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SUMMARY
A. Introduction

Azoospermia is defined as a lack of spermatozoa in the ejaculate (Berookhim and Schlegel
2014). This condition can be separated into two categories, obstructive azoospermia (OA), lack
of sperm due to a physical blockage in the ejaculatory pathway, and azoospermia due to
spermatogenic dysfunction (ASD). The latter category comprises 60% of azoospermic cases and
is treated by surgically extracting tubules containing sperm directly from the testis (Practice and
Medicine 2008). These seminiferous tubules are visualized under microscopy; the widest and
most opaque tubules are 2 fold more likely to contain sperm and are preferentially sampled in

the Microdissection Testicular Sperm Extraction (MicroTESE) procedure (Schlegel 1999).

B. Problem Statement

The acquisition of sperm dense seminiferous tubules requires a steep learning curve: novice
surgeons who have performed fewer than 50 procedures achieve a sperm retrieval rate (SRR) of
only 32%. Between cases 50 and 150, SRR improves to 48% (Ishikawa et al. 2010). After 792
procedures, a surgeon was able to reach an average SRR of 60% (Ramasamy et al. 2009). The
limiting factor for successful sperm retrieval is the lack of clearly differentiated sperm-
containing loci in the testes. Without these, surgeons are forced to perform random biopsies.
There is also no clear point after which surgeons should stop searching for sperm. Studies have
shown sperm retrieval is highest in cases lasting between 0 and 2 hours (88.6% SRR), but as

many as 30.7% of cases lasting 4-7 hours can produce sperm (Ramasamy et al. 2011).

Vi



SUMMARY (continued)

C. Specific Aims

There are no solutions commercially available to solve this problem. Theoretical solutions to
the problem of sperm identification, including optical computed tomography (OCT) and Raman
Spectroscopy (RS), require time consuming image capture and processing, and provide sperm
density information proportional to their tissue invasiveness. New developments in the field of
computer vision (CV) including convolutional neural networks (CNNs) show promise for
applications that require fine detail identification in subjects that are superficially homogenous,
such as automatic identification of cancer on digitized histopathological imagery (Mosquera-
Lopez et al. 2015). This research aims to train a neural network model on seminiferous tubule
biopsies to autonomously identify locations of higher sperm likelihood to maximize sperm

retrieval.

The specific aims of this project are:

e Aim 1 — Develop an animal model of ASD to analyze artificially induced ASD on healthy
Sprague-Dawley rats

e Aim 2 —Train a neural network to identify sperm dense locations using rodent ASD model
biopsies

e Aim 3 —Develop a neural network application for intraoperative sperm identification

e Aim 4 — Evaluate model predictions on rodent ASD models

viii



SUMMARY (continued)
D. Significance

Nearly 2 million males in the United States suffer from ASD. Their only option for procreation
is in-vitro fertilization (IVF). Before attempting IVF, these men must first undergo a surgical
procedure to extract sperm from the testes. Sperm extraction is unsuccessful for around 40% of
patients with ASD (Ramasamy et al. 2009). Even in successful extraction, patients may

experience lower testosterone production due to loss of testosterone producing Leydig cells

in the seminiferous tubules. If the extraction is traumatic, this decreased testosterone level may
become chronic, especially in men with diminished androgen production such as those with
Klinefelter syndrome (Sandro C. Esteves et al. 2013). In addition, these patients may experience

testicular pain for days after the procedure and may have an inflammation and swelling of the

testes (Sandro C. Esteves et al. 2013). These significant complications highlight the importance

of initial extraction success.

Treatment for ASD relies on specialist urological surgeons who require years of training
to be proficient in performing MicroTESE. Novice surgeons may be 12% less successful and 25

minutes slower per procedure than experienced surgeons (Ishikawa et al. 2010).



SUMMARY (continued)

Figure 1. Clearly dilated seminiferous tubules (black arrows) surrounded by atrophied tubules (white arrows) under 25x
magnification (Ashraf et al. 2013)



SUMMARY (continued)

The purpose of this research is to create an experience-agnostic optical identification
system that automatically identifies locations of high sperm likelihood during surgery. While
imaging modalities exist that are able to identify sperm density in tissue post-extraction, none
are available for active intra-operative guidance during sperm extraction procedures (Liu et al.

2014).

Aim 1: Develop an animal model of ASD to analyze artificially induced ASD on healthy Sprague-

Dawley rats

To train a neural network model on ASD pathologies with a high enough data volume to
develop model accuracy, a rat model of azoospermia was developed. Staggered injections of

busulfan were used to induce controllable spermatogenic dysfunction in Sprague-Dawley rats.

A recorded biopsy procedure was used to produce the training images for the neural network
training as shown in Figure 2. Sperm samples were evaluated under high magnification phase
contrast microscopy to determine exact sperm counts and were encoded into the images to train

the neural network.

Xi



SUMMARY (continued)

Figure 2. An annotated biopsy image identifying targeted tubules, important structures such as blood
vessels are also identified.

Xii



SUMMARY (continued)

Aim 2: Train a neural network to identify sperm dense locations using rodent ASD model

biopsies

A neural network model based on the pyramid scene parsing neural network (PSP-Net)
architecture was trained using the recorded and annotated biopsy images. Images were
augmented to increase effective training data volume and provide non-biological variance to the
data to limit the reliance on training specific factors, such as surgical lighting conditions,

magnification, and camera properties.

Aim 3: Develop a neural network application for intraoperative sperm identification

Using the trained model, a real time detection application was created to be used
intraoperatively as a guidance system during MicroTESE. This system was deployed on a laptop

adjacent to the operative area and was operated by the surgeon during the procedure.

Aim 4: Evaluate model performance on rodent ASD models The model’s predictions were
evaluated by allowing the model to select 50% of the sampling locations. The other half of
sampling locations were selected by a human operatorin the regions not indicated by the system.
A comparison of chosen vs. not chosen locations was used to evaluate the sensitivity and

specificity of model predictions.

Xiii



SUMMARY (continued)

Figure 3 A prediction of high sperm yield locations projected on an azoospermic rat testis
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I. Clinical Background

A. Azoospermia

Azoospermia is defined as a lack of sperm in the ejaculate (Berookhim and Schlegel 2014).
Diagnosis of this condition must be confirmed by 3,000 G centrifugation of a semen specimen for 15
minutes at room temperature and examination of the resulting pellet under high-powered
microscopy (Cao et al. 2011). The condition of azoospermia has two causes; one is the case of
obstructive azoospermia (OA) which comprises 40% of azoospermic cases, and the other is
azoospermia due to spermatogenic dysfunction (ASD), also seen in literature as non-obstructive
azoospermia (NOA), which comprises the remaining 60% of azoospermic cases (Practice and

