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SUMMARY

Prostate cancer (PCa), in addition to being the most widespread non-cutaneous cancerous
form among American men, is the third prevalent factor of cancer-related mortality in the US.
For this reason, early detection and accurate diagnosis are paramount for survival, increasing
the possibilities of successful treatments.

Non-invasive screening tests are firstly performed and, if the presence of cancerous tissue is
suspected, prostate biopsy is executed to assess the presence of malignant lesions inside the
gland.

Blind systematic biopsy is the standard procedure allowing the extraction of cores through the
guidance of transrectal ultrasound (TRUS) probe. This technique is inefficient and inaccurate
because many samples must be taken in order to ensure some cores include cancerous tissue
and small tumors might be missed. Whereas, if too many samples are extracted, the gland
could be seriously damaged.

Targeted biopsy aims to improve detection rate and prevent oversampling. The most com-
mon guidance still relies on TRUS, while the target definition is based on magnetic resonance
imaging (MRI). Limitations of this method resides in complexity and costs of the image fusion
system.

The TRUS guidance in this thesis project is substituted by a real-time tracking obtained through
the haptic device. Moreover, a correction sensor is placed on the patient pelvis to take into

account possible movements.
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SUMMARY (continued)

The haptic surgical guidance for prostate biopsy main aim is to improve current prostate biopsy
(PBx) procedure directing the surgeon toward the center of the tumors, identified with mag-
netic resonance elastography (MRE).

Through MRE, mechanical properties of the tissue are acquired and a 3D map with stiffness
distribution is consequently obtained. This technique provides an innovative diagnostic tool and
targeting methodology, because cancerous areas are stiffer respect surrounding healthy tissues.
The mentioned property allows the identification of the center of the tumors through clustering
techniques.

In the virtual reality (VR) environment, pre-surgical planning can be conducted through the
visual and haptic feedbacks obtained interacting with the simulated prostate. Before the pro-
cedure, image registration is fundamental to match information from the different imaging
techniques and also to create coherence with anatomical data. Finally, the surgeon is guided

towards the identified targets, through the force feedback provided by the haptic device.



CHAPTER 1

BACKGROUND

PCa is the most widespread malignant lesion between American men, excepting skin tumor.
The American Cancer Societys appraises that about 1 male subjects in 9 will be recognized
with cancerous cells in the prostate over his life, and a man in 41 will decease of it. With
164,690 new estimated cases and 29,430 deaths, early detection and accurate diagnosis have a
paramount role for survival[l].

Common screening tests for the detection of tumors in the prostate gland are digital rectal
examination (DRE) and prostate specific antigen in blood (PSA), but these methods are not
completely accurate.

Multiparametric Magnetic Resonance Imaging (mp-MRI) is increasingly been used during the
last years. Although this technique may present limitations ranging from time and costs|2].
Moreover, tumors detection and staging is more reliable with larger dimensions and higher
Gleason scores|[3].

If cancer is suspected, prostate biopsy (PBx) is performed. It is considered the most accurate
procedure to detect abnormal cells in the prostate gland. PBx consists in samples extracted
through a hollow needle from various parts of the prostate and examined under the microscope.
The gold standard is 12-core transrectal PBx, where samples extracted under the supervision
of images obtained by a TRUS probe. However, more than 40% of PCas are isoechoic with the

surrounding tissue and cannot be detected[4].



This method relies on sampling efficiency: many samples must be taken in order to ensure some
of them include cancerous tissue. Systematic PBx is inaccurate because small tumors can be
missed. A combination of these sampling errors can lead to false negative biopsy especially if
under-sampling occurs. On the other hand, over-sampling can induce the detection of clinically
insignificant disease and the prostate can be seriously damaged. The necessity for repetitive
biopsy increases the risk of complications.

Higher accuracy could be achieved under the guidance of MRI-TRUS images, limiting the
number of taken samples[5]. Since the US probe is still present, it causes deformation and
displacements of tissues and surrounding structures and computationally heavier algorithms to
face this problem.

Innovative solution proposed by the Virtual Reality Navigation System for Prostate Biopsy [6]
relies on the electromagnetic tracking system (EMTS) for the instrument localization respect
the target, which has to be accurately defined. With this setup implementation the unreliable
information provided by TRUS probe are not required, thus pre-operative images can be used
without real-time algorithms correcting deformations.

Recently, the mechanical properties of tissues are studied for the assessment of the presence
and aggressiveness of tumors. PCa has shown to change the elasticity of the tissue thus it is
harder than surrounding healthy areas.

MRE is a non-invasive imaging technique evaluating in-vivo tissues mechanical properties, like
stiffness. Elastograms are provided analyzing shear waves and stiffer areas could be easily

detected. Thus, MRE provides supplementary diagnostic information also about aggressiveness.



In the haptic surgical guidance for prostate biopsy application, information about mechanical
properties obtained through MRE are exploited to create an interactive VR environment in
which volumetric data can be explored.

The center of the tumors is detected considering stiffness values of the tissue, then a force
constrain guides the surgeon toward this identified point.

Meanwhile the localization of the instrument is based on navigation systems principles and it
is developed through the haptic device, functioning as a tracker and avoiding the TRUS probe.
Thus, the aim of this research is to develop a guidance for the clinicians performing PBx that

can increase accuracy, precision and efficiency of the current procedures.

1.1 Prostate Anatomy and Physiology

Belonging to the reproductive and urinary systems of men, the prostate is a muscular gland.
It is sited inside the body, inferiorly respect the urinary bladder in pelvic cavity. Due to high
incidence of PCa, it is relevant from oncological perspective[7]. In the following sections prostate
anatomy and physiology are explained, then detection and treatment of PCa is discussed.
Anatomy
Prostate gland is located in front of the rectum and just below the bladder, the organ storing
urine. Its size is about the size of a chestnut and it constituted of one base, one apex, an
anterior, a posterior and two lateral surfaces. While the base is located in proximity of the
lower surface of the bladder and it is in continuity with bladder wall, the apex and the superior
fascia of the urogenital diaphgra are in contact[8][9].

The prostate is composed of several types of tissue and it is divided into zones[10][11][12]:
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Figure 1: Male Reproductive and Urinary System Anatomy
(Image courtesy of Katja Tetzlaff)

e Peripheral zone (PZ)
In the PZ, the majority of prostatic glandular tissue is contained and this zone is the closest
one to the rectum, thus located at the back of the prostate. While DRE is performed,

this is the zone which is felt. About 70/80% of PCa originate in PZ.

e Transition zone (TZ)
It is the area surrounding the portion of urethra passing through the prostate. The
increase in size of this zone with men age is a condition called benign prostatic hyperplasia

(BPH). The percentage of PCa beginning in this zone is about 20%.



e Central zone (CZ)
CZ surrounds the ejaculatory ducts, running from the seminal vesicles to the prostatic
urethra. Less than 5% of PCa begins in the CZ, but this kind of tumors is more aggressive

and there is more probability to invade the seminal vesicles.

Zones of the prostate (inset)

AFM = Anterior fibromuscular zone
TZ =Transition zone

CZ = Central zone

PZ = Perpheral zone

Figure 2: Zones of the Prostate Gland
(Image courtesy of Katja Tetzlaff)



Function

Both reproductive and urinary systems are influenced by prostate function. The main aim of
the prostate gland is to produce prostatic fluid for semen, that allows the transportation of
sperm during the male orgasm. This fluid is rich in enzymes, proteins and minerals nourishing
the sperm. It also controls the urinary flow, since the urinary tract, starting from the bladder
crosses, TZ of the prostate before the penis. Prostate muscles act the control on the urinary
flow because they wrap the urethra. Through the contraction of these muscles, the flow is

regulated[13].

