i

Dual-Energy Computed Tomography Scan and Color Doppler
Twinkling Artifact of Canine Uroliths to Determine Urolith Fragility by
Laser Lithotripsy.

by
Laura Goodman BSc, DVM

A Thesis
presented to
The University of Guelph

In partial fulfilment of requirements
for the degree of
Doctor of Veterinary Science
in
Clinical Studies

Guelph, Ontario, Canada

© Laura Goodman, October, 2021

ii

ABSTRACT

DUAL-ENERGY COMPUTED TOMOGRAPHY SCAN AND COLOR
DOPPLER TWINKLING ARTIFACT OF CANINE UROLITHS TO
DETERMINE UROLITH FRAGILITY BY LASER LITHOTRIPSY.
Laura Goodman

Advisor(s):

University of Guelph, 2021

Dr. Stephanie Nykamp
Dr. Alex zur Linden
Dr. Doreen Houston
Dr. Alice Defarges
Dr. Michelle Oblak

Uroliths are a commonly encountered clinical problem in dogs with the majority
reported in the bladder and less frequently in the urethra, kidney, and ureter. The most
recent American College of Veterinary Internal Medicine (ACVIM) consensus statement
on the treatment and prevention of uroliths in dogs and cats discourages cystotomy as
the primary solution for uroliths and recommends that urocystoliths likely to cause
urinary obstruction, recurrent infection or associated with clinical signs be removed by
minimally invasive procedures.
A common minimally invasive procedure is intracorporal laser using cystoscopic
guidance lithotripsy. This minimally invasive procedure involves intracorporeal
fragmentation of uroliths using laser energy. However, not every patient is considered
for lithotripsy as there are several factors that determine whether a candidate is
amenable to laser lithotripsy.
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The objectives of this study were to 1) Determine whether uroliths in a synthetic
urine bath will have a large increase in their overall weight. 2a) Determine whether Dual
energy CT measurements including dual energy number and the dual energy ratio
correlates with urolith fragility by laser lithotripsy. 2b) Determine the surface roughness
of these uroliths by qualitative methods to correlate this finding with urolith fragility by
laser lithotripsy. 3) Determine whether the color Doppler twinkle artifact measurements
both qualitatively and quantitatively determined will correlate with the urolith fragility by
laser lithotripsy and will correlate with the qualitative assessment of surface roughness
determined grossly and by CT evaluation.
When four different types of uroliths (struvite, ammonium urate, calcium oxalate
and cystine) were submerged in a synthetic urine solution over a 3-month time interval
there was no significant change in weight over time. There was no single dual energy
CT measurement that could be used to help predict urolith fragility on laser lithotripsy.
When multiple dual energy CT measurements are included to help predict urolith
fragility of laser lithotripsy, uroliths with a rougher surface fractured faster than
borderline or smooth stones and uroliths without cracks fractured faster by laser
lithotripsy. Twinkling artifact could not be used to help predict urolith fragility on laser
lithotripsy. There was no significant association between twinkling artifact and surface
roughness determined on computed tomography.
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Chapter 1: Literature review
1.1 Importance of the disease
Uroliths are a commonly encountered clinical problem in dogs with the majority
reported in the bladder and less frequently in the urethra, kidney, and ureter. Uroliths
are responsible for approximately 18% of veterinary consultations in dogs with lower
urinary tract disorders in North America. 1 In North America and many other regions of
the world, the majority of all uroliths submitted from dogs are struvite or oxalate with
percentages of each changing over time. 2 Changes in percentages of other submitted
uroliths, in particular cystine and silica, are also occurring with cystine surpassing urate
as the 3rd most common submission in Canada and the USA and silica ranking as the
third most common urolith submission in Mexico. Therefore, the composition of uroliths
have gradually and progressively changed throughout the years.3–6 In Canada, the
Canadian Veterinary Urolith Center (CVUC) began reporting data in 1998. At that time,
struvite submissions outnumbered calcium oxalate but, similar to what was happening
in the USA, in the early 2000s, oxalate became the most common urolith submission.
Over time, the Minnesota Urolith Center (MUC) reported a significant increase in
calcium oxalate increased from 5.3% in 1981 to 41% in 2005. 7 During the same time
frames, struvite incidence decreased from 78% to 38%. Most recently (2019), the MUC
reports struvite submissions have once again surpassed oxalate with 39% submissions
being struvite and 36% being calcium oxalate. As of 2014, the CVUC reported 45% of
submissions were calcium oxalate with struvite submissions at 36%.
The signalment of the dog (age, sex, breed) provides important information in
urolith prediction. Female dogs are 12 to 15 times more likely to have struvite uroliths
and male dogs are 3 times more likely to have oxalate uroliths.3,4 Female dogs with a
urinary tract infection caused by a urease-producing bacterium, are predisposed, some
medium and larger breeds in particular have struvite urolith rather than other types of
uroliths.8 This predisposition is due in part to the anatomy of the female urethra, which
is short and wide making females at increased risk for infection-induced struvite
1
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uroliths.9 Age also influences urolith type with younger dogs more likely to have struvite
than oxalate uroliths.4 Although exceptions do occur with juvenile French and English
Bulldogs being predisposed to calcium oxalate cystic uroliths.10 Additional risk factors
for calcium oxalate include dietary factors including moisture content, hydroxyproline
content, type and quantity of treats, genetics, body condition score (BCS), voiding
behavior, metabolic derangements, alterations in gut flora, and environmental factors.
11–15