Medicine 2008; Jarow, Espeland, and Lipshultz 1989).
B. Spermatogenesis

Spermatogenesis progresses in 3 phases of cell differentiation. The process starts in the
basement membrane of the seminiferous tubule where the peritubular myoid (PTM) cells cooperate
with Sertoli cells to create niches for spermatogonial stem cells (SSCs), the precursors to germ cells
that develop into sperm. The PTM cells surround the tubule and provide the contraction force
needed to push spermatozoa along the tubule. The Sertoli cells provide the signaling and growth
factors needed to allow for germ cell differentiation and proliferation. Between adjacent
seminiferous tubules lie Leydig cells that are responsible for the production of testosterone. SSCs
differentiate in the basement membrane into two cells, one maintains the stem cell line, the other
becomes an undifferentiated spermatogonium that will develop into a spermatozoa.
Undifferentiated spermatogonia undergo multiple divisions with incomplete cytokinesis to form

chains. These chains transform en-mass into differentiated spermatogonia after chain lengths of 16



or 32 are reached. Another series of mitosis brings the differentiated spermatogonia to the stage of
preleptotene spermatocytes. These cells undergo meiosis resulting in round haploid spermatids
which further differentiate into elongated spermatids and finally spermatozoa (Smith and Walker

2014).
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Figure 4 (a) The progression of spermatogonia to sperm. Spermatogonial stem cells
(SSCs) divide into preleptotene spermatocytes (PL). These further divide into
leptotene, zygotene and pachytene spermatocytes. Secondary spermatocytes (I1) are
produced from meiotic division of the pachytene spermatocyte which divide again to
form round haploid spermatids. The spermatids elongate and differentiate until they
become mature spermatozoa. (b) A cross section of the space between three
seminiferous tubules is shown. The interstitial area contains Leydig cells, blood
vessels, and lymphatic tissue. A basement membrane containing PTM cells
surrounds the seminiferous tubules. Sertoli cells grow from the basement membrane
to the lumen of the tubule with niches where spermatogonial cells will mature into
spermatozoa. (Image reproduced with permission) (Walker 2010)



C. Obstructive Azoospermia

Obstructive azoospermia (OA) results from a physical blockage of the male excurrent ductal
system at any location between the rete testis and the ejaculatory ducts (Wosnitzer, Goldstein, and
Hardy 2014). In this presentation, the sperm production capability of the testes is usually
undiminished. Infertility is caused by the sperm never reaching the ejaculatory duct due to the
blockage. OA may be acquired by vasectomy, failure of a vasectomy reversal, post-infectious
diseases, masses, surgical procedures in the scrotal, inguinal, pelvic, or abdominal regions, and
trauma (S C Esteves 2011). Congenital OA can be caused by cystic fibrosis, congenital absence of the
vas deferens (CAVD), ejaculatory duct or prostatic cysts, or Young’s syndrome (increased viscosity of
mucosal fluid impeding spermatic motility)(S C Esteves 2011). OA is usually treated surgically by the
way of microsurgical reconstruction (vasovasostomy-VV or vasoepididymostomy-VE) to establish an
unobstructed path for sperm (Wosnitzer, Goldstein, and Hardy 2014). Success of this method ranges
from 70% - 90% for VV and 30% - 90% for VE (Matthews, Schlegel, and Goldstein 1995; Silber and
Grotjan 2004). In cases where VV or VE are not appropriate surgical interventions, such as men with
congenital bilateral absence of the vas deferens (CBAVD), percutaneous or microsurgical aspiration
of sperm from the epididymis or testis combined with an in-virto fertilization technique such as

intracytoplasmic sperm injection (ICSI) is the recommended treatment (Anger et al. 2004).

D. Azoospermia Due to Spermatogenic Dysfunction

Azoospermia due to spermatogenic dysfunction (ASD) is caused by testicular failure resulting in
an inability to produce sperm. ASD can be delineated into two categories, pre-testicular and
testicular causes. Pretesticular causes, also known as secondary testicular failure, manifest as
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endocrine disorders such as hypogonadotropic hypogonadism (HH), hyperprolactinemia, and
androgen resistance. Testicular causes include structural or locational abnormalities, such as
varicocele and undescended testes respectively, as well as virally contracted and genetic causes.
Viral causes of ASD include mumps orchitis which may present in pubertal and postpubertal males
as scrotal swelling. Approximately 13% of these patients suffer from infertility. Acquired ASD may
also be induced by gonadotoxic drug effects such as antiandrogens, exogenous androgens, or

chemotherapy agents (Cocuzza, Alvarenga, and Pagani 2013).

Genetic abnormalities may also cause azoospermia. Klinefelter syndrome (KS) is defined by an X-
chromosome polysomy, the most common version being XXY on the 47th chromosome, and occurs
in 0.1% to 0.2% males. These patients commonly present with low testosterone levels, a micropenis,
and small, firm testes. The prevalence of azoospermia in KS patients is 45 times higher than the
general population. Testicular sperm extraction procedures may yield spermatozoa in 69% of KS
patients. Y-chromosome polysomy (47,XYY) occurs in 1:1000 men and causes azoospermia, or
severe oligozoospermia. These males exhibit antisocial behavior, decreased intelligence, and a tall
stature. However, unlike KS patients, serum testosterone levels are normal in these patients

(Cocuzza, Alvarenga, and Pagani 2013).

Azoospermia can be divided into three categories. Sertoli cell only syndrome (SCO) describes
patients presenting with no spermatogenesis in the testis; These patients are completely sterile. In
some cases, patients may initially be diagnosed with SCO but will be found to have limited sperm
production upon biopsy. Hypospermatogenesis (HS) describes the condition of limited, but non-
arrested, spermatogenesis throughout the testis. Maturation arrest (MA) presents as an inability for
spermatogonia to progress past certain stages of development. MA is separated into two stages,
early maturation arrest (EMA) where spermatogonia may develop up to the stage of a primary

spermatocyte, and late maturation arrest (LMA) where development may progress all the way to a
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spermatid. Spermatids, unlike primary spermatocytes, are true haploid reproductive cells. Their
development stops before they elongate and shed much of the cytoplasm to resemble normal
spermatozoa (Weedin et al. 2008; Walker 2010). Some spermatogonia in the LMA case will have a
chance to mature into spermatozoa, or at least a usable form of haploid spermatid, therefore viable
sperm retrieval is possible in the LMA case. Spematogonia in the EMA case never progress to a
viable spermatid so these patients are not candidates for sperm retrieval treatments. Figure 4 shows

the progression of spermatogenesis from spermatogonia to spermatozoa.

E. Sperm Extraction Techniques

Surgical extraction of sperm for was first proposed as a treatment for azoospermia in 1985
(Temple-Smith et al. 1985). The technique proposed, microsurgical epididymal sperm aspiration
(MESA), required the exteriorization of the testis and epididymis and harvesting of the fluid
contained in the epididymis via blunted needle or a silicone tube. A percutaneous version of MESA,
percutaneous epididymal sperm aspiration (PESA), was proposed by Craft and Shrivastav in 1994 for

use in OA cases (Craft et al. 1995).

Testicular Sperm Extraction (TESE) describes a procedure to harvest tissue directly from the
testis after exteriorization of the seminiferous tubules under naked eye observation and is viable for
both OA and ASD treatment. This procedure was first used to harvest sperm from ASD patients for
ICSlin 1995 and produced viable amounts of sperm in 13 of 15 cases. Of the 182 oocytes injected,
65.5% became viable embryos and were transferred or frozen. The resulting embryos were
implanted normally in 18% of cases, similar to the implantation rate of ejaculated spermatozoa

(Devroey et al. 1995).