1.2 Prostate Cancer

Since the prostate gland surrounds the urethra, the diseases associated to this organ affects
the efficiency of urinatory system. While common problems are benign (noncancerous), like
BPH, acute and chronic infections called prostatitis (bacterial or not), the PCa is a malignant
condition in which DNA damages induce abnormal and uncontrolled cells growth. Accounting
for about 95% of all PCa, Adenocarcinoma is the common type developing in the different
glands zones. The complexity in prognosis and therapy increases when PCa grows as multifocal
and this condition, according to researchers occurs within 60-90%[14]. Due to the high mortality
rate, early detection and accurate diagnosis are paramount for survival.

Diagnosis
In its early stages, PCa often does not cause any signs or symptoms. These conditions usually

appear as soon as the tumor grows and causes changes in bladder functionality. For this reason,



common signs and symptoms include disturbs in the urination, which could be more frequent

and urgent. The main early screening exams for PCa are PSA test, DRE and mp-MRI.

e PSA blood exam
The PSA blood test grades the amount of a protein created by cells of prostate gland
and by possible malignant cells, in the blood. Its function is to keep the semen in liquid
form. This test, originally approved by FDA in 1986[15], indicates an increased likehood
of PCa, if the PSA is changed significantly over time or is at an elevated level. Also,
the rise of a man’s PSA level can be attributed to non-cancerous conditions, like BPH or
prostatitis. Furthermore, only 20% of PCa is identified in patients with a minor level of
PSA. While in the past the threshold of PSA for further investigations was of level of 4.0
ng/mL, recent studies demonstrated that PCa occurs with lower levels. Moreover, several
factors induce this level to oscillate. PSA examinations are tracked over time to detect
any change; thus, the PSA velocity is the time that the PSA needs to increase. Both the
velocity and the doubling time are used to determine the need of further tests. The PSA

was approved by FDA in 1994 with the conjunction of DRE for screening.

e DRE
DRE consists in the insertion of the doctors gloved and lubricated finger into the rectum,
with the aim to feel hard or abnormal areas in the prostate that may indicate PCa.
In this way, the back portion of the gland can be felt. As mentioned previously, the
drawback is that not all the tumors originate from the reachable PZ. Moreover, the

majority of cancers detected through this technique alone are clinically or pathologically



advanced[16]. Despite this exam has been performed for long time, nowadays researches
do not recommend it, both alone or in combination with PSA test. Due to the inherited

limitations of this method, the positive predictive value ranges from 5% to 30%.

TRUS

It is traditionally used to provide images of the prostate and one of the most common
imaging technique, especially it provides guidance for brachytherapy and biopsies. Ad-
vantages of this imaging modality ranges from low costs, good availability to real time
visualization. Despite the excellent contrast to distinguish the prostate, boundaries, an-
terior rectal wall, bordering bladder and seminal vesicles, the information obtained about
the prostate tissues and benign or malignant lesions is not reliable or consistent. This
because often (40%-60%) PCa are isoechoic, thus not visible with US. While, hypoechoic

areas have the probability of being cancer in a range of 17-57%]4].
mp-MRI
The accurate localization is increased by mp-MRI, an evolving noninvasive imaging tech-

nique. It combines the following imaging;:

T2-weighted imaging (T2-WI);

— diffusion-weighted imaging (DWTI);

spectroscopic imaging (MRSI);

— perfusion imaging;

dynamic contrast-enhanced (DCE).



Higher SNR is achieved using 3T to obtain images, while endorectal coil (ERC) at 1.5T
is suggested for staging purposes[17][18][19].

T1-WI (T1-weighted imaging) is mainly used in detecting post-biopsy hemorrhage, since
the contrast generally provided is small.

T2-WI provides the highest spatial resolution, thus defining the different anatomical zones
and outlining the neurovascular bundles. Since it reflects the water content, PZ is shown
as a high intensity signal respect the PZ. The Gleason grade of the tumor is found to be
correlated to this phenomenon. This means that lower the signal is, grater is the Gleason
score. Similar responses could be also seen in presence of benign abnormalities; thus, the
detection specificity is about 60%, while the sensitivity is good (about 80%)[20]. PCa
aggressiveness is determined using a grading system: the Gleason score. It ranges from
1 to 5, with lower values from normal tissue and higher grade for abnormal one (usually
>3). For each patient, two scores are assigned: one describing the cells constituting the
largest area of the tumor and the other related to the cells of the following largest area.
Grades up to 6 indicates cancer cells similar to normal cells, thus growing slowly. An
intermediate risk is described by a score of 7, while Gleason values higher than 8 suggest
PCa spreading rapidly.

DWTI is an imaging tool probing the function of tissues, measuring the water molecules
movements in tissues (Brownian motion)[21]. A reduced water diffusion is correlated
to the increased malignant lesion. For these reasons, DWI is examined the dominant se-

quence for PCa recognition. Researchers affirm that the sensitivity is about 79%, while the
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specificity 85%. DCE MRI is based on T1-WT and a contrast material. Obtained images
can be evaluated both quantitatively and qualitatively, showing the vascular properties of
tissues. Unlike T2-WI and DWI, investigations show low correlation between DCE MRI
parameters and Gleason score. But this sequence allows to detect residual or recurrent
tumors, leading attention to small foci. The sensitivity and specificity to detect malig-
nancy are, respectively, of 89% and 90%[22]. From literature is shown that adding MRSI
to MRI, the ability to detect PCa is improved because it considers metabolic information.
Its clinical application is limited due to the required time and expertise. MRSI shows

sensitivity and specificity of 89% and 69%, respectively[23].

If PCa is suggested from these screening tests, the standard care for more accurate detection
of suspicious cells inside the prostate gland is PBx. During this procedure, through a core
needle, small samples of tissue are removed and then analyzed under a microscope. Further
and detailed description of PBx is presented in the following section.

1.3 Prostate Biopsy

It is the gold standard for PCa diagnosis and it is performed after abnormal screening test
results.
The urologist takes cores, small cylinders, of tissues from the prostate through an hollow needle
and thanks to the guidance of images.
The needle used to perform biopsy is hollow, in order to capture specimen. A core needle,
utilized for PBx, is composed by an inner needle coupled to a shallow receptacle, protected by

a sheath and attached to a spring-loaded mechanism. This allows the surgeon to quickly extend
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and retract the final portion of the needle capturing the core.

Access Point

Figure 3: TRUS biopsy
(Image courtesy of Katja Tetzlaff)

The prostate can be reached through the rectum, acting a transrectal PBx, or though the per-
ineum, transperineal PBx.

Their main difference resides in the puncture site and puncture route[24][25].

In transperineal biopsy, the skin is punctured at the perineum and the prostate is reached

parallel to the urethra; while with the other approach the insertion occurs through the anterior
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Anterior

Figure 4: Transperineal and Transrectal PBx [25]

rectal wall[26].

Since PCa is shown to be more common in the peripheral and apical region of the prostate,
transperineal PBx is preferred for the better sampling of these areas. However, the cancer de-
tection rate has been demonstrated by several studies to be equivalent increasing the number of
cores[27]. Transperineal PBx has drawbacks like time consumption, more complex and painful,
and it requires an higher grade of anesthesia. On the other hand, infectious complications are
obviously more frequent in the procedure performed through the rectum. Despite this, tran-

srectal PBx is globally more popular than transperineal procedure.