Finally, the breed can also predispose to the development of urolithiasis especially

in male dogs.2 Overall, the interaction between breed, sex and age can help to predict
mineral type. A previously reported algorithm for predicting urolith type using signalment
alone was accurate in 70% of patients. 16
A standard of care for the approach to diagnosis and treatment of dogs and cats
with lower urinary tract uroliths has been proposed. The most recent American College
of Veterinary Internal Medicine (ACVIM) consensus statement on the treatment and
prevention of uroliths in dogs and cats discourages cystotomy as the primary solution
for uroliths and recommends that urocystoliths likely to cause urinary obstruction,
recurrent infection or associated with clinical signs be removed by minimally invasive
procedures.17 The rationale associated with this recommendation is that incision-less
procedures are associated with shorter hospitalization, shorter anesthesia time and
faster patient recovery. In addition, avoiding cystotomy and closure of the bladder with
sutures eliminates the risk of suture-induced urolith recurrence as suture induced urolith
recurrence is associated with a 9% recurrence of urocystoliths.18 The morbidity and
mortality associated with treatment of uroliths have decreased significantly with
technical advancements that have led to a shift from open surgery to minimally invasive
procedures. These minimally invasive procedures that are recommended include
medical dissolution, voiding urohydropulsion and intracorporeal laser lithotripsy.
However, medical dissolution only pertains to a few urolith types including compositions
of struvite with some success associated with urate and cystine. 17
Intracorporeal laser using cystoscopic guidance lithotripsy is a safe and effective
minimally invasive procedure and involves intracorporeal fragmentation of uroliths using
2
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laser energy. 19 In contrast to cystotomy, cystoscopic laser lithotripsy permits access to
the entire lower portion of the urinary tract without incising the bladder or urethra. This
technique offers an alternative to surgical removal of urocystoliths and urethroliths in
dogs and eliminates the risks associated with cystotomy including suture-induced urolith
recurrence.18,20 However, not every patient is considered for lithotripsy as there are
several factors that determine whether a candidate is amenable to laser lithotripsy. The
most pertinent selection criteria for candidates includes the size of the patient, urolith
burden, size, shape, location, and composition of the urolith(s). Previous studies have
tried to determine urolith composition in vitro using dual-energy CT (DECT) with limited
success.21 These studies have shown that no single CT measurement can be used to
differentiate between the most common canine urolith types including struvite, calcium
oxalate, cystine, urate and brushite uroliths. However, determination of urolith
composition alone will not determine whether uroliths can undergo laser lithotripsy.
Instead, the clinically relevant question is being able to determine urolith fragility.
Quantification of urolith fragility will allow determination on whether a patient should
undergo laser lithotripsy. In order to successfully fragment a urolith, the fiber tip should
be in direct contact with the surface of the urolith during laser activation. 22,23 Direct
contact with the urolith surface by the tip of the laser fiber is achieved more easily with
uroliths having a rougher surface. Therefore, having the ability to predict surface
roughness will allow better selection of the best treatment for patients with uroliths. In
vivo methods for determination of urolith fragility and surface roughness are critical in
determining which uroliths can successfully undergo laser lithotripsy and have not been
fully investigated using canine uroliths.

