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Abstract

Minimally-invasive kidney interventions are daily performed to diagnose and treat several renal
diseases. Percutaneous renal access (PRA) is an essential but challenging stage for most of these
procedures, since its outcome is directly linked to the physician’s ability to precisely visualize and
reach the anatomical target.

Nowadays, PRA is always guided with medical imaging assistance, most frequently using X-ray
based imaging (e.g. fluoroscopy). Thus, radiation on the surgical theater represents a major risk to
the medical team, where its exclusion from PRA has a direct impact diminishing the dose exposure
on both patients and physicians.

To solve the referred problems this thesis aims to develop a new hardware/software framework
to intuitively and safely guide the surgeon during PRA planning and puncturing.

In terms of surgical planning, a set of methodologies were developed to increase the certainty of
reaching a specific target inside the kidney. The most relevant abdominal structures for PRA were
automatically clustered into different 3D volumes. For that, primitive volumes were merged as a local
optimization problem using the minimum description length principle and image statistical
properties. A multivolume Ray Cast method was then used to highlight each segmented volume.
Results show that it is possible to detect all abdominal structures surrounding the kidney, with the

ability to correctly estimate a virtual trajectory.

Concerning the percutaneous puncturing stage, either an electromagnetic or optical solution
were developed and tested in multiple /7 vitro, in vivo and ex vivo trials. The optical tracking solution
aids in establishing the desired puncture site and choosing the best virtual puncture trajectory.
However, this system required a line of sight to different optical markers placed at the needle base,
limiting the accuracy when tracking inside the human body. Results show that the needle tip can
deflect from its initial straight line trajectory with an error higher than 3 mm. Moreover, a complex

registration procedure and initial setup is needed.

On the other hand, a realtime electromagnetic tracking was developed. Hereto, a catheter
was inserted trans-urethrally towards the renal target. This catheter has a position and orientation

electromagnetic sensor on its tip that function as a real-time target locator. Then, a needle integrating
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a similar sensor is used. From the data provided by both sensors, one computes a virtual puncture
trajectory, which is displayed in a 3D visualization software. /n vivotests showed a median renal and
ureteral puncture times of 19 and 51 seconds, respectively (range 14 to 45 and 45 to 67 seconds).
Such results represent a puncture time improvement between 75% and 85% when comparing to
state of the art methods.

3D sound and vibrotactile feedback were also developed to provide additional information about
the needle orientation. By using these kind of feedback, it was verified that the surgeon tends to
follow a virtual puncture trajectory with a reduced amount of deviations from the ideal trajectory,
being able to anticipate any movement even without looking to a monitor. Best results show that 3D
sound sources were correctly identified 79.2 + 8.1% of times with an average angulation error of
10.4° degrees. Vibration sources were accurately identified 91.1 + 3.6% of times with an average

angulation error of 8.0° degrees.

Additionally to the EMT framework, three circular ultrasound transducers were built with a needle
working channel. One explored different manufacture fabrication setups in terms of the piezoelectric
materials, transducer construction, single vs. multi array configurations, backing and matching
material design. The A-scan signals retrieved from each transducer were filtered and processed to
automatically detect reflected echoes and to alert the surgeon when undesirable anatomical
structures are in between the puncture path. The transducers were mapped in a water tank and
tested in a study involving 45 phantoms. Results showed that the beam cross-sectional area
oscillates around the ceramics radius and it was possible to automatically detect echo signals in

phantoms with length higher than 80 mm.

Hereupon, it is expected that the introduction of the proposed system on the PRA procedure,
will allow to guide the surgeon through the optimal path towards the precise kidney target, increasing
surgeon’s confidence and reducing complications (e.g. organ perforation) during PRA. Moreover, the
developed framework has the potential to make the PRA free of radiation for both patient and surgeon

and to broad the use of PRA to less specialized surgeons.

Keywords: percutaneous renal access; image processing; surgery navigation; motion tracking
systems.



Sumario

Intervencoes renais minimamente invasivas sao realizadas diariamente para o tratamento e
diagndstico de varias doencas renais. O acesso renal percutaneo (ARP) é uma etapa essencial e
desafiante na maior parte destes procedimentos. O seu resultado encontra-se diretamente
relacionado com a capacidade do cirurgiao visualizar e atingir com precisao o alvo anatémico.

Hoje em dia, o ARP é sempre guiado com recurso a sistemas imagiolégicos, na maior parte
das vezes baseados em raios-X (p.e. a fluoroscopia). A radiacao destes sistemas nas salas cirurgicas
representa um grande risco para a equipa médica, aonde a sua remocao levara a um impacto direto
na diminuicao da dose exposta aos pacientes e cirurgioes.

De modo a resolver os problemas existentes, esta tese tem como objetivo o desenvolvimento
de uma framework de hardware/software que permita, de forma intuitiva e segura, guiar o cirurgiao
durante o planeamento e puncao do ARP.

Em termos de planeamento, foi desenvolvido um conjunto de metodologias de modo a
aumentar a eficacia com que o alvo anatdmico é alcancado. As estruturas abdominais mais
relevantes para o procedimento de ARP, foram automaticamente agrupadas em volumes 3D, através
de um problema de optimizacéao global com base no principio de “minimum description length” e
propriedades estatisticas da imagem. Por fim, um procedimento de Ray Cast, com multiplas funcoes
de transferéncia, foi utilizado para enfatizar as estruturas segmentadas. Os resultados mostram que
é possivel detetar todas as estruturas abdominais envolventes ao rim, com a capacidade para
estimar corretamente uma trajetéria virtual.

No que diz respeito a fase de puncao percutanea, foram testadas duas solucdes de detecao
de movimento (6tica e eletromagnética) em multiplos ensaios /n vitro, in vivo e ex vivo. A solucao
baseada em sensores 6ticos ajudou no calculo do melhor ponto de puncéo e na definicdo da melhor
trajetoria a seguir. Contudo, este sistema necessita de uma linha de visdo com diferentes
marcadores oticos acoplados a base da agulha, limitando a precisdo com que a agulha é detetada
no interior do corpo humano. Os resultados indicam que a agulha pode sofrer deflexdes a medida
gue vai sendo inserida, com erros superiores a 3 mm.

Por outro lado, foi desenvolvida e testada uma solucdo com base em sensores

eletromagnéticos. Para tal, um cateter que integra um sensor de posicao e orientacao na sua ponta,



foi colocado por via trans-uretral junto do alvo renal. De seguida, uma agulha, integrando um sensor
semelhante, é utilizada para a puncao percutanea. A partir da diferenca espacial de ambos os
sensores, € possivel gerar uma trajetoria de puncéao virtual. A mediana do tempo necessario para
puncionar o rim e ureter, segundo esta trajetdria, foi de 19 e 51 segundos, respetivamente
(variacOes de 14 a 45 e 45 a 67 segundos). Estes resultados representam uma melhoria do tempo
de puncao entre 75% e 85%, quando comparados com o estado da arte dos métodos atuais.

Além do feedback visual, som 3D e feedback vibratdrio foram explorados de modo a fornecer
informacdes complementares da posicao da agulha. Verificou-se que com este tipo de feedback, o
cirurgido tende a seguir uma trajetoria de puncao com desvios minimos, sendo igualmente capaz
de antecipar qualquer movimento, mesmo sem olhar para o monitor. Fontes de som e vibracao
podem ser corretamente detetadas em 79,2 + 8,1% e 91,1 + 3,6%, com erros médios de angulacdo
de 10.4° e 8.0 graus, respetivamente.

Adicionalmente ao sistema de navegacao, foram também produzidos trés transdutores de
ultrassom circulares com um canal de trabalho para a agulha. Para tal, foram exploradas diferentes
configuracdes de fabricacdo em termos de materiais piezoelétricos, transdutores multi-array ou
singulares e espessura/material de layers de suporte. Os sinais originados em cada transdutor
foram filtrados e processados de modo a detetar de forma automatica os ecos refletidos, e assim,
alertar o cirurgido quando existem variacées anatémicas ao longo do caminho de puncédo. Os
transdutores foram mapeados num tanque de agua e testados em 45 phantoms. Os resultados
mostraram que o feixe de area em corte transversal oscila em torno do raio de ceramica, e que 0s
ecos refletidos sdo detetados em phantoms com comprimentos superiores a 80 mm.

Desta forma, é expectavel que a introducado deste novo sistema a nivel do ARP permitira
conduzir o cirurgiao ao longo do caminho de puncéo ideal, aumentado a confianca do cirurgiao e
reduzindo possiveis complicacdes (p.e. a perfuracdo dos érgaos). Além disso, de realcar que este
sistema apresenta o potencial de tornar o ARP livre de radiacdo e alarga-lo a cirurgides menos

especializados.

Palavras-chave: acesso renal percutaneo; processamento de imagem; navegacao cirurgica;

sistemas de detecdo de movimento.
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Introduction

This chapter provides an initial background about the work developed during this doctoral thesis
in Biomedical Engineering. The main applications, features and challenges of percutaneous
procedures are initially described. Nephrolithiasis is then addressed, in more detail, since it will be
used as the case study to develop, test and validate new technological solutions that may overcome
current challenges within percutaneous procedures. Finally, it presents the thesis motivation,

followed by the main research goals, contributions and remaining thesis organization.
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1.1 Minimal Invasive Surgeries

Minimally invasive surgeries (MISs) have gained considerable attention in the past decade and
have been changing the way people think about surgery. The early and immediate success of MISs
led to unrealistic expectations, revolutionizing and converting many surgical procedures to less

invasive approaches [1, 2].

In contrast to open surgeries (skin incision is sufficiently large to allow the intervention under
direct vision), MISs involve the insertion and manipulation of different surgical instruments (e.g.
catheters, needles, smaller probes), inside the human body through small orifices. Although MISs
are performed without direct access to the organ or tissue, the spatial information (position and
orientation) inside the human body is usually accessed using endoscope video or medical imaging.
The image information are displayed in monitors allowing surgeons to get indirect view of the surgical

field.

The development of MISs techniques has been an important advance for the benefit of patients,
being useful for the treatment of many conditions. With shorter hospital stays and recovery times,
less scarring and pain than conventional surgery, MISs are currently performed in different medical
specialties as first-line procedure, such as general surgery (e.g. colon resection, hernia repair,
appendectomy), gynecology (e.g. pelvic floor reconstruction, removal of adnexal structures), urology
(e.g. nephrectomy, percutaneous nephrolithotomy (PCNL), adrenalectomy), plastic surgery (e.g.
breast reconstruction, face lifts), thoracic surgery (e.g. lung biopsy, bronchoscopy) and
cardiothoracic surgery (e.g. coronary artery bypass surgery, heart valve replacement, congenital

defect surgery) [1-4].

MISs can be used from simple diagnosis, to specialized and complex forms of surgery, such as

excisional, ablative or reconstructive.

1.1.1 Percutaneous Surgery

Percutaneous surgeries are one of the most common MISs employed in clinical practice. These
procedures are commonly used to gain access to an anatomical target such as a blood vessel or a

vital organ (e.g. liver, kidney, lung, stomach) though a needle puncturing stage.
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Considering the future trends towards minimal incisions, percutaneous access may be one of
the few ways to quickly create a path between skin surface and any anatomical organ, in order to

diagnose, treat and manipulate it through millimetric incisions (Figure 1.1) [5].

Figure 1.1. Examples of percutaneous procedures: (left) percutaneous puncture for epidural anesthesia; (right)
percutaneous puncture of a long tumor (2) using a biopsy needle (1) [6].

When inserting the needle, the target might be in a millimeter neighborhood of another vital
organ or nerve. Extra caution is necessary to avoid any damage or disease spread, which can
compromise the surgical outcome. Some of the key and well known issues that contribute for needle
misplacement are related to human errors (related to poor techniques and insufficient physician
skills), target visibility, target access, tool maneuverability, needle deflections and target or tissues

movements [7-11].

The main challenge during percutaneous access is to select and plan the appropriate puncture
site and needle orientation so that, upon insertion, the needle tip follows the desired trajectory and
hits the target. Although there is not a defined tolerance for the desired accuracy in clinical practice,
in general, insertions with lesser needle misplacements result in more effective treatment or better

diagnosis.

The desired performance depends on the anatomical organ to be treated, anatomic target
location, shape and size [8, 12-14]. It can ranges from micro-millimeters accuracy (e.g. brain, fetus,

eye and ear procedures) to some millimeters (e.g. kidney, liver and lung biopsies) [15].

Although most of percutaneous approaches share common features, due to the wide range of

applications, they differ in the surgical workflow and technological requirements, influencing the



1.2 Nephrolithiasis 5

needle length and diameter, medical imaging armamentarium, surgical tools instrumentation,

patient position, among others [16-18].

Therefore, the development of new technological surgical systems must be specified, developed
and tested for each case, existing the need of focusing in one surgical procedure. Consequently, this
thesis uses the percutaneous renal access (PRA) as the chosen one, because (1) it is daily performed
to treat and diagnose several renal diseases; (2) shares common problems with other percutaneous
procedures; (3) is performed near several vital organs; (4) plays a key role in the surgical outcome;
and finally (5) remains the most challenging task for surgeons in different minimally-invasive kidney
interventions. Nephrolithiasis was selected as the targeted kidney disorder where PRA is used due

to its significant worldwide source of morbidity [19-21].

1.2 Nephrolithiasis

Nephrolithiasis or kidney stone disease is a common urological disease that affects 10-15% of
the developed world population [19-21]. The worldwide prevalence of kidney stones has increased
last years as a result of bad eating habits, having a male predominance (80%) and a subsequent
clinical relapse rate of approximately 50% over a 10-year and 75% over 20-year period [22, 23]. The
number of deaths due to kidney stones is estimated at 19,000 per year being fairly consistent

between 1990 and 2010 [23].

Figure 1.2. (a) Front view of the urinary tract [24]: 1 - kidney, 2 - ureter, 3 - bladder, 4 - sphincter, 5 - urethra. (b)
Anatomy of the kidney [25]: 6 — kidney calyces, 7 - renal artery, 8 - renal vein, 9 - renal pelvis, 10 — medulla, 11 -
cortex.
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1.2.1 Urinary Kidney Stones

The urinary tract is the body’s drainage system and it is responsible for removing wastes and
extra water from the blood (Figure 1.2). The urinary tract (Figure 1.2-a), composed by two kidneys,
two ureters, a bladder and a urethra, plays one important function in maintaining the electrolyte
balance of the human body. The urine flows from the kidneys to the bladder through tubes called

ureters. The bladder stores the urine until releasing it by the urethra through urination.

In some cases, some substances and minerals may stay behind and joins with other waste

products, causing kidney stones in unhealthy people.

N

Figure 1.3. (a) Kidney stones ledged at different places: (1) junction between renal pelvis and ureter, (2) crossing of
ureter over iliac blood vessels, (3) entrance of ureter into bladder, (4) kidney calyx, (5) renal pelvic and (6) upper ureter.
(b) Example of different sizes of kidney stones (adapted from [26]).

Kidney stones can form anywhere in the urinary tract from the kidneys down to the ureters and
bladder (Figure 1.3). The stone location is commonly used to classify the disease as Nephrolithiasis,

Ureterolithiasis, Cystolithiasis when placed inside the kidney, ureter and bladder, respectively.

1.2.2 Surgical Treatments

Although up to 98% of small stones (less than 5 mm) may pass spontaneously through urination,
for larger stones (5 to 10 mm) the rate of spontaneous passage decreases to less than 53% [27].
Initial stone location also influences the likelihood of spontaneous stone passage. Rates increase
from 48% for stones located in the proximal ureter to 79% for stones located at the vesicoureteric

junction, regardless of stone size [27]. For moderate symptoms with no high-grade obstruction or
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associated urinary tract infection, non-surgical procedures are usually performed for pain control

[28, 29].

More severe cases require surgical intervention. The choice of the surgical treatment generally
depends on the stone size, composition and location, presence of distal urinary obstruction and

anatomic variations of the urinary system.

A. Open Surgery

Open surgery involves the creation of an incision to gain direct access to the ureter and the
kidney. This kind of surgery is very invasive, produces large scars with bad aesthetic results and

increases hospitalization and recovery time.

With the advent of new technologies, the demand for open surgery to remove kidney stones has
been drastically reduced, being only recommended for extremely large stones or an abnormal
anatomy. Hereupon, this kind of procedure has been replaced by non-invasive or MIS, such as

extracorporeal shock wave lithotripsy (ESWL), ureterenoscopy and PCNL.

B. Extracorporeal Shock Wave Lithotripsy

As an alternative to open surgery, ESWL is a non-invasive strategy to fragment kidney stones.
After localizing the stones through medical imaging, a lithotripter machine creates high-intensity
pulses of ultrasonic energy to fragment all the stones with the patient under local or general
anesthesia. The idea is to break down the stones into small particles, allowing its elimination through

urination [30, 31] (Figure 1.4).

The performance of the ESWL procedure is influenced, at least, from the stone chemical
composition, presence of anomalous renal anatomy, stone distance from the skin surface, stone

location inside the kidney, presence of hydronephrosis and body mass index [32, 33].

Common adverse effects of ESWL include trauma, kidney or ureter obstruction, damage to blood
vessels of the kidney, acute kidney injury, internal bleeding and subcapsular hematomas, pain and

discomfort [34].
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Figure 1.4. Representation of some stages of the ESWL procedure: (1) shock waves moving towards a (2) kidney stone.
These waves are produced by an extracorporeal wave generator (3). After fragmented, the stones are eliminated from
the kidney through urination (adapted from [35]).

C. Ureteroscopy

With the development of flexible and rigid fiberoptic ureteroscopes, ureteroscopies have become

increasingly popular in the diagnosis and treatment of disorders such as kidney stones [17].

Figure 1.5. (a) Ureter ureteroscopy: 1 — basket removing ureteral stone (2); 3 - ureteroscope 4 — ureter; 5 — bladder; 6
- urethra; (b) Kidney ureteroscopy: 7 — laser fiber; 8 — stone being fragmented by laser lithotripsy (adapted from [36]).

Flexible ureteroscopes are employed in treatment of stones localized in the upper ureter (Figure
1.5-a), renal pelvis and calyces (Figure 1.5-b). Smaller stones, in the bladder or lower ureter, can be

removed in one piece, while the bigger ones are usually broken before removal [37]. This procedure
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involves passing an ureteroscope (2.5 - 3 mm diameter) through the urethra into the bladder and

finally moved up into the ureter where the stone is located (Figure 1.5).

The ureteroscope enables the urologist to directly visualize the stone (Figure 1.6-a) and to remove
it using a specialized stone basket (see 3 in Figure 1.6-c). Larger stones are firstly fragmented into

smaller pieces (~1 mm) using a laser, a US device or a pneumatic lithotripter (Figure 1.6-b).

a

Figure 1.6. (a) Ureteroscope video image displaying a stone (1); (b) Stone being fragmented using a pneumatic lithotripter
(2); (c) Stone being pushed out using a stone basket (3) (adapted from [38]).

A ureteral stent may be placed in the ureter to provide immediate relief of an obstructed kidney,
allowing the urine to flow past an obstruction in the ureter. Stent placement can be useful to avoid
acute renal failure, due to the increased hydrostatic pressure and infection caused by an obstructing
stone. The presence of indwelling ureteral stents may cause minimal to moderate discomfort,

incontinence and infection, which are general resolved on cystoscopically removal [37].

Ureteroscopic techniques are generally more effective than ESWL for treating stones located in

the lower ureter, with higher success and clearance rates (between 93 and 100%) [39].

D. Percutaneous Nephrolithotomy

PCNL is another surgical procedure to remove stones from the urinary tract. It comprises three
main surgical stages [40, 41]. With the patient under general anesthesia and supine position, in the
first stage, a catheter is inserted through the urethra towards the renal stone. This step is used to
perform a retrograde pyelogram study (Figure 1.7-a). At this point, a radiopaque contrast dye is
injected through the catheter, improving and facilitating the visualization (e.g. using a real-time

fluoroscope C-Arm) of the kidney stone location, shape and size. Usually the catheter is guided using
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pre-operative image data from CT (Computed Tomography) and direct video from an

ureterorenoscope.

a b

Figure 1.7. Representation of the first two surgical stages of PCNL: (a) Insertion of a ureteral catheter: 1 — skin puncture
site, 2 — ureterenoscope; (b) Puncture of the kidney: 3 - kidney stone, 4 — skin, 5 — surgical needle, and a is the angle
between the needle and skin (adapted from [35]).

According to the stone location, the patient is usually re-placed in prone position to perform the
second surgical stage, which consists in the PRA. At this point, a surgical needle with about 150 mm
length and 18 G of diameter is inserted from the skin surface (puncture site) towards the renal calyx
where the stone is located (Figure 1.7-b). Nowadays, this stage is only performed by specialized
urologists, because the surgery efficacy and success are highly dependent on the precision and
accuracy that the needle reaches the stone. The position of the needle, that defines a percutaneous

route from where the stones will be removed, is normally confirmed by fluoroscopy imaging at the

end of the second surgical stage.

Finally, at the third surgical stage (Figure 1.8), a guide wire is passed through the needle into
the kidney pelvis. Once the guide wire is in position, the needle is withdrawn and a 1 — 2 ¢cm skin
incision is made to insert a dilator over the guide wire down to the stone. Different surgical dilators
are then used to create a tunnel (~ 1 cm diameter) directly into the kidney (see 4 in Figure 1.8-b).
An operating nephroscope (1 in Figure 1.8-a) and forceps are then passed through the tube into the
kidney. Small stones can be removed with a grasper, while larger ones need to be broken up using

ultrasound (US) waves, laser or electrohydraulic probes before they can be removed [20, 42]. Once
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the stone removal is complete, a small tube may be left in the kidney for a few days, through the

a b

accessible tract, to allow the drain of urine.

Figure 1.8. Disintegration and removal of renal calculi: 1 — nephroscope, 2 — kidney stone, 3 — skin, 4 — stones being
removed by the PRA path created between the skin surface and the kidney calyx (adapted from [36]).

This technique has higher success rates, for clearing all stones in one setting, than other
techniques such as ESWL. Depending on the location and number of stones, surgery can take from
1 to 4 hours and 3 - 4 hospitalization days of recovery. Common complications include tissue or
organ injury (bowel, vascular structures, spleen, liver, lung, pancreas and gallbladder), loss of kidney
function, bleeding, infection, conversion to open surgery due to difficulties encountered during the

procedure and death in very rare cases [43-47].

1.3 Motivation

Due to their non-invasiveness, ESWL and ureteroscopy were rapidly and widely accepted as
treatment alternatives for renal and ureteral stones when the stone diameter is less than 10 mm.
Although 80% of small renal stones can be effectively treated with these two surgical procedures,

they sometimes fail and are also not recommended for larger ones [21, 48].

In fact, ESWL does not always promote the total stone fragmentation, is not recommended for
pregnant women, elderly people, patients with urinary tract infections and anatomic variations. When

compared to ESWL, ureteroscopy has lower treatment costs and is the first choice in pregnant and
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morbidly obese people as well as those with bleeding disorders. However, it is a cumbersome and

time consuming task for large stones [21, 49-51].

Considering the disadvantages of the two previous methods, PCNL is the firstline and
established surgical procedure to treat kidney stones regardless the calculi location, size, shape, for
staghorn calculi, large lower pole stones and also in cases of ectopic or malformed kidneys. PCNL
also complements ESWL or ureteroscopy procedures when the kidney stones are not completely

fragmented or removed [20, 42, 52].

As a MIS, PCNL presents some limitations and surgical complications that are primarily
connected with the second surgical stage. In fact, PRA remains the most challenging task for

surgeons, being difficult to plan and to perform.

The ideal PRA is one that allows a precise assessment for the kidney target site while minimizing
bleeding. Although the risks for this percutaneous step are less than with open surgery, inaccurate
and multiple needle punctures often cause complications, such as injuries in the kidney or

contiguous organs, and eventually decreases the overall surgical success.

Due to its difficulties, PRA procedures are always guided with medical imaging (commonly
fluoroscopy). Despite its advantages, this technique is intrinsically 2D (two-dimensional), presents
little soft tissue contrasts and requires continuous radiation exposure. The radiation on the surgical
theater is a major risk to the medical team, as they are continually exposed over their daily activities.
Thus, removing radiation-based imaging techniques will have a direct impact in dose exposure on

both patients and physicians.

In addition, known limits are related to MISs such as the restricted vision of the anatomical
target; the difficulty in handling and moving the surgical instruments inside the human body; the
need of dexterity to hand-eye coordination; highly dependent on the surgeon expertise; target
movements due to tissue deformation and some deflections on the surgical instruments; and
inadequate surgical instruments. Other problems, include the localization of the needle tip, resulting

in a long procedure and increasing the risk of complications.

Considering that each year, millions of PRA interventions are performed worldwide, the
development of an innovative solution to reduce current limitations can lead to a significant

improvement in patient care and simplification of the surgical procedure. In addition, the
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development of such solution may be explored in the future for other medical interventions with

similar surgical workflow.

1.4 Goals

The overall goal of this thesis is to develop a new hardware/software framework to aid the
percutaneous kidney puncture. This system should be able to easily and safely guide the PRA,
guaranteeing that any organ is accidentally perforated and responding to current surgeon’s
demands. This new framework should also optimize the puncture planning increasing the certainty

of reaching a specific target inside the kidney.
This main goal can be refined into a set of three specific phases:

Phase 1: Motion tracking of the surgical tools — Intends to assess the applicability of real-time

motion tracking sensors (electromagnetic motion tracking (EMT) or optic motion tracking (OMT)
technology) to monitoring the position and orientation of the needle and catheter during PRA. This
phase aims to create a virtual environment where the information retrieved by motion tracking
sensors is used to guide the surgeon during whole puncture stage. To this extent, a software
framework, that automatically performs multi abdominal organ segmentation from CT data sets, was
tested for surgical puncture planning (Chapter 3) and guidance when combined with an OMT system
(Chapter 4). Additionally, an EMT imageless framework was tested for puncture planning and
guidance itself (Chapter 4 and 5). This second test aimed to eliminate the need of X-Ray based
imaging and other imaging modalities. For both tracking methodologies, one study the compatibility

with current surgical setups, instruments and imaging systems.

Phase 2: User guide interface — Investigates different ways to provide user feedback about the

spatial relationship between the surgical tools. The outcome is a simple and intuitive interface,
capable of guiding the surgeon throughout the entire renal access stage, namely puncture planning

and needle insertion (Chapter 5).

Phase 3: Security assessment — Aims to study, identify and develop a framework to alert the

surgeon when exists the risk of organ perforation (Chapter 6).
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Since the need of PRA has increased in recent years, the improvement in patient care and

simplification of this surgical step, through the proposed phases, may lead to several advantages:

Broad the PRA procedure to surgeons less specialized and familiarized with MISs due to an
intuitive and efficient platform. Today, due to its high learning curve, only 10% of specialized
urologist perform this procedure;

Eliminate X-ray imaging during PRA, which significantly decreases patient radiation
exposure, especially for the surgeon who performs this intervention more than once a day;
Improve preoperative planning through the availability of accurate and complete tracking of
the surgical tools;

Reduce surgery time, because one of the most time-consuming steps may be shortened
through an easier puncture

Minimize potential surgical complications caused by human errors, image misinterpretation
and hand/eye coordination limitations;

Decrease errors related to target movements and tissue deformations, by permanently
monitored them during PRA,;

Reduce surgery costs.

1.5 Contributions

An overview of the particular ways in which the state of the art regarding PRA is improved by this

thesis can be summarized according to the following points (with respect to all phases described

above (Sub-Chapter 1.4):

a)

b)

c)

A critical review that addresses the methodologies and techniques for conducting kidney
targeting and the puncture step during PCNL;

A real-time navigation system to plan and guide PRA based on an OMT technology. It allows
the surgeon to establish the desired puncture site by superimposing a needle virtual tool
and a virtual puncture trajectory in a preoperative 3D (three-dimensional) image data
(Phase 1);

A new real-time navigation system, based in EMT, to plan and guide PRA. It shows virtual

surgical tools (needle and catheter) in 3D or 2D, according to the 3D spatial information
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d)

g

provided by EMT sensors coupled in their tips. This framework aids the surgeon to navigate
a tracked needle towards a catheter placed near the anatomical target (Phase 1);

3D sound interface capable of providing spatialized sounds from different point sources
surrounding the user. These sounds are defined and positioned in a 3D space according to
the current orientation error, that is calculated as the spatial difference between the needle
tip and the puncture trajectory that the surgeon must follow (Phase 2);

Vibration device capable of providing spatialized vibration feedback using different vibration
motors. These motors positioned and coupled to an elastic headband according to the eight
cardinal points. Each motor generates a vibration pattern that depends on the spatial
difference between the needle tip and the puncture trajectory that the surgeon must follow
(Phase 2);

A new image based methodology that reconstructs a 3D US volume around the puncture
trajectory path, for security assessment before the needle insertion (Phase 3 - see
attachment 2);

Two new US probes with a needle working channel: one based on a single and circular
piezoelectric ceramic; another based on an array of piezoelectric ceramics around the
working channel. The signals provided by each transducer are processed in order to
generate alerts when some changes occur during needle insertion, in terms of anatomical

structures in between the puncture path (Phase 3);

In regard to publications, this work has generated 5 papers (2 journal papers, 3 conference

papers and 2 awards in medical conferences) and 1 provisional patent.

[53] — Rodrigues, Pedro L., Et al. "Aidney targeting and puncturing during percutaneous

nephrolithotomy: recent advances and future perspectives". Journal of Endourology 27.7
(2013): 826-834.

[54] - Rodrigues, Pedro L., Et al. " Collecting system percutaneous access using real-time

tracking sensors: first pig model in vivo experience". The Journal of urology 190.5 (2013):

1932-1937.
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= [55] - Rodrigues, Pedro L., Et al. " Preliminary clinical trial in percutaneous nephrolithotomy

using a real-time navigation system for percutaneous kidney access." SPIE Medical Imaging.
International Society for Optics and Photonics, pp. 903606-903606-7, 2014.

= [56] - Rodrigues, Pedro L., Et al. " Validation of percutaneous puncture trajectory during

renal access using 4D ultrasound reconstruction’'. SPIE Medical Imaging. International
Society for Optics and Photonics, pp. 94152D-94152D, 2015.

= [57] — Rodrigues, Pedro L., Et al. "A-scan ultrasound system for real-time puncture safety

assessment during percutaneous nephrolithotomy." SPIE Medical Imaging. International
Society for Optics and Photonics, pp. 94190T-94190T, 2015.

= [58] - Rodrigues, Pedro L., Et al. “Confirmacéo da eficacia da puncéo renal e ureteral em

modelo experimental com a utilizacdo de um sistema de localizacdo eletromagnética’,
Portuguese Symposium of Urology, 2013 (1st price award).

= [59] — Rodrigues, Pedro L., Et al. “Experiéncia inicial em humanos de um novo aparelho

para ajuda na puncdo de um célice renal na Nefrolifofomia percutdnea’. Portuguese
Symposium of Urology, 2012 (1st price award).

= Rodrigues, Pedro L., Et al. “4 radiation free guidance system for percutaneous renal access

in minimally invasive interventions”. Provisional Patent.
We are currently compiling two new papers entitled:

= Rodrigues, Pedro L., Et al. “Ultrasound probe with a needle working channel for safe

guidance of percutaneous procedures”.

= Rodrigues, Pedro L., Et al. “How fo turn the kidney access in the percutaneous surgery the

easiest step: novel 3D audiovisual assisted navigation”.

1.6 Structure and Methodology

This thesis is organized into the following chapters:

Chapter I: Introduction: This chapter provides an overall outline of this thesis describing the
surgical treatment of kidney stones, as well as the motivation behind this thesis, main research

objectives, work contributions and remaining thesis organization.



1.6 Structure and Methodology 17

Chapter lI: Percutaneous Renal Access: This chapter reviews the most relevant contributions

in the field of urology and minimally invasive surgery to improve the PRA stage. It focus on the
following topics: medical imaging guidance, new surgical tools, motion tracking systems, robotics,

image processing and computer graphics.

Chapter Ill: KidneyNav framework: This chapter investigates a software application based in

image processing techniques to facilitate planning and puncture in a pre-operative stage.

Chapter IV: Motion Tracking Systems: This chapter explores, tests and evaluates EMT and OMT

technologies to plan and guide PRA in several tests performed /n vitro, in vivo and in a clinical trial.

Chapter V: Multi-Sensorial Interface: This chapter presents an intuitive puncture guidance

interface based in a sight view, 3D audio and vibrotactile feedback.

Chapter VI: PRA Security assessment: This chapter tests and validates a new design of US

probes with a needle working channel.

Chapter VII: Conclusions and future work: This chapter provides final thesis remarks in regards

with the main objectives. Different research paths are also suggested so that the developed methods

can be improved in the future.
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Percutaneous Renal Access

The main objective of this chapter is twofold: first, present the state of the art in terms of
methodologies and techniques for conducting PRA during PCNL; second, provide future research
paths for the PCNL procedure improvement. This chapter is based on the work published by the

authors in the Journal of Endourology [53].
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2.1 Introduction

Recent technological advances have replaced the need for open surgery with less invasive
procedures, such as PCNL, ESWL and ureterenoscopies [21, 60]. The surgical approach to be
performed usually depends on the size, composition and location of the renal calculi, the presence

of distal urinary obstructions and anatomic variations of the urinary system.

Being very well known the limitations of the ESWL with respect to large and complex stones,

PCNL became accepted as the treatment of choice for large and staghorn renal stones [20, 42, 52].

When compared to open surgeries, PCNL is a MIS with many associated benefits, such as
producing small patient incisions in the abdominal area, reducing hospitalization time and improving

postoperative recovery [1]. Though complications may still exist [42].

