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Abstract

The kidney is a vital organ within the human body and improvements in the abil-
ity to characterize the kidney tissue can create benefits for patients with kidney
tumours and for kidney transplant recipients. Often, changes in tissue health or
development of cancer are manifested in changes in tissue structure that affect tis-
sue elastic properties. For example, the cancerous tissue of renal cell carcinoma is
stiffer than healthy kidney tissue, and the development of fibrosis, which impairs
kidney function, also causes the tissue to become stiffer over time. These changes
can be imaged with ultrasound elastography, a technique for quantitatively assess-
ing tissue elasticity. If proven effective, elastography tissue characterization can
replace biopsy.

The ultrasound elastography method used in this thesis, called Shear Wave
Absolute Vibro-Elastography, or SWAVE, measures the wavelength of induced
steady-state multi-frequency mechanical shear waves to calculate tissue elasticity.
SWAVE can employ standard ultrasound transducers that image the kidney though
the skin above the organ, or custom miniaturized transducers that are placed di-
rectly on the surface of the organ during surgery. The accuracy of SWAVE is vastly
improved by the use of 3D ultrasound data.

We propose and evaluate 3D SWAVE imaging based on the use of a tracked
intra-operative ultrasound transducer designed for use with the da Vinci Robot.
Different tracking methods are evaluated for future intra-operative use. Elasticity
images of tissue phantoms are obtained using interpolated 3D tissue displacement
data acquired with the da Vinci robot and the intra-operative transducer. The use
of tracked ultrasound transducer opens the way for introducing registered preoper-

ative imaging, including elastography, to improve surgical guidance.
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Different methods of characterizing kidney tissue using SWAVE imaging are
examined. The elastic and viscous properties are estimated kidney tissue ex-vivo.
The effect of arterial pressure on the measured kidney elasticity is characterized. It
was found that increasing input pressure increases the measured elasticity. Finally,
ultrasound and ultrasound elastography are applied to kidney transplant recipients
in-vivo to assess the level of fibrosis development. A preliminary study indicates
that it is possible to transmit shear waves into the transplanted kidney and measure

the elastic properties of the kidney tissue.
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Chapter 1

Introduction

1.1 Overview and Motivation

This thesis takes a comprehensive look at how to improve the characterization of
kidney tissue through the application of ultrasound imaging and elastography of
the kidney. There are multiple clinical applications for this work. The first ap-
plication in which tissue characterization can improve clinical outcomes and sur-
gical workflow is during kidney cancer identification and removal. In order to
accomplish this goal, a miniaturized ultrasound transducer used for intra-operative
imaging was developed and characterized. With this transducer, 3D ultrasound and
elastography volumes can be produced for surgical guidance for robotic-assisted
Minimally Invasive Surgery (MIS) procedures. The other major clinical applica-
tion revolves around measurement of progressive kidney Interstitial Fibrosis and
Tubular Atrophy (IF/TA) in kidney transplants, also known as Chronic Allograft
Nephropathy (CAN), which is the leading cause of long term graft failure. The
monitoring and measurement of CAN, through the use of ultrasound elastography,
could provide insight into graft health and potentially lead to changes in treatment

that would prolong graft life without the need for additional biopsies of the kidney.



1.2 The Kidney

1.2.1 Kidney Anatomy

The kidneys are a paired organ that are responsible for filtering the blood of ions
and proteins, regulating the water content in the body and creating urine to remove
waste from the body. The kidney also plays a role in the release of hormones, such
as renin. The kidney is approximately 5 cm long, 3 cm wide and 2 cm thick. The
kidneys sit under the liver and diaphragm respectively and are attached to the aorta
and vena cava through the renal artery and vein. Although they seem to be located
inside the abdomen, they are outside, anterior, of the abdominal wall. At any given
time, the blood flow into the kidney is equal to approximately 25% of the cardiac
output [82].

The kidney is composed of a three different sections: the kidney cortex (the
outside of the kidney), the medulla (the middle of the kidney) and the collecting
system (the internal section of the kidney). Figure 1.1 illustrates each of the struc-
tures mentioned. The cortex is the outside of the kidney and is the upper end of the
nephrons, the functioning units of the kidney. The lower ends of the nephrons form
pyramidal structures known as the medulla. The vertex of each pyramid terminates
in the minor calyx, and the numerous minor calyces expand into two or three major
calyces. The collecting system, made up of the minor and major calyces, collects
the urine from the pyramids and pools it in the renal pelvis before sending it down
the ureter to the bladder. The collecting system is lined by thicker connective tissue
that appears as hyperechoic on ultrasound images.

The nephron is the functioning unit of the kidney, and is made up of loops that
originate in the cortex and descend into the medulla. Its structure and function are
illustrated in Figure 1.2. The blood is first filtered by the nephron at the glomeru-
lus, a bundle of small vessels enclosed in a capsule, called Bowman’s capsule.
Further filtering and chemical exchanges take place in the ascending and descend-
ing Henle’s loops. The measured amount of creatinine (a substance created by
the muscles) in the blood and/or the urine, along with the patients physical char-
acteristics is a commonly used way to estimate the filtration rate of the kidneys.

The Estimated Glomerular Filtration Rate (EGFR) is used as a way to track how
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Figure 1.1: A diagram of the kidney anatomy (right) and their placement
within the abdomen (left). Image credit: philschatz.com Anatomy and
Physiology [122].

well the kidney is functioning, and thus a measure of the overall kidney health.
For example, the normal estimate is around 100 mL/min/1.73m? and a sustained

measurement of 60-90 mL/min/1.73m? is indicative of kidney damage.

1.2.2 Kidney Cancer and Partial Nephrectomy

Renal cell carcinoma is a one type of aggressive kidney cancer that is often treated
through the removal of all or part of the kidney. It is the sixth most diagnosed ma-
lignancy in Canada in men and the tenth most common in women, with estimated
4,800 new cases and about 1,650 deaths from the disease in 2010. In the United
States, 61,560 new cases of kidney cancer were diagnosed in 2015 [1]. Since the
mid-1980s, death rates have decreased by 0.3 per cent per year for males, and for
females by 0.7% per year. Despite the death rates decreasing, this type of cancer
is also increasing its rate of incidence by approximately 1.3% per year. (Canadian
Cancer Statistics: www.cancer.ca).

When the tumour in the kidney is small, less than 4 cm, or mostly on the outside
of the kidney, the kidney tissue can be spared by only removing the cancerous
tissue, rather than the entire kidney. The remaining kidney tissue continues to

function as each section of the kidney is independent, as long as the blood flow is
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Figure 1.2: The detailed diagram of the nephron structure including the
Glomerulus, Bowman’s capsule and filtrate flow. Image Credit: Medi-
cal Science Navigator [135].

uninterrupted.

Partial nephrectomy, or removal of only a section of the kidney, is a relatively
new procedure. In a study of matched patients receiving partial or radical nephrec-
tomy, the patients receiving partial nephrectomy had equivalent long-term can-
cer outcomes, but a lower risk of long-term decreases in kidney function [96]. It
is increasingly being performed but the complexity of the surgery has limited its
widespread acceptance [130].

A detailed description of the surgical procedure is given in [157], but the fol-
lowing list outlines the steps in the robot-assisted procedure as experienced at our

institution, the Vancouver General Hospital:
1. Prepare the patient and robot for surgery
2. Dock robot to the patient

3. Locate and dissect the gonadal vein and the ureter, follow this back to the

renal hilum, identifying their entire path
4. Expose the renal hilum, where the vessels enter and exit the kidney

5. Determine location and expose the tumour, dissect additional fat if needed
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6. Use laparoscopic ultrasound transducer to find the exact location of the tu-

mour

7. Use ultrasound to determine tumour margins and mark them on the kidney

surface using electrocautery

8. Place the clips on the renal hilum (25 minute warm ischemia time limit starts

now)
9. Begin resection of tumour
10. Remove tumour, checking visually for clean margins
11. Suture the defect closed
12. Release the clamps on the hilum (25 minute warm ischemia time limit ends)
13. Check to make sure that there is no bleeding

14. Undock robot and finish closing using laparoscopic tools

The two major steps are 5) the localization of the kidney and tumor and 9-
11) the removal of the tumor and defect reconstruction (repairing the hole left by
removing the tumor). The localization and exposure of the renal hilum and the
localization of the ureter is the most time consuming portion of the surgery. The
total average time over 12 patients for the procedure was reported as 289.5 minutes
(range 145-369 minutes) [36]. Since the exact locations of the vessels, including
the renal artery and vein, are not known and the consequences of damaging these
vessels would cause significant blood loss for the patient, surgeons proceed slowly
and carefully. During the surgery, there is a time limit due to the necessity of
clamping the major vessels to the kidney while the tumor removal is taking place
[37]. After 25 minutes of warm ischemia time, it has been found that permanent
damage to the kidney occurs [169]. The majority of the difficult suturing and de-
fect reconstruction must be completed during the warm ischemia time, the time in
which the blood flow to the kidney is cut off. The time for resection of the tumor
and suturing was only 35.3 minutes (range 15-49 minutes) [36]. This means only

about 12% of the total surgical time is spent during tumor resection and suturing,



while the rest of the time is spent locating the tumor and vessels, an area where
improved ultrasound guidance could decrease the total time required for the proce-
dure. There have been concerns that the use of partial nephrectomy could cause an
increase in the rate of positive margins and cancer reoccurrence [134].

In general, surgeons try to leave 0.5 to 1 cm margins around the edge of the
tumour to ensure that all cancerous tissue has been removed [161]. It has been
found that any positive margin leads to the same (low) risk of cancer reoccurrence,
but any positive margin, indicating some cancerous tissue had been left behind,
increases the reoccurrence rate [134]. Intra-operative laparoscopic ultrasound is
used to determine the extent and location of the tumor during surgery and helps
determine the margins of the resection, providing the surgeon with another tool to
minimize the occurrence of positive margins.

As the localization of the vessels is an important and potentially time consum-
ing step within the procedure, one of the methods to provide additional guidance
would be to register the ultrasound images of the vessels to pre-operative Com-
puted Tomography (CT) scans of the patient [143]. Vessels have been previously
used to register intra-operative data to pre-operative CT and Magnetic Resonance
Imaging (MRI) scans [39, 127, 136]. For example, the cortical vessels of the brain
were used to orient the surgeon and account for brain deformation during image
guided surgery through video tracking of the vessels [39] or tracked ultrasound
[136]. Image guidance during liver surgery is another application in which ves-
sels were used for registration [93, 98]. The vessels of the liver are prominent
features in surgical navigation for tumour resection. In addition, in complicated
structures such as the liver, hierarchical methods of vessel registration were also
implemented [124]. Previous work on vessel extraction and registration have in-
volved voxel-based registration [98], image-to-model registration [74], model-to-
model registration [136] and the integration of landmark and intensity information
[93]. Model-to-model registration methods typically use a modified version of the
Iterative Closest Point (ICP) algorithm [22] applied to the vessel centerlines. Other
methods use Doppler images to create a model from the ultrasound images with
region growing segmentation [92] or color-based segmentation [136].

Registering the pre-operative CT would allow the surgeon to see the relation-

ships between the vessel and kidney structure. In section 2, the possibility of regis-
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of the failing kidney. It is attached to the iliac artery and vein. Image
Credit: University of Utah Healthcare [119].

tering 3D ultrasound reconstructions of vessel structures with their corresponding

CT structures is explored further.

1.2.3 Kidney Transplant and Transplant Fibrosis

Kidneys are one of the most commonly transplanted organs with 1265 transplants
from live and deceased donors taking place across Canada in 2014 (Canadian In-
stitute for Health Information). In this case, the donor organ is removed from the
donor and placed into the pelvic region of the recipient. It is not placed where the
native kidney resides since in many cases the native kidneys are not removed. Due
to the placement of the transplant kidneys, they are very close to the surface of the
patient’s skin. This makes them very accessible for ultrasound and elastography
interrogation.

The kidneys are a redundant organ, meaning that a single kidney is sufficient to
filter the entire blood flow. This means that a person can function well with only a
single kidney, making living kidney donors an option and that a transplant recipient
only needs a single kidney to live a full and healthy life.

Renal transplantation represents the current gold standard in the treatment of

patients with End Stage Renal Disease (ESRD). The major causes of ESRD are dia-



betes and hypertension, but other causes include glomerulonephritis, infection and
polycystic kidney disease [73]. ESRD is characterized by low EGFR and eventual
kidney failure. When diagnosed with ESRD, the patient must be put on dialysis or
must receive an organ transplant. Great strides have been made in the management
of renal transplant recipients in terms of supportive care, immunology, and drug
therapeutics. While treatment of acute problems such as rejection has significantly
improved over the past two decades, overall long term kidney graft survival is still
a major problem. Indeed, the half-life for the graft was 36 and 19.5 years respec-
tively (when removing those patients who died with a functioning graft) [57]. In
2013, the 5 year survival rates for kidney transplant patients who received their
kidney from deceased donors is about 85% respectively [107]. It has been shown
that clinical acute rejection within the first year decreases the long term survival
and that chronic rejection is an important factor in graft failure [57].

CAN or as it is sometimes known, Chronic Allograft Dysfunction (CAD), is the
term that describes the build up of interstitial fibrosis and tubular atrophy, which
is characterized by thickening of the basement membranes and flattening of the
epithelial cells [150]. In a study of risk factors for CAN, Schwarz et al. found that
the patients at the highest risk for CAN were those with early histological changes
(found on serial biopsy), a deceased donor and long cold ischemia times (the time
during which the kidney was outside of a body during the transplant process) [150].

CAN is one of the common causes for eventual kidney transplant failure [57].
The fibrosis may be caused by the accumulation of rejection episodes that might not
have obvious outward symptoms, known as subclinical rejection. Over time, the
episodes cause fibrosis and scar tissue to build up and prevent the nephrons from
functioning properly and the transplant organ fails. If the level of fibrosis could
be measured and identified in the early stages of rejection episodes, these could be
mitigated by making changes in the patient’s immunosuppressant regimen.

Currently, the only method for measuring the level of fibrosis is through the
use of biopsy. Biopsy of the kidney removes a small section of the kidney using
an ultrasound guided biopsy needle. This tissue section is then sent to pathology
where the level of fibrosis is identified. This process is painful for the patient and
may lead to complications and morbidity [149]. Schwarz et al. reported on the

safety of graft biopsy [149]. In a study of 1171 biopsies of 508 patients, they found



that arterio-venous fistulas occurred in 7.3% of the biopsies and gross hematuria
occurred in 3.5% of the biopsies. 1% of the biopsies resulted in major complica-
tions. Although the complication rate is low, there are still risks, and patients who
are on blood thinning medications must stop these medications before the biopsy
is completed, which introduces other risks.

Some institutions have completed studies using serial biopsies in order to bet-
ter understand the formation of fibrosis, and how subclinical rejection episodes
influence the long-term graft survival. It is possible that these serial biopsies could
detect the subclinical rejection episodes, and changes in medication and treatment
could have resulted in better long term outcomes [110]. In one study, subclinical
rejection was found in 14% of the patients [150]. CAN was found in 5% of the first
round of these biopsies at 6 weeks and 37% of patients at 26 weeks. Another study
found that CAN was present in one third of the patients at 1 year [116]. This shows
that the early development of CAN, which could affect long term graft survival, is
often progressing undetected.

To standardize the assessment of the tissue from biopsy, a scoring system was
developed [155]. This scoring system measures different aspects of the tissue, in-
cluding tubular atrophy, interstitial fibrosis, arteriolar hyaline thickening, glomeru-
lopathy and vascular fibrous intimal thickening.

In particular, for this thesis, the interstitial fibrosis measurement is of most
interest as it is most likely to cause distinguishable effects on the measured kidney
stiffness, as well as functional effects on the kidney. According to the Banff scoring
system, the amount of interstitial fibrosis is broken down into four levels regarding

the amount of cortical area affected by the fibrosis.

e Level O: less than 5% of the tissue shows evidence of fibrosis
e Level 1: between 6% and 25% of the tissues shows fibrosis
e Level 2: between 26% and 50% of the tissue shows evidence of fibrosis

e Level 3: More than 50% of the tissue shows evidence of fibrosis.

Using a non-invasive method for measuring fibrosis, such as ultrasound, would

allow for constant and ongoing monitoring of the kidney health. A non-invasive
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method would mean that the early detection of CAN is potentially more likely and
could result in changes in patient treatment. This will hopefully lead to kidney
grafts that will last longer and improve the long-term outcomes for transplant pa-

tients.

1.3 Ultrasound Imaging

Ultrasound imaging is a non-invasive, non-ionizing and real-time method of med-
ical imaging. Ultrasound offers real-time imaging with typical frame rates of 40
Hz, it is non-ionizing which makes it safer to use for both the patient and the op-
erator and it is inexpensive compared to other imaging modalities. All of these
characteristics make ultrasound an advantageous imaging modality for intraoper-
ative navigation and guidance. A full explanation of ultrasound imaging can be
found in textbooks [23], but a short overview will be presented here.

Ultrasound sound uses high frequency pulses to create images of tissue under-
neath the surface of a patient’s skin or organ surface.

The system consists of a transducer, which is placed on the patient, and a pro-
cessing machine or ultrasound scanner, which sends the energy to the transducer
and receives the signals from the transducer. The ultrasound scanner then creates
the images for the doctor or technician. The transducer is made of an array of
piezoelectric crystals. These crystals vibrate in response to an electric stimulus
and also produce an electric signal is response to a vibration stimulus.

With an electrical stimulus, the piezoelectric crystals of the transducer send a
pulsed vibration at approximately 3-10 MHz into the body. These pulses travel
through the tissue at approximately 1540 m/s. 1540m/s is the average speed for
these waves in soft tissue. The true speed ranges from 1450 m/s in fat to 1580
m/s in muscle. The reflections from these waves are sensed by the piezolelectric
crystals over time. The depth of a particular reflection can be calculated from the
time of flight between when the pulse was created and when the echo was detected
by the crystal and the associated electronics. The speed of sound generally changes
very little depending on the tissue type [62], so this average is used for all tissue
types unless specified otherwise.

The depth, d, is calculated as:
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d=(txc)/2, (1.1)

where ¢ is the time from the pulse generation to the reception of the reflection
or echo, and c is the speed of sound within the tissue.

The reflections are created when there is a change in the acoustic impedance Z
of the tissue. The acoustic impedance is calculated as Z = pc where p is the tissue
density and c is the speed of sound in tissue.

The ratio of the energy passing through a boundary and the reflected energy is
known as the reflection coefficient. This coefficient of any perpendicular reflection
from a boundary between materials of two different impedances Z; and Z; is as

follows

R=(Za-72\)/(Zo+Zy). (1.2)

In general the reflection coefficient between soft tissues is small, such that most
of the energy of the wave is transmitted through the tissue.

After the reflections are recorded, envelope detection is performed via a Hilbert
Transform and the resulting signal is compressed to an appropriate range for dis-
play. After compression, the data is mapped to the transducer coordinate frame to
display a geometrically accurate image of echo reflection strength as a function of
echo location. This image is called a B-mode image (B for "Brightness”).

In the cases of bone or air, there can be large reflection coefficients, where most
of the wave is reflected at the boundary. This creates a shadowing effect, where the
image past this boundary is mostly dark.

A general characteristic of ultrasound images is determined by sub-wavelength
inhomogeneities in the tissue that create small echoes known as speckle. This
speckle pattern depends on the transducer used and the type of image processing
employed to generate the B-mode image.

Ultrasound transducers come in a variety of shapes, sizes and frequencies de-
pending on their intended use. Transducers designed for examining small regions
close to the surface use higher frequency pulses, often close or in excess of 10
MHz. The higher frequency waves allow for higher resolution imaging because

they generate narrower pulses that can distinguish between reflectors that are close
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Figure 1.4: The pitch is the spacing between the piezoelectric crystals. The
three directions of the image are defined as axial (away from the probe),
lateral (along the direction of the crystal array) and elevational (out of
plane).

to each other. However, the attenuation of ultrasound pulses in tissue increases
with frequency, so the total depth of imaging is lower. Transducers that are meant
for imaging the abdomen transmit longer pulses at a lower frequency, generally be-
tween 3-5 MHz. These transducers are able to image at a much greater depth than
those at higher frequency. The depth for typical ultrasound images ranges from
2-16 cm depending in the transmitting frequency.

The piezoelectric crystals of many transducers are arranged in a linear fashion
at the face of the transducer. Other possible arrangements include a curvilinear
arrangement along a convex surface (convex arrays) to provide a wider field of
view, and a matrix arrangement, which would allow for fast 3D imaging. The
spacing between the crystal elements is known as the pitch. The direction of the
row of piezoelectric crystals is known as the lateral direction, the direction of wave
transmission (away from the transducer face in the body) is known as the axial
direction and the final direction, out of plane of the produced image, is known as
the elevational direction (Figure 1.4).

Ultrasound images have the greatest resolution in the axial direction, which

is determined by the pulse length. The resolution in the lateral direction is deter-
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mined by the beam width. This can be improved using beam focusing [164]. The
resolution in the elevation direction is also determined by beam width via a fixed
lens on the transducer face, and cannot be changed using software.

For all work in this thesis, an Ultrasonix Touch ultrasound machine (Analogic,
Richmond, BC) was used. This machine is equipped with an Software Develop-
ment Kit (SDK), which allows access to programming the underlying signal trans-
missions and processing. An image is typically formed by the sequential transmit
and receive of groups of crystals along the lateral direction of the image. The time
required to complete the sending and receiving of the signals will determine the
frame rate of the imaging system. By adjusting the sequence of sending and re-
ceiving, possible with the Ultrasonix SDK, it is possible to create a small section of
an image at a very high frame rate. This concept will be described in more detail

in Section 1.4.

1.4 Ultrasound Elastography

In a broad sense, elastography is the measurement of tissue stiffness. A compre-
hensive overview of elastography can be found in the thesis by Jeffrey Abeysekera
[3] and a short review is presented here.

Although there are several methods for measurement, all methods use the same
underlying principle. The tissue is physically pushed and then ultrasound imaging
is used to measure the tissue response to this push. For a dynamic push, the shear
wave that is created moves through the tissue at a speed and wave length that is
determined in large part by the shear modulus or elasticity of the tissue.

The original method for measurement of tissue stiffness is using quasi-static
strain measurements. This requires a user to slightly compress and decompress the
tissue. The tissue is compared in the two states and the relative motion is calcu-
lated. This method allows the relative displacement or strain of the tissues within
the image to be compared, but does not allow for comparison between imaging ses-
sions or between patients, because strain depends on the push and on the boundary
condition surrounding the region of interest, so it is not an intrinsic property of
tissue. However, strain measurement opened the gateway for subsequent develop-

ment of absolute or quantitative measurement methods by providing proof that the
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tissue stiffness could be correlated with tissue health.

Absolute elasticity methods allow for the tissue stiffness to be measured in
a quantitative manner by observing the dynamic wave propagation, producing a
quantitative measurement of shear modulus or Young’s modulus in kilopascals
(kPa). This allows for intra- and inter-patient comparisons. The excitation can
be generated by an acoustic force [21, 40, 118] or by external vibration [12, 34].
We use an external vibration source and a standard ultrasound machine. This sys-
tem was named Shear Wave Absolute Vibro-Elastography (SWAVE) and will be
referred to as such for the remainder of this thesis.

For a harmonic excitation, shear wave propagation in an isotropic homoge-
neous elastic solid, and for incompressible tissues undergoing small strain and lin-
ear approximations, is described in the frequency domain by the following wave

equation:

p(jw)?i(x, jo) = uv2i(x, jo) (1.3)

where p is the tissue density, o is the frequency, i(x, jo) are the displacement
phasors and u is the shear modulus.

We assume that the density of tissue p is homogeneous and equal to that of
water. This is a common assumption in the elastography community even though
tissue density does change with tissue type and affects the wave speed. We also
assume that the displacement phasors #(x, j®) generated in the tissue by the exciter
have only a shear wave component, no pressure wave component. Then, if one
component of the displacement phasors #i(x, j®) is known over a region of interest,
in this case the axial displacement with respect to the transducer, the Helmholtz
equation (1.3) can be used to find the shear modulus p.

There are various ways to define the elastic modulus, or elasticity. In much of
the literature, the Young’s Modulus (E) is used and describes a material’s resistance
to deformation under unilateral compression. The shear modulus (i) specifically
describes a material’s resistance to shear. Poisson’s ratio (V) defines the ratio of
deformation that occurs orthogonal to the applied force due to tissue compress-
ibility. It is generally assumed that the Poisson’s ratio for tissue is ~ 0.5, or that

tissue is incompressible. The shear modulus, Young’s modulus and Poisson’s ratio
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are related in the equation below, for a homogeneous, isotropic, linear elastic and

incompressible material:

E
2(1+v)
When v is = 0.5, this reduces to E ~ 3.

p= (1.4)

With the above assumptions, the speed of the shear wave c,, the shear wave

wavelength, A, at a known frequency, f, can be related to Young’s Modulus, E, as

follows:
E=3u (1.5)
1=pc (1.6)
cs = fA (1.7)
E=3p(fA)*. (1.8)
1.5 SWAVE

In the SWAVE imaging method used in this thesis, the displacement phasors from
each 2D image are interpolated over a regular 3D grid and the distribution of shear
moduli over the tissue is estimated by using a local spatial frequency estimator,
such as Local Frequency Estimation (LFE) [105]. As the vibration source is not
in any particular position with relation to the ultrasound probe, it is important to
measure the wave in three dimensions to measure the full length of wave, which
may not be within the imaging plane. The local frequency of the 3D volume is
estimated after applying a bank of directional filters. These filters are directionally
oriented and cover a wide band of spatial frequencies. The weighted average of the
ratios between the outputs from these filters determines the local frequency at that
location within the volume. This 3D volume can be created in a variety of ways

including a motorized 3D probe, a tracked freehand 2D probe or a motorized 2D
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Figure 1.5: Left: Acquisition timeline for two frames of B-mode data for
a twelve scan-line field of view. Right: Acquisition timeline for two
frames of high-frame-rate acquisition data for a four scan-line field of
view. T is the time required for acquisition of a single RF line.

probe.