Procedure Sampling Location Average SRR for ASD
MESA Epididymis (aspiration) 35%
TESA Testis (Aspiration) 10 - 30%
PESA Epididymis (Aspiration) 35%

TESE Testis (tubule extraction) 49.5%
MicroTESE Testis (tubule extraction) 60%

Table 1 Sperm retrieval procedures and associated success rates

micro-TESE

Figure 5. The process of MicroTESE - 1. the testis is exteriorized
and the tunica albuginia is medially bisected exposing the
seminiferous tubules. 2. Under a microscope, the widest and most
opaque tubules are identified for extraction at 25x magnification.
3. The extracted tissue is dissected and examined for visible sperm
under a compound microscope at 100x magnification.
(Reproduced with permission) (Esteves 2015)




In 1999 Dr. Peter Schlegel proposed a modification to the TESE procedure that increased the
likelihood of sperm retrieval in ASD cases while decreasing the amount of extracted testicular tissue,
thereby limiting testicular trauma. The procedure, named MicroTESE, employed a microscope to
assist the surgeon’s acquisition of enlarged (or dilated) and opaque seminiferous tubules. Dilated
and opaque tubules were shown to have a 100% higher likelihood of sperm presence than were
atrophied and transparent tubules. In addition, an average of 9.4 mg per microdissection sample
produced 160,000 + 270,000 sperm compared to 64,000 + 52,000 sperm for standard biopsies that
harvested an average of 720 mg of testicular tissue. This represents an average 191.5 times greater

sperm yield per mg for microdissection than traditional biopsy (Schlegel 1999).

F. Learning Curve of Sperm Extraction Procedures

For MicroTESE, success rate and surgical time varies greatly based on surgeon experience with
the procedure. In a 2010 study on the topic, Ishikawa et al. suggested novice surgeons are 12% less
successful at retrieving sperm and 25 minutes slower to complete the MicroTESE procedure than
expert surgeons (Ishikawa et al. 2010). The sperm retrieval rate (SRR) in the first 50 cases was 32%
and increased by 12% in the following 50 cases. The final 50 cases saw only a 4% increase in SRR
demonstrating diminishing returns for SRR related to experience.

A larger cohort study of MicroTESE tracked a single urologist through 9 years and 792
procedures on men with ASD. This study produced an average SRR of 60%, which may represent an
asymptote for MicroTESE success for expert surgeons (Ramasamy et al. 2009). Figure 6 shows the
relationship between surgeon experience and SRR, the data is fit by a logarithmic curve with an R? =
0.943 representing the steep learning curve and decreased performance gain with experience after
the first 100 cases.

Another study by Ramasamy et al. demonstrated the relationship between duration of a

MicroTESE case and the likelihood of sperm retrieval and subsequent live birth. The results of the



study showed the highest likelihood for sperm retrieval occurred in cases that lasted for 2 hours or
less, 88.6% reported SRR. Cases that lasted longer than 2 hours reported an average SRR of less than
half of that, averaging 30.7%. The mix of ASD pathologies was not a statistically significant factor in
the SRR. The study concluded that there was “no time after which MicroTESE became universally

|”

unsuccessful.” (Ramasamy et al. 2011) The study noted the first 120 cases performed by the surgeon
were excluded based on the findings by Ishikawa et al. about MicroTESE learning curves.

This data indicates the learning curve for MicroTESE compared to other sperm retrieval
techniques is more demanding for the novice surgeon. Unlike percutaneous or epididymal aspiration
methods, microdissection requires objective analysis of the seminiferous tubules for differentiating
features prior to sampling. Furthermore, the more obvious the features are to the surgeon, the
more quickly he or she is able to harvest sperm from the testis. However, even in testes that do not
have obvious visual indications of sperm presence (cases that require more than 2 hours operative

time), sperm retrieval success is possible in at least 30% of patients. The common limiting factor in

both cases is the surgeon’s ability to visually identify sperm presence in testes where sperm exists.

G. Proposal

The proposed solution to the problem of tubule identification is a programmatic optical model
to identify sperm locations consistently thereby reducing the surgeon learning curve and increasing

sperm yield.
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Il. Technical Background
A. Traditional Computer Vision

The first step to developing a system to computationally identify objects based on specific
optical characteristics was established by P.V.C. Hough in 1962. Hough's algorithm identified a
method to find straight lines between coplanar points in an image. In 1972, Duda and Hart
optimized this algorithm for computational efficiency and to apply it to fit generalized curves in an
image (Duda and Hart 1972). This led to the development of the Hough Transform, a method to
identify arbitrary shapes based on parameterizing the border of the shape (Ballard 1981). This
method allowed the hard coding of specific shape information for on-line object detection;
however, it was not robust enough to identify the same object from different perspectives or with
scalar/affine transformations applied. The next leap forward came in 2004 with the introduction of
the Scale Invariant Feature Transform (SIFT) algorithm (Low 2004). SIFT created a way for image
objects to be identified regardless of affine transformations based on their footprint in the gaussian
scale-space. The object is identified by local extrema computed for a 3x3 window in the current and
adjacent scales of the Gaussian filter function. These local extrema are the key points used for
object detection. If the footprint of the object (the signature of the key points) is known, the object
should be identifiable. An alternative to SIFT was proposed in 2006 by Leonardis et al. labeled
Speeded Up Robust Features (SURF) (Leonardis et al. 2006). This algorithm used the Hessian matrix
instead of the Laplacian (the sum of the Hessian matrix eigenvalues) to generate key points. The
difference yields a greater robustness of features with less overall dimensions for a clustering

algorithm to sift through (64 for SURF vs 128 for SIFT).
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B. The Perceptron

One of the basic elements in the field of machine learning is the perceptron. First published in
1958, the perceptron was designed as an electromechanical neuron with 3 parts to simulate the
process of memory and organization in the brain. The input function of the perceptron brought in a
signal (or many signals) to be processed and summed the inputs into a single signal to pass to the
next part. The activation function was originally a simple step function designed to block empty
signals (zeroes) and pass live signals (ones) but can be any waveform. Figure 3 shows a perceptron
with a sigmoid activation function. The final part is the output: signals that are passed through the
activation function can be linearly modified before being passed out. The perceptron was imagined
as a versatile gate that could be programmed in any useful way, much like a neuron (Rosenblatt
1958). The combining of these individual units led to the multilevel perceptron, and eventually

would go on to become the model for the individual node in the modern neural network.