1.2 Urolithiasis
1.2.1 Composition and surface characteristics of uroliths
A urolith may be defined as the aggregation of crystalline and matrix materials
that form in one or more locations within the urinary tract when urine becomes
oversaturated with crystallogenic substances and may be composed of one or more
mineral types.24 A urolith may have 1-4 visible layers. Factors that initiate urolith
3
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formation (nidus) may be different from those that allow urolith growth and subsequent
layer deposition (stone, shell, surface crystals). A number of factors including urine pH,
diet and drug therapy, may promote precipitation of varying mineral types within or on
top of an existing nidus. 2 The central nucleus of the stone may differ in composition to
that of the body. One or more mineral types may also be admixed within layers of a
urolith. A urolith is referred to as mixed if the mineral types do not comprise greater
than 70% of a layer or compound if one portion of the urolith comprises at least 70% of
one mineral type and is surrounded by one or more layers composed primarily (>70%)
of a different mineral.27
The composition of uroliths is important as it is vital in delineating pathogenesis,
treatment, and prognosis. The treatment of various urinary calculi depends on the
composition of the urolith; therefore, determination of urolith composition in vivo is
important to select an appropriate treatment. As stated previously, calcium oxalate and
struvite uroliths are the most commonly identified types of lower urinary tract stones in
dogs, with percentages changing over time and location of study.
1.2.2 Diagnosis of urolithiasis
Dogs with lower urinary tract signs may require imaging to determine if stone
disease is present. Several different imaging modalities are available for evaluation of
uroliths and selection of these modalities is multifactorial and can be dependent on
patient history, signalment and accessibility to different imaging modalities. A diagnosis
of urolithiasis without predicting their composition is insufficient to optimally select
effective therapy.
Survey radiography is a commonly available modality and is generally cost
effective and safe. Calcium oxalate and struvite uroliths are generally radiopaque; 1.7%
to 5.2% of these uroliths are not apparent on survey radiographs; however, these
undetected uroliths are generally small (<1 mm).28 Urate, cysteine, and calcium
phosphate calculi are variably radiopaque, and approximately 25% of survey
radiographs are interpreted as negative for these uroliths.28 Therefore, survey
4
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radiographs of stones in patients can help to rule in or out the presence of radiopaque
uroliths. The incidence of false negative results with survey radiography is 13% for all
urolith types.28 If survey radiology does not help determine the presence of uroliths,
contrast radiography can be attempted. Pneumocystography (negative-contrast
cystography) is more sensitive than survey radiography at detecting calculi, with a falsenegative rate of 6.5%.28 Double-contrast radiography, in which the bladder is distended
with gas and contrast medium is instilled (approximately 1 to 3 mL for a small dog and 3
to 5 mL for a large dog), further improves diagnostic accuracy for urolith detection, with
a false negative rate of 4.5%.28 Although double-contrast radiography is the most
sensitive method of counting calculi, an accurate count is obtained in only 53% of
cases.28 Although we can diagnose the presence of uroliths with radiography, this does
not predict urolith composition in vivo and therefore cannot accurately plan treatment or
predict urolith fragility.
Ultrasound is an excellent modality to evaluate uroliths that are non-radiopaque
or visible on survey radiographs. In addition, ultrasound is becoming more readily
available in a variety of different veterinary hospitals. Therefore, many small animal
patients are being diagnosed with urinary calculi at an earlier time. With ultrasound,
acoustic shadowing from the urolith is considered a cornerstone in urolith identification,
however, shadowing has been shown to occur less than 25% of the time for most
uroliths regardless of mineral type or ultrasound frequency.29 In people with kidney
stones, it has been shown that acoustic shadowing artifact is independent of the mineral
content of the nephroliths and that shadowing is related to size (height) of the calculus
and transducer frequency, with increasing height of the calculus and increasing
transducer frequency more likely to produce acoustic shadows.29 Conventional
ultrasound imaging using color Doppler, can help highlight the presence of uroliths by
generating an artifact called color Doppler twinkling artifact. This artifact is generated by
a random, strongly reflecting medium with a rough interface composed of individual
reflectors. It is theorized that this artifact is caused by the rough surface of a urolith
creating a strongly reflective media resulting in red and blue pixels in the far field of a
5

6

stationary urolith.30,31 This artifact adds important information in situations when
nonspecific hyperechoic sediment is present and is considered a sonographic sign in
the detection of calcifications and calculi.32 In clinical practice, the twinkling artifact can
improve the detection and analysis of urolithiasis.32
Computed tomography (CT) is also becoming a more readily available modality
in many small animal clinics and has emerged as the most sensitive and specific
modality for detecting ureteral calculi.33 In humans, CT is the standard of care in the
identification of renal and ureteral stones because of the improved sensitivity and
specificity compared to plain radiographs. Approximately 41-55% of ureteral stones that
are evident on CT were not evident on plain radiographs regardless of their
composition34 and the sensitivity for detecting kidney stones on CT is approximately
95%.35 Uroliths can easily be distinguished from surrounding soft tissue using CT.
Uroliths have a markedly different composition compared with renal parenchyma or
urine and they absorb considerably more radiation making them easily identifiable
without the need for contrast. Limitations to CT include cost and radiation exposure as a
standard CT scan can expose a patient to an effective dose of ionizing radiation of ~10
mSv.33
Although there are multiple imaging modalities that can identify the presence of
uroliths, these modalities fail to provide sufficient information on urolith composition
which can change treatment planning.
1.2.3 Treatment and management of urolithiasis
Multiple different treatment modalities exist for uroliths and are dependent on
several factors including urolith composition, number, location, sex and size of the
patient, clinical presentation, and financial limitations of the owner. In human medicine,
minimally invasive techniques, such as extracorporeal shockwave lithotripsy,
ureteroscopy, and percutaneous nephrolithotomy, are now standard of care techniques
that constitute primary treatment options recommended by the American Urological
Association and European Association of Urology (AUA and EAU) for the management
6
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of stone disease in adult and pediatric patients.36 Following a similar trend, stone
management has greatly evolved in veterinary medicine over the past decades, in part
because of a better understanding of stone disease in cats and dogs, development of
pediatric tools, availability of better diagnostic tools, and also because of the adaptation
and application of minimally invasive techniques used in human medicine to small
animal patients. In veterinary medicine, the ACVIM guidelines for the treatment of
uroliths in cats and dogs recommend that urocystoliths small enough to pass through
the urethra should be removed by medical dissolution, voiding urohydropropulsion,
basket retrieval, or other extraction procedures that do not involve surgical
intervention.17
Medical dissolution of struvite uroliths is possible providing the diet maintains an
average urine pH <6.5, ideally undersaturates the urine in minerals contributing to
urolith formation, and appropriate antibiotics are administered. 37–39 In almost all dogs,
struvite forms as a consequence of a urinary tract infection with bacteria that produce
urease (e.g. Staphylococcus sp.). 38 Consequently, antibiotics are paramount in
managing struvite urolithiasis in dogs. An appropriate antibiotic should be based on
results of a urine culture, obtained, if possible, by cystocentesis, submitted for culture
and sensitivity. The length of antibiotic treatment has recently been reviewed and
guidelines are provided by the International Society for Companion Animal Infectious
Diseases (ISCAID). 39 Other commonly encountered uroliths recommended for medical
dissolution include urate and cystine and therapeutic veterinary diets in conjunction with
drug therapy have been shown effective in partial or complete resolution of these
uroliths.17,40
Lithotripsy is a procedure that involves fragmenting uroliths by use of shock
waves or laser energy.41 The most common types of lithotripsy used in veterinary
medicine include extracorporeal shock wave lithotripsy (ESWL), electrohydraulic
lithotripsy (EHL) and laser lithotripsy.41 Extracorporeal SWL uses repeated shock waves
generated outside the body to fragment uroliths into many small pieces which can pass
through the urinary system. Extracorporeal shock wave lithotripsy has been previously
7
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described in veterinary patients for treatment of nephroliths and ureteroliths.42 ESWL
may be limited because of equipment cost and availability, urolith size and patient size.
43