The success and treatment outcomes are highly dependent on the precision and accuracy of the
puncture stage (since the needle must precisely reach the stone with a direct path), making this step
the most challenging task for surgeons [14, 44, 52, 61]. The ideal renal access is one that allows a
complete removal of the calculi while minimizing bleeding. Inaccurate needle punctures often cause
complications, such as injuries in the kidney and contiguous organs, and eventually prejudice the

overall surgical success [14].

Since PCNL first description, nearly four decades ago, remarkable advances have been proposed
in the field of urology, engineering and MISs in what concerns of all surgical stages. Multiple research
paths have been followed to try to minimize some limitations such as anatomic target restricted
vision, difficulty in handling the surgical instruments, restrictive mobility inside the human body, high
dexterity levels of surgeon’s hand-eye coordination, needle deflections, moving anatomic target, and

anatomical structures deformations and movements [9, 52].

In what concerns to PRA in particular, various technigues have been used to perform a secure
and accurate puncture. The most relevant contributions have been provided by the application of
medical imaging techniques [1, 10, 14, 62]. Aside from medical imaging, robotic systems and
medical instrumentation [1, 18, 63], navigation systems [64], finite element models [8, 65],
computer graphics and image processing [1], have been proposed in recent years. However, its

current clinical practice is still very limited [66].
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2.2 Methods

Every year, several scientific papers reporting new advances for PRA are published in the
literature. This state of the art was performed by analyzing all articles written in English and published
in peer-reviewed journals or conference proceedings reporting qualitative data concerning kidney
targeting and puncturing from 2007 to December 2015. No further constraints were considered. A
systematic literature search was performed considering available reports at Medline/PubMed, ISI

Web of Science and Scopus databases.

Searches were performed using the combination of one or more of the following keywords:
percutaneous nephrolithotomy, puncture, navigation systems, robotic surgery, medical imaging,
percutaneous and renal access. Manual search on the reference lists of the included papers were

also considered.

3352 titles were analyzed whether the paper was potentially relevant to the review topic. 825
abstracts and 641 full-text articles were assessed and discussed. 65 final papers were included in

this thesis as the main contributions to kidney targeting and puncturing during PCNL.

For the purpose of this state of the art, one discusses the main benefits and limitations for kidney
targeting and PCNL conduction for the following research paths: medical imaging, surgical

procedural modifications, medical instrumentation, robotics and computer aided surgery.

Disease Nephrolithiasis (Kidney Stone)
< c
Surgical Treatment Optlen DUrsery R E”’W,L_. _
nvasive Minimally Invasive Non Invasive

Medical Instrumentation Tracking and Medical
and Surgjcal Surgery
Modifications Navigation

Aided Techniques For

Kidney Puncturing Imaging Robotics

. . Titles: 991 Titles: 1075 Titles: 734 Titles: 4842
Main Contributions I pctracts: 206 = Abstracts: 439 Abstracts: 118 | Abstracts: 148
Analysis Ful texts: 102~ Full texts: 149 Full texts: 39 Full texts: 56
n=3284 Used: 25 Used: 15 Used : 8 Used: 9

Figure 2.1. Study selection process for the main contribution for PCNL puncture, showing the number of titles, abstracts,
and full texts analyzed for each technique for kidney puncture.
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2.3 State of the Art

Inaccurate punctures during PCNL can cause damage in the kidneys and their surrounding
tissues and organs [14, 42]. The learning curve for PRA is estimated to be around 60 cases, a

situation that increases the complication rates during the long surgeons training period [44, 47].

Although the kidney is normally at a depth of 5-10 cm, the needle trajectory cannot be changed
once the needle is inserted to a depth greater than 2 cm [9, 67]. If the needle does not hit the target,
it has to be removed from the human body and reinserted again, because the final needle position
influences the efficiency with which the kidney stones are fragmented and removed, providing the
path from the skin periphery to the renal calyx [44, 50, 66, 68]. So, several attempts may be needed
to accomplish a correct needle insertion, causing an increase in postoperative complications, poorer

surgical outcomes and increased likelihood of surrounding structures perforation.

2.3.1 Surgical Complications

Although PCNL is widely performed and has proven to be safe, there are risks and potential

complications. Complications during renal access may occur in as many as 4% of procedures [69].

Some studies have been made to classify the PCNL complications with the Clavien classification
system (five grade system that provides a straightforward and validated method to classify surgical

postoperative complications) [69]. This classification system is defined according to Table 2.1 [69].

A worldwide study with 5803 patients was performed by De la Rosette et al. [70] to assess the
PCNL indications, complications and outcomes. The study reports a high success rate and a low
maijor complication rate, showing the effectiveness and safety of the minimally invasive removal of
kidney stones. The most frequent complications were bleeding (7.8%), renal pelvis perforation (3.4%),

and hydrothorax (1.8%), fever >38.5°C (10.5%) and blood transfusion (5.7%).

In 79.5% of cases there were no complication and in the remaining cases the study presents

Clavien grade | (11.1%), Il (5.3%), llla (2.3%), Illb (1.3%), 1Va (0.3%), IVb (0.2%), or V (0.03%).

Minor complications (Clavien grade 1) include urinary tract infections, catheter
displacement/occlusion or urinary leakage. In contrast major complications may occur, even when

the procedure is performed by experience surgeons or radiologists, including bleeding, infection,
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Grades

Grade |

Table 2.1. Definition of the different grades of the Clavien classification system.

Clavien classification system

Definition

Any deviation from the ideal postoperative course, non-life-threatening and no
lasting disability. Does not need any further surgical, endoscopic or radiological
intervention. Require only simple therapeutic drugs and do not significantly
extend hospital stay.

Grade Il

Complication potentially life-threatening but without residual disability.
Requires complex therapeutic treatment or blood transfusions.

Grade 11l

Ii-b

Complications with residual disability, requiring surgical, endoscopic or
radiological intervention without the patient being submitted to general
anesthesia.

Complications with residual disability, requiring surgical, endoscopic or
radiological intervention under general anesthesia.

Grade IV

IV-a

IV-b

Life-threatening complication with single organ dysfunction

Life-threatening complication with multi organ dysfunction

Grade V

Death of the patient

tissue and organ injury. In such cases, the conversion to open surgery to remove the stones may be

needed [71].

Kidney adjacent organ injuries to the lung, liver, spleen, biliary system, colon, or small bowel

have been described. The most common of these complications are pulmonary and colonic, which

have been reported to occur in 2.3-3.1% and 0.2-0.8% of the percutaneous procedures, respectively

[68].

PCNL has also been safely applied in children with a Clavien classification comparable to those

seen in adults [72]. Guven et al. [72] and Ozden et al. [73] evaluated the safety of PCNL in 130

children with mean age of 10.17 years and 94 children with mean age of 9.5 years. They reported

the following Clavien classification scores: Clavien grade | (12% versus 7.4%), Il (2.8% versus 2%),

[lla (6.4% versus 4.3%) (no grade IV or V were reported in both studies).
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2.3.2 Optimal Puncture Orientation

The optimal access route always depends on the stone shape and location inside the kidney. To
avoid puncture complications, the kidney lower pole and distal part are the most secure and common
access route since they decrease the risk of arterial or organ injury [42]. However, a supracostal
puncture (above the 12th rib) may be necessary to obtain better access to the lower kidney pole and

ureter.

A supracostal puncture increases the probability of thoracic complications to 3-15% (e.g.
hydro/pneumothorax), due to the anatomic proximity between the upper pole of the kidney and the
pleura and lung [74]. On the other hand, punctures below the 12th rib are linked with
hydro/pneumothorax in <0.5% of cases and 10-100% above the 11th rib. Likewise, injuries to the
spleen and liver occur more rarely. The probability increases in the presence of abnormal organs or

with punctures above the 11th or 10th rib [71].

2.3.3 Patient Position

The optimal patient position and the puncture site for accessing the collecting system remains
a controversial issue. The safety and efficacy of different surgical positions, mainly prone and supine
ones, have lately been compared in several studies [75-80]. Usually, the patient starts the surgery
in supine position to perform a retrograde study and is subsequently repositioned in a prone position
for the remaining phases. However, since patient reposition increases surgery time in about 30-40
minutes, some practitioners opt to perform the entire surgery with the patient in supine position [80,

81].

Prone position in PCNL is frequently associated with patient discomfort, especially for those with
severe musculoskeletal deformities, cardiovascular and respiratory problems [44]. Despite its
shortcomings, prone position facilitates the puncture stage by avoiding abdominal visceral injuries
and allowing posterior access to the collecting system, with no limits for instrumental excursion and

multiple accesses.

Although the supine position has been described as more attractive, and associated with
improved levels of comfort for both patient and surgeon, it is limited for upper-pole calyceal puncture,

due to its medial, posterior and concealed position in the rib cage. It is also commonly associated
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to technical difficulties related to the surgeon's manipulations, which are related to the longer access
tract and more limited access field. The use of a virtual trajectory to guide the surgeon in a 3D
environment throughout the puncture path, may increase the viability of carrying out the whole

surgery with the patient in supine position.

2.3.4 Surgical Tools Instrumentation

New surgical needles have been reported in order to facilitate PRA procedures. Yan et a/. [82]
developed a needle with piezoelectric crystals, allowing needle bending along particular orientations
for compensation of needle deflections. This study evaluated different factors such as the input

tension and piezoelectric crystals length and thickness to produce particular deflections.

Hernandez [83] modified a PRA surgical needle to integrate a bio-impedance sensor at its tip to
continuously measures electrical impedance. This needle was tested 16 times in 4 ex vivo porcine
kidneys to confirm when the collecting system is reached. A characteristic sharp drop in resistivity
was noted from 1.9 to 1.1 ohms when the needle tip entered a kidney calyx. However, this ex vivo
porcine model is limited in different ways, namely by the absence of blood flow, respiratory motion,
physiological processes (e.g. higher distension pressures) and the urine was substituted by a normal
saline solution which presents different mineral concentration that may vary the measured
impedance values. Therefore, although these impedance needles may provide great assistance in

MISs, they still require further /n vivo testing.

Other needles integrate EMT sensors that provide realtime information of position and
orientation of 5 degrees of freedom (DOF) with millimetric precision [64]. These are related to
navigation systems, e.g. the EMT Aurora system [84], and are capable of being sterilized and used

at medical level.

2.3.5 Needle Insertion Simulation

Besides the instrumentation of surgical needles with different miniaturized sensors and
actuators, mathematical models have also been reported to aid the puncture stage [15]. Commonly,

these require prior quantification of different elements such as biomechanical properties of tissues,
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material and geometry of the needle and insertion properties such as speed, strength and orientation

[8, 89].

Studies have shown that the needle diameter, perforation depth, frictional forces between the
needle and tissue, needle tip shape, mechanical properties of the tissue, insertion force and insertion
speed are the most leading causes of needle deflections [8, 65, 86]. Consequently, the needle
insertion point and orientation in the skin periphery are crucial to successfully intercept the puncture

target.

Additionally, different physical phenomena occur during puncture, such as cutting/fracture,
sliding, friction, stick-slip friction, tissue deformation, tissue displacement and peeling. These may

influence the penetration forces and needle bending [86, 87].

Abolhassani [88] tests the influence of needle rotation during puncture in two-layer phantoms of
turkey tissue with its skin intact. The needle was inserted in the following cases: no rotational motion;
continuous rotation (motion in one direction); rotation with force control in the X and Y direction
(keeping them as close to zero as possible); and partial rotation (90°, 30° and 10° rotational motion
in each direction about its nominal (zero) position). The author concluded that inserting the needle
with partial axial rotations can reduce frictional forces as well as tissue damage and indentation. In
contrast, continuous rotation can make the needle insertion easier, but it causes more tissue damage

and deformation when the needle is not perfectly straight.

Modelling the interaction between surgical tools and deformable tissues has been a topic of
significant interest in recent years. Hing ef al. [65] described a finite element model to simulate
needle insertion and removal in soft tissues, at speeds of 1.016 mm/s, 12.7 mms/s and 24.4
mm/s. He found that the smaller the insertion speed, the smaller was the force exerted on the
needle tip and the deformation of soft tissues. Okamura [86] characterized the effects of needle
diameter and tip type to the insertion force, when inserting the needle in a silicone rubber phantom.
The authors concluded that a bevel tip causes more needle bending and is more easily affected by
tissue density variations when compared to a triangle and diamond tips. Likewise, other study

reported that the cutting and friction forces increases with an increase of the needle diameter [65].
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2.3.6 Image Guidance Puncture

In order to continuously track the needle tip inside the human body and to avoid targeting errors
and damage of vital structures, through imprecise planning or puncture, imageless techniques are
never used. Although medical imaging can provide further information for diagnostic and pre-

operative planning, it may also presents some limitations.

Table 2.2. Summary of image-guided puncture characteristics for PCNL puncture guidance.

PCNL Image-Guided Puncture

Imagiology Technique

Advantages Disadvantages Main Usage
- High cost
- 3D reconstruction - Needs large spaces to be Preoperative
X-Ray CT . . . .
Based - Real time used intraoperatively that may planning
Im:s?n restrict surgeon’s movements
ging - Most common
(uses )
. technique for puncture
radiation . . Intra-
C-Arm conduction - 2D images only .
exposure o operative
. - Real-time images
for real-time
image - Compact and portable
. g - Clear visualization of . .
acquisition) . - Needs a radiopaque dye Preoperative
VU anomalies - 2D images onl lannin
- Low cost g y P &
- High cost
. - High contrast and - Needs large spaces to be
Magnetic o ] ) . .
resolution images in used intraoperatively that may  Preoperative
Resonance . , .
orthogonal and non- restrict surgeon’s movements planning
(MR) .
orthogonal planes - Needs non-ferromagnetic
surgical instruments
- Versatile method of - Low quality images
conducting surgical - 2D images only
Without X- needles in percutaneous - Image artifacts Intra-
us 2D '
-Ray procedures -User dependence operative
- Realtime images - Difficulties in the
- Reduced cost identification of small calculus
- Needs experienced
US 3D - 3D images technicians Preoperative
- No real-time - Difficulties in the planning
identification of small calculus
Endoscopic - Visualization in real time - Only information about the Intra-
Imaging of adjacent structures surface of organs operative
Multi- - Combines the . . . ,
US &CT _ - Needs non-rigid registration Preoperative
modal advantages from different ) ) :
. US & MR ) . " to align anatomical structures Planning
Imaging imaging modalities
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Table 2.2 gives an overview of possible advantages and disadvantages of different imaging

modalities for usage in PRA during PCNL.

A. X-Ray based imaging

Fluoroscopic radiograph is the most common technique for conducting the PRA, allowing the
acquisition of real-time 2D images inside the human body, which provides information about the
whole anatomy of the urinary system, including kidney stones [20]. Fluoroscopic methods are also

often combined with direct endoscopic visualization for the analysis of anatomical structures [14].

The C rotational fluoroscopy (C-Arm) consists of a compact arc-shaped (180°) system, which is
inserted under the patient stretcher [14, 61]. This allows the acquisition of realtime images,
reporting the location of kidney stones in relation to the whole surrounding anatomy. As a result of
the reduced space that this equipment occupies in the surgery room, percutaneous interventions

have benefited from this method [14].

Apart from fluoroscopy, CT and IVU (Intravenous Urography) appear as other imaging
possibilities [89, 90]. However, both techniques are mainly used as a means of diagnosis and

surgical planning, and not PRA guidance itself.

When using a radiopaque dye, IVU imaging provides a clear visualization of anomalies in 2D
images of the urinary system. As a result of its low cost and high level definition of the urinary system

and kidney stones, this method has even replaced CT for puncture planning [1, 14].

CT still is the method of choice for the diagnosis and preoperative planning of PRA, since it
involves a number of advantages over the IVU, namely the detection of renal calculi with a sensitivity
and specificity of 97 % and 100%, respectively, identification of renal lesions and blood vessels and
3D visualization of the urinary system [1, 14, 45, 81, 91]. On the other hand CT can also be used
with radiopaque contrast dye (angiographic CT) to produce detailed images of blood vessels, ureters,

kidney calyces and surrounding tissues [14].

B. X-Ray free imaging

To reduce X-Ray usage in PCNL, techniques based on US, MR and endoscopic imaging have

been successfully reported in several studies [1, 14, 62].
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The use of US is being recognized as a safe and effective method of conducting surgical needles
in percutaneous procedures, since it enables real-time image acquisition, is versatile and has a
reduced cost when compared to other imaging options [92]. As a result of the absence of X-ray
exposure, this is often the method of choice in pregnant, children and patients with transplanted
organs [1, 14, 40]. However, it is not a substitute for CT since it often fails to detect small anatomical
targets, due to the noise available on the image (e.g. ureteral stones). Moreover, the poor image
quality, shadow and speckle artifacts and user dependence are some problems that limit US usage

for PRA guidance.

In order to reduce some of these US shortcomings, the SonixGPS system [66] has been tested
for PRA. This system overlaps the current and predicted needle tip position over the US stream. To
this extent, the needle tip integrates an EMT sensor at its tip that retrieves the 3D spatial information.
Although this methodology can help the physician to choose a correct puncture path, it remains very
limited since it only provides 2D US images, requires much practice and experience, does not identify
or tracks the anatomical target and surrounding structures and, finally, the needle tip is not always

displayed in the US stream due to limited information about the 3D space in 2D images.

At the level of percutaneous puncture, MR has become clinically important, since it provides 2D
or 3D visualization of high resolution and multiplanar images. Furthermore, the MR allows high
contrast and construction of images in non-orthogonal oblique planes, which provides a complete

view of the total needle length and its spatial relationship relative to the puncture target [14, 62].

Apart from US an MR, that enable surgeons to noninvasively visualize and collect information
about internal organs and its associated phenomena, endoscope methods have also gained

importance in recent years for establishing a percutaneous path [1, 61].

Recently, Bader et a/. [10] reported a modified needle with 1.6 mm that integrates a micro-optics
of 0.9 and 0.6 mm diameter. This micro-optics integrates light and can be inserted either in the
stylet or in the working sheath of the puncture needle. This system was tested for creating a PRA in
15 patients. The authors reported a decrease in tract size, need of medical imaging and morbidity.
This optical needle helps the surgeon to avoid adjacent organs during needle insertion and to
decrease the time needed to puncture. Desai ef a/. [93] used the above needle to define microperc

as a modified PCNL procedure. Under US and/or fluoroscopic guidance a selective calyceal puncture
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is made with the optical needle guidance. The authors reported that the main disadvantage was the
long duration time for stone fragmentation, recommending it for small stones with diameters less

than 20mm.

The new microperc procedure may be compared in terms of clinical outcome with flexible
ureteroscopy, which has been recommended as a second-line treatment for calculi with <1 c¢cm, or
as the third choice for stones with 1-2 cm [17, 42]. Modern endoscopes with smaller diameters can

be easily maneuvered into the intra-renal space from upper to lower kidney poles [21].

C. Multimodal imaging

Several authors have explored multimodal imaging for PRA, combining the accurate anatomical
information of pre-operative images (CT/MR) with the real-time capabilities of interventional imaging

(US/fluoroscopy).

In this sense, the rigid registration of intra-operative US images with high-resolution pre-operative
CT volumes has been explored. Leroy [94] presented an automatic rigid registration method based
on cross-correlation of the image intensity of US and CT images. In order to improve cross-
correlation, the CT and US image contours were highlighted using image processing algorithms.
Results present a total registration time of 80s and a mean squared error of 5.1mm. More recently,
Li [62] has explored the Iterative Closest Points (ICP) registry algorithm to align intraoperative US
images and preoperative MR images. Manual selection of pairs of points in both images from the
cranial pole, caudal pole and kidney hilum were used, as well as a respiratory gating method to
minimize the impact of kidney deformation. US images were only acquired at the same stages of

the respiration cycles. The authors reported a mean squared error of 3.53 mm.

Often, the use of statistical metrics, such as mutual information and correlation ratio, allows the
estimation of the correspondence of original CT and US intensities. Registry errors of 1.2mm and
target distances of 4,7mm have been obtained by Mozer [95]. In this work, the authors use a 3D/3D
surface matching rigid registration between CT segmented structures and the 3D US images. Wein
[89] presented a fully automatic image-based algorithm for registering 3D freehand US sweeps with
CT. They applied a linear correlation non-rigid registration technique to achieve a processing time of

28s and target distance error of 8.1mm.
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Nonetheless, all these approaches formalize such fusion as a rigid problem, disregarding

deformation of the kidney and its surrounding structures [96-99].

2.3.7 Medical Robotics

Over the last decade robotic-assisted surgery has become an increasingly popular approach for
treatment of a variety of urologic disorders. Several robots with different levels of specialization,
precision and automation have emerged with high potential to improve surgical performance, by
providing precise and stable movements and decreasing surgeon dependence [18, 63, 100].
Currently, most of these systems are based on medical imaging information since it is decisive for

all PCNL stages.

Only a few of robotic devices may be specialized to a level that allows the improvement of the

puncturing step in PCNL.

PAKY-RCM [18], reported by the Johns Hopkins University group (Baltimore, USA), was
developed to aid the PCNL puncture step. This robotic arm have 7 DOF that allows the needle
positioning in the skin puncturing site and execution of its insertion. Moreover it also quantifies the
strength exercised at any time of puncture. The robot acts as a slave since it is fully controlled by
the surgeon via a joystick. Experimental tests in humans reported errors of 2 mm and a
nonsignificant difference between the procedure performed by PAKY-RCM and the manual procedure
(10.4 +6.5 15. 15.1 + 8.8, p = 0.06). Similar to PAKY-RCM, the AcuBot robot adds a bridge support

over the table of the imager and a linear pre-positioning stage with 3 DOF [18].

Given the MR advantages over fluoroscopy, especially the absence of ionizing radiation, the same
group reported the Johns Hopkin MrBot [18]. It employs a new generation of pneumatic stepper
motors using nonmagnetic and dielectric materials. This system, with 6 DOF, has a great potential

for PCNL, given its demonstrated precision of 0.72 + 0.36 mm in /7 vifro assays.

Lately, dozens of research works have been reported concerning the development and testing of
US-guided robotic systems [100]. The typical approach resorts to a surgical needle attached to a
robotic arm which is driven — automatically or controlled by the surgeon - in a 3D or 2D imaging
volume. In the 3D case, the imaging volume results from the acquisition of a 3D US or by overlapping

and combining multiple 2D US images. The robotic arms, whose control is automatic, are also
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represented in the volume imaging using similar navigation systems. Although recent studies do not
aim at conducting a surgical needle for PRA, live biopsy procedures have been reported with an
accuracy ranging from 2 to 6 mm. Recent studies also present the use of robotic arms to support
and compensate gravity during needle insertion. A locator apparatus that stabilizes the needle during
the puncture was tested in [9], where the authors achieved a mean puncture time of 225 s for kidney
access, which is quite inferior to the average puncture time reported in literature (approx. 12 min)
[44, 101]. The robotic arm DLR MIRO with 7 DOF, 10 Kg and 30 N of strength has been introduced
by Hagn [102]. Laboratory tests, exploring its surgical suitability, demonstrated its ability for aligning

endoscopes, biopsy needles, electrodes and brain stimulation catheters, with millimetric precision.

2.3.8 Computer Aided Surgery

The combination of medical imagiology and tracking systems have recently been used for
computer-assisted navigation systems. Different works have been proposed in literature, regarding
navigation and augmented reality software. Most of them start by emphasizing the target structures
of surgery and surrounding tissues in preoperative data, using image segmentation algorithms or
computer graphics (direct volume or surface rendering). Then, the image processed data is
superimposed and registered onto real time intraoperative video (augmented reality) or static
preoperative volume data (navigation software) [103]. The surgical tools are commonly updated

using OMT and EMT systems.

Most augmented reality systems are tested in neurosurgery, otolaryngology and orthopedics. In
these cases, the target organs are assumed to be rigid [103]. Only a few trials have been applied to
urology [104], since the use of augmented reality in abdominal surgery is more challenging due to

tissue deformation and respiratory movements.

Mozer [67] described an optical guided system to superimpose US nephrostomy tract onto
fluoroscopic images during PRA. Recently, Rassweiler [52] reported an augmented iPad-Assisted
PRA, where before the surgical procedure, all relevant anatomic structures are identified and marked
in CT preoperative images. During surgery, the iPad camera is used to obtain intraoperative real-
time images and, simultaneously, the monitor shows an enhanced virtual reality of the patient’s

anatomy. For this purpose, four optical markers, which must always be visible on the iPad screen,
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were rigidly registered. This system helps the surgeon obtain kidney access by showing the

relationships between the surgical structures and surgical instruments.

Besides PCNL, the number of authors reporting augmented reality systems has increased
considerably in the last decade [62, 103-105]. Considering the Teber [104] and Su [105]
contributions for PRA, using image navigation systems for nephrectomy laparoscopic surgery, it is
expected that the use of this approach - and similar ones — provide good opportunities for PCNL

improvement.

Li et al. [101] designed a modified “stereotactic localization” system for PCNL, inspired by the
locating principle of extracorporeal shock-wave lithotripsy and by stereotactic techniques. Although
they decreased the puncture time from 17 to 7 min, they still continue using X-Ray imaging with an

exposure time higher than 2 min and success rates lower than 90%.

In addition to augmented reality, Huber [106] reported an EMT system for navigated renal access
in an ex vivomodel. The surgical needle is guided from the skin puncture site towards the renal calix,
according to information retrieved by a catheter that integrates EMT sensors. The researchers
accomplished shorter puncture times of 17 s and with a higher precision of 1.7 mm. EMT navigation

has also been successful described to guide percutaneous puncture in liver and lungs [90].

2.4 Discussion

The number of PCNL procedures is steadily increasing, despite the number of trained urologists
mastering this technique has not kept up to this growth factor [44]. This chapter specifically focused
on methodological and technological advances that may leverage better and easier PRA during

PCNL.

Several surgical and technological paths have been explored to facilitate and improve the
different surgical stages. New surgical positions, simulation systems for puncture training,
instrumented needles and biomechanical models can contribute to puncture effectiveness, decrease
the number of attempts and procedure time. Consequently, the development of new surgical
instruments, biocompatible with imaging systems, easy to use, durable and capable of transmitting

force and movement haptic feedback (with tremor compensation), may greatly facilitate many of the
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PCNL steps as well as other MISs. Moreover, needles allowing the spatial monitoring tips can be

used to reduce respiratory movements and tissues deformations influences.

Several shortcomings related to image guided techniques were investigated, showing that real-
time tracking and registration of organ motion and deformation remains the biggest challenges to
achieve robust navigation. Although breath hold, respiratory gating and biomechanical models have
been employed, no widely acceptable solution has yet been reached due to the lack of robustness,

precision and realtime algorithms.

The medical benefits of the various imaging techniques are unquestionable for PCNL and other
MISs. Despite its advantages on diagnosis, surgical planning and guidance, there are some factors

that limit the use of imaging techniques in renal puncture.

Although fluoroscopy and US are the most popular approaches, providing real-time image
stream, they also present some limitations. Fluoroscopy is intrinsically 2D (a series of “overlapping
shadows”), presenting little soft tissues contrast (which decreases target and surrounding structure
definition) and exposes the patient, as well as the physician, to a significant amount of radiation
[106]. Mancini [107] reported higher body mass index, greater stone burden, nonbranched stones
and multiple nephrostomy access tracts as the main aspects for increased radiation exposure during

PCNL.

On its turn, the low image quality of 2D US still remains one of the most limitations. Although
the use of 3D US is a promising method for mitigating the disadvantages of 2D US, providing
volumetric measurements and 360° analyses of anatomical structures, at the moment it demands

experienced technicians in handling the US probe during volume reconstruction.

Finally, both 2D and 3D US present difficulties at the identification and visualization of the urinary

system anatomy and small kidney stones, particularly in obese patients [42, 60, 62].

Many of the current imaging methods only allow the acquisition of 2D images (fluoroscopy, IVU
and US) and therefore do not take into account the 3D structure of the urinary system anatomy.
Human error may stem from the misinterpretation of images during puncture and fluoroscopic

methods [1, 45, 62].

Despite IVU and angiographic CT have potential to improve the image quality for PRA planning

and guidance, when compared to CT itself, they require the injection of a radiopaque dye, which can
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cause allergic reactions in some patients and potentially further damage to kidney function, blood

vessels and nerves [14].

Other imaging modalities, such as CT or MR, offer high quality images, but are only used for
diagnosis and surgical planning, since their acquisition is not in realtime or require large spaces

that can obstruct the surgeon's actions.

The use of MR image acquisition in real-time is also limited by the large magnetic field generated,
which disables the examination of patients with electronic devices (e.g. pacemakers and
defibrillators), and imply the use of non-ferromagnetic surgical instruments, increasing the procedure
costs. Since MR produces high quality images and eliminates radiation exposure, new ergonomically

designs of MR systems will certainly constitute an important research path on medical imaging.

Although multimodal imaging systems can reduce many of the problems mentioned above, the
lack of algorithms for preforming a robust real-time non-rigid registration continues to limit its use in

clinical routine [108, 109].

Finally, endoscopic methods present high spatial resolutions and provide realtime image
acquisition, allowing direct visualization of the structures manipulated in surgery. The use of flexible
ureteroscopy in pediatric patients has been debatable, due to small caliber of urethra and ureter.
Consequently, micorperc may be more valuable technigue, with no morbidity associated with tract
size [10]. However, these methods only provide information about the surface of organs and cavities,
therefore preventing its use in surgery planning and limiting its capability for puncture guidance [1,
103, 106, 109]. Future developments of endoscopic surgery may focus on camera resolution, field
of view and depth perception, tactile feedback and improvements on mobility and handling of

instruments.

Obtaining clinical relevance in the field of image recording remains a challenge and a large active
research area, mainly as a result of the difficulties imposed by breathing movements and

deformation of tissues during surgical manipulation [103].

Computer aided surgeries and tracking devices are subject of ongoing research since they may
play an important role in the future of PRA. These techniques have the potential to provide valuable
interfaces between anatomical structures and surgical tools, medical robots, organ deformation and

movements. Therefore, navigation systems could represent a step forward to reduce the medical
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imaging dependence and associated shortcomings in puncture conduction. Although computer
aided surgery may improve surgeon skills, it remains a challenging issue. The lack of non-rigid
registration methods that estimate soft organ movements and interaction between surgeon
instruments and organs, limits its use in medical robotics and multimodal imaging. Many
improvements are still needed for both mathematical algorithms and equipment to reach widespread
computer aided surgery in the operating room. Moreover, the registration process, between image
data and surgical tools, also needs additional medical experts, being a constraint in today’s clinical

environment.

OMT has been very helpful intraoperatively when combined with pre-operatory CT imaging.
However, it demands a line of view to the optical references and the image acquisition should be

with the patient lying in the same position of the surgical procedure.

In contrast, EMT do not depend on a clear line of sight. Therefore, surgical tools with small coils
may be placed near the renal stone, acting as a real-time anatomic target locator. Although Yaniv et
al. [64] concluded that it is difficult to generalize working conditions for each EMT system, he

achieved average errors under 3 mm in different operating rooms.

Considering the state of the art of medical robots, one may conclude that surgeons are still in
the early stages of understanding and taking advantage of the full potential of robots in medical
practice. However, one should note that the robot introduction in surgery procedures is increasing
steadily, mainly due to the potential of these systems to increase surgeon movement accuracy, and
the overall quality of surgeries. Consequently, one has assisted to an increased number of urologists

with training to conduct robotic assisted surgeries [1].

Medical robotics also constitute an essential component in the path for achieving full functional

telesurgery, a concept that has been widely debated in the literature [18, 63, 100].

Despite its unquestionable advantages, medical robotics are still struggling to overcome some
important problems to its widespread use, in particular the difficult initial setups, expensive costs,
mechanical problems, absence of tactile feedback and steep learning curves associated with the
acquisition of proficiency. New developments of medical robotics should focus on overcoming these
disadvantages as well as on improving the easy attachment of surgical instruments, sterilization and

installation facilitation, security and more independence to imaging systems.
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Hereupon, it is expected that future improvements on the PRA will comprise the elimination of
radiation, reduction of surgical costs and time. Finally, although the development and improvement
of autonomous robots may broad the use of PRA of surgeons less familiarized with MISs, it also

raises challenging robustness and safety issues that have to be tackled in the future.



KidneyNav — Framework for
PRA Planning

The chapter describes the development of a software application entitled KidneyNav. It integrates
a set of image processing and computer graphics algorithms that allow an intuitive visualization of
multiple organs surrounding the kidney for aiding of the PRA planning.

Additionally, KidneyNav was further combined and tested with OMT technology for PRA guidance
(Chapter 4) [55].
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3.1 Introduction

During PRA, the surgeon must assure that the needle reaches the desired target without
damaging any other organ during needle insertion. A pre-operative study followed by an accurate

puncture planning is often performed using CT data sets [14, 44, 110].

Image processing based methodologies have been suggested over the years to facilitate,
automatize and improve surgical planning [109]. Many existing ones focus on the segmentation of
individual organs [111-113], where the liver have been the most preferred organ, where kidneys,

spleen, pancreas were analyzed less frequently [96].

Robust segmentation of abdominal organs remains a challenging task because of the variability
of the shape, sizes and locations can vary significantly in different subjects [114-116]. The fusion
between 3D segmented organs and virtual surgical tools may leverage the surgeon to achieve high
surgical success rates, benefiting needle-based interventions such as laparoscopic biopsies, radio-

frequency and cryo ablations [117, 118].

Some researchers have already been focus on abdominal multi-organ segmentation with
increasingly promising results in recent years. Despite of the high variability between patients,
authors use frequently some basic rules of anatomy and physiology, combining statistical models

into developed methodologies [96, 113, 119-121].

Zhou et al. [121] combine a pre-segmented atlas into a fuzzy connectedness framework. Several
parameters, such as organ intensity features, seeds, and threshold values were combined to achieve
automatic segmentation of abdominal organs. The overlap between neighboring organs was solved
based on Euclidean distance and watershed methodology. The authors segmented the liver, right

kidney, left kidney and spleen with false positive rates of 6.6%, 8.5%, 7.6% and 6.4%, respectively.