C. Backpropagating Errors and the Rise of Convolutional Neural Networks

To identify an object using the hardcoded algorithms of traditional computer vision, the target
object had to be known and parameterized accurately. If the object complexity was too high or the
imaging perspective obscured important details about the object, it simply could not be identified.
This problem had been solved for millennia in the biological domain, but firmly evaded the grasp of
mechanical computation. In his 1986 paper, Geoffrey Hinton et al. proposed a method of back-
propagation of errors to learn patterns between an input and output set (Rumelhart, Hinton, and
Williams 1986). This method was inspired by the signal cascade between interconnected neurons
and the learned efficiency of interconnections resulting from action repetition. The input signal is

first passed through, and manipulated by, uniformly weighted nodes towards an output node. Since
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the output is known, the difference between the input and output signal can be calculated. The
difference, or error, at the output node is traversed backwards through the network, effecting every
node by a magnitude proportional to the error. Using this method on a net of perceptrons until the
error reaches zero trains the system to convert the known input to a known output. The
backpropagation algorithm paired with the perceptron appropriately modeled the neural pathways
related to human perception of images. However, an additional component was required to model
the ocular photoreceptors to turn a complex image into signals that could be manipulated and

analyzed by the neural network.
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In 2012, Hinton’s student Alex Krizhevsky published a paper that implemented the idea of multi-
layer convolutions paired with a back propagating neural network to identify features of objects in
images, and another network layer to classify images into classes (Krizhevsky, Sutskever, and Hinton
2012). The advantages of this algorithm are the automation of the feature detector and the
separate object classification that can adjust internal weights agnostic to the feature detector. This
allows for more abstract representations to be utilized by the neural network to analyze an image
more accurately. This characteristic to identify abstract representations can evolve into overtraining,
where a feature extractor and classifier pair identify labels not related to the classification task. An
example of this is demonstrated by Song et al. (2019) in an analysis of a binary gender facial
recognition classifier. The classifier learned to differentiate faces based on race without race being a
stated evaluation metric (Song and Shmatikov 2019). In many situations this ability is considered a
disadvantage of non-tailored feature extraction, however, in applications where specific metrics of
measurement cannot be defined (the ideal size of a sperm laden seminiferous tubule for example)

abstractions arising from relaxed training goals may provide an accuracy advantage.
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D. Feature Pyramids — PSPNet

To learn small scale features, a traditional convolutional structure is powerful. However, to learn
scale invariant features with context, the neural network must be able to link relevant features from
the smallest convolutional window with those from the largest window. Investigation in this method
of feature identification was popularized in 1980 in a book by Tianmoto and Klinger. The concept
was improved upon by Rosenfeld and Sher in their 1998 paper (Rosenfeld and Sher 1998). They
described a method to identify objects (blobs) within a background using different levels of features
starting from very fine (5x5 pixels) to very coarse (32x32 pixels). Each level provides a perspective
that other levels may miss, but by compositing the different levels, new insight can be identified in
an image that would have been otherwise missed. This concept is known as spatial pyramid pooling
(SPP), and has been a key component of modern computer vision architectures (He et al. 2014). The
application of multi-scalar feature detection is already present in the convolutional architecture of
Alexnet, however SPP works to strengthen the connections between each feature scale by
accounting for all scales at once before passing to the final fully connected layer as shown in figure

12 (He et al. 2014).

E. Region Based Convolutional Neural Networks — R-CNN to Faster R-CNN

The feature pyramid method has some key advantages for object segmentation, chief among
which is the integration of bulk features with fine detail to generate a more complete picture of the
specific image region. A region based convolutional neural network (R-CNN) uses a selective search
process to identify 2000 potential regions of interest (known as “proposal regions”) (Girshick et al.
2014). The output of this network is then evaluated by a deep neural network for content. The

identified characteristics are collected by higher dimensional network layers to identify the object
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and localize it in the image using a bounding box. This method can be time consuming as each

proposal region goes through the deep neural network layers.

This R-CNN was superseded by Fast R-CNN, which inserted a simple convolutional stage before
the selective search step to generate a lower dimensional feature map that allowed for a simpler
search for ROI (Girshick 2015). Fast R-CNN gave way to Faster R-CNN which replaced the selective
search process altogether with an adjacent neural network coined the region proposal network
(RPN). This less computationally intensive neural network is tailored to identify the presence or
absence of an object against a background. This network passes back many proposal regions that

are pooled to create a much more definite region for the following CNN to classify (Ren et al. 2017).

F. Mask RCNN

The most recent evolution in the R-CNN line of networks is Mask R-CNN. Published in 2017,
Mask R-CNN improves on the individual object segmentation capabilities of Faster RCNN by
incorporating an “ROIAlign” layer tangential to the main convolutional neural network. This layer
works parallel to the classification and bounding box layers to generate an individual pixelwise
binary mask for each ROI. The weight of this mask is integrated with the weight of the classification
to prioritize objects in the foreground versus background. As the mask is generated on a pixelwise
basis, the resulting segmentation can be as fine as the input image, scaling in definition with the

image resolution.
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lll.  Section Summary: Proposed Solution

A. Identifying the problem

MicroTESE requires a thorough examination of all seminiferous tubules in the testis. Granular analysis of
each section of testis requires a longer operative time. The learning curve for this procedure is steep and
requires hundreds of procedures for each surgeon to achieve proficiency in identifying sampling
locations for sperm in the testis.

B. Proposed Solution

A neural network can be trained from seminiferous tubule images taken during a MicroTESE procedure
and the corresponding sperm counts from each biopsy site. Once trained, the neural network can
analyze images from the surgical microscope during biopsy and generate a probability map of sperm
locations overlaid with the operative image.

C. Experimental Methodology

To train this neural network, an animal model of azoospermia due to spermatogenic dysfunction must
be created. The images and sperm counts obtained while performing MicroTESE on the first group of
treated animals was used to train the neural network. The trained neural network was used to identify
sampling locations on a second group of study animals. The performance of the neural network
probability map for sperm locations was evaluated using the sperm counts obtained from the biopsy
sites.
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IV. Clinical Methods

A. Introduction

To acquire training data for the neural network, the experimental setup was designed to mimic
the MicroTESE procedure as closely as possible. The variation between experimental animals was
limited by strictly defining age and weight. Variations in lighting and extraneous environmental

conditions were mitigated by performing all procedures in the same dissection room.

B. Species Selection

To generate a dataset from which to train a neural network, an animal model for the human
testis was required. A healthy 20 cm long Sprague-Dawley rat’s testes measure 2.5 cm in length on
average compared to an average of 4 cm length for the average human male (approximately 168 cm
tall). The body to testis ratio is 0.125 and 0.023 for the rat and human respectively. The large testes
of the rodent compared to the body size allows for more samples to be taken per animal, resulting
in fewer animals necessary for significant data. Furthermore, the sizes of seminiferous tubules in the
rat and the human testes are similar in the wild type. Aside from a lower number of tubules in the
rodent model, it approximates its human counterpart in tubule diameter, averaging 208 um, and
total length of functioning tubule. The human azoospermia due to spermatogenic dysfunction (ASD)
case presents as a non-uniform atrophy of the seminiferous tubules. To model this, two distinct

treatment vectors were considered.