Strain is inversely proportional to elasticity under certain conditions, such as
uniform stress. Changing boundaries violates this assumption, which results in
image artifacts that do not represent the elasticity of tissue, but are the result of
a non-uniform stress field within the tissue. SWAVE however, measures the local
wavelength of the waves traveling in the tissue, which is dependent on the local
intrinsic elasticity of the tissue.

With a steady state excitation, the axial displacement phasors can be estimated
over a volume at a high effective frame rate using sector based imaging. In other
words, using the software development kit provided by Ultrasonix, it is possible
to program the sequence of imaging on the ultrasound machine. By repeatedly
imaging a small section of the image, the frame rate can be much higher than when
imaging the entire width of the image (Figure 1.5) [12].

Our system uses an external mechanical exciter, a voice coil shaker, driven
by waveforms created by a signal generator (Agilent 33220A) controlled through
software loaded on the Ultrasonix machine. The excitation is applied directly to

the phantom or tissue. No particular positioning of the exciter with respect to the
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transducer in needed. When the tissue motion is analyzed in the frequency domain,

the motion caused by each of the frequencies of excitation can be separated.

1.5.1 Overview of Elastography Methods

There are several methods to measure tissue elasticity. In this Section, an overview
of the other systems are presented with their advantages and limitations.

Two of the other methods of quantitative elastography are acoustic radiation
force impulse imaging [118] and supersonic shear wave imaging [21]. Both of
these methods use the acoustic power from the ultrasound transducer to create dis-
placements in the tissue. The impulses are focused along the axial direction of the
ultrasound image to create a wave in the tissue that propagates in the lateral direc-
tion of the image. Using high speed imaging techniques the wave is tracked as it
moves away from the focus line of the push, or uses the ultrasound to measure the
tissue response at the site of the push.

One limitation of this technique is that it requires a higher power machine in
order to create the acoustic push. It is available on the Siemens Acuson Machine
(Erlangen, Germany), the Philips EPIQ (Philips Healthcare, Boston, Mass), and the
Supersonic Imagine Aixplorer (Aix-en-Provence, France). One advantage of this
technique is that no external hardware is required and the push is created within
the ultrasound transducer. It is also very localized, and has a high potential res-
olution. This method has been used extensively for breast cancer measurements
[40, 44, 117]. The depth of measurement using this technique is limited as the
power needed to create the push cannot penetrate further than about 6 cm. This
limits its use in deeper organs, such as liver.

Another commercially available method of stiffness measurement is the Fi-
broScan system (Echosens, Paris, France). FibroScan is an elasticity measurement
system that uses a mechanical impulse and a single ultrasound element. The sys-
tem measures the response of the tissue to the mechanical impulse along the line
of the ultrasound element. One limitation of this system is that there is no B-mode
ultrasound guidance for the measurement to guide the user. FibroScan is suited
for large homogeneous organs such as the liver. The system is easy to use and it

has been proven to accurately measure the liver stiffness and level of liver cirrhosis
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[72].

External vibration is used in Magnetic Resonance Elastography (MRE) and in
the steady state shear wave ultrasound elastography used in this thesis. In this
method, a constant vibration source is used to create steady state waves at a known
frequency of excitation [106]. The displacements of the tissue are measured as
the tissue moves and the local wavelength within the tissue can be measured with
image processing techniques [187].

One advantage of using MRE is that the imaging technique is already in 3D and
the waves can be measured naturally in three dimensions. The disadvantage is that
imaging can be very slow, one acquisition taking several minutes. The approach
used in this thesis is similar in principle to that used in MRE. The advantages of
our approach are that we eliminate the challenges of penetration depth and tissue
heating that are associated with using acoustic impulse forces for excitation. In
addition, we can excite the tissue at specific frequencies, allowing us to examine
the frequency dependency of tissue stiffness [154]. Using multiple frequencies
also decreases the problems caused by nodes in the wave patterns [167]. Nodes
can cause artifacts in the elasticity image because there is no displacement at these
points, and therefore the wavelength measurement is unreliable. One disadvantage
of this method is the desirability of having multiple wavelengths within the tissue
of interest in order to get an accurate measure the wavelength; this is because

ultrasound can only accurately measure axial displacement of the tissue.

1.6 Minimally Invasive Surgery, Intra-operative
Ultrasound and the da Vinci Robot

1.6.1 Minimally Invasive Surgery

Minimally invasive surgery is slowly becoming the standard of care for many pro-
cedures, and continues to grow in popularity. Minimally invasive operations often
require several small incisions, of approximately 2 cm each, to be made through
the patient’s skin, instead of the 10-15 cm incision required for a traditional open
surgery. The surgeon works using long specialized instruments and views the surgi-

cal scene through a laparoscopic camera. This type of procedure decreases the pa-
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tient’s morbidity and shortens hospital stays [47, 137]. Many abdominal, thoracic
and pelvic procedures are now completed as minimally invasive (or laparoscopic)
operations.

Although there are benefits to the patient, additional physical and cognitive
loads are placed on the surgeon [99, 173]. First of all, the surgeon must work
with instruments that lack the degrees of freedom available in the human hand.
The majority of laparoscopic instruments do not have any wrist-like joints at the
end-effector. Additionally, during laparoscopic surgery, the surgeon must over-
come working through the ‘fulcrum effect’ caused by the instrument having to
pass through a narrow opening in the mostly rigid abdominal wall. This constraint
makes the tip of the instrument move in the opposite direction of the surgeon’s
hand. Also, the view of the surgical field becomes considerably more restricted
when moving from open surgery to laparoscopic surgery. The surgeon is no longer
able to see the entire surgical field at once, but must rely on the narrow view through
the laparoscopic camera. Last, they are now looking at a single camera image, they
lose binocular vision, and therefore, depth perception.

The limitations of laparoscopic surgery are especially noticeable in more dif-
ficult surgeries, such as laparoscopic partial nephrectomy [130]. Partial nephrec-
tomy is one treatment for kidney cancer. Kidney cancer refers to any tumours that
occur in the parenchyma of the kidney, of which approximately 80% are renal cell
carcinomas.

Because partial nephrectomy allows the cancerous tissue to be removed while
preserving as much of the healthy kidney tissues as possible, it is the preferred
method over radical nephrectomy for tumours under 4 centimetres in size [77].
Laparoscopic partial nephrectomy has also gained popularity as it is minimally in-
vasive and has shown to have comparable outcomes to open procedures [56, 130,
141]. Partial nephrectomy, with its innate challenges, as described above in Section
1.2.2, combined with the limitations of laparoscopic surgery, make partial nephrec-
tomy an operation which could be improved through the application of new tech-
nologies, such as intra-operative ultrasound.

The use of intra-operative ultrasound could also be pivotal to the improve-
ment of surgery. As a real-time imaging technique, ultrasound has the potential

to be used for registration to pre-operative data and also as a method of direct vi-
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sualization of critical structures such as with elastography. Through the use of
intra-operative ultrasound combined with robotic technology, the challenges of la-
paroscopic surgery and partial nephrectomy have the potential to be minimized
[143].

1.6.2 Intra-operative Ultrasound

Intra-operative ultrasound was first introduced in the 1950s [104]. In 1958, the first
laparoscopic ultrasound transducer was used during cholecystectomy, but intra-
operative ultrasound did not gain widespread usage until B-mode images became
available in the 1970s and interpretation of images became more straightforward
since 2D B-mode images could now be visualized as a ‘picture’ rather than a single
echo line. Laparoscopic ultrasound also gained popularity with the spread of min-
imally invasive surgery, where the ultrasound images enhance guidance when us-
ing laparoscopic tools [104]. Traditional laparoscopic intra-operative ultrasound is
currently used for a variety of procedures, including resection of liver cancer [16],
gall bladder removal [31] and resection of kidney cancer [129]. Intra-operative
ultrasound provides high-quality, real-time intra-operative imaging for assessment
of tumour margins, guidance around vessels and locating tumour resection planes.
Vipenstad et al. presents a survey on the current use of laparoscopic ultrasound
[174].

1.6.3 Robot-assisted Surgery with the da Vinci Surgical System

The introduction of robotic systems such as the da Vinci Surgical System attempts
to mitigate the shortcoming of laparoscopic surgery by replicating an environment
more similar to that of traditional open surgery. The system consists of three sec-
tions: the surgeon’s console, the patient side cart and the vision cart [Figure 1.6].
The surgeon is able to sit comfortably and ergonomically at the console (a possible
improvement over traditional open surgery), and the patient is positioned on the
table by the patient side cart. The surgeon sits at the surgeon’s console and his/her
motions are mapped to the motions of the instruments on the patient-side cart, this
is known as a teleoperated robot, or a master (the surgeon) and slave (the instru-

ments of the patient side cart) configuration. Although the da Vinci system does not
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Figure 1.6: The da Vinci Surgical System. Image courtesy of Intuitive Surgi-
cal Inc.

currently included automation, the surgeon’s motions are scaled and filtered to im-
prove dexterity and to remove tremor. The instruments used during robotic surgery
are wristed at the end-effector, allowing the surgeon to regain natural control of the
degrees of freedom of the tools.

The orientation of the surgeon’s hands on the ‘master manipulators’ is con-
strained to match the orientation of the end-effector as seen by the surgeon through
the cameras. The surgeon uses the ‘master manipulators’ in the surgeon’s console
to control all of the Degree of Freedom (DOF) available to the instrument, generally
six or seven. In six DOF instruments, there are three translational degrees and three
rotational degrees of freedom while in seven DOF instruments, the surgeon also
controls the grasping motion of the instrument. The camera arrangement is also
different from laparoscopic procedures. The da Vinci laparoscope has two camera
channels that run along its length. The video feeds are kept separate until viewed
by the surgeon through the console. This camera system is stereoscopic, simulating
binocular vision and allows for depth information to be provided to the surgeon.
This, along with the degrees of freedom of the instruments, makes manipulations
of tissue, knot tying, needle passing, and discrimination of layers more effective
[30, 68, 184].

Although the da Vinci robot offers advantages over traditional laparoscopic
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surgery, some studies have found that experienced laparoscopic surgeons have not
seen a significant benefit [101]. On the other hand, the da Vinci robot is a good
platform for integration of additional aids and is not being currently used to its full
potential. With additional navigational aids, such as intra-operative imaging, we
believe the surgical guidance can be improved. The stereoscopic vision allows the
surgeons to visualize intra-operative and pre-operative imaging [175], and can be
used for tissue tracking in 3D [159]. Using the joint angles of the robot encoders,
the tool position and orientation can be tracked within the accuracy of other com-
monly used surgical localizers, approximately 1 mm [89].

One of the main limitations cited by researchers and users is the lack of haptic
feedback to the surgeon in the console during the surgery. This means that the sur-
geon can no longer feel the tissue in the traditional way using the sensors in their
fingers. The surgeons often feel for tumours under the tissue surface. Tumours
are often much stiffer than the surrounding tissue, which means the surgeon can
palpate or touch the tissue to determine its approximate depth and diameter even
when it is not visible on the surface of the tissue [86, 88, 109]. This would then
guide the surgeon’s further dissection or resection. This limitation could be miti-
gated through the use of ultrasound elastography as a tool for identifying stiff areas
below the surface.

There are two interfaces used to get information to and from the da Vinci Robot.
The clinical robot Application Programming Interface (API) is used to read the joint
angles from the robot in real time. These joint angles can be used to locate the tools
in space through the use of forward kinematics. This interface can be used while
the robot is in clinical use.

The other interface used is the da Vinci Research Kit (DVRK). The DVRK dif-
fers from the previously mentioned API, in that it does not use the clinical da Vinci
software, but uses a separate controller to command the joint positions, velocities
or torques of each of the robot arms [33, 79]. These controllers are linked to a
computer and each arm is controlled individually. This allows for a computer to
automate the motion of the robot, in addition to the usual teleoperation mode of the

da Vinci.
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1.6.4 Intra-operative Ultrasound for the da Vinci

Although traditional laparoscopic ultrasound instrumentation is a valuable imag-
ing tool in many types of surgery, the manoeuvrability, and thus imaging ability,
with these types of instruments is limited. Furthermore, during robotic procedures,
laparoscopic ultrasound probes are typically controlled by the patient bedside sur-
gical assistant instead of the operating surgeon. Additionally, the ultrasound instru-
ment requires a dedicated laparoscopic port, meaning that another instrument must
be removed from the surgical field and the operation must be halted while scan-
ning is taking place. It is well established that ultrasound is highly user dependent
modality in two main ways. Firstly, the quality of the ultrasound image views de-
pends on the experience of the user. Secondly, only some users have the ability to
make three-dimensional connections between the images and the actual anatomy.
Manipulating the transducer allows the surgeon’s natural hand-eye coordination
to aid in the interpretation of the 3D anatomy from a series of 2D cross-sectional
images.

In order to provide the operating surgeon with control of the transducer, and to
integrate intra-operative ultrasound into robotic surgery, an ultrasound transducer
that is controlled directly from the da Vinci surgeon’s console was proposed [100].
Later, another transducer was designed and modeled after a typical da Vinci Smm
tool and had greater mobility inside the patient [142]. However, both of these
combined ultrasound/da Vinci tools still require a dedicated port or da Vinci tool
changes, and this version of the Smm da Vinci tool is more limited in its range
orientation than a typical 8mm da Vinci tool.

The first miniature “pick up” style probe was developed for cardiac procedures.
A 13 MHz Aloka (Hitachi Aloka Medical, Wallingford, CT) mini-transducer (15 x
9 x 6mm) has been used for characterization of the coronary arteries during tho-
racic laparoscopic surgery [28, 29]. This transducer was outfitted with a small fin
that allowed the da Vinci needle drivers to grasp and maneuver the transducer.

Two commercial products have recently been introduced, one by Aloka (Walling-
ford, CT), and one by Analogic Ultrasound (named the ProArt®) (Peabody, MA).
Both these ultrasound transducers are designed with a fin on the ventral proximal
surface that fits the da Vinci Pro-Grasp™ tool (model 420093). The fin is placed in
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such a way that the long axis of the transducer and the jaws of the tool are parallel.
They fit through a standard sized trocar and use the TilePro display in the da Vinci
S and Si. Both transducers are high frequency and thus have high resolution with
relatively low penetration depth. The Aloka model is a linear array transducer and
the ProArt® uses a curved array for wider visibility.

The grasping fin designs of the three transducers mentioned above do not en-
able a repeatable, stable grasp by a da Vinci tool, such as the Pro-Grasp™ forceps.
The Pro-Grasp™ forceps are a very commonly used dissection tool and their slot-
ted shape is conducive to holding onto an ultrasound transducer. While the fin
design of [28, 29] makes it easy to grasp the device, the location of the grasp is
not well defined. A stable, repeatable grasp is needed for accurate 3D tissue recon-
struction or localization with respect to the da Vinci coordinate system.

In order to take advantage of the degrees of freedom available with the da Vinci
wristed tools, a new intra-abdominal pick-up transducer was designed in previous
research to fulfill the design parameters (Figure 1.10) [143]. As outlined in this
paper, the design requirements for this new transducer were determined through
consultations with the surgeons at our center and a transducer manufacturer. The
completed transducer is small enough to fit through a standard laparoscopic inci-
sion and be maneuverable within the abdominal cavity. The da Vinci tools can
grasp the transducer in a repeatable manner and create a fixed transformation be-
tween the tool location and the ultrasound image. The transducer’s motion should
also be fully constrained once grasped. Finally, the tool self-aligns with the ‘lock-
ing’ mechanism on the transducer, such that the tool and transducer need not be
well aligned initially to guarantee capture.

The transducer:

e is small enough to be maneuvered inside the patient

has a small enough diameter to fit through a surgical incision

e has a consistent and self-aligning interface with the da Vinci grasper

has no sharp or breakable components

can be tracked via multiple modalities
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Figure 1.7: Example ultrasound images created with the intraoperative “pick-
up” transducer of the carotid artery and vein. Left: B-mode image.
Right: Doppler image of the arteries after bifurcation.

Figure 1.8: Rendered images of the da Vinci interface.

e can be sterilized using standard methods.

The transducer is made of 128 elements spaced over an imaging face of 28 mm
and has a center frequency of 10 MHz. These are similar characteristics to other
commercially available intraoperative transducers which provide high-resolution
imaging to a depth of 4 to 6 cm. Pin connections are currently compatible with Ul-
trasonix ultrasound machines (Analogic Medical Corp., Richmond, Canada). Ex-
amples of the B-mode and Doppler images are displayed in Figure 1.7.

Unique to this transducer, and different from the commercially available trans-
ducers, is the specially designed interface between the transducer and the da Vinci

Pro-Grasp™ forceps. This metal interface was designed such that it forms a lock-
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ing type grasp with the Pro-Grasp™ tool [Figure 1.8]. A groove [Figure 1.8],
shown in blue (A), was built to match the width of the Pro-Grasp™. A small pin,
shown in red (B), was designed to catch in the end of the tool slot and prevent the
tool from sliding off. The walls of the groove are angled, shown in green (C, D),
to increase the capture range. One wall is slanted to the floor of the groove, while
the other ends just short, shown in yellow (E). The solid wall helps to constrain the
motion between the transducer and the tool while the fully slanted wall prevents the
tool from ever becoming jammed into the groove. The angle between the two sides
of the groove matches that of the Pro-Grasp™ when the tool is completely closed
on to the metal walls. This allows for a fixed transformation between the da Vinci
tool and the transducer, which in turn transfers all the degrees of freedom and range
of motion available to the da Vinci tool to the transducer. The jointed wrist of the
da Vinci and direct connection to the transducer makes manipulation easier than
traditional hand-held laparoscopic transducers [148] and because the two are now
fixed, it is possible to track the ultrasound transducer by measuring the location of
the tool (Section 2. The transducer was manufactured by Vermon (Vermon, Tours,
France) and is approved for STERRAD (ASP, Irvine, CA) sterilization methods
that are commonly used in hospitals to sterilize ultrasound transducers. STER-
RAD is a low temperature method of sterilization for sensitive surgical instruments
using hydrogen peroxide gas plasma technology and manufactured by Advanced
Sterilization Products.

Another unique aspect of this transducer is the inclusion of an electromagnetic
sensor inside the body of the transducer [Figure 1.9]. A Model 180 (Ascension,
Vermont, USA) 6 degree of freedom sensor is used and compatible with the soft-
ware of the Ultrasonix Ultrasound GPS system.

As an alternative, a flat checkerboard for visual tracking can be placed on either
flat section of the transducer, which is approximately 24mm x 10mm. An example
of this checkerboard is shown in Figure 1.9, and can be used, as described later,
for 3D tracking with a stereo camera. The checkerboard is surgical identification
tape (Key Surgical Inc., MN, USA) that is approved for human use and designed
to withstand repeated autoclave sterilization cycles [42].

The transducer can be placed into the abdominal cavity before the laparoscopic

cannulas. The transducer tether will run alongside the camera cannula, but through
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Figure 1.9: Top: Diagram showing the cross section of the “pick-up” trans-
ducer, and the location of the electromagnetic (EM) sensor and crystal
stack. Bottom: a photograph of the ultrasound transducer, with checker-
boards used for camera tracking.
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Figure 1.10: Rendered images of the “pick-up” transducer. Left and middle:
cross sectional view (blue) of the lap-handle. The angled faces and
locking pins can be seen. Right: the tool fits tightly against the angled
faces. The practicality of adding visual tracking markers is demon-
strated.

Figure 1.11: The pick-up intra-operative transducer is grasped and manipu-
lated by the Pro-Grasp™ tool of the da Vinci Surgical System.

the same incision. Thus, ultrasound is available throughout the operation without
the need for tool changes and provides further surgeon autonomy. This minimizes

the effect of using the transducer on surgical workflow.

1.6.5 Intra-operative Ultrasound Elastography

Using the transducer described above, 2D and 3D B-mode ultrasound images and
volumes can be used during the procedure to provide the surgeon with additional

guidance. In some cases, B-mode imaging alone of the renal tumor may not be
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enough to provide the surgeon with adequate guidance.

23-46% of small renal cell carcinomas, those treated with partial nephrectomy,
appear iso- or hypo-echoic in B-mode imaging [60]. This means that the bound-
aries of the tumor would be difficult to define, resulting in either positive margins
(effecting patient outcomes) or more healthy tissue removed than necessary [91].
Renal tumors can also have complicated structures, including necrotic cores and
fat tissues [59].

Ultrasound elastography has the potential to add contrast to imaging in order to
better define the tumor boundary, as tumors are generally stiffer than the surround-
ing tissues [86]. This is particularly important when the tumor has a complicated
structure.

In addition, elastography also has the potential to differentiate between benign
angiomyolipomas and malignant renal cell carcinoma. The differences in stiffness
of these two types of tumors could potentially differentiate them intra-operatively.
Elastography imaging could also measure other tissue characteristics, just as vis-
cous properties [154] or poroelasticity [84]. The fat content of the tumors might
be measurable from elastography measurements. Elastography could also help
distinguish hypoechoic cysts, where shear waves do not propagate, from other hy-
poechoic lesions.

The tissue characteristics determined from elastography, along with B-mode

imaging, could improve intra-operative imaging guidance for surgeons.

1.7 Thesis Objectives

1. To use ultrasound and ultrasound elastography to better characterize kid-
ney tissue for use in robotic-assisted surgical guidance and kidney transplant

monitoring

2. To determine the tracking accuracy of the new intra-operative “pick-up” ul-
trasound probe previously built and tested. Looking at and testing three dif-
ferent tracking methods, including the robotic kinematics, electromagnetic

tracking and stereo camera tracking

3. To use the “pick-up” ultrasound probe for the construction of 3D elastograms
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that could be used in surgery

4. To determine tissue characteristics of the kidney. Previous research has pro-
duced very different quantitative measures of kidney elasticity. To examine
the relationship between pressure and the elasticity properties and to esti-
mate the viscous properties of the ex-vivo kidney by analyzing the frequency

dependency of elasticity measurements

5. To measure the correlation of kidney health on the elasticity measurements

of in-vivo transplant kidneys

1.8 Thesis Overview

Chapter 2 describes the experiments which test the tracking accuracy and recon-
structions of the “pick-up” ultrasound probe. Three different tracking modes are
tested and the accuracy of the reconstructions are tested against a known geometry
of a vessel phantom.

Chapter 3 details the use of the “pick-up” ultrasound transducer for use in elas-
tography. In this chapter, two sets of experiments are described. The first set of
experiments uses the Clinical Mode of the da Vinci robot, where the surgeon still
has direct control of the robot and ultrasound transducer and the second set of ex-
periments leverages the ability to automate the robot using the da Vinci Research
Kit.

Chapter 4 provides an in depth look at the current state of the art research in
kidney elastography measurements. In particular, the different and varying results
of previous studies are examined and also the complications in kidney imaging that
have arisen from the different studies.

Motivated by the complications of kidney imaging, Chapter 5 examines two
main features of kidney tissue. First, the relationship between blood pressure and
measured elastography is investigated. The second experiment measures the vis-
cous properties of the kidney. There is a distinctive relation between the excitation
frequency (assuming a completely elastic tissue) and the measured elasticity, and
by measuring at multiple frequencies, a model of the tissue which includes the

viscous elements can be fit to the resulting data.
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The next chapter of this thesis moves to the realm of in-vivo patient imaging.
Elastography data using the SWAVE method is collected from kidney transplant
recipients without biopsy. The initial study and results of four patients is presented
in this chapter.

The final chapter of this thesis provides an overview of the work presented.
The long term implications and limitations of the work are also discussed. Finally,

the future of the work and possible improvements are considered.
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Chapter 2

Ultrasound Transducer Tracking
and 3D Reconstruction

2.1 Introduction

Laparoscopic MIS has become the standard of care for many abdominal operations.
Benefits for the patient include lower morbidity and faster recovery time [47, 137].
However, MIS is more technically challenging for the surgeon, and this has his-
torically limited the widespread adoption of laparoscopic approaches for complex
surgical procedures such as partial nephrectomy. This operation is compounded by
pressures including time constraints, restricted visualization, and elevated risks of
bleeding [157].

As described in Section 1, knowledge of the vessels’ location during the pro-
cedure would assist the surgeon in conducting a safer and more efficient dissec-
tion. Our center, Vancouver General Hospital (VGH), performs about 150 open or
laparoscopic partial nephrectomy procedures per year, and 5 to 10 robotic proce-
dures. We expect that a surgical navigational adjunct to robotic assisted surgery
using the da Vinci, as proposed here will increase surgeon confidence, improve
patient safety and decrease dissection time required for this operation.

With the increasing use of the da Vinci, better visualization and intra-operative

A version of this chapter was previously published [147]
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imaging could be incorporated into the robotic procedures. As ultrasound is al-
ready regularly used during laparoscopic procedures, we focused on how ultra-
sound and ultrasound reconstruction could be integrated. An important application
of ultrasound during laparoscopic procedures is 3D ultrasound reconstruction and
mapping of the vasculature. Localized vessels can be used to define surgical planes
and to register intra-operative images to pre-operative scans.

In this chapter, we describe the use of a novel, custom-designed intra-operative
“pick-up” ultrasound transducer, described in detail in Section 1.6.4. We demon-
strate that it can create 3D ultrasound volumes via transducer tracking methods and
that the volumes can be used for pre-operative imaging registration. A preliminary
study of the “pick-up” transducer was presented using one tracking method [143].
In this chapter, we study the accuracy of each of the three tracking methods used
with this novel transducer and the potential for vessel reconstruction with each
tracking method. These tracking methods include using the robotic kinematics, the
Electromagnetic (EM) sensor and the stereo camera.