Martina
Font monospazio
 [25]
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In conclusion, researches discover that the cancer detection rate and complications are compa-
rable in the two methods. The appropriate access point is evaluated considering the specific
case.

Samples and Guidance

Generally, PBx is performed after screening tests including images; thus, the ideal procedure
is focused on extracting samples only from suspicious areas. This would lead to a reduction of
discomfort and risks for the patience, and, mainly, the maximum accuracy.

The most common procedure for PBx, random systematic, is blind to the location of lesions.
In fact, a fixed number of cores is randomly extracted from different area of the prostate gland.
Samples are taken randomly because usually it is executed under the TRUS guidance, thus not
reliable in the definition of lesions, and because lesions in mp-MRI can be not recognized. This
method for PBx is able to detect approximately 70% of PCa in the PZ, while considering the
whole gland the percentage drops to 30%-40%]28][29].

With the aim to increment the cancerous lesions detection rate, there is an ongoing debate
about the number of samples to be taken while performing PBx. Hodge et al. proposed in
1989[30] the sextant technique consisting in the collection of six samples at the base, middle
third and apex of the gland, bilaterally respect to the sagittal plane. Because of 30% of results
occurs in incorrectly identify as absent the PCa, more cores have been introduced.

The extended lateral PZ protocol (10-12 cores) presents from four to six lateral added samples
respect the sextant one. This is the most common and preferred protocol, but more specimens

could be taken in the TZ (from 2 to 3 for each side) or adding them in the midline.
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Figure 5: Cores Location for Systematic PBx
(Image courtesy of Katja Tetzlaff)

From literature, studies related to the optimal number of cores results in dependencies on the
group of patients considered[31]. Generally, an increased detection rate is not necessarily given
by an augmented number of extracted samples, which, on the other hand, rises the risk of
complications.

Hence, conventional biopsy relies upon improving sampling increasing the specimens with a
tradeoff with complications; an alternative methodology is based on the reduction of errors
through the suspicious lesions localization.

Since the aim is to diminish the amount of false negative results without oversampling the
prostate gland during the PBx, targeting the biopsy toward the lesions detected through imag-
ing techniques could be the solution.

From US images, hypoechoic areas consist in suspicious lesions that could be addressed while
performing the PBx. In this case, the detection rate of PCa increases by 3.5% with a still

limited sensitivity[32].
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The limitations in specificity and sensitivity for prostate cancer detection using standard gray-
scale TRUS leads to the investigation of alternatives. Doppler TRUS and Power Doppler imag-
ing has been studied, but no significant information is added to gray-scale TRUS images. Color
Doppler TRUS sensitivity for PCa detection ranges between 50% and 87%, with a specificity
of 38%-93%. Using contrast elements the sensitivity is significantly improved, with a specificity
of 80%; leading to the reduction of the number of samples. For the complexity, high costs and
low specificity in distinguishing between benignant and malignant lesions, this technique is not
common.

MR-targeted biopsy has been developed because of the accurate localization of PCa given by
mp-MRI. It is demonstrated that a lower number of PCa is detected compared to the systematic
procedure, meanwhile the number of clinically significant cancers is similar[33].

The simplest method to use information given by MRI while performing PBx is the cognitive
fusion, in which the surgeon integrates the information, thus depending on his capability[34][35].
During direct MRI-targeted PBx, the patient is in the MRI scanner and target is reached under
MRI visualization, thus only the target is sampled. The drawbacks reside in costs and required
time.

While in the US-MRI fusion biopsy, real time images are provided by US. The preoperative
MRI are fused with real-time US images through a digital overlay. The reconstruction of the
prostate consists in a 3D model created from the registration of the previous images with the
current ones, taking into account the displacement introduced by the probe and possible move-

ment of the patient. The targets, individuated in MRI, has to be consistent in the new volume.
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Despite the use of familiar procedures, the computational cost are high, additional devices and
training of specialized operators are requested|[5][36].

The increase in computing power achieved in the last decays allowed the growth of Computer
Assisted Surgery (CAS) though medical images. Basically, CAS are computational tools and
surgical procedures used to plan, guide or perform operations, with the aim to define the opti-
mal surgical strategy[37][38].

A navigation system is an advanced approach of CAS, with more focus on information related
to the localization of surgical instruments respect a target on a computer display. The aim
is to allow the surgeon to plan the pathway of the instrument tip towards the target inside
the patient, thus providing correspondence between the physical space, in which patient and
instruments are located, and the virtual space with the images.

Firstly, images are acquired, then pre-processed to take into account possible geometric distor-
tions caused by patient motion. The following step involves the segmentation of the image to
identify region of interest (ROI). Where appropriate, this operation could superimpose different
images of the same ROI to recognize the target.

To compute these procedure, medical image registration is necessary. It is the geometrical
alignment of different images or volumes, in order to match the same anatomical structure in
voxel coming from different image modalities or instruments.

Through tracking systems, the surgical tools are tracked and information about their location
and orientation is given in real-time. EMTS are more precise and consequently more widely

used in clinical practice.
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The wvirtual reality navigation system for targeted biopsy[6] is an innovative prototype to per-
form transperineal targeted biopsy with the guidance of virtual images, obtained combining
pre-operative MRI and a virtual needle tracked through EMTS. Preliminary evaluations report
it as an intuitive method for targeted biopsy, allowing the elimination of TRUS, thus it can
improve accuracy and safety of the procedure.

Pain and complications

PBx has also to be evaluated in terms of associated pain and complications for the patient.
Despite it is minimally invasive, PBx is a painful procedure because of the multiple punctures
made with thick biopsy needles. Since the cumulative nature of the pain, increasing the num-
ber of cores leads to increase the felt pain. Furthermore, the US probe insertion induces a
mechanical stretch of the un-relaxed anal sphincter. Though periprostatic nerve block, i.e. lo-
cal anesthesia, pain can be reduced[39].

On the other hand, complications can be linked to several factors, like the experience of the op-
erator. Most common resulting problems are hematuria, rectal bleeding, pain in hypogastrium,

urethra or perineum and retention of urine[40].

1.4 Prostate Cancer Treatments

Once the PCa is diagnosed, determination of its stage has to be performed in order to
characterize dimensions, aggressiveness, and expansion of cancer[1].
Universally adopted as system for stage PCa is the AJCC TNM system. T category describes
the expansion of the prime tumor, N the possible spreading to nearby lymph nodes and M

whether metastases are extended to other sites.
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The stages are expressed with Roman numbers from I to IV, where lower stages cancers are less
aggressive and with lower risk of recurrence after treatment than higher stages. Thus, stage
I and II appears as localized PCa, stage III is locally advanced PCa, while the highest stage
represents metastatic PCa. Staging is based on PSA level, Gleason score and tumor extension
and it helps the urologists to choose the most effective treatment.

In medical decision making, patient preferences and values are acquiring importance since
recent studies demonstrate an association with health outcomes. Thus, shared decision making
is a collaborative process involving patients and clinicians that make decisions together[41].