C. Surgical Setup

An Amscope 7x — 45x trinocular stereo microscope with a camera mounting channel was used
for the experiment. An additional 2x magnification lens was attached to the microscope. An

Amscope MU1803 4K digital microscope camera was chosen to record biopsies.
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D. Biopsy Procedure

Each animal was anesthetized using a Ketamine/Xylazine solution and the testes were shaved prior
to testicular biopsy. The testes were under a surgical microscope at 35x — 50x depending on testis
size. Six samples were taken from each testis and suspended in PBS solution in a 96 microwell plate
(Fisher Scientific). Sampling was done using a template map to ensure uniform sample distribution.
One sample was taken from each hemisphere, from each pole, and two were taken from the
equatorial region of the testis. The procedure was recorded using a 4K surgical microscope mounted

imaging system. Post biopsy, animals were sacrificed using a guillotine while under anesthesia.
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Sampling Template Map

Label Sperm Count Range Sperm Count Range
(sperm/mL) (sperm/sample)
Sperm 60K —3M 2+
No Sperm 0-30K 0-1

Table 2 Tissue sperm count stratification
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E. Biopsy Tissue Processing

Tissue samples were dissected in a 12 well culture dish using two 18-gauge hypodermic needles
modified to have blunted flat blade ends instead of points to allow for manipulation of the
seminiferous tubules with reduced risk of tubule puncture or tearing. Sperm was extracted from
individual seminiferous tubules using a sliding compression along the tubule to squeeze out the cells
contained inside. The extracted cells were suspended in PBS solution (Vial A) and spun down at 3000
G for 15 minutes. The remaining seminiferous tubule tissue was resuspended in PBS solution (Vial B)
and spun for the same force and time. Supernatant was removed and discarded from Vial A. The cell
pellet remaining in Vial A was resuspended with the supernatant harvested from Vial B. This

processed sample was transferred into a fresh 96 well plate for storage.

F. Sperm Cell Counting

A 5 pL aliquot of the processed sample was suspended within a cell counter device and was
observed under phase contrast microscopy at 150X magnification using an Olympus microscope
with an oil immersed objective lens. Visible sperm were counted on the measuring grid when a high
enough quantity of sperm was available. For lower sperm quantity, a full field count was taken and

extrapolated for sample sperm density.

G. Testosterone

Testosterone is secreted from Leydig cells in the testis. It is regulated by Luteinizing hormone
(LH) and Follicle Stimulating hormone (FSH) produced by the anterior pituitary. LH stimulates the
Lyedig cells to produce testosterone. FSH activates the cellular activity of the Sertoli cells to facilitate
the development of germ cells into spermatozoa (Walker 2010). FSH and LH are released in
response to Gonadotropin Releasing Hormone (GnRH) from the hypothalamus (Crosnoe et al. 2013).
Excessive exogenous testosterone can downregulate both FSH/LH as well as GnRH production.
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Testosterone supplementation can be used to induce the inhibition of FSH, LH, and GnRH, resulting

in a disruption of the spermatogenic process (Walker 2010).

Exogenous testosterone mediated spermatogenic dysfunction in the rat model presents as a
decrease in testis volume and a significant decrease in sperm count. Early studies on the use of
subcutaneous testosterone implants as a male contraceptive tested such vectors on Sprague-Dawley
rats. A range of eluting implant sizes were tested and the ideal size (corresponding to dosage of
testosterone) was 4.0 cm length, 1.98 mm id. Rats in this test group presented with a testis weight
reduction of 50% when compared to the control. Epididymal sperm count showed a 100X decrease
in sperm count when compared to the control. The number of impregnated females was
correspondingly low, and only 10 live births were recorded in this study group compared to 221 in

the control group (Hales 1984).

Bhul et al. investigated the effects of exogenous testosterone administered via eluting implant
on seminiferous tubule morphology. Their work suggested the size of the tubules would decrease by

around 50% while spermatogenesis was arrested at the spermatocyte stage. (Bhul et al. 1982)

H. Testosterone Experiment

Adapted from the protocol described by Bhul et al. 1982, this treatment utilized testosterone to
induce azoospermia in the experimental rat group. Dow corning silastic tubing (#602-305) was used
to create four-centimeter implants with an id of 1.98 millimeters and an od of 3.18 millimeters.
Crystalized testosterone was packed into each implant using a vacuum packing method. Glass beads
acted as caps at the ends of the implant to ensure implant integrity when sealing the implant with
silicone sealant. Each implant was immersed in ethanol for 12 hours in a slow-moving plate rocker to
ensure the implants were correctly sealed and did not allow ethanol to permeate the membrane.

Implants failing the integrity test were discarded, the remaining implants were dried and stored for

27



use. A second set of empty implants were created as a placebo using the silastic tubing, glass beads,

and sealant, but no hormonal contents.

The experiment was conducted on 2 test groups of rats with treatment starting while all animals
were 6 weeks of age and between 325 — 375 grams bodyweight. The youngest rats of adequate size
were chosen to begin treatment as close to the onset of puberty (weeks 3-5) while ensuring the
flank of the animal was large enough for the implant. The first group contained 8 rats, of which 4
were in the experimental-testosterone group and 4 were in the non-hormonal placebo group.
Labeled as treatment group A, the rats were surgically implanted with their corresponding hormonal
or placebo implants into the subcutaneous tissue layer in the rear flank area under Ketamine-
Xylazine anesthesia and Buprenorphine analgesia. Wounds were closed with staples and

appropriate animal handling protocol was followed to ensure animal safety.

After an initial four-week incubation period, a pair of rats were selected from each group and
sacrificed at regular one-week intervals. One control and one experimental rat were sacrificed on
the same day using the same technique to limit study variance. Of the initial 8 rats in this block, one

experimental rat was lost due to cage-mate aggression.

Treatment group B mirrored the initial experiment with eight animals, however, were divided as
two control and six experimental. The initial cycle showed that the ideal biopsy window with
appropriate induced-azoospermia was at the eight-week mark, therefore all eight rats in this group

were sacrificed over a two-day period eight weeks from implant date.

. Results of the Testosterone Experiment

Unfortunately, the effects of testosterone implantation on rat sperm production was
insufficient. Experimental animals showed a testis size reduction by 50%, however seminiferous
tubules were not atrophied as expected from a true azoospermic case. In addition, sperm
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production, while significantly reduced, was not altogether inhibited. From 192 samples taken
through the duration of the experiment, only one sample had zero sperm present during cell
counting. Following the second testosterone study group, busulfan was chosen as the next vector to

induce azoospermia in the rat model.
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Figure 16 Seminiferous tubules of a testosterone treated rat
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J. Busulfan

Busulfan is a chemotherapeutic agent used in the treatment of chronic myeloid leukemia. It is a
highly active antineoplastic alkylating agent that binds to one of the DNA strands during cell division.
Therefore, cells with high division rates are most susceptible to busulfan. This cytotoxic quality causes
infertility in mice with relatively low doses. In the larger rat model, busulfan dosing for spermatogenic
dysfunction requires carefully timed administration. To maximize testicular impact and reduce chances
of fatality, Panahi et al. recommended administering two 10 mg/kg intra peritoneal injections spaced 21

days apart instead of one larger dose (Panabhi et al. 2015).