Electrohydraulic lithotripsy (EHL) is the creation of an electric high-voltage spark

between two isolated electrodes located at the tip of a fiber to fragment uroliths. EHL is
the most economic method for veterinary application. Laser lithotripsy has become the
recommended ureteroscopic energy source in human medicine by the American
Urologic Association (AUA) due to its compatibility with rigid, semi-rigid, and flexible
ureteroscope, relative safety with regards to adjacent tissue injury, lower risk of stone
migration and efficacy for fragmenting all stone types.44 Laser lithotripsy is a safe and
effective alternative to surgical removal of urocystoliths and urethroliths in dogs and has
been reported in humans, horses, ruminants and pigs45–49. Laser fibers are passed
down the channel of a cystoscope and placed against the surface of the urolith to allow
for laser fragmentation. Once the fragments are estimated to be small enough to pass
through the urethra, they can be removed with a basket or by manually compressing the
bladder (voiding urohydropulsion). When laser lithotripsy was performed in dogs with
naturally occurring urolithiasis, urolith fragmentation was effective, but on average, it
took > 1 to 1.5 hours to complete urolith removal, with anesthesia time ranging from 1.52 hours. 42,50 The limiting factor of lithotripsy is usually the voiding of the fragments,
although fragmentation of the uroliths can also take some time. Also, greater lithotripsy
time is reported in male dogs than females for uroliths in the bladder with females
having substantially greater odds of success.22,50
Overall, management and prevention of urolithiasis requires knowledge on the
composition of the uroliths. Obtaining this knowledge in vivo would allow for appropriate
management of patients with various types of uroliths.
1.2.4 Methods for urolith analysis
There are several ex vivo methods of urolith analysis that provide information
that can be used for treatment and prevention of urolith recurrence. Historically,
qualitative analysis was offered at a number of commercial diagnostic laboratories.
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Qualitative methodology involved crushing the urolith (no identification of layers) and
applying dyes provided in a commercial kit. This chemical spot test results in a change
of color to the crushed urolith. Unfortunately, this simple diagnostic methodology did
not define which minerals were present in which layer of the urolith. Additionally,
chemical testing resulted in many false positive and false negative test results.
Consequently, the chemical spot test is no longer recommended in humans or in
veterinary patients.51 At the Canadian Veterinary Urolith Centre (CVUC), located in
Guelph, Ontario, Canada, uroliths can be evaluated by several quantitative
techniques.3,9,18
Quantitative analysis is now routinely recommended in people and animals and,
for animals, is performed at a small number of specialized veterinary laboratories. Each
layer of the urolith, identified with the aid of a dissecting microscope, is sampled. There
are several techniques available for quantitative analyses including polarizing light
microscopy, infrared spectroscopy, scanning electron microscopy (EM) with x-ray
microanalysis and x-ray diffraction. Optical crystallography involves an examination of
the sample to be crushed and examined in a polarized light microscope while immersed
in a liquid of known refractive index. By determining the refractive index of the various
crystalline components, their identity and proportion can be determined for each layer.
Scanning EM with X-ray microanalysis permits examination and analysis of very tiny
samples as individual crystals can be magnified. By measuring the x-rays emitted from
the sample when it is bombarded by the electron beam in the microscope, individual
elements present in the sample can be identified. Infrared spectroscopy is excellent for
identification of a wide range of organic materials and is invaluable for distinguishing
between the different types of urates seen in dogs. It can also be used to distinguish
calcium oxalate monohydrate from dihydrate, as well as the different phosphates such
as brushite and apatite. Infrared analysis has proven invaluable in the diagnosis of
some unusual uroliths including 2, 8 dihydroxyadenine.
Although these ex vivo methods provide an accurate method of urolith analysis
and help in providing treatment guidelines once uroliths are removed, in vivo methods
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are needed to provide information that could direct the practitioner on whether to
remove or medically dissolve uroliths. In vivo methods of determining the urolith
composition include radiographs, ultrasound, CT and dual energy CT that has been
previously assessed as a method to determine urolith composition and have had
variable results.21,52–60 Determination of urolith composition in vivo can be complicated
by the fact that multiple uroliths will have differing mineral compositions in their nidus
and shell. In vitro studies have shown that uroliths of different major mineral
compositions have differential susceptibility to comminution via lithotripsy.61

