multiple classifiers such as proposed in [54].

Translation of the TPEF/SHG microscopy into potential clinical applications /n vivo requires
the establishment of minimally invasive diagnostic imaging tools. Recent studies have
reported the development of nonlinear endoscopy technology and their applications for
imaging in different organs, such as kidney, liver, lung, colon and cervix [55-60]. Nonlinear
endoscope is capable of acquiring images with distinct features that are similar in the images
acquired by conventional nonlinear microscope. The imaging condition of the nonlinear
endocscope system is similar to that used in this study, for example a 20 x 0.4 NA objective
lens with a field-of-view of 110 um in diameter was used in [56]. The size of field-of-view
using an endoscopy system could be further increased to the size of 440 um in diameter
which is comparable to the conventional bench-top nonlinear microscope [61]. Hence, we
foresee that similar collagen network images can be acquired for the Glisson’s capsule by
SHG endoscopes that would yield a similar framework to quantify capsule index to
differentiate different stages of liver fibrosis for scoring. On the other hand, since the
features used in the proposed image classification methods are not scale-invariant, the
system needs to be re-trained with training images of the same imaging condition as the test
images for the potential application of such method using endoscope images with different
field-of-view or spatial resolution. It should also be noted that endoscopy is still a minimal
invasive procedure thus its potential application needs to be further investigated. Another
necessary study is to address some of the critical issues in real practice, such as the
minimized number of focal spots to be imaged using the endoscopy to achieve the satisfied
performance from the analysis.
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4. Conclusions

We proposed and validated a quantification system, capsule index, for liver fibrosis
assessment from liver surface reflective SHG imaging. We demonstrated the advantage of
imaging the Glisson’s capsule using reflective SHG, which can accurately reveal the
architecture of liver capsule collagen network. Image analysis methods were developed to
extract plenary morphology, structure and texture features from capsule collagen network.
We also presented a statistical framework to select the most important measurements from
all the extracted features and to combine the selected measurements into one index. Capsule
index values were compared with conventional histopathology scoring system for the TAA
model, and good correlations were established. The results indicate that capsule index was
able to differentiate different fibrosis stages with good performance. We have established the
feasibility of liver fibrosis staging and diagnosis from scanning the liver surface in a less
invasive manner. This would also provide us the potential to image larger sampling area than
from biopsy and extract enough information, over many time-points for a long period of
time, for liver fibrosis monitoring without the complication brought forth by the current gold
standard of the invasive liver biopsy. Thus, in the near future, liver surface scanning with
SHG endomicroscopy could possibly replace liver biopsy in the clinical practice for the sole
purpose of fibrosis assessment critical in making clinical decisions on many chronic liver
diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Schematic illustration of the optical set-up. Excitation laser was a tunable mode-locked Ti :

Sapphire laser (710 nm to 990 nm set at 900 nm) with a pulse compressor (PC) for

dispersion compensation and an acousto-optic modulator (AOM) for power control. The

laser passed through a dichroic mirror, DM4, an objective lens (20x, NA = 0.5), before

reaching the tissue specimen. Two-photon excited fluorescence (TPEF) was collected by the
objective lens in the epi-mode, filtered by a 500-550 nm band-pass filter, BP, before being
recorded by a photomultiplier tube (PMT). Reflective second harmonic generation (SHG)
signal was similarly collected as TPEF, through a 390-465 nm band-pass filter, BP5, with

another PMT.
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Figure2.
Schematic illustration of the procedures to create capsule index. Most significant parameters

were selected from all the morphological and texture features extracted from the pre-
processed capsule image to build a multinomial logistic regression model, which was used to
create capsule index.
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Figure 3.
Comparison between the Glisson’s capsule images before and after pre-processing. (A)