Shimizu et al. [122] propose a method for the extraction of 12 organs from non-contrast 3D
abdominal CT data. An atlas guided segmentation with an expectation maximization was used to
deal with large fluctuations in the feature distribution parameters between subjects. The final
segmentation was obtained using multiple level sets. The average performance of the liver, spleen,

left and right kidneys, heart, gallbladder and abdominal aorta was 78.8%.
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Another fully-automated method was presented by Wolz et al. [98]. Hierarchical atlas registration
and weighting scheme was used to generate specific priors from an atlas database by combining
aspects from multi-atlas registration and patch-based segmentation. When testing the methodology
in 100 CT datasets, the authors reported a DSC (dice similarity coefficient) score of 94%, 91%, 66%

and 94% for liver, spleen, pancreas and kidney respectively.

Linguraru et al. [96] described a new formulation of 4D directional graph based methods in
integrated statistical location priors. Training data from a patient population were used to
automatically initialize the graph by an adaptive 4D convolution. Liver, spleen and kidneys were
robustly and accurately segmented with volume overlaps over 93.6%. However, the algorithm takes
9 h 25 min on a typical dataset. Employing multiscale optimization the computation was reduced to

an average of 3 h.

Kobashi et al. [116] uses dynamic thresholds under a priori shape information constraints. They
showed fragmented results disturbed by intensity inhomogeneity. On the other hand, Lee et al. [120]
created several spatial fuzzy rules to identify abdominal organs. Such method is not generalized for

a full range of individuals and uses a complex set of fuzzy rules.

Although multi-organ segmentation algorithms in CT/MR volumes and non-rigid real-time CT/US
registration methods [105, 108, 123] have been proposed in literature, they have not yet been
applied for PRA to automatically segment and enhance the pre-operative data or to estimate the best
trajectory for PRA. Therefore, this chapter aims to develop and test a new framework (hereinafter
referred as KidneyNav) to automatically segment the kidney and surrounding structures, helping the
surgeon to easily and intuitively plan the PRA. From a PRA point of view, it should segment and
represent in a 3D space the kidney and its surrounding structures allowing the surgeon to rapidly
identify all the anatomical structures, stone shape, size and location, define a skin site to insert the
needle and evaluate a virtual path between the between the anatomical target and the skin puncture

site.

Being an application for surgical guidance, KidneyNav framework follows the common and
necessary steps in which the user imports a volumetric image data, defines the anatomical target,
plans the needle insertion trajectory, registers the image data to the patient, and navigates to the

target using tracked tools that are overlaid onto the image data.
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3.2 Methods

3.2.1 Framework Overview

Since real-time execution (> 25 frames per second (FPS)) is a critical situation for these kind of
applications, C++ was used as the main programming language. KidneyNav was created and
compiled using the Microsoft's Visual C++ 2010.

For the graphical display and user interface control, one used Qt 4.8.5. It is a C++ cross-
platform application framework that can be easily integrated in the Visual Studio suite, improving
and faster the implementation workflow.

Finally, KidneyNav is fully integrated with open source libraries such VTK (Visualization Toolkit)
and ITK (Insight Toolkit). These libraries provide advanced functions for computer guided surgery
segmentation and image registration as well as many 3D visualization and rendering capabilities.

The KidneyNav graphical user interface (GUI) was optimized for kidney based interventions,
integrating many functionalities that can be used pre- or intra-operatively. The development of such
framework comprises the following steps:

I.  Development of a GUI that guides users throughout whole functionalities for surgical
navigation:

a. 3D Visualization: draws virtual tools in a 3D world, imported by a STL file (tool
in red, Figure 3.1). The user can use different camera views: front view
(represents Ox vs Qy), side (represents Oz vs Ox), top (represents Oy vs Oz)
and needle view (3D camera placed at the needle tip);

b. 2D Visualization (Figure 3.1-g): draws a circle and a ring. The ring is always
drawn in the view. In contrast, the circle moves according to the Euclidean
distance between the needle tip and anatomic target. Likewise, the user can
be guided through different views: front view (positional differences between Ox
and Oy), side (positional differences between Oz and Ox), top (positional
differences between Oy and Oz) and orientation view (positional differences

between the needle tip and target orientation).
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Figure 3.1. Representation of different KidneyNav windows: a) volume rendering widget; b) processing widget with
different windows and configurable settings; c) widget to define and change transfer functions for volume
rendering; d) 3D registration control widget; e) OMT/EMT interface; f) and g) show 2D or 3D guidance interfaces.

II.  OMT/EMT interface allowing:
a. Communication with the OMT Polaris Optical System and EMT Aurora
Electromagnetic System (both from NDI (Northern Digital Inc.), Waterloo,
Canada);
b. Configuration and initialization of the tracking tools;

c. Gathering and processing of the transformation matrixes for each tracking tool.
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M. Pre-operative image segmentation highlighting through volume rendering techniques
different anatomical structures used during the surgical procedure (e.g. left kidney, right
kidney, ureters). The data is loaded by TIFF or DICOM (Digital Imaging and

Communications in Medicine) datasets.

3.2.2 Abdominal Multi-Organ Segmentation for PRA Planning

KidneyNav integrates an image processing methodology that allows 3D automatic labelling of
relevant anatomical structures such as colon, spleen, kidney, kidney calyces and stones. Such
methodology was tested in CT images since it is method of choice for the preoperative planning of

PRA [1, 14, 45, 81, 91].

A. Volume of Interest

The methodology starts by automatically define a volume of interest (VOI) where the kidney and

their neighborhood structures, with relevance for PRA planning, are placed. Such volume will be

calculated according to the inner volume of the rib cage.

Figure 3.2. Representation of the different steps to calculate the VOI for PRA planning: a) shows the input Dicom volume;
b) shows the output of the pre-processing stage using a sigmoid non-linear filter; c) shows the rib cage by applying an
iso threshold; and d) show the VOI within the rib cage.

To this extent, the input slices are firstly smoothed using an anisotropic diffusion algorithm which
reduce the noise spots corrupting the image [124]. It depends on three parameters: number of
iterations, edge parameter (o) and an edge-stopping diffusivity function g(x, o) that evaluates the

Tukey's function with the edge parameter ¢ at the pixel x (Equation 3-1):
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The filtering outcome was input to a sigmoid non-linear function that maps the image intensities
into a new range (Figure 3.2-b). The output pixel intensity I’ was determined according to Equation

3'2
I’ = I - I ' 1/ e 0 E t 3‘2

where I represents the intensity of the input pixel, Ipjax and Iy the maximum and minimum
values of the output image, a the width of the input intensity range and £ the intensity around which

the range is centered.

The bone segmentation (Figure 3.2-c) was accomplished using an iso-surface threshold T,
whose level was automatically calculated based in a entropy maximization criterion. Ranging from a
minimum pixel intensity I,y to maximum one Iy, 4y, the T value was determined as the one that

maximizes the total entropy E (Equation 3-3):
Er = EB; + EO; Equation 3-3
where EOQ; is the entropy of the segmented objects as the result of the threshold algorithm at level

T and EB; is the entropy of the background objects.

Regarding the Hounsfield scale, bone structures intensities varies between Iy = 900 and I 4x

= 1400 for all the used CT data.

The segmented rib cage defines the targeted VOI, where relevant structures for image navigation

should be segmented and highlighted (Figure 3.2-d).

B. Volume Course Partitioning

This section describes the processes to partition the image volume into small primitive volumes.
However, the probability that a single primitive will suitably associate to each object of interest is
small. Knowing this limitation, a good design goal is to create a high number of primitives and try to

semantically link them into a hierarchy.

Since image intensity is characterized by a significant change across boundaries between

different objects (image edge), the partitioning procedure starts by computing the gradient of
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magnitude mag (Vf) of the smoothed image (Equation 3-1). The mag(Vf) is determined using

the Sobel operator that computes the partial derivative in all axis (Equation 3-4):

ar? df? af? .
mag(Vf) = \/(a "2y dz ) Equation 3-4

All primitive volumes were created by recursively tracking all pixels between a starting pixel (red,
Figure 3.3-c) and a local minimum of the image gradient magnitude (green, Figure 3.3-c), i.e. for
each starting pixel p of the input image, a pixel g in the 26-connected neighborhood (yellow in Figure

3.3-c, showing 8-connected 2D neighborhood) was selected.

e Tl o

46 49§ 49

35| 511 55

51 54 | 60
C

Figure 3.3. Schematic for the partitioning process: a) image gradient magnitude; b) zooming area of the gradient
magnitude; c) pixel intensities of the zooming area in b) where the arrow is the searching direction.

If more than one pixel g exists, the last pixel found was taken, considering p as a reference pixel.
Every pixel g along the path is marked as a local minimum of the gradient magnitude and assigned

a distinct label.

Each created region shares the same statistical properties and the boundaries coincide with the

ridges of the gradient magnitude surface.

C. Volume Merging

Although the probability of having region boundaries corresponding to boundaries of important
objects increases with over-segmentation, it can also create many insignificant boundaries. Since all
pixels within the same image object are homogeneous and considerably different from other objects,
there are neighboring primitive volumes that can be merged, yielding a meaningful segmentation.
This stage describes how one dealt with this problem in order to segment and select relevant

anatomical structures for PRA planning.
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Briefly, primitive volumes were clustered in different groups as a local optimization problem,
considering that all pixels within the same image object are homogeneous and considerably different

from other objects.

[ Minimum Description Length

The large quantity of primitive volumes V; (i = 1,2, ..., k, with k being the total number of
primitive volumes) was reduced using a merging procedure, based on the pixels entropy distribution
between neighboring regions. All pixels in V; were treated as a stochastic variable with
distribution Py, (I;), where I; (i = 1,2, ...,k) is the original image intensity in the ith primitive
volume.

Apart from pixels distributions, small primitive volumes that had large common boundaries

compared to their size were firstly merged.

These criteria were formulated mathematically as a global optimization problem using the
minimum description length principle [125]. Formally, it is determined from the total number of bits

necessary to encode the volume V (By,) inside the rib cage given by the Equation 3-5:
V(By) = ) BV — B5(V) Equation 35
i

where:

1. B;(V;) is the total number of bits needed to describe the image intensity for each primitive
volume given by B;(V;) = nV; - H(V;); with nV; being the number of voxels and H (V;) the
entropy of the volume V;. The entropy H(V;) of a discrete random variable V; is defined as:
HV) = —Zuievi Py,ay - log, (PVi(Ii));

2. Bg(V) is the number of bits needed to code the volume boundary information given by
Bg(V) = N,.(V) - by + N, (V) - by; with N,.(V) being the number of primitive volumes in V;
N, (V) the total boundary length of the volume partitioning; b; the number of bits required to
code the starting point; and b, the number of bits required to code each element of the boundary

chain code.
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The advantage of applying the minimum description length principle to merge regions is that
decisions were made adaptively, taking into account local region statistics. As a result, salient

boundaries are preserved while others are deleted by region merging.

/. Merging Cost

According to the above information, the total number of primitive volumes was reduced by
merging, at each step, the pair of volumes that provided the largest positive description gain G

among all possible merges.
The value of description length gain G associated with this merging is given by Equation 3-6:

G = nV H(V,) + nVyH(Vy) — ey H (View) + by + nb(Vp, V) - by Equation 3-6
Where nb(V,, V) is the number of common boundary elements between a primitive volume
V, and Vj; Ve is @ volume resulting after merging V,, with Vy,; b, is the number of bits required
to encode the starting point; and b, the number of bits required to encode each element of the

boundary chain code.

Il Hierarchy Tree

These two neighboring primitive volumes were chosen in a greedy way (meaning that the
problem is solved by making a locally optimal choice at each stage trying to find a global optimum),
as long as regions can be merged towards a minimum value of G (the increase of the entropy value

is compensated by the elimination of the common boundary).

Primitive volumes were merged in a deterministic order, so that computation time was reduced.
Firstly, a histogram was created for each primitive volume V; and subsequently neighbor volume
relations were extracted from the original image partitioning. Finally, the common boundary line
length and the description length reduction are computed for every pair of neighboring regions. The
merging procedure inherently builds a hierarchy tree of different levels, nodes and leaves. The
number of leaves is equal to the number of primitive regions in the volume. The links in the tree are
created based on how primitive regions at one level are joined into new single regions at the next

level.
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The greedy procedure is stopped when only K main volumes exists, corresponding to K volumes
to display inside the rib cage. This number K must be specified by the user as the number of
anatomical structures to highlight and display during volume rendering. Figure 3.4 show different

merging levels.

Figure 3.4. Representation of different merging levels: (left) input image; (center) set of 96 regions; (right) set of 7
regions.

D. Volume Rendering

Since the definition of a rendering transfer function may a time-consuming and a challenging
task, KidneyNav provides different functions that can be automatically loaded by the user (Figure
3.1-c). Each function is applied to map the voxels of each segmented volume through a multi-volume
Ray Cast method [126]. The user can build and load pre-defined transfer functions, highlighting

areas of interest in the volume mesh, while disregarding the rest by making them transparent.

Ray casting, like other volume rendering methods, is based on the rendering equation [127]:

1(t%5) = v(x0, 1) | €Can, ) + f P (1 X V) (20 ) dy Equation 37
)

Equation 3-7 models the physical phenomenon of light emission and scattering in computer
graphics, showing that the transported intensity of light I from a point x; to x, can be determined
by summing the emitted light € at the same path and the total light intensity p that is scattered
from all other surfaces y reflected at x,. v(xq,x,) is a geometry term which giving the mutual

visibility between x; and x,.
A volume rendering integral can be derived to Equation 3-8 [127]:
t2 ian 2.
[ = j‘ C(t)e_fttl a(s)ds g Equation 3-8
t

1
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Within Equation 3-8, the image intensity I is dependent on the relation between the volume
intensities at point t along the ray, the color C (light information, including emitted, scattered, and
reflected light) and an opacity value a. Considering the computational limitations, a good discrete

approximation of Equation 3-8 is shown in Equation 3-9:

M k-1
I = Z Cray 1_[(1 — ai) Equation 39
k=1 i=1

where C;, and «a;, are the color and opacity samples collected along the ray.

For each pixel in the image plan, an imaginary ray is casted in the view direction. The intensity
values along the ray (at small and equivalent intervals) are converted into color and opacity using
RGBA transfer functions. Since multi dependent volumes may be intersected by a single ray, different
transfer function were defined and used for each segmented volume. The final pixel intensity is based

on the composition function that gathers information about all volumes.

The following algorithm was used to implement the above methodology under VTK (Table 3.1).

Table 3.1 Algorithm for multi-volume rendering.

Input: Clustered volume - C,,
Output: Rendered image - Re;
%Processing
CreateVTKRenderer() % /nitialization of the volume object, environment lights, and a camera view
CreateVTKVolume() % Volume data to render
CreateVTKVolumeMapper() % Delegates fo a specific volume mapper based on rendering parameters
and available hardware. When supported, GPU ray casting was used for volume rendering.
CreateVTKOpacityColorFunction () % Creates a supported transfer function based on the function defined
by the user using the KidneyNav interactive tool.
CreateVTKVolumeProperty () % Determines the type of interpolation to use when sampling the C,,, and
receives the information stated by the CreateV/TKOpacityColorFunction).
for each Volume i in C,
Mask € CreateMaskFrominput(C,,[i]); % gets the original pixel intensities where
C,[i].SetColor(GetVTKOpacityColorFunction()[]);
C,, [i].SetOpacity(GetVTKOpacityColorFunction()[i]) ;
GetVTKVolume()[i].Set(C, [i]);
GetVTKRenderer.Add(GetVTKVolume()[i]); % Adds each Cluster i to the window
end for
UpdateWindow() % Updates the visualization and camera
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E. Volume Editing

After the merging and rendering procedure, different anatomical structures may be visualized as
one single volume. In these cases manual editing might be needed to correct segmentation errors.

KidneyNav interface provides two ways to facilitate this manual editing.

[ Direct Manipulation of the Merging Tree

Since the merging procedure automatically builds a hierarchy tree, the user can easily modify
an interface slide bar value, allowing to choose the tree level output, i.e., the number of output

volumes.

Figure 3.5 shows a short example of hierarchy tree constructed after the merging procedure.
Each number from O to 9 represents a primitive volume in the image. The -1 labels indicate that
these volumes are not merged together with any other region at the current level. Suppose that
region 6 is an unwanted result of a volume of interest being a merging result of leaf regions 1 and 2
(each leaf corresponding to different anatomic object). In this cases, the user can move down in the
tree, increasing the probability that leafs from different object are not merged in a single output
volume.

Level 0 Level 1 Level 2 Level 3
- - 1 0

Figure 3.5. Tree hierarchy example.

/. Shape Separation

By clicking at any voxel inside a specific volume, it will be re-structured and divided into new sub-
volumes according to the volume shape. The idea is to use local minimum spots in the center of

each structure that should be separated.
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a b c d

Figure 3.6. Overview of the shape separation methodology: a) input image representing three different objects with
similar image intensity and labelled as the same object; b) distance transform; c) local minima to distinguish each
object; d) new labelling output.

Since volumes from different anatomical structures and similar intensities are connected by
small bindings when compared their total volume (three objects separated by a dashed line, Figure
3.6-a), the distance transform method was useful to create fiducials inside each object (Figure 3.6-
b) [128].

A Otsu threshold [129] method is used to automatically create a binary image I that classifies
the object of interest and image background. The Euclidean distance between the white pixels in Iy
and its nearest nonzero pixel was used to define the pixel intensity of a new image I, (Figure 3.6-
b).

The local minima from I, whose external boundary pixels have a higher value, were tracked
and used to define fiducials points (Figure 3.6-c shows the overlap between Iz and local minima).
Noise spots were reduced by only considering minima regions with area higher than 5 pixels. Finally,
primitive volumes are created by tracking all image local minima. In the end, each minima

correspond to a segmented volume and a distinguishable anatomical structure (Figure 3.6-d).
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3.3 Experiments

3.3.1 Segmentation and Rendering

Different experiments were carried out to provide specific information regarding the parameters
which work more effectively, namely the merging stage and the best number of primitive volumes
for volume rendering.

The methods were evaluated using a Dicom dataset of the human abdomen from 16 different
patients acquired at Hospital of Braga (10 male and 6 female patients). The input dataset have
512 X 512 X ~174 (width X height X depth) pixels of size with a slice thickness of 1-5 mm and a
pixel resolution between 0.680 and 0.816 mm. Synthetic images were equally used.

All of the experiments were conducted on a PC equipped with a NVIDIA® GeForce® GT 330M,
8 GB of RAM and an Intel® Core™ i7-740QM CPU. The rendering widow size was about 650x650
pixels.

In order to evaluate the segmentation procedure, anatomical relevant structures were manually
segmented (by expert surgeons) and marked with different labels. Each model was then used as
reference for the evaluation study. The performance of segmentation method was accessed by
quantifying the spatial overlap between both manual and semi-automatic segmentations. If more
than 1 primitive volume exists inside the manual segmentation, only the primitive with higher volume
(total number of voxels) was considered.

The spatial overlap was calculated using the DSC, i.e, a statistic used for comparing the similarity

of two samples (Equation 3-10).
2|A N B| B 2TP

— Equation 3-10
|A| +|B| 2TP+ FP+FN

DSC(A,B) =

Where TP is the number of true positives, FP the false positives and FN the false negatives
between two data set A and B. The DSC score ranges from 0%, indicating no spatial overlap between

sets of binary segmentation results, to 100%, indicating complete overlap.

Considering the hierarchy tree of the merging procedure, DSC scores were accessed when
keeping 7, 10 and 15 final volumes inside the rib cage. Volume editing methods were evaluated by

calculating DSC score improvements.
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The sigmoid non-linear filter (Equation 3-2) was configured with Iy;4x = 3000, Iy = 1, a =
400 and B = 1500 for all the experiments to enhance the bones structures as the lightest areas.
On the other hand, the images were diffused according to the Tukey's function Equation 3-1 using

80 iterations and an edge parameter of ¢ =4.5 (values determined experimentally).
Concerning the rendering process, one evaluates the following outputs:

= Time needed to load and render a Dicom volume;
= Refresh rate while updating a virtual needle;

= Refresh rate while volume manipulating: translate, rotate and zoom.

3.4 Results

3.4.1 Segmentation

Figure 3.7-a3, -b3, -¢3 and —d3 shows segmentation results with DSC=98.86%, DSC=96.19%,
DSC=86.44% and 95.04%, respectively. These results were achieved after keeping only a specific
number of k regions: k=2, k=1, k=3 and k=1 for images in Figure 3.7-a2, -b2, -c2 and -d2,

respectively.

cl

Figure 3.7. Segmentation results for synthetic images: al, b1, c1 and d1 show the input images; a2, b2, c2, and d2
show over-segmented partitioning results; and a3, b3, ¢3, and d3 show the final segmentation.

Figure 3.8 shows over-segmented regions of axial CT slices. Visually, whole pixels within one

primitive volume belong to the same anatomical object and their edges coincide with the structure
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boundaries. However, this result is not reliable to achieve high DSC scores, since a large amounts

of volumes exists.

Figure 3.8. Axial slices showing over-segmented results: a) 3039 regions; b) 3570 regions; and c) 4372 regions.

Table 3.2 presents DSC scores for different organs when the segmentation was performed in
two modes: Auto (without manual editing) or Interactive (with manual editing). As expected, best
results were obtained when interactive editing was used. Best automatic results were obtained by

keeping 10 output volumes, while for the interactive interaction 25 outputs volumes were used.

Table 3.2. DSC scores for different organs. *indicates statistically significance (Auto vs. Interactive) according t-
test Welch (see attachment 1 for more detail).

Segmented
Intestine i Kidneys

Segmentatio
n Auto Interactive™ Interactive Auto Interactive Auto Interactive
Mode
51.8 80.7 86.4 90.5 72.3 95.6 88.1 94.3
DSC (%)
+10.6 +3.2 +6.9 +4.6 +6.6 +1.6 +3.1 +1.1

High DSC scores were harder to get for the intestine because of its irregular shape and high
variations of intensity. By manually editing all primitive volumes belonging to the intestine, the DSC

scores can be increased from 51.8% to 80.7%.

After the merging procedure, both kidney and spleen could be segmented by one single primitive
volume. In 4 cases, manual editing was necessary to separate the kidney from other neighborhood

structures such the liver, intestine or spleen (Figure 3.9).
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Figure 3.10. Examples of segmentation results in 2D axial slices. Different final primitive volumes are labeled with
different colors.

Generally, best results were obtained for the liver. Due to its high volume, DSC scores were not
influenced by a small variation of false positives or negatives. Figure 3.10 show some final

segmentation results.

When using the interactive mode, 2 to 6 mouse clicks per organ were enough to get the final
segmentation. Therefore, the segmentation procedure remains fast and easy to perform, taking less

than 1 minutes to segment all anatomic structures.

The average estimated time to create the volume partitioning was 0,03+0,02 seconds/per slice
and the time needed for region merging and hierarchy segmentation tree was 0,21+0,06

seconds/per slice. A total of about 12 seconds were necessary for a 50 slices volume.
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3.4.2 Rendering

Figure 3.11 shows direct volume rendering results of a Dicom dataset. As illustrated in Figure
3.11-a, a global transfer function is usually not able to provide a distinguishable visibility of all

anatomical organs.

Figure 3.11-b, -¢c, -d and —e show results when using multi-volume ray casting to render volumes
selected by the user. Interactive manipulation was used to obtain Figure 3.11-f showing the kidney

and liver fully distinguishable, when compared to Figure 3.11-e.

Figure 3.11. Volume rendering enhancing different anatomical structures.

Figure 3.12-a shows the time needed to load and render Dicom volumes with different sizes.
The loading and initial rendering takes more when the dataset has a higher number of slices. When
rendering small and medium sized dataset, the time needed remained almost similar. Figure 3.12-
b shows the refresh rate to manipulate different rendered volumes with particular sizes. Results

indicate that volumes can be rendered with an interactive frame rate higher than 19 Hz.
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Loading & Rendering Time FPS for Translating, Rotating and Zooming
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Figure 3.12. a) Time needed to load and apply a rendering transfer function. b) Refresh rate when manipulating a
rendered volume (translate, rotate, zoom and moving a virtual tool).

3.5 Discussion

Considering the state of the art for multi-organ segmentation, the goal of this chapter was to
combine the advantages of region-based algorithms, to create an automatic system to extract the
kidney and surrounding structures, while generalizing and improving its visualization. The developed
methodology does not need any initialization [111], training data set [111, 112] and is not depended

on the variation between atlas and subjects [121, 130].

The total number of decisions to segment all relevant organs was reduced to the selection of the
number of output volumes to be rendered. Time-consumption for rendering anatomical structures

of interest, user dependence and subjectivity were reduced.

The global threshold, based in the entropy maximization criterion, was efficient to automatically
segment the rib cage and surround all the anatomical structures that can be perforated during PRA.
The total volume to be processed and rendered was reduced, leading to a decrease of the time

needed to create and merge primitive volumes and an increase of the frame rate.

The merging procedure was essential to achieve high DSC scores. The significant amount of
primitive regions was reduced using the minimum description length criterion. By knowing the
number of anatomical structures to be segmented, primitive volumes were selectively clustered,

based on their image intensity distribution, until a suitable number of output volumes exists.

The main difficulties found in the segmentation procedure were the contrast ambiguity and

variances between neighbor anatomical structures and complexity of the shape. As a result of poor
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contrast boundaries between different structures, clustered volumes may leap outside its contours
to the background or surrounding tissue. Therefore, it is also difficult to distinguish these structures
using only one single transfer function or by selecting different tree levels. In these cases, the user
may select a particular function that allows volume separation by shape. It was adequately to divide

and separate, e.g. the kidney from the liver or spleen.

Even with manual intervention, the number of mouse click to segment one fully volume was
reduced to 2-6 mouse clicks. A small number of output volumes can be used for fast and rough
segmentations, while a higher number of volume can be used for erasing and detailed editing,
existing a trade-off between the number of output volumes and high DSC scores. Commonly, a
number of volumes, equal to thrice the number of anatomical structures to be segmented, was

enough to get high DSC scores.

Worst results were obtained for the intestine, which present a wide range of intensities: the
intestine lumen presents dark pixels, while the intestine mucosa and muscles presents gray levels
with low perceptibility from the background tissue. Often the intestine was segmented with different

and individual volumes due to the complexity of its branched shape.

Despite all problems, automatic segmentations (without manual editing) achieved DSC scores
of 73.9+15.8% (range from 37.8% to 93.2%). By adding interactive editing scores raised to
90.01+6.2% (range from 76.7% to 97.4%). With a simple an intuitive setup, it was enough to evaluate

all structure that might compromise the PRA access.

When comparing to literature outcomes, our method performs as well as state of the art when
comparing to works described in [96, 98, 121, 122]. However, the methods were not evaluated with
the same CT data sets. Additional work is required to validate this approach on a larger and more

varied dataset.

Since our aim was not to effectively quantify the organs geometry properties (e.g. area,
perimeter, eccentricity), such scores are well suitable to acknowledge the presence and distribution
of anatomical structures inside the rib cage. The user interface provided by KidneyNav allows one to
quickly identify segmented structures and to select or divide sub-volumes that belong to them. The
mouse pointer behaves like an intelligent paintbrush that selects or erases merged volumes, while

the partitioning remains hidden.
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Finally, the selected volumes were rendered with a multi-volume ray-casting methodology (Table
3.1). The strategy of using multiple rendering function improve the visibility of structures with similar
intensity. One detected problem during the rendering procedure, is that anatomical structures of
interest can become obscured by regions of less interest. The user may overcome this problem by
defining new transfer function with different opacity values, or by defining clipping planes though the

selection of two points.

The main advantage of using rendering techniques is that the object continues being displayed
to the user even it was not fully segmented. This methodology fully integrated with VTK pipeline
allowed an assertive surgical planning by the visualization of the anatomical structures surrounding

the kidney and the puncture target.
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Motion Tracking for Surgical
Navigation

The chapter describes and evaluates an EMT and OTM system for kidney puncture guidance
and planning. It is based on the work published by the authors in The Journal of Urology, SPIE
Medical Imaging and Portuguese Symposium of Urology [54, 55, 58, 59].
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4.1 Introduction

One way to track the position and orientation of the catheter and needle relies on OMT or EMT
systems. As already stated in State of the Art (Section 2.3), the reliability and performance of OMT
and EMT technologies have made them the trackers of choice to develop advanced surgical

navigation systems.

Both technologies present specific and particular advantages, but also some shortcomings. As
well known, the great advantage of EMT is the ability to perform motion tracking of small and flexible
instruments without the need of a line-of-sight. Yet EMT is liable to ferromagnetic interferences due
to surgical equipment and operating environment itself that degrade its accuracy and precision.
Moreover, additional interferences may be originated due to the risk of sensor—sensor interaction

when two or more sensors are in the immediate vicinity of each other.

Ideally, when choosing a tracking system, it is desirable that it will work with the same
characteristics regardless the operating environment. From the PRA standpoint, this chapter tests
the Polaris and Aurora system to provide spatial information regarding the needle and catheter tip.

The following motion tracking requirements were considered:

A. Refresh Rate

During PRA, as the physician inserts the needle towards the kidney stone, the needle spatial
position and depth should be monitored at a rate that does not limit the physician’s actions.
Regardless of the number of sensors, the position and orientation of the sensors should be updated
with a refresh rate of approximately 25 Hz. Both manufacturer specifications from Polaris and Aurora

systems states refresh rates higher than 40 Hz.

B. Concurrency

The motion tracking system must be able to track all the tools used during the surgical
procedure. At the PRA, the system should be able to monitor the catheter located near the kidney
stone and the puncture needle. Since any commercial system is able to track more than 8 sensors,

they do not stand as an obstacle for this type of procedure.
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C. Working volume

The working volume defines a 3D space where the surgical tools can be detected by an
electromagnetic field generator (Aurora system) or an infrared camera (Polaris system). For both
tracking technologies, the signal/noise ratio decreases as the sensors are away from the camera or

signal generator.

Electromagnetic sensors located within this volume respond with an induced voltage across the
sensor that is proportional to the field strength self-excitation at that location. The power drop-off is
inversely proportional to the fourth power of the distance from the field generator [131]. On the other
hand, optical markers must be place in a line-of-sight with the tracking cameras, where the system

performance may be influenced by ambient light.

Manufactures specifications for each tracking device define operating sub-volumes where it is
possible to get the highest tracking precision and accuracy, while minimizing environmental
interferences. During a surgical procedure, the overlap between the optimal working volume and the
anatomical structures of interest should be maximized. Since the working volume is invisible, the
camera or field generator positioning are usually a trial and error process. Both Polaris and Aurora
systems states manufacturer working volumes higher than 500 mm3. In the Polaris case, the

working volume starts 1000 mm away from the camera sensor.

D. Intrusiveness

Navigation frameworks that use optic markers or electromagnetic sensors intra-operatively may
be obtrusive, because new hardware is inserted into a clinical environment. Its physical presence
may affect the performance of other medical devices, such as imaging modalities, due to electrical

interferences.

E. Sensor Dimension and DOFs

Sensors should be small enough to be integrated or easily coupled to the catheter and needle
used for PRA. The working channel of traditional needles for percutaneous punctures are less than
1.2 mm. For the Aurora system, this is not a problem since the smallest sensor have 0.5 mm of

diameter. On the other hand, the optic markers must be visible from the camera and cannot be
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placed inside the patient or in the needle working channel. Both the Aurora and Polaris support

5DOF or 6DOF sensors.

F. Accuracy

The sensors accuracy should be sufficient to effectively puncture the kidney stone vicinity and to
obtain direct vision and manipulation of the stones using endoscope cameras or surgical tools.
Therefore an accuracy of ~3 mm will be enough for this kind of procedure. In ideal conditions,
working specifications for Polaris and Aurora states accuracies less than 0.35 mm and 1 mm,

respectively.

G. Robustness

A motion tracking system is robust when it is able to tolerate perturbations that might affect the
system’s functionality. Such perturbations arise when tools or surgical equipment are introduced
and removed from the working volume. Therefore, besides being accurate, the system should be
robust to distortions and environment changes. For robust systems, accuracy errors can be

corrected using static or dynamic methodologies [132].

The next sub-chapters describe the principle of operation of each tracking system, as well as the
corresponding tests to validate the proposed solution at the level of the PRA. Since, the accuracy
and precision of any OMT or EMT system may diverge greatly from manufacturer stated guidelines,
which error sources depend on the operating environment, both devices were tested /n7 vitro, ex vivo

and /n vivo conditions.
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4.2 Optical Tracking for Puncture Guidance

4.2.1 Polaris System

Optical devices have been used in a variety of surgical applications, providing accurate, reliable
and flexible surgical navigation systems [64, 90, 109, 133]. The Polaris is an optical measurement
system that calculates the 3D position and orientation of tools within a specific measurement
volume. This system includes a power supply unit, passive markers that should be coupled to

application specific tools and a position camera sensor.

The camera sensor contains two arrays of infrared light emitting diodes which radiates and
receives infrared waves through and from the Polaris working volume, respectively (Figure 4.1-1).
These infrared waves floods the surrounding area of the passive markers coupled to the tool to be
tracked (Figure 4.1-5). Since markers are coated with retro-reflective surfaces, the light is reflected

back to its source instead of being scattered.

Figure 4.1. Representation of the surgical setup when using the Polaris system. The Polaris camera sensor (1)
radiates infrared light that is reflected by the markers with reflective spheres coupled to the needle base (5). The
surgeon (4) can be guided towards the anatomical target (6) using an OMT navigation interface (2) and ultrasound
imaging modalities (7). The information retrieved by the OMT system is processed in a host computer.
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The Polaris camera sensor can receive and measure the center position of passive marker, so
that it can calculate in real-time, using triangulation technique, the position and orientation (6 DOF)

of each tool that incorporate them [134].