1.3 In vivo assessment of urolith composition
1.3.1 Dual energy CT
Dual-energy imaging exploits differences in the probability of the photoelectric
and Compton interactions and the variability of k-edges among various tissues (soft
tissue, bone and contrast medium) and the relative linear attenuation coefficients at
different energies.62 With Compton scattering, the incident x-ray photon ejects a weakly
bound outer shell electron, usually at a different angle. Photoelectric absorption occurs
when energy of an incident photon interacts with a tightly bound inner shell electron (Kshells). Based on the combination of these effects, tissues with small differences in
atomic numbers result in large differences in the probabilities of photoelectric
interactions. In dual energy CT, images are acquired at both high and low energies, and
the image data are combined into dual-energy measurements. The CT number or
Hounsfield unit (HU) is a dimensionless quantity defined as

The linear attenuation coefficient (μ) is the sum of the individual linear attenuation
coefficients for each type of interaction and is the probability per cm of an x-ray photon
interaction in a small thickness of tissue, which depends on the x-ray energy and
average atomic number of the tissue. In the diagnostic energy range, the linear
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attenuation coefficient decreases with increasing energy except at absorption edges
(e.g., K -edge).
The ability of dual energy CT to discriminate between two materials is highly
dependent on the difference between the characteristic CT number ratio (or index) for
each material, which is defined as the ratio of the CT number of a given material on the
low-energy image to the CT number of the same material on the high energy image.
The most common dual energy measurements are the dual energy number (low energy
CT number - high energy CT number) and the dual energy ratio (low energy CT number
÷ high energy CT number). The typical energy range for peak kilovoltage (kVp) in
diagnostic imaging is 60 to 140 kV and in this energy range there are two predominant
interactions between the incident photon and the atom: the photoelectric effect and
Compton scatter. The composition of materials can be determined by dual energy
imaging because there is a non-linear relationship between effective linear attenuation
coefficient for different materials at different energies. The ratio of the attenuation
coefficients obtained at two energies will be unique improving the delineation of
materials with similar linear attenuation coefficients. The most common dual energy
measurements are the dual energy number or dual energy ratio with the latter being the
most common method for classifying urolith composition.
Dual energy CT (DECT) imaging can be performed in a variety of different
methods. These can be performed either using single source or a specialized dual
source CT system. These include a single source CT scanner acquiring two
consecutive scans at different energies, dual source CT systems consisting of two tubes
operating at different voltages with corresponding detectors mounted orthogonally in
one gantry, a single source CT system capable of fast kilovoltage switching between
low and high energy voltage and a single source CT system equipped with an energyresolving detector. A specialized CT scanner called a single source scanner can rapidly
switch the kVp to achieve dual energy acquisition.63,64 Consecutive acquisition dual
energy CT was originally developed for single-source CT scanners that did not have the
built in hardware capability to allow near simultaneous dual energy scanning. The major
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limitation to this type of scan is the long delay between the low and high energy
acquisitions resulting in a long acquisition time.65 The difficulty in using a single source
CT system is switching the tube current (mA) with high temporal frequency since the
tube current is determined by the x-ray tube filament temperature, which cannot be
modulated at kilohertz rates due to the thermal inertia of the filament.54 This can be
avoided with the use of fast kilovolt-peak switching technology, also known as dynamic
switching.66–68 This fast switching time between high and low energy can decrease the
maximum x-ray flux compared with dual source CT systems. 65,69Dual source dual
energy CT became commercially available in 2006 and offers important advantages for
dual-energy scanning.70,71 Primarily, this CT system enables the acquisition of dual
energy datasets with relatively close spatial registration and reduces spatial and
temporal misregistration.72,73 Secondly, it allows similar output of the photon at both
voltages from a single generator. The major limitations to dual source CT is the smaller
scan field of view of the second detector which results in dual energy information only
able to be acquired within the area of the smaller detector and the orthogonal set up of
the two x ray sources with make it prone to cross-scatter radiation. 74
Dual energy CT interrogates the unique characteristics of different materials at
different x ray energies and provides quantitative information about the tissue
composition. Computed tomography attenuation values are related to material density in
a nonlinear manner. Use of a single-energy technique to obtain CT attenuation values
for uroliths was promising initially when conducted in vitro,57 but findings of subsequent
in vivo studies54,75–77suggest that single-energy CT scans have poor reproducibility and
the calculated attenuation for the various types of uroliths overlaps too much to be
useful. Dual energy CT provides quantitative information about tissue composition,
overcoming limitations of attenuation-based conventional single energy CT imaging.
Dual energy CT has been used to determine urolith composition in human patients with
varying success.54,56,78–82 The inability of dual energy CT to differentiate among urolith
types is that the linear attenuation coefficient is dependent on urolith density, and that
density can be independent of urolith composition. The physical density of a urolith may