In particular, for registration, the 2D contours are combined to create a 3D
model of the vessels and branches. The surface representations which are extracted
from both the ultrasound images and pre-operative models can be registered. Due
to the potential advantages that the transducer could bring to robot-assisted partial

nephrectomy, this is the primary application discussed in this chapter.

2.2 Methods

2.2.1 Transducer Tracking

Localization and tracking of the ultrasound transducer can therefore be achieved
using several different methods: robot kinematics [142], electromagnetic tracking
[46, 83] and vision based tracking [133]. In addition, it is possible to create 3D
volumes without any external tracking equipment, using such techniques as speckle
decorrelation [5, 52].

For the “pick-up” transducer described in this thesis, three methods are used to
track the transducer while inside the body: robotic kinematics, embedded electro-

magnetic tracker and stereoscopic vision. For this transducer, all of these methods
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minimize the lever arm effects which can multiply error in calibration and track-
ing because the tracked sensor/element is very close to the ultrasound linear array
and associated imaging plane. This effect is minimized by keeping the distance
between the tacking point (the actual tool tip, the checkerboard or EM sensor) and
the corner of the ultrasound image as short as possible.

Previous literature states that the expected accuracy of the da Vinci kinematics
is approximately 1 mm, when tracking the activated joints of a single da Vinci arm
using the clinically approved robot software [89]. In this situation, that accuracy
compares favourably to other tracking techniques. The transducer can be grasped
in a repeatable manner so that the transformation from robot to tool is fixed and
known a priori. This is important because it would be impractical to do a calibra-

tion to calculate the transformation during surgery.

2.2.2 Repeatability Tests

To test the repeatability of grasping and to perform the optical tracking ultrasound
calibration, a wide baseline stereo-camera was used. A checkerboard with 3.175
mm squares was placed on the transducer and instrument jaws and was tracked by
the camera. The checkerboard was tracked using the wide baseline camera, which
has a 75 mm baseline and consists of two Flea2 cameras (Point Grey Research,
Richmond, Canada), each with a resolution of 1280 x 960 [43]. The intrinsic and
extrinsic parameters of the wide-baseline camera and the location of the checker-
board on the tools within the camera frame were found using the Caltech Camera
Calibration Toolbox [27].

Some studies claim that electromagnetic sensors have an accuracy of about 1%
of the workspace [69], which, in this case, is approximately 0.5 mm. These tests
were performed under optimal conditions; we would expect larger errors, more
likely around 1 to 1.5 mm, due to the large metal objects in the operating room.
In particular, the operating table and the da Vinci interfere with the EM sensor
readings. The six degrees of freedom EM sensor is located within the body of
the transducer as seen in Figure 1.9. It is close to the center of the transducer to
minimize lever arm effects and maximize tracking accuracy with respect to the

image plane. This sensor also does not interfere with the sterilization process as
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the sensor is approved for use with the STERRAD system as well.

Another approach is to optically track the ultrasound transducer using the la-
paroscopic camera image(s). This has been done previously with a monocular la-
paroscope tracking a checkerboard pattern on an ultrasound transducer to create an
augmented reality laparoscopic ultrasound system [133]. We used a stereo laparo-
scope and larger checkerboard pattern to do the same type of tracking. Specifically,
we used a wide angle NTSC da Vinci stereo laparoscope from the da Vinci Surgical
System (Standard). It has a baseline of 5 mm and a resolution of 720x486 pixels.
The 6 x2 checkerboard pattern on the pick-up ultrasound transducer had 3.175 mm
squares. Camera calibration was performed using the Caltech Camera Calibration
Toolbox [27]. The checkerboard tracking and stereo triangulation functions from
the calibration toolbox were also used to track the checkerboard on the ultrasound
transducer. This includes locating the checkerboard corners with a Harris corner
detector and using the known geometry of the checkerboard to accurately deter-
mine the checkerboard pose. For each camera frame, the user selected the four
extreme corners of the checkerboard to initialize the software.

In order to track the ultrasound image, a calibration must be completed to de-
termine where the ultrasound plane is located relative to the respective sensor (da
Vinci kinematics, EM sensor or stereo camera) [112].

N-wire calibration was used to calibrate the EM sensor and checkerboard to
the ultrasound image. We used the PLUS framework for the EM sensor calibration
[94] and a similar implementation in Matlab for the checkerboard calibration. EM
sensor to ultrasound image calibration was completed away from large metal ob-
jects and other interference. The calibration of the stereo camera tracking to the
ultrasound image was completed using the wide baseline stereo camera set-up pre-
viously described. Because locating an N-wire phantom within the reference frame
of the da Vinci kinematics was particularly difficult, the transformation from the
ultrasound image to the da Vinci tool was found through calibration using a single
wall phantom [132].
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2.2.3 Tracking Tests

Several tests will be undertaken to determine the accuracy of the different tracking
methods.

First, before the da Vinci kinematics can be used for tracking, the grasping
repeatability must be tested. The same wide baseline camera system that was de-
scribed above was used to test the repeatability, so the error of the wide baseline
camera system and checkerboard tracking also needed to be determined. To test
this camera system error, two checkerboards were placed in a fixed relative posi-
tion. These checkerboards were the same 3.175mm square pattern used for tracking
the transducer. The Harris corner detection methods of extraction from the Caltech
Camera toolbox used on the transducer and da Vinci tools were applied to these
fixed checkerboards. Thirty images of the two fixed checkerboards in different
poses were used to determine the camera repeatability. The error was calculated as
the difference in the thirty resulting transforms.

For testing the grasping repeatability, the transducer was picked up 30 inde-
pendent times (released and picked up again) using the robotic instrument. Images
were saved from the stereo camera and the transformation between the tool and
transducer was determined for each of the 30 trials [Figure 2.1].

To understand the errors present in the different tracking methods, we per-
formed hand-eye calibration using the Kronecker product implementation [152],
solving the system AX = ZB. Using the EM sensor and da Vinci robot as an ex-
ample, A is the set of 4 x 4 matrix transforms corresponding to the location and
orientations of the EM sensor with respect to its transmitter base and B is the col-
lection of homogenous transformations of the tool tip with respect to the robot
base. We then solve for X, the transform between the tool tip and the EM sensor
and Z, the transformation between the robot base and the EM transmitter base. Z is
subject to change with changes in the experimental set-up, but X should be consis-
tent as the transformation between the da Vinci tool tip and the EM sensor inside
the ultrasound transducer is repeatable, as described above. The position error is
defined as the Cartesian distance between points in B and in the points defined by
the transform: Z~'AX.

We use the Optotrak Certus Motion Capture System (Northern Digital Inc.,
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Figure 2.1: Grasping Repeatability testing set-up. The transducer was picked
up 30 independent times and the transformation between the checker-
board on the tool jaws and on the transducer was calculated.

Waterloo, Canada), as the ground truth during these experiments because it is a
tracking system that uses active Infrared Light Emitting Diode (IR LED)s, has an
accuracy of 0.1 mm and resolution of 0.01 mm over its working volume [138].
A rigid body with four active infrared Light Emitting Diode (LED)s was attached
to the transducer and the transducer was moved through 75 to 100 poses while
grasped by the da Vinci. Three sets of data were collected with slightly different
experimental set-ups and for each set, X and Z were calculated. Three hand eye
calibrations were completed with this data, the da Vinci and EM sensor, both with
respect to the Optotrak and the da Vinci to the EM sensor. Finally, because of
differences in the experimental setup, we compared the tracking accuracy of the
da Vinci stereo camera tracking to the Optotrak. In order to complete this, a rigid
body of Optotrak markers was created surrounding a checkerboard of the same size
and dimensions as the one attached to the transducer. Two sets of data of 100 poses

were collected.

2.2.4 Image Processing, 3D Reconstructions and Registration

The contours of the vessels within the ultrasound images of the reconstructed vol-

ume were segmented manually for each of the 18 volumes (6 da Vinci kinematics,
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Figure 2.2: Vessel Phantom. Top left: B-mode, top right: CT, bottom left:
Power Doppler and bottom right: Phantom photo

6 EM, and 6 stereo camera) after reconstruction. Once the contours from each im-
age are found, a surface was created from the points on the surface of vessels using
regularized marching tetrahedra [171]. Segmentations were all completed by the
same person for consistency and to minimize bias. This surface structure was then
used for registration with a previously created surface representation of the vessel
structure created from pre-operative imaging. In this case, pre-operative CT scans
of the phantom were used and contours were created through manual segmentation.
A custom designed flow phantom (Blue Phantom, Redmond, WA) was used dur-
ing the experiments [Figure 2.2]. This phantom consists of a single vessel which
branches once midway through the phantom. The vessel diameter varies from 4 to
6 mm.

The surface-to-surface registration was completed using Principal Component
Analysis (PcA) [11] followed by ICP [22]. Ball bearings were placed under the
vessel phantom during the CT scans and subsequent ultrasound scans be used for
registration validation. To validate the reconstructions, the distances between the
ball bearings in the CT scan (#1 to #2, #1 to #3 and so on) were compared to the
distances between the bearings in the ultrasound volumes. To verify the registra-
tions, the distance between corresponding ball bearings was calculated, and the
Dice coefficient [32] and volume error (the difference in the two overall volumes)
were also calculated. The distance between corresponding ball bearings is defined
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as the Target Registration Error (TRE). In addition, the average distance was cal-
culated between every point on the CT surface and its closest counterpart on the

reconstructed surface.

Table 2.1: Standard deviations of the fixed checkerboards, used to determine
the repeatability of the wide baseline optical camera tracking system.

Roll | Pitch | Yaw
Angles (deg) 0.13 | 0.15 | 0.07

X Y Z
Translation (mm) | 0.012 | 0.010 | 0.02

2.3 Results

2.3.1 Repeatability

First, the tracking error of the wide baseline camera system needed to be deter-
mined. The standard deviations for the three Euler angles and Cartesian compo-
nents of the transforms resulting from testing two fixed checkerboards are shown
in Table 2.1. The axis are defined on Figure 2.1, roll is the rotation around the Z
axis, pitch, the rotation around the X axis and yaw, the rotation around the Y axis.

From the 30 release and capture trials, a transformation between the tool jaws
and the ultrasound transducer was calculated using the position of the checker-
board markers in the frame of the stereo camera [Figure 2.1]. The transformations
were converted to rotations and positions and centered on the mean values. The
distributions of these values are shown in Figure 2.3.

The grasping repeatability results demonstrate repeatability better than the ac-
curacy of the da Vinci kinematics and the EM tracking and approaches the accuracy
of the checkerboard tracking itself. This shows that the ability to grasp the probe
is repeatable and the transformation between the tool and the transducer can be

considered fixed.
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2.3.2 Calibration

The results for the ultrasound calibration using the da Vinci kinematics, EM sensor
calibration and stereo camera laparoscope tracking are described in turn. For each
sensor, a slightly different measure of calibration accuracy was used. For the da
Vinci kinematics calibration, the residual error using a single wall phantom was
2.2 mm, averaged over three calibrations using 60-65 images. For the EM sen-
sor calibration, the re-projection error for EM sensor calibration using the N-wire
phantom was 0.94 mm, using 200 calibration images. The re-projection error is the
difference in position of the N-wires, projected using the calibration matrix com-
pared to the segmented N-wires in the ultrasound images. For the stereo camera
to ultrasound image calibration, the pinhead Point Reconstruction Accuracy (PRA)
was 1.3 mm. The point reconstruction accuracy is the Euclidean distance from
the average of the estimated pinhead location to the actual pinhead location. The
estimated pinhead location was determined by segmenting the pinhead from the
ultrasound image and transforming that point to the stereo laparoscopic coordinate
system. The actual location is the location of the pin, as seen by the stereo laparo-
scope, after the fluid in the ultrasound imaging bath is drained. During calibration,
Edgcumbe ef al. used a wide baseline camera to track the ultrasound transducer,
an N-wire phantom for ultrasound calibration and the da Vinci stereo laparoscope
was used to determine the accuracy of the calibration [43]. 30 and 22 transducer
poses were used for ultrasound calibration and calculating the PRA respectively.

Since there is an unknown amount of error between the EM sensor measure-
ments and the da Vinci kinematic measurements, both were compared to the NDI
Certus Optotrak. Table 2.2 shows the mean position errors and standard deviations
for three calibration set-ups using 50, 75 and 75 poses for the calibration data re-
spectively and 15, 25 and 25 separate, unique poses for the test data. The results
presented are mean and standard deviations of 50 randomized iterations of the cal-
ibrations and tests, such that the poses in each data set were randomly assigned to
calibration or test sets.

One hundred poses of a rigid body were also collected with both the da Vinci
stereo camera and the Optotrak. The data was separated randomly into 75 poses

to be used for the hand-eye calibration and 25 poses to be used for testing. Fifty
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Figure 2.3: Grasping Repeatability. The mean-centered components (cen-
tered at zero) of the transformation between the tool jaws and the trans-
ducer computed using stereo tracking. See Figure 2.1.

iterations of the hand-eye calibration were completed, in which the poses were
randomly assigned to either the calibration or test sets. The average results of the

50 iterations are shown in Table 2.3.

2.3.3 3D Reconstructions and Registration

We created 3D ultrasound reconstructions of a vessel phantom using the EM sen-
sor, da Vinci kinematics and stereo camera tracking systems. With each system, six
volumes were reconstructed and registered to the CT scan of the same vessel phan-
tom. The contours in each image were segmented manually using B-mode images.
The ball bearing fiducials were located and the distance between each fiducial was
calculated and compared to the distances from the CT volume. The mean error

and standard deviations between the bearing locations for each tracking modality
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Table 2.2: Position Errors for Hand-eye Calibration between the da Vinci
(dV), electromagnetic sensor (EM) and Optotrak

Data Set Mean and Standard Deviation (mm)
Calibration Test Data Er-
Data  Error | ror (mm)
(mm)
1 dV to Optotrak | 2.6 + 1.8 25+£19
EM to Optotrak | 5.6 +2.9 5.54+33
dV to EM 7.9+ 3.1 7.7+3.5

2 dV to Optotrak | 3.5 £ 2.5 3.7+2.6
EM to Optotrak | 6.8 + 3.2 6.9 £3.5
dV to EM 10.7 £ 4.6 10.8 £ 5.1

3 dV to Optotrak | 3.2 £2.3 33+24
EM to Optotrak | 5.9 +2.9 59+32
dV to EM 10.1 4.2 10.6 £ 4.4

Table 2.3: Position errors for the hand-eye calibration of the Optotrak and da
Vinci stereo camera

Data Set ‘ Calibration Data Error (mm) ‘ Test Data Error (mm)
1 1.58 £0.92 1.62 £ 0.94
2 0.78 £ 0.54 0.82 +0.54

are shown in Table 2.4, Table 2.5 and Table 2.6. This error is a representation of
reconstruction accuracy, while the TRE, the mean distance between corresponding
fiducial bearings, represents the registration error.

The errors between the CT volumes and volumes created from the three sen-
sors were also calculated. The volume error, the difference in the volumes of the
CT and the sensor-based reconstructions, was calculated, as it was seen that the
volume segmented from the ultrasound images was typically smaller than that of
the CT scan. The relative volume error reported in Table 2.4, Table 2.5 and Table
2.6 1s the ratio of the volume of the CT reconstruction and the reconstruction from
the respective sensor. To find a measure of registration error, we used the Dice

coefficient, which is twice the volume overlap divided by the sum of the two vol-
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umes. Note that the Dice coefficients drop very quickly with errors in registration.
For example, a mis-registration of lmm along the x-axis of the CT volume with
itself results in a coefficient of 0.8. Table 2.4, Table 2.5 and Table 2.6 outline the
results from these volumes. Note that the volumes collected and reconstructed with
each method correspond, ie volume 1 from the da Vinci and volume 1 from the EM
sensor are the same volume, collected at the same time while the camera volume

were collected separately and correspond to volumes 7-12.
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Table 2.4: Reconstruction and registration errors for the volumes of the vessel phantom and targets collected with the
da Vinci as a tracker.

144

Volume | Mean Target Spacing Mean TRE Dice Relative Volume Mean Closest Surface
Error (mm) (mm) Coefficient | Error (ratio) Point (mm)

1 2.8+ 1.12 535+ 1.88 | 041 0.60 1.33 £0.94

2 2.7+£0.98 545+ 1.16 | 042 0.55 1.31 £ 0.87

3 2.8 £1.28 491 +£1.25 | 049 0.57 1.18 £ 0.79

4 0.8 +0.64 597+£149 | 041 0.53 1.33 £0.93

5 2.68 +0.74 5.01+£2.74 | 0.54 0.51 1.01 +0.63

6 3.60 £ 1.37 573 +£1.87 | 0.33 0.54 1.66 + 1.29

Averages | 2.56 £ 1.02 5404+ 1.73 | 043 0.55 1.30+ 0.91
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Table 2.5: Reconstruction and registration errors for the volumes of the vessel phantom and targets collected with the

EM sensor as a tracker.

Volume | Mean Target Spacing Mean TRE Dice Relative Volume Mean Closest Surface
Error (mm) (mm) Coefficient | Error (ratio) Point (mm)

1 2.00 +1.20 8.05+2.94 | 0.25 0.67 2.08 £1.53

2 1.49 +1.12 8.03£197 | 0.23 0.86 249 +2.15

3 1.03 £ 1.05 6.9 +2.11 0.23 0.64 230+ 1.96

4 1.38 £ 0.40 6.16 £1.95 | 0.21 0.61 248 £ 191

5 1.44 4+ 0.33 6.09 +£1.90 | 0.23 0.64 2.19 +1.68

6 141 +1.34 4.06 £1.33 | 0.35 0.55 1.71 £ 1.25

Averages | 1.46 £ 091 6.55+2.03 | 0.25 0.66 2214+ 1.75




Table 2.6: Reconstruction and registration errors for the volumes of the vessel phantom and targets collected with the
stereo camera as the tracker.

9

Volume | Mean Target Spacing Mean TRE Dice Relative Volume Mean Closest Surface
Error (mm) (mm) Coefficient | Error (ratio) Point (mm)

7 2.30 £ 0.68 5.154+1.49 | 0.29 0.49 1.92 + 1.44

8 5.09 £ 1.16 8.52 £2.15 | 0.37 0.37 1.50 4+ 1.22

9 2.47 4+ 0.80 7.38 £2.54 | 0.43 0.57 1.65 + 1.59

10 5.18 £2.76 6.39 £2.97 | 041 0.35 1.37 £1.03

11 5.53 £2.34 7.81 £1.60 | 0.45 0.27 1.36 + 1.01

12 2.48 + 0.80 459+191 | 0.39 0.27 1.45 £+ 1.06

Averages | 3.84 £ 1.42 6.64 +2.11 | 0.39 0.39 1.54 +1.23




The vessel surfaces were registered using PCA and visual inspection was com-
pleted to verify that the surfaces were correctly registered and reconstructed. Fig-
ure 2.4 shows examples of the reconstructions using each tracking method and
examples of the registration with a vessel reconstructed using the da Vinci track-

ing.

2.4 Discussion

We have presented tracking methods that make an ultrasound transducer useful
during minimally invasive surgery. The three methods for tracking the transducer
have been validated for a vessel phantom. The camera tracking has been indepen-
dently validated by Edgcumbe et al. [43]. The transducer follows all the guidelines
for intra-operative use and discussions with several surgeons have confirmed that
this is a transducer they would like to use during their surgeries.

We were able to test the repeatability of grasping the transducer with the da
Vinci tool and found that errors introduced by variations in the grasping were much
smaller than the tracking errors introduced by the robot kinematics. In fact, the
errors that were found between the tool jaws and the ultrasound transducer are
close to those that were found between the fixed checkerboards, indicating that the
grasping of the transducer is repeatable.

The results of the hand-eye calibrations are particularly interesting as they give
a good indication of the errors introduced by the different tracking methods. The
errors for the calibration between the EM and the da Vinci averaged 9.7 mm. It is
not clear though, which tracking method is closer to the ground truth. When the
two tracking methods were then compared to the Optotrak, which has much lower
and known tracking error, the errors in the EM sensor calibration had an average of
6.1 mm while the errors between the da Vinci and the Optotrak had an average of
3.2 mm. The larger errors in the EM sensors could be related to the metal within the
environment. In such situations, the operating room table and the da Vinci itself
could contribute to warping of the EM fields.

The da Vinci camera tracking was also compared to the Optotrak and the aver-
age error between the Optotrak and the stereo camera positions was 1.22 mm. The

data for this comparison was collected within the optimal distance range for the da
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Figure 2.4: Top: Examples of the vessel phantom reconstructed from each
modality, from left to right, the CT scan, the da Vinci kinematics, the
EM sensor and the stereo camera tracking. The blue stars represent the
locations of the ball bearing targets for each of the sensor based recon-
structions. Bottom: An example of the CT volume registered with a
volume reconstructed using the da Vinci kinematics. The red mesh and
stars represent the surface of the CT volume and the ball bearing tar-
gets, while the blue mesh and stars represent the da Vinci reconstructed
volume.

Vinci cameras, so larger errors are expected as the checkerboard is moved further
from the camera.

The vessel reconstructions with the da Vinci had an inter-fiducial spacing error
that was within the tracking errors of the robot and ultrasound calibration. Vi-
sually, the reconstructions looked correct, without major distortions in the ves-
sel structure. The surfaces were well matched, as seen by the low closest point
distances. The registration errors may decrease with a more rigorous registration
method, or a more complicated vessel surface. The blood vessel phantom used for

the experiments is Y-shaped and does not well constrain all the degrees of freedom,
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presenting a challenging but anatomically realistic model.

The EM sensor had similar results for the reconstruction of the vessel phan-
tom. The mean target spacing error was slightly lower than with the da Vinci, but
the correspondence errors were larger. However, visual inspections of the volumes
reveal larger distortions in the vessel structure than were seen with the da Vinci
volumes. This is partly attributed to the larger closest point means and the large
variations. The larger distortions are due to the EM environment around the da
Vinci, as reconstructions performed in a metal-free environment did not display
these distortions and were more consistent. Additional testing needs to be com-
pleted to determine the primary cause of the EM field warping. Warping of the EM
field by the operating room table is static and warping from the moving da Vinci
arms is dynamic. In the case of static warping, it would be possible to correct the
distortions using one of the other tracking methods, either camera or kinematics
with methods described by Kindratenko et al. [80]. In the case of warping from
the operating room table, the use of a flat panel EM transmitter would negate some
of the effects. The flat panel would be placed under that patient, blocking some of
the effects from the table.

The reconstruction using the stereo camera had the largest mean spacing er-
ror and TRE. The reconstructed trajectory of the ultrasound and associated blood
vessel path has several unexpected jumps that were caused by inaccurate optical
tracking of the ultrasound transducer. These jumps are visible in the stereo camera
reconstruction in Figure 2.4. Specifically, at the extreme ends of the vessel there
are visible distortions. This is likely because the distance between the camera and
transducer was outside the optimal distance for the stereo camera tracking. At one
end of the vessel, it was inside the focal distance of the cameras and in the extreme
lower corner of the images. At the far end, the checkerboard was very small in
the images, limiting the accuracy of the corner detection. The distance between
the camera and transducer, (z) was between 50 mm to 200 mm and the camera had
a narrow baseline of 5 mm. Thus the depth to baseline ratio ranged from 10 to
40 during the experiment. The range of depth is significant because the 3D stereo
localization error scales in a nonlinear manner (z%) according to the following for-

mula:
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8z=—m , 2.1)

where f is the focal length (pixels), B is the stereo baseline (mm), and m is the
uncertainty in disparity (pixels). In Section 2.2.3, for a checkerboard at a depth
of 10 cm from the camera, we calculated the accuracy of stereo point localization
to be 0.8 mm. If we assume that all the error was caused by the uncertainty in
disparity, then the point localization error is 0.2 mm and 3.2 mm at depths of 50
mm and 200 mm respectively. This corresponds with the range of error that was
observed for the blood vessel surface reconstruction.

The three tracking methods each have advantages and disadvantages. The
stereo camera tracking gives high tracking accuracy while the transducer is close to
the camera, and has the benefit of being tracked directly in the camera frame, mak-
ing integration of augmented and virtual reality relatively simple. However, it has
the disadvantages that the markers must be visible in the camera and clean. This
will be most accurate early in the surgery, but may become obscured later. Another
disadvantage is the limited angle for which they can be seen by the camera; the
markers on the transducer can only be accurately tracked when they are facing the
camera. There will be times during the procedure when the markers will not be
visible.

On the one hand, the EM sensor has the disadvantage that it may be warped
by the electromagnetic fields and metal objects in the surgical environment. On
the other hand, it has the advantage that the transducer can be tracked anywhere
in the surgical field, even when out of view of the camera. We hypothesize that
it can be used to direct the surgeon to the location of the transducer, through the
use of on-screen cues, if the transducer were to be placed somewhere outside the
camera’s view.

The robot kinematics has high accuracy and can be used throughout the surgery
without any degradation in tracking accuracy. It should be noted that this accuracy
is only valid for the activated joints on a single arm; the errors in the set-up joints of
the da Vinci can be very large as different types of potentiometers are used in these
joints. In order to use the kinematic tracking (or the EM sensor) for augmented

reality, the tracking coordinate frames need to by registered at the beginning of the
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surgery, likely using a hand-eye calibration method. We may be able to use the
stereo markers to calibrate the other trackers to the camera frame and un-warp the
inconsistencies in the EM field.

By appropriate decision making throughout the surgery to determine which
tracking methods to use, on their own or in combination, we will provide the sur-
geon with the best possibly localized ultrasound image.