4.2.2 Methods

The KidneyNav framework working together with the Polaris system was used to create a PRA

virtual environment to guide the surgeons during planning and puncture.

Figure 4.1 shows a possible surgical setup highlighting different important elements, such as
Polaris camera sensor, optical markers coupled to a surgical needle base, patient lying in the surgical
stretcher, patient collecting system, monitor displaying the KidneyNav software, PC for processing

and US system.

Given the optical nature of this methodology, it is not possible to track the catheter position and
orientation near the anatomical target. Therefore, this target position was set manually by the user
by picking a 3D region visualized in a pre-operative CT volume. Then, the surgical needle, coupling
optical markers at its base, can be tracked in a 3D environment. Its positional data is transferred
and processed by KidneyNav in a host PC and a virtual needle model is updated over an image

volume acquired pre-operatively.

Intraoperatively, once the patient is registered with the image data and OMT system, the target
point inside or near a kidney calix can be easily identified in the image data as well as the entry point

on the skin surface. The vector defined by these two points defines the desired path for PRA.

Standard axial, sagittal, coronal views but also a 3D reconstructed volume can be used for
guidance, by displaying the skin entry point, the alignment and depth of the needle relative to the
selected trajectory and target point and a 3D representation of the needle (loaded by STL or PLY
files) on the preoperative planning image data. All relevant anatomical structures are segmented and

highlighted providing an enhanced environment to the user (already described in Chapter 3).
The development of this methodology include the following development steps:

A.  KidneyNav interface for OMT and EMT technologies;
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B. Polaris fiducials support: coupling tool that attaches the Polaris sphere markers to the
needle base (Section 4.2.2-A);

C.  Tool tip calibration: method to calculate the offset between the geometrical centre of
the Polaris support tool and the needle tip (Section 4.2.2-C);

D. Paired-point registration based on the /ferative Closest Point [135] algorithm. It allows
to select registration fiducial and target locations which are saved and used as input to

the registration process (Section 4.2.2-D).

A. KidneyNav | OMT/EMT Interface

KidneyNav modifications for tracking communication was driven by different high-level functions

available in the NDI Combined APl Sample (developed by NDI, Waterloo, Canada).

After connecting a tracking device (Polaris or Aurora system) via USB to a host computer, RS-
232 communications are used to send and receive commands. Ideal configurations use 115200
baudrate, 8 data bits, 1 stop bit, 60 Hz of acquisition rate, with hardware handshaking and O parity
bit.

The application will timeout when the connection to the system is lost, or if the amount of time
the program polls the COM port for a reply before assuming communication has been lost. Here,
the user can retry to resend the command, restart the COM port communication and close the

application.

After stablishing successfully the communication between the host computer and the tracking
device, the user must specify the tool definition files to be loaded to the system. By pressing a play

button, KidneyNav initializes and enables all code variables needed to update the user interface.

During tracking, KidneyNav displays several status information including the frame rate; if the
tool is partially out of volume, but can still be tracked by the system; if the tool is out of volume, but
can still be reported by the system; if the tool is within the characterized measurement volume and
is being tracked; if the tool cannot be tracked; if the markers are off angle; and maximum 3D error

was exceeded.



4.2 Optical Tracking for Puncture Guidance 71

B. Polaris Fiducials Support

In order to use the Polaris system for PRA guidance, one start by defining and choosing a support
tool to attach optical markers to the needle base, in order to report the 3D position and orientation

of the needle for surgical guidance.

Although tools with a high number and spread out markers increase the tools visibility and
accuracy, it may decrease the needle usability when manipulated by the surgeon. Therefore, a trade-
off between ergonomics and accuracy was considered. Moreover, since the needle is not a rigid
structure and tip deflections may occur while puncturing, the needle tip should be close as possible

to the markers.

Different Polaris supported tools were studied and tested according to the following

requirements:

1. Ergonomics: weight, size and coupling facilities so that it does not hampers how the
needle is being handled;

2. Rigid material capable of holding all the fiducials markers throughout the entire
procedure. Likely, it should be capable of being sterilized, without compromising the

spheres reflectivity.

Since NDI Digital already commercializes supported tools assuring the second point, the efforts
were directed to the study of the first point. To this extent, a qualitative study was performed to

evaluate the ergonomic of different coupling tools (Figure 4.2).

v
a b c d

Figure 4.2. Representation of different Polaris supported tools: a) single-faced tool with a minimum marker spacing of
30 mm; b), c) and d) different geometries for a single-faced tool with a minimum marker spacing of 50 mm.
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This support structure should:

e Maximize the line-of-sight with the Polaris camera to avoid marker occlusions;
e Avoid sphere markers with collinear positions to reduce situations where the marker

becomes partially occluded by another that increases the overall tracking error.

Each structure was attached to the needle base through a tool clamp. This tool clamp allow a
single and secure connection by means of hinged jaws, ensuring that the support tool does not move

during the entire procedure.

C. Tool Tip Calibration

. ROM (Read Only Memory) File

The Polaris sensor reports the 3D transformations of the passive support tool, from the Polaris
coordinate system, according a tool definition file (ROM file) that states the following information for

each tool (Figure 4.2):

= Geometry and manufacturing information;

= Tool origin;

= Maximum 3D error (maximum allowable difference between the measured and expected
location of each marker on the tool);

= Maximum marker angle (maximum allowable angle between a marker and each Polaris
sensor; for greater angles, the system will not use the data from that marker to
determine the tool transformation);

= Minimum number of markers (minimum number of markers that the system must use

in the calculation of a tool transformation).

However one is interested in receiving the tracked information regarding the needle tip.
Therefore, a new customized ROM file was created using a proprietary software called ND/ 6D
Architect (from NDI). This file takes into account the offset between the needle tip and the support
tool origin, avoiding future mathematical transformations between these two spatial coordinate

systems. Such offset was measured by a tool calibration procedure based on pivoting algorithm.
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/. Pivoting Algorithm

With the pivoting method, a geometrical constraint is defined by rotating the needle while keeping
its tip in a fixed location (Figure 4.3). For this purpose, the needle tip was fixed in a small hole drilled

in an acrylic base. Then, in order to determine a translation vector p.;,,, between the needle tip and

the marker coordinate system, the following 3D vectors were considered:

a) ﬁtip - defined by one point at the marker coordinate system and another at the pivot
point. This vector is a constant in the marker coordinate system and independent of the
needle orientation;

b) ﬁpiv - defined by one point at Polaris sensor coordinate system and another at the pivot
point. This vector is a constant in the marker coordinate system and independent of the
needle orientation;

C) Ppase - defined by one point at Polaris sensor coordinate system and another at the
marker coordinate system. This vector depends on the frame transformation between
the marker and tracker frames, while the needle is rotated around the pivot point: F; =

(R;t;), where R; is the current 3D rotation and t; the correspondence translation.

Pivot point

:

Figure 4.3. Schematic of the pivot method.
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From the tracker coordinate system it is possible to reach the pivot position according to the

following relation:
F; ﬁtip = ﬁpiv Equation 4-1
First rotating ﬁtip by R; and then translation by t;:
R; * ﬁtip +t = ﬁpiv Equation 4-2
Considering pyi, and py;,, as the 2 unknowns for Equation 4-2, the optimal solution of such

linear relationship can be computed using the Moore—Penrose pseudoinverse mathematical method

[136], providing the best fit and minimizing the sum of the squares of the errors:

Ax =D

—t
ptlpl 0
Ppiv

The developed add-on for the KidneyNav framework provides a user guide interface that guides

|:R0| _I

R,|—1

the user during all calibration steps.

D. Paired-Point Registration

For surgical guidance purposes, a virtual tool should be draw and updated within the 3D image
volume. Using the above methodology to create a custom ROM file, now the Polaris sensor reports
the needle tip position and orientation in the Polaris world through the 3D transformation Mypg yr
(Figure 4.4). The next step is to perform a registration procedure to get the coordinate frame
transformation between the Polaris world and the object study represented on the computer screen.
The preoperative image data is aligned with the object study using the ICP algorithm (M;.p, Figure
4.4) [137]. Using the mouse pointer, the user must select at least four fiducial points 0{i},i =
1,2 ...n (with n being the total number of fiducials points) using 2D slices or 3D volume showed in
the screen (green points at Figure 4.4). Then, the user should touches the needle tip to the
corresponding target points T{i},i = 1,2 ...n (with n being the total number of target points) on
the object study body. Although four point are necessary for registration, the user may use as many

as he wants.
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Figure 4.4. Registration overview.

The ICP algorithm estimated the optimum alignment vector between the two sets of points: O{i}
and T{i}. For all points in O{i} it is calculated the minimum Euclidean distance sum, so that it is

found the closest configuration points in T{i}.

4.2.3 Experiments

Different experiments were performed to quantify possible sources of errors that may

compromise the accuracy of the PRA when using this OMT approach.

Such studies include laboratory /n vitro tests, by using a calibrated acrylic plate and abdominal

phantom, and also an in vivo clinical trial.
A. Laboratory Tests

[ Polaris System Accuracy

The Polaris accuracy was characterized using a six DOFs robot that worked as a precision
positioning device. Since the Polaris system states a manufacturer accuracy of 0.35 mm, tests were
performed with an ABB IRB140 (from ASEA Brown Boveri) which have a repeatability accuracy of
0.03 mm. The robotic arm was programmed to place the needle at different locations over a 500 X

500 x 500 in a total of 5000 points equally spaced.
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The Polaris tracking tool was attached to the robot end-effector (Figure 4.5-a) assuring that the
markers are directly facing the center of the Position Sensor (Figure 4.5-b) and there is a clear line-

of-sight between them.

I
e |
a

2 d
o)

Figure 4.5. Setup for assessing the Polaris accuracy.

At each point, for each system (both Polaris and ABB) 200 samples were acquired, averaged
and stored in different data files. Since both systems have different coordinate system, both data

sets were rigidly registered though the ICP algorithm.

/l.  Polaris Tool Support

15 users rated, from 0 to 5 - with 5 being the most favored tool and O being the least favored,
each supported tool in order to select the best support tool (Figure 4.2) in terms of ergonomic

aspects when handling the surgical needle.

/. Pivot Calibration

The pivot calibration was performed by taking eight readings with the needle tip touching a single
point at different orientations. The angle of the needle relative to the base was defined as high than
45° and not exceeding 120°. At each position, 100 Polaris readings were stored and its average
value was used to calculate the distance between the supported tool center and the needle tip. The

data from the pivot calibration was then saved and reused for the remaining tests.

V. Registration Procedure

The evaluation of the registration accuracy was two-fold: first the procedure was performed using
a calibrated acrylic plate with different holes equally spaced by 25 mm; second, one used an

abdomen phantom (US Examination Training Model “ABDFAN" - Kyoto Kagaku Co., Ltd). Virtual
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models of the acrylic plate and the abdominal phantom were loaded into KidneyNav by a STL and

Dicom file, respectively (Figure 4.6).

Figure 4.6. Representation of the acrylic plate (left) and abdominal phantom (right).

When using the acrylic plate, the user selected different plate holes by touching each hole with
the tracked needle and recording its position. Corresponding virtual holes were selected using the
KidneyNav interface. On the other hand, the registration between the abdominal phantom and the
Dicom volume was achieved by selecting different points in the abdominal area in both models. Here

the user can pick points using a 3D volume or different CT slices in axial, sagittal or coronal views.

The registration error was assessed by the Euclidean distance between the position where the

needle tip is displayed on the screen and on it should actually be displayed.

Different users (n = 22) performed the registration procedure in triplicate to evaluate the system
variability. First they were asked to perform the alignment by choosing 6 points in the object; second,
they were asked to choose 6 points near a region of interest (kidney area when using the abdominal

phantom or circular region at the acrylic plate center) (dashed circles in Figure 4.6).

V. Needle Deflections and Velocity Insertion

Once the Polaris system tracks the needle tip, based on a ROM file that offsets the Polaris tool
origin from the needle base, different tests were carried out to evaluate the best needle orientation,

velocity and needle rotation along its main axis, so that the deflections are minimal.

These factors were tested in a gelatin phantom model and ex vivo porcine tissue. The gelatin
phantom model was created with a gelatin concentration of 50% (m/v) [138]. Although the gelatin

phantom cannot replicate identically the abdominal structure between the skin surface and the
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kidney, nor exhibiting the same tissue interfaces, it has mechanical resistance similar to the human

flesh. A more realistic setup was achieved when using ex vio porcine tissue of the abdominal area.

Both the gelatin phantom and ex vivo porcine were placed in a plastic box with different input

and output points regularly spaced and perfectly aligned (Figure 4.7).
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Figure 4.7. Representation of different setups used to study needle deflections and insertion velocity: angles &« = 90°,
a' = 67° and a'’ = 43° corresponding to distances da = 120 mm, da’ = 141 mm and da'’ = 173 mm,
respectively.

Likewise with the registration experimenting tests, this setup was modeled and loaded into the
framework and the virtual and real models were also registered through the ICP method. The
phantom model was fixed to a table during all experiments in order to avoid slight motions between

each experiment.

Three different angles, corresponding to different distances between the input point and the
target one were tested (Figure 4.7). For each angle, two different velocities (with qualitative
assessment - slow and fast) and needle insertion modes (with or without roll axis rotation) were
executed by each user (n = 14) in triplicate. The experiments were randomized, so that a possible
experience bias is reduced, whereby the last procedure may be facilitated over the first one due to
an experience with the device. The needle deflection was calculated as the positional difference
between the needle tip estimated by the Polaris system and the target hole from the initial straight

line trajectory.
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B. Clinical Trial

Despite of the laboratory trials, the entire KidneyNav framework was tested in a clinical trial. The
study was carried out at Hospital of Braga, Braga (Portugal) according to the internal ethical board.
A female patient with staghorn calculi and requiring PCNL was informed about the planned
procedure. The patient underwent multi-slice angio-CT in prone position (same position as during

PCNL) a week before surgery.

Before surgery, all 3D relevant structures were segmented and manually edited. Specific transfer
functions were chosen to highlight the kidney stone, kidney calix and bone structures. This
segmentation procedure was performed pre-operatively. While the patient was being anesthetized,

the Polaris support and sterilized tools were coupled and calibrated with the surgical needle.

Intraoperatively, the surgeon performed the registration procedure by placing the needle in rigid
bone structures and near the kidney area. US checking was used to assure that the needle was

placed correctly.

After the registration procedure and with the patient fixed on the operating table, the surgeon
placed the needle near the skin puncture site and perform needle orientation based on the visual
feedback. This trajectory was followed and monitored using US realtime image. Due to ethical
constraints and lack of system certification, this framework worked as an additional feedback tool
for the routinely guidance strategies (US and fluoroscopic imaging), not interfering with the current

adopted clinical workflow.

4.2 .4 Results

A. Laboratory Trials

[ Polaris Accuracy

The color range in Figure 4.8 gives the difference in millimeters between the points acquired
with the Polaris system and the robotic arm. Within the 500 x 500 x 500 mm volume, the Polaris

system was accurate to better than 0.5 mm. These results shows a greater error in the volume
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periphery and minor error near the Polaris sensor. Both results are in accordance with the system

manufacturer specifications.
| | 0.4
Y .i ’.'l '.ll
0.3
0.2

0.1

Figure 4.8. Positional difference (mm) between the points acquired by the robotic arm and the Polaris system.

[ Polaris Tool Support

Figure 4.9 shows the rating results about the Polaris supported tool preferences (Figure 4.2).
The tool Figure 4.2-b was the favorite one (average score of 3.9340.79) with significant differences

when comparing to the other tools (p < 0.05, ttest Welch).

Polaris Tool Evaluation

o

C
Tool

Figure 4.9. Rating scores for different Polaris support tool: A, B, C and D to Figure 4.2-a, -b, -c and —d, respectively.

[ Pivot Calibration

The pivot calibration was performed in total 10 times. The offset, between the needle tip and the
Polaris tool center, was successfully calculated with negligible difference (< 0.5 mm). The offset
values for Ox, Oy and Oz axis were 199.3540.18 mm, 5.974+0.06 mm and 37.2840.23 mm,

respectively.
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/. Registration Procedure

The alignment error was 0.394+0.07 mm if the acrylic plate and virtual holes were visually
aligned. During all test, the main source of error was the incorrect selection of the matching pairs of

points.

Table 4.1 shows the system variability when the points were determined randomly or centered

near a region of interest for both the acrylic plate and abdominal phantom.

Table 4.1. Registration accuracy errors (n=22).

Fiducials Markers

Registration

Random (mm) Centered (mm)
Acrylic Plate 1.234+0.43 (0.85-3.00) 1.1440.36(0.42 - 1.72)
Abdominal Phantom 2.11+1.03 (0.78 - 3.41)* 1.46+0.53 (0.64 - 2.47)

* ttest Welch (see attachment 1 for more detail): statistical difference against the acrylic plate setup
with centered points

The minimum errors were obtained using the acrylic plate with centered points (1.14 + 0.36

mm) without significant differences (p > 0.05).

Although no significant statistical differences were found within the same test setup (Acrylic Plate
or Abdominal Phantom), the registration accuracy was dependent on the spatial position where the
targets and source points were chosen. The accuracy was better near the selected points and

degraded to locations near the periphery.

/Il Needle Deflections and Velocity

At the beginning of the test, the needle tip and shaft were perfectly aligned with the puncture
trajectory towards a specific target. Table 4.2 and Figure 4.10 shows the needle deflections and
insertion velocities when using the gelatin phantom and ex vivo porcine tissue. Whole experiments
result in a trade-off between the speed of needle insertion and its deflection to keep a straightness
of the insertion trajectory. As shown in Figure 4.10, the needle deflection was higher when the tests

were performed in ex vivo porcine tissue.
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Figure 4.10. Boxplots (see attachment 1 for more detail) of the needle deflection results when puncturing the gelatin
phantom or ex vivotissue. The angle prefix S- and F- gives velocity information, e.g. S-90 is a slow insertion at 90 degrees
(see Table 4.2 for velocity information). 2 ttest Welch: statistical difference against the same angle (WITH rotation); by
test Welch: statistical difference against the same angle (same mode of insertion).

Table 4.2. Average and standard deviation of the needle insertion velocities.

Insertion Mode Velocity

S- “Slow” Without Needle Rotation With Needle Rotation

s Phantom Model Ex Vivo Porcine Phantom Model Ex Vivo Porcine
S-90 1.49+0.28 1.07+0.21% 0.98+0.26 0.82+0.19
F-90 3.014+0.93 2.7940.522 2.59+0.46 1.871+0.47
S-67 1.2540.242 1.55+0.372 1.04+0.23 0.7010.15
F-67 2.9040.75% 2.9540.68° 2.46%0.53 1.84+0.22
S-43 1.4140.23 1.1940.18? 1.0240.15 0.8040.22
F-43 2.811+0.71% 2.7940.68 2.2940.39 2.1+£0.51

2 ttest Welch: statistical difference against the same angle and setup but WITH rotation.
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The maximum needle deflection was found when experimenting with the ex vivo porcine model
and insertion with needle rotation (4.8 mm). The minimum value was 0.57 mm when inserting the

needle also with rotation but in the phantom model.

Results show that the needle tip can be deflected from its initial straight line trajectory (Figure
4.11) in different ways. As represented in Figure 4.11-c and -d, the Polaris system was not sufficient
to predict the tip actual position. Such situations were reduced when inserting the needle at slower
velocities and by rotating its axis. For both experiments, needle deflections can be minimized by
0.36 +£ 0.11 and 1.09 + 0.34, respectively, if rotating the needle axis during insertion. Finally, the
average time for path planning was 33.52 + 7.33 seconds and 35.21 + 9.85 seconds for the

phantom model and ex vivo porcine, respectively (p > 0.05).
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Figure 4.11. lllustration of the main deflection ways.

B. Clinical Trial

The results obtained in the laboratory experiments were transmitted to the surgeon to perform
this preliminary clinical trial. Before surgery, all 3D anatomical structures were segmented and

highlighted using rendering transfer functions. This process take about 4 minutes.

The surgeon advanced the needle with intermittent C-Arm imaging or US to evaluate the virtual
path and to make corrections in the needle path (Figure 4.12). If necessary, the needle was partially
withdrawn and redirected to achieve the path to the target. A single attempt was sufficient to achieve
a successful kidney puncture without any complications. The time needed by the surgeon to evaluate

the virtual trajectory displayed by the KidneyNav software and to orientate the needle at skin surface



84 4. Motion Tracking for Surgical Navigation

was 32 seconds. On the other hand, 265 seconds were needed to perform a successful renal

puncture from the skin surface to the puncture target.

Figure 4.12. Clinical experience with AidneyNav framework:. a) Polaris passive markers attached to the needle base; b
and c) percutaneous puncture using US, C-Arm fluoroscopy and tracked needle.



4.3 Electromagnetic Tracking for Puncture Guidance 85

4.3 Electromagnetic Tracking for Puncture Guidance

4.3.1 Aurora System

EMT potentially may be used to guide PRA interventional procedures, since it can provide
accurate tracking without the line-of sight requirements of OMT systems. In order to track medical
devices such as needles and catheters this system comprises the following hardware devices: field

generator, sensor interface units (SIU), system control unit (SCU) and electromagnetic sensors.

The planar field generator emits a low-intensity and varying electromagnetic field that establishes
a working volume. When the electromagnetic sensors are placed inside this working volume, small
currents are induced in the sensors. These induced voltages are measured by the SCU that calculate
the sensors position and orientation. The SCU also transmits the positional data to a host computer

using a serial port connector, for subsequent processing and navigation.

The electromagnetic sensors are connected via a SIU to the SCU. This SIU works as an analog-
to-digital converter and amplifier of the electrical signals from the sensors to an SCU, decreasing the

possibility of electromagnetic interferences in the operating room.

The low electromagnetic field strength can safely pass through human tissue, making it an ideal
system to track surgical instruments inserted inside the human body through natural orifices or small
incisions.

Finally, the electromagnetic sensors can be embedded into the working surgical tools. For this
work, one acquire two modified surgical instruments: one 18G/180 mm Chiba needle; and one
ureteral catheter with 1.1 mm diameter and 2 m length. Both incorporate an electromagnetic sensor

with 5 DOF at its tip, not being able to infer the orientation about their long axis (roll axis).

4.3.2 Methods

A. EMT Navigation

The introduction of the Aurora system in the PRA workflow will modify the first two PCNL surgical

stages: (a) the trans-urethral catheter placement and (b) the percutaneous puncture.
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[ Trans-Urethral Catheter Placement

On the first surgical step, an Uretero-Reno-Fiberscope Flex-X™ from Karl Storz is trans-urethrally

placed from the urethra towards the desired renal calyx.

In contrast to the currently used methodology, the catheter will be guided towards the anatomic
target using the Flex-X™ camera without requiring other medical imaging modalities. Furthermore,
since Flex-X has a working channel of 1.2 mm, it will allow the integration of a positioning and
orientation electromagnetic sensor with six DOFs at its tip from Aurora motion tracking system (NDI,
Waterloo, Canada). Here the electromagnetic sensor, located at the Flex-X™ tip, will act as an

anatomic target locator, operating as a GPS (global position system) for the puncture site.

According to Flex-X™ tip orientation it will be possible to place the sensor in the desired calyx,
where the calculi target is located, allowing the surgeon to choose the best virtual trajectory for the

percutaneous puncture.

/. Puncture Stage

On the second surgical step, a virtual trajectory will be determined by the relative orientation and

position differences retrieved in real-time by both needle and catheter EMT sensors.

This virtual trajectory displayed will be used to confirm that the catheter and needle are parallel
aligned. If necessary, the surgeon can redefine the catheter orientation, and the virtual trajectory will
be realtime updated. This procedure provides constant real-time positioning feedback (beep sound
and 3D representation) to the surgeon, allowing him to accomplish a perfect orientation of the needle
at all times, even in the presence of anatomical changes, such as tract dilatation, respiratory

movements and needle deflections, among others.

The beep sound was generated by asynchronously and repetitively playing a MP3 file with 0.15
seconds of duration. This sound was played with a frequency calculated with the common linear
equation: y = mx + b. The slope m of such equation was given by the distance between the
catheter and needle EMT sensors. The idea is that the frequency should increase when the needle
tip is close to the catheter tip. The x and b were experimentally calculated (x=17 and b=60), by

moving one sensor towards and away from another and by qualitatively evaluate the sound feedback.
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Figure 4.13. Representation of the surgical setup when using the Aurora system. The Aurora field generator (3)
creates an electromagnetic working space where the needle (5) and catheter (6) can be manipulated. Both tool are
wired (4 and 7) connected through the SCU to the KidneyNav software (2). The surgeon can be guided towards the
anatomical target (6) using a navigation interface (1).

Concerning this new tracking methodology, Figure 4.13 shows a new surgical setup. When
comparing to Figure 4.1, the Polaris sensor is substituted by the Aurora field generator (3 in Figure
4.13). Now it is possible to track accurately the needle tip with an electromagnetic sensor (5) and
the anatomical target using a tracked catheter (6). In contrast with the Polaris system, the Aurora
tool must be wired connected to the SCU (4 and 7) that communicates with the KidneyNav software

(1 and 2).

B. Animal Preparation

This EMT approach was tested using different female pigs (Sus scrofus domesticus) with various
weights (25-35 Kg). Before surgery, the animals were fed with liquids for 3 days and then restrained

from food (24 hours) and water (6 hours) before the surgical tests.

All procedures were carried out with the pigs under general anesthesia, with 5.0 mm

endotracheal intubation and mechanical ventilation. Pre-anesthesia medication consisted of an
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intramuscular injection of 32 mg/mL azaperone, reconstituted with 1 mg/mL midazolam with a

dose range of 0.15-0.20 mL/kg.

The venous access was obtained through an intravenous line placed at the marginal ear vein.
The anesthesia was induced with 3 ug/kg fentanyl, 10 mg/kg thiopental sodium, and 1 mg/kg
vecuronium. It was maintained with 1.5% to 2.0% of sevoflurane and a perfusion of 1 mg/kg per
hour of vecuronium. All pigs received an intramuscular injection of 1 g ceftriaxone before the tests

beginning.

4.3.3 Experiments
Likewise with the Polaris system, /n vifro and /n vivo experiments were performed to evaluate the
accuracy and performance of the EMT framework for PRA.

Ex vivotests aimed to understand and quantify the Aurora system technical characteristics, such
as precision, accuracy and critical system problems e.g. electromagnetic interferences. On the other
hand, /7 vivo animal trials, with more dynamic characteristics, aimed to define and evaluate the

surgical setup, planning and puncture time, system reliability and efficiency for PRA.
A. Laboratory Trials

/. Electromagnetic Interferences

The purpose of this test was to investigate error sources that might compromise the EMT

accuracy during surgical navigation.

This experience starts by putting the field generator on a position arm which offers flexibles setup
options around an object of interest, e.g. abdominal phantom placed in an electromagnetic free
environment. Then, both the needle and catheter sensors, adjacently fixed to each other, were moved
randomly along the working volume. The positional difference between both sensors was transmitted
and stored to a host computer. In absence of electromagnetic interferences the difference between

both sensors should be a constant with negligible variances.

Because one aims to quantify the mean accuracy within this navigation volume, different surgical

tools made with different material were placed inside the navigation volume and in the vicinity of the
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electromagnetic sensors. For each material, one compared the sensors positional difference with
the values acquired when any electromagnetic interference exist. The following materials were

evaluated due to its usage during PCNL:

= Stainless steel: the majority of medical instruments are manufactured with stainless
steel due to its strength and durability. One evaluates electromagnetic interferences of
this material by using different surgical instruments such as ureterorenoscope,
cytoscope, telescopes, scalpes and forceps.

= Tungsten Carbide: is used in the manufacture of such instruments as needle holders,
scissors, pin cutters and pliers;

= Mild steel: this metal is almost obsolete because its tendency to chip and contaminate
other instruments. Only scissors were used to test this material.

= Aluminium: only certain instrument parts and cases are manufactured from aluminum
due to its lightweight, e.g. handle and or body of the instrument and not the tool itself
(scissors and forceps)

=  Titanium: The high cost of using titanium for instrument manufacture is often prohibitive.
Due to its lightweight, it is commonly used for microsurgery tools, e.g. forceps,

laparoscopic tools.

/. Ex Vivo Trial

Ex vivo tests were performed with static characteristics. The model was built with a flap of full
thickness (~8 cm) porcine skin, with subcutaneous fascia and muscle (from a commercial butcher

market).

The catheter integrating an Aurora sensor at its tip was randomly placed ~8 cm away from the
skin surface. With different positions and orientations the catheter tip was hidden from the user
throughout whole procedure. Then, the user must orientate the needle at the skin surface and finally
drive the needle through the selected path, until it reaches a 3 mm neighborhood of the anatomic

target.

These tests were performed by 2 different groups: naive (n=16 with no experience with PRA)

and expert (n=5 with more than 2 years performing minimally invasive surgeries). For both groups,
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each individual performed 3 punctures. Before the tests, each user could practice and become
familiar with the software interfaces (up to 5 minutes). The catheter position was always changed in

order to avoid the memaorization of the puncture trajectory.

B. Animal Trials

The animal experimental studies were approved by the ethical review boards of Minho University,

Braga (Portugal). The animal was monitored by a veterinary anesthesiologists throughout the study.

This experiment starts by placing the pig in supine position. This first stage is used to identify
the ureteral orifices of both kidneys using a rigid cystoscope. Then, ureterorenoscopies were
performed bilaterally. An ureterorenoscope with 1.2 mm working channel allowed to put the ureteral

catheter into the desired puncture site. Figure 4.14 represents the experiment setup.

]
Aurora Field
Generator

Figure 4.14. Overview of the animal trial for percutaneous collecting system access.

After positioning the ureterorenoscope at the puncture site, resorting to a direct video view, the

surgeon inserted the needle into the calyceal fornix by the following actions:

1. Orientate the needle through a virtual direct path, aligning the needle tip with the target
position;

2. Puncture the first skin layer and repeat step 1);

3. Drive the needle through the selected path, until it reaches the anatomic target (confirmed

by the ureterorenoscope video camera).
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The percutaneous punctures were performed for each pig at the ureter half-way between the
kidney and the urinary bladder and in renal calyces in order to evaluate the puncture location

influence.

C. Outcome Measurements

The following surgical parameters were evaluated in order to ascertain if the proposed tracking

solution confers any advantage to the surgeon performing PCNL:

a. Planning time: time needed by the surgeon to evaluate the virtual trajectory displayed at the
software and orient the needle at skin surface;

b. Number of attempts: number of tries to reach the puncture site;

c. Puncture time: time needed to perform a successful renal puncture from the skin surface to
the puncture target. When the needle tip was visible by the ureteroscope camera, the needle

pass was considered complete.

The experiments were performed by an expert surgeon and a resident in order to avoid a
supposed bias related to surgeon ability. Furthermore the puncture location was also analyzed as a

variable influencing the above outcomes.

4.3.4 Results

A. Laboratory Trials

| Electromagnetic Interferences

The needle and catheter were adjacently placed with 10 millimeters distance between them. No
relevant interferences were found when using stainless steel, titanium or tungsten carbide. In these
cases the maximum error was not significant (<0.2 mm). The catheter can be placed inside the
ureterenoscope or cytoscope working channel without losing tracking accuracy.

When using mild steel or aluminum instruments one found that the error increase proportionally
with the distance between the sensors and the ferromagnetic material. Maximum errors of 8 and 15
mm were found when maneuvering EMT sensors in the working volume periphery and a mild metal

or aluminum, respectively, were placed in the middle of the working volume. When aluminum tools,
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e.g. forceps or scissors were manipulated ~7 cm away from the electromagnetic sensors, the

maximum error was less than 1 mm.

/. Ex Vivo Trial

Table 4.3 summarizes measured outcomes (median and range values) for ex vivo experiments
performed by naive and expert subjects. As shown the median is less for the expert group than the
naive one. However, lower values were always obtained by the naive group. Significant differences

exists only during puncture (p < 0.05).

Table 4.3. Measured outcomes related to surgeon skill and puncture location.

Measures Ex Vivo Testing
Median (min — max) Expert
Planning Time (s) 16 (11 - 56) 14 (11 -29) 0.30
Puncture Time (s) 33 (12 - 128) 25 (15 - 54) 0.026
Number of Attempts 1(1-2) 1(1-2) 0.88

* Mann-Whitney test (see attachment 1 for more detail)

B. Animal Trial

Overall 24 punctures were successfully performed without any complications: 12 in middle

ureter and 12 in the kidney calyx (lower, middle or upper kidney calix).

Table 4.4 summarizes measured outcomes for whole procedures. Planning time was longer for
the ureter case than the kidney (median 15 versus 13 seconds, range 14-18 versus 11-16; p =

0.1).

Likewise, time to achieve ureteral puncture was significantly longer than kidney puncture,
requiring 51 (range 45-67) and 19 (range 14-45) seconds (p < 0.01), respectively. Two attempts
were needed to carry out the ureteral puncture, contrasting with a single attempt for the kidney (p <
0.05). When comparing the puncture time, planning time, number of attempts and final distance
(Table 4.5), regarding the percutaneous renal access for the upper, middle and lower calyx, one

achieved non-significant differences (p> 0.05).
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Table 4.4. Surgical outcomes according to puncture location.

Measures Puncture Site
Median (min — max) Kidney calyx Ureter
Planning Time (s) 13 (11 - 16) 15 (14 - 18) 0.1
Puncture Time (s) 19 (14 - 48) 51 (45 - 67) 0.003
Number of Attempts 1(1-2) 2(2-4) 0.01
Final Distance 2.1(1.5-27) 19(1.4-2.7) 0.79

* Mann-Whitney test between kidney calyx and ureter

Table 4.5. Surgical outcomes according to the kidney calyx.