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vary sufficiently such that it obscures differences in the densities of various composing
minerals. Theoretically, the dual energy CT ratio should be unaffected by urolith density
because the numerator and denominator are equally affected by the density. However,
a urolith composed of a high-density material may cause greater beam hardening
during the low-energy scan than during the high-energy scan, which could result in the
density having an unequal effect on the numerator and denominator of the dual energy
CT ratio.
Although dual-energy CT can measure the attenuation properties of tissue at two
different peak x-ray energies and can provide a measure of effective atomic number,
DECT has shown inconsistent results at determining urolith composition. There have
been some reports that have shown DECT to be extremely effective at discriminating
uric acid uroliths from non-uric acid uroliths53,83 while there have been other conflicting
reports demonstrating that DECT could differentiate all urolith types. For instance,
Mostafavi et al. and Saw et al. evaluated the density of uroliths with the high energy
settings and showed that calcium containing uroliths could be differentiated from all
other uroliths except brushite, and that magnesium ammonium phosphate uroliths could
be differentiated from cystine uroliths. 57,62,84 Similarly, Nykamp confirmed that urate
uroliths could be differentiated from other types; however there was no single DECT
measurement that could differentiate all uroliths.21 The trend in the literature is that dual
energy CT can accurately differentiate between calcium containing, cystine, and urate
uroliths but cannot differentiate struvite uroliths from other types and cannot differentiate
between the types of calcium containing uroliths. To address these inconsistencies, it is
necessary to understand the principles of dual energy CT and potential reasons for the
marked variability in DECT results.
Potential reasons for the marked variability in the DECT results include errors in CT
measurements related to beam-hardening artifact, partial-volume averaging,
misregistration of the dual-energy images associated with patient motion between
images, and CT scanner calibration errors. Although partial-volume averaging can affect
individual density measurements, it should not affect dual-energy calculations because
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both the high- and low-energy measurements will be affected in a similar manner.83
These errors limit prediction of urolith composition; however, their effect on urolith
fragility is unknown.
Prior to undergoing lithotripsy, obtaining information of the urolith composition,
surface roughness and presence of any internal cracks is pivotal to predict candidates
that may undergo a successful lithotripsy. Some human studies have ranked the fragility
of various uroliths based on composition while other studies have shown significant
variability in fragility amongst uroliths of the same composition.85,86 Variation in fragility
can also exist amongst similar mineral compositions between different species. For
instance, in veterinary medicine, feline patients with calcium oxalate uroliths show more
resistance to fragmentation than calcium oxalate uroliths obtained from dogs. 61 A
postulation on why there exists variation among feline and canine uroliths is thought to
be due to the microstructural differences with canine uroliths exhibiting a lucent core
and lamellation. 85 Thus, knowing the major composition of a urolith may not allow
adequate prediction of its fragility in lithotripsy treatment. The variation in urolith
structure could underlie the variation in urolith fragility type. This sparks the question on
whether fragmentation by lithotripsy would be more successful in uroliths with a
heterogeneous and laminated structure than uroliths with a homogeneous structure. A
predictable model to assess the basis of urolith fragility based on surface roughness
has not been identified.
1.3.2 Methods to assess urolith fragility
Computed tomography allows visualization of a reconstructed 2-D image of a
uroliths structure, which can be reconstructed into multiple viewing planes. Evaluation of
a uroliths surface can be performed by various methods including subjective
visualization87,88 and statistical methods.76,89–93 Subjective visualization methods vary
with some studies examining uroliths subjectively and characterizing them by
heterogeneity in density from pixel to pixel. These heterogeneous regions are
postulated to consist of a matrix without salts, cavities within the urolith or variation in
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composition reflecting spatial variations in the ratio of the specific salts.94 Other
subjective visualization has been performed by classification between uroliths that have
internal void regions being classified as heterogeneous and homogeneous uroliths
lacking these internal void regions.87 Statistical methods include urolith heterogeneity
index (SHI), variation coefficient of stone density (VCSD) and the computed tomography
texture analysis (CTTA). 89,95–98
Stone heterogeneity index (SHI) records the standard deviation of Hounsfield unit
(HU) on non-contrast computed tomography and is used to quantify the amount of
variation or dispersion of data values. 89 Another predictive parameter associated with
stone heterogeneity is variation coefficient of stone density (VCSD) which is the
standard deviation divided by the mean value.95 This parameter is generally used to
compare dispersion between multiple groups with different average values. A newer
method to quantify heterogeneity in CT is the computed tomography texture analysis
(CTTA) allows quantification of heterogeneity on CT through extracting spatial
information that may not be perceptible to the naked eye.96 This CTTA method of
quantifying stone heterogeneity did not improve the predictive ability of lithotripsy
outcome. 97 Although the composition of a urolith and correlation with fragility in
lithotripsy has been previously examined,