Nowadays, the available options are the following[42]:

e Active Surveillance
It is a monitoring for PCa progression while not undergoing definitive therapy, thus in-
volving PSA tests, physical examinations and/or PBx. Through this kind of surveillance
is a feasible preference if the cancer is limited and improbable to expand quickly, once
the disease is significantly developed more effective treatment is needed, like surgery and
radiation. From literature, it is shown that the risk of metastasis and PCa mortality

ranges from 0% to 6%, hence supporting the utility of this approach.

e Radiation Therapy (RT)
In this procedure, cancer cells are destroyed using X-rays. Two forms of RT could be
performed: external beam radiation and brachytherapy. The first type of RT involves

X-rays directed to the pelvis, while in the latter a radioactive source is placed into the
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prostate gland. This second approach allows a more accurate targeting, reducing problems

related to urinary tract and rectal discomfort.

Hormone Therapy
Since androgens fuel the growth of PCa, treatments decreasing the levels of male hormones

(androgen deprivation therapy) allow to reduce the volume and the advancement velocity

of PCa.

Prostatectomy or Radical Prostatectomy

It is a surgery performed removing the gland and surrounding tissues (seminal vesicles
and lymph nodes) and reconnecting the urethra and the bladder. This procedure is cho-
sen when cancer is limited to the prostate. Both open and laparoscopic surgeries are
performed, moreover laparoscopic prostatectomy could be directly completed by the sur-
geon or assisted by robots. Common complications are urinary incontinence and erectile

dysfunction.

Magnetic Resonance Elastography

To evaluate in-vivo tissues mechanical properties, like stiffness, imaging technique is de-

veloped. This non-invasive approach is based on the characterization of biological tissue by

assessing its response to deformation, thus also called remote palpation. This technique is sen-

sitive to pathological changes, it has the potential to serve as an early diagnostic, non-invasive

tool for multiple diseases[43][44][45].

Elastograms are provided analyzing shear waves and stiffer areas could be easily detected. Thus,

MRE provides supplementary diagnostic information also about aggressiveness.
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MRE allows the quantitative evaluation of the shear modulus of tissues, i.e. stiffness, through
the analysis of waves propagation. Shear waves with a frequency in the acoustic range (20-500
Hz) are induced by an external vibration source and, while propagating, produce displacements
perpendicular to the direction of wave propagation. Thus, the wave speed is related to the

wavelength and frequency (c=Mf) and stiffness is defined as pc?, with p representing density.

Conventional MR Image Wave Image Elastogram

Figure 6: Example of Liver MRE [45]

The MRI phase images are obtained though motion-encoding gradients (MEGs) then the me-
chanical parameters used to generate elastograms are obtained with an inversion algorithm.
Focusing on the prostate gland, several studies, both ex vivo and in vitro, have shown that the

resulting stiffness measures are different between malignant PCa and benign lesions or normal
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tissue. This because the collagen deposition is increased in malignant lesions respect to normal
areas.
MRE for cancer diagnosis, disease staging and spatial localization is an emerging application,

currently limited because of the required time.

1.6 Haptic Medical Simulators

There are several reasons inducing the spreading of medical simulators, e.g. patient safety,
ethical issues, training and pre-operation planning. Moreover, VR permits to have multiple
and exchangeable scenarios, environments that can be fully controlled, unlimited repetitions
and automatic evaluation[46].

In fact, it is possible to simulate many complex medical procedures in a rapid, economic and
realistic way. With the aim to increase realism, the most important non-visual modality is the
haptic sensation, i.e. the reproduction of the tactile or force feedback. This because the success
of many medical procedures depends on haptics cues and many researches have demonstrated
their benefits in medical training through simulation. This is especially related to minimally in-
vasive surgery procedures, which involve the touch, feeling and manipulation of organs through
instruments[47].

Current studies will integrate haptics also in tele-diagnosis and telesurgery, in which the master
robot provides forces to the surgeon resulting from the interaction of the slave robot and the
patient [48].

Regarding PCa surgeries, examples of simulators without tactile feedback are the Robotic Surgi-

cal Simulator™ (Simulated Surgical System LLCTM) and the da Vinci Skill Simulator (Intuitive
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Surgical®1Inc.).

DA VINCI SKILLS SIMULATOR ROBOTIC SURGICAL SIMULATOR™
Intuitive Surgical® Inc. Simulated Surgical System

Figure 7: Example of simulators

Systems incorporating haptic feedbacks are diagnostic tools like the robotic trainer rectum de-
veloped by the Imperial College of London. With this simulator a DRE is replicated, the users
finger is inserted into a silicon rectum in which robotic actuators provide the tactile feedback
replicating the modeled prostate on the screen[49].

The VR simulators for PCa mainly relies on MRI or CT images[50], while the introduction

of MRE could straightforwardly lead the introduction of haptic cues based on the different
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stiffness of the gland.

From literature, not many samples are found relating haptics and elastography, especially re-
lated to PCa.

There are some examples of haptic sensor with actuator able to visualize and reconstruct me-
chanical properties through US-elastography or using haptic devices[51][52]. During these stud-
ies, real-time stain imaging systems that allow tumor diagnosis and force investigation was
developed. The potentiality of elastography is to increase the fidelity of the haptic feedback
since it is not based on subjective evaluation.

Related to MRE, SenseViewer[53] was implemented to provide haptic, visual and auditory cues
in medical images. The realistic tactile feedback is indeed obtained through MRE. Limitation
of this device is that it has been developed for 2D medical images.

Since MRE offers the potential of implement accurate information about location and size of
PCa in a non-invasive way, a useful tool is Visuo-Haptic Model of Prostate Cancer Based on
Magnetic Resonance Elastography[54]. It offers a VR environment with a 3D model of the
prostate gland based on MRE that could be explored through a haptic device. It is designed
to improve pre-surgical planning, allowing the users to detect, assess and stage PCa in a non-

invasive way, in the preliminary studies.

1.7 Aim

In section 1.3, there is a description of existing techniques to perform PBx. Due to the
recent improvements of mp-MRI, the reached high sensitivity allows this imaging technique to

significantly detect PCa (sensitivity and specificity respectively of 88% and 74%).
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Through mp-MRI, location of suspicious lesions is determined and this definition allows to tar-
get the PBx. Studies have demonstrated that the number of individualized PCa is the same
respect standard procedure, however the number of samples is lower and there is a strong re-
duction of insignificant cancer diagnosis.

From these results [55][56], there is evidence in the need of performing targeted biopsy, for the
purpose of reducing oversampling and consequent risks of complications.

Image registration between pre-operative MRI and real-time TRUS has to be performed be-
cause the instrument position has to be tracked while performing the procedure. Since the US
probe induces deformations and displacements of several structures, this process of image reg-
istration has an high computational cost and it is often inefficient because deformations cannot
be perfectly reproduced in the virtual model[57].

TRUS caused discomfort and pain for the patient and it is not reliable for PCa detection since
often tumors are isoechoic. Its role during targeted TRUS-MRI biopsies is to track real-time
the instrument and the deformations induced by the probe. Thus, eliminating the US guidance
another tracker is needed, like an EMTS as proposed in [6].

On the other hand, tissue elasticity provides a complementary information respect mp-MRI
and it could lead to improvement in identification, localization and staging of PCa. As already
mentioned, stiffness varies between normal tissue or benign lesion and malignant tumors. Fur-
thermore, applications of 3D MRE provide more accurate mechanical properties estimations
facing the limitations of 2D imaging.

The quantitative information acquired could be used to discriminate significant and insignif-
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icant lesions through the determination of threshold values. Despite being proved that not
all cancerous lesions are stiffer that normal tissue, the sensitivity obtained is of 86% and the
specificity increases to 52% [58].