For the remainder of this thesis, the da Vinci kinematics alone will be used
to track the ultrasound transducer. The da Vinci kinematics offer an acceptable
accuracy over a large working volume, can be read in real-time during imaging,
and are not affected by the metal objects in the room or the angle of transducer
with respect to the camera. These practical considerations along with the accuracy
of the reconstructions, mean that the da Vinci kinematics were the best choice for

tracking the transducer at this point.

2.5 Conclusion

The transducer tracking techniques presented in this chapter are applicable to an
ultrasound transducer that can be easily grasped, aligned and released. In addition,
the grip on the transducer is stable and repeatable, less than 0.1 mm and 0.2 deg,
enabling the use of the robot kinematics to track the transducer and create accu-
rate 3D ultrasound volumes as it is maneuvered using the da Vinci Robot. The
three tracking methods allow for volume reconstruction when tested using a vessel

phantom with internal targets.
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Chapter 3

Elastography using the da Vinci
Surgical Robot

3.1 Introduction

An increasing number of surgeries are being carried out as minimally invasive
surgeries. During this type of surgery, surgeons have limited haptic feedback, since
they can only touch the organs with the distal ends of long surgical instruments
that must pass through the patient’s abdominal wall. This configuration creates
interference from friction at the trocar (the device that allows the instrument to be
inserted in the body during laparoscopic surgery) as well as a fulcrum effect in
which the tool tip moves in the opposite direction to that of the surgeon’s hand.

In order to mitigate some of these challenges, surgical robots have been intro-
duced and the most widely used laparoscopic robotic system is the da Vinci Sur-
gical System (Intuitive Surgical, Sunnyvale, CA). The da Vinci Surgical System
has overcome some of the challenges of MIS by offering the surgeon a stereoscopic
vision system for 3D viewing of the surgical scene and increased tool dexterity.
Both of these innovations improve the surgeon’s performance [68], but the issue
of haptic feedback remains unsolved. In fact, while surgeons using traditional MIS

tools had limited haptic feedback, the surgeons using the da Vinci have no haptic

A version of this chapter was previously published [144]
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feedback. The da Vinci tools have no force sensors and the surgeon receives no
force feedback. Thus, during da Vinci robotic surgery, the surgeons rely solely on
visual cues to estimate the forces they exert on the tissue.

Robotic systems have been used to measure and recreate manual palpation sen-
sations in an attempt to solve the ongoing issue of haptic feed back during mini-
mally invasive surgery [165, 166]. Graphical displays can also be used to replace
direct haptic feedback [180]. Adding force sensing and haptic feedback to the da
Vinci robot have been shown to allow for lower and more controlled forces to be
applied to the tissue and suture [114, 120, 121]. The addition of force sensing can
be used for vessel and tumor identification [108, 165]. Adding force sensors to the
da Vinci tools can be difficult from a practical standpoint due to the sterilization
process and the fact that the tools are disposable. Using motor torques as a force
surrogate is also more difficult in this environment due to the fact that the da Vinci
robot uses cables to control the end effector, which can stretch over time.

We believe that ultrasound elastography is a promising alternative to direct
force sensing. Ultrasound elastography provides a full image of tissue stiffness and
viscous properties — the very properties that surgeons try to measure during manual
palpation. Conventional ultrasound has been integrated previously into the da Vinci
Surgical System using multiple types of ultrasound transducers [28, 143, 179].

We have identified the two major uses of haptics needs for minimally invasive
surgery to be tumour and vessel palpation (Section 1.6.3). In open surgery, the
surgeon uses his/her fingers to feel the underlying vessels, through their compliance
and pulsatile motion. In contrast, surgeons using the da Vinci robot cannot feel
tumors and vessels because the da Vinci robot does not collect or transmit this
information.

The absolute elastography technique is a promising adjunct for a broad range of
surgeries; quantitatively measures the Young’s Modulus rather than a relative value
in comparison to the surrounding tissue. For radical prostatectomy, it will help
delineate the prostate gland and the tumours within it. For partial nephrectomy, it
will help navigate towards the kidney and delineate the tumour boundary. For liver
surgery it will help determine appropriate ablation boundaries. Once an elasticity
map of the tissue is constructed, haptic feedback based on deformation simulation

can also be provided without affecting the da Vinci teleoperation system stability.
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Previous ultrasound elastography with the da Vinci robot has been primarily
based on strain imaging. Ultrasound strain imaging, which provides images of
relative tissue deformation in response to various compression levels applied by
the ultrasound transducer [123], has also been integrated with the da Vinci Surgical
System [24]. That system uses the ‘Read-Write’ API [38] to overlay a palpation
motion onto the movements of the surgeon. The API is an interface with the clinical
da Vinci software.

This removes some of the user-related difficulties of creating quality strain im-
ages by moving the transducer with a known amplitude and frequency. Strain
imaging can be used to determine the tumour extent and for image registration
[158]. Because of the oversimplified assumption of a constant stress field, strain
images often contain artifacts caused by tissue inhomogeneity and stress concen-
tration. Strain images are also more affected by boundary conditions.

This chapter demonstrates the feasibility of obtaining absolute elastography by
using the da Vinci robot in order to create an environment in which the surgeon is
able to estimate the tissue stiffness during robotic surgery. An external exciter is
used to induce low frequency vibrations at multiple frequencies into the patient’s
body, while a 2D intra-operative transducer [143] acquires 1D axial displacement
amplitude and phase over a given volume. These displacements are then used to
create a 3D displacement volume used to calculate the elastic properties. Different
than calculating the elastography from each planar 2D ultrasound image, and then
creating a volume, measuring the displacements of volume allows for a more accu-
rate measurement of the wavelength through the tissue, and thus a more accurate
measurement of tissue properties.

The first section describes a method of 3D elastography that uses the clinical
da Vinci software, but is a bit more cumbersome for the user, as the user must move
the transducer slowly over the given region of interest. The second section of this
chapter proposes a novel, 3D absolute elastography method with external excitation
that is suitable for the da Vinci robot using the da Vinci Research Kit (dVRK). The
DVRK and a da Vinci ”Standard” (1*" generation) robot system [33, 79] are used
to determine the position and orientation of the ultrasound transducer so that the
displacement phasors are acquired at known 3D locations. More specifically, as the

surgeon traces out a trajectory, equally spaced ultrasound images are reconstructed
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Figure 3.1: A) Elastography set-up for the 3D transducer method. B) Set-up
for the extension to freehand scanning using a 2D transducer and the da
Vinci robot. In both cases, sector subdivision high-frame rate imaging
is applied.

into a regular 3D volume when the DVRK traces out the surgeons trajectory in
reverse, under autonomous control.

These experiments represent the first time that 3D ultrasound elastography vol-
umes have been created using a freehand scanning or automated freehand tech-
niques. This process requires that the imaging be synchronized with the trans-
ducer motion in order to accuracy capture the tissue displacements. It requires
that transducer position be tracked accurately in order to create a 3D volume of
displacements. The methods and results presented here represent a step forward
for elastography imaging, expanding the applications to intra-operative procedures

and other freehand imaging.

3.2 Elastography

In these experiments, the SWAVE elastography system was used, along with a soft-
ware interface, eScan, developed in our laboratory and described in detail in Jeffrey
Abeysekera’s doctoral dissertation [3]. This elastography system was described in
more detail in Section 1.4. This system is generally based on the idea of induc-

ing mechanical vibrations into phantoms and tissues using an external excitation
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source. Here, sector based imaging was used to image the wave displacements at

high frame rate.

3.3 Experiment 1: Freehand Technique in Clinical Mode

A mechanical 3D transducer has been used previously to capture a 3D volume of
tissue displacements [Figure 3.1A] [14]. Such a transducer mechanically sweeps
a 1D crystal array to create regularly spaced ultrasound planes, but can be large
and bulky. In this chapter, we describe the use of a tracked 2D transducer (the
transducer described and characterized in Section 2 to create the same type of 3D
volume [Figure 3.1B].

The custom-designed transducer creates a static and repeatable transform be-
tween the da Vinci tool (Prograsp) and the ultrasound image. The transducer has
128 elements, is 28 mm long and is operated at 7 to 10 MHz (Section 1.6.4). For
this study in this Chapter, a sector size of 8 crystals and a sector frame rate of 625
frames per second was used (Figure 1.5). The tool-to-image transform was found
using the single-wall phantom method implemented in Stradwin [132].

To synchronize the external exciter with the ultrasound image acquisition, the
surgeon using the transducer triggers the image capture by using the clutch pedal
in the robot console, an event captured by the da Vinci API. This approach has
the benefit of keeping the ultrasound transducer still while imaging takes place but
has the drawback that it interferes with the natural, smooth motion of ultrasound
scanning. See Section 3.5 for methods of improving upon the natural movement
limitation.

Image acquisition begins with the collection of Radio Frequency (RF) data
along the axial direction of the ultrasound image. The RF data is used to com-
pute the displacement phasors #(x, j®) from equation 1.3, at all depths in the image
with respect to the transducer face. When a full volume of displacements phasors is
captured, typically 15-30 frames, the real and imaginary parts of the axial displace-
ment phasors (scalar values) are reconstructed into a volume on a regular grid. The
volume reconstruction is performed using the Public Library of Ultrasound (PLUS)
software architecture [95] and uses linear interpolation between points for the real

part and the imaginary part of the estimated displacement phasors. The field of
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Figure 3.2: Left: Image of 6 kPa CIRS phantom lesion. Right: Image of the
54 kPa CIRS phantom lesion. The colour bar shows the elasticity in
kilopascals (kPa).

view with an intra-operative transducer is small, about 30 mm by 30 mm. The
absolute elastic properties of the samples are found from the grid displacements
using local frequency estimation (Section 3.2). This final volume of elasticity can
be displayed to the operating surgeon or used to create a local model for haptic
feedback.

3.3.1 Experimental Setup and Results
A CIRS Elastic Quality Assurance Phantom, model 049 (Computerized Imaging

Reference Systems, Norfolk, VA), was used to evaluate the accuracy of the elastic
properties found using this method. The soft (6 kPa) and stiff (54 kPa) shallow
lesions were imaged against a neutral background (29 kPa). Image acquisition was
performed simultaneously at four different frequencies: 180, 210, 230 and 270 Hz.

The soft and stiff lesions were imaged at a depth of 4 cm and a frequency of
7 MHz and the resulting elastograms are shown in Figure 3.2. The diameter and
average elasticity were measured in two images (corresponding to the middle of
the lesion) for 5 trials for each lesion. The diameters of each lesion were also
measured using the caliper function of the ultrasound software [Table 3.1]. The
results for the stiff lesion were within 6% error of the manufacturer’s specifications
and within 4% of the values found using MRE on the same phantom model [13].
The softer lesion was stiffer than the manufacturer specified value but within 2%

of the values reported with MRE. The results achieved through freehand ultrasound
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Figure 3.3: A series of phasor volumes for the same trajectory in the CIRS
phantom, of the stiff lesion. The different wave patterns can be seen at
each different frequency.

elastography are repeatable, with narrow standard deviations in both the diameter

measurements and the elastic properties.

Table 3.1: Results from the CIRS QA Elastography Phantom

Diameter of Soft Lesion | Diameter of Stiff Lesion

B-Mode 8.9 + 0.6 mm 10.8 = 0.2 mm

Elastogram 10.4 £ 1.6 mm 10.7 £ 1.6 mm

Elasticity of Soft Lesion | Elasticity of Stiff Lesion

Manufacturer Specifications 6 kPa 54 kPa
MR Elastography [13] 11.1 £2.1 kPa 49.4 + 16.9 kPa
Freehand Elastography 10.9 £ 0.6 kPa 51.1 £5.2kPa

3.4 Experiment 2: Automated 3D Elastography with
DVRK

3.4.1 Robotic Integration

In previous work on SWAVE, a 3D motorized ultrasound transducer has been used
to create 3D volumes of tissue elasticity [4, 12]. These types of transducers tend
to be large and there are none designed for intraoperative use. Instead, we have
designed a custom ultrasound transducer that is controlled by a da Vinci surgical
robot also described in Section 1.4 and shown in Figure 3.4 [143,147].
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Figure 3.4: The transducer used in this study was custom designed for use
with the da Vinci Robot [143]. It has 128 elements, an imaging face
that is 28 mm wide and a diameter of 15mm.

In order to create accurate 3D volumes of the area of interest using the da Vinci
robot, the DVRK is used to control the position and orientation of the tool and thus
the location of the ultrasound transducer and image [33, 79]. In order to create
accurate 3D elastic reconstructions, the transducer must be held still during each
individual image acquisition within a volume, as the displacements in an image
plane must be captured over several phases of the excitation signal. A further
description and accuracy assessment of the DVRK is given in Appendix A.1.

The DVRK is used to record the desired trajectories traced out by the surgeon.
The surgeon moves the transducer over the surface of a given area of interest in
standard teleoperation mode, while the robot records the motion. Using this learned
trajectory, the robot is commanded to recreate the trajectory, stopping at given
locations to capture images with more regular spacing. A spacing of approximately
0.5 mm is used.

Within an ultrasound image, the displacement can only be accurately measured

along the axial direction, which has the highest resolution, since it is the direction
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of the transmitted and received acoustic waves. When measuring the tissue dis-
placements, it is best if the axial directions of each image are approximately in the
same orientation. In using axial ultrasound displacements, only a single compo-
nent, or projection, of a three dimensional wave is measured. If this component is
changing throughout the acquisition, it is very difficult to reconstruct the wave am-
plitude, since we do not collect overlapping data. Thus, since the reconstruction is
based on Helmholtz’s equation (1.3), the most accurate reconstruction is achieved
if the planes are parallel.

Because the trajectory recorded from the surgeon may have changes in the axial
direction, the trajectory that is given back to the robot aligns the axial direction of
each plane, while covering the same volume (Figure 3.1). In order to compensate
for the changing axial direction of the phasors, the average axial direction of the
image plane is found over either the volume or a sub volume depending on the
total size and directions of the images. The average orientation is applied to each
transformation of the desired transducer trajectory. The desired trajectory of the
transducer passed to the da Vinci robot will have all the axial directions aligned.
The average rigid transformation of all the recorded orientations is found using an
algorithm based on Kavan’s method as described in [78].

The DVRK and the elastography software on the ultrasound machine commu-
nicate through TCP/IP sockets. The resampled trajectory is loaded into the ul-
trasound machine and before a new displacement plane is captured, the software
commands the robot to move to the next desired position. The robot is allowed
some time to complete the motion (usually 1 second as the motions are small) and
returns its ‘achieved” position. Through this communication, the software records
the actual achieved position and orientation of the robot for every image.

At each 3D location, 25 images are collected at an effective high frame rate,
using the sector based method described above. The tissue displacements between
these 25 images are found and the phasors are calculated at each of the desired 3D
locations [187]. Using the measured trajectory locations from the DVRK, the pha-
sors are reconstructed on a regular grid using the PLUS software architecture [95].
Reconstruction is completed for the real and imaginary part of the displacement
phasors to recreate a volume where each value is located in its correct geometrical

location in 3D. LFE was then used on the 3D volume to estimate the absolute value
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of the tissue Young’s modulus [81].

3.4.2 Experimental Setup

Two sets of experiments were used to validate this method of elastography integra-
tion on the da Vinci robot. The first set of experiments use a CIRS Elastic Quality
Assurance Phantom, model 049 (Computerized Imaging Reference Systems, Nor-
folk, VA). The phantom has embedded lesions of known stiffness and size that can
be used to validate the accuracy of the elasticity. This phantom was used to validate
the accuracy of the elasticity reconstructions.

The second set of experiments tested the system in ex vivo tissue. Ex vivo liver
or kidney was purchased from a local butcher. The surface was arranged to mimic

the surface curvature of the human liver or kidney.

CIRS Phantom Elastography Validation

From the CIRS phantom, 5 volumes were collected of the stiffest small spherical
lesion and 5 volumes of the softest lesion. Each volume consisted of 30-50 image
slices, enough to image the 10 mm lesion and some surrounding tissue. Each
volume collected used a unique trajectory.

B-mode imaging was used to determine the size of the lesion and then a virtual
sphere of that diameter was manually overlaid onto the elasticity volume. The
elasticity values inside the sphere are then averaged to determine the value of the
elasticity.

To determine the elasticity of the background, a similar method was used. In
the B-mode image, an area of background was located, and the average elasticity
within a sphere of 1.5 cm in diameter was calculated. This process was repeated
at two separate locations for each volume and combined to determine the average
background elasticity.

Because the elasticity calculation has been found to be dependent on the ex-
citation frequency, we measured the values at several different frequencies using
steady state excitation. For this phantom and transducer, the frequencies were: 175,
200 and 225Hz. The optimal frequencies of excitation depend on the tissue being

imaged and the frame rate of the machine. It is also recommended to use multiple
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Figure 3.5: Example trajectory from the ex vivo kidney scans. The original
trajectory of the da Vinci tool (top), the resampled trajectory (middle)
and the achieved trajectory as reported by the da Vinci (bottom). All
locations are reported in millimetres and the x, y, and z directions are
indicated by red, blue and green lines respectively.
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frequencies as some create nodal patterns in the tissue depending on the reflections.
In addition, in places of very low displacement, such as the nodes, it is hard to de-
termine the tissue motion. At different frequencies, the nodes appear at different
physical locations and averaging over the frequencies allows the mitigation of any
artifacts caused by the nodes.

As part of internal lab testing for accuracy and repeatability, the phantom was
imaged with a 3D motorized transducer, using the same methods and software pre-
sented in this paper. The manufacturer values are also presented in the Table 3.2.
In addition, we also compared the measured results with measurements taken with
the Siemens Virtual Touch Image Quantification (VTIQ) system on a Siemens Acu-
son S2000 (Malvern, PA). This commercial system uses ARFI to measure tissue
wave speed as described in Section 1.4. These wave speeds were then converted
to elasticity measurements in order to compare with the other results. For these
measurements, 14 individual locations were sampled for the stiff and soft lesions,
as well as the background. The mean and standard deviation of these results are
shown in Table 3.2.

Ex vivo Tissue

Volumes of two different tissue types were collected. Calf liver tissue was obtained
from the butcher shop and fresh porcine kidney was procured from the hospital.
The kidney was scanned at 175, 200, 225, 250 Hz, while the liver was scanned
at 75, 100 and 125 Hz. The difference in excitation frequencies is due to the
difference in expected elastic properties. The overall elasticity of the tissue will
determine the shear wavelength within the volume, and it is desirable for accurate
elastic measurements to have at minimum one wavelength within the area scanned.
One wavelength is the minimum, but increasing the number of wavelengths within
the volume will increase the resolution of the elastic measurements.

The set-up for both types of ex vivo tissue required that the tissue be restrained.
The tissue was placed in a metal container lined with rubber designed to absorb
ultrasound. This is needed to minimize the reflections that would have been caused
by the container. A plastic film of the same type that is used in ultrasound trans-

ducer covers is placed over the tissue and held in place with magnets.
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3.4.3 Experiment 2: Results

Unique tool path trajectories were created for each volume imaged. A subset of
one trajectory is shown in Figure 3.5. The figure shows the original trajectory col-
lected from the da Vinci and the resampled trajectory used as input during volume
collection.

When comparing the resampled and the achieved positions and orientations
across all the trajectories used in this study, the average angular error was 2.87 £
0.55 degrees and the average translational error was 0.73 £+ 0.18mm. The posi-
tion error is defined as the 3D distance between the location of the tool tip in the
resampled trajectory and the achieved trajectory. The angular error is defined as
the average inverse cosine of the three primary axes. Figure 3.6 illustrates the po-
sition error between the resampled trajectory and achieved trajectory from Figure
3.5. The errors are small, but some bias can be seen. With a consistent bias, the
reconstructed volume should not be affected.

The mean elasticity of the lesions in the CIRS phantom is found in Table 3.2
and compared to the previous results on the same phantom found using the same
elastography processing techniques, but collected with a motorized 3D ultrasound
transducer, specifically a 4DL.14-5/38 transducer from Ultrasonix Medical. These
previous results of internal lab testing for accuracy and repeatability. All results

are given as mean + standard deviation in kPa.

Table 3.2: The results of the elastogram volumes taken from CIRS phantom
and compared to results of the same phantom captured with a 3D motor-
ized ultrasound transducer, the Siemens VTIQ system and the manufac-
turer specifications

Softer Lesion  Stiff Lesion ~ Background
2D and DVRK 16.1 £2.3 63.9 £ 6.4 38+2
3D Motorized Transducer 9.5+ 0.8 66.7 £ 0.8 293 +£5
Manufacturer Specifications 6 54 29
Siemens VTIQ 1278 £1.36 6244 £10.7 284+3.1
MRE [13] 11.1 49.4 22.3

The phasor images from each volume, which indicate the tissue displacement
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Figure 3.6: Top: The first six frames from the resampled trajectory and the
achieved trajectory overlaid from Figure 3.5. The desired transforms
are shown in solid lines, while the achieved transforms are shown with
dotted lines. The magenta lines between the points indicate correspond-
ing points within the trajectory. Bottom: A graph showing the values of
the position and rotational errors for the six frames.

and thus wave tracking, were examined along with the resulting elastogram to val-
idate a smooth reconstruction. The phasor images should show smooth waves that
propagate throughout the volume. Any jumps or discontinuities will cause artifacts
in the resulting elastogram. These jumps or discontinuities could be caused by gaps
in the reconstruction or errors in the transducer tracking; they would be viewed by
the algorithm as areas of high frequency change causing artifacts. One example of
the phasors taken from the CIRS phantom at a 200 Hz excitation frequency and the
resulting elastogram is shown in Figure 3.7. All elastograms of the CIRS phantom
are shown on a scale from 0 to 60 kPa. The inclusion in this volume is clearly
visible relative to the background within the phantom. All of the volumes imaged

had similar contrast between the inclusion and the background.
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Phasors at 200 Hz

Displacements (micrometers)

Figure 3.7: Results from the stiff lesion of the CIRS phantom. The recon-
structed B-mode image of the phantom (top). The reconstructed real
part of the phasor image (middle) and the resulting 3D elastogram (bot-
tom). The blue sphere outline designated the area of the inclusion used
to calculate the elasticity. Phasors are shown on a scale from -5 microns
to 5 microns and the elastogram is shown on a scale for 0 to 60 kPa.
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Figure 3.8: The cross sectional graphs of the elastogram taken through the
center of the stiff inclusion in the phantom with the 2D transducer and
da Vinci system. The red line is the calculated Young’s Modulus and
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the vertical blue lines indicated the edges of the stiff inclusion.

Figure 3.9: The B-mode (left), real part of the phasor image (center) and elas-
togram (right) of the ex vivo kidney. Phasors are shown on a scale from
-3 microns to 3 microns and the elastogram is shown on a scale from 0

to 60 kPa.
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To demonstrate that the method works on real tissue, ex vivo kidney and liver
were scanned. The B-mode, phasors and elastograms are shown in Figure 3.9.
The structure of the kidney is much more complicated than a phantom, causing
different wave patterns. The central calyx of the kidney is still filled with urine
and the vessels in the same area are filled with blood. As the fluid filled regions do
not propagate shear waves, there is a lack of displacement data in that area. This
lack of displacement causes the soft central region on the elastogram. In the phasor
images, the upper surface of the kidney can be seen as the waves follow the cortex
of the kidney.

The resulting measured Young’s modulus of the upper half of the kidney was
37.9 kPa and the lower half of the kidney was 48.1 kPa.

3.5 Discussion

This Chapter presents two methods and associated results for 3D absolute elastog-
raphy with a freehand scanning technique. Specifically, a small 2D intra-operative
transducer allows robotic laparoscopic surgeons access to the elastic values of tis-
sue. The results with freehand imaging and the clinical API are comparable to both
those achieved with a mechanical 3D transducer [14] and within 5% of the results
achieved with magnetic resonance imaging techniques [13].

The methods are currently implemented using the da Vinci robotic system but
can easily be extended to any 2D transducer and any tracking system, such as
electromagnetic or optical tracking systems. This would allow absolute elasticity
values to be found in nearly every clinical setting. We have used the da Vinci robot
as an initial platform for integration for several reasons; the robotic environment
has the most room for improvement with regards to haptic feedback, and at the
same time provides a stable and accurate platform for transducer tracking. The
quality of the elastogram is dependent on the tracking error, which in turn depends
on the tracker involved. Generally speaking though, if the planes are dense, a better
elastogram is obtained, because of the higher signal to noise ratio due to averaging.

One current limitation of the method using the clinical API is synchronization
of the imaging and the external exciter. This is currently addressed by using the

clutch pedal in the surgeon’s console to trigger imaging at a specified phase of the

68



exciter. But is addressed in a more comprehensive manner in the second method
presented here.

The second method developed using the DVRK automates the scanning process.
The robot is only automated on a path that is provided by the surgeon. The automa-
tion of the robot path allows for evenly spaced image acquisition and alignment of
the axial direction, which is needed for accurate quantitative results. Automation
of the imaging makes for reproducible results and makes the acquisition of data
less dependent on the experience of the user. One remaining challenge is the in-
troduction of automation into the operating room. The system currently relies on
the use of the DVRK in order to automate the image collection process. This type
of automation has not yet received regulatory approvals. In its current form, the
system described attempts to minimize the potential risk to the patient, by keep-
ing the amount of autonomous trajectory planning to a minimum, and keeping the
autonomous trajectory in line with what was performed by the surgeon.

The resulting position and orientation of the achieved da Vinci trajectories
match well the desired trajectories. Across all the trajectories used in this study, the
average angular error was 2.87 £ 0.55 degrees and the average translational error
was 0.73 £ 0.18 mm. Internal lab testing similar to that done by Kwartowitz et al.
[89] as described in Appendix A.1, found that the DVRK has a target localization
error accuracy of 1.16 £ 0.46 mm, over a total of 36 individual points. This means
that the DVRK can localize the tool tip within 1.16 mm, so each achieved position
has the possibility of deviating around 1 mm. The commanded trajectory of the
DVRK had about 0.5 mm spacing between the Cartesian positions. Since there is
some uncertainty in the location of the DVRK, as well as in the image calibration
procedure, the close spacing of the imaging locations allows for some averaging
in the case of errors. The larger angular error compared to that of the translational
error could be attributed to the differences in controller gains on the DVRK. The
DVRK uses a proportional, integral and differential (PID) controller to command
the location of the position and orientation of the tool tip. For the studies in this
paper, the gains on translational joints of the robot were set much higher than the
gains for the orientation joints. This configuration of gains was found to allow
normal teleoperation of the robot without causing instability within the system.