98

the surface characteristics of the urolith

using CT surface characteristics and correlation with urolith urolith fragility remains to be
done.

1.4 Color Doppler Ultrasound
Color Doppler sonography is an ultrasound-based non-invasive medical imaging
technique that is used for detection and quantification of vascular blood flow. Blood
velocity, which is usually calculated from the Doppler frequency shift, is then
superimposed on anatomic grayscale B-mode images.99 Although the Doppler effect is
expected to occur only in response to object movements, many users have reported the
presence of pixels with varying color patterns when some non-moving and highly
acoustically reflective structures are imaged.
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1.4.1 Color Doppler twinkling artifact
The twinkling artifact was first introduced in 1996 by Rahmouni et al.100 This
artifact was described as a rapidly changing mixture of red and blue pixels behind
stationary and strongly reflecting media with rough surfaces.32
Figure 0-1: Example of color Doppler twinkle artifact on B-mode ultrasound. A
canine urinary stone placed in a silicon well filled with saline and imaged with a
curvilinear transducer with a color Doppler window placed over the stone.

Although the exact mechanism of twinkling artifact generation remains
incompletely known, different hypotheses have been proposed to explain its origin.
Based on the hypothesis of Rahmouni et al, when an ultrasound pulse reflects from a
rough and strongly reflecting surface, it produces a prolonged complex echo, the
morphologic characteristics of which are highly sensitive to its trajectory.100 Any small
variation in the position of the ultrasound probe (e.g. due to shaking of the operator’s
hand) will saturate the velocity estimator and will be interpreted as a random quick
movement. In another hypothesis, Kamaya et al considered the intrinsic phase (or
clock) jitter of the system as the source of the trajectory variations in successive
echoes.101 Phase jitter is caused by the slight random time fluctuations in the digital
clock that synchronizes the firings of the ultrasound pulse transmissions. Because rates
of change in phase represent Doppler shifts in color and spectral Doppler signals, if
there is a fluctuation in the clock sampling of a signal, there will be a perceived Doppler
shift even if there is no true motion. 101 In all of the hypotheses, the surface roughness
of the imaging medium and the random deflections of the successive ultrasound pulses
are considered the main factors responsible for twinkling artifact generation.32,99,101,102
Given this artifact is generated by uroliths with a rougher surface, this artifact could be
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considered as a non-invasive tool for characterization of surface roughness of internal
calcifications of uroliths.
1.4.2 Calibration of the machine parameters
The type of Doppler system and its settings have a strong and complex influence
on the appearance of the twinkling artifact.101 The generation of the twinkling artifact is
highly dependent on machine settings such as the pulse repetition frequency, colorwrite priority, and grayscale gain. System calibration is a necessary step prior to
ultrasound image acquisition. In calibrating the system for color Doppler twinkling
artifact generation, the goal is to choose the settings at which the highest twinkling
artifact intensity along with the lowest non twinkle color noise or background data is
obtained. This will facilitate analysis of the artifact and improve accuracy of the results.
Jamzad et al has investigated each system parameter separately such as scale (pulse
repetition frequency), balance (color write priority), focal zone, grayscale, and color
gain, color map, display mode and frame average.99 Although these values are specific
to the phantom and imaging system used in his work, an appropriate generalized
calibration method has been proposed for each of the system parameters which
facilitates the subsequent analysis of the color Doppler twinkling artifact. In theory, if the
system parameters are kept unchanged during the entire data acquisition procedure,
the twinkling artifact intensity will depend solely of the surface roughness.99
1.4.3 Quantitative evaluation of color Doppler twinkling artifact
Several quantitative methods have been proposed to measure twinkling artifact
intensity in the literature. In most studies, only the presence or absence of the twinkling
artifact in color Doppler images was investigated. 103–106 In some other studies, the
intensity of the twinkling artifact was qualitatively graded with descriptions such as weak
and strong based on its appearance.31,32,99,102,107 Quantification of color Doppler using
different computer software has been previously described to evaluate ovulation in the
bitch.107 Studies focusing on evaluation of color Doppler generated by the twinkling
artifact have created a numerical criterion that is simply based on the number of color
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pixels in the twinkling artifact.24–26,48 Multiple features have been used to evaluate
numerical twinkling artifact measures in roughness characterization including the pixel
count, statistical analysis and gray level co-occurrence matrix features. The efficiency of
these measures in roughness differentiation has been investigated and has shown that
the novel pixel count feature of the average number of all color pixels was ranked first
by all ranking methods.99 This proposed twinkling artifact analysis method could
recognize the phantom surface roughness with average accuracy of 98.33%. 99
Therefore, this method may be applicable for noninvasive calculi characterization of
surface roughness and potential management of the treatment.