Consequently, information obtained through MRE allows to recreate a haptic feedback. It is
thought to be essential for good clinical practice, especially for minimally invasive surgery [59].
The haptic or force feedback is, in this situation, linked to the sense of touch that the clinician
experience while operating. Also in terms of training it is fundamental to obtain better and
faster performances [60]. If no tactile response is provided, the surgeon experience difficulties
in exerting the correct amount of force, especially on soft tissues, with a possible damage.
Consequently, it is reported that addition of haptics reduces surgical errors and potentially
can increase patient safety. Meanwhile, adding the sense of touch to the volume visualization
increases the information captured about structure, location and consistence.

Systematic and random errors are made by humans while executing movements. They are
caused by biases between visual estimates and proprioceptive information.

In haptic shared control, the assisting system control the human operator movements through
forces and its benefits are proved [61]. In fact, the reaching of a target is improved with haptic

guidance provided in an intuitive way [62].

1.8 Thesis Structure

Facing the problem previously discussed, the proposed solution is a haptic surgical guidance
for prostate biopsy in which the haptic feedback provided to the surgeon consist in a guidance

towards identified tumors.
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The displayed environment result from pre-operative MRI, ex-vivo MRE and histopathological
images of three patients while the needle tracking is obtained through the haptic device.

The schema of the system is displayed in Figure 8.

From medical images, 3D volumes are obtained and registrations between them and the dif-
ferent related environments has to be performed. Then, during the procedure a correction
sensor tracks through an EMTS possible displacements of the patient pelvis, while the needle
position and orientation is attain given the haptic device stylus. This last equipment allows
an enhanced tactile feedback resulting from MRE information. Whereas, the visual feedback is
given through a virtual reality environment.

Volumes and haptic feedback

Imaging techniques allows to obtain volumetric representations of the patient. Merging infor-
mation given by mp-MRI and MRE should allow to localize, size and stage in a more accurate,
efficient and precise way PCa. While volumes reconstructed from histopathological images al-
lows a first evaluation of the system.

The 3D model of the prostate gland is given by elastography, thus encoding mechanical prop-
erties that are perceived during its exploration through the haptic device.

Tracking and Correction

Being a development of a navigation system, the instrument has to be tracked real-time. This
requirement allows to obtain the localization of the needle respect to the whole pelvis, the
prostate gland and the target point. To acquired 3D location and orientation of the biopsy

needle, the stylus of the haptic device is used. This is aimed to replace the TRUS, for its
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limitation already described in section 1.3.

For what concern the correction of intra-operative prostate displacements, a correction sensor
is placed on the patient pelvis continuously updating its position.

Registration

Registration procedure allows to match anatomical information of the patient and the images
in the virtual environment. This is performed through a paired-point registration, allowing the
determination of the transformation matrix.

Other registrations were required for consistency while designing the whole system and will be
described in the following chapter.

Performing Biopsy

The centers of the tumors are obtained through clustering techniques, comparing MRE volumes
with histopathological ones. While performing PBx with this system, the surgeon is haptically

and visually guided toward these individuated points.

The main purpose of this project is to develop a guidance helping the surgeon to reach the
center of the tumors individualized through clustering techniques. This, with the fusion of
different imaging techniques and navigation system principles, aims to increase accuracy in
detecting malignant lesions, efficiency in avoiding over-sampling of the gland, sensitivity and
specificity of PCa recognition, and precision in detecting the center of the tumors. At the same

time, it has to be easy to be performed by surgeon and safe for the patient and the clinician.



CHAPTER 2

MATERIALS AND METHODS

Since the inaccuracy, inefficiency and imprecision in localize and stage PCa through current
PBx, this works aims to develop a system that easily grants the urologist to identify the centers
of the tumors. For the correct planning and performance of the procedure, the virtual environ-
ment shows volumetric images of the patients. From the mechanical properties given by MRE,
the haptic feedback is provided to the surgeon as an additional tool for capturing information,
enhancing the characteristics of the tissues. Through registration the virtual scene is matched
with anatomical information and the haptic and visual guide leads the surgeon toward the
computed centers of the tumors.

In order to develop this, the volumes have to be firstly recreated from images focusing on the
registration between all of them. Then hardware and software was implemented integrating the

different information provided by the virtual environment, haptic device and EMTS.

2.1 Image Registration

Coherency must be achieved in order to create a virtual environment with a common coordi-
nate system. The image registration is the process in which images or volumes are geometrically
aligned overlapping common features, thus introducing a special transformation. It is needed
when images are collected at disparate times either using different equipments[63].

Rigid image registration is computed through rotation, translation and scale of one image re-

29



30

spect the other to achieve correspondence. On the other hand, non-rigid registration is used to
take into account deformations requiring stretching of the images.

B-spline registration is an image-based registration algorithm, aimed to precise match voxel by
voxel[64]. It is one of the most common method for its general applicability, computational
efficiency and because the perturbation of one control point is only reflected in its immediate
neighbors|[65].

To reduce the computational time required by MATLAB®)in performing registration, 3D Slicer
is used [66]. It is an open-source software from Kitware, Inc (Clifton Park) allowing image pro-
cessing and 3D visualization. It was built on ITK [67], thus providing tools for both segmenta-
tion and registration, ranging from rigid /non-rigid to image-based /feature-based methods[68].
3D Slicer provides a simple and intuitive way to perform B-spline registration of the whole set
of images for each patient, thus creating consistency in the reference system.

2.2 Hardware

The hardware is composed by the haptic device on which in attached the biopsy needle and
the EMTS, both placed on a base, while the 3D Monitor displays the virtual environment.
The used haptic device is Touch™ 3D Stylus, provided by 3D Systems Geomagic®)[69], displayed
in Figure 10. Specifications are summarized in the Table I.

During the development of this project the EMTS is produced by Ascension Technology

Corporation|[70]. It is composed by the following elements:

e a DriveBAY™: it is used to connect the transmitter and sensor to the computer. It is

designed to fit in the computers drive bay and to perform a fast tracking;
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Figure 10: Touch™ 3D Stylus by 3D System

TABLE I: TOUCH™ 3D STYLUS SPECIFICATION

Type Touch 3D Stylus
Positional Feedback 6 (Complete pose)
Force Feedback DoF 3 (position only)
Force Feedback Workspace (WxHxD) 10.45x9.5x3.5”
Maximum Force 34N

Nominal position resolution 0.084 mm

e a Mid-Range Transmitter: it covers larger anatomical regions that the Short-Range Trans-

mitter. Its maximum tracking distance is of 660 mm;

e a Sensor: Model 130, used as a correction sensor. It measures intra-operative displace-
ments and it should ideally be located in the position with maximum correlation between

skin and prostate displacements.



Sensor OD 1.5 mm Max Tracking 660 mmin
Distance Normal Mode
Cable OD 1.2 mm
Sensor Length 7.7mm Dimensions 96x96x96 mm
Cable Length 33m Weight 2.3Kg

Number of sensors Four 6DOF per unit

Measurement Rate 80 Hz default
User configurable 20-255 Hz

Dimensions 180x147x41 mm
Weight 0.84Kg
Interface USB

Figure 11: Ascension 3D Guidance®)Specifications

32
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The 3D computer screen could be used, with special glasses, to enhance the 3D perception

of the visualized models.