Measures Kidney Calyx
Median (min — max) Middle
Planning Time (s) 15 (12 -17) 14 (12 - 16) 13 (10 - 15) 0.51
Puncture Time (s) 25 (14 - 48) 19 (14 - 48) 20 (14 - 40) 0.9
Number of Attempts 1(1-2) 1(1-2) 1(1-2) 0.62
Final Distance 2.0(1.8-2.2) 2.1(1.5-2.5) 2.1(19-27) 0.79

* Mann-Whitney test

When results from experts and residents are analyzed independently (Table 4.6), one verifies
that, despite of non-significant statistical differences (p> 0.05), there was a slight tendency of higher

puncture and planning times, as well as, a great number of attempts for residents.

Table 4.6. Surgical outcomes according to the kidney calyx and ureter punctures.

Measures Kidney Calyx Ureter
Median (min — max) Resident Expert Resident Expert
Planning
Time (s) 15(13-17) 13(10-16) 0.06 17(17-19) 15(15-16) 0.08
Puncture
Time (s) 29 (14 - 49) 19 (14-34) 0.38 66 (64 - 68) 48 (46 - 50)  0.06
Number of
Attempts 1(1-2) 1(1-2) 098 4(3-4) 2(2-3) 0.99
Final 21(15-22) 20(1.8-27) 072 18(1.6-19 16(1.4-2.0) 0.12
Distance YT WAL T 4 : o (L : :

* Mann-Whitney Test
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Figure 4.15 shows different stages of this animal experiments.

Figure 4.15. Representation of the animal trial: a) and b) shows the surgeon performing the puncture stage; d) and e)
shows 2D or 3D views as well as the ureteroscope video; c) animal punctured; f) shows the resident performing the
retrograde study.

4.4 Discussion

Computer navigation systems, based in OMT or EMT technologies, are an attractive research
area and have been suggested for different surgical procedures [52, 133, 139-141]. From the PRA
point of view, this chapter performed several /n vifro, ex vivo and in vivo experiments to evaluate the

efficiency of the KidneyNav framework, working together with OMT Polaris and EMT Aurora systems.
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4.4.1 Polaris System

The Polaris systems provides a solution to track surgical instruments with high accuracy, large
working volume, portable and lack of environment interferences. Although it made possible to track
tools without wires and mechanical parts, it required a line of view to the optical sphere markers.

Therefore, it was not possible to accurately detect the needle tip positon inside the human body.

Different experiments were performed to assess and quantify the effect of possible sources of
errors, namely (1) Polaris accuracy, (2) registration error, (3) needle deflections and (4) image

resolution.

Firstly, the most clear error source was the inherent accuracy of the Polaris system. When the
spheres were a partially occluded, the overall error increased because one sphere marker position
can be calculated as being offset from its actual position. The main causes for optical occlusions,
during the clinical trial, were movements of medical staff, medical devices and maneuvering of
surgical instruments. One obtained an error below 0.5 mm which is similar to some works reported

in literature [142, 143].

Another possible error of this approach is the rigid assumption to align the patient, Polaris world
and image data. As well known, the kidney may exhibits complex respiratory-related motion. Nagel
et al. [144] reported that the respiration curve in the abdominal region ranged from 2.9 to 16.9 mm
with an average of 7.6 mm. One expects that the error might also increases towards the end,
because of patient movements and organ manipulation. Hence, real-time registrations based in
tracked organs may result in an improved efficacy but also more complex setups. Results show that
using fiducials markers centered in a region of interest improves the system accuracy. Even though,
an average error of 1.46 + 0.53 mm (maximum error of 2.47 mm) was measured, because of
human errors when selecting fiducials points at the optical and image space. By using motion
compensation algorithms [145, 146] to reduce the respiratory curve, this interface may be sufficient
for an assertive planning, with potential to reduce the number of puncture attempts and surgical

complications [9, 47, 66].
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Third, pre-operative image resolution may influence how the fiducials markers are chosen,
influencing the final registration error. Moreover, the pre-operatory data should be acquired with the

patient lying in the same position of the surgical procedure to avoid additional deformations.

Finally, since only the needle base is being tracked, additional errors may be caused due to
needle deflections. Results show that deflections can be influenced by insertion velocities, angulation
and rotation of the needle around its main axis, but also patient and respiratory movements. Likewise
some literature reports [147, 148], results show that an increase in the insertion velocity lead to an
increase in the needle deflection. As suggested by Meltsner et al. [148], this increase may be related
to higher cutting and unbalanced resistance forces at the needle tip. At slow velocities and with

needle rotations, results show errors up to 2 mm.

Although errors from individual sources are fairly small, the cumulative error may exceed the
minima requirements to accurately puncture a kidney calyx. The final test was a preliminary clinical
trial with much more realistic conditions because of blood irrigation, mechanical tissue properties,
breathing. Moreover, it was a non-controlled environment with different elements of the surgical stuff

moving around the patient.

Once pre-operative images are loaded and processed, the surgeon performed the registration
between the virtual data and the patient. During navigation, a single view informed about the needle
spatial position and orientation with respect to a rendered volume. Guided by this visual information
and traditional imaging methods (C-Arm fluoroscopy), the surgeon selected an appropriate skin entry
point, best needle orientation and trajectory to be followed, considering the anatomic kidney
surrounding structures. Update rates around 22 Hz were sufficient for displaying without

compromising the surgical navigation.

Even OMT is not the ideal tracking methodology for PRA, it can aid the surgeon by defining an
initial orientation, with potential to reduce the number of control scans and thereby the radiation
exposure. By displaying and updating in real-time the location of the surgical tools, this framework
has the potential to increase the speed and safety of the procedure and at the same time gives
confidence to the surgeon. Furthermore, this methodology can also be used for staghorn calculi or

obstructive uropathy, where a physical obstruction may hinder the positioning of the desired calyx.
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4.4.2 Aurora System

All the problems encountered with the OMT Polaris, prompt us to test the EMT Aurora system.
The great advantage of Aurora over Polaris was the ability to track small EMT sensors inside the

human body without any line-of-sight requirements [64].

The proposed methodology demands endoscopic imaging for realtime monitoring of the
puncture target and two EMT sensors. The ureteral catheter and needle, both integrating an Aurora
EMT sensor at its tip, are able to retrieve in real-time the position and orientation. The catheter
remained associated to the puncture target (worked as a 3D realtime locator) and was permanently
monitored by the EMT sensor and the ureterorenoscope video camera. Therefore it followed in real-
time all the anatomic tissues deformations and movements - originated by the respiratory cycle and
also by those induced to the patient. The surgeon inserted the needle guided by the virtual puncture

path displayed in the KidneyNav interface.

An important proof-of-concept step was also achieved by succeeding in performing a direct
ureteral puncture, even though the procedure took significantly more time, due to the ureteral
movements, ureter small diameter and soft consistence, which made the needle glide on its surface.
Even though this preliminary results provide prospective paths for other applications (e.g.
Percutaneous Ureteral Lithotripsy), the main objective was to further corroborate the efficiency of

the purposed puncture method in a small target cavity.

Interesting of note, no difference in operator skill was found in performing the puncture. Whereby,
it is reasonable to speculate that this tracking solution may reduce the number of cases needed to
perform an appropriate collecting system access and make it easier. Specific literature reports that
the learning curve completion for PCNL surgical competence around 60 cases [44]. Considering the
kidney access one of the most challenges phases, in this study a resident achieved the same skill

level of an expert surgeon with only twelve cases.

The safety efficacy of different surgical positions for accessing the collecting system has been a
controversial issue, with currently no established best practice consensus. The use of a real-time 3D
trajectory proposed in this work may broad the use of supine position for the whole PCNL procedure.

In this case, the surgeon does not need to reposition the patient (decreasing surgery time in about
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30-40 minutes) and may improve levels of comfort for both patient and surgeon as described in
literature[77]. On the other hand, when the patient is repositioned, there is a reduced risk of access
dislodging, since the catheter remains permanently monitored by the EMT sensor and the

ureterorenoscope camera.

Medical imaging assistance to puncture commonly requires approximately 10 min [9, 44, 78,
91, 101], often guided by X-Ray based imaging and /7 vitro conditions. Comparing the related results,

one has achieved a puncture time improvements between 75 and 85% without any X-Ray need.

Due to its advantages, the Aurora system has been extensively tested last years in different
clinical and nonclinical environments [64, 149]. Different works have reported errors of 0.714+0.43,
with a maximum 3D root mean square positional accuracy of 2.96 mm. Although this values are

higher than the Polaris accuracy, it remains highly suitable for PRA purposes [143].

Although Yaniv et al. [64] reported that electromagnetic systems may be susceptible to
environment interferences in the operating room, we did not experience any kind of interferences
that could tamper the tracking information. By evaluating the impact of the surgical instruments,
composed by different metals (aluminum, stainless steel, titanium, tungsten carbide and mild steel),
one create a more comprehensive list of requirements when using an EMT system in the operating
room. Results show that only mild steel or aluminum can influence the error-proneness of EMT
sensors. However, this may not represent a problem since mild steel or aluminum instruments have
been replaced by stainless steel ones [64]. But, in order to guarantee that the system accuracy is
not degraded, aluminum or mild metal should not be used during the surgical procedure. At least,

they should not be placed inside the working volume while the puncture is being performed.

Other important evaluation was the intrusiveness of such modality. In contrast to other navigation
frameworks, it will not increase the procedural time because the proposed system do not have a
large setups and do not require additional steps like immobilization of the patient, preparation of the

hardware, registration setup, or initializing of navigation components [1, 52, 64, 150].

The motion tracking field generator must be placed on the surgical stretcher as near as possible
to the kidney abdominal area and with an appropriately orientation to minimize the probability of

interference distortions. All other possible electromagnetic disturbance sources, such as, cellphones
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and usual operating room equipment’s should kept at least 1.5 meters away from the working
volume. The KidneyNav interface will advise when some possible interference exists or if the

instruments are being maneuvered at the limits of the working volume.

When compared to the Polaris, the Aurora needs wires to transmit the information between the
EMT sensors and control unit and a field generator positioned close to the interventional area.
However, it did not restrict the access to the abdominal area, not being a limiting factor in any of the
experiments. Since sensors are placed inside the human body during all operation, there was no

need for a registration and calibration procedure.

Hereupon, the proposed solution may be the simple and easy way to select and follow the correct
puncture path, as well as acquire the required skill to perform PCNL regardless of calculus site, large

or multiple renal calculi, or an ectopic or malformed kidney.



100 4. Motion Tracking for Surgical Navigation




Multi-Sensorial Guidance
Interface

The works assess the value adding multi-sensorial feedback for PRA guidance. It investigates the
ability of using audio or vibrotactile sensations to localize, orient and guide the needle along a pre-

planned puncture trajectory.
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5.1 Introduction

Visual interfaces have been proposed over the years for biomedical applications covering the
diagnostic, planning and guidance of several surgical procedures [1-3, 81]. Currently available visual
interfaces, aid surgeons throughout the entire surgical procedure, reducing the risks and possible

unknowns [151].

Although new algorithms and registration techniques have been explored to link virtual and real
worlds [108, 152-154], the interpretation of 2D images or 3D reconstructions are still a challenging
task. For intraoperative complex procedures, visual interfaces may only provide good guidance
capabilities for specific points of view. Often, surgeon’s skills and expertise strongly affects the

surgical outcome [153, 155-157].

In addition to the information received through our sight, audio and tactile information are
nowadays becoming commonplace ways of transmitting information [158-161]. Hearing and touch
are the second and third major human senses, respectively, being two promising and unique
alternatives or complementary modalities for visual systems. Consequently, it allow the development

of innovative hand- and eyes-free interfaces [162].

The idea of using new ways of feedback for puncture guidance during PRA, concerns the ability

to create accurate and precise localization of the needle tip with respect to the anatomical target.

5.1.1 Audio Feedback Systems

First audio feedback methodologies have been explored due to their ability to create, process
and localize sounds from complex data in a 3D space. Since computational requirements to generate
audio are much smaller than for 3D graphics, this auditory interfaces were created in order to
overcome technological limitations, such as limited realtime refresh rates, image poor resolution

and rendering capabilities [163].

Nowadays, audio feedback is an attractive area of exploration for a wide range of medical or
nonmedical applications [159, 164-166]. Due to the ability of surrounding the listener with sounds
at specific locations, sound applications have emerged to create an immersive environments for

computer games [164], warning systems for civil aircraft [163, 164], flight and military simulations
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[159], guidance interfaces to blind people [159], night vision systems [159], airplane cockpit [158],
guidance to athletes [167], augmented reality systems [158, 168], perceptual representation of

biomedical data [163] and heart rate monitors [151].

To the best of our knowledge, audio feedback for computer aided surgery have only been only
explored by four groups [151, 153, 169, 170]. Preliminary works were reported by Weber et al.
[151], describing an audio system to guide a biopsy needle when perforating a gelatin phantom.
Although they describe an application with great potential, quantitative or qualitative results are not

reported.

Another audio feedback system, presented by Cho et al. [169], guides the surgeon to a
cochleostomy location. The authors generate warning tones when an optical tracked drill is closer to

the target (tones of 300 Hz) or reaching the target (tones of 900 Hz).

Hansen et al. [153] presents an audio display system to guide tracked instruments in open liver
surgery. Audio tones with different frequencies are produced based in three margin areas (safe,
warning and outside) defined according a predefined resection line. They report that a combined
audio-visual feedback lead to a decrease of time looking to the screen (10% vs. 96%) and increase
of time for the resection task (47 vs. 24 s). From the same research group, Black et al. [171]
presents a new method to align and insert an ablation needle. They present two audio approaches.
One is based into sequential x-axis, and then y-axis audio feedback. Another uses two repeated
pulses played alternatively to align the surgical instrument. Within this second approach, y-axis errors
are mapped with differences at the speed between pulses and x-axis errors are mapped with changes
in the audio pitch. The authors reports that subjects were comfortable with both the visual and the

auditory modalities.

Finally, Woerdeman et al. [170] evaluate the effect of audio feedback on instrument handling for
image-guided neurosurgery. Sound feedback did not negatively influence the instrument handling,
and surgeons felt that they had performed better (however without any statistical significant

improvement).

From the analyzed literature, audio feedback advantages include faster processing data, high

temporal resolution, parallel data streams and improves the degree of focus on the task at hand
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[168]. Moreover, it creates an effective way to overcome the visual overload from complex data and

due to its omnidirectionality, i.e. allows perceptions from any point in space without occlusions.

Low spatial resolution and perception, sound interferences, dependence of user are the main

shortcomings [151, 163, 168].

5.1.2 Vibration Feedback Systems

Likewise audio feedback system, the usage of vibrotactile feedback has also been described in
literature. For instance, vibrotactile has been reported as useful in improving awareness of critical
events such driver responses [172], spatial guidance in pedestrian navigation [173, 174], alert
system for blind or visually impaired persons [175, 176], gesture guidance [157], human-computer
interaction improving realism with tactile display interfaces [177-179], immersive sensations in
computer games [180, 181], body posture improvements (Janssen et al., 2010), and assistance in

rehabilitation [182, 183].

Bach-y-Rita et al. [184] were pioneered to transform visual stimuli to haptic information. Images
captured by a video-camera were transmitted to the skin assisting blind people with environment
information. From then on, several authors investigate the best designs for fitting the body, the ideal
configuration and number of actuators, minimum threshold for haptic detection, localization

accuracy and precision and vibration patterns [153, 185, 186].

Hardly, a larger number of actuators is synonymous of a higher location accuracy [185, 187].
Gilliland et al. [187] tested the feasibility of a vibration helmet, with a variable number of vibration
motors, to transmit information in a flight environment. The authors reported an accuracy of 93%,
76% and 47% when 6, 8 and 12 motors were used. Although they only test the system with a minor
group, they suggest that an 8-site configuration provides a compromise between speed and
accuracy. Thullier et al. [188] presented an compact matrix, composed by seven-by-seven array of
electromechanical vibrators used to represent tactile patterns applied to a 16 cm? skin area. The
authors indicate that, after familiarization, 80% of the subjects can recognize tactile patters for

gesture guidance or instructional commands.

This work intends to study its ability to drive the surgeon though a virtual trajectory. The idea of

using vibrotactile feedback to assist and drive trajectories have already been explored by some
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authors in different applications [189]. Weber et al. [190] explored the VibroTac device which
integrates six cylindrical actuators, equally distributed on the arm’s perimeter, with adjustable
frequencies from O Hz to 190 Hz. When compared to verbal feedback, VibroTac was useful to guide
the human operators towards a specific target, showing higher times to complete a translation (7.9

+3.55s s 6.2 £ 1.35s) but less times for rotations (5.9 + 1.2s vs. 7.1 + 0.8 s).

Howard et al. [191] tested nine different combinations of visual and haptic guidance feedback.
Vibrotactile feedback was provided using an eccentric rotating mass motor attached to the inner side
of the finger holding instrument. The quality and speed task were evaluated when subjects followed
a random and straight virtual trajectory using an optical tracked tool. Authors report that the addition
of visual or vibration feedback show greater improvements, reducing error deviations from the ideal

path.

Bluteau et al. [192] used a vibrating belt as a guidance system. Two belts were manufactured
with a vibration intensity around 5000 rpm: one with 6 vibrators and other with 8 vibrators. Each
vibration actuator was manually arranged around the abdomen of 9 tested subjects. Authors

reported that vibration feedback introduced a decrease of spatial errors and need for visual feedback.

Hence, various innovative and disruptive devices were proposed for being attached for different
human parts, e.g. head [185, 186], fingers [188, 191], forearm [189, 190], hand [179, 180, 193],
upper body [174], tongue [161, 162] and foot [160].

Head has been the most preferable site for vibration wearables (e.g. headbands [185],
headphones and glasses [175]). They have been studied in various environments, because they do
not restrict the users maneuver ability (e.g. devices used in fingers, forearm, and hand), verbal

communication (e.g. devices used in the tongue) or touch sensation (e.g. gloves).

Even being an ideal place for receiving feedback, some authors warned that the head sensitivity
is not the same throughout whole area. Myles et al. and Weber et al. [194, 195] study and evaluate
the sensibility of head surface. Both studies stated that vibration sensitivity is different for different
head locations, where the crown of the scalp was reported as the least sensitive to vibration stimuli

relative to areas close to the temples, forehead, and back of the head (most sensitive area).
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Even ergonomics, positional efficiency and accuracy of a vibrotactile headband has already been
studied [185], pattern codification for guidance, the ideal number of actuators and testing in real

situations are still needed.

5.1.3 Audio and Vibration Feedback for PRA

From the reported applications, it is clearly seen that audio or vibrotactile feedback can
considerably highlight 3D orientation and guidance, decreasing the dependence of visual faculties
and improving insight into virtual data [159, 196]. They often improve perception capabilities, which
may be altered due to continued procedures, fatigue, inaccurate insight and decrease of attention

[165, 168].

When compared to other medical technologies routinely used for guidance (e.g. motion tracking
systems, robotic devices, improved surgical tools, imaging systems), audio or vibrotactile feedback
are relatively unexplored. The wider acceptance of such modalities will mostly depend on the quality

and quantity of transmitted information, but also if the user can effectively learn how to use it [168].

In addition to the 3D feedback provided from the KidneyNav interface, this work explores the
potentiality of new guidance interfaces including an improved 2D visual interface (from now on
referred as NeedleView), a vibrotactile headband and 7.1 headphones able of generating 3D

directional sounds.

5.2 Methods

5.2.1 Overview

In this section, we propose the application of a multisensorial feedback platform combined with
the previous described 3D view of the KidneyNav to develop a more intuitive guidance system. At
each time, the needle tip deviates from the path to reach the target, a set of audio and vibration

signals will be generated and transmitted to the surgeon.

Such information will be perceived from a vibrotactile headband, 7.1 headphones and the

NeedleView, that will aware and guide the surgeons towards the ideal path (Figure 5.1).
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Figure 5.1. Representation of the new surgical setup considering the multi-sensorial interface: 1) NeedleView, 2) 7.1
headphones and 3) vibrotactile headband.

5.2.2 NeedleView

Sight devices used to support instruments aligning (e.g. weapons, airplanes, telescopes, etc.)
were behind the idea of the NeedleView. Figure 5.2 shows the developed target sight. Vertically and
horizontally alignments for the perfect needle orientation is achieved when a blue sphere is placed

inside a white disk.

Figure 5.2. Representation of the NeedleView interface (right). The vertical arrows (white, green, yellow and red) show
the size correspondence between the circles diameter and the kidney anatomy.
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Once the needle is aligned in the right position, a green label showing the distance to the target
will be displayed to the user. If any deviation occurs, a red label will be shown. Likewise any sight,
the needle tip will reach accurately the anatomical target if the needle is inserted along the path
without any deviation. Different color disks (white, green, yellow and red in Figure 5.2) were used to

implement a score system that gives information about the current error with respect to the target:

1. White region informs the user that the needle will reach the target within a 2 mm error
(approximately the size of a minor kidney calyx);

2. Green region informs the user that the needle will reach the target with a maximum error of
10 mm (proximately the side of a kidney medulla);

3. Yellow region informs the user that the needle will reach the target with a maximum error of
25 mm (proximately the side of a kidney pelvis);

4. Yellow region informs the user that the needle will reach the target with a maximum error of

50 mm (proximately the side of a kidney size);

The blue sphere will be drawn according a method that projects a ray in a 3D plane (Figure 5.3).
Let py(x, v, ) be the current needle positon and Uy (x, y, z) a 3D vector defined at py (x, v, 2)
and the orientation of the needle tip. Let P be a plane defined by the target position p(x, y, z) and
a normal ¥ (x, y, z). The needle will accurately reach the target (pr(x,y, 2)) if a ray m starting

at its tip position at py (x, y, ) follows a direction Dy (x, v, 2).

pn(x,y,2)

-

Figure 5.3. Representation of the ray-plane projection method to create the NeedleView visual interface.
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The NeedleView represents graphically the intersection of the ray m with P at a projection point

p'y(x,y,2). When pr(x,y,2) = p’ ) (x,, 2) the user is following the correct trajectory.
Any point pRay(x, v, z) along R_N) can be calculated according to (Equation 5-1):

pRay(xJ V Z) = pN(x' Y Z) +iX ﬁN('xl Y Z) Equation 5-1

where t is a free constant that gives different points away from py(x,y,2). p'y(x,y,2) is
calculated by solving this t parameter (Equation 5-2).
_ ﬁN(x'ylZ) ' ﬁT(x'y'Z)

5N(x:y’z) ' ﬁT(xfylZ)

_ |ﬁN(x;y;Z)| X |1_7>T(x;y;z)| X COS(Q)
[Un (x, ¥, 2)| X |97 (x,y,2)| X cos(a)

t =
Equation 5-2

py(x,y,2) is a vector defined between py(x,y,z) and pr(x,y, z); 6 is the angle between
py(x,v,2) and U7 (x,y, 2); and a is the angle between Uy (x, y, z) and v (x, y, z). Finally, by

solving Equation 5-2 in Equation 5-1, p’y (x, v, 2) is given by Equation 5-3:

p'y(xy,2z) = pn(x,y,2)

(_ |ﬁN(x'yJZ)| X IﬁT(xlin)I X COS(6)>
|V (x,y,2)| X |Ur(x,y,2)| X cos(a)

Equation 5-3

X Uy (x,y,2)
Note that if dot(ﬁ,\,(x, y,z), vr(x,y, Z)) = 0, the needle orientation and target plane are

perpendicular. To avoid such cases, at the beginning of the puncture and after performing an initial

orientation, U7 (x, y, z) is automatically set as vy (x, y, z).

5.2.3 Audio Feedback

3D audio feedback was obtained by creating positional sounds varying one or more of the
following characteristics: pitch (sound frequency), loudness (sound intensity) and playing location

(sound source with a particular 3D location).

A. Audio Channels

According to the number of source sounds it is possible to classify sound systems as mono (1

discrete audio channel), stereo (2 discrete audio channels) and surround (N audio channels).
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A mono system only produce sounds from a single source, being not able to transmit surround
information. On its turn, stereo systems are able to reproduce sound from two independent sound
sources, placed at the left and right of the listener. By changing the gain of each channel, it is
possible to notice sound in the line between the left and right channel. Commons methods to
produce 3D sounds based on stereo systems are based on modifications of audio amplitude or on
the delaying the arrival of the sound into the listener [197]. Lastly, true surround sound are created
by placing sound sources anywhere in 3D space. The spatial sound resolution is dependent in the

number of sound sources surrounding the listener.

This work makes use of 7.1 headphones for producing surrounding audio: 7 directional channels
left, center, right, left surround, right surround, left rear surround and right rear surround and 1
subwoofer that enhances low frequencies. This headphones are able to produce spatialized sound

in the horizontal listener plane. Still, the reproduction of elevation sounds is still limited.

B. Audio APIs

A 3D audio space can be created using an audio APl. The most known are OpenAL and EAX
(Environmental Audio Extensions) from Creative Technology, Ltd. and DirectSound3D produced by
Microsoft. All of them provided high-level C++ classes and are available as open source projects in

public domain (GNU Public License).

EAX works as an audio extension for OpenAL and DirectSound3D and implements different audio
effects (e.g. echo, reverberation, distortion, occlusions, exclusions, obstructions). Therefore, it
cannot be used, by itself, to create a 3D sound world. On the other hand, DirectSound3D and OpenAL

includes common functionalities [164, 198]:

e Audio Contexts: an audio environment can be described as consisting of a listener and
source sounds. One single context is created for each sound card;

e Spatialized Audio: a listener is created per context and is positioned in a 3D world. Then,
different audio sources are also defined and placed in the same world. The spatialization
is accomplished by attaching a specific buffer to each audio source. A buffer consists in
the audio data originated from loading a sound file (e.g. MPR, PCW) or by creating

configurable sound functions such as sinusoids with different frequencies.
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e High level functions to play, restart, rewind or loop each audio source under the sound
card or CPU;

e Audio Attenuation functions: the audio is attenuated as function (linear or exponential)
of the distance between the listener and audio source;

e Static and Streaming Audio: can play data completely stored in memory and stream
buffers while continually read new portion of data at specific time intervals;

e Pitch and frequency manipulation;

e Doppler effect: automatically modifies the audio source frequencies giving an effect of

different moving velocities of an audio source.

DirectSound3D presents some additional capabilities over OpenAL, since it supports audio
effects and live voice. However it is limited to wave files data, is more difficult to implement and only
works under windows. In contrast, OpenAL supports the most used operating systems such
Windows, Android, Linux and Apple [199]. Consequently, OpenAL was chosen as the most suitable
API platform concerning the trade-off between potentialities and facility of implementation. By
combining all the above characteristics in a single framework, it is possible to create a fully immersive
sound environment, with audio sources placed at strategic positions, to precisely and accurately aid

the needle tip orientation with respect to the target position.

C. 3D Audio World

The audio feedback follows the same strategy as the NeedleView. The idea of using audio to
correct needle orientation is based on creating and positioning different audio sources in a 3D space

around a centered listener (Figure 5.4).

Sound from different positions will reach the listener with different directions. By internally
analyzing this direction, the listener will be able to ascertain the corrections to be made. The error

at the horizontal plane P of the NeedleView are used to activate or deactivate the playing sources.

Since the reliability of audio spatialization is dependent on the number of sources, three different
configurations were tested (Figure 5.4): 8, 16 and 12 source configurations (8SC, 16SC, and 12SC in

Figure 5.4-a, -b and -c, respectively).
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Figure 5.4. Representation of 3D sound configurations around the listener via a direct path. Each sound source is
represented by a red circle. a) 8 sources equally spaced by a=45 degrees; b) 16 sources equally spaced by a=22.5
degrees; ¢)12 sources with two different angles: 0=22.5 and $=56.25 degrees.

D. Positional Feedback

Errors from the ideal trajectory are used to set different audio buffers and to activate/deactivate

audio sources from where the sound will be emanated.

Since changes in the needle orientation are correlated with changes in the listened sound, three
different strategies were implemented to accurately alert and guide the listener during needle
insertion. All of sound strategies are based on the variation of the sound pitch, loudness and source

location.

First sound strategy — 851

The audio loudness is calculated according an error function, with respect to the ideal trajectory.
When the needle is following the correct path, i.e. the target can be reached with an accuracy less
T, mm, no sound will be produced (loudness is 0). As shown in Figure 5.5, for errors higher
than T, , I.e. the needle starts moving away from the correct path, the sound source with opposite

direction to the error will start playing.

D, is calculated through the Euclidean distance from the vertical and horizontal errors and is
used to control the source loudness gain from O (no sound is listened) to 1 (maximum sound output).
The loudness was controlled using a step function (Figure 5.6) that highlights when the error

increases from a specific error region (white, green, green and red) to another.

Each sound source played a sinusoid signal with frequency Sf, phase Sp, duration Sd and a

sleep interval between each tone Ssleep.
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NEEDLE VIEW

Activated
Source

Figure 5.5. Representation of the visual guidance interface while playing a sound source.
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Figure 5.6. Step function that gives the sound loudness gain according to the error region.

Ssleep was proportionally to the distance to reach the target. Being maxSleep and
minSleep the maximum and minimum allowable sleep intervals, respectively, and max ;¢ and
ming;s; the maximum and minimum affecting distances, respectively, Ssleep was calculated

according to Equation 5-4.

Ssleep = m = dist2target + minSleep Equation 5-4

maxSleep—minSleep

Where m = - —.
max_dist—min_dist
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Second sound strategy — S52

Same strategy as SS1, but now instead of not playing any sound when the needle is following
the correct path (with an accuracy less T,,,- mm), a sound with distinct frequency S, f  is playing by

all sound sources.

Third sound strategy — SS3

From literature, it is known that horizontal and vertical sounds are well discriminated, but it is
more difficult to differentiate between front and back sounds. Efficiencies of about 50% are commonly

reported [164, 170, 200].

Due to this shortcomings, this third strategy tries to improve front-back resolution by adding
distinguish frequency tones, where front or back sources are playing. Two frequencies were used:
frequencies Sfron, for sources placed from 0° to 180° degrees; and Sfj 4 for sources placed
from 181° to 359° degrees. The frequency gap is used to rapidly ascertain if the needle tip should
be moved to the front or back for orientation correction. With such differences, one expect to increase

the localization performance, relative to the first strategy (SS1 and SS2).
Forth sound strategy — S54

In order to improve and enhance the spatial sound resolution, SS3 was further modified by
introducing an intermittent sound at the four cardinal sources. These sound sources will be playing
in an alternate mode two sinusoid waves: one with the parameters discussed at SS1 (Sf, Sp,

Ssleep and Sd) and another with distinct frequency S, f and duration S,d.

For all strategies, when the needle tip reaches the target, a message sound is generated (“Target
Achieved”). Here, the surgeon must analyze the ureterenoscope video to inspect if the needle is near

the target.

5.2.4 3D Vibrotactile Feedback

In addition to the NeedleView and 3D sound, this work also explored vibrotactile sensation for
needle guidance. Due to desirable site of the head for providing feedback [185, 194], one chose to
manufacture a headband with multiple actuators that vibrate according to the needle spatial errors

with regards to the punctured target.
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Different actuators are commercially available with particular technical specifications, mainly in

terms of vibration intensity and size [179]. Miniature loudspeakers, electromagnetic alarm buzzers

and coin motors are routinely used [179].

When compared to other solutions, coin motors offers low cost, small size, low voltage and
reduced noise devices, being used in routinely devices, e.g. mobile phones. Therefore, coin vibration

actuators 308-100 Pico Vibe [201] were used to deliver this kind of feedback. Table 5.1 show

important actuator manufacturer specifications.

Table 5.1. 308-100 Pico Vibe operation characteristics.

Characteristic Value

Diameter 8 mm
Height 3.4 mm
Typical Normalized Amplitude 0.7G
Rated Operating Voltage 3VDC
Rated Vibration Speed 12000
Operating Current 70 mA
Vibration efficiency 3.2 g/W
Noise output 50 dB
Typical Lag Time 51 ms
Typical Rise Time /7 ms
Typical Stop Time 65 ms

Based on a literature research [185, 187, 192], 8 motors were chosen and placed at the 8

cardinal points (equally placed around the head) (Figure 5.7).

MEMWWWWAE)

Connection wires

v
Headband
coupling

-~

Figure 5.7. Representation of the developed headband device.
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Four control strategies were implemented and tested. Each strategy is similar to the ones already
described for the 3D sound interface (SS1, SS2, SS3 and SS4), but now a coin motor will vibrate

instead of playing a sound source.

The sound loudness, Ssleep and distance to the target are now transmitted from the KidneyNav
to the Arduino Uno platform wireless via a Bluetooth connection. The Arduino, based on the
Atmega328P microcontroller, is responsible for interpreting and processing the received information
and active/deactivate the respective actuators.

The sound loudness (values from O to 1) is used to control the vibration intensity Vi, as a
percentage of the maximum possible vibration. The vibration sensation is achieved by individually
controlling the supply voltage using a square wave signal generated by pulse width modulation

(PWM).

||
T =

M2 to M7

!

Arduino
UNO
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Figure 5.8. Schematic diagram for linking two motors to the Arduino Uno.

Each motor was further connected to a 3.3 V pin at the Arduino board (Figure 5.8). A diode was
reversely connected to the motor to protect the microcontroller against voltage spikes. 8 transistors

2N2222 were used to assure high/low current outputs, to activate/deactivate each motor.