Higher gains on the orientation joints were tried, but the system became unsta-
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ble under normal teleoperation. In the future, we would like to tune the gains to
achieve tighter bounds on the rotations.

The results of the elastography images compiled from multi-frequency sweeps
of different phantoms and ex vivo tissue gives us high confidence in the usability of
this method. The use of multiple frequencies diminishes the effects of nodes in the
displacement measurements and allows for a more consistent picture of tissue elas-
ticity. The reconstructed phasor images showed smooth wave patterns consistent
to what is seen using the 3D motorized transducers.

The results of the elastograms created with the DVRK were slightly biased com-
pared to those that have previously been acquired from the same phantom using a
more conventional, constrained 3D motor sweep. Recent results taken with the
3D motorized transducer for the same phantom and using the same algorithms, are
indicated in Table 3.2. In general the results found with the 2D da Vinci trans-
ducer were about 6 kPa higher for the softer lesions than those found with the 3D
motorized transducer, but about 3 kPa lower for the stiffer lesion. The bias of the
results could be due to a range of possible errors, some of these include errors due
to calibration, DVRK tracking, and irregular spacing. These errors could also lead
to larger variance in the elastic measures, but the variance remains small relative
to the mean. Most important, these results show that it is possible to create 3D
quantitative elastograms with robotic automation, but some differences still exist
and further testing is needed to investigate and these differences further.

When comparing the results of the da Vinci method with those of the manu-
facturer and the VTIQ system, there is an issue with averaging over the volume of
the inclusion. The VTIQ measurements are taken as point values, near the center
of the inclusion, while the presented values using the da Vinci robot system are
averaged. Looking at the cross sectional values in Figure 3.8, it can be seen that
the inclusion is depicted as a peak in the elasticity value. The peak value is closer
to what was measured with the VTIQ system and the manufacturer specifications.
Since the expected wavelength in the phantom is close to the size of measured in-
clusion, the LFE algorithm is unable to correctly identify the boundaries of small
inclusions. Both the 2D and 3D transducers had results that were higher than the
manufacturer’s specifications for both the soft and stiff lesions. Higher frequency

excitation could be used, but as one increases the frequency, the wave penetration
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and wave displacement amplitudes decrease to the point of being undetectable or
unreliably measurable. It may also be possible that the phantom has changed over
time and the manufacturer specifications are not longer truly valid.

The study of ex vivo tissue shows that the method is not constrained to only
work within phantoms. The phasor images show that the waves are propagating
well within the tissue and elastography images are consistent with the structure of
the kidney. In some other studies of in vivo porcine kidneys using supersonic shear
wave imaging, the measured elasticity ranged from 6.9 to 8.7 kPa [53].

This comparison indicates that the elastic properties of the kidney tissue could
change significantly when taken out of the body and vary depending on the study
and method in which they were collected. Future laboratory studies, described in
Chapter 5, investigate how blood flow and blood pressure affect the wave propa-
gation in in-vivo tissue. It is also possible that elasticity measured in the tissue is
more frequency dependent, as described by Sinkus et al. [154] and thus the steady
state shear wave measurement would result in a different elasticity than a transient
shear wave as was used by Gennisson et al. [53].

The liver tissue scanned does show consistent elastic results with other liver
studies. MRE liver studies report elastic properties ranging from 2 kPa to about
8 kPa, depending on the level of fibrosis [71, 72, 181]. Since the technique of
measuring the elastic properties in MRE is similar to the method used in this paper,
the comparison is fair. As with the ex vivo kidneys, the properties of the liver
should be further studied in an in vivo environment.

One limitation of this approach, in comparison to the 3D motorized transducer,
is the changes in surface pressure caused by the changes in transducer position
during the acquisition of the 3D volume. The pressure of the transducer on the
tissue can, in itself, cause changes in the measured stiffness due to pre-compression
effects [19], and the changes in transducer position can cause changes in the wave

pattern that is measured, which is assumed to be in steady-state.

3.6 Conclusion

In this chapter, we present an absolute elastography method for a tracked 2D ul-

trasound transducer using two different methods, both a clinical freehand method
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and an automated method using the research da Vinci Robot interface. Absolute
elastography methods provide quantitative information about the underlying tissue
characteristics to the user. The system was implemented on the da Vinci in order

to provide surgical guidance to the surgeon.
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Chapter 4

Review of Elastography
Measurements of Kidney

4.1 Introduction

Kidney transplant is the gold standard treatment for end stage renal disease. As
the kidney function decreases, and the EGFR falls below 15 mL/min, kidney failure
is diagnosed. The only treatments at this stage of kidney failure are dialysis or
kidney transplantation. The leading causes of death for dialysis patients include
cancer, cardiovascular disease, valvular disease and infections [170]. Transplant is
the preferred method as the long term survival of the patient is greatly increased
over those on dialysis [131].

Unfortunately, kidney transplants fail over time. As discussed in Section 1.2.3,
chronic allograft dysfunction or CAD is the main reason for graft failure [57]. CAD
is caused by the accumulation of IF/TA. Over time, the fibrosis and atrophy impair
the kidney’s ability to filter the blood plasma and regulate water levels and ion
concentrations [150].

The progression of CAD often goes undetected as the EGFR may not fall below
clinically relevant levels until after significant fibrosis build up [116]. Biopsies al-
low detection of histological changes that can be used to diagnose IF/TA. On the
one hand, biopsy involves risk and pain for the patient and thus frequent biopsies

are not recommended [149]. On the other hand, it has been reported that the av-
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erage transplanted kidney loss from biopsy was approximately 0.03% whereas the
loss from rejection was 5% [110]. It is possible that the losses of these transplants
could have been prevented using the histological knowledge gained from a biopsy.
Thus, it is important to have a non-invasive method to provide a quantifiable mea-
surement of fibrosis. A non-invasive method could be used more often than biopsy
and could provide a better monitoring protocol, providing more quantitative data
over time.

Ultrasound elastography presents a non-invasive method for fibrosis detection
that has been used successfully to diagnose the stages of fibrosis in the liver. Un-
fortunately, the extension from the liver to the kidney has proven to be difficult
[25]. If the elastic properties of the tissue, as measured with ultrasound, could be
consistently correlated with the histological changes within the kidney, it would be
possible to better monitor the progression of IF/TA and make changes in a patient’s
treatment that would slow the progression and prolong the life of the allograft. This
method of interrogation could be used for either transplant or native kidneys. There
has been previous research on the topic of relating the measured elastic properties
of the kidney with the clinical prognosis.

This chapter present an overview of current literature and will focus on the
complications and difficulties of kidney elastography. It builds upon the review
from Grenier et al., which presents a comprehensive overview of the kidney elas-
tography literature prior to 2013 [55]. The literature reviewed in this chapter uses
a variety of elastography techniques that were described previously in Section 1.4,
such as strain ratio, Acoustic Radiation Force Impulse (ARFI) (Siemens Medical)
and SuperSonic Imagine, FibroScan, and MRE. Results for both native and trans-
plant kidneys will be presented including literature addressing the difficulties of
imaging the complicated anatomy of the kidney.

The papers presented were selected to provide a broad overview and illustrate
the current state of the literature. This chapter will concentrate on the most current

literature and the most important contributions, according to the author’s judgment.
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4.2 Type of Elastography Imaging

4.2.1 Strain Ratios

Strain imaging measures the compression of the kidney or section of the kidney in
response to pressure applied to the tissue by the transducer. Most papers report a
strain ratio, in which the strain of two areas is compared. In the case of the kidney,
these two areas are often anatomical sections of the kidney, the cortex or medulla.
In other papers, the compression of the cortex of the kidney is normalized by the
compression of the entire kidney or across the entire image [48].

Using this normalization method, a study of 20 patients with either mild or
moderate fibrosis found that the levels of fibrosis as defined in the Banff Score,
could be distinguished [48]. Comparing the compression of the cortex of the kid-
ney with that of the medulla, cortico-medullary strain was found to be useful in
determining the level of IF/TA in a study of 45 patients [50]. Another method of
strain ratio calculation is to use the strain ratio measured between the parenchyma
and the central collecting system of the kidneys [76]. Kahn et al. looked at 112
patients, but only 19 had biopsy results. They found that there was some correla-
tion with high grade of fibrosis (three patients). Ozkan ef al. also measured the
strain ratio using the parenchyma and central collecting system [125]. They found
the method promising but the variability of this type of elasticity measurement was
high enough to warrant further study.

Not directly looking at fibrosis, Menzilcioglu et al. compared the strain ratio
with the measured resistive index (a measure of blood flow) of the kidney [111].
For measuring the strain ratio they measured the decompression of the tissue with
the fat surrounding the kidney as a reference. They looked at 121 CAN patients and
40 healthy volunteers and found that the measured strain index was more sensitive
in detecting CAN than the resistivity index.

All the papers mentioned above use semi-quantitative strain ratios, meaning
that the numerical results cannot be compared across patients, making the results
of these studies less applicable across large patient populations. Many of them use
different tissues types to regularize their measurements. Doing so minimizes the

user and pressure dependent effects that negatively impact strain imaging. Strain
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and strain ratios do have an advantage in their simplicity. Acquisition and cal-
culations are straightforward and simple and generally do not require specialized
equipment. All the literature presented here found positive correlations between
the strain ratios and kidney health indicators such as level of fibrosis or resistive
index. However, strain and strain ratios are operator dependent and often show a

high variability depending on the user [125].
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Author Year Method Number & type of Results & Notes
patients
Weitzel 2004 | Normal- 2 patients Compared one normal patient with one patient with
[178] ized confirmed fibrosis
strain

Ozkan [125] | 2012 | Strain ratio | 42 transplant patients Positive correlation with resistive index, but low
repeatability

Gao [48] 2013 | Strain 20 patients with biopsy Compared developed and normalized strain to
biopsy results

Kahn [76] 2013 | Strain ratio | 112 patients Correlation only with high fibrosis patients

Gao [50] 2015 | Strain ratio | 45 patients Used the strain ratio between cortex and medulla

Gao [49] 2015 | Strain ratio | 2 canine models Measured the strain as a function of time after renal
ligation

Menzil- 2016 | Strainratio | 121 CAN patients and 40 Found strain ratio more sensitive than resistive

cioglu healthy volunteers index in predicting CAN patients

[111]

Table 4.1: Existing studies using strain and strain ratios which are relevant to kidney fibrosis stiffness measurements.




4.2.2 ARFI and SuperSonic Imagine (SSI)

ARFI and SSI are quantitative stiffness measurements that use the acoustic power
of the transducer to create a “push pulse” in the tissue and then use fast imaging
techniques to track the speed of the resulting shear wave. Doherty et al. present a
comprehensive review of elasticity imaging methods that use an acoustic radiation
push pulse [40]. These methods have a high resolution, measuring the stiffness of
a small section of tissue, about 1 cm by 1 cm. The kidney is a complicated organ
and the likely area of interest is the outer cortex and medulla of the kidney, where
the functioning nephrons are located and filtering takes place. It is advantageous
in this setting to be able to measure specific area within the kidney.

ARFI and SSI are the most widely used methods to measure kidney stiffness,
and as such, there are review papers that outline the results from these studies.
Grenier et al. provides an overview of all renal elastography [55], while Zaffanello
et al. specifically targets the use of ARFI in renal assessment [185, 186]. We will
discuss the most pertinent specifics of these articles in the following sections.

These review papers noted the wide variation in reported results from renal
allograft scans. Despite these variations, Zaffanello et al. point out that there is
a consensus among the papers, that higher levels of fibrosis, or lower levels of
renal function, lead to higher measured stiffness [186]. They noted the technical
difficulties in creating repeatable and reliable measurements, citing many of the
same factors discussed below, including transducer pressure, perfusion, anatomi-
cal structures and patient heterogeneity. They conclude that ARFI can be a useful
technique in long term renal allograft assessment, but note that these are prelimi-
nary studies and further improvements and standardized guidelines are necessary.
As mentioned in Chapter 1, one of the limitations of this type of imaging is the

depth penetration, which limits its use for kidneys farther from the patient’s skin.

4.2.3 FibroScan

FibroScan is a commercial product often used in liver imaging and fibrosis staging
[25]. It has been proven to provide good correlation between its stiffness measure-
ment and the level of fibrosis in the liver; a few studies report its application to

measure the stiffness of kidneys. This type of elasticity imaging uses a mechan-
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ical impulse to create a wave in the tissue and then measures the resulting shear
wavefront speed with a single element transducer. Unfortunately, there is only a
single image line to guide where the measurement is taking place. There are two
depth settings available, but the resulting measurement is an average along the line
of the single element transducer. The sample volume is fixed at 4cm long between
25mm and 65mm below the skin surface. Without a clear indication of where the
measurement is taking place it is possible that the measurement is an average of
fat, cortex and collecting system of the kidney, rather than just one specific area
[55].

Despite some technical challenges of using the FibroScan system on the com-
plicated anatomy of the kidney, researchers have looked at the correlation between
the FibroScan results and kidney health and function.

The FibroScan system was used to measure the stiffness in renal transplants
[8]. The stiffness of 55 patients was measured. The study found that there was a
significant positive correlation between the percentage of fibrosis and the measured
stiffness, reporting the average of 10 measurements. When comparing the stiffness
of stable (EGFR > 50ml/min) and impaired function (EGFR < 50 mL/min) grafts,
they report a value of 22.2 4 11 and 37.1 4+ 14.2 kPa respectively. Of the 55
patients measured with FibroScan, 20 had biopsies, and the rest were assumed to be
stable grafts with < 5% fibrosis. In these patients, the results were also compared
to the Banff Score [155] and the different fibrosis levels could be differentiated (see
Section 1.2.3 for more details of the Banff Scoring system) based on stiffness.

A study of 164 transplant patients also found positive correlations between
kidney stiffness and advanced fibrosis [156]. The authors also looked at measure-
ments from different parts of the kidney and found an average stiffness of 35.0 £
19.9 and 33.2 £ 18.6 kPa in the pole and center of the kidney respectively. In
patients with advanced fibrosis, the average values were 42.0 £+ 17.0 and 42.8 &
15.7 kPa in these two areas of the kidneys. They also looked and found inter- and
intra-observer variation to be less than 4 kPa. It should be noted that the stan-
dard deviations of the reported values is large in comparison to the values reported,
where the standard deviation is often half of the reported value. To overcome some
of the technical challenges, Sommerer ef al. use software available from Echosans

to reassess the elastograms from the device in order to adjust the angle, depth and
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length of the shear wave to limit the area of interest to the kidney cortex. Without
this reassessment, they experienced high rates of measurement failure.

Nakao et al. and Lukenda et al. also presented similar results [103, 115]. They
both found that the FibroScan measurements showed a positive significant corre-
lations between the measured stiffness and the level of fibrosis and were related
to the EGFR. Of interest, Nakao et al. reported that patients with high grade of
interstitial fibrosis (Banff grade 2) had a mean value of 53.87 £ 17.8 kPa which is
the highest reported stiffness for advanced fibrosis. Lukenka et al. report a mean
stiffness of 32.2 + 5.6 kPa which is close to average, 37 kPa across the studies pre-
sented here. Similar to Ardnt et al., they found no correlation with the resistivity
index of the patients [8], where resistive index is a quantification of blood flow into
the kidney.

Across all the studies presented here, the average Young’s modulus for healthy
kidneys was approximately 28 kPa, and 37.5 kPa for those with impaired function.
But the values that are given in each of the studies overlap, with normal ranging
from a possible 11 to 50 kPa and impaired ranging from 28 to 63 kPa. Although
easy to use, the complications due to averaging along the line of measurement and
the lack of detailed imaging feedback mean that it is very difficult to provide con-
sistent and reliable results for the kidney. The results from the FibroScan system
are also higher compared to those of the ARFI and SSI systems, which are generally
in the 10 to 20 kPa range.
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Author | Year | Young’s Modulus (GFR | Correlation Number Notes
> 50 mL/min vs GFR < | with Kidney | & type of
50 mL/min) Health patients
Ardnt [8] | 2010 | 22.2+11vs37.1£14.2 | yes 55 Good correlation with eGFR cutoffs
patients,
20 with
biopsy
Som- 2012 | 32.7+£18.7 vs not definitive | 117 Correlation with Banff score, variations
merer 43.1+20.8 patients of 3 kPa over 3 months, correlation with
[156] increased creatine levels
Lukenda | 2014 | 28 £2.7vs33.9£5.5 yes 52 patients | Correlation with eGFR and with Banff
[103] Scoring
Nakao 2014 | 25£5.5vs37.6£4.2 yes 35 Positive correlation with increasing
[115] patients, fibrosis
27 with
biopsy

Table 4.2: Existing studies using FibroScan relevant to kidney fibrosis stiffness measurements.




4.2.4 MRE

Although this chapter has focused on the use of ultrasound for imaging kidneys,
other papers using magnetic resonance imaging have also looked at kidney tissue
characteristics.

When using MRE, a separate excitation source is placed on the patient’s skin
and steady state waves are transmitted through the patient’s abdomen. MRI can then
image the wave propagation in three dimensions and inversion algorithms are used
to recover the elastic properties of the tissue [106]. This method of elastography
is similar to SWAVE, described in Section 1.4 and used throughout this thesis. It
is important to note that SWAVE and MRE measure the wave speed of steady state
waves, which may have different properties than the transient waves measured by
the imaging methods above. All results should also be reported with the excitation
frequency when possible since there are some frequency dependent variables that
affect the measured shear modulus. In addition, all the results presented here are
of native kidneys (either human or swine), rather than transplanted kidneys.

Kruse et al. reported early results on the feasibility of using MRI to collect elas-
tography data of healthy native kidneys and found that the average shear stiffness
was 16 £ 5 kPa [87]. Other papers focused on the reliability and reproducibility of
the method. Low ef al. imaged 16 healthy volunteers at excitation frequencies of
90 and 60 Hz [102]. They scanned each patient twice in a 30 minute interval and
found that it was a reliable technique with an average renal stiffness of approxi-
mately 3.5 kPa at 60 Hz and 5.7 kPa at 90 Hz.

Rouviere et al. looked at 10 healthy patients and attempted to measure the
stiffness in the different sections of the kidney at 45 and 76 Hz [139]. They were
able to measure the stiffness in the parenchyma (4.9 + 0.5 kPa and 9.4 £ 0.8 kPa).
It should be noted that at these excitation frequencies, the wavelength in the kidney
is 50 mm at 45 Hz and 40 mm at 76 Hz which might be a limiting factor in this type
of imaging, because the size of the parenchyma is about the same as a wavelength,
so observing a full wavelength within the parenchyma may be impossible. Similar
to this study, Bensamoun et al. also looked at healthy kidneys in order to assess
the normal kidney value [20]. When measuring at 60 Hz, they reported an average
shear modulus of 4.1 &+ 0.2 kPa.
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Other MRE papers looked at the influence of renal stenosis on the measured
stiffness of swine kidneys. Korsmo et al. found that the Young’s modulus (E) of
the medulla changed (10.7 £ 0.2 kPa to 12.7 & 0.4 kPa) while the cortical stiffness
was unaffected after 10 weeks of induced stenosis [85]. In histological studies, the
two kidney areas showed similar fibrotic levels. Warner ef al. looked at the results
from acute graded stenosis [177]. They found a decrease in the stiffness during
acute stenosis, which they attributed to decrease in renal blood flow.

The MRE papers were more focused in establishing the baseline results for this
method of kidney imaging and determining an appropriate protocol. It is a bit more
difficult to compare these studies, as the excitation frequency should be taken into
account, but, of the studies looking at normal healthy patients, the reported shear
modulus fell around 3 to 8 kPa, with one paper reporting much lower results near
to 1-2 kPa.

All the papers that looked at the results from artificial stenosis of a swine kid-
ney reported that the contralateral kidney (the one without the artificial stenosis)
measured stiffer than the one with compromised blood flow. In the longer term
studies, the stenosed kidney also became stiff as it developed fibrosis.

It is interesting to note the excitation frequencies used in these papers, ranging
from 45 Hz to 120 Hz (with one instance of 150 Hz). These are similar frequencies
to those used during liver imaging, which generally is a more homogenous organ
with a lower stiffness (4 kPa for healthy subjects) [10]. At 80 Hz, and a shear
modulus of 5 kPa, the expected wavelength within the kidney is about 2.7 cm,
where the entire length of the kidney is about 7 cm. This means that the resolution
of the MRE is low compared to the size of the kidney and may not be able to resolve

the stiffness within the anatomical structures of the kidney.
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Author Year | Frequency | Shear Modulus (¢ (kPa)) Results Number & Type of
(Hz) patients
Yin [182] 2009 | 90 Control: 5.1£0.6 Shear stiffness of the contralateral kidney increased compared Swine models: 5 with
Contralateral kidney: to one with artificial stenosis stenosis and 4 normal
4+0.2
Yin [183] 2010 | 90 3-5 Increased stiffness with increased pressure, decreasing stiffness | 4 swine models
with decreasing flow
Bensamoun | 2011 | 60 4240.2 Established protocol for kidney imaging, determine normal 11 healthy subjects
[20] values
Rouvier 2011 | 45and 76 49 @ 45Hz,9.5 @ 76 Hz | Average variability of 6% within the same subject 10 healthy patients
[139]
Warner 2011 | 120 With stenosis: 4.8 +£0.6 Decreases in renal blood flow leads to decreased stiffness. 6 swine models with
[177] Normal: 7.6 £0.3 Chronic decrease could offset increase from fibrosis graded ischemia
Lee [97] 2012 | 90, 120 and | Normal: 7.9 With Fibrosis: | Increased stiffness with increasing frequency and increasing 11 patients with biopsy
150 9.2 kPa @ 120 Hz fibrosis
Korsmo 2013 | 120 Normal: 10.7 £0.2 With Correlation with fibrosis only within the medulla of the kidney | 17 swine models
[85] Fibrosis: 12.7 + .4
Streitberger | 2013 | 30-60 Medulla: 2.67 Cortex: Bladder pressure seemingly irrelevant 9 healthy volunteers
[160] 1.64 Hilum: 1.17
Low [102] 2014 | 90 and 60 3.5@60Hz,6 @90 Hz 6 kPa and 3.5 kPa 16 healthy subjects

Table 4.3: Existing MRE studies relevant to kidney fibrosis stiffness measurements.




4.3 Challenges of Kidney Imaging

4.3.1 Patient Heterogeneity

The liver has shown promising results when comparing the level of fibrosis to the
results of elastic imaging [25]. Unlike the liver, the kidney is less homogeneous,
with a complicated structure that may influence wave propagation. In addition to
the structure, the kidney also experiences a wide variety in pressures from the renal
artery and possible pressure for the ureter that may affect the elastic measurements.
Other factors that may influence the measurements could include age, gender, ar-
teriosclerosis, transducer pressure, frequency of excitation and when looking at
ex-vivo specimens, storage conditions.

Bota et al. looked at general factors that influence the shear wave speed in
91 healthy volunteers [26]. Looking at Body Mass Index (BMI), kidney length,
renal parenchyma thickness, age and gender, they found that age and gender were
correlated to the elasticity measurements and also found some influence from the
measurement depth. These types of factors should be factored in when measuring

elasticity under other conditions.

4.3.2 Kidney Structure

The structure of the kidney has been shown to influence the speed of the waves.
The nephrons in the cortex and medulla are aligned in such a way that tubes all run
radially from the center collecting system towards the surface of the kidney in a fan
shape. This means that when an ARFI transducer, for example, is placed facing the
center of the kidney, the push pulse is travelling down the tubes of the nephron and
the shear waves will be moving across the alignment of the loops of the nephrons.
Alternatively, when the transducer is placed near the pole and imaging towards the
opposite pole through the cortex, the push pulse will be aligned across the tubes of
the nephron.

In particular, Gennisson et al. measured the shear wave speed in different ori-
entations [53]. They found that elasticity values were higher when the ultrasound
image and the push pulse was aligned perpendicular to the main pyramid axis.

This means that the measured wave were traveling fast (higher elasticity) along
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the nephron tubes than against them. The orientation dependency is not something
that is not well standardized in kidney elastography. In general, most of the pa-
pers using ARFI and SSI align the ultrasound image parallel to the renal pyramids.
However, it is not easy to be consistent in imaging the transplanted kidney since

the kidney is not always in the same position with respect to the patient’s skin.

4.3.3 Perfusion

Approximately 25% of the cardiac output flows through the kidney with each heart-
beat, which creates large changes in the input blood pressure. The kidney has two
autoregulation mechanisms to create constant filtering pressure inside the kidney,
such that the changes in blood pressure do not affect the functionality of the kid-
ney [82]. The first mechanism is the myogenic mechanism, which is the intrinsic
property of the smooth muscle. When the pressure rises suddenly the muscle of the
renal afferent arteriole is stretched and contracts to compensate. This mechanism
smoothens out the changes due to the heart cycle. The second mechanism compen-
sates for larger changes in the general systemic pressure. The tubule-glomerular
feedback uses the NaCl concentration to release vasoconstriction that affects the af-
ferent arteriole [82]. The vasoconstriction also causes the vessels within the kidney
to constrict, causing the apparent input pressure to increase.

It has been hypothesized that the blood pressure could affect the elastography
measurements. In particular, researchers have looked at two areas, stenosis [49, 53,
85,177, 182], where the renal artery or vein are blocked and perfusion, where the
increase in blood pressure could affect the measurements [9, 61, 183].