HAPTIC DEVICE STYLUS

BIOPSY
NEEDLE

Figure 12: Shape connecting the biospy needle to the haptic device

2.2.1 Design

The biopsy needle is attached to the haptic stylus through the 3D printed shapes, which
are designed in SolidWorks™ (Dessault Systmes, Waltham MA)[71] shown in Figure 12.

Also the base is 3D printed (Figure 13), it allows to have a fixed relative position between
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Figure 13: Design of the base

the Mid-Range Transmitter and the haptic device. Thus, only a registration between the
environment perceived by the EMTS and the haptic space is needed during the developing of
the system.

For this aim, the position of a set of random points is recorded both in the reference system of
the EMTS and the haptic device. Then, through linear regression with off-set, the displacement

of the origin of the first is computed respect the latter. The obtained equations are the following:

(

Tqs = —0.06x, + 32.36

Yas = _0-06'}/1; — 7.80 (21)

[ Zas = —0.03z, + 20.07
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In Figure 14, the obtained linear regression lines are shown respect the cloud of recorded

Linear Regression for each dimension
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Figure 14: Plot of the obtained regression lines

points. Each subplot represent how the considered coordinate is linearly converted from the
tracked values to the virtual environment ones.
The coefficient of determination R? measures how well the model can estimate values. It is

defined as follows:

Zi (:L'as - i’as)Q

R*P=1- =2
Zn(xas — Tgs)?

(2.2)

Where 7, represents the calculated values of x,s and Z,s the mean of the values.

Higher the resulting value is (limit at 1), the better is the model in predicting data. The overall
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value is about 0.6, limitations derives from noise due to the closeness of the devices.

In fact, the setting on the base is designed taking qualitatively into account the relative posi-
tion and feasible distances with less noise, using CUBES application by Ascension Technology
Corporation. CUBES reports in a visual way the quality number, meaning the degree to which
the position and angle measurement are imprecise. Generally, errors are caused by the presence
of metal in the environment.

Biopsy can be performed with the patient in different positions, e.g. lithotomy position, lateral
decubitus or knee-chest[72]. While the registration of the anatomical structures with the virtual
environment is computed through the software, the device position is considered in the design
phase. The biopsy needle is attached to the stylus of the haptic device aiming the procedure
performance helped by the haptic feedback.

Since the needles for PBx are longer than about 16 ¢m and the workspace in z direction of the
haptic device is quite limited also by the its trunk, the haptic device has to be rotated respect
the patient. For this project the chosen rotation is of 90° about the vertical axis, also a rotation
of 180° about horizontal axis could be used but the fixing in this position and of the base to

another support would be troublesome.

2.3 Software: LACE Library Description

LACE Library is a C4++ software platform acting as a bridge between the operating system
and VR applications. It has been implemented at Mixed Reality Lab as development of past
projects [73][74][6][54] facing the need to create virtual reality applications incorporating haptic

features. It is the result of an integration of four different hardware-software environments:
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Figure 15: Hardware setup

e QuickHaptics™ (QH)
It is a MicroAPI built upon Geomagic OpenHaptics®), that is provided for the haptic
devices of 3D Systems as a software development toolkit. It is designed to create graphic

and haptic application easily, thus used by LACE Library for the force rendering.
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e Visualization Library (VL)[75]
Based on OpenGL, it is an open-source library combining user-friendliness and intuitive-

ness with the flexibility and high graphics performances that OpenGL allows.

e Ascension (AS)

Through the C++ 3D Guidance API, the EMTS is integrated into the applications.

e Wykobi Computation Geometry Library (WK)[76]

C++ 2D-3D library used to improve math calculation.

Figure 16 descrives how the communication between these libraries is settled in LACE Library
with the aim to synchronize the several renderings. Information given by the hardware com-
ponents, like the haptic device, the EMTS and standard input/output hardware (mouse and
keyboard) are used by VL to create the graphic rendering and by QH for the tactile and force
feedback.

One of the main advantages of LACE Library is multithreading, thus the concurrent execution
of processes. The haptic thread runs at 1000 Hz to provide a continuous and realistic force
feedback and guarantee interaction stability, while optimal results are given by graphic thread
at much lower frame rates (60 Hz)[77].

LACE Library uses classes to achieve the communication along the four composing libraries.
In every application a singleton class, called LACE Class, is always created because it stores
pointers to the whole set of classes used by the programmer. Its importance resides in the
creations, initializations and updates of the various elements present in the application.

The other classes can be grouped in four categories:
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e Tracking system classes

Classes establishing the communication with AS.

e Renderable Object Classes

This group implement the link between QH and VL. Thus, it is in charge of the creation of

object, both simple and complex geometries, that are haptically and graphically rendered.
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e Special Forces Classes
One of them is the LACE Volume Force, associated to LACE Volume, and it allows

particular force fields.

e Rendering Classes
LACE Library tolerates the definition of multiple renderings in the scene, in this class

parameters required for the graphic display are contained.

WK
RENDERABLE OBJECTS
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Figure 17: LACE Classes communication
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2.4 MRI, MRE and Histopathological Datasets Description

The datasets used in the application are composed of 3 pre-operative MRI, 3 ex-vivo MRE
and 3 histopathological images, given from [54][78].
MRI
Pelvis MRI is previously obtained respect to radical prostatectomy. The examination was per-
formed on the 3T GE magnet using a phased-array cardiac surface coil providing the following
sequences: axial T1 and T2, sagittal and coronal T2, and axial DWI.
From these DICOM images, volume is reconstructed through Volview in MHD format. Volview
is an open-source program developed by Kitware, Inc (Clifton Park)[79]. It is intuitive and it
allows quick exploration and analysis of 3D medical data.
The resulting volumes have a good spatial resolution on xy plane (512x512), but presenting
only 15 sliced on z axis. To provide for this lack of information that results in low accuracy
of the registration process, interpolation has been performed. This means that, between two
consecutive slices, 15 artificial slices are added, resulting from the weighted mean of the original
two slices. From the whole volume, the ROI centered in the prostate gland and with visible
fiducial markers is extracted. Then another processing step is computed to reduce the dimen-
sions of the loaded volumes. A manual cast of the voxel values is implemented in order to avoid
resolution loss: the conversion is made to obtain eight-bit unsigned char format ranging from
0 to 255. This procedure is just a scale of values into a different range, while characteristics
remain unchanged.

MRE
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MRE images are acquired through ultra-high-field 9.4T at 500Hz, aiming to detect the wave
field displacement along all directions. The obtained slice thickness is of 1mm.

Histopathology

Through radical prostatectomy, the resected organ could be analyzed for histopathologic di-
agnosis[80]. It is the microscopic study of diseased tissues and a relevant investigative tool.
Histopathology is basically the examination of thin tissue sections under microscope, allowing
visualization of cells and tissue and recognition of changes due to diseases.

This examination consents the comparison between altered tissue with a control one, with the
need of a standardized procedure.

The histopathologic images are obtained increasing stiffness of the prostate though injection
of 20cc of 10% buffered formalin. This shrewdness allows thinner slices (~3 mm), thus more
consistent.

For prostate histopathology a grossing process is performed removing seminal vesicles, base and
apex. It is followed by staining to maintain anatomical orientation. After slicing from apex
to base, specimens are quarted and underwent to further processing. Examination to assess
PCa is performed through an automatic digital scanner, which stacks the images and allows
magnification up to 20 times[81]. Annotation are provided by the pathologist, who contours
malignant lesions with RGB colors representing respectively Gleason scores of 5,3.4.