5.3 Experiments

Different experiments were performed in order to evaluate the accuracy and acuity of each

interface in an individual or combined way.
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5.3.1 Sound Parameter Settings

The sound parameters, such as frequency and duration were found empirically by individually
playing and adjusting each source parameters with manual control. To this extent 16 participants
listened sounds that were created with sinusoids which frequency vary from 300 Hz to 1200 Hz. In
the end, they indicate the frequency that they were most comfortable with. Based on such results,

one found that the ideal values for the first and second sound strategies (SS1 and SS2) were:

= Sf =700Hz
= Sp=0;
= Sd=50ms;

= S,f =950 Hz or 400 Hz;
» maxSleep = 800 ms;
* minSleep = 50 ms;
" Mmaxgs = 150;
= mings =0;
When evaluating the SS3 strategy, one found that front and back sounds can be well

discriminated when Sff7.one = 690 Hz while Sfpqcx = 490 Hz.

Finally, a sinusoidal sound, with S, f = 1200 Hz and S,d = 25 ms, was introduced when testing
the SS4. Moreover, the frequency of the sources with positions at the most left, right, up and down
were changed to 650 Hz, 650Hz, 730 Hz and 460 Hz, respectively. The other sources remained

the same Sfrrons and Sfpqck frequencies.

One found that the target can be reached accurately when T, = 2mm. SS2 was discarded for

testing because all users prefer the SS1 approach.

It should be highlighted that the user can manually control the headphones volume.

5.3.2 Localization Accuracy Test

A set of localization experiments were firstly performed to determine whether a person is able to

perceive the direction of random sources or vibration stimulus.
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An audio stimuli was presented to the listener with Razer Tiamat 7.1 headphones [202]. This
headphones have 10 discrete drivers (5 for each ear) composed by neodymium magnets with 30
mm of diameter and a frequency response between 20 Hz and 20.000 Hz. They were connected to

a PC via a 7.1 Surround Sound-enabled Sound Card.
On the other hand, the developed headband was used to create a vibrotactile feedback.

Before any experiment, a brief demonstration was given to each participants and they were
allowed to test any sensorial feedback up to 2 minutes, so that they become comfortable and

familiarized with the system.

During either audio or vibration experiments, each time the user was ready, a sound or a vibration
actuator was activated randomly from a set of possible locations at the same distance from the
listener (Figure 5.9).

The chosen strategy for starting the experiment was also determined randomly.

0:0:0:0:

Figure 5.9. Representation of the target location for all experiments: a) shows target locations for the vibrotactile test;
b), c) and d) show target locations for the sound sources according to Figure 5.4.

Each sound strategy (SS1, SS3 and SS4) was tested for all the three spatial configurations
(Figure 5.9 -b, -c and -d). In contrast, the vibrotactile feedback was tested in a unique distribution

(Figure 5.9-a). Each exercise was repeated 16 times.

The users had up to 2 seconds to report the location of the perceived sound or vibration, by

marking the perceived location in a printed sheet (showing the Figure 5.9).

In total 31 volunteers participated: 26 medical students and 5 surgeon doctors. During

experiments, they had no feedback about the correctness of their answers.

The aim of this test was to select the best audio spatial configuration, sound strategy and finally

compare audio against vibration as possible feedback systems.
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5.3.3 Phantom Test

Despite of the accuracy of detecting single vibration or audio sources it is important to test the
efficiency of all interfaces for needle guidance. To this extent, a phantom study was performed to
test and evaluate the most valuable feedback interface. The following configurations were tested in

a phantom box (Figure 5.10):

= 3D view

= NeedleView

= Audio

= Vibration

= 3D view + NeedleView

= Audio + NeedleView + 3D view

= Vibration + NeedleView + 3D view

The phantom box was made of wooden without any ferromagnetic material to avoid interferences
that might reduce the precision of the tracking device. A sponge material with 8 cm of thickness was
used to simulate the skin, offering some resistance, low deformability and opaque texture when

inserting the needle.

oY

Figure 5.10. Wooden phantom showing the puncture area (about 250 cm?) where the needle should be inserted.

A small plastic arm was attached to one side of the phantom with a 10-15 cm distance from the
superficial sponge material. It was used to hold the catheter sensor at different locations inside the

phantom box.
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When using only vibration or audio, the participants were blinded throughout all planning and
puncture procedure. An audio message “target achieved” and a vibration pattern (all motors vibrate

at the same time) were used to aware the participants when they reach the target (puncture success).

Puncture success was accomplished when the root mean square distance was less than 3 mm.
The planning and puncture time were recorded. Needle position was then verified using a webcam
showing the phantom interior. The degree of the needle tip divergence was calculated, during whole

insertion procedure, by storing the root mean square distance between the real and virtual path.

The main objective was to assess whether the guidance approach increases the procedure

efficiency, in terms of the duration, mean velocity, mean and maximum error.

The testing order was randomized to reduce target position-related familiarization and learning
issues. Otherwise, the last guidance methodology will had an advantage over the first technique due

to experience performing the puncture.

Different medical professionals with diverse expert degrees performed three times each strategy.
These tests were performed by 2 different groups: naive (n=56 without any or less than 2 years of
medical experience) and expert (n=15 with more than 2 years performing minimally invasive
surgeries). At the beginning of each experiment the participant was allowed to practice by
reorientation the needle in the air and by performing up to 2 puncture attempts. This data is not

included for the statistical analysis.

At the end of each test, the participant filled a questionnaire to score each approach according

to the following questions:

= (00 Score each approach from 1 (most favorite) to 10 (least favorite);

= (I Each approach based on the time needed to look to the screen from 1 (mandatory
visualization throughout all procedure) and 10 (no need for visualization);

= (02 The difficulty of the procedure from 1 (very difficult) to 10 (straightforward);

= (03 The effort to familiarize with the technique from 1 (very difficult) to 10 (straightforward);

5.3.4 Animal Trials

The animal trials were performed as already described in Chapter 4.3.3-B.
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5.4 Results

5.4.1 Localization Accuracy Test

The total duration of each experiment was about 10 minutes. Figure 5.11 shows the percentage
of times that the target location was correctly chosen for whole participants. Figure 5.12 show the

average and standard deviation errors between the marked source and target one.
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Figure 5.11. Boxplots showing the percentage of times that the user accurately mark the audio or vibration source.
Average values are shown by the cross symbol.
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Figure 5.12. Boxplots showing the angulation error when marking the audio or vibration source. Average values are
shown by the cross symbol.
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When comparing the different sound strategies and audio spatial worlds, best results were
achieved when using 12 audio sources together with SS4 strategy (SS4-12SC, Figure 5.4-c). Within
this configuration, target sources were correctly chosen 79.2 + 8.1% of times with an average
angulation error of 10.4° degrees. The worst configuration was found with SS1 strategy when using
16 audio sources (SS1-16SC - Figure 5.4-b), showing an average angulation error of 51.5° degrees

and an assertive percentage of 43 + 6.0%.

SS4 was the best sound strategy with significant statistical differences (two-way ANOVA - see
attachment 1 for more detail) when compared to SS1 (p<0.0001) and SS3 (p<0.05). SS4 was
followed by SS3 that also shows significant statistical differences with SS1 (p<0.01). Finally, worst
results were obtained with SS1. Regarding the audio world configuration, 12SC was the best one
with significant statistical differences when compared to 8SC (p<0.0001) and 16SC (p<0.0001). It
was followed by 8SC with also significant statistical differences with 16SC (p<0. 0001). Finally, worst

results were obtained with SS1.

When listening the various sources configured with SS1, the user can easily separate left from
right. However, only 62% of times he was able to identify if the sound is created at the front or back

sources, creating high standard deviations between users (Figure 5.12).

From the boxplot analysis (Figure 5.12), more than 75% of participants did not show angulation
errors when using the SS4-8SC and the vibration feedback.

By introducing S ffront and Sfpqck in SS3 and SS4 strategies, the user was able to improve its

ability of detecting front or back sound to 87% of times.

By adding S,f and S,d to SS4, the user was able to accurately and promptly distinguish the
sources placed at the four cardinal points (0°, 90, 180° and 270°) when compared to SS1 or SS3
(71% vs. 90.5%).

Finally, vibration results were the best ones. The participants can easily and accurately identify
vibration sources 91.1 + 3.6% of times with an average angulation error of 8.0° degrees. Significant
statistical differences (p<0.0001) were found when compared to the best audio configuration (SS4-

12SC).
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5.4.2 Phantom Test

In terms of the phantom test, every subject reached the correct target in their first attempt.
Figure 5.13 shows the average time for planning and puncturing in both naive and expert groups.
Clearly, NeedleView alone or combined with any other modalities was the fastest strategy for planning

or puncturing.
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Figure 5.13. Time needed for planning and puncturing for whole elements of the naive and expert group: 3D = 3D View;
2D = NeedleView; A = Audio; V = Vibration; 3D/2D = 3D view + NeedleView; 3D/2D/A = 3D view + NeedleView + Audio;
3D/2D/V = 3D view + NeedleView + Vibration.

On the other hand, audio or vibration alone were the ones that took longer times.

Planning significant differences between naive and expert groups were only found when using
audio feedback (p<0.01). Puncture significant differences between both groups were found when
inserting the needle under 3D view (p<0.05). 3D, audio and vibration are the methodologies where

participants show quite range of times, especially for planning.

In the naive group, planning time was minor when using the NeedleView alone (average value of

4.5 + 1.5 s). Higher times were achieved using the Audio feedback (21.3 = 15.1 s). In terms of the
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Figure 5.14. Comparison between guidance strategies. The arrow points to the best method when comparing the
average times for planning and puncturing. The asterisk gives the statistical significances (two-way ANOVA): without

asterisk p > 0.05; * p < 0.05; ** p<0.01; *** p<0.001; **** p < 0.0001.

puncture step, best results were achieved using “3D view + NeedleView + Vibration” with an average
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value of 14.7 + 8.5 s. Surprisingly, longer puncture results were achieved with the 3D view with an

average time of 34.8 + 21.0 s.

Figure 5.14. shows multiple comparisons between all guidance strategies. Statistical analysis
show that all new interfaces influenced positively the procedure performance when comparing to

only the 3D views presented in the previous chapter.

In the expert group, planning time was minor when using “3D view + NeedleView + Audio” with

an average value of 2.7 + 0.6 s.

Higher times were achieved using the Vibration (16.8 + 8.1 s). With respect for the puncture
step, best results were achieved when using “3D view + NeedleView + Audio” with an average value
of 15.2 + 7.7 s. Longer times were needed when using the Audio feedback with an average value of

29.1 +80s.

The time needed for planning and puncturing is very promising, existing no statistical differences

when comparing experts to naive participants in most of guidance strategies.
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Figure 5.15. Boxplots of the errors from the ideal trajectory, according to the profiles shown in Figure 5.16: : 3D = 3D
View; 2D = NeedleView; A = Audio; V = Vibration; 3D/2D/A = 3D view + NeedleView + Audio; 3D/2D/V = 3D view +
NeedleView + Vibration.

Figure 5.15 and Figure 5.16 give an overview about common puncture profiles when inserting

the needle with different feedbacks. As represented, using only the 3D view it was difficult to maintain
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the needle tip inside the 2 mm margin (white circle at the NeedleView). Errors were minimal when

using “3D view + NeedleView” + “Audio” or “Vibration”, because an audio or vibrotactile alert was
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Figure 5.16. Error profile deviations from the ideal trajectory when planning or puncturing according to different guidance
strategies. The vertical line indicate the end of the planning procedure.
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generated each time the user increases this error. Similar errors during puncture were found when

using the audio or vibration standalone, but with higher planning and puncture times.

Audio and vibration feedback seemed to precisely inform the user to keep the needle correctly

aligned with the target.

All participants considered that audio or vibration feedback gives less confidence than the
NeedleView, but suggested that can improve the PRA procedure. Although impractical in a real
situation, results reveal that the target can be reached without spending any time looking on the

screen.

The step function to control the audio loudness was easy to understand for whole users. Although

one tested also an exponential function (Equation 5-5), this options was never preferred.

loudness = 0,0326¢%079%€rr Equation 55

The audio feedback combined with the NeedleView provided good directional feedback during
all the procedures. This interface was the preferred and simplest one without needing any training
before usage. In the presence of the NeedleView, the 3D view was frequently ignored and the audio

or vibrotactile were mainly used as a warning system than a guiding one.

Table 5.2 show the questionnaire for questions Q0, Q1, Q2 and Q3 (Experiments section 5.3.3).

Table 5.2. Questionnaire results when evaluating the different guidance approaches.

3D + 3D+ 3D+
3D NeedleView Audio Vibration NeedleView NeedleView

NeedleView ) i )
+ Audio + Vibration

(11 6.25+096 92+0.7 53+12 59+x11 88=+16 8.7+0.7 6.3+2.1

(2]

_E 01 1 1 10 10 1 54+12 52+15

]

§, (174 38+23 10 29+11 55+0.7 95+05 9.6+0.5 9.5+0.5
1k 43+19 10 25+05 5714 9111 89+12 87+15

The NeedleView followed by the “3D + NeedleView” and “3D + NeedleView + Audio” were the

three most favorite methods according to QO.
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Whole users score Audio and Vibration in Q1 with 10, because they were blindfolded when
performing the procedure. In contrast, visual modalities were scored with 1. Hybrid modalities that

combines Visual and Audio/Vibration feedback were scored with similar values.

Regarding the question Q2, audio feedback, followed by the 3D screen, were the most difficult

techniques. The easier ones were the NeedleView alone or combined with any other feedback.

Finally, Audio feedback was the most difficult technique with the highest learning curves. The

NeedleView was the easiest and straightforward one, with no need for training.

Figure 5.17. Representation of the experiment setup.
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5.4.3 Animal Trials

Eight surgeons have participated in this experiment. In order to not sacrifice many animals,
surgeons start this experiment by choosing three guidance approaches. “NeedleView + 3D view”,
“Audio alone” and “NeedleView + 3D view + Audio” were the selected ones. A surgical setup is

represented in Figure 5.17.

Three pigs were used for this experiment. Six successful tracts to the middle of ureter were

accomplished. Each ureter was punctured up to 4 times in different regions.

Due to animal’s small anatomy, it was only possible to place the ureterenoscope into a kidney

calyx in two pigs. Therefore, statistical analysis was only performed for the ureter experiments.

Results are in accordance with results already presented in Chapter 4. 100% success rates were

reached with only one attempt for almost all cases.

The time needed to see the needle tip in the ureter skin (Figure 5.18 -a to -d) was some
seconds, but the time needle to perforate the ureter skin (Figure 5.18 —e) was more than 1 minute.

The problem is that the ureter slipped and moved away when the needle was trying to perforate.

b c d e

Figure 5.18. Representation of the needle trying to puncture the needle.

Figure 5.19 presents the average times for planning and puncturing until the needle tip is

visualized in the ureterenoscope camera.

Results are in accordance with the ones described with the phantom test. Longer times were
obtained when performing the experiment with audio alone. Statistically significant differences were
found when comparing the audio with any of the other two interfaces for surgical planning (p <

0.0001) and puncturing (p < 0.001).
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Figure 5.19. Boxplots of the average times for planning and puncturing in the animal trial.

No significant differences were found when comparing the “NeedleView + 3D view” and
“NeedleView + 3D view + Audio”. But as already described in the phantom test, that audio feedback

helped the surgeon keeping the correct path with minor deviations (Figure 5.16).

No major problems were found during the experiments and the most time-consuming. One

attempt was needed for all surgeons.

5.5 Discussion

Although the KidneyNav framework already allowed surgeons to comprehend the volumetric data
of the collecting system (Chapter 3) and to follow a 3D path (Chapter 4), now one explore the

possibility of adding additional feedback, by recurring to the hearing and touch senses.

This chapter tested multiple interfaces where audio and vibrotactile senses were combined with
visual information to provide and improve insight into complex PRA trajectories. These new ways of
feedback intended not to replace visual guidance, but complement the surgeon interaction with the

needle, being able to anticipate any movement even without looking to a monitor.
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With this multi-sensorial interface, the surgeon must place the needle at the skin surface, align
with respect to the target, and finally he should puncture the kidney according to this approved angle.
When the needle is being inserted from an incorrect angle, it will miss the anatomic target which
error is dependent on the angulation error. This error (originated at possible needle deflection, soft
tissue displacements and human tremors) can be tracked in real-time using the 3D EMT sensors at

the needle and catheter tips and used to generate a set of visual, audio or vibration signals.

The previously framework, based in a 3D view, requires some learning training. Results show
that by using this view, is was not possible to precisely and easily follow a pre-computed trajectory
with minimal deviations from the correct path. Regardless the user experience, he can easily

misunderstood the 3D information, increasing the probability of high errors.

By using the NeedleView, the user was able to automatically and intuitively classify the error as
safe and dangerous. No training was required within this interface, being a ready-to-use approach.
Experimental results show that NeedleView worked reasonably well for all puncture orientations being

the fastest and preferred guidance methodology.

The headphones produces different spatialized sound signals relating the position of the needle
with the target. Different sound frequencies were tested to create accepted tones for all users. If the

needle is corrected aligned no sound was generated, avoiding possible annoyance and distractions.

Other works have reported different angulation errors around the head using headphones: 22.3°
[203], 26° [204], 34.2° [164] and 22.2° [199]. When compared to these works, results show
reduced angulation errors when using the SS4 sound strategy with 12 source sounds (75% of
participants show errors below 20°). The poorest scenario was shown at SS1-16SC due to the
inability to clearly distinguish from front and back sounds, as well sources separated from small

angles.

Although it provided limited spatial information, 3D audio feedback was enough to accurately
guide the surgeons without never looking to the screen (in phantom test and animal trial). By using
different audio intensities and pitches, it was possible to improve the feedback about the amount

and direction of the actual deviation from the ideal trajectory.

As already reported [204], error angles are higher for headphones than for loudspeakers.

Although surrounding loudspeakers will have better sound spatial accuracy, is unpractical to
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implement inside an operating room, due to all the medical armamentarium. Moreover, since the
listener head must be centered with the sound system, 7.1 headphones presented an ideal solution

to deal with these problems.

When studying the effect of vibration for guidance, results show that the source motors can be
correctly identified with percentages higher than 90% for an 8-site configuration. Our results are in
accordance with a recently described work [185], that tests the efficacy of providing vibration
feedback using a headband holding 12 coin-type motors.

Although vibration was easily to understand and learn than audio, often users prefer the audio
feedback combined with the NeedleView plus Audio (Table 5.2).

When using only audio or vibration feedback alone, the average time needed for planning or
puncturing was significantly superior when compared to the NeedlleView. But when combined, these
feedback helped to follow the pre-planned trajectory with minor deviations (Figure 5.16). If correctly
used, the proposed methodology exhibited potential to decrease cognitive load and alert the surgeon
when the needle is moving away from the accurate path without the need to continuously interpret
analyze any guidance monitor. Now, the surgeon may devote more attention to the actual needle

insertion and patient conditions.
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PRA Safety Assessment

In order to guarantee the safeness of PRA in terms of organ’s perforation, this chapter proposes
a new US probe with a needle working channel. It generates A-scanned signals along the

percutaneous puncture path, to alert when some condition change [56, 57].
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6.1 Introduction

US technology are often used in medical imaging applications, e.g. surgical guidance and
diagnosis [92, 155, 205]. An ultrasonic transducer (UT) creates an acoustic signal, which travels
though the human body and reflects back when interfaces with different acoustic properties are
found. UT main function is to convert electrical to mechanical energy, and contrariwise, the

conversion of mechanical to electrical energy [205].

Complete ultrasonic systems, working from low (0.5-10 MHz) to high frequencies (>10 MHz),
have been proposed over the years [92, 206-211]. The design of UT are currently no longer limited
to simple geometries, where specialized probes have been investigated for biomedical applications,

e.g. intracardiac echocardiography and intravascular US [212].

Since the overall medical diagnosis is dependent in the UT performance, it is essential to find
successful and cost effective designs as well as building configurations in order to increase its

sensitivity (defined as the maximum Volts amplitude of the received pulse) and resolution.

For PRA purposes, the surgeon needs high dexterity and coordination skills in both hands. One
hand to hold, handle and insert the needle from the skin to a kidney calyx; another to hold, orientate
and operate the UT while interpreting US images to (1) find the kidney target; (2) search for the
needle tip; (3) verify that any vital organ is in the vicinity of the needle trajectory; (4) keep and
maintain both the needle and UT transducer co-axial aligned. Consequently, this procedure is

technically complex and difficult to accomplish by less specialized surgeons.

Current ultrasonic commercial systems are not able to easily and co-axially align the US beam
and the needle orientation. Commercial needle-guide apparatuses have been proposed to overcome
these alignment problems by physically attaches the needle and UT. The guide ensures that the
needle tip is represented in the image for a given depth of penetration and attachment angle [213,
214]. Desal et al. [213] reported that US-guided renal access may be particularly important for the
pediatric population or patients in supine position, because a dotted line can facilitate the

visualization of the needle path [213, 214].
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In order to reduce current imaging dependences, EMT and OMT tracking devices were already
successfully tested and validated in the previous chapters. Results showed that the EMT solution
was highly accurate, radiation-free, simple and fast to get percutaneous access to the kidney.
Although capable of accurately guide the percutaneous puncture, due to its imageless
characteristics, it is still unable to guarantee the safeness of the PRA path in terms of organs
perforation, thus impeding its broader use in clinical routine practice. Moreover, despite of puncture
procedures are routinely used, vital organs such as lungs, liver, spleen and colon have a quite

probability of being perforated during renal access [10, 42, 44].

Considering the shortcomings of the current KidneyNav framework, this work describes a novel
low-frequency transducer with a needle working channel for usage during puncture interventions.
Three UTs were investigated to provide improved information by automatically comparing A-scanned
signals with prior references when inserting the needle. Considering the focal length, aperture,
working frequency, depth of penetration (from the skin surface to the kidney surface), this work
present insight into several transducer manufacture specifications, such as piezoelectric materials

selection, transducer construction, backing and matching material design.

6.2 Methods

6.2.1 System Overview

The developed UT will work together with the KidneyNav framework, alerting when unwanted
anatomical structures are in between the percutaneous puncture trajectory (PPT). The proposed

setup is represented in Figure 6.1 and the surgical workflow will comprise the following steps:

1. As already described (Section 4.3.2-A), the ureteral catheter with an EMT sensor at its tip
must be firstly placed close to the puncture site;

2. After positioning the catheter and inserting the needle inside the UT working channel, the
surgeon can reorient the needle at the skin puncture site (guided by the KidneyNav interface

- Chapter b) to create a direct trajectory towards the target (PPT).
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Figure 6.1. Proposed setup using the UT with a needle working channel.

3. In order to guarantee the safeness of the procedure, the surgeon should evaluate the PPT
using traditional methods, e.g. US or fluoroscopy C-arm checking. One tested the possibility
of using a reconstructed US volume around the PPT, from 2D US images acquired with a
tracked convex probe, to automatically detect anatomical structures (See attachment 2).

4. When an organ is in between the PPT, the surgeon must redefine the catheter orientation
or needle positioning at the skin puncture site;

5. Once a suitable path is found, the surgeon should continuously move the developed UT,
vertically and horizontally, till the voltage value of the echoes signals becomes detectable
(similar as with traditional US systems). The strength echoes will be recognized as interfaces
between different objects;

6. The needle can finally be inserted and guided using the KidneyNav interface. The UT echoes
will be automatically processed and compared along time, alerting the surgeon when some
new echo appear or an old one disappear. Therefore, the surgeon will be notified whether

the initial and safe condition was modified.
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6.2.2 UT - Materials, Design and Fabrication

A. Sensitivity, Resolution and Attenuation

Ideally an UT should produce echoes with high sensitivity, resolution and reliability. Axial US
resolution is the ability of detecting different interfaces that are spatially close to each other along
the beam’s main axis. High axial resolutions can be achieved with ultrasonic pulses of short duration

achieved with high frequencies.

Beside resolution, sensitivity is the capacity of detecting interfaces at a given depth with high
amplitudes. It decreases as the acoustic wave travels through deeper mediums due to signal
attenuation. The attenuation effect, observed in various human soft tissues, increases proportional
with the frequency [215]. Therefore, high sensitivity and high resolution are often contradictory due

to the increased signal loss at high frequencies.

B. UT Design Characteristics

The development of accurate and robust US transducers requires desirable materials, ergonomic

designs and a fabrication process.

A typical structure of a piezoelectric US transducer is shown in Figure 6.2. It consists in an
active piezoelectric element, backing layer at the transducer back face, matching layer at the
transducer front face and electrical contacts [205]. Additional lens may also be coupled to the front

of the matching layer to create a focusing effect [216, 217].

Figure 6.2. Representation of UT typical structure: 1: UT housing case; 2: piezoelectric element; 3: epoxy acoustic
insulator; 4: backing material; 5: excitation and ground wires; 6: coaxial cable connector; 7: electrodes; and 8: matching
layer.

Although the acoustical properties of such elements are critical for the UT performance, its

sensitivity is particularly influenced by the piezoelectric element. Regarding the number of
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piezoelectric elements existing in the UT device, single- or multi-element transducer can be
manufactured. Single-element transducer are the simplest ones, being also the base of the
transducers arrays. These transducers are manufactured with a unique element which is responsible
for creating all the acoustic waves. On the other hand, multi-element transducer follows the main
principle of single-element transducers, but each element is often acoustically and electrically
isolated. Transducers arrays are widely used for 2D or 3D image medical scans [66, 92, 152, 218,

219].

Choosing the correct thickness and acoustic impedance of the backing and matching layers are

the main challenges to create UT devices.

Backing Layer

The backing layer is commonly created by attaching an absorbing material to the rear face of
the piezoelectric ceramic. Its main function is to absorb back wall reflections, so that the length of
the transmitted pulse is shortened, increasing the resolution and maintaining or enhancing the

transducer bandwidth characteristics.

Because the acoustic energy is absorbed from the backward, predictably the transducer
sensibility is reduced since there are less energy available for forward transmission. To this extent,
another compromise should be established between sensitivity and pulse length. The pulse length

can also be electrically manipulated by adding some amplification by the excitation source.

When defining a backing layer material, four main requirements should be considered. First, the
backing material and piezoelectric element should have similar acoustics impedances, so that the
energy will be transmitted to the backing materials with minor reflections. Second, this layer should
have high attenuation coefficient in order to reduce or even eliminate possible reflections. If any
backing layer exists into the transducer back, then an air-backed transducer is obtained. Third, it
should be able to adhere to the piezoelectric material. Finally, it should be able to create a thick layer

with high surface quality [220-223].

Matching layer

Another main issue for creating UT is the need of creating acoustical matching between the

impedance of the piezoelectric material and the medium of propagation to increase the transducer
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sensitivity. For biomedical applications, this often requires matching layers with impedances ranging

from 2 to 19 MRayl, similar with the human tissue [224-226].

The performance and design of matching layers have been demonstrated both theoretically and
experimentally over the years [218, 220, 224, 227-229]. |deally, the layer material should have low
impedance, low attenuation and a specific thickness. Quarter-wave matching layers (A/4) have been
reported as the ideal thickness, showing high efficiency maximum energy transfer between the two
media and broad bandwidth with Gaussian shaped pass-bands [230, 231]. A is the wavelength of

the acoustic wave transmitted in a matching layer at the resonance frequency.

The main problems related to the matching layer manufacture are the unavailability of materials
with correct acoustic impedance values, attenuation introduced by the matching layer itself and
manufacturing considerable costs to produce layers in the nano-scale for high frequencies [220,

232].
Crosstalk

For multi-element UT, acoustic waves of a single element may be reduced or increased, due to
destructive or constructive interference considering the acoustic output of adjacent elements. This

inter-element crosstalk may degrade the overall transducer performance.

Crosstalk can be both acoustic and electrical. Electrical crosstalk is reduced by shielding the
connecting transducer structure and cables. Acoustic crosstalk is associated with relatively delayed

and attenuated acoustic outputs between successive array elements [233].

C. Beam Form

An UT working zone can be divided into the near and far field. The near field is the region in front
of the transducer and corresponds to its natural focus. It ends at the location of the maximum output
signal. The far field distance is the area beyond the near filed distance where the output signal

progressively drops to zero.
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Figure 6.3. Representation of an UT near field (green waves in a) and far field (blue waves in b). The near field presents
high echo amplitude variations, where the echo amplitude moves through a series of maxima and minima values. (Image
adapted from [205]).

The near field distance N depends on the piezo-element frequency f, element diameter D and

sound velocity of the test material according to the Equation 6-1.

Df _
N =—— Equation 6-1
4v

The diameter and working frequency were determined in order to reach a near field which length

was calculated according to the mean distance between the skin and kidney surface.

As represented in Figure 6.3, the US beam gradually narrows until the end of the near field and
starts diverging at the far field. Regarding the Equation 6-1, narrow beams with big near field

distances, can be obtained by high frequency UT or a larger element diameter or both.

The narrowest point at the interface between the near and far field is called the focal point, where
it is possible to measure a maximum pulse/echo response. The focal point should be adjusted so
that it intersects the target anatomical organ and the correspondent echo is more accurate than
those from other depths. This point can be modified using acoustic lens or by constructing phased-
array transducers. By definition the focal point cannot has a greater distance than its near field [205,

210].

D. Active Element

The first step to manufacture an UT is the selection of an active element that works as the
vibration source. The selection of the proper material demands careful analysis of the operational

environment, bandwidth and sensitivity needs.
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Due to the high variation of tissues in the abdominal area, a big challenge is to reach an adequate
depth of penetration together with a sufficient spatial resolution. Since, the attenuation and resolution
is reduced for lower frequencies, a good trade-off between attenuation and spatial resolution, to
detect all the abdominal interfaces, has been achieved with frequencies ranging from 1.5 to 3 MHz

[234, 235].

Even though there have been a considerable number of different piezoelectric materials
investigated, exhibiting improved coupling coefficients and extremely high dielectric constants, the
choice of commercially available materials is limited. A number of materials are currently evaluated
and tested such as lead zirconate titanate (PZT), lead metaniobate, lithium sulphate, lithium niobate,

quartz, barium titanate and polyvinylidene fluoride (PVDF) [216, 236-238].

PZT has been one of the most commonly used and tested material [235] for the fabrication of
medical US transducers with low frequencies, because of its high-piezoelectric and dielectric
constant, relative permittivity and electromechanical coupling coefficient [225, 228]. This work uses
a PZT-27 as the active element, which is a standard from Ferroperm. The elements are covered by

a silver electrode metal giving good electrical conductivity and chemical stability.

PZT materials work with narrowband frequencies, where its working frequency f is mainly
determined by the thickness t and acoustic velocity v of the piezoelectric element [205] (Equation
6-2).

f= v/ 2t Equation 6-2

All piezo ceramics are polarized along its thickness, meaning that the electric field is applied

along the thickness direction.

E. Simulation

Although an UT structure is simple in physical principal (Figure 6.2), its practical design and
construction has been a trial and error process, due to many factors affecting its final performance

(e.g. backing and matching layer thickness, used materials, depth of penetration, etc.).

Since experimental methodologies to test ultrasonic transducers may become very time-
consuming or costly, an ideal UT configuration may be effectively evaluated under computer

simulation. Several software application and theoretical calculations have been developed to
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estimate and design transducers with reduced ripples and pulse duration, high sensitivity and broad
bandwidth operation [220, 239, 240]. Computer simulation of different transducers were carried

out using a commercial software package - Wave2000 Plus (from Cyber-Logic inc., N.Y., U.S.A.).

The simulation process starts by creating a PCX file, e.g. under Photoshop CS5, of a 2D
representation of the UT configuration (Figure 6.4). Transducers are made with a piezoelectric layer
(1.5 mm thick x 25 mm wide; d in Figure 6.4), a matching layer (25 mm wide; f in Figure 6.4),

backing layer (35 mm thick x 25 mm wide; a in Figure 6.4) and with convex or concave lens.

Figure 6.4. 2D representations of some UT configurations: a) backing layer; b) water; c) material with high reflexive
coefficient; d) piezo electric material; ) particles inside the backing layer; f) matching layer; g) convex acoustic lens; h)
concave acoustic lens; i) pulse/echo acoustic rays; j) needle.

The effect of backing and matching layers were tested with different materials and thicknesses:

= Material similar to the piezoelectric one but high damping coefficients;
= Epoxy;
= Epoxy mixed with tungsten;

= Epoxy mixed with tungsten and cork powders (particle size = 1 mm).

The goal of using cork powders was to increase scattering losses at the same time exhibit high

attenuation coefficient.

For the matching layer, three different thicknesses were tested (A/2, A/4, 3A/4) with epoxy and
a synthetic (acoustic properties placed between water and the piezoelectric layer) material. The
epoxy material was chosen because it presents low viscosity, small heat shrinkage and acoustic

impedance similar of human tissue (2.4 MRayl).
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Since the effect of the lens is dependent on its shape and propagation velocity, two different
configurations were simulated (convex and concave, Figure 6.4). The focal length f was determined

according to the following equation [215, 241]:

l_Ga_nts4+L o
i (C2 1)(R1 + Rz) Equation 6-3

c; and ¢, are the medium and lens sound velocity, respectively, and R; and R, are the radii of

curvature of the lens surface (exterior and interior ones, respectively). R; and R, are positive for a

convex and negative for a concave surface. The apex of the lens was manufactured to has a thickness

of (n — 1) % (with n being an even number) at the center of the transducer. The idea was to analyze

the pulse/echo response at different focal lengths.

F. Fabrication

After studying and simulate various options of UT designs, three UTs were fabricated in order to
(1) generate enough acoustical power to detect tissue interfaces along the percutaneous path, (2)

have a needle working channel and (4) small dimensions for easing maneuvering:

= UTI - UT based in a single PZT-27 ceramic disc with 25.4 mm of diameter (area of 507
mm?), 1.5 mm of thickness and nominal frequency of 3.3 MHz (most common
frequency used in PRA procedures [66, 155, 205])

= UT2 - Identical with UT1, but with an epoxy acoustic lens;

=  UT3 - UT based in an array of six PZT-27 ceramics, where each element has a trapezoid

shape, 5 mm of thickness, 102 mm? of area and nominal frequency of 3.2 MHz.