Of the papers looking at stenosis, Warner et al. noted that the stiffness de-
creased with increasing stenosis (and decreasing blood flow) [177]. Gennisson et
al. also found that decreasing the blood flow through the renal artery decreased the
measured stiffness and that ligating the renal vein (increasing the internal pressure)
increased the measured stiffness [53].

Korsmo et al. looked at the fibrosis caused 10 weeks after the induced steno-
sis [85]. They found that the stenosis increased the fibrosis in the medulla of the
kidney, with no change in the cortex. Yin et al. also looked at the kidney stiffness

10 weeks after induced stenosis, but instead of looking at the kidney with stenosis,
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they measured the stiffness of the contralateral kidney [182]. It was suggested that
the contralateral kidney increases blood flow to make up for the stenosis of the
original kidney. The authors found that the measured stiffness in the contralateral
kidney was increased. In a different study, Yin et al. decreased the blood flow to
the kidney and this time measured the shear stiffness in both the stenotic and con-
tralateral kidney [183]. This study found that with increasing stenosis, the stenotic
kidney decreased in stiffness and the contralateral kidney increased slightly.

Only a few papers look at the effects of perfusion directly as it is difficult to
measure and control. Asano et al. measured the ankle pulse velocity as a surrogate
for blood flow in the kidney [9]. The ankle pulse velocity, the velocity of the
blood flow through the artery near the patient’s ankle, would indicate the level
of sclerosis. They found that with decreasing shear wave velocity, there was a
decrease in EGFR, but surmised that the changes in shear wave velocity were caused
more by the change in blood flow than by changes in fibrosis.

The connection between chronic kidney disease (and the development of fibro-
sis) and arterial stiffness (and cardiovascular disease) is described by Garnier et
al. [51]. In that paper, the authors point out that patients with compromised renal
function (with and without hypertension) have much higher incidences of arterial
stiffness. Cardiovascular death is 10-30 times higher in patients with end-stage
renal disease than in the general population. This association persists even after
adjustments for traditional cardiovascular risk factors. In light of this connection,
it is possible that the differences in ankle wave velocity that Asano et al. saw could
have been part of this association [9].

Using ex-vivo kidneys, it is possible to control the arterial input pressures from
60 to 120 mmHg, and 60 mmHg in the ureter [61]. In that study, porcine kid-
neys (n = 11) were harvested and examined four hours after death. They found
that with increasing the pressure, the measured shear wave velocity also increased.
This the only study found that looks specifically at ex-vivo kidneys in a controlled

environment.
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4.3.4 Transducer Pressure

Strain ratio is used to measure the changes in kidney structure and function, and
measuring strain involves putting pressure on the kidney and measuring its re-
sponse. Thus, it would not be surprising that transducer pressure on the kidney
would influence the measurements of other elastography measurement methods.
Syversveen et al. looked at the relationship between ARFI measurements and trans-
ducer pressure [163]. In patients with varying degrees of fibrosis, they found cor-
relation only between pressure and shear wave velocity, but no correlation between
the shear wave velocity and the degree of fibrosis. The transducer pressure would
be especially important for transplant kidneys, which do not have the protection of
the ribs from outside pressures. No subsequent papers have attempted to standard-

ize the transducer pressure, so this is an unknown variable in all the papers.

4.3.5 Viscous Properties of Tissue

Most elasticity measurement systems assume that the tissue is entirely elastic,
even though tissue can have significant viscous properties as well. Two meth-
ods, Shearwave Dispersion Ultrasound Vibrometry (SDUV) and Viscoelastic Re-
sponse (VISR) have begun to measure the viscous properties of different tissue
types [6, 7,66, 151, 172]. The studies involving kidney tissue, though, are very
limited. The viscous properties of the kidney could also be contributing to the
differences in results, as the viscous components are dependent on the excitation
frequency, which is not controlled in all measurement methods.

Other models of tissue including poroelasticity, could be used to characterize
the tissue properties not explained with a linear elastic model. A poroelastic model
describes the tissue as a material with an elastic skeleton saturated with fluid. This
fluid is allowed to flow freely through the pores of the matrix. This type of model
has not been extensively applied to kidney tissue but has been used to characterize
other tissue types [45, 128].

4.3.6 Incongruent Results

The majority of papers have reported that increasing fibrosis results in increasing

measurements of stiffness. There have been a few notable exceptions. One of the
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first papers to use ARFI to look at the correlation between fibrosis and shear wave
velocity found there was no significant correlation [162], disagreeing with the first
positive correlation found with FibroScan [8].

In a paper looking at 43 patients, Grenier et al. found that the stiffness mea-
surements correspond only to the sum of all the Banff Scores for a given biopsy,
but not with any particular value [54]. They also reported very high interobserver
viability which might account for the lack in correlation. The measured stiffness
was also notably higher than other reported values using supersonic shear wave
imaging, with a mean stiffness of 22 kPa in the cortex and 16 kPa in the medulla.

Using ARFI to measure only the cortex, Wang et al. determined from their data
that there was no correlation between the shear wave velocity and the level of renal
fibrosis [176]. They did find, though, that the resistivity index was higher in the
later stages of chronic kidney disease.

Contradicting most other published papers, Hu et al. found that ARFI mea-
surements of impaired kidneys showed the shear wave velocity in the kidneys de-
creased with increasing kidney impairment [67]. This means that as the kidneys
failed functionally, the kidneys became softer instead of harder. They also noticed
that the parenchymal thickness decreases as the function decreases.

As both of these studies took place in China, it is possible that differences in
the causes of kidney failure in this region account for the differences in results. In
North America, the main causes are hypertension and diabetes, whereas the main

cause of kidney failure in China is glomerulonephritis [51].

4.4 Conclusions

Elastography has the potential to provide vital information about the health of
the transplant and native kidneys. This information could potentially change the
method of treatment and prolong the life of a transplant.

The results of the previous research of kidney elasticity have been mixed and
variable. Different elastography methods have produced different results, espe-
cially considering the absolute measurement results. With ranges from 2 kPa to
50 kPa, this shows that results across methods cannot be compared reliably. The

intra- and inter-observer coefficient of variation was found to be 20% and 12%
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respectively [54] and another paper found the coefficient of variation on repeated
measurements to be between 8% and 15% depending on the region within the kid-
ney [58]. The results from the native kidney studies and the transplant kidney
studies may also not be directly comparable. The transplantation process and im-
munosuppressant drugs may affect the measurements of the kidney in a way that
is of yet ill defined, complicating the comparison of MRE results (mostly native
kidneys) to the ultrasound results in transplant patients.

Many of the authors point out the confounding factors in making measurements
of the kidney. Sommerer et al. identified confounding factors with FibroScan
including scanning depth, BMI, fluid accumulation and kidney structure in general.
They also provided an outline for acceptable criteria for valid measurements [156].

Due to the inconsistency of the measurements, it is important to better under-
stand how confounding factors directly affect the measurement results and how
they might be addressed in the future. The confounding factors to be addressed are
perfusion and how the kidney anatomy affects wave travel.

It is important to look at perfusion and anatomy in an environment where most
of the possible variables can be controlled, such as an ex-vivo setting. Even in an
ex-vivo setting, factors such as storage temperature could potentially have an effect
on the ARFI measurements [168]. Fortunately, it was found that storing the kidneys
at either +4 degrees Celsius or at 20 degrees Celsius did not significantly change
the elasticity measurements from when the kidneys were measured fresh. So using
ex-vivo kidneys stored overnight should be representative of fresh kidneys. Some
initial results for changes in pressure were reported, but only looked at static pres-
sure rather than pressure with flow, which is more representative of kidneys in-vivo
[61].

In the following chapters, we examine the relationships between the input renal
pressure and elasticity measurements using steady state shear wave elastography.
We also examine the wave pattern within the kidney and how the anatomy of the
kidney affects the waves. It is often assumed in elastography measurements that
the tissue is entirely elastic, without viscous components. In the next chapter we
will also determine the viscous properties of the kidney tissue, as these can be a
confounding factor when measuring at different frequencies or with different types

of acoustic pulses.
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Although most of the measurements are taken in the context of native and
transplant kidneys imaged trans-abdominally, all the results of the experiments
described in the following chapters can be and will be applied to intra-operative
ultrasound elastography. All the renal tissue characteristics should be similar, and
changes in these characteristics could increase differentiation between healthy and

cancerous tissue.
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Chapter 5

Tissue Characteristics of Porcine
Kidney ex-vivo

5.1 Introduction

As described in Chapter 4 it is imperative to better understand the parameters of
kidney elasticity imaging. In many elastography algorithms, assumptions are made
including that the tissue is completely elastic, and that the tissue is homogeneous
(Chapter 1.4). In this chapter, we look specifically at two poorly understood aspects
of the kidney imaging. The first aspect examined is the effect of input pressure on
the kidney elasticity measurements. In particular, how the elasticity of the changes
with pressure throughout the heart cycle and possible long term changes with hy-
pertension. The effect of heart beat is poorly controlled during imaging in-vivo
and has been shown to influence the results as discussed in Chapter 4. The second
aspect that was examined is the presence of a viscous component of the kidney
tissue. The viscous effects are generally not taken into account during traditional
elasticity imaging, but could affect the results and cause the differences between

different methods of elasticity imaging.

92



Ultrasound Prob;

idney

Exciter Coil
~—
Thinsilicone restraint
Water Bath

Figure 5.1: A) A diagram of the shaker set-up. B) The Solidworks rendering
of the set-up, showing the frame, ultrasound transducer and the kidney.

5.2 Imaging Set-up

In order to image the kidney in a controlled environment ex-vivo, a stainless steel
apparatus was designed to hold the ultrasound transducer, the exciter coil and the
kidney.

In order to best allow vibrations to propagate through the kidney, the kidney
should be allowed to move freely at the boundaries. To allow this, the kidney is
held away from the ultrasound transducer with a flexible silicone sheet. The sheet
is stretched on the frame, supporting the kidney and holding it in place during
scanning.

On the other side of the kidney, the exciter coil and the kidney are separated
by a stand off pad of silicone. This pad is approximately 2cm thick and serves
to transfer the vibrations from the exciter coil into the kidney with minimal loses.
This also means that the waves arrive at the kidney surface across a wider area,

rather than from a point source, or small disk, as some of our previous work has

A much abridged version of this chapter was previously published [145, 146]
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used [3, 14, 113].

The frame is adjustable to deal with the different sizes of kidneys, and the fact
that the kidney expands as the pressure increases during some parts of the testing.
It is important to maintain constant pressure on the kidney, as pressure can affect
the elasticity measurement [163].

The kidneys were scanned using a multi frequency steady-state wave imaging
technique and using external excitation and a 3D motorized ultrasound transducer
(Ultrasonix 4DL14, Analogic, Richmond, BC, Canada) [2, 14]. Each volume was
created from 25 image planes, each placed approximately 0.5mm apart. Elasticity
of the volume was calculated using LFE [105] and/or Finite Element Model (FEM)
[64].

5.3 Kidney Harvest

All the kidneys used in this thesis were harvested from pigs used in research and
training studies that left the kidneys intact. These pigs were all female pigs and
weighed approximately 50 kilograms. Within moments of euthanasia, the kidneys
were harvested in a similar manner to kidneys harvested for donor nephrectomy.
The kidney is identified within the abdomen and the tissue surrounding the kidney
is removed. The vessels entering and exiting the kidney are then identified and
isolated from the surrounding tissue and fat. The length of the vessel, from the
kidney to the aorta and vena cava was isolated and the vessels are clamped and
cut close to these major vessels. Particular care was taken to harvest as much of
the renal vessels as possible, as these will be used later in the study. Unlike those
kidneys used for transplant, for this study, the ureter was not needed.

After harvest, the kidneys were flushed with graft preservation solution, until
the solution coming from the renal vein flowed clear. A 16 or 18 gauge cannula was
placed into the renal artery, and tied in place with suture ties. The fluid was pushed
into the kidney with a syringe, and then a slow pump was used to continuously
push fluid for several minutes.

Both water and saline have been previously used to perfuse the kidney, but in
our experience, these fluids would not flush out of the vein.

The kidneys were then stored in solution at +4 °C until imaged, no more than
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12 hours after harvest. Storage in these conditions should not have caused changes

to the elastic properties of the kidney [168].

5.4 Kidney Pressure Tests

5.4.1 Infusion Pump

To change the pressure into the kidney, and to flush the kidney slowly, a peristaltic
pump was used (Fisher Scientific, part number 13-876-3). The pump has several
sizes of tubing and variable speeds that allow changes in the flow rate of the pump.
A constant tubing size was used for all the kidneys for consistency. To measure
the pressure on the renal side of the kidney, a pressure gauge (Kodiak Controls
KC25-3# Low Pressure Gauge, 5 PSI) was attached to the tubing between the
pump and the kidney. The renal vein was left open and pressure on that side was
assumed to be zero. Since within a live subject, the renal vein would be connected
directly to the vena cava, which has a pressure of about 1 mmHg, we considered the
difference between our set-up and the correct anatomic pressure to be negligible
in comparison to the pressure on the input side, which was between 60 and 130
mmHg.

Figure 5.2 shows the general set-up of the kidney, pressure gauge and the pump.
The three components are connected through silicone tubing.

For this series of tests, 5 kidneys were harvested and measured.

We measured the elasticity of each kidney at three gauge pressures: zero (0
mmHg), simulated diastolic (60-80 mmHg) and simulated systolic (125 mmHg) to
correspond with average diastolic and systolic pressures [15, 35].

Each kidney was measured at multiple excitation frequencies ranging from
50Hz to 175Hz. As there is an intrinsic viscous component of the kidney biome-
chanics, causing the apparent elasticity to increase with increasing excitation fre-
quency, a linear estimation of the relationship between measured elasticity and

frequency was made and the estimated elasticity at 125Hz is presented here.
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Figure 5.2: The pump and flushing set-up. The preservation solution is
pumped into the kidney through a cannula which is inserted into the
renal artery. A pressure gauge is in the system to measure the input
pressure into the kidney.
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Figure 5.3: A diagram that shows the cross section of the kidney that is im-
aged during these experiments.
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5.4.2 Kidney Pressure Results

In the examination of the 5 porcine kidneys, it was found that the measured elastic-
ity of the kidney was dependent on the input pressure of the pump. Increasing the
input pressure resulted in an increase in the measured elasticity, increasing from
an average of 21 £ 3 kPa at zero mmHg to 34.1 £ 7 kPa at simulated diastolic
to approximately 34.4 £ 9 kPa at simulated systolic pressure (130 mmHg). When
comparing the results in a paired t-test, there was a statistically significant differ-
ence between the results of the 0 mmHg and simulated systolic (p < 0.05) and
between the 0 mmHg and simulated diastolic (p < 0.05) but the p — value between
the simulated diastolic and the simulated systolic was 0.8. Although only using
five kidneys in this experiment, we believe that the effect would be notable in all
kidneys.

Figure 5.4 shows the results at different input pressures for each of the different
excitation frequencies (Figure 5.5). It can be seen that the measured elasticity
increases as the pressure increases at all excitation frequencies. This frequency
dependence is further investigated in later sections of this chapter.

When looking at the resulting elastograms, the differences in the different areas
of the kidney become visible (Figure 5.6). The upper section of the B-mode image
is the parenchyma of the kidney, while in the center of the image is the collecting
system. In the elastograms, it is possible to distinguish these two distinct anatom-
ical structures. The collecting system shows up as soft in the elastogram, as it is
mostly made of fluid. Similar to the results seen in vessels, fluid filled areas do not
represent the true stiffness of the area [144]. The shear waves propagate in the soft
tissue matrix and fluid of the collecting system, and appear much shorter than in

normal renal tissue.

5.5 Viscous Properties of Kidney Tissue

In most elasticity measurements, there is an assumption that the tissue behaviour
can be modeled solely by using a linear elastic model in which the shear modulus
is assumed to only have a storage component. In reality, tissue has both elastic and
viscous properties due to the physical construction of the cells and intercellular

matrix. These viscous properties become more apparent when measuring at differ-

98



Average Young's Modulus at each

Pressure
.50
o
X 40 +—
3
E 30 T 1
- miero
o] 20 -
2 Simulated Diastolic
(%]
-Eﬂ 10 A M Simulated Systolic
3
8 0
1 2 3 4 5
Kidney Specimen
Average Young's Moudual at 125 Hz
for all kidneys

50
?n45 4
T a0 Pl :
E 35 // —
- . / /___,..-'""_
E '/ —r—1
3 25 -2
E 20 —dr—3
?"_, 15 i 1,
3 10 —_—
L=

0 T T T T T T 1

a i} 40 &0 EO 100 120 140

Average Young's Modulus (kPa)

Figure 5.5: Top: a histogram of the average elasticity for each specimen. The
average elasticity is measured at three different input pressures, zero,
simulated diastolic and simulated systolic. Bottom: The elasticity, esti-
mated at 125Hz, for all the kidney specimens at each of their measured
input pressures.
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Bmode Image Elasticity at 0 mmHg Elasticity at 80 mmHg Elasticity at 120 mmHg

Figure 5.6: Cross-sectional images of the B-mode image of the kidney and
the resulting elastograms at each input pressure.

ent excitation frequencies, since the tissue will respond differently when vibrated
at higher vs lower frequency.

As the literature and different methods of measuring elasticity use various ex-
citation frequencies, it is very important to understand how the tissue responds to
these changes when trying to compare results across methods and studies.

Two methods to measure tissue viscous properties have recently emerged. They
are SDUV and VISR. SDUV uses a single element “push transducer” and a “detect
transducer” [7, 172]. The detect transducer measures the phase of the wave, pro-
duced by the push transducer, at two different locations along its path of travel. At
two known locations the wave speed can be estimated for the phase velocity. The
push transducer can push a different frequencies to measure the dependency of the
shearwave speed on frequency. The measured wave speed at each frequency, rang-
ing from 50Hz to 500Hz, is then fit to a mechanical model to solve for the elastic
and viscous properties of the tissue. This method has been applied to an ex-vivo
swine kidney [6, 7].

VISR imaging also leverages the Voigt model for tissue (described in detail
below) [66, 151]. This method employs two acoustic radiation force push pulses at
a single location within the tissue. The relaxation times for the tissue are measured
and fit to the Voigt Model [151] or to a mass, spring, damper tissue model [66].
This method then reports 7, the estimate of the ratio of the viscosity coefficient to
the relaxed elastic modulus. VISR is able to estimate the tissue properties in a very
localized manner without reliance on shearwave propagation, so it is less affected
by local changes in the tissue.

In a study of transplanted kidneys in-vivo using VISR, 7, the relative elasticity

and relative viscosity were measured [66]. The relaxation time and these rela-
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tive measurements were taken from multiple anatomical areas within the kidney.
Using different combinations of these ratios, for different anatomical locations, the
authors found that this method could differentiate patients with different diagnoses.
Unfortunately, the results of this method are difficult to compare to other methods
since the resulting measurements (ie. 7) are different than those reported by other
systems (ie. Young’s Modulus or shear wave velocity).

These two methods both use a model fitting approach to estimate the tissue

properties, similar to what is described in this chapter.

5.5.1 Methods

Using a similar imaging set-up to that used during the pressure tests, all kidneys
used for this portion of the study were imaged without flow, in the same imaging
apparatus.

The kidneys were all flushed with preservation solution after harvest to remove
any blood within the organ, as the clotted blood could change the measurements.

The kidneys are imaged in the stainless steel apparatus at six different frequen-
cies: from 50 Hz to 225 Hz at intervals of 25 Hz. For each volume, 25 slices
are imaged at a spacing of 0.5 mm. The 4DL14 ultrasound transducer was used,

imaging at a depth of 4 cm.

5.5.2 Tissue Models

The mechanical models for tissue include the Voigt, b) Maxwell and c) Zener rhe-
ological models. These include both the elastic (u (Pa)) and viscous (1 (Pa s))
elements.

These models are simple representation of the tissue models. Real tissue is
made up of cells, connective fibers, and intra- and extracellular matrix. Each of
these components has its own elastic and viscous properties. The models presented
here act as an aggregation of this very complicated system. Using these models we
hope to gain insight into how much influence the viscous components have on the
measured elasticity.

The Voigt model represents the two components placed in parallel, whereas

the Maxwell model has these components in series. The Zener model combines
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Figure 5.7: There are three rheological models used in these studies. a) Voigt,
b) Maxwell and c) Zener. The springs represent the elastic components
and the dash-pots represent the viscous components.

these two ideas into a single model. The derivation of these models can be found
in detail In Jeffrey Abeysekera’s thesis [3].
For each model the wave speed (c;) as a function of frequency (@) is calculated

as follows:
Voigt:
Ccs = .
P+ 12+ 0’n?)
Maxwell:

21
P+ /1+ )
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And Zener:

2(u?u3 4+ 002 (1r + 12)?)

P(IS + @2 (1 + 12) + /(243 + 002 (11 + 1)) (15 + @212))
(5.3)

For each of these models, the model parameters (X) representing the elastic and

Cy —

viscous properties were optimized using the following, where @ is the excitation
frequency in radians.
6
minimizeZ(cs(a)i,X) —c}((p,))z (5.4)

* i=1

And the error, & is defined as follows:

6
&= \/é;(cs(wi,x)—és(w,-))z (5.5)

Eleven experiments were performed. Each experiment represents a different
kidney. All the elasticity results here were analyzed using thin volume 3D LFE
techniques [14, 113] and with FEM methods [63].

The results of the these tests were fit to each different model using the Matlab
Optimization Toolkit.

5.5.3 Viscosity Results

The quality of the model fits to the observed data can be seen in the following
figure. And the results of the variable fitting are shown in Table 5.1 and Table 5.3
below. Individual graphs of each kidney used in this study can be found in Section
A2
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Figure 5.8: The graphic results of the LFE model fitting for all the experi-
ments. The stars represent the experimental data, the red, blue and green
lines represent the results of the Voigt, Maxwell and Zener Models re-
spectively.
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Figure 5.9: The graphic results of the FEM model fitting for all the exper-
iments. The stars represent the experimental data, the red, blue and
green lines represent the results of the Voigt, Maxwell and Zener Mod-
els respectively.
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Table 5.1: Results from LFE analysis for the Voigt and Maxwell models presented.

Voigt Maxwell
u (kPa) n (Pas) error (m/s) U (MPa) n (Pas) error (m/s)
1 1.28 8.83 0.42 5.70 7.63 0.49
2 0.69 4.46 0.29 1.05 3.83 0.33
3 0.98 6.27 0.36 2.25 5.37 0.42
4 0.79 4.99 0.40 4.41 4.26 0.45
5 0.71 4.73 0.28 1.22 4.02 0.33
6 0.64 491 0.23 0.54 4.25 0.28
7 0.74 4.88 0.26 2.14 4.16 0.29
8 1.05 6.33 0.26 0.40 5.31 0.31
9 0.71 4.73 0.28 1.22 4.02 0.33
10 0.64 491 0.26 1.69 4.24 0.31
11 0.74 4.88 0.26 2.14 4.16 0.29
Mean | 0.824+0.2 545+1.3 0.30 207+1.6 4.66+1.1 0.35
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Table 5.2: Results from LFE analysis for the Zener model presented.

Zener
Hy (kPa) Uy (GPa) n (Pas) error (m/s)
1 1.28 240.93 8.83 0.42
2 0.69 37.85 4.46 0.29
3 0.98 118.25 6.27 0.36
4 0.79 132.86 4.99 0.40
5 0.71 49.86 4.73 0.28
6 0.64 57.80 491 0.23
7 0.74 80.03 4.88 0.26
8 1.05 84.03 6.33 0.26
9 0.71 49.86 4.73 0.28
10 0.64 164.90 491 0.26
11 0.74 80.03 4.88 0.26
Mean | 0.82+0.2 99.67+61 545+1.3 0.30
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Table 5.3: Results from FEM analysis for the Voigt and Maxwell models presented.

Voigt Maxwell
u (kPa) n (Pas) error (m/s) U (MPa) n (Pas) error (m/s)
1 0.42 2.55 0.13 136.99 2.20 0.17
2 0.52 1.97 0.16 10.97 1.60 0.17
3 0.38 2.12 0.13 20.56 1.79 0.16
4 0.54 1.78 0.09 20.54 1.42 0.11
5 1.59 2.72 0.13 0.00 3.17 0.11
6 0.69 2.73 0.04 15.05 2.20 0.07
7 0.61 2.79 0.08 20.23 2.30 0.10
8 1.80 2.54 0.06 0.00 2.76 0.04
9 1.66 3.08 0.04 0.00 3.06 0.05
10 0.69 2.73 0.05 15.05 2.20 0.06
Mean | 0.89+0.6 2.50+04 0.09 23.94+41 2.27+0.6 0.10
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Table 5.4: Results from FEM analysis for the Zener model presented.

Zener
uy (kPa) U (GPa) n (Pas) error (m/s)
1 416.33 79.96 2.55 0.13
2 516.57 291 1.97 0.16
3 381.68 30.84 2.12 0.13
4 539.06 11.36 1.78 0.09
5 376.00 0.00 3.58 0.10
6 692.67 16.30 2.73 0.04
7 606.66 7.48 2.79 0.08
8 449.17 0.00 3.18 0.03
9 1659.27 17.10 3.08 0.02
10 692.67 16.30 2.73 0.04
Mean | 633.01+380 18.22+24 2.65+0.6 0.08




The kidneys do show a distinctive increase of measured elasticity with increas-
ing excitation frequency. The models show that the viscous component is present
and influential.

The FEM results do show a better correlation with the models at lower frequen-
cies. The wavelength within the kidney at these low frequencies is close to the size
of the image. When this happens it is difficult to determine the exact wavelength.
The overall error in the FEM results is less than that of the LFE results as well.
For both the LFE and FEM processing methods, the Voigt model had lowest overall
error for all the kidneys imaged.