From these 2D images, volumes are created using MATLAB(®)[82], because of the computation
required. After importing in MATLAB@®)images and dimensions, from each slice ROI of each

color is detected and filled. Slices are rescaled according to the dimensions information provided
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and proportionally to the individuated bounding boxes. This results in images coherent respect
to their actual size and respect to each other.

The centroid of each slice is obtained after binarization of the images and it is used to stack all
the slices, recreating a volume.

Arbitrary values are given to the areas superimposed with the ROI indicating lesions, with
increasing value according to Gleason score. Due to the low number of slices along z direction,

interpolation is required.

2.5 Implementation

Force gain, Target definition, Guidance, Position Volumes properties, Target definition, Position

VOLUMES
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+ Graphics Rendering
Histopathological —

Correction
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Figure 18: Overview of the application
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In Figure 18, an overview of the basic elements that interact in the developed application
is shown. The user can manually set parameters related both to the graphics rendering and to
the haptics one and to switch between the different modalities and steps.

Next sections explain in detail how the coherence between the two renderings and the real

environment is achieved and how the application is developed.

2.5.1 Reference System

As mentioned in section 4.3, the haptic device is rotated of 90° about y axis respect its
normal usage. This means that what is visualized in the 3D Monitor frontally respect the
user has to be perceived laterally respect the body of the haptic device. To achieve coherence
between objects graphically and haptically felt, since the reference systems of these environment
are turned of 90° one respect the other, the rotation of touchable shapes has to be performed.
Analogously, the cursor detected through QH has to be decoupled from the visualized one in
order to have consistency. Thus, the displayed needle is a LACE Mesh which moves like the
cursor but rotated. A mesh is a set of faces, vertices and edges that identify a polyhedral object
in computer graphics.

In Figure 19, the interface of haptic surgical guidance for prostate biopsy is shown.

2.5.2 Volumes Representation

In the virtual environment, volumes from MRI, MRE and histopathology are displayed and
loaded in the application in form of LACE Volumes. Through this class, VL is exploited thus

allowing the visualization of volumes in the following three different modalities:
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e Volume Raycast
The ray cast technique is used to visualize three-dimensional data. It is based on the
2D projections of a semitransparent volume, thus shooting a ray and sampling along it.
For this aim, predefined algorithms can be used, otherwise user-defined algorithms can
be loaded. Moreover, R, G, B and « channels of a custom-made transfer function can be
controlled by the user. This kind of visualization is chosen to be the default one because

it allows to see internal parts of the volume.

e Volume Sliced
Slices are obtained from the volumetric data and reassembled to obtain the 3D image.

The number of slices and RGB transfer function can be defined by the programmer. In
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the haptic surgical guidance for prostate biopsy, the user can only control the a value.
Only Volume Sliced can support the LACE CuttingPlane, which enable the user to clip

the volume through a plane that is originated with location and orientation of the cursor.

e Volume Orthogonal
This modality displays the volume with three bi-dimensional views on the sagittal, axial
and coronal planes. Each view depends on the 3D coordinates of the intersection point
between all the planes, linking this point to a master-object, like the cursors, will allow

the user to control the shown slice.

Bounding box with texts surrounds the prostate in MRE and histopathology volumes for spatial
reference especially while interacting with the models. In fact, pressing the first button of the
haptic device, the volume is dragged into the virtual environment according to the cursor motion
for a better exploration.

While the 3D image is displayed centrally respect the scene created in the application, laterally

the 2D orthogonal projections of the MRI volume are shown.

2.5.3 Correction Sensor

The volumes position and orientation are tuned by the transformation matrix resulting
from a correction sensor, if present. It tracks intra-operative displacement of the pelvis. The
position of the sensor has to be calibrated respect the position of the haptic device, using offset
values from the regression lines (Equation 2.1). LACE Sensor and LACE Transmitter are used

at this stage to obtain respectively the physical communication with the sensor, acquiring the
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transform as a quaternion and converting it into a 4x4 matrix, and to control the ON/OFF

status of the transmitter.

2.5.4 Registration

With the aim of consistency of the represented volumes with reality, a registration function
is necessary to compute the transformation matrix of the anatomical volume respect the vir-
tual environment. Hence, fiducial markers with coordinates known in both coordinate systems
are used, e.g. iliac crests, posterior superior iliac spine, or other anatomical reachable points.
During the acquisition of MRI, the patient is scanned with these markers, then these points
are touched with the capped needle and memorized. The user can select the patient position
between litothomy and knee-chest to coherently visualize the volumes and markers.

In Figure 20, this registration phase is shown: the orange point is the point which coordinates
has to be acquired pressing the first button of the haptic device, green points represent the
already obtained coordinates while blue points represent coordinates not acquired yet.

A rigid registration is then performed between the two sets of points. A paired point registra-
tion algorithm is used computing the centroids from coordinates, the covariance is calculated,
then the obtained covariance matrix is decomposed through Singular Value Decomposition al-
lowing the computation of rotation matrix. The translation is given by the difference of the
virtual centroid respect the rotated centroid of anatomical coordinates. To compute the matrix

calculations for the Singular Value Decomposition, Eigen library is added[83].
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Figure 20: Graphic User Interface

2.5.5 Haptic Rendering on Volumes

Haptic rendering is provided while touching volumes with the haptic device. The aim is not
to have a realistic feedback, but to enhance the tactile experience for an easily tumor detection.
The force that the haptic device returns to the user is based on the stiffness values of both the
cursor tip and the surrounding voxels. It is the sum of the force components resulting from

elasticity, friction, damping and gravity (compensation):

FTot(mCursor) = FGravity + FFrictian + FElasticity + FDamping (23)
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Firstly, the position and direction of motion of the cursor are obtained, then the haptic feedback
is given if the cursor is inside the bounding box surrounding the volume and the voxel value
touched by the cursor is greater than a threshold.

While the direction is defined accordingly to the cursor motion, the absolute value of the

elasticity force is obtained as:

|FElasticity(l‘Cu7"sor)| = (FStiffness + FGradient) * gain (24)

Where the first force component is based on the maximal value of the stiffness of the specific
point, while the second term considers the neighboring voxels determining how the values
changes in a certain direction. Gain could be modified by the user during the application.
Friction and damping force components are obtained through thresholds.

To avoid unstable feedback and vibrations, the average with the current force and the previous
five frames is computed. Furthermore, the resulting value is checked respect the haptic device
limits.

2.5.6 Haptic Guidance

After the registration procedure, the biopsy can be performed coherently respect the anatom-
ical information. The guidance function provides the user a haptic constrain towards the tumors,
assisting him in the core extraction.

Tumors are identified in the MRE images through clustering techniques. This because cluster

analysis consists in data organization into representative groups based on similar characteristics.
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MRE voxels contain information about the stiffness which ranges from 0 to 255, finding values
above an arbitrary threshold (180) leads to the computation of 3D point clouds identifying the
tumors.

Subsequently the tumors recognition, the centroid is calculated. It provides a general measure
of the cluster location, i.e. the center of mass. The centroid of each cluster is considered as the
center of the studied tumor. As first evaluation of this detection technique, the voxels of the
histopathologic volume belonging to the range identified by the core dimensions of the needle
are considered and found to be higher than the tumor threshold, arbitrarily defined while cre-
ating the volume, in almost 90% of cases.

The force guiding the user towards the tumor is a line effect from the insertion point to one

tumor at a time implemented in the following way:
1. Detection of the haptic cursor position at the insertion point p;, captured when the user
presses the first button of the device.
2. Creation of the line from the insertion point to the tumor py.