Figure 6.5 and Figure 6.6 shows some fabrication steps. The manufacturing process starts with
the fabrication of the mold and transducer housing. It was performed by shaping a tube (stainless
steel tube for UT1 and UT2; PVC tube for UT3) using a lathe machine (0.01 mm of resolution). Such
materials were chosen due to its non-ferromagnetic characteristics, easy to clean properties,
waterproof capabilities and can be easily manipulated by the lathe. Each tube was drilled, cut and
sanded into the desired diameter, so that it was ready to receive piezo-ceramic element, backing

and matching layers.
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Figure 6.5. Fabrication steps for UT1 and UT2: a) stainless steel housing tube; b) piezo ceramic disc - PZT-27; c¢) plastic
mold; d) coaxial connector; €) matching layer; f) needle working channel; g) 18G surgical needle.

Figure 6.6. Fabrication steps for UT3: a) piezo ceramic with trapezoidal shape — PZT-27; b) PVC housing tube; c) silicon
mold; d) backing layer; e) matching layer; f) needle working channel; g) 18G surgical needle.

Next, using a hot bar soldering, electrical contacts were made between the front and back
ceramic faces (ground and excitation, respectively) and a BNC (Bayonet Neill-Concelman)
connector. For the UT3, each trapezoidal piece was independently linked to a single connector in
order to receive and process each element separately. All the electrical contacts were made with
low-temperature soldering (<200 °C) in order to avoid the damage of the piezo-ceramic film. The

soldered ceramics were further placed in the mold, within the housing tube, for supporting to the
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mold and placed in the housing tube (UT1 and UT2 with an outer diameter of 32 mm UT3 with 45

mm).

The six trapezoidal pieces in the UT3 were equally distributed, by a 60° angle, around the needle
working channel (Figure 6.6). The space between each piece was minimal (~1 mm) and filled with

a non-conductive silicon material in order to maximize the acoustic power.

The matching layers solution was made with epoxy resin mixed with tungsten powder (particle
size of 1 micron and 99.95% purity). The tungsten powder had a volume fraction of 48% in the
matching layer. Tungsten with this particle size was chosen in order to reduce the US scattering and
attenuation. This solution was centrifuged during 10 minutes and then put in a vacuum chamber for
40 minutes to release trapped air bubbles. The final liquid was transferred directly on to the UT front
mold designed and fabricated to have a thickness of A/4. The matching solution was cured at room
temperature during two days. After being hardened, this layer was grounded and rectified to its

calculated thickness of A/4, removing a curvature that may exist due to solution surface tension.

For the UT2, a silicon mold with a convex curvature was used to create an epoxy lens in front of

the matching layer.

The backing layers were made with high-loss high-impedance tungsten-loaded epoxy mixed with
cork powders (particle size = 1 mm). These mixtures were not put in the vacuum chamber in order
to obtain high acoustic attenuation and reduced back-wall reflections. This layer was also stabilized
at room temperature during two days. The ceramics connected lead wires ware fixed to the backing

layer with an addition amount of epoxy solution.

During the matching and backing layers fabrication, the mold guarantee that the solution does
not flow to the back of it and vice versa, while applies enough pressure to ensure a good connection

between components.

In the end, each transducer was drilled to create a 2 mm channel, so that 17G, 18G and 21G

needles can be maneuvered within the probe.
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6.2.3 Impedance Matching

Often, there is an impedance mismatch between the transducer and other interface devices such
as the signal source or the data acquisition device. This minimize the maximum amount of power
transferred from a source to a load, increase the signal reflection from the load and can even damage

the source [218].

According to the maximum power-transfer theorem [225, 234], an optimum power of 50% of
the total power can be achieved by making the load impedance Z; equal to the source impedance

Zs (Figure 6.7).

ZS
Impedance
+
T)Vs Matching <® VL
Circuit

Figure 6.7. Representation of an impedance matching circuit and source and load components.

In general, impedance matching between a source and a load can be classified into three

categories:

=  Source and load are both resistive and unequal;
= Source is resistive and the load is complex;

= Both the source and the load are complex.

Therefore, when the load is a complex and the source is resistive, it is required a reactance
cancellation. The impedance matching process starts by defining an equivalent electric circuit for
each unmatched piezoelectric (UT1, UT2, and UT3). An impedance analyzer (Omicron Lab Bode
100) was used to measure the electrical impedance curves, by connecting the two ceramic polarities

to independent contacts of the measuring system.

Because every transducer works within a narrower band, each ceramic piece (UT1, UT2 and
each UT3 trapezoidal element) was matched with a specific circuit. Different network topologies were

used to move the impedance point along the constant resistance and conductance curves.
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L-Network circuits were configured with two low-pass and two high-pass versions (Figure 6.8 -a
to -d). Although L-network topologies are very versatile and broadly used to attenuate signal
harmonics and noise, it only can match a limited range of impedances [242]. To this extent, T-
Network (Figure 6.8 -e and -f), m-Network (Figure 6.8-g and -h) and two-cascaded L-Networks (LL-
Network) (Figure 6.8 -i to -I) were equally considered. Different low-pass and high-pass versions were
also considered to reduce the necessity of too large or small inductance or capacitance for a given

frequency range.
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Figure 6.8. Representations of different impedance matching circuit topologies. In = RS + jXS and Out = RL +
JXL.

The inductances and capacitances values for each circuit were determined based on the
resonance frequency of each transducer. These were kept under certain values so that the
impedances are matched within a given quality factor Q (Q<b). Larger bandwidths can be obtained

with lower @ values, which commonly requires adding more components to reach the 50 Q
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impedance point. Thus, it creates a tradeoff between the desired bandwidth and the network
complexity.
Each network topology was designed and simulated under Matlab R2014b using the Radio

Frequency Toolbox [243]. This toolbox provide high level functions able to calculate the frequency

response of the (un)matched transducer and the network gain.

By knowing the frequency operation of each transducer, Zs and ZL, initial components values
for all capacitances and inductances (C, L, CS, CL, LS and LL, Figure 6.8) were calculated based on

the electric circuit analysis.

A. Circuit Optimization

With Fr; being the operational frequency of UT; (i=1,2 and 3), each impedance matching
transformer (IMT) must operate between Fr; £0.5 MHz. The initial values of the capacitances and

inductances of each IMT were further optimized resulting in new output values.

Each circuit was firstly constructed under Matlab as cascaded network of radio frequency
objects. The optimal component values was found by a systematic and repetitive process during
which the admittances and capacitances were iteratively adjusted towards the minimization of a cost
function, f(IMT). Although the cost function could be calculated by several ways, one have chosen
to minimize the average reflection coefficient in the passband, so that the power energy transference

is increased.

New capacitance and inductance values were calculated by a direct search method described
by Lagarias et al. [244]. This method is based on the iterative update of a simplex made of n+1

vertices in n dimensions.

Each vertex V; (for i=1, n+1) is interpreted as a possible candidate solution given the initial
capacitance and inductances values and is associated with a function value f(V;) < f(V,) <
f(V) < f(Vy41). Because the algorithm seeks to minimize the cost function, f (V) refers to the

best function value, f (V) as the next best function value and f (1;,) as the worst function value.

At each iteration k, the centroid X(n + 1) of the remaining n vertices are computed where the

worst vertex V,, ;1 is excluded.
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A reflected point V is then computed with respect to the worst vertex V,,.1: Vg = (1 + p)V —
pV,.+1, where V is the average value (V = %Zizlln Vi), p is a reflection coefficient and f (V) is

the function value for V. From this point, four possibilities can be computed at each iteration:
reflection (when f(V;) < f(Vgx) < f(V,,)), expansion (when f(Vg) < f(V;)), contraction
(when f (V) = f(V},)) and shrinkage (when any of the other conditions are true). These operation
depend on the following coefficients: reflection p = 1, expansion = 2, contractiony = 1/2 and
shrinkage ¢ = 1/2. They were chosen with standard values in order to respect the following
requirements: p >0, £ >1, f>p, 0< y>1, 0< o> 1][244].

All this steps are repeated till some stop criterion is achieved: maximum number of iterations

(nlIt) and maximum number of times that the cost function increases consecutively (nError).

Considering the tradeoff between speed and quality of match, nlt was set to 1000 and nError

set to 50, increasing the probability that the cost function converge for one single minimum value.

6.2.4 Echo Detection

Each time ¢ that a tissue or anatomical organ move or suffer some deformation along the PPT,
a new echo in the A-scan (A4;) signal is generated. The number of echoes, ne;, are dependent on

the number of interfaces between tissues with different acoustic propetrties.

For subsequent times A, ., (7 is a constant to get future signals) an echo amplitude can be
reduced or increased. Moreover, echoes not presented at A; can now appear at A;,,, and vice-

versa.

An alert will be generated whenever there is a change in the number or position of echoes

between A, and A;,, (Figure 6.9).
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Figure 6.9. Overview of different reflected signals from tissue boundaries showing an adequate or inadequate puncture
path.

Since the echo signals appear as local maxima (i.e. peaks) in the A;, they can be automatic
detected using peak detection algorithms. Although, this is an indispensable step to alert whether
some change occurs along the PPT, it can also be a challenging task, since some A, echoes may

be submerged by noise giving high false positive rate of detection.

Therefore, peak detection algorithms often combine many peak characteristics in order to
differentiate interface peaks from noise peaks. To overcome these problems, various algorithms have
been proposed over the literature to identify true signal peaks [245, 246]. In order to increase the
sensitivity and specificity of peak detection methods, the signal was smoothed with low-pass filters

to remove peaks with low intensity and random spikes [247].

The next two sub-sections describes two different approaches to deal with the peak detection

problem.

A. Peak-based method

This first approach is based on the peak detection after smoothing the input signal. Two different

low-pass filters were tested and compared: Gaussian and Savitzky-Golay filter.

The Savitzky-Golay filter can be generalized as a moving average filter, performing a least-squares

fitting of polynomials to segments of data. This filter is less effective for reducing noise, but more
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effective to keep the original signal shape, i.e. have potential to keep the echo signals without
removing them. The smoothed point y[n], from a signal point x with k points, is given by Equation

6-4, where A; controls the polynomial order [248].

_ Z{F:—kAix[n — ]
}’[Tl] - k
i=—kAi

Equation 6-4

On the other hand, a Gaussian filter reduces the noise corrupting the signal according a standard
deviation parameter (o). This filter gives a weighted average of a local neighborhood, where the
neighborhood width and the amount of smoothness is function of the o. For 1D signals, the Gaussian
function G (x) (with u being the position of the center of the peak) is the probability density function

of the normal distribution (Equation 6-5):

—(x-w?
1 e 202 Equation 6-5

G@) = oV2m

The smoothed signal was input to a method that detects zero-crossing in the slope differences
between a point and its neighborhood. Additional constrains such as peak width py,, minimum
distance between peaks min,, and peak prominence pp were used to detect only the desired
peaks and ignore the ones that present small amplitude and are too wide or too narrow. The py,
were calculated by least-squares curve-fitting of a segment of original unsmoothed data in the vicinity

of the zero-crossing [249].

The prominence pp measures the intrinsic height of the peak. It is calculated by extending a
horizontal line from the peak top until it crosses the signal or reaches the left or right end of the peak

[249]. The prominence is the vertical distance between this horizontal line and the peak top.

B. Wavelet-based method

This second approach implements the work already described by Du e/ a/. [250]. It is based on
a continuous wavelet transform (CWT) methodology for peak detection. CWT is calculated as the
sum over time of the signal times a scale factor, shifted by a wavelet function 1. The CWT receives
the input the signal without any pre-processing stage, and mathematically, can be represented in

Equation 6-6.
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where s(t) is the signal, a is the scale, b is the translation (t) is the mother wavelet, ¥, , (t) is

the scaled and translated wavelet and c is the 2D matrix of the wavelet coefficients.

The mother wavelet highly influences the peak detection, since its coefficient should reflect the

similarity between the signal s(t) and 1, (t). The Mexican Hat was used for this work due to its

common shape [250].

This CWT coefficients can be visualized in a color map image, where its ridges can be correlated
with the spectrum peaks. The information over the 2D CWT coefficients matrix provides additional
information on how the CWT coefficients change over scales. As stated in [250] the peak detection
problem is now turned into finding ridges, over the 2D CWT coefficient matrix, and utilizes these

coefficients to identify the echoes (Figure 6.10-b).

Analyzed Signal (length = 15000)
T

4000 . .
3000
2000 b *f f
1000
0 J . | ! ! .
2000 4000 6000 8000 10000 12000 14000
a

Ca,b Coefficients - Coloration mode: init + by scale + abs

Scale of colors from MIN to MAX
b

Figure 6.10. Peak identification process based on CWT: a) shows the input signal and b) shows CWT coefficient image
with 50 scale levels (yellow represents high amplitude and black represents values close to zero). The crosses presents
local maxima.
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At each scale the corresponding CWT coefficient have a local maximum around the peak center.
This local maximum gradually increases until it reaches a maximum which occurs when the scale

best matches the peak width. Then, it gradually decreases again.

From Figure 6.10-b major echoes correspond to long and high ridges, while the small peaks
correspond to short and low ridges. The echo center was determined by detecting the local maxima
ridge of the CWT coefficients at the half scale level. First, a sliding window with size W will search
for continuous ridges. Its size is proportional to the wavelet support region at the scale. Then, some

constraints were considered to the detected ridges:

e They must have a minimum length of R;;

e FEach ridge must have a gap number less than a gap threshold G (a gap exists when a
ridge line is discontinued, i.e a relative maximum is not found within a given ridge distance.
The maximum allowed distance, maxp, between two nearest points should be less than
the sliding window size at that scale level);

e The maximum amplitude, max,, on the ridge line, which is proportional to the width of the

peak, should be within a certain range.

Finally, the peak position is calculated based on the centroid position within a specific windows

size on the ridge line.

6.3 Experiments

6.3.1 Phantom Building

In order to test the developed UTs, different acoustic phantoms were built in order to mimic
some common puncture trajectories. Due to a wide range of anatomical variations, such as size,
shape and composition, different phantoms setups were used to simulate acoustical tissue
properties, mainly with respect to impedance and attenuation coefficients [251-253]. Different

interfaces between adjacent structures were created (ST = Soft Tissue):
= ST | Muscle | Bone | ST | Liver | ST | Kidney
= ST | Muscle | ST | Muscle | Colon | ST | Kidney
= ST | Muscle | Bone | ST | Kidney
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= ST | Muscle | ST | Kidney
= ST | Muscle | Colon | Muscle | ST | Kidney

The thicknesses of each phantom was defined by conducting a study with different CT datasets

to quantify the following parameters:

= Distance between the skin surface and kidney surface
= Distance between the skin surface and kidney stone surface
= Number of relevant interfaces along the PPT

= Thickness of the most common organs lying at the PPT and might be injured during PRA

To this extent, points were picked along PPT with different orientations (Figure 6.11), each time

a new organ was intersected (points PO to PT in Figure 6.11).

Figure 6.11 Representation of two different puncture trajectories: puncture path where some vital organ is perforated
(red lines) and an ideal puncture path (green lines). All points represent picked interfaces along the PPT.

Then, acoustic properties of each phantom were determined according theoretical parameters

at a measuring frequency of 1 MHz [254, 255] (Table 6.1).

Phantoms were made with a suspension of PVC (Polyvinyl chloride), called PVCP (Polyvinyl
chloride - plastic) from the M-F Manufacturing Co., Fort Worth, TX, USA) [256, 257]. PVCP is a non-
toxic plastic opaque solution which polymerizes and becomes translucent when heated to high

temperatures.

PVCP was mixed with different concentrations of graphite powder Cyp which controls the degree

of acoustic attenuation. On the other hand, the thickness of each phantom was determined according

to the average distances from the CT analysis.
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Table 6.1. Typical acoustical properties of several body tissue.

Accoustic

BooyTiuswe DTS SoumdVelocky  Impedance  Goticant
10) (dB/cm)

Fat 950 1440 1,37 1,15

Blood 1060 1570 1,61 0,18
Kidney 1040 1557 1,62 1

Liver 1060 1566 1,66 0,67

Spleen 1060 1566 1,66 0,45

Muscles 1070 1584 1,70 1,35

Bone 1595 3400 5,58 12,5

Each phantom solution was centrifuged during 10 minutes and then put in a vacuum chamber
for about 40 minutes to release trapped air bubbles. In the end, it was heated until it reached 180°

and then stabilized in room temperature in a specific glass mold.

Other inclusions were manufactured using silicone molds of irregular shapes and sizes from 5
mm to 2 mm. The inclusions were made of pure PVCP using the above methodology. A bone

phantom, with high acoustic attenuation, were also fabricated using epoxy-resin materials.

The phantom attenuation and thickness are the most important parameters for this work, since
they influence whether the generated signal is or not able to reach the desired distance to the kidney.
This US attenuation is the decay rate of the wave as it propagates through material given by the

Equation 6-7.
A= Aje % Equation 6-7

Ay is the initial amplitude of the sound wave before entering in the medium, A is the reduced
amplitude after traveling the medium with an attenuation coefficient @ and size d. Attenuation a
can be determined by measuring backwall reflections in an A-scan signal according to the following
Equation 6-8.

0.1151
a =

dB/s Equation 6-8

v is the velocity of sound (m/s).
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6.3.2 Phantom Properties

The acoustic properties (attenuation coefficient and propagation velocity) were estimated
individually for each phantom using two commercial UT of 1 MHz. This frequency was chosen

because most of the acoustic properties are described in literature under this single frequency.

These two transducers were longitudinal aligned in a tank of distilled water at 25 °C and
separated by b cm: one worked as the emitter of a pulse signal and the other as the receptor. Each
phantom block was individually placed between the two transducers. Based on the travelling time of
the sound signal and the attenuation of the signal that arrives at the receptor transducer it was

possible to classified the acoustic properties of each phantom.

This consists in comparing two acoustic pulses: one propagates through the phantom and
another propagates the same distance in water. Both signals are received by the receptor.
Comparing the propagation time and amplitude spectra of both received pulses, it is possible to
estimate the phantom propagation speed and attenuation. Nonlinear propagation effects were not
considered because the amplitude pressure and propagation distance was small. Instead of literature

quoted values of attenuation, this experiment gives an accurate indication of the attenuation.

Different phantom blocks were constructed in order to mimic the spleen, liver, kidney, fat and
muscle, regarding to the attenuation coefficients at 1MHz [dB/cm] (Table 6.1). Such attenuation

was achieved by using the following concentrations of graphite powder: Cyp=0.3%, C,4p=0.5%,

C4p=0.6% and C,p=1%.

6.3.3 Impedance Matching

The UT electrical impedance curves (magnitude and phase) were accessed during all the
fabrication stages, i.e, from the isolated ceramic to the complete transducer assembly, assuring that

the piezo-ceramic is not damaged or losing the electrical connections.

For each circuit version (Figure 6.8) the gain and theoretical matched frequency response was
computed under Matlab. The gain was calculated as the magnitude ratio obtained with the frequency

response of the matched transducer and that of the unmatched transducer. The version with higher
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gain was considered for implementation. The real frequency response of the unmatched or matched

transducer was measured using an impedance analyzer (Omicron Lab Bode 100).

In order to determine the most efficient electrical matching, each UT3 element was individually

coupled to a matching circuit that centrals each element at the same resonance frequency.

6.3.4 Performance Mapping

UT1, UT2 and UT3 were mapped in an acoustic tank in order to evaluate their directivity pattern,
focal length (distance from the transducer face to the focus) and beam cross-sectional area (area on
the surface of a plane perpendicular to the beam axis consisting of all points where the pulse intensity

integral is greater than 25 percent of the maximum pulse intensity integral).

Figure 6.12. Mapping setup: a) 3D robotic arm; b) UT outside the water tank; c) needle hydrophone.

The setup is composed by a:

1. Degassed (to prevent the formation of bubbles) and deionized (prevent hydrophone
corrosion) water tank;

2. Transducer element (works as the emitter);

3. Needle hydrophone (from Precision Acoustics Ltd. with a diameter of 0.5 mm and 200.7
sensitivity mV/MPa) coupled to a 3D robotic table. The needle hydrophone work as the

receiver and moves in different directions with a controlled temperature of 22 °C.

The mapping starts by manually aligning the emitter and receiver. Here, the needle hydrophone
is aligned to the center of a piezo-element by searching the maximum peak signal. For the UT1 and

UT2, this center corresponds to the center of the transducer device.
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Then, the hydrophone moves inside the water tank, with a scanning volume of 50x50x150 mm

and step of 0.348, 0.348 and 25 mm in the x, y and z directions, respectively.

Each transducer was excited by a signal generator AFG 3021 (from Tektronix) with 5-cycle bursts

at the working frequency and amplitude of 10 Vpp. The generator operates at 50  and phase O.

Acoustic signals detected up by the hydrophone were digitalized and stored in a PC, though a
Labview® program that controls an oscilloscope (TDS 3014B from Tektronix). The signals were

averaged 8 times with a sampling frequency of 80 MHz and 15.000 points/signal.

UT3 was mapped six times, in order to evaluate the electrical crosstalk for each trapezoidal
element. Each time, one single element was excited and the voltages of the remaining and grounded

elements were measured.

6.3.5 Simulation

Simulation results were performed with an input signal of 10Vpp, 3-cycle bursts and 10 dB gain.
The UT was configured to work with a 3 MHz as the center of frequency and a pulse/echo response
into water medium. The influence of the backing materials on the UT transfer function was analysed
under the assumption that all the matching layer are A/4. Different focal lens were considered: 5

cm, 8 cm and 10 cm.

6.3.6 Transducer efficacy for PRA

Several experiments were performed in different phantom setups to evaluate the efficacy end
effectiveness of each UT for PRA. During the tests, each transducer was excited using a US-Key
pulser/receiver (from Lecoeur Electronique). Echo responses were digitized with a sampling
frequency of 80 MHz and transmitted via USB interface to a Matlab software for displaying and
analysis purposes [258]. Signal responses were acquired with 15 FPS. Experimental results were

performed using matched UT.

A. Axial Resolution

The UT axial resolution was quantified by measuring the echo width in a water medium, by using

a quartz-plate with a high reflection coefficient at 50 mm distance.
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B. Depth of Penetration

The depth of penetration was measured as the ability to create detectable echoes when acquiring
signals with different phantom setups. To this extent, one use phantom blocks with acoustic
attenuations coefficients close to soft tissues and thicknesses ranging from 2 to 12 cm. Echoes

should be produced at each 2 cm.

C. Echo Detection

Considering the described algorithms for echo detection, the optimal parameters combination
were found by a systematic and repetitive process, where one parameter was individually
increased/decreased while the others remained constant. To achieve a refined parameter echo

estimation, each combination was tested in different signals and the average performance was

Table 6.2. Peak-based method testing parameters.

Parameters VETES

Savitzky-Golay A; order 3,57
(Equation 6-4) Window size aPey,, where ¢ =0.25,0.5,1, 1.5, 2
Gaussian o 1.5,2and 2.5
(Equation 6-b) Window size aPey,, where ¢ =0.25,0.5,1,1.5,2
min,p aPey,, where a = 0.25,0.5, 1, 1.5, 2
alAgy, where a = 2%, 2.5%, 3%, 5% and A, is the initial
Pr amplitude
Pw aPey,, wherea =05,1,15,2,4

Table 6.3. CWT testing parameters.

Parameters Values
nScales (number of CWT scales) 30, 50 and 70
Gr G between 1 and 4 with maxp = nscales, a=2,4,6,8
R nScales =246 8
L ’ T e Y

Sliding window W aPey,, where a =05,1,15,2,4
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accessed. Table 6.2 and Table 6.3 resumes the input parameters for both the peak-based and CWT-

based algorithms, respectively.

The automatic outcome was compared with a list of ground-truth echoes. A detected echo is
labeled as a false peak if its position is not within a sized window with center at the ground-truth
echo and width Pey, + 0.5Pey,, where Pey;, is pulse echo width. If multiple echoes exists within

this window, they are merged and considered as one peak.

The performance of the algorithm was measured using the false discovery rate (FDR) and
sensitivity. Being FP the number of detectable echoes that are not present at the ground truth and
N, the total number of echoes found by algorithms, FDR is defined in Equation 6-9.

FDR = FN—P Equation 69

e
On the other hand, being T P the number of correctly identified echoes and N, the total number
of true echoes, sensitivity is defined in Equation 6-10:

TP

Sensitivity = Equation 6-10

Te
The algorithm was finally evaluated using a performance coefficient, PCoef f (Equation 6-11),
which contemplates the trade-off between FDR and Sensitivity [250].

pC 2 X (1 — FDR) X Sensitivity
= Equation 6-11
oeff 1 — FDR + Sensitivity detion

The better combination of the parameters presented in Table 6.2 and Table 6.3, the larger
the PC. For two algorithms with the same false discovery rate, the larger the sensitivity, the
better PCoef f. Both algorithms were evaluated in 44 phantom setups with median thickness of 80

mm (range from 70 to 120 mm).

D. PRA Alerts

An alert is generated every time a new echo appear or disappear from a reference signal. This
change must occur during a certain period of time. One estimated and tested the following times

0.5, 1.0, 1.5 and 2 seconds.

In order to test the robustness of such methodology, different setups were created (Figure 6.13):
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Setup A: phantom blocks, with acoustic properties similar to soft tissue thicknesses,
stacked together to create a percutaneous path;

Setup B: several phantom blocks, with distinct acoustic properties, stacked together to
create a percutaneous path;

Setup C: similar as B, but using phantom blocks with small inclusions which position
may be changed during needle insertion;

Setup D: dynamic test, where the phantom blocks are placed similar to Setup A or Setup
B, but each block move throughout the procedure. These movements generate different

alerts by creating or removing echoes.

Figure 6.13. Representation of some experimental setups.
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6.4 Results

6.4.1 Phantom Properties

65 CT datasets were analyzed to calculate different thicknesses between skin site and kidney
target each time the path intersected a new interface (Figure 6.11). The average distance was
123.8425.2 mm (from the skin puncture site to the kidney interface) and 154.5+26.2 mm (from
the skin puncture site to the kidney calculi). The organs along the puncture path were often

intersected with thicknesses ranging from 5 to 30 mm.

45 n-layer phantoms were manufactured with different properties (Figure 6.14).

Figure 6.14. a) Phantom blocks with different acoustic properties. b) Shows phantom blocks stacked in single setups.
c) Shows US images of many setups acquired using a convex probe of 3.3 MHz from the US Sonix system.

The addition of different graphite concentrations allowed different scattering levels similar to

those one found in real tissues. Depending on the phantom size and by comparing the input/output
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amplitudes, it was possible to build individual phantom blocks with an average attenuation of
0.8940.22 [dB/cm] (ranging from 0.62 to 1.4 [dB/cm]). The main difference with real situations
was found in the propagation speed which values was approximately constant in all phantoms

(~1500 m/s). In terms of US images, the visual aspect show similar intensities and textures with

real situations.
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Figure 6.15. Theoretical matched gain for different impedance matching circuits topologies.
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6.4.2 Impedance Matching

Figure 6.15 shows, for all transducers, the best 5 impedance matching circuit topologies, i.e.
the ones that moves the output magnitude from negative gains (dB) to 0. Theoretical calculations
show that the output power can be increased, at least, by a factor of 2 times for all UT3 trapezoidal
elements and UT1.

The circuit topology was then selected according to the availability of electronic components and
simplicity of the circuit. Higher gains were achieved with approximately 3.33 MHz for all the UTs.
Therefore, this center frequency was chosen to maximize the benefit of the IM network.

Figure 6.16 shows the measured electrical impedance as a function of frequency for the UT1
and UT2. As calculated theoretically, it shows a working frequency around 3.3 MHz, which is the
nominal frequency of the piezo-ceramic disk. After matching, the UT1 shows a matched transducers
phase near 0° and a magnitude about 50 ). The output gain are in accordance with theoretical

ones. Experimental output for UT2 was the same with or without using an impedance matching

circuit.

60- 907 — UT1 without IMT
£ — UT1 with IMT
§ 45- 45- — UT2 without IMT
= o
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Figure 6.16. Experimental magnitude and phase for UT1 and UT2.

Figure 6.17 shows the magnitude and phase as function of frequency for each trapezoidal

element of the UT3, measured with the impedance analyzer.

For the unmatched UT3, the average and standard deviation of the impedance magnitude and
phase were 59.3+14.6 and -47.84+6.7°, respectively, across the elements at the resonance

frequency of 3.3 MHz.

Electrical circuit elements were placed between the transducer and the function generator, to

cancel the reactive or imaginary impedance at resonance, improving the electrical impedance
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match. For the same frequency, the average and standard deviation for the matched UT3 were

47.7 + 4.9 and -1.0 + 5.5° respectively.
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Figure 6.17. Experimental magnitude and phase for UT3.

6.4.3 Performance Mapping

Figure 6.18 shows the US beam for all the transducers map when the needle hydrophone was

placed 100 mm away from the transducer surface.

7iIa
vy
A

0 510 1520 25 0 510 15 20 2 3025 20 15 10 5 O
[ _______

0.0 0.2 0.4 0.6 0.8 1.0

Figure 6.18. US beam mapping expressed as the ratio between the output voltages with the transmitted one.
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UT mapping estimated a focal distance of 146 mm, 82 mm and 88 mm for the UT1, UT2 and
UT3, respectively. The beam cross-sectional area oscillates around the ceramic area: 25 mm? for
the UT1 and 102 mm? for the UT3. The UT2 beam was narrowed to 70% of the ceramic area. All
transducers show symmetrical distribution of the US beam, with higher power along the central axis.
Experimental tests showed that beam amplitude was reduced more than 50% when the interface

angle was higher than 18° for both transducers.

Crosstalk was measured for UT3 at a single working frequency and only for the matched case.

It was negligible and not affected the UT3 operation (-33 dB).

6.4.4 Simulation

Figure 6.19 presents simulation results for different UT configurations by transmitting and
receiving pulses in water.

Effect of the Matching Layer Effect of the Backing Layer
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Figure 6.19. Simulation results to study the effect of the matching and backing layer materials. ET = complex
epoxy/tungsten.

As illustrated, the backing layer material strongly influences how the pulse is reduced. With air-
backed UT, most of the energy was transmitted into the water because the air has a negligible
acoustic impedance when compared to water and piezo-ceramic impedance. This mismatch causes
internal reflections, producing a long echo pulse and low axial resolution. This reflections were

damped by applying a transducer backing layer.

The complex epoxy/tungsten (ET) show the high levels of damping, where the addition of cork
particles improved this outcome. The cork backing layer or air backed UT by itself did not produce

desirable attenuation outputs. Backing with higher impedance results in short echo pulses and better
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axial resolution. The main shortcoming of using a backing layer was the decrease of sensitivity due

to the absorption of energy.

In terms of the matching layer, A/ 4 layers of epoxy/tungsten (acoustic impedance of 4.5 MRayls)
show optimal matching with high output sensitivity and low acoustic attenuation. 34/4 and 4/2
show similar output voltages. No matching UT were the worst cases. Although the input signal
excitation is the same, theoretical results show that different thicknesses influences the shape of the

output signals.

The transducer front or back dictates UT operation as well its sensitivity. Similar results were
obtained when using an acoustic lens. The thickness of lens together with the matching layer should

have a thickness of aA/4, where a is an odd number.

Finally, the pulse duration was about 1 us which corresponds spatial pulse length of 1.54 mm

and axial resolution of 0.77 mm.

6.4.5 Transducer efficacy for PRA

The resulting 1/4 matching layer have a sound velocity of 2350 m/s and thickness of 0.63 mm
for the UT1 and UT2 and 0.95 mm for the UT3. The UT2 lens have a lens curvature of 1.26 mm
(Figure 6.5 and Figure 6.6).

Figure 6.20 show pulse-echo responses, of all transducers, recorded from the reflection of the

quartz-plate at 70 mm distance.
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Figure 6.20. Single echo responses for the fabricated transducers.
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The pulse duration for 20% of the amplitude peak was 1.33 us, 1.12 us and 0.85 us for UT1,
UT2 and UT3, respectively. It is clearly seen, that UT1 is the transducer with more signal ripples in
a single echo, low axial resolution and high output voltage. In contrast, each element of UT3 present
the lowest amplitude voltage but highest axial resolution. The main reason for the output
discrepancies between UT1 and UT2 is the acoustic lens, which slightly decreases the voltage output.
The UT2 lens worked as an additional layer, improving the axial resolution due to a narrowed beam.
The peak amplitude increased for 2.84+0.7 dB, respectively, relative to the unmatched cases (values

calculated at the center frequency).

With a sampling frequency of 80 MHz, Pey, = 106 points for UT1, Pey, = 90 points for UT1

and Pey, = 68 points for each element of UT3.

Regarding the depth of penetration, UT1 was able to detect interface variations up to 120 mm.

UT2 and UT3 show lower sensitivity, detecting interfaces within distances less than 80 mm.

Figure 6.21 shows the performance coefficient for detecting echoes with different methodologies
and parameter configurations. Figure 6.21-and Figure 6.21-b show performance coefficients when
smoothing UT3 signals with the Savitzky-Golay and Gaussian filtering, respectively. Concerning
Figure 6.21, Table 6.4 gives information about SO-S4 and GO-G4 configuration and Table 6.5 for wO-
w4 configurations.

Peak-based Peak-based Wavelet-based

FHEL e
C

a

Figure 6.21. Performance coefficient for several algorithm parameter configurations: a) Savitzky-Golay smoothing; b)
Gaussian smoothing; c) wavelet based detection. Two-way Anova: * statistical difference against G2 to G4 and W1 to
W4; §$ statistical difference against G2, G4 and W2 to W4; + statistical difference against G4 and W2 to W4; & statistical
difference against W2 and W4, # statistical difference against W4.