Parenchyma Scanning

In order to look only at the tissue of interest, the parenchyma of the kidney, we
dissected the kidney and isolated the parenchyma. In addition to scanning the
kidney tissue with ultrasound elasticity, we were able to use a manual indenter
to test the static elasticity of the parenchyma. This indenter is made of a precise
linear stage and a force sensor [63]. The force sensor is pressed into the tissue
at 5 micron increments and force measurements taken after the tissue has settled.
Using these results to calculate the elasticity, it was found that the parenchyma was
approximately 7 kPa. It is important to note these measurements are taken after the
tissue has settled, and in a static manner. This means that the measurements from
the indenter are not dependent on frequency, and should only represent the elastic

properties of the tissue.

5.5.4 Discussion

We have looked in depth at the viscous tissue characteristics of kidney ex-vivo.
Constructing an apparatus to provide means of excellent wave propagation through-
out the kidney, we have looked at the frequency response of the kidney in order
identify the elastic and viscous properties. Using two different elasticity algo-
rithms we have fit different models to estimate these properties. We found that
the FEM results generally measured lower elasticity values than LFE on the same
phasor data.

When fitting the models to the observed data, the observed error in the Voigt
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and Maxwell models was a 0.30 and 0.35 m/s respectively for the LFE analysis and
0.09 and 0.10 m/s respectively for the FEM analysis.

In addition, the sensitivity of the parameters to small changes in the data was
measured. Using the original data from experiment 6, which had very low fitting
error, small perturbations to the data were made. A random perturbation was made
to the original data, up to £10%, for 10 trials. From these 10 trials, the standard
deviation of the parameters is shown in Table 5.5. For the Voigt, the resulting stan-
dard deviations in the parameters were small, 7.5% and 2% of the mean parameter
values. For the Maxwell model, the deviation in the ( and 1) parameter were ap-
proximately 82% and 2% of the mean value respectively. For the Zener model,
the u, parameter varied hugely from trial to trial, while the error in the fits do not
change much, ranging from 0.15 to 0.10 (m/s). From these results, it shows that

the Voigt model is the most sensitive to small changes in the data results.

Table 5.5: The standard deviations in the parameters for each of the three
models after 10 trials of up to +10% perturbations in the original data.

Voigt
u (kPa) | n (Pas)
0.047 0.092
Maxwell
u (MPa) | n (Pas)
0.985 0.096
Zener
uy (kPa) | up (GPa) | n (Pas)
30.98 126.53 0.15

Given the above results, we explored how changing the final parameters would
change the fitting errors. After optimization, each of the parameters was multiplied
by a factor of 10, and the fitting error was calculated. For the Maxwell model, the
u parameter could be changed by a factor 1000 with less than a 0.2 (m/s) change
in the fitting error. The fit for this model is dominated by the viscous component,
and the value of the elastic component has little or no effect on the model.

For the Zener model, the p; parameter could also be multiplied by up to 1000
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with little change in the fitting error, less than 0.2 (m/s). This parameter is basically
a solid bar, in which case the model simplifies to the Voigt model.

The results of previous ex-vivo kidney studies using the SDUV method, found
that the elasticity and viscosity of the cortex ranged from 1.7 to 2.3 kPa and 1.8
to 2.2 PaS, respectively [7]. The resulting elasticity component is larger than the
values reported for the Voigt model here. Amador et al. were able to measure at
higher frequencies, up to 500Hz, more than was possible here. It is possible that
the higher frequencies changed the model fitting parameters. They also reported
only values for a single kidney, some of the kidneys results reported in this chapter
fall within this range.

When examining the waves within the kidney, we can see that the waves are de-
flected and changed by the internal kidney anatomy. When using the steady-state
wave technique, it is possible to see the wave propagation throughout the entire
kidney and spot these anomalies. They are sometimes correlated with visible dif-
ferences in the B-mode, but sometimes there is no easily discernible cause. Other
issues also arise when there are reflections within the kidney. These are sometimes
caused in ex vivo situations due to the kidney-water interface. Interestingly, they
have detrimental effects on the apparent wavelength but do not show as poorly
correlated areas

As mentioned above there have been numerous studies looking at the correla-
tion between kidney fibrosis and elastic measurement, but little consistency in the
resulting measurements, we hypothesize that these disruptions in the wave may be
the cause for some of the variety in other kidney elasticity results.

One limit of this study is that the measurements were taken on ex-vivo kidneys
without blood flow. As we have seen from the results of Section 5.4, the input
pressure can have an effect on the elasticity results. It is possible that the measure-
ments could be very different quantitative results, but it seems that the trends are
fairly consistent so we would expect similar results. These studies go to prove that
there are significant viscous properties of kidney tissue that will have an effect on
elasticity measurements. For example, when the optimization was run on the same
LFE data, assuming no frequency dependency viscous components, the root mean
square fitting error for the Voigt model increased from 0.33 to 0.92 (m/s). Individ-

ual graphs of the results when viscous components are set to zero can be found in
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Section A.2 Figure A.6.

5.6 Discussion

From previous results published in this area it can be seen that there are confound-
ing factors that are complicating the elasticity measurements in kidneys. In these
experiments, we have attempted to create a more controlled environment to mea-
sure the effects of two of the possible factors, blood pressure with flow and vis-
cosity. From our results, we see that there are pressure and viscous effects on the
elastography measurements, and that these are factors that should be taken into
consideration when measuring kidney elasticity in-vivo.

Unfortunately, even in this controlled environment, it is difficult to control all
the possible variables. In a study looking at transducer pressure, Syversveen et al.
found that transducer pressure was a factor in elasticity measurements [163]. It
was difficult to standardize the exact pressure that was placed on the kidney, but
care was taken to keep the pressure required to hold the kidney in place constant
throughout the measurement process. We used the constant elasticity of the thin
silicone to maintain the distance between the transducer face and the kidney, and
thus maintain a constant pressure on the kidney. In the future, we would like to add
a pressure sensor to our apparatus in order to measure the pressure applied to the
kidney during scanning.

In a previous paper describing the effects on elasticity with changes in static
pressure, Helfenstein et al. also found that increasing input pressure increased the
measured elasticity in ex-vivo kidneys [61]. Using ARFI imaging, they measured
the elasticity as it changed from 0 mmHg to 120 mmHg. Interestingly, the mea-
sured elasticity at 120 mmHg was much more variable than that measured at 0
mmHg, with measurements ranging from 8 kPa to 35 kPa. This is similar to our
findings, in that the standard deviation in the measurements at 0 mmHg was 3 kPa
but at 130 mmHg our measured standard deviation was 9 kPa. They also measured
the changes with depth, but found they had trouble measuring the entire depth of
the kidney into the collecting system because of the limitation of using ARFI at
higher depths. Fortunately, our imaging method, SWAVE, does not suffer from this

limitation.

113



Helfenstein et al. noted that the kidney increases in size as perfusion pressure
increases; something we noted as well (Figure 5.10). This happens as the kidney
expands to hold and filter the blood. As the same organ must now hold more fluid,
changes in the tissue result in changes in the measured elasticity. The tissue must
stretch to accommodate the extra fluid.

The kidney reacts to the dynamic changes in blood pressure as well. The kidney
has an autoregulation mechanism to create constant filtering pressure inside the
kidney, such that the changes in blood pressure throughout the heart cycle do not
affect the functionality of the kidney [82]. Depending on when during the heart
cycle each elasticity measurement is made, the result may vary. These changes
may account for the variability in the results of previous papers.

As changes in blood pressure and the dynamic changes in the kidney could
affect the elasticity, it becomes reasonable that the measurement timing should be
synchronized with one temporal location in the heart cycle. One paper mentioned
that synchronizing the measurements of healthy volunteers with the Electrocardio-
gram (ECG) measurements resulted in better correlation between the EGFR of the
volunteers and the measured shear wave velocities [9]. EGFR is used as a measure
of the function of the kidney and an estimate of the level of CAN. This only goes
to reinforce the idea that ECG synchronizing should become standard when taking
elasticity measurements.

Presented here is a preliminary investigation of the effects of changes in blood
pressure on the elastography measurements of kidneys within a controlled environ-
ment. We have seen that the measured elasticity increases with increasing pressure
and in order to consistently use elastography as a method to measure fibrosis and
the progression of CAN, the perfusion pressure and flow need to be measured or
synchronized.

Looking at the results of the viscous measurements, we have found that the
tissue has a viscous component that should be accounted for during elasticity mea-
surements. This also applies when comparing different types of elasticity imaging.
These comparisons can be difficult as frequency dependency is not accounted for
during the comparisons of shear wave speed or estimated Young’s modulus. The
measurement of viscous components could also be used in conjunction with other

information to make more definitive diagnosis. In Section A.2 Figure A.5, the indi-
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0 mmHg 80 mmHg 130 mmHg 155 mmHg

Figure 5.10: Cross-sectional images of the B-mode image of the kidney at
different input pressures. The bars on the right side each cross sec-
tion denote the two surfaces of the kidney. The width of the kidney
increases with pressure. The width was measured as 2 cm at 0 mmHg,
2.25 cm at 80 mmHg, 2.75 cm at 130 mmHg and 3.25 cm at 155
mmHg.

vidual graphs for each kidney are shown separately. When looking at these graphs,
it is important to note how little difference there is between the fit of the three
different models. When looking at the sensitivity to both changes in the data and
changes in the final parameters, the Voigt model was least affected by these. When
using these models in the future, only the Voigt model will be presented as it is the
most representative of the tissue of the three.

In some cases, the slope of the fit is not close to the data as desired. This could
be an indication that none of these models are entirely applicable to renal tissue
and other models should be considered, such as a poroelastic model [84].

When looking at the results with the Voigt model, the fitted elastic component
is about 0.5 kPa, with is considerably lower than all the results reported in literature
with any machine. It is also lower than the static elastic component measured with
the indenter, as it was about 7 kPa. It is possible that these methods are too simple
and that other tissue properties need to be taken into account, such as the porous
nature of tissue [84] and compressibility. But it is important that there is a large
viscous component in kidney tissue that cannot be taken for granted.

In particular, this viscous component does not just affect the elastography
methods where excitation frequency is inherent, such as SWAVE or MRE. The

viscous component also affects ARFI and SSI wave speed calculations. The push
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pulse used in these methods has a spectrum of frequency components. The result-
ing wave front speed is measured either by measuring the peak displacement of the
tissue some distance away from the push pulse [41], or by measuring the velocity
of the tissue motion. When measuring the velocity, the derivative of the displace-
ments is taken. This derivative acts as a high pass filter on the spectrum of the
wave, weighting more heavily on higher frequencies and resulting in differences in
measured elasticity [126].

During the viscous property testing, we looked at the same data with two differ-
ent analysis techniques, LFE and FEM and presented the results. We were also able
to examine the wave images of the kidney and determine that it is a complicated
organ, and careful measurements are required in order to avoid artifacts caused by

ultrasound and anatomy.

5.7 Conclusion

An apparatus was created for imaging ex-vivo kidney tissue. In doing so, the kidney
was imaged at multiple different input pressures and excitation frequencies. A
study of how the tissue characteristics change with increasing input kidney pressure
was completed. It was found that input pressure does affect the measured elastic
properties.

When quantifying the viscous component of the tissue by fitting the measured
wave speed to three different mechanical models, it was found that the measured
wave speed increases with increasing excitation frequency, showing that the kidney
has viscous characteristics. Of the three models used in these experiments, the
Voigt model was least sensitive to changes in the data and most sensitive to changes
in the final parameters. This model will be used to model tissue in the remainder
of this thesis.

Very limited data regarding the kidney is currently available, so it is hoped that
the results presented in this chapter will expand the understanding of kidney tissue

characteristics.
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Chapter 6

Measurements of Transplant
Kidneys in vivo

6.1 Introduction

The ultimate goal of calculating the elastic properties of the transplanted kidney is
to be able to monitor the health of the kidney in a non-invasive manner. It would
be of great benefit to the patient to be able to obtain the same information which
would be collected from histological interrogation but without the need for biopsy
[149].

We have chosen to examine transplant kidney patients specifically due to the
fact that transplant recipients are an at risk population, with only a single functional
kidney and taking immunosuppressants. This means that these patients could bene-
fit from incremental improvements in monitoring. It has been described in Section
1.2.3, a transplant is preferred to long term dialysis, but transplanted organs have a
limited lifetime [131]. It is vital that the transplanted kidney be preserved to avoid
the need for repeated transplants, which creates additional demands on the number
of available transplants, not to mention an additional procedure for the patient, with
all the associated risks. The location of the transplanted kidney, near the surface
of the skin, makes them easy to image and locate, in comparison to native kidneys
which are more protected by the ribs.

For this preliminary study, our goal was to determine the feasibility of using
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SWAVE to measure the wavelength and elasticity of transplanted kidneys in-vivo in
arange of patients, and compare the results to the patients’ current EGFR and latest
biopsy findings. Since all patients in this study have recent graft biopsy results, the
possible correlation between the level of fibrosis as reported in the biopsy and the
initial elastic measurements can be examined in this small patient population. We
have started this study with results in 23 patients.

As described in the previous chapter, SWAVE has been used to image the elastic
properties of phantoms and ex-vivo kidneys. The difficulties and complications of
imaging kidneys have been explored and some limitations exposed. In this chapter,
this knowledge is now applied to patients who in the future could derive some

benefit from this work.

6.2 Patient Populations

Patients were recruited from the Transplant Clinic at VGH. Patients were requested
to come for an additional ultrasound elastography scan after their normally sched-
uled appointment at the Transplant Clinic. Patients were called at least two days
ahead of their appointment at VGH. All patients had received at least one kidney
transplant, though the time since transplant varied widely. All imaging was per-
formed under the ethics protocol H09-02455 Elastography in Transplantation.
Patient characteristics are outlined in Table 6.1. The patient’s blood pressure
and EGFR were measured on the same day as their Transplant Clinic appointment
and elastography scan. Previous work has compared the kidney stiffness to EGFR
[8,103, 115] as well as biopsy, so this variable will be used along with the biopsy

results.

6.3 Patient Histology

The gold standard for fibrosis assessment is histology from a biopsy of the kidney.
An ultrasound guided biopsy is taken from one or both poles of the kidney. The
tissue is then sent to pathology to be stained and examined under a microscope.
A biopsy report from the pathologist is submitted and read by the physician to
determine the level of fibrosis. Many pathologists use the Banff Scoring system

described in Section 1.2.3/[155]. In the event that the pathologist does not explicitly
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Table 6.1: Characteristics of the patients in this study.

Patient Age BMI Blood eGFR Time Since Banff
(Years) Pressure Transplant (Days) Score
1 57 30.1 148/87 95 406 0
2 55 31.5 148/85 56 7987 2
3 56 22.5 138/75 26 470 0
4 52 304 126/60 45 2378 0
5 34 18.3 156/94 11 2935 2
6 73 26.5 132/62 81 5258 1
7 77 20.0 110/79 41 4392 0
8 43 28.1  119/89 5 2340 2
9 64 234 140/64 26 29 1
10 56 333 120/72 39 26 1
11 37 21.8  120/70 45 1956 0
12 48 215 118/74 31 422 0
13 50 25.0 110/78 5 3083 1
14 47 23.6  120/83 38 120 1
15 66 26.3 155/76 46 135 1
16 54 21.6  132/78 70 358 0
17 78 29.2  117/62 41 1470 0
18 32 20.0  100/69 106 494 0
19 45 17.7 105/70 57 46 0
20 64 214  157/89 17 2537 2
21 40 322 138/82 72 64 0
22 71 26.1  140/72 54 40 0
23 60 21.6 118/70 45 38 2
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use this system, the level of fibrosis according to the Banff system is determined
from the pathologist’s notes and comments.

The recruitment for this study is ongoing, and additional patients will be in-
cluded in the future. The results of the most recent biopsy will be used for com-
parison in this and future studies. In the case in which the patients were coming
in for routine appointments, the most recent biopsy was used. For these patients
with stable grafts, it was assumed no major changes have occurred between the
most recent biopsy and the elastography scan. For patients who had very recently
received their transplant, results from the implant biopsy will be used during the

comparison.

6.4 Imaging Procedure

Each patient was asked to lie in a supine position on the exam bed. The kidney
was first located and imaged with clinical ultrasound imaging software using a C4-
7 transducer and an Ultrasonix Touch ultrasound machine. This transducer is a
curvilinear transducer often used for abdominal scans. Once an optimal location
for the ultrasound transducer had been identified, the ultrasound transducer was
fixed in place using a Civco Positioning Arm mounted on the side of the bed. At
this time the optimal depth of imaging was also determined. It was desired that
the entire kidney be visible within the image. It is important that the wave pattern
throughout the graft be seen, to be certain there was adequate wave propagation
during image acquisition. All patients were imaged at depths between nine and
twelve centimeters, depending on the size of the patient and location of the trans-
planted kidney. In the cases of these patients, the kidney was not seen to move
excessively with breathing, so patients were not instructed to hold their breath.
Each scan of 25 frames required about 20 seconds to acquire.

Each kidney was imaged along its two major axes. The first position of the
transducer creates an image showing the long axis of the kidney, which allows
for a visible distinction between the cortex and the collecting system. The second
position of the transducer images the kidney in cross-section. Figure 6.1 shows
two of the optimal kidney ultrasound images from these patients.

The shaker was placed on the patient’s skin as close as possible to the trans-
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Figure 6.1: Two example ultrasound images of the transplant kidneys, long
axis views. Top: Patient 3. Bottom: Patient 4.

ducer to allow for the most possible wave displacement within the kidney. Several
placements of the shaker were tested around the transducer to determine where
the most consistent waves were produced. The waves were monitored in real time
using the eScan software. A lateral placement of the shaker with respect to the
transducer was typically best as this maximizes components of the shear wave mo-
tion in the plane of the ultrasound image.

A series of images were collected from each patient. Each set of images in-
cluded 25 frames. Three sets of 25 frames were collected at each frequency and
each kidney was imaged at 50, 75, 100 and 125 Hz. In total, 600 2D images were
collected of each kidney.

Due to issues with motion during acquisition, the frames were filtered and those
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Placement of the transducer and shaker for
long axis image of the kidney

\

Placement of the transducer and shaker for
short axis image of the kidney

Figure 6.2: An example sketch of the placement of the ultrasound transducer
(blue oval) and shaker (red circle) on the lower abdomen of the patient
for both the long axis and short axis views.

showing motion artifacts were discarded. Motion artifacts were created when the
patient shifted position, coughed, or took an unusually deep breath. Patients were
instructed to try to hold still during image acquisition, but this was not always
possible.

The cortex and collecting system of the kidney were manually segmented from
the B-mode images. Although automated and semi-automated segmentation algo-
rithms exist for ultrasound images [18], it was more efficient in this case to segment

the B-mode images manually, as most would have required manually seeding. Be-
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J

Elasticity
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Figure 6.3: A flow chart describing the steps of image processing.

cause the measured stiffness in the cortex and the collecting system of the kidney
could be quite different, the cortex and the collecting system of the kidney were
manually segmented separately.

The elasticity within the kidney area was calculated using LFE methods [105]
and averaged across all the 2D images of that frequency that did not show motion
artifacts [Figure 6.3]. These elasticity values were then compared to each patient’s
health characteristics and to the results of other studies.

As discussed in Chapter 5, the kidney is not an entirely elastic tissue, but also
has viscous properties. To compare the results of the ex-vivo studies with these
in-vivo studies, the measurements were fit to the same Voigt model described in
Figure 5.7.

6.5 Patient Results

The results of the elasticity measurements using LFE were compared to a variety
of different patient characteristics including the patient histology as defined by the
Banff Score, EGFR and patient blood pressure. Figure 6.4 shows that the general
trend from pervious literature holds true, that patients with higher Banff Scores,
also have lower filtration rates.

Figure 6.5 shows the relationship between the measured Young’s modulus (es-
timated at 85 Hz) and the patient’s EGFR.
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Figure 6.4: The patients’ estimated glomerular filtration rate vs the Banff
Score from the most recent biopsy.
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Figure 6.5: The average measured Young’s modulus vs the estimated GFR for
both cross sectional views for all patients.
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Because some of the waves patterns within the kidney changed depending on
their location with respect to the anatomical structures of the kidney, the phasor
(wave) images of Patient 4 are presented in Figure 6.6. It is possible to see the
differences between the waves within the cortex of the kidney and those of the
collecting system. The outline of the cortex and the collecting system are defined
in the B-mode image and then overlaid onto the phasor images at each frequency.
It can be seen the wavelength in the collecting system is much shorter than the
wavelength in the cortex. Also, as expected, the wave pattern within the kidney
changes with increasing frequency.

The shorter wavelength in the collecting system causes a change in the mea-
sured Young’s modulus, creating a softer region within the center of the kidney.
This was most apparent in the long axis view of the kidney, where more of the
collecting system was visible in the ultrasound image. In Figure 6.7, the average
Young’s modulus for the cortex and collecting system at each excitation frequency
are shown. Using only the results from the long axis view of the kidney, a T-test
was performed (p = 0.07).

It was found that the measured Young’s modulus for the transplant kidneys
generally increased with excitation frequency (Figure 6.7). This indicates that the
kidney exhibit some viscous properties, similar to what was found in the ex-vivo
studies.

The resulting elasticity measurements were fit to the Voigt model in order to
estimate the viscous properties of the kidney tissue (Chapter 5) and outlined in
Table 6.2. And the fitting error is defined as follows:

4
&= \/é;(cs(co,.,x)cg(a),-))2 (6.1)

The individual model fitting graphs for each patient are found in Appendix A.2.
As the blood pressure was one aspect measured in the ex-vivo studies, the pa-
tient’s blood pressure was compared to the measured Young’s modulus. Figure 6.8
shows how the patient’s blood pressure corresponds with the measured Young’s
modulus. The patients’ systolic, diastolic, Mean Arterial Pressure (MAP) and the

difference between systolic and diastolic (Delta P) are shown.
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Figure 6.6: B-mode and wave images of Patient 4 at each frequency used in
this study. The outline of the cortex (solid line) and collecting system
(dotted line) have been overlaid on the images.
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Figure 6.8: The patient results measured Young’s modulus as compared to

the patients’ blood pressure taken on the day of the ultrasound scan.
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Table 6.2: The Voigt model fitting results for patients. Each cross sectional
view for each patient is represented separately. The top half of the table
represents the long axis view and the lower half represents the short axis
view of the kidney.

Patient | u (kPa) n (Pas)  Fitting Error (m/s)
1 1.3 15.8 0.29
3 2.2 16.2 0.27
4 6.4 13.7 0.60
5 7.5 16.1 0.50
7 13.2 12.9 0.52
8 1.9 16.5 0.30
10 13.1 15.4 0.59
12 1.4 11.3 0.44
14 13.8 22.2 0.50
15 4.5 11.0 0.30
16 7.9 12.6 0.44
18 7.7 17.5 0.74
19 2.6 19.6 0.15
21 10.3 8.8 0.49
22 4.0 14.1 0.39
23 9.4 13.2 0.06

Mean | 6.7 +£4.2 148+32 0.4

6.6 Discussion

The results here are presented using either the Banff Score or the EGFR as an indi-
cator of kidney heath. Unfortunately, both of these measurements, which are used
as a gold standard in practice, have limitations. The Banff Score is given based on
biopsy results from the kidney, but only has 4 levels of differentiation. Also, since
this score is based on a small sample of the tissue, it is possible that the score does
not represent the entirely of the kidney. It may be that the fibroses forms in patches
of the kidney and a biopsy could either over represent or under represent the level

of fibrosis.
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The EGFR also has some limitations. The EGFR is based one of several formulas
which include the level creatinine in the blood serum (plasma) and the patient’s
characteristics, such as age, gender, body size and race. The serum creatinine
though, can be affected by other factors, not directly related to kidney function,
including the muscle mass of the patient and even whether the patient has eaten a
large amount of red meat that day. A more accurate measure of glomerular filtration
rate would require taking a complete urine collection over a 24-hour period, which
is also difficult and prone to error.

When looking at the differences between the Young’s modulus in the cortex
with compared to the collecting system, the collecting system was on average 10
kPa softer than the cortex. Although the difference in the measurements were not
statistically significant (p = 0.07), this difference in measurements shows that these
two tissue types are distinct.

Unfortunately not all the patients could be scanned at 125 Hz excitation fre-
quency due to problems with wave propagation. In the patients with high BMI, the
distance between the excitation source and the kidney was greater than the wave
penetration. In this case, insufficient displacements were induced in the cortex of
the kidney. Only those patients with all four excitation frequencies were included
in the model fitting.

It is interesting to note the differences in Table 6.2 with the model fitting results
of the ex-vivo kidneys. The average elastic parameter, i, was 0.82 kPa and 5.45 Pa
s for the viscous parameter 1 for the ex-vivo kidneys. In comparison, the results of
fitting the in-vivo kidney resulted in 6.7 kPa and 14.8 Pa s. The differences in these
parameters may be attributed to the fact that the kidneys measured in-vivo were
influenced by uncontrolled variables such as abdominal pressure, bladder pressure
and potential changes in perfusion. These differences could also be attributed to
differences between porcine and human kidneys.