K. Busulfan Experiment

The Busulfan treatment protocol was based on the study conducted by Panahi et al. 2015. In this
experiment, three treatment groups were conducted with rats starting treatment at 4 weeks of age
and 85 — 115 grams bodyweight. As no implant was required, the rat age was chosen to most closely
coincide with the beginning of puberty in the male rat. The first two groups, treatment group C and
group D, both contained eight animals, 2 control and 6 experimental. The rats in group C were
injected with 15 mg/kg busulfan on two occasions 14 days apart. Sixty days after the first injection,
all rats were sacrificed yielding treatment failure with insufficient induced azoospermia. The
protocol was repeated for Block D with two injections 14 days apart, however, it was followed by a
third injection after an additional 14 days. Unfortunately, the aggressive dosing measure led to the
demise of four of the experimental rats. Treatment group E was comprised of 16 animals divided
into 12 experimental and four placebos. The protocol was altered to increase the dosage of the
Busulfan to 17.5 mg/kg, but to maintain only two injections 14 days apart. Animal sacrifice was

completed 60 days post-first injection therapy with appropriate azoospermic presentation.
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L. Results of the Busulfan Experiment

Busulfan proved to be an effective agent to disrupt spermatogenesis in the rat model. From the
96 samples taken from the first trial group, 27 samples showed 0 sperm during cell counting. All
treatment animals also had at least one location where sperm was present showing the
spermatogenesis was similar to the human case where loci of sperm remain in an otherwise barren

testis.
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Testosterone Busulfan
Group | Group | Group | Group Group

A B C D E
Total Animals 8 8 8 8 16
Controls 4 2 2 2 4
Treated 4 6 6 6 12

15 mg/kg x 2 17.5 mg/kg x 2

Dosage 4 cm implants injections injections
Incubation time 8 weeks 60 days

Table 3 Experimental groups

Figure 17 The seminiferous tubules of a busulfan treated rat
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V.Computational Methods

A. Neural Network Training Data Creation

One pre-biopsy image was selected for each sample using the surgical video and was uploaded
into the VGG Image Annotator (VIA) software for manual markup. The VIA software is a graphical
tool used to create a label mask in which pixels are coded to a specific object category. The surgical
video was used to identify exact sampling locations on the testis and a polygon was manually
created by a human annotator around the sampling region. The polygon was labeled with the sperm
count range (low, medium or high) identified during the cell counting stage. The annotated images
and annotations were saved as two separate files: Images were exported as JPEG files while
annotations were exported as JSON files containing polygon points. A monochromatic image (PNG)
mask was generated from these points; the pixel value indicated the category of object - 1 coded for
low sperm, 2 for medium, and 3 for high sperm. A “0” value pixel value coded for background

regions.

Each image pair was augmented using skew, affine transformation, rotation, cropping, and
blurring to increase the dataset size. From an initial count of 189 images for Sperm Hunter V1, a

training set containing 5000 images was created.
B. Neural Network Training Procedure

One hundred of the original images were extracted and mirrored to produce the model
evaluation set. The remaining training images were further separated into a training and internal
validation set with a ratio of 80:20 to allow for enough variation in the internal validation set. A
Mask RCNN model was trained in python using this data on a single consumer grade PC containing a
quad-core processor and an NVIDIA GTX 1070 with 6 GB GPU ram and 16 GB system ram. Training

time was 20-26 hours per model. The GPU’s lack of memory contributed to the extended training
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times. The Amazon web service (AWS) cloud was evaluated as a faster training platform. A PSP-Net
model was trained in python on an AWS cloud compute instance featuring an 8-core CPU, 1 Nvidia
V100 GPU with 16 GB GPU ram, and 61 GB system ram. The larger enterprise class GPU was able to
store more images in memory at once and reduced the end-to-end training time to under 3 hours. A
more powerful instance containing a 16-core CPU, and 4 Nvidia V100 GPUs was evaluated but did
not produce any appreciable improvement in training time. Models were trained in an average of
2.5 hours on both node types. The primary metrics for model optimization were Intersection over
Union (loU) and Mean Square Error (MSE) loss. While the testosterone experiment did not produce
complete azoospermia in the animal model, the images produced from the trial did produce a large
range for the control case (seminiferous tubules with sperm) and therefore were still useful as

training images.

C. Neural Network Evaluation Procedure

The images set aside for evaluation were uploaded to the AWS cloud for inference by the
trained models. Each sampling location predicted by the Sperm Hunter model was evaluated as if it
was a real biopsy sample. The prediction location was compared to all known sperm sampling
locations on the same testis as the evaluation image. Each prediction could be either a true positive,
a false positive, or an unknown. If the predicted location overlapped any region that was known to
be sperm positive, it was awarded a true positive prediction. The unknown predictions were
recorded and discarded from the statistical analysis as the ground truth sperm count at the
corresponding locations was unavailable. If the model did not predict a sampling location for
evaluation images containing a low sperm count location, the model was awarded a true negative
prediction. Vice versa, if the model failed to identify a sperm positive location on an evaluation
image with a known sperm positive location, it was penalized with a false negative prediction. An

example of the evaluation of a single image is shown in figure 17. The red dashed region indicates a
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known sperm negative location; The green dashed region indicates a sperm dense location. The

model’s prediction is shown as a green highlight on the original image (bottom of figure 17.)
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Ground Truth

True Positive

Figure 18. An evaluation of predicted region. The ground truth image (top) indicates the sperm positive (green) and
sperm negative (red) regions. The model prediction (bottom) shows the model predicting sperm (green highlight) on top
of the known sperm positive region. This image is scored with one true positive, and one true negative prediction.
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VI. Model Performance

A. Sperm Hunter Prime
In the final iteration of the Sperm Hunter model the following metrics were recorded from an

evaluation image set (n=100) comprised of randomly selected images removed from the training set.
The prediction classes and validation metrics are shown in table 4. The receiver-operator plot of Prime is

shown in figure 18 including 2 prior iterations of the model (V1.1 and V1.3).

B. Predictions During Live Surgery
To evaluate model performance using real world conditions 24 further animals were treated with

busulfan to induce spermatogenic dysfunction. After exposing the testis, an image of the seminiferous
tubules was taken with a camera attached to the surgical microscope. Sampling locations were
predicted by Sperm Hunter Prime and 3 samples were taken in sequence. Two samples were taken from
locations indicated to have a high probability of sperm, and one was taken from a region not indicated.
After sperm counting, an optimal dataset was assembled from testes containing at least 1 sample
completely devoid of sperm. From these highly affected animals, 60 samples were identified for final
model validation. The outcome of pre-sampling prediction as well as post sampling individual image
predictions are shown in figure 20. The difference between the live sampling and post sampling was

attributed to blood obscuring the seminiferous tubules after the initial sample was taken.
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Sperm Hunter Model Prediction
Prime Confusion NO
. Sperm
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& Yes 86 24 110
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S No 21 55 76
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107 79
Table 4 Confusion matrix for Sperm Hunter Prime
Selected Validation Metrics
Sensitivity 78%
Specificity 72%
Accuracy 76%
Precision 80%
Diagnostics Odds Ratio 9.38
Chi Square Metric 47.006

Table 5Evaluation metrics for Sperm Hunter Prime
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Figure 19 ROC plot of predicted sperm locations on validation images

Figure 20 Pre-sampling prediction on the left with the corresponding sampled locations on the right
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Figure 21 ROC plot showing the performance difference of live predictions and post sampling individual predictions
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Live Surgical Model Prediction
Predictions Sperm NO
Confusion matrix P sperm
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5 Yes 30 3 33
g o
o £
& o
S No 17 10 27
(@]
[N
47 13
Table 6 Confusion matrix for live surgical predictions
Selected Validation Metrics

Sensitivity 91%

Specificity 37%

Accuracy 67%

Precision 64%

Diagnostics Odds Ratio 5.88

Chi Square Metric 6.83

Table 7 Selected validation metrics for Live Surgical Predictions
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C. Novice Surgeon Performance Comparison
Seven post graduate year 3 (PGY3) internal medicine residents and 3 PGY4 Urology residents

were asked to select 3 sampling locations on each of the 20 highly affected images. Figure 21 shows an
example evaluation slide. If no suitable sampling locations remained on the image, evaluators were

instructed to change the circle color to red. Times to complete the evaluation were also recorded.