3. Computation of the wanted haptic position as the projection of the current one on the

line.

4. Estimation of force components as the difference between the current position and the

desired one, multiplied by an arbitrary gain.

5. Check the upper limit of the force absolute value.
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Figure 21: Line Effect

6. Obtain the new force to be applied summing the forces already sent to the device and the

computed force.
7. Check if the new force is lower than the half of the physical limits of the haptic device.

8. Address the new force to the haptic device.
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The tumor position is automatically updated once the previous tumor is reached with the
needle. Moreover, these targets are setted to be magnetic, in order to provide a more attractive
force towards them.

Furthermore, it has been proved that without visual targets, the user tends to behave with
more explorative movements. For this reason, the target is by default visible and can be set
invisible according clinician preferences.

Since the haptic rendering of the volumes could conflict with the line effect, during the guidance
process only the latter is present.

During the application, the user can define targets (Figure 22) while the ones obtained through
the clustering are shown. The maximum number of user-defined points is given by the difference
between an arbitrary maximum number of targets, set to 10, and the identified tumors. Through
this function, samples from areas considered suspected by the urologist can be extracted with
the haptic guidance. The distance respect the ideal trajectory and the time required to perform

the procedure are saved at the end of the process.

2.5.7 Graphical User Interface

The graphical user interface (GUI) is a sub-window through which parameters and modal-
ities are controlled. LACE Library relies on GLUI[84], a GLUT based C++ library for the
interaction with the user.

GUI, shown in Figure 23, handles the following parameters:

e Switch between modalities, rendering mode of the volumes and tune their transfer func-

tion;
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Press t to set the target

Figure 22: Target Visualization and Definition

Increase the gain of the haptic feedback;

Drag the visualized volume;

Perform the registration;

Complete biopsy with the guidance.
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Figure 23: Graphic User Interface
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CHAPTER 3

CONCLUSION

3.1 Discussion and Conclusion

This thesis project aims to develop a tool to perform targeted PBx able to overcome inac-
curacy and inefficiency of current procedures.
The proposed solution is a haptic surgical guidance for prostate biopsy. The innovation and
uniqueness of this approach resides in the targeting of PCa through stiffness parameters ob-
tained with MRE and in the guidance provided towards the center of harder areas with the
haptic device.
Concurrently, the 3D graphic interface offers visual and haptic feedback about the prostate
gland and the localization of the instrument respect it. The needle position in the operating
environment is real-time tracked by the haptic device, thus substituting the TRUS guidance
and consequently avoiding deformation of the gland. This is achieved attaching the needle to
the stylus of the haptic device.
In order to provide a reliable and valid instrument for pelvis navigation, the virtual environ-
ment shows anatomical information given by the three orthogonal projections of the volume
and prostate representation with MRE data.
Interaction and exploration of the 3D model of the prostate gland can be conducted with both

haptic and visual feedbacks.
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The targeting is computed exploiting the stiffness values collected through MRE and the force
feedback guides the user towards these points. Moreover, the user can visualize these targets
and possibly add other points to reach with the guidance.

This project has been implemented through LACE Library, a C++4 platform merging four C++
libraries and developed at Mixed Reality Lab as a collateral result of other projects[6][54][73][74].
During the development of this project, general improvements has been brought about it ac-
cording to the observed problems. Moreover, the considerable usage of LACE Library has led
debugging. Some classes were designed specifically for certain applications, thus requiring gen-
eralization. LACE Library is a valid instrument to develop VR applications, allowing efficient
communication between the EMTS and graphics rendering, including the real-time haptics ren-
dering.

The haptic surgical guidance for prostate biopsy offer a contribute to both bioengineering and
urology fields. In particular, it provides a new approach for PBx, which potentially increases

accuracy and efficiency.

3.2 Future Development

Firstly, this application has to be validated and assessed. From the Urology Department at
University of Illinois at Chicago, students, residents, fellows and faculty will be recruited to test
the haptic surgical guidance for prostate biopsy. The questionnaire will deal with usefulness,
easiness of use, accuracy and safety. In collaboration with Politecnico di Milano, this evaluation
phase is planned as continuation of this thesis.

Additional quantitative test of the system to determine its accuracy could be performed.
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In particular this project could be improved implementing the target identification in the ap-
plication instead of using MATLAB@®). To avoid the mouse and keyboard, uncomfortable while
performing the procedure, a Leap Motion[85] could be introduced to interact with the GUI.
Moreover, further research in MRE is necessary, despite its potential in detecting PCa, there
still are some limitations. Firstly, the usefulness of this implemented application is achieved
using in-vivo MRE images. This technique has been mainly applied to ex-vivo prostates, while
in-vivo studies has only recently begun to be conducted trying to obtain good resolution through
the shear waves induction in a patient-friendly method.

A possible extension of this project is to integrate other imaging modalities, like Chemical
Exchange Saturation Transfer MRI which permits the visualization of certain compounds, e.g.

proteins, with too low concentrations for standard MRI.
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Appendix A

B-SPLINE REGISTRATION

The goal is to relate any point of one image to the reference one [64], meaning to find the
optimal transformation T:(z,y,z) — (2/,y',2’). To take into account the deformation, the

transformation T is given by global and local transformations:

T(%‘,y, Z) = TGlobal(-rayaz) +TLOCCLl(xay7 Z) (Al)

The global motion model can be described in the easier approach as a rigid transformation with

six degrees of freedom, thus using an affine transformation.

T(CL';I% Z) = TGlObal(w7y7’2) +TLOCal(xay7Z) (A2)

The global motion model can be described in the easier approach as a rigid transformation with

six degrees of freedom, thus using an affine transformation.

011 012 013 x 014
TGlobal(xayvz): 921 922 923 y + 924 (A3)

031 O30 033 z 034
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To model the local deformation an additional transformation matrix is required. A powerful
tool to model 3D deformable objects is the free-form deformation model based on B-splines.
The idea is that the deformation is computed creating a mesh (nyxn,xn,) of control points

uniformly spaced. Thus,

3 3
TLocal(xvyv Z) = Z Z ZBl(U)Bm(U)Bn(w)¢i+l,j+m,k+n (A4)

=0 m=0n=0

where i = x/n, — 1,j = y/ny — 1L,k =z/n, — Lu = x/n, — |x/ng] ,v = y/ny — |y/ny],z =

z/n, — |z/n.| and B; represents the j ?* B-spline basis function:

Bo(u) = (1 —u)?/6; By (u) = (3u® — 6u® +4)/6; Bo(u) = (—3u® + 3u® + 3u+1)/6; B3(u) = u3/6.
(A.5)
Generally, the local tissue deformation is characterized by smooth transition, to consider this

aspect in the computation a penalty term is added:

1 X Y rZr1 927 9 82T 9 52T ) 92T ) 92T ) 92T )
smooth = T, 2 9 oYL
Csmooth V/o /0 /0 [(a;ﬂ) +(8y2) +(8z2) +2( )7+ 2(5—)" +2( z) dxdydz

where V represents the volume of the image domain. Through a similarity criterion, the degree

of alignment of two images (A and B) is measured using their entropy:

Csimilarity(Aa B) = (A7)



61
Appendix A (continued)

The optimal transformation is finally obtained minimizing the cost function associated to the

global (#) and local (¢) transforms:

0(97 gb) = - Similarity(l(t())a T(I(t))) + )\Csmooth(T)a (AS)

being A a weighting parameter.
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