These in-vivo results were also calculated from 2D images, where as the ex-vivo
results used 3D volumes. It was assumed that most of the shear wave motion was
confined to the plane of the ultrasound image, but this may not have been strictly
the case. With only a 2D image of the wave motion, it is difficult to compare the

results of the measured Young’s modulus as an absolute measure.
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6.7 Conclusions

We have shown that at least in our limited patient study, we were able to generate
and image shear waves in transplanted kidneys, in a safe and comfortable manner,
through the use of a small mechanical shaker placed on the skin of the patient.
After optimization of the quality factor, the most reliable frequency range was
determined to be between 50 Hz and 125 Hz. This range is higher than the typ-
ical range used for liver imaging, 45-60Hz, but closer to the range used for kid-
ney imaging in previous MRE papers. This range provided a compromise in the
tradeoff between the resolution of the imaging (higher frequency is better) and the
wave propagation and penetration (lower frequency is better). At 50 Hz, the wave-
length approximate the length of the kidney, resulting in possible inaccurate wave-
length estimation. While at 125 Hz, there were challenges with wave propagation
throughout the kidney, especially in larger patients, as wave attenuation could be
quite high, and the distance between the patients skin and the kidney, quite large.
This study showed that the in vivo kidney, not surprisingly, also exhibits vis-
cous properties like those found in ex-vivo porcine kidneys. These properties
should be taken into account in future examinations and when comparing results

of different methods and excitation frequencies.
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Chapter 7

Conclusions and Future Work

7.1 Overview

This chapter provides an overview of work presented throughout this thesis and
puts it in context of current research. The contributions to the field and the limita-
tions of this approach are also described. The chapter concludes with a description

of the future directions for this work.

7.2 Summary of Findings

Chapter 2 presented the use of the intra-operative ultrasound transducer designed
specifically for use with the da Vinci surgical robot. This chapter looked at the
different tracking methods for the transducer, including the use of robot kinemat-
ics, electromagnetic sensors and stereo camera tracking. A vessel phantom with
embedded targets was used to validate the tracking and 3D reconstructions of each
of the three methods. The camera tracking turned out to have the lowest recon-
struction accuracy, but may be improved through the use of different stereo camera
tracking implementations. Due to overall accuracy and practical considerations, it
was decided to use the da Vinci kinematics as the main tracking method moving
forward.

The next chapter highlighted the use of the intra-operative ultrasound trans-

ducer described in Chapter 2 for use in elastography measurements. Focusing on
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measuring the tissue properties of kidney tumours during partial nephrectomy, the
transducer allows a surgeon increased autonomy during surgery. Two different
methods for collecting elastography images were developed. The first uses the clin-
ical mode on the da Vinci robot, which only allows the kinematics to be read from
the robot. This method requires the surgeon to move the transducer very slowly and
use the ‘clutch’ pedal to activate the image collection. The second method lever-
ages the research interface to the robot to automate the transducer motion during
image collection. The results of the volumes collected on elastography phantoms
using these two different methods were presented here.

In order to move elastography measurements into kidney tissue in-vivo it is im-
perative to understand the results and the limitations of the past work in this area.
Chapter 4 takes an in depth look at the different results from different elastography
imaging methods including strain imaging, FibroScan, ARFI and MRE. There is a
large amount of variation in the presented results both within the methods and be-
tween the different imaging types, so other factors are also identified. The possible
confounding factors are explored, such as arterial pressure, transducer pressure,
and tissue heterogeneity. Two factors were identified to study further. The first is
the perfusion pressure of the kidney which has only been studied directly in one
study [61]. The second factor to explore further is the tissue viscosity. Tissue vis-
cosity is a known but little studied tissue property that could have large effects on
the measured elasticity of the kidney tissue.

Chapter 5 looks at these two factors in more detail using a controlled ex-vivo
set-up. Fresh porcine kidneys were harvested and flushed according to transplant
kidney procedures. An apparatus was designed to hold the ex-vivo kidney in a way
that was well constrained and repeatable. Using a peristaltic pump and pressure
gauge, the input pressure to the kidneys was carefully controlled and it was seen
that at increasing arterial pressure, the measured elasticity also increased. This
corroborates the earlier papers outlined in Chapter 4 that show some general in-
vivo trends between the arterial pressure and measured elasticity.

The apparatus also allowed for in depth exploration of the viscous properties
of the kidney tissue. The ex-vivo kidneys were excited at frequencies from 50
to 250 Hz. From these measurements, an increasing trend of measured elasticity

with excitation frequency can be seen. These results were fit to three different
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mechanical models in order to identify the viscous and elastic properties of the
tissue. It was determined that there are non-negligible viscous properties that likely
contributed to the variations seen across previous results. It was also found that the
Voigt model was less sensitive small changes in the data and most sensitive to
changes in the final parameters than the other two tissue models.

In the last chapter of this thesis, the measurement of kidney elastography was
applied to transplanted kidneys in-vivo. Although the results of only 23 patients
are presented here, it was proved that this type of scanning is possible and can
be reliably performed. The SWAVE technique for measuring transplanted kidney
elasticity is feasible in this setting and good wave propagation within the kidney
was noted. Similar to the findings in ex-vivo kidneys, the in-vivo kidneys also
exhibit strong viscous properties. Within these preliminary patients, there were no

strong correlations between measured elasticity and biopsy results.

7.3 Implications

The implications of the work presented in this thesis reach across the spectrum
of kidney tissue characterization. The results from Chapter 2 and Chapter 3 may
have an impact the surgical work flow of difficult kidney surgeries, while the work
presented in Chapters 5 and 6 attempts to explain the widespread variability of
elastography results and provide the first steps towards understanding how to stan-
dardize kidney imaging.

The ultrasound transducer described in Chapters 2 and 3 provides the surgeon
with a tool to extend his/her vision during surgery, specifically during the com-
plicated and time sensitive partial nephrectomy procedure. The tracking and re-
construction accuracy has been determined, such that the transducer can be used
during surgery to provide the surgeon with a better understanding of anatomical
structures under the surface, which are not visible through the camera. Creating
a transducer specifically designed for the da Vinci robot means that ultrasound in-
tegration is more streamlined, the surgeon is more autonomous and can be more
efficient. Possible registration of preoperative images also provides the surgeon
with better context of the patient’s anatomy, minimizing errors and increasing the

surgeon’s confidence.
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Adding quantitative ultrasound elastography to the da Vinci robot gives the
surgeon additional surgical guidance during robotic surgery. Surgeons can use the
information provided with the ultrasound elastography to find the boundaries of
the tumours within the kidney, as the tumours are generally stiffer than the healthy
tissue. Even when the extent of the tumour is not obvious within the traditional
ultrasound image, surgeons would be able to assess the proper cutting planes to
increase the probability of positive surgical margins and complete removal of all
cancerous tissue. This would lead to better long-term patient outcomes.

The automated implementation of quantitative ultrasound elastography for the
da Vinci robot is one step towards the integration within the robotic platform in
a way that is acceptable and easy to use for the surgeon. In the lab, it has been
seen that creating a freehand 3D elastogram can be tricky and user dependent.
The manual forward/automated backward scanning approach allows the surgeon
to create an elastogram of a specific user-defined region in a simple and safe way,
without needing to understand the particulars of the method. This novel use of
the robot capability could be used not only for elastography, but also for general
imaging scans in which a slightly corrected trajectory is used for data acquisition.

The implications of our work on patient health are expanded by the application
of ultrasound elastography to the characterization of kidney transplants. If elas-
tography is proven to correlate well with kidney health, the health of a patient’s
transplanted kidney could be monitored more often without the need for additional
biopsy, which presents additional risks for the patient.

Looking at previous work in the area, it became clear that a more careful and
targeted approach was needed as confounding factors of the imaging were leading
to inconclusive results. Of the different factors, the impact of input pressure on
elasticity measurements and defining the viscous properties of the kidney tissue
was examined in detail. From the experiments presented in this thesis, it has been
shown that these have an impact on the measured elasticity and should be consid-
ered in kidney tissue models, regardless of the elastography imaging method used.
In order for ultrasound elasticity of the kidney to come into more widespread use
and regular practice, it is imperative to understand how different factors can affect
the resulting measurements. Without a better understanding of what can affect a

measurement and how the measurements can be confounded, it becomes impossi-
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ble to compare results across patients, elastography imaging methods or platforms
to gain an overall understanding of transplant kidney health.

All the factors which were identified to influence the elastic measurements can
be applied to both trans-abdominal scanning of kidneys and intra-operative imag-
ing described in Chapters 2 and 3. Understanding renal tissue characteristics will
also allow better understand of kidney health during a procedure. These charac-
teristics could also enhance the contrast between the healthy tissue and cancerous

tissue, or allow better distinction between benign and malignant tumors.

7.4 Limitations

Although extensive testing in ex-vivo setting has taken place on both phantoms and
ex-vivo tissue, the new ultrasound transducer has not yet been tested in an in-vivo
setting. It is not expected to change the outcomes of any of the work presented here,
but the specific design and expectations for tracking may change as a result of the
constraints of an in-vivo environment. In this type of setting, the space constraints
and lighting may change how the different methods of tracking the transducer are
used.

The integration of automated ultrasound elastography into the robotic surgical
system is limited by the use of the DVRK, which is not approved for clinical use.
This is a proof of concept to show that this type of imaging may be a useful surro-
gate for the lack of haptic feedback during robotic surgery, providing the surgeon
with additional guidance.

During the ex-vivo studies, it was difficult to control for the variations of the
porcine kidneys used. The kidneys were harvested from pigs used during other
studies, and some may have had other unknown diseases which may have changed
the kidney. As an example, some of the kidneys had large cysts and were rejected
for use in the work presented here. In addition, the original studies were often times
invasive training labs for surgical residents. The kidneys may have undergone some
type of injury during the study, such as unusually high blood pressure or periods of
warm ischemia. All kidneys were harvested very soon after euthanasia, but slight
variations in timing were not accounted for. Small changes in the kidneys could

have an affect on the results here, but it is felt that all the presented conclusions are
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valid.

Another limitation within the ex-vivo work was that porcine kidneys were used.
Porcine kidneys are often used in the literature as a substitute for human kidneys,
but it is possible that the differences in the anatomy could contribute to differences
in results compared to human kidneys.

The obvious limitation to the patient study is the number of patients, which
will be remedied in the near future. These initial patients were also only imaged
in two 2D cross-sectional planes. This changes the measurement of the correct
wavelength if there is significant out of plane motion. The vibration source was
placed laterally to the ultrasound transducer to limit this effect, but it would be
more accurate to take 3D volumes of the kidney. 3D volumes would also allow for

more of the kidney to be measured effectively.

7.5 Future Work

The da Vinci transducer, described in Section 1.6.4, has received approval for hu-
man trials, and clinical trials are in the planning stages. The accuracy of the track-
ing within the surgical environment will be tested, also completing 3D reconstruc-
tions on the vessel structures of the kidney. From a preoperative CT, the vessels
can be segmented and used for registration. The anatomical landmarks such as the
vessel bifurcation locations and vessel direction vectors could be used as targets
for the registration.

Also, the three tracking methods have only been tested individually. Because
some of these methods are more accurate at different stages of a procedure, devel-
opment of a smart method for integrating all three is needed. Decisions need to
be made as to when one method should be trusted more than another, or weighting
schemes could be developed. Testing within an in-vivo and surgical environment
would also provide a better understanding of how each tracking method performs
under ‘real-world’ conditions. For example, blood and smoke can affect the stereo
camera tracking, metal instruments cause errors in the EM sensors and large forces
applied to the robotic instruments can create apparent kinematic errors. Each of
these potential issues should be quantified.

The next step in this project involves how to display the resulting ultrasound
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volumes to the surgeon in a way that is understandable and does not distract from
their task. The method in which the information is displayed is critical for both
surgeon acceptance and the proper interpretation of the information [153]. The use
of augmented reality is a popular method for this type of display but challenges
still exist as to how best to show the images and which images are best used [70].
These are research areas in which this ultrasound transducer can accelerate the cre-
ation of different augmented reality systems since it can provide real-time tracked
ultrasound images integrated into a system which already uses a stereo display.

The SWAVE elastography system could be enhanced through the addition of
alternate inversion methods, rather than the current LFE method [105]. For exam-
ple, FEM inversion may be less prone to artifacts within the elastograms. Since
frame rate is a limiting factor on the excitation frequency, the use of plane wave
imaging to measure the displacements would allow for faster acquisition over the
entire plane rather than relying on the sector method currently implemented. This
increase in frame rate would also limit the effects of patient motion on the images.

More ex-vivo experiments should take place to increase the sample size of
the measurements. Further adaptation of the apparatus to hold the ex-vivo kid-
ney would allow better control over the direction of the shear waves created within
the tissue. Due to the directional nature of the fibers within the kidney cortex, it is
important to better understand the magnitude of the effect on the shear wave speed.

It has been shown here that the pressure can affect the measured elasticity of
the kidney. In the work presented, the change was large enough to warrant that
it be taken into consideration during future studies. One way to do this would be
through ECG gating of the image acquisition. An initial study could collect images
at different times within the heart cycle to measure the changes in measured elastic
properties of the tissue. Once an optimal time within the heart cycle has been
determined, image collection could be timed to occur at the same time within the
heart cycle and thus be consistent.

Interesting connections between kidney disease and arterial stiffness have been
pointed out and also warrant further investigation [51]. The connection between
measured kidney stiffness and fibrosis may not be as straightforward as it seems.
Many other factors may be contributing to changes in the kidney and need to be

better understood before general statements can be made.
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In the future work for the patient studies, it is imperative to collect further data
from more patients with a greater variety of kidneys. The full spectrum of kidneys
should be represented, from newly implanted kidneys to transplant kidneys which
have failed to the point where the patient must return to dialysis. Also, additional
patients who have had a ‘for cause’ biopsy will be invited to participate in the
study. These are patients who have been referred to the Ultrasound department for
biopsy due to some concern or symptoms, such as a rejection episode. Patients
will be invited for elasticity scanning about 6 weeks post biopsy, in order to allow
any inflammation of the kidney to subside. The short time between the biopsy
and scan will provide the most accurate data for this study. If possible, it would
also be of interest to scan these patients on the day of biopsy and 6 weeks post
biopsy to compare any effects of the possible inflammation. In particular, this
would allow the changes due to inflammation to be separated from changes due
to fibrosis build up. Inflammation or infection may have a greater effect on the
viscosity measurements of the kidney as it increases the fluid within the tissue. If
inflammation of the kidney can be reliably detected, changes in patient treatment
can be applied soon, to prevent further rejection episodes and the longer term build
up of fibrotic tissue.

Overall, any changes in the patients’ biomarkers such as biopsy results or EGFR
can be compared to elasticity measurements over time. This would give researchers
and doctors a better idea of the relation between the patient’s health and the mea-
sured elasticity.

As was discussed in Chapter 5, the input pressure on the kidney has an effect
on the measured elasticity properties. This has not yet been incorporated into the
patient scanning procedure, through the use of ECG gating, but will be incorporated
within the next months. The time of scanning with respect to the heart cycle can
be standardized for each patient.

The current patient data sets were also limited to 2D frames of the transplanted
kidney, in two different cross-sections. This limitation was in effect due to the
issues with motion artifacts. Through the use of faster imaging techniques and mo-
tion compensation, the image capture can be expanded to 3D volumes. With 3D
volumes, more accurate elasticity measurements can be taken since the full wave-

length in any direction can be measured. In the measurements presented in this sec-
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tion, the position of the shaker was specifically positioned in the lateral direction
of the ultrasound transducer, to maximize the amount of in-plane displacement.
The differences between elastography imaging methods requires standardiza-
tion so that it is possible to compare the results from patients across imaging tech-
niques, manufacturers and care centers. In the realm of liver elastography, the
Radiological Society of North America is currently attempting to standardize the
scanning technique and provide quantification phantoms [17]. These phantoms
could be used by all of the ultrasound manufacturers to calibrate their machines
and methods, such that all machines output the same quantifiable results. In the
future, as the area of kidney elastography matures, similar efforts could be applied

for the overall benefit of kidney elastography.

7.6 Conclusion

This thesis presents the work to further the efforts in characterization and quantifi-
cation of kidney tissue. Through the use of a small intra-operative ultrasound trans-
ducer for use with the da Vinci surgical robot, kidney tissue can be better imaged
during robot-assisted partial nephrectomy. Accurate 3D ultrasound reconstructions
created with the small transducer can be used in future surgical guidance. With
the addition of ultrasound elastography to this system, the delineations between
healthy and cancerous tissue can be imaged in real-time, allowing for assessment
of kidney tumours and more accurate surgical margins.

Ultrasound and ultrasound elastography were then expanded to characterize
the tissue of transplant kidneys, where the undetected development of fibrosis can
impair function of the graft and shorten its overall life. The kidney is a complicated
organ and the work here has provided proof that certain aspects should be taken into

consideration during future development of elastography systems for renal tissue.
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Appendix A

Supporting Materials

A.1 dVRK and its Accuracy

The DVRK [75] controllers are an “open source mechatronics platform consisting
of hardware, firmware and software components [33], [79] and are being installed
at multiple centers for telerobotics in medicine research. With the expansion of the
use of these controllers and software, is imperative to understand the accuracy and
precision of the system as compared to the da Vinci classic and S (and Si) systems
that are used clinically. Previously, Kwartowitz et. al has investigated the accuracy
and precision of the clinical APT associated with the da Vinci classic and S robots
[89].

These controllers are being used to implement new haptic interfaces [114] and
even an implementation of a control system to compensate for the motion of a beat-
ing heart [140]. Future research could also include augmented reality [70]. Each
of these applications requires that the location of the tools be known accurately in
the framework of the robot.

In our lab, the teleoperation system is based on the components from the open
source CISST/SAW libraries [33], a common implementation for the controllers.
The controllers are implemented using a da Vinci Classic robot.

In these experiments, the Certus OptoTrak was used to validate the dVRK posi-
tion. The OptoTrak Certus Motion Capture System (Northern Digital Inc., Ontario,

Canada), a tracking system that uses active IR LEDs has an accuracy of 0.1 mm
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and resolution of 0.01 mm over its working volume [138]. An OptoTrak stylus
was used to localize the points in the OptoTrak frame. The position of the robot
tool control point is reported by the dVRK with respect to the base of the activated
joints of the arm.

Legos were used to create a repeatable and stable platform for the target local-
ization. A custom Lego was designed and 3D printed for these experiments. The
custom Lego was designed to have a semi circle hole for the OptoTrak stylus tip,
3mm in diameter, and a divot, Imm X 1.5mm to fit the tip of the Black Diamond
Mirco Forceps™, the da Vinci tool used in this experiment. The tool was cho-
sen for its very small tip which can be the most accurately localized. Because the
dVRK reports the control point of the tool, discussed later, other, similar tools are
expected to have the same accuracy results, given that the tip offset is known or
calibrated.

The difference in position between the dVRK divot point and the OptoTrak
pivot point needs to be corrected using the known geometry of the custom built
Lego. A coordinate frame was defined for the Lego blocks using the axis of the
Lego locations (Lego). The OptoTrak points (Opto peinss) Were transformed into the
Lego frame and the difference in positions between the dVRK and the OptoTrak
(Lego,ffser) were then applied to the OptoTrak positions. The transformed Opto-
Trak points were then transformed back into their original coordinate frame. The

positions of the dVRK and OptoTrak are then correlated.

O = ((Lego * Optopoinss) * Legoo fser) * (Lego_1 )

Another offset must be applied in order to locate the tip of the tool exactly. The
tool location, or control point, as defined by the dVRK is not located at the tip of
the tool, but near the base of the jaws [Figure A.2]. The offset between the control
point and the tool tip is known from the tool geometry. Each position reported by
the dVRK (Reported) is multiplied by this offset to find the 3D location of the

actual tool tip.

dV RK points = Reported x Tool, f fser

The custom Lego was placed in 36 locations in a rectangle with dimensions
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Figure A.1: An image of the experimental setup. The OptoTrak stylus was
placed in a divot in the center of the custom Lego, while the Micro
Forceps were placed in a divot to the left.
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Figure A.2: A sketch of the tip of a da Vinci Instrument and the transforms
that describe the transforms that describe the orientation of the tool.
The control point is located at O6. This image is taken from the DVRK
user guide.

16cm x 6.3cm x 2cm which mimics the general workspace of the robot. At each
location, the tool tip was placed in the divot five times. The OptoTrak stylus was
placed into the semi-circular divot three times.

The mean location for both the DVRK locations and OptoTrak were calculated
and used in future registrations. The Target Localization Error (TLE) was calculated
as the Cartesian distance between the mean location for each Lego location and
each of the points for that location. Outliers were defined to be points that lay more
than 2.5 mm from the mean location of each target. These points were discarded
and mean location of each target was recalculated with the remaining points. Let it
be noted that only 2 points were removed out of the 180 collected points from the
calculations.

The OptoTrak points and the dVRK points were then registered. The OptoTrak
points are used as ground truth in this registration. 50 registrations were completed
using Horns method [65]. For each registration 30 of the 36 points were used as

input, and then the remaining 6 points were used as testing data. The 36 Lego
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Figure A.3: Point distributions of the locations defined by the DVRK.

locations are randomly assigned to the training or testing data for each round of

registration.

dVRK Accuracy Results and Discussion:

The resulting TLE for each location in the dVRK and the OptoTrak is shown in
Table A.1 and A.2. An example of the points from the dVRK is shown in Figure
A.3. The variance in the locations of the OptoTrak points was very small, with a
mean TLE of 0.085 mm.

The mean and standard deviation of the training and testing data for these 50
registrations is shown in Table A.3. The error is defined as the mean Cartesian
distance between the OptoTrak point and the resulting dVRK location. These are
averaged over the 30 training points or 6 testing points and then averaged over the

50 registration rounds. Figure 2.4 shows the average resulting registration. The
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Table A.1: TLE for Lego locations 1-10

Mean and Standard Deviation of TLE
Target Number | dVRK Targets  OptoTrak Targets
1 0.71 + 0.30 0.127 £ 0.035
2 1.21 +0.31 0.123 £+ 0.051
3 1.29 +0.73 0.113 £ 0.064
4 1.12 4+ 0.73 0.309 £ 0.138
5 1.10 £ 0.58 0.146 + 0.062
6 0.54 £0.17 0.055 £ 0.013
7 1.09 +0.73 0.031 £ 0.023
8 1.48 +0.46 0.088 £ 0.038
9 1.02 +0.23 0.055 £+ 0.022
10 1.01 +£0.51 0.128 £+ 0.051

transform from each of the 50 registration rounds was saved and then averaged us-
ing dual quaternions [78]. The red stars in Figure A.4 represent the Lego locations
defined by the OptoTrak and the black diamonds represent the DVRK locations after
being multiplied by this average transform.

We have completed a test of the dVRKSs precision and accuracy when compared
to the OptoTrak motion capture system. Using Legos as repeatable and stable
localization platform, we showed that the errors in the dVRK are on par with those
described by Kwartowitz et al. [89] and with other tracking systems used within
a surgical environment. Kwartowitz reports that the Standard robot has a mean
TLE of 1.31 mm and 1.35 mm using two calculation methods. They also report an
expected localization error of 1.02 mm, assuming infinite number of localization
trials. In an update, Kwartowitz updates the results for the S robot [90]. The S
robot has an updated robot structure and they report an expected localization error
of 1.05 mm, which is not significantly different than what was found for the original
system.

Using 36 points and 5 repetitions, we found a mean TLE of 1.16 mm. When
registering the DVRK data to the OptoTrak mean TRE of 1.24 mm for the testing

data was calculated. This is very similar to what has been found in previous ex-
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Table A.2: TLE for Lego locations 11-36

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

1.32 £0.66
1.00 £+ 0.65
1.61 £0.80
0.56 £0.22
0.90 £0.33
1.25 £0.27
0.94 £0.39
1.46 + 0.69
1.61 + 0.41
1.59 £0.20
0.67 +£0.28
1.61 £0.78
1.26 + 0.68
1.54 £0.69
1.27 £ 0.35
1.38 £0.55
1.39 £ 0.41
0.85 £0.29
1.43 £ 0.62
0.87 £ 0.55
0.96 £0.32
1.36 + 0.52
1.25 £0.17
0.90 + 0.20
1.09 £ 0.40
1.17 £ 0.41

0.056 £ 0.021
0.019 £ 0.011
0.093 £ 0.048
0.080 £ 0.034
0.108 £ 0.031
0.118 £ 0.043
0.075 £ 0.024
0.082 £ 0.029
0.070 £ 0.023
0.131 £0.045
0.106 £ 0.057
0.104 £ 0.040
0.098 £ 0.050
0.109 £ 0.058
0.046 £ 0.022
0.029 £0.019
0.077 £ 0.048
0.083 £0.019
0.042 £ 0.005
0.038 £ 0.002
0.065 £ 0.027
0.055 £ 0.017
0.054 £ 0.032
0.063 £ 0.028
0.073 £0.033
0.019 £ 0.007

Mean

Mean

1.16 £0.46 0.085 £ 0.035

Table A.3: The mean and standard deviation of the training and testing data
for these 50 registrations

Size of | Results of | Size of Test | Results of
Training Training Data Test Data
data Data

30 1.18 & 0.51 6 1.24 +0.52
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Figure A.4: Resulting registration, in the OptoTrak coordinate frame. The
red stars represent the Lego locations defined by the OptoTrak and the
black diamonds represent the DVRK locations after being multiplied by
this average transform.

periments. The additional points collected in this experiment could have led to the
smaller TLE.

The control point that is reported by the DVRK, and located near the pitch and
yaw joints of the tool. The offset between the control point and the tool tip, which
is most often the location that desired, can be found from the geometry of any tool
with that general joint kinematics.

Because of the distance between the control point and the tool tip there is some
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lever arm effect. This will increase the error of the calculated tool tip location.

Most of the da Vinci tools that use this style kinematics and thus the estimated

errors found here can be applied to other tools such as the Large Needle Driver, a

commonly used tool for both research and clinical purposes.

A.2 Individual Model Fitting Results
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Figure A.5: Individual model fitting results for each of the ex-vivo kidneys

used in the study.
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Figure A.6: Individual model fitting results for each of the ex-vivo kidneys
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used in the study when viscous components are set to zero.
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Figure A.7: Individual model fitting results for each 10 perturbation trials.
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Figure A.8: Individual model fitting results for each patient in the study (First

8).
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