Maximum intensity projection (MIP) of the image stack along y-~direction before pre-
processing. The rotation angle was defined as the angle between x-axis and the centerline of
the band with high pixel intensities. (B) MIP of the image stack along x-direction before
pre-processing. (C) The 2D representative image of the image stack before pre-processing.
The scale bar represents 50 um. (D) MIP of the image stack along y~direction after pre-
processing. (E) MIP of the image stack along x-direction after pre-processing. (F) The 2D
representative image of the image stack after pre-processing. The scale bar is 50 ym. The
pixel intensity distribution is more uniform in the representative 2D image after pre-
processing.
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Figure 4.
The illustration of image processing to trace collagen fibers from the collagen network. The

raw capsule image is shown in (A). The enhanced image after Frangi filtering is shown in
(B). The binary image after collagen segmentation is presented in (C). (D) shows the final
segmented image of collagen after morphological operations to remove the small objects.
The initial skeletons of each collagen segment are shown in (E). (F) The gap filling method
was performed to finally connect the broken collagen fibers where the connected pixels are
shown in green. Two regions-of-interest are shown for example in (G) and (H).
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Figure5.

Comparisons between liver interior images and liver surface images. (A) to (C) are Masson
Trichrome stained interior image, TPEF/SHG interior image and SHG surface image from a
normal liver, respectively. Same morphologies and structures of collagen and cells can be
observed in liver interior images from both conventional staining and TPEF/SHG
microscopy. The TPEF signals come from intrinsic molecules such as reduced nucleotide
(NAD(P)H) and oxidized flavoproteins (Fp) which reveals the morphology of hepatocytes
and cell necrosis in the liver. However, the collagen structures are totally different on the
liver surface. (D) to (F) are interior and surface images from a late stage fibrotic liver of the
TAA model. Both Masson Trichrome stained and TPEF/SHG interior images show the same
collagen architecture changes as the bridging between portal tracts and veins. Different
collagen structure changes are found on surface image, where capsule collagen fibers are
denser and with smaller spaces between than normal liver. The scale bar represents 100 pum
for interior images and 50 pm for surface images.
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Figure6.
INustration of SHG images at different imaging depth from the top of the Glisson’s capsule.

The morphology and structure of collagen network are consistent at different imaging depth.
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Figure 7.
Validation of capsule index with conventional histopathology scoring system for the

thioacetamide (TAA) model. Comparison between scoring results from conventional histo-
pathological scoring system against capsule index were shown in (A). An increasing trend of
capsule index was clearly observed along the fibrosis progression for both models. One-way
ANOVA was done (p < 0.001) to show that capsule index of at least two stages are
significantly different. The pair-wise comparisons show that the capsule index between
every two stages is significantly different. (B) shows the capsule thickness of the TAA model
for different stages. (C) shows the collagen proportionate area (CPA) of the TAA model for
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different fibrosis stages. No trends were observed along fibrosis progression for capsule
thickness and CPA.
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Figure8.
Receiver operating characteristics curve (ROC) analysis of capsule index to demonstrate

performance for fibrosis detection at different stages. For the detection of fibrosis (stage 0
versus stages 1-4), significant fibrosis (stages 0-1 versus stages 2-4) and cirrhosis (stages
0-3 versus stage 4), capsule index performs better than capsule thickness and collagen
proportionate area (CPA) with area under ROC (AUC) from 0.72 to 0.91.
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Table 1

Summarization of all 125 features extracted.

No.

Feature Descriptions

Morphological Features

10

11-12

13-14

15-16

Texture Features

17-28

29-34
35-94

95-124

3D Feature
125

Number of fibers

Number of cross-links

Mean and variation of the size of pores
Number of pores

Mean and variation of fiber length

Mean and variation of fiber width
Amount of collagen

Mean and variation of cross-link spaces
Mean and variation of cross-link densities

Mean and variation of the straightness of fibers

Contrast, correlation, energy and homogeneity from the GLCM given three different pixel distances at two, four and eight
pixels

Energy, entropy, mean, standard deviation, third moment and fourth moment of the coefficients from Fourier transform

Energy, entropy, mean, standard deviation, third moment and fourth moment of the wavelet decomposition coefficients from
ten sub-images generated by Daubechies wavelet transform

Energy, entropy, mean, standard deviation, third moment and fourth moment of the magnitude of the convolution over the
image with Gabor filter at five scales

Capsule thickness
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