The indicated sample sites were compared with samples taken during biopsy. Each target was
considered a positive prediction of sperm presence by the evaluator. If the target overlapped a region
known to have sperm, the choice was marked a true positive. If a known sperm positive location was not
marked, the selection was considered a type Il false negative error. False positive and true negative
scores were given if a known sperm negative location was marked or unmarked by the evaluator,
respectively. To ensure a fair comparison between evaluators and Sperm Hunter, the evaluation
protocol was completed by an experienced user using the Sperm Hunter predictions to choose sampling
locations. The receiver-operator curves for both resident groups are shown in figure 22. The primary
metric for success was to reduce type Il errors, a secondary metric was the time taken to complete the
evaluation. Figure 23 shows the time taken by each resident group compared to their number of type I

errors. In both figures, Sperm Hunter Prime is shown in red.

D. Expert Surgeon Performance Comparison
Three fellowship trained surgeons and one urology attending surgeon were asked to complete
the same evaluation. Figure 24 shows the ROC of these surgeons compared to Sperm Hunter.
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Figure 22 Example evaluation slide completed by all evaluators
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Figure 24 ROC plots of each group of novice evaluators
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Figure 235 Time taken to complete the evaluation plotted with the number of false negative selections.
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E. Naive Evaluator Performance Comparison
The stated goal of this project was to improve sperm retrieval rate and reduce operative time.

This was predicated on the use of the system by expert surgeons. To evaluate the impact of the system
on novice surgeon performance, an internal medicine PGY3 resident was instructed to select sampling
locations on the evaluation form using Sperm Hunter predictions for guidance. The resident’s selections
with assistance are shown in figure 25 compared to expert surgeons and other internal medicine
residents. Figure 26 shows the average time taken to complete the evaluation protocol by each group of

evaluators. Sperm Hunter figures are an average of both operators.
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Figure 24 ROC of expert surgeons compared to Sperm Hunter Prime
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Figure 30 ROC of an internal medicine resident guided by Sperm Hunter predictions compared to expert surgeons and other IM
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VII. Discussion

A. Capability of Sperm Hunter Prime
Sperm Hunter Prime was designed to improve sperm retrieval rates by automating sample site

selection. Sperm Hunter had a 9% greater sperm retrieval rate than expert surgeons in the evaluation
set (75% vs 66%). The average time taken to evaluate all images was 690 seconds for the experts and
325 seconds for Sperm Hunter, a time reduction of 53%. Even when operated by evaluators of different
skill levels, Sperm Hunter provided consistent performance due to consistent predictions on the sample
images. Overall image prediction time was 79 seconds; the remaining 246 seconds was the human

operator moving markers on target.

Experiments predicting sampling locations on every frame of the biopsy showed artifacts arising
when a tool was introduced into the surgical field. Light reflections and white markers on the surgical
tool caused the most disturbance in the prediction. It was determined that a single prediction image
taken immediately prior to sampling and frozen during sampling was the most effective way to
communicate high sperm likelihood predictions without distraction. Figure 27 shows the proposed

heads-up display layout: a side-by-side freezeframe of the predicted location.

B. Observations of Features
During the analysis of model performance several physiological features were noted as being

preferentially sampled by Sperm Hunter. Loops in seminiferous tubules were present in 54% of high
sperm predicted locations. Tubules that were higher than the surface of the testis were presentin 37.5%
of predicted regions. Most prevalent of all were opaque white tubules which were present in 91% of
predictions. Blood resulting from biopsy was a major issue during testing. However, in some cases high
sperm predictions were indicated by the model in the center of a blood-filled region of the testis. In all
of these cases, multiple features were present: tubule loops that were higher than the testis surface, or

loops with a slightly higher opacity than surrounding tubules. Propensity for opacity caused many overall
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false positive predictions in non-testis tissue. Notably if the epididymis or remnants of the tunica
albuginea were visible, both structures were indicated to have sperm. In these cases, the human

operator must have the basic knowledge of testicular structures to ignore these false positives.

During the post biopsy testing of Sperm Hunter, it became apparent that after an initial sample
was taken from the testis, the sampled region was no longer highlighted to contain sperm. However,
other locations that were previously not indicated showed positive sperm predictions. Sperm Hunter
was designed to indicate the locations of highest sperm probability in the image given. When the
highest probability location was removed, the next highest probability region was indicated as shown in
figure 28. This indicates a method of exhaustive sampling may be appropriate where after initial
sampling of high sperm probability regions, a second prediction is processed of the same area of the
testis to identify new sperm locations. This process would be repeated until no further locations are

indicated or enough sampling has been completed per the surgeon’s discretion.

C. Limitations of the Rat ASD Model

The rat ASD model proved to be an effective method of training a neural network to identify
biological structures. Unfortunately, the size of the rat testis limited the number of samples that could
be taken. After 6 samples, the testis was no longer suitable for sperm extraction due to blood obscuring
the surgical field and a lack of undisturbed tubules to sample. Testis size also contributed to the large
biopsy size relative to testis volume. In the human case, a 10 mg sample accounts for 0.06% of an
average 15 g testis. In the rat case, a 10 mg sample accounts for 0.57% of the 1.75 g testis. The reduction
of surface area requires a higher level of magnification to isolate the testis resulting in a smaller surface

for evaluation by the neural network.

D. Pathway to Human Use
While there are differences between the size and appearance of seminiferous tubules in the

human and the rat testis, there is a physiological similarity. Figure 29 shows the rat ASD trained Sperm
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Hunter predictions on a human testis. No preprocessing or alterations were made to the image taken
from the digital microscope camera. While the model is able to identify locations on the human testis,
further research must be done to identify sperm counts at each predicted location to validate model
performance. Using the rat ASD model as the baseline and augmenting the model using human testis as
further training data may improve model performance while validating the model’s use for human

sample site prediction.
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Figure 31 The proposed heads-up-display format. The prediction image is frozen on the left for use as a reference for the live
sampling (right)

Figure 32 Initial prediction (left) and subsequent prediction (right) showing a previously undetected region of high sperm
likelihood

Figure 33 Sperm Hunter predictions on human testis images.