The right parameters for smoothing were experimentally found. For both smoothing algorithms,

best results were found when using a windows size of 1.5 X Pey, (Table 6.2). The polynomial order
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Table 6.4. Peak-based method testing parameters.

Configurations

(Figure 6.21)
S0/GO 2 Pey 3% - A, 4 Pey,
S1/G1 2 Pey 3% - A, 2 Pey
$2/G2 4 Pey, 2.5% - A, 2 Pey
$3/G3 2 Pey 2.5% - A, 1.5 Pey,
S4/G4 4 Pey, 2.5% - Ag 1.5 Pey,

Table 6.5. Wavelet-based method testing parameters.

Configurations Sliding

nScales )
(Figure 6.21) window W

WO 50 2 nScales/4 6- Pey,
W1 50 2 nScales/6 4- Pey,
W2 50 2 nScales/4 2+ Pey
w3 50 2 nScales/2 4- Pey,
w4 50 2 nScales/4 4- Pey,

for Savitzky-Golay was A;=5 and the Gaussian o was 2. After smoothing, Figure 6.21-a and Figure
6.21-b show the algorithm configuration to achieve the 5 highest PCoef f (Table 6.4) (highest with
the S4/G4 configuration).

Best peak-based methods configurations show average PCoef f of 81%+15% (range from 33%
to 100%) and 71%+18% (range from 28% to 100%), when applying the Savitzky-Golay and Gaussian
filtering, respectively. Figure 6.21-c show the results for the wavelet-based detection. PCoef f was
higher with this second approach showing average values (W4, Figure 6.21-c) of 88%+8% (range from

59% to 100%).

Stronger peaks presents longer ridge lines. Adequately ridge lengths and the sliding windows
size were the parameters that most influenced the PCoeff outcome. High FDR were achieved

when small ridge lines R; were used.

Results in Figure 6.21 indicate that the wavelet-based approach has much better performance

(low FDRs) in detecting both strong and weak echoes.
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Figure 6.22. Signals generated by UT3 at different moments of time. Red circles represent peaks detected by the
best configurations of the peak-based and wavelet-based methodologies. Blue circles represent echoes market in
the ground truth but not detected by any algorithm. Yellow circles are the ones identified by the algorithm but not
present at the ground truth.

Figure 6.22 shows examples of signals generated for each UT3 element (T1-T6) at different
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moments of times (Test O, Test 1 and Test 2).

Different results were achieved when performing tests with different setups (Figure 6.13):

Setup A: All transducers exhibited similar outputs without differences in the recorded
echoes. UT3 present identical signals in all elements, increasing the output robustness
and reliability due to the signal redundancy.

Setup B and Setup C: UT1 and UT2 only produces one single signal, being not able to
discriminate if the phantom properties are different around the working channel. In
contrast, UT3 create six different signals, discriminating distinct situations. Figure 6.22-
Test2 demonstrates a situation where element T1 and T3 have similar interfaces, but
they are different from elements T4 and T6.

Setup D: All transducers create output signals that varies according to dynamic
variations. The presence of a new interface or absence of an old one, generates signals
with different number and position of echoes. Differences between signals at different
times were used to generate user alerts. A reduced number of false alerts were achieved

when this time was at least 1 second.

When an alert is generated, the user should confirm that the experiment can continue, and the

current signal is saved as the reference signal. In all tests, a safe and fast puncture was achieved

when the echoes remained constant throughout the process.

6.5 Discussion

Inaccurate punctures can cause damage in kidneys and its surrounding tissues and organs [14,

42]. Imaging techniques have been mandatory for pre-operative planning and to guide the needle

throughout PRA. US is a versatile technology, low-cost, radiation-free and allows real-time signals.

Although some UT configurations and designs are well-known and commercially available, this work

described UTs with a needle working channel. All developed UT guarantee that the US beam will be

co-axially aligned during all the intervention, providing information about interface changes around

the needle shaft.
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Different tests were described and performed in order to verify the applicability of such strategy

and to evaluate if the working channel does not influence the transducer operation.

The phantom study was an important step in the characterization of the UT performance,
because UT often have high performance in water, but may present a low signal-to-noise ratio when
used with attenuated tissues. The PVCP allowed the manufacture of stable phantoms with
attenuation values close to human tissues. The main disadvantages were related to the formation of
bubbles during the manufacturing process and the speed of propagation, which was approximately
constant in all phantom blocks. Despite of the differences of the speed of propagation differences, it
did not influence the testing results, since it mainly affects the position where the echo is represented

(i.e. the echo can be represented sooner or later when compared to a real situation).

However the physical structure of the piezoelectric transducers is quite simple, due to the high
number of possible combinations of layer materials and thicknesses, it is difficult to experimentally
analyze whether the transducer low sensitivity is due to the manufacture process or is actually the
result of the selected layers combination [216]. Therefore, physical UT were manufactured according
to the simulation experiments. These were crucial to theoretically confirm that the UT is only

dependent upon the backing and matching layers, regardless the diameter of the working channel.

Since matching and backing layers have been shown to affect the performance and efficiency of
piezoelectric critically, many constraints were carefully considered during any manufacturer stage.
By optimizing layers thicknesses, it was possible to improve the transducer sensitivity response

under the compromise of bandwidth and levels of ripples [259].

Since the transmission from the transducer through the matching layers is a function of their
thickness, a A/4 layer thickness was essential to not degrade the UT performance and to match the
probe to the test object. Although the mold was manufactured for A/4 thickness, some possible
error may still exist due to the small dimensions. To reach an ideal mode of operation, it was
necessary to correct this differences using impedance matching circuits. By improving the power

transference, it was possible to detect echoes over a greater depth of penetration.

To reduce ripples oscillations and long pulses, acoustic backing material composed by a mixture
of epoxy, tungsten and cork particles were essential to absorb acoustic energy while maintaining

high transducer sensitivity.
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Practical echoes were wider than theoretical ones, because the possibilities of selecting materials
with required acoustic impedance are limited. However, UT1, UT2 and UT3 pulses, of about 1 us,

are comparable with works described in literature [210, 211, 221-223, 232, 233, 235, 259, 260].

UT3 presented two main advantages over single UT. First, the occurrence or absence of an
interface normally occurs in more than one single element. Whereby, UT3 is more robust to the
appearance of echoes caused by noise. Second, each echo is treated independently, being possible
to evaluate and identify the orientation of such echo related to the needle shaft. Despite of all
shortcomings, single transducers are easy to manufacturer and presented higher sensitivity as well
as greater depth penetration. Although UT3 presents low depth of penetration, it remains the
preferred device due to its advantages and since most of the puncture distance are below 90 mm.
Any crosstalk was found between UT3 elements, but additional tests can also be performed at other

driven high-voltages.

When comparing to needle guides apparatus, the developed UT do not require specialized
equipment or complicated logistics. Although needle guides provides assistance in keeping the
needle tip in the image, some disadvantages may arise since they are cumbersome to use, can lead
to significant limitations when adjusting the needle, limits the US image and the anatomical overview

to the current US image [155, 261].

The proposed alert system is very dependent on the performance of the echo detection
algorithm, because it is created each time a true or false echo is detected. According to the achieved
results, the height of the produced echoes can vary significantly in the same spectrum. Moreover,
isolated echoes present similar widths, which can be altered due to the overlap of multiple echoes
and background noise. As stated by Gras et al. [262], true echoes have characteristic shapes which
can be described by a shape-matching function during the peak identification to create a good fit for

identification methods.

The peak-based method found echoes by searching local maxima over a given peak intensity,
width and prominence. This estimation was highly dependent on the peak amplitude relative to the
surrounding noise level. Although these constraints decreases the FDRs of the echo detection, these
algorithms were not capable of identifying both strong and weak echoes. Moreover, by smoothing

the signal, real echoes may be eliminated, and can never be recovered in the subsequent analysis.
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The second approach, based in CWT, makes use of additional information presented in the
echoes shape, with potential to robustly detect echoes across CWT scales and with varying intensities
in a single spectrum [245, 250]. It was possible to detect strong and weak echoes, keeping low
FDRs and high sensitivity (higher values of PCoef f). In addition, the method was applied directly
on the raw data, avoiding the echoes removal by a pre-processing smooth. This strategy was proven

to be less vulnerable to noise, more robust and easier to use and automate.

One possible limitation using this strategy is that some echoes may result from artifacts as well

known in US imaging systems, such as shadowing.

Given the achieved results, it is expected that these UT devices, when combined with the
KidneyNav framework, could be capable of estimating the distance from the needle tip to a detected
echo. Thus, it will be possible to generate various alerts with high, medium or low priority which are
dependent on the current distance (1 cm, 3 cm and 5 cm, respectively). Such distance values can
be easily changed according to the needs of the doctor and the procedure. Since the needle can still
be inserted and guided according to the EMT sensors, now with these UT devices, the surgeon will
be notified when the initial conditions change as result of tissue and organs movements. Thus, it

has the potential to reduce the need of image acquisition or interpreting during PRA.
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Conclusions and future work

This chapter gives the final remarks and future developments for the proposed navigation system

for PRA planning and guidance. It also shows different research path that may improve and

complement the developed work.
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7.1 Conclusion

PRA plays a key role in very common minimal invasive kidney interventions, e.g. percutaneous
nephrolithotomy, kidney radiofrequency ablation, kidney biopsies, renal mass diagnosis, antegrade
pyelography and pressure/perfusion studies. Therefore, the number of PRA procedures is steadily
increasing, despite the fact that the number of trained urologists mastering this technique has not

kept up with this growth factor.

Inaccurate and multiple needle punctures often cause complications, such as injuries in the
kidney or contiguous organs, and eventually prejudice the overall surgical success and patient
outcome. This thesis present a multidisciplinary framework which is able of helping and guiding the

surgeon during PRA planning and puncturing. It may leverage better and easier PRA during PCNL.

KidneyNav was initially developed allowing a fast multi-organ segmentation (Chapter 3)
highlighting the kidney and surrounding structures. The strategy was based on clustering several
primitive volumes until a suitable number of volumes were achieved in the output image. A volume
rendering technique, which implements multiple transfer functions, was used to enhance anatomical
structures with similar intensity in the output volume. DSC scores showed that the method was able
to detect the presence and distribution of anatomical structures inside the rib cage. Time-
consumption for rendering anatomical structures of interest, user dependence and subjectivity were

reduced.

Although this segmentation framework was not directly used for PRA guidance (only planning),
results proved to be adequate to correctly estimate the kidney target position, to decide the calyceal
fornix to be punctured, to calculate virtual trajectories for percutaneous puncture evaluating safety

paths without the presence of vital structures.

Then, the KidneyNav was further modified and able to work together with an OMT system.
Several experiments were used to test and validate its usability for PRA. An Jjn vivo clinical trial,
performed at Braga Hospital, assessed the overall KidneyNav performance in a real situation. The
surgeon used an OMT system to track the needle tip inside the body and to overlap and register it
with pre-operatively segmented data. Although the OMT could track the instrument without wires and

mechanical parts, it required a line of view to the instruments that limited its usability needle tip
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tracking inside the human body. Moreover the rigid assumption to align the patient with the
KidneyNav framework can also add additional limitations. Results show that the organ and needle

motion and deformation were the biggest challenges to achieve robust navigation.

These results prompt us to replace the OMT solution for an EMT one. Different /n7 vitroand animal
experiments were performed to evaluate the efficiency of such approach. The surgeon performed
the percutaneous puncture through a virtual trajectory calculated and displayed in a 3D software.
This software worked as a control station by gathering and processing, in real-time, information from
different equipment needed for the procedure: video from an uretero-reno-fiberscope and orientation
and position of the needle and catheter tips. With a median renal and ureteral puncture times of 19
and 51 seconds respectively (range 14 to 45 and 45 to 67). Such results represent a puncture time

improvements between 75% and 85% when comparing to state of the art methods.

However, one found some difficulties during the tests. The 3D interpretation of the screen during
PRA guidance was a challenging task for some users. Consequently, new feedback interfaces were
developed, namely 3D sound and vibrotactile feedback. Besides to the information received through
our sight, these new ways of feedback were developed to provide additional information about the
needle orientation. These new ways of feedback aimed to complement the surgeon interaction with
the needle, allowing the anticipation of any needle correction even without looking to a monitor. It
was also verified, that by using these kind of feedback, the surgeon tends to follow a virtual puncture

trajectory with a reduced amount of deviations from the ideal trajectory.

Results revealed that the EMT together with these innovative ways of feedback are a promising
and helpful strategy for this type of surgery. Using this system, neither Xray nor preoperative imaging
is needed. Moreover, it was not influenced by physician skill or expertise and it proved to be highly
accurate, simple and quick. One believes that this method has the potential to become the new
PCNL puncture standard since it eliminates radiation, may broad the use of PCNL for surgeons who

are less familiar with minimally invasive surgery and decreases operative cost and time.

Although /n vivotests showed that the proposed solution is highly accurate, radiation-free, simple
and fast, due to its imageless characteristics, it is still unable to guarantee the safeness of the PRA
path in terms of organs perforation, thus impeding its broader use in clinical routine practice.

Therefore, one developed and tested three different transducers with a needle working channel. All
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transducers guarantee that the US beam will be co-axially aligned with the needle shaft giving
detectable echoes in different US phantom interfaces. Such echoes were automatically detected with
peak-based or CWT method alerting the user when some change occurs in between the
percutaneous puncture path as a result of tissue and organs movements or deformations. The
synergy of US with the EMT modality may allow guidance through the optimal path towards the
precise calculus location, increasing surgeon’s confidence and reduce possible complications such

as organ perforation.

Finally, due to the high number of patients suffering from kidney diseases and the predictable
growth of PRA practice encouraged by the achieved results, it is expected that all this system
hardware or software modules will result in an attractive commercial product. It should be
emphasized that, the developed methodologies may be easily adapted to similar procedures
(insertion of a catheter to reach an anatomical target followed by a needle puncture step), particularly
gastrostomy, endoscopic pyelolithotomy, the treatment of upper urinary tract, urothelial tumors and
caliceal diverticuli, endoscopic resection and diagnostic indications (e.g. antegrade pyelography and

pressure/perfusion studies).

7.2 Future Work

This thesis demonstrated that it is feasible and highly accurate to guide PRA with EMT
technologies, without the need of imaging modalities. In spite of the promising results, some

research paths for the improvement of the developed framework may be investigated.

7.2.1 PRA Planning

In what concerns to PRA planning, the imaging framework, discussed in Chapter 3, may be
improved and optimized, so that the kidney structure can be more accurately visualized [111-113,
119, 263]. Since PRA success is directly linked to the physician’s ability to precisely visualize and
reach the anatomical target, by showing the kidney calyx and lumen with more rendering details, the
surgeon will be able to evaluate the best kidney entry point. On the other hand, giving the nature of

image-guided interventions, tissues/organs movements are often present. Therefore, the proposed
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imaging framework may also be modified in order to update, in realtime, organs displacements

according to the information retrieved by the EMT sensor located at the catheter tip.

7.2.2 EMT for PRA access

Even though the EMT developed methodology (Chapter 4) was proven suitable, and achieved a
very positive performance /7 vivo, the presented technique certainly demands further evaluation

regarding its human applicability, such as presence of renal stone, patient position.

This study did not consider kidneys with renal stones, which prevents us from providing solutions
to specific situations with a fair degree of certainty, such as staghorn calculi or obstructive uropathy,
where a physical obstruction may hinder the positioning of the ureteral sensor inside the desired
calyx. Nevertheless, this is a very relevant aspect which the authors are aware of and intend to

develop further research to study ways of overcoming such situations.

Moreover, we are already carrying out the first human studies to compare the traditional PCNL

procedure with the developed one, in terms of costs, security, system efficacy and practicality.

7.2.3 Multi-sensorial interface

Despite of PRA, the developed multi-sensorial interface (Chapter 5) can be a valuable framework
for other surgical procedures, improving surgical outcomes speed of execution and quality of care.

It clearly may benefit both surgeon and patient.

The guidance through audio or vibration feedback result in an increased sense of immersive
environment, opening new insights for PRA or other navigated interventions. For example, when
some anatomical structure moves towards the percutaneous path, the resulting action may be an
alert sound clip or vibration pattern. Moreover, it can be helpful to protect risk zones, such large
vessels or nerves. In this cases, the audio signal must be complemented with pre- or intra-operative

image automatic analysis [200].

Other research paths may include the development of new sounds or vibration patterns aiding
to understand the environment that the needle is puncturing. Such environment information can be

input from imaging system or force sensors.
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The vibration intensity may be synonymous of the reaction forces, guiding surgeons for better
precise cutting and puncture (e.g. by rotating the needle decreases the insertion forces and needle

deflections).

Finally audio effects can be also explored as a possible way to improve front-back resolution and

to generate warning alerts.

7.2.4 US Probe with a Needle Working Channel

Although this thesis explores single matching layers to construct US probes with a needle working
channel, more layers can be used with various combinations of acoustic impedances and
thicknesses. These configurations have already been explored by some authors, reporting high
sensitivity over a broader band of frequencies and shorter pulses. Wide frequency bandwidth may
be beneficial in situations where the distance between the skin and kidney is reduced. Here, shorter
pulses can be used to improve the axial resolution. However, the fabrication process is more
complex, can create internal reflection and the sensitivity may be reduced since an additional

absorption exists in the matching layer [220, 223, 229].

In spite of the promising results, other research paths for the improvement of the developed
process should be investigated. In particular, one should explore other UT vibration sources (e.g.
other piezo-ceramics, polymers and crystals [264, 265]) and multilayer matching [266, 267], in
order to study their influence in the UT sensitivity. Another possible research path will be to different
UT designs keeping the needle working channel. One possible way will be by using annular arrays,
where the working needle channel will be centered by multiple piezo-ceramic rings with increased

radius [268].
In vivo testing is also necessary to evaluate the overall performance, when considering real

dynamic characteristics (respiratory motions, tissue and organs deformations, blood motions).

Finally, one may also developed a probe with much more elements in order to generate images
around the needle shaft. In this case, the crosstalk between elements will be higher due to lack of

isolation and continuous acoustic paths between piezo-ceramic elements [269].
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7.2.5 Robotic Assisted Kidney Puncture

Finally, ongoing research focus on the programming of a robotic arm capable of supporting and
drive the surgical needle, when combined with the KidneyNav framework. To this extent, the Kuka
LBR iiwa has been tested to receive and updated in real time its position with respect to the EMT
sensors. In this case, the surgeon will act only as a supervisor, following the whole automatic
procedure through a graphical and control interface. It is expected that the development of this
autonomous system will broad the use of PNL to surgeons less familiarized with minimally invasive
techniques by decreasing the surgeon dependence and provide precise and stable movements,
increasing the surgical performance. On the other hand, it also raises challenging robustness and

safety issues that have to be tackled in future work.



Attachment

All statistical analysis was performed under GraphPad Prism 6 software.

The Mann-Whitney test was used to compare the distributions of ranks between two groups. It
assumes that both populations have distributions with the same shape but they are not normally.
Since it can be viewed as a comparison of two medians, in these cases data is presented by median

and range [128].

When the data follows a Gaussian distribution, the t-test Welch was used to compare the means
of two matched groups. It does not assume that those distributions have the same standard
deviation. The prime goal of the ttest Welch is to quantify how far apart the two means are [244].

Since ttest Welch and Mann-Whitney tests are used for normality or non-normality distributions,
respectively, the D'Agostino & Pearson omnibus normality test was performed before each test to
choose the correct statistical analysis [270]. Briefly it quantifies how far a distribution is from
Gaussian in terms of shape and asymmetry. A single p value is computed from the sum of these

discrepancies, and when p > 0.05 the data is normal.

Finally, two-way ANOVA was used to determine whether there are any significant differences
between the means of three or more unmatched groups, assuming that there are no significant
outliers, exist homogeneity of variances and are approximately normally distributed [209].

For the Mann-Whitney test, t-test Welch and two-way ANOVA a p value higher than 0.05 (p >
0.05) was used to indicate a statistically not significant difference. In contrast p < 0.05 is significant

(0.01 < p<0.05); p <0.01 is very significant (0.001 < p< 0.01); p <0.001 is extremely significant.
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Validation of percutaneous puncture trajectory during renal
access using 4D ultrasound reconstruction
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ABSTRACT

Background: An accurate percutaneous puncture is essential for disintegration and removal of renal stones.
Although this procedure has proven to be safe, some organs surrounding the renal target might be accidentally
perforated. This work describes a new intraoperative framework where tracked surgical tools are
superimposed within 4D ultrasound imaging for security assessment of the percutaneous puncture trajectory
(PPT).

Methods: A PPT is first generated from the skin puncture site towards an anatomical target, using the
information retrieved by electromagnetic motion tracking sensors coupled to surgical tools. Then, 2D
ultrasound images acquired with a tracked probe are used to reconstruct a 4D ultrasound around the PPT
under GPU processing. Volume hole-filling was performed in different processing time intervals by a tri-
linear interpolation method. At spaced time intervals, the volume of the anatomical structures was segmented
to ascertain if any vital structure is in between PPT and might compromise the surgical success. To enhance
the volume visualization of the reconstructed structures, different render transfer functions were used.

Results: Real-time US volume reconstruction and rendering with more than 25 frames/s was only possible
when rendering only three orthogonal slice views. When using the whole reconstructed volume one achieved
8-15 frames/s. 3 frames/s were reached when one introduce the segmentation and detection if some structure
intersected the PPT.

Conclusions: The proposed framework creates a virtual and intuitive platform that can be used to identify
and validate a PPT to safely and accurately perform the puncture in percutaneous nephrolithotomy.

Keywords: guided surgery, percutaneous puncture, minimal invasive surgery, electromagnetic tracking
sensors, ultrasound reconstruction

1. INTRODUCTION

The prevalence of kidney stones has risen over the past 30 years [1-3]. Nowadays, percutaneous
nephrolithotomy (PCNL) is golden standard for treating upper urinary tract stones. The stone clearance rate
and treatment outcome is highly dependent on the accuracy of needle puncture in the desired calix [4, 5].

Multiple paths and technological advances have been proposed in the field of urology and minimal invasive
surgery to improve this procedure. In what concerns PCNL puncture in particular, the most relevant
contributions have been provided by the application of medical imaging techniques, as well as the fusion of
multiple imaging procedures [6-9]. Aside from medical imaging, robotic systems [9-11], navigation systems
[12-14], finite element models [15, 16] and recent developments in computer graphics and image processing
[9], have been proposed in recent years to improve percutaneous puncture.

Despite all the different technological improvements, PCNL puncture step still remains the most challenging
task, promoting anatomical targeting errors and damage of vital structures. Although this procedure has
proven to be safe, some organs surrounding the renal target might be accidentally perforated. Injuries to the
lung, liver, spleen, biliary system, colon, or small bowel have been reported [17, 18].

To this extent, in clinical routine, the PCNL needle puncture is often performed under image guidance [19].
Although medical imaging can provide further information for diagnostic and per-operative planning, it
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presents some drawbacks. Real-time images from computed tomography (CT) and fluoroscopy C-arm lead
to a significant increase in radiation exposure both to patient and surgeon. On its turn, ultrasounds (US) and
magnetic resonance (MR) have proven to be an advantageous imaging option by providing radiation-free
real-time imaging. However, their targeting ability for small calculi is limited [7, 20].

In order to reduce imaging dependences, the authors have already tested and evaluated, in animal model, a
new real-time electromagnetic tracking (EMT) navigation system for in vivo kidney puncture. Within this
previous work, the surgeon performed the percutaneous puncture through a virtual trajectory calculated and
displayed in a 3D software [14].

Although capable of directing, correctly and accurately, the puncture path, the previously developed system
is unable to guarantee the safeness along the PTT in terms of organs perforation. In order to overcome this
drawback, one now presents an evolution of the previous system, resorting to pre-operative US imaging to
detect organs in between the PPT and alert for its presence. This system allows the surgeon to: 1) visualize a
PPT between the skin puncture site and an anatomical target using an intuitive visual interface; 2) 4D
ultrasound imaging around a volume of interest centered in the PPT; and 3) access the security of the PPT.

2. METHODS

a. Framework

A Qt/C++ based framework — Renal Puncture (Figure 2) - was developed specially for this work. ITK
(Segmentation & Registration Toolkit) libraries were used to aid 4D volume reconstruction and image
segmentation. VTK (The Visualization Toolkit) libraries were used only for 3D rendering.

The volume was reconstructed using B-mode ultrasound images acquired using a 3.3 MHz convex probe
from Vivid 3 Ultrasound System (GE, Medical Systems). All processing was performed using an Intel Core
i7-3770K @ 3.50GHz, NVIDIA GeForce GTX 670 and 16 GB Ram.

The commercially available Aurora electromagnetic tracking system (Northern Digital Inc., Waterloo,
Canada) was used to track the catheter tip, needle tip and ultrasound probe during in vitro experiments. The
navigation system was composed by (1) one planar low-intensity and varying electromagnetic field generator
that establishes a tracking volume; (2) three Aurora sensor interfaces that decrease the possibility of
electromagnetic interferences in the testing room; and (3) one 18G/180 mm Chiba needle with 5 degrees of
freedom and two ureteral catheter with 1.1 mm diameter and 2 m length with 6 degrees of freedom.

An abdominal ultrasound phantom was used to test this new methodology. It includes all abdominal organs
(spleen, liver, colon and the urinary collecting system) that might be injured during renal access.

" Tracked \ Percutaneous
Puncture

3D Scan
<7

Figure 1. Overview of the 4D freehand ultrasound for PPT security validation: (left) ultrasound scan along the
PPT using a tracked probe; (center) percutaneous puncture using a catheter and needle that integrate
electromagnetic sensors; (right) possible surgical setup comprising the Aurora field generator, tracking volume
around the patient abdominal area, ultrasound machine and interface monitor for percutaneous guidance.

b. System overview
A system overview is shown in Figure 1.
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At the first surgical step, a catheter will be inserted and guided, through an ureterorenoscope with a camera
and guided tip, trans-urethrally towards the renal calix. This catheter will have a position and orientation
electromagnetic sensor on its tip that will function as a real-time anatomic target locator. At the next step, the
puncture one, it will be used a needle that also integrates a similar sensor. From the data provided by both
sensors, it will be possible to define the PPT from where the needle will be inserted [14, 21].

This PPT will be presented to the surgeon using a graphical user interface. Here, the surgeon will be guided
in order to create an ultrasound reconstructed volume using a tracked probe in order to evaluate the risk of
possible perforation of vital anatomic structures. When, the PPT is checked and approved by the surgeon, the
puncture procedure will be conducted without further imaging modalities. The puncture success is assured
using the ureterorenoscope video camera.

c. 4D ultrasound reconstruction

To provide PPT intraoperative imaging during percutaneous nephrolithotomy, the presented framework can
reconstruct 3D and 4D ultrasound by freehand scanning using a tracked convex ultrasound probe.

2D US images, acquired with a tracked probe, were used to reconstruct a 4D ultrasound around the PPT. This
volume was used to ascertain that any vital structure is in between both sensors and might compromise the
surgical success.

Before testing, an Aurora catheter sensor was mounted on the ultrasound probe and calibrated using Strdx
software [22]. It integrates automatic spatial and temporal calibration systems for 3D ultrasound. Firstly, a
fabricated non-ferromagnetic mold rigidly attaches the sensor on the body of the ultrasound probe. Then, a
30x30x15 cm box filled with distilled water at room temperature and a flat and roughen bottom (made of
cork), was used to improve the reflection of ultrasound at oblique angles. The calibration process was
performed by moving the probe while imaging the bottom of the water bath by: (1) moving the probe
vertically up and down without changing its orientation; (2) rotating the probe in each 3D coordinate axis
(each axis individually and then all together) while keeping the scan plane and the phantom plane
perpendicular; (3) translate the probe while performing motions (1) and (2). Simultaneously, Stradx track the
bottom of the water bath in the image with a line detector algorithm [22]. By matching the image motion and
the Aurora tracking readings, it was possible to estimate a temporal calibration the position and image
streams.

After de calibration, real-time ultrasound reconstruction was achieved using different synchronized and
parallel threads:

(1) Thread one buffers and receives ultrasound frames: each video frame was resampled by a factor of 2 and
allocated onto an image stack along with a timestamp tv that describes when the video was acquired. The
video was captured at full rate of 30 frames/s;

(2) Thread two receives and processes tracking data: the Aurora tracking information, received via serial
port, was converted to a 4 by 4 matrix and pre-allocated along with a timestamp tA that describes when the
tracking data was acquired,;

(3) Thread three triggers a signal that specifies the starting of a new cardiac cycle for reconstruction gating.
Since kidney and surround tissues may move during the reconstruction process, they must be inserted into
the partially 3D volume at similar points of the cardiac cycle. To this extent, the user must specified an
expected heart rate for the reconstruction procedure by averaging the heart rates recorded over a user-
specified time period,;

(4) Thread four updates the partially reconstructed volume, under GPU processing, by inserting the most
recent US frame. Every time that Thread three triggers a signal, the period of the previous cycle is used to
predict the timestamps for the upcoming cycle. The ultrasound frames and tracking matrices, with timestamps
tv and tA, that are closest to these predicted values are inserted into the correct output volume using the
associated tracking transforms;

(5) Thread five processes volume rendering of the output volume using color and opacity transfer functions
(Figure 1-C);

(6) Thread six displays the partially reconstructed 3D ultrasound volume into the main application;
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(7) Thread seven assures that there are no gaps in the reconstructed volume by triggering a function every
200 ms that searches all empty voxels and modifies its voxel intensity using a tri-linear interpolation method
of the closest non-empty voxels.

d. PPT security assessment

Thread eight assured multi-organ segmentation of volume structures and its intersection with the PPT. For
segmentation, the image histogram was smoothed by solving a non-linear diffusion equation [23]. The
Tukey’s biweight as edge-stopping diffusivity function (1):

1/2[1—(x/a)2]2,|x|§a

X,0) =
90x.0) 0x<o

(1)

was used to create a more accurate histogram underlying different groups of objects. By estimating the
histogram local maximums (specified histogram region that is concave down) it was possible to define multi-
threshold levels that create 8-connected labels of different structures.

The kidney label was automatically identified by choosing the most cylindrical and largest structure in a 5
cm radius (approximately the kidney size) around the Aurora catheter sensor (real-time anatomic target
locator). Then, the points along the PPT were intersected with image labelled regions. When the user starts
the puncture procedure, the framework will assume that all structures that intersects the PPT are not vital and
can be perforated. From there, if any anatomical structure changes along the PPT, the framework will advise
the user by rendering a text and sound alert. Here, the surgeon must accept or reject this new structure as a
possible vital structure and continues the puncture procedure.

3. RESULTS

The calibration process was performed only one time before US reconstruction and took about 6 minutes.
Any further calibration was not necessary as long as the Aurora sensor does not change its position relative
to ultrasound probe body. A slight latency of around 16 ms between the tracking system and ultrasound video
was accurately measured with Stradx software [24] and accurately compensated during reconstruction.

enal
Puncture
| A R
> ol +

+ ® + +

Neede  Move

Rendering
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Figure 2. (up) Overview of the Renal puncture Framework; (down) Segmentation results with random PPT
(yellow).
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Thirty-seven US phantom volumes were reconstructed with different probe orientations. Real-time US
volume reconstruction and rendering with more than 25 frames/s was only possible when only three
orthogonal slice views where rendered to the user. When using the whole reconstructed volume, one achieved
15 frames/s for volume with size 7x7x15 cm3 and 8 frames/s for 10x10x15 cm3. When labelling the different
image structures we obtained 3 frames/s.

The segmentation process were able to identify if any anatomical structure was in between the PPT with an
efficiency of 98.89+4.28% along the PPT. The median time for ultrasound checking was 3.5 min (range 2-6
min) while the puncture step was performed in 25 seconds (range 15-54s) for doctors.

4. DISCUSSION

Although 4D ultrasound visualization has been integrated into commercial ultrasound systems [25], the
inaccessibility of raw image data makes these system unsuitable for personalized guided surgery, advanced
visualization and virtual navigation. A significant advantage of the Renal Puncture framework over literature
is that both 3D and 4D ultrasound can be generated in real-time and, at the same time, different volume
structures are segmented and evaluated if they intersect the PPT. The proposed framework creates a virtual
and intuitive platform that can be used to identify and validate a PPT to safely and accurately perform the
puncture during percutaneous nephrolithotomy.

Comparing to state of the art results, the need for image registration with pre-operative imaging was
eliminated by using ultrasound checking and a miniaturized sensor that can be inserted near the anatomical
target [13]. The uncertainty of possible anatomical structures in between puncture path [14, 21] was reduced
by performing a 4D ultrasound before the puncture step around the puncture site. Although, compared with
the work described by the authors in [14], the time for puncture planning increases with a median of 3.5
minutes, the uncertainty of some anatomical structure in between the PPT is eliminated.

Since medical imaging assistance to puncture commonly requires approximately 10 min [26-29], the puncture
step itself remains faster than any literature approach, without any radiation exposure.

Although some motion artifacts where presented in the 4D ultrasound reconstruction, they did not interfere
with the puncture path security assessment. Further wok needs to be conducted in particular considering in
vivo testing. On the other hand, since minimally invasive surgical procedures comprising percutaneous
puncture of the kidney are highly dependent on the accuracy that the needle reaches the desired target, further
work may also include an automatic and real time kidney segmentation.

5. CONCLUSION

This paper describes a new intuitive framework for security assessment of PPT for renal access guided using
EMT sensors. This new approach can guarantee the safeness of the percutaneous puncture trajectory in terms
of organs perforation for the system already proposed by the authors [14].

The synergy of ultrasound checking and tracking modalities will allow puncture guidance through the optimal
path towards the precise calculus location. This framework may increase surgeon’s confidence and reduce
possible complications such as organ perforation. In addition, it has the potential to make percutaneous renal
access free of ionizing radiation for both patient and surgeon.
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