VIII. Conclusion
A. The Problem of Sample Site Selection

For the MicroTESE procedure, sample site selection is the only process controllable by the surgeon
during surgery to maximize sperm yield. Differentiation and stratification of seminiferous tubules is
expected to be an objective process and is directly dependent on the surgeon’s experience with the
procedure. This is one reason novice surgeons have a 12% lower sperm retrieval rate than expert

surgeons.

Creating an algorithm to look for wider and more opaque tubules neglected characteristics such
as shape and general layout of a group of tubules that could provide information to retrieve sperm more
efficiently and effectively. To avoid the pitfalls of a directed searching algorithm, a neural network was
trained without any initial bias regarding which tubules to sample. The network was given an input of a
testis image and an output of sperm count at the sampling locations. This approach allowed flexibility
for the neural network to identify significant features that coincided with high sperm yield without

constraints.

To train the neural network model, Sprague-Dawley rats were turned into animal analogs of the
spermatogenic dysfunction case using the spermatotoxic agent busulfan. The inputs of the neural
network were the images taken during biopsy with sampling sites annotated. The output was the sperm
count at each sampling location. The neural network developed a set of features and weights that
determined the locations of highest sperm likelihood in each input image. This trained network was
evaluated using a new group of treated rats and the results of the neural network predictions were

evaluated for individual image accuracy and compared against experts.
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The neural network, Sperm Hunter, identified 91% of all sperm dense locations in the test image set
and outperformed the expert surgeons with a 9% greater sperm retrieval rate when operated by an
expert. In the hands of a novice operator, Sperm Hunter improved the operator’s performance to match
expert surgeons. In both cases, use of the Sperm Hunter predictions reduced time taken to complete the

evaluations by over 53%.

B. Why the Model Was Successful

The unguided nature of the neural network training process allowed for the emergence of predictive
features without external interference. For the neural network, these features coincided with the
maximization of sperm extraction. When interpreting the neural network’s predictions for sperm dense
locations, three features are easily identifiable to the human operator. Opaque tubules were visible in
91% of predicted locations, loops in seminiferous tubules were present in 54% of predicted locations,
and tubules protruding from the surface of the testis were present in 37.5% of predicted regions. The
latter two features have not been identified in previous literature and may indicate new metrics for

manual sperm dense tubule selection.

C. Applicability of this Approach to Other Domains

The approach used to develop Sperm Hunter can be summarized in 3 steps:

1. Image the initial condition of an object
2. Change/sample the object and record the outcomes of each change.
3. Train a neural network on the initial condition image with the location of the change marked

and the associated outcome labeled
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This simple process will train the neural network to identify relevant features in the initial object
condition that would coincide with the measured outcome. This process is best suited to develop
models that predict the regions where specific target metrics are most likely to occur. One possible
application for this approach is to optically identify regions that maximize the probability of collecting
diseased tissue for diagnostic biopsies. This approach is not limited to visual wavelength optical data.
Adding imaging modalities will provide dimensionality to the input data and may allow for more
complex feature representations to be learned by the neural network. More study must be done on this
topic to identify the limits of feature identification by neural networks. Fortunately, the application

domain of this process is diverse, and the technology is readily available for experimentation.
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APPENDIX

u Ic UNIVERSITY OF ILLINOIS
AT CHICAGO

Fune 4, 2018 Office of Animal Care and

Instirutional Bisafery Comumittees (MC 672)
Gail 5. Pons Offica of the Vice Chancellor for Research
Urology 206 Administrative Office Building
MIC 955 1737 West Polk Street

Chicago, Dlinods §04612-7227
Dear Dr. Prins:

The protocel mdicated below was reviewed at a convened ACC meeting in accordance with the
Animal Care Policies of the University of Ilinois at Chicago on 417/2018. The protocel was
not initiated until final elarifications were reviewed and approved on 6/4/12018. The
protocol is approved for a period gf 3 years with annual continuation.

Title of Application: Computer Aided Targeting for Microsurgery
ACC Number: 18-052
Initial Approval Period: 6/4/2018 to 4/17/2019

Current Funding: Cwrrendy protocel NOT marched ro specific funding sewrce. Modificanon
will meed to be submined prior ro Jusrin nme or acceprance of award ro march prerocel ro
exrernal funding source. All amimal work proposed in the funding applicarion musr be covered
by an approved prorocel.

Thiz mstitution has Animal Welfars Assurance Number A3460.01 on fils with the Office of
Laboratory Anmmal Welfare (OLAW), WIH. This letter may only be provided as proof of
IACUC approval for those specific funding sources listed above in which all portions of the
funding propozal are matched to this ACC protocol.

In addition, all investigators are responsible for ensunng compliance with all federal and
mstitutional policies and regulations related to use of animals under this protocol and the funding
sources listed on ths protocol. Please use OLAW"s “Whar Imvestigaiers Need to Know about the
Lze of Animals" :flgrants mh sov/zrants/olawInvestizatorsiNeed X Enow as a reference
guide. Thank vou for complymeg with the Animal Care Polictes and Procedures of UIC.

Sincerely yours,

=KL

Tmothy J. Koh, PhD

Chair, Animal Care Committes

TIK J=z

ce: BREL, ACC File, Lynn Birch, Shnkant Pandya

Phome (312) 996-1972 = Fax (312) 996-9088 - wwworesearch uic.edo
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u I UNIVERSITY OF ILLINOIS

AT CHICAGO

Office of Animal Care and
Instimtional Biosafety Committes (MC 672)

February 19, 2021 Office of the Vice Chancellor for Research
206 Administrative Office Building

Gail S. Prins 1737 West Polk Street

Urology Chicago, Ilinois 60612-7227

M/C 955

Dear Dr. Prins:

The protocol indicated below was reviewed at a convened ACC meeting in accordance with the Animal
Care Policies of the University of Illinois at Chicago on 02-16-2021. The protocol is approved for a
period of 3 years with annual continuation.

Title of Application: Computer Aided Targeting for Microsurgery

ACC Number: 21-013

Initial Approval Period: 02-16-2021 to 02-16-2022

Current Funding: Curmrently protocol NOT matched to specific funding source. Modification will

need to be submitted prior to Just in time or acceptance of award to match protocol to external funding
source. All animal work proposed in the funding application must be covered by an approved protocol.

This institution has Animal Welfare Assurance Number D16-00290 (A3460.01) on file with the Office of
Laboratory Anmimal Welfare (OLAW), NIH. This letter may only be provided as proof of IACUC
approval for those specific funding sources listed above in which all portions of the funding
proposal are matched to this ACC protocol.

Inaddition, all investigators are responsible for ensuring compliance with all federal and institutional
policies and regulations related to use of animals under this %'otocol and the funding sources listed on this
protocol. Please use OLAW’s “What Investigators Need to Know about the Use of Animals™
(http://grants nih gov/grants/olaw/InvestigatorsNeed?Know. pdf) as a reference guide. Thank you for
complymg with the Animal Care Policies and Procedures of UIC.

Simeerely yours,
A/»“ / ‘
/ :bl/ﬂy A ode Y

Amy Lasek, PhD

Chair, Animal Care Committee

Al/ss

cc: BRL, ACC File, Shrikant Pandya. Lynn Birch

Phone (312)996-1972 « Fax (312)996-9088 « www.research.uic.edu
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