1.4.4 Color Doppler twinkling artifact and urolith composition
There have been a handful of studies that have investigated the relationship
between the color Doppler twinkling artifact and the chemical composition of the
uroliths. The first study by Chelfou et al. found an in vitro relationship existed between
the twinkling artifact and the morphology of uroliths.108 They found that color Doppler
could play a role in detecting dense calcium oxalate monohydrate calculi and this may
help predict fragmentability. Following this study, other in vitro studies by Lee et al109
and Louvet30 detected twinkling artifact regardless of the composition of the uroliths.
Following this study Alan et al.31 and Hassani et al110 found conflicted results on the
ability of twinkling artifact to differentiate different urolith types. These differences could
be secondary to the different surface morphology, sizes, or even different sources
(humans or animal). Also, these studies only quantified the presence or absence of
twinkling artifact based on Chelfou et al108 prior work which might not be accurate
enough to recognize tiny differences. This was addressed later by Shang et al111 who
quantified the color pixels in artificially produced uroliths. This in vitro study on artificial
uroliths confirmed that the appearance of the twinkling artifact was highly dependent on
urolith composition and size.111 Interestingly, in this study the surface roughness of the
uroliths were artificially produced with a homogeneous and relatively smooth surface.
Therefore, this indicates that twinkling artifact is not limited by the surface roughness of
the urolith but the composition of the uroliths play a role in the generation of the artifact.
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1.5 Urolith fragility
Numerous previous studies have been performed, in people, that describe the
relationship between extracorporeal shock wave lithotripsy and urolith composition. 95,98
These studies have shown that uric acid uroliths are generally softer and more easily
fragmented with shock wave lithotripsy in comparison to urolith compositions such as
brushite and cystine which are generally harder and are often resistant to ESWL.
Studies successfully correlating the fragility of different uroliths to laser lithotripsy and
DECT measurement or twinkling artifact are lacking.
1.5.1 Assessment of urolith fragility using dual energy CT
Given that multiple previous studies have failed to accurately differentiate among
composition of uroliths using DECT measurements in vitro, it is unlikely that DECT will
be clinically useful for determining urolith composition in vivo. However, the primary
clinical question is to predict the response of uroliths to laser lithotripsy and correlate the
fragility of uroliths to DECT measurements so that appropriate selection between
surgical and non-invasive treatment such as laser lithotripsy can be performed. Some
studies have shown that CT attenuation values of uroliths can help to differentiate
uroliths that are likely to fragment easily from those that would require a greater duration
of fragmentation.77 Therefore, dual energy CT measurements obtained from different
urolith compositions could correlate with fragility of uroliths undergoing laser lithotripsy.
If the dual energy measurements of dual energy number and the dual energy ratio can
predict urolith fragility using laser lithotripsy, then pre-operative dual energy CT
scanning can be performed to select the appropriate patients to undergo laser lithotripsy
which have the highest likelihood to have a successful laser lithotripsy. A successful
laser lithotripsy procedure is determined by fragmentation of the uroliths small enough
to pass through the urethra. A classification scheme that is independent of composition
and is based solely on the mineral content of uroliths may provide a more clinically
relevant system that will predict which uroliths will respond well to lithotripsy. Patients
who do not have dual energy measurements that correlate with a successful laser
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lithotripsy can undergo a more invasive procedure such as cystotomy and avoid the
additional cost and anesthesia associated with two procedures.
1.5.2 Assessment of urolith fragility using color Doppler twinkling artifact
There is wide variability in urolith fragility within groups of uroliths having the
same mineral composition. This suggests that variation in urolith structure and surface
characteristics could also play a role in fragmentation of uroliths by laser lithotripsy. The
presence and intensity of the Color Doppler twinkle artifact has been previously
positively correlated with the surface roughness of uroliths.31,32,99,103,111 Therefore,
qualitative and quantitative Color Doppler twinkling artifact, which is influenced by
surface roughness, could be correlated with fragility of uroliths by laser lithotripsy to
evaluate a correlation between these parameters. There has been an association
between twinkling artifact and fragmentation by extracorporeal shock wave lithotripsy. A
study found that, in the cases where ESWL was applied, as the grade of artifact
increased, the number of ESWL sessions necessary for the treatment decreased.31 This
leads to the possibility that the grade of twinkling artifact; either determined qualitatively
or quantitatively could relate to fragility of uroliths undergoing laser lithotripsy.
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1.6 Rationale, objectives, and hypotheses
1.6.1 Rationale
Given that the current best standard of care according to the most recent ACVIM
consensus statement in treating canine urolithiasis from the bladder/urethra is treatment
by non-invasive methods, establishing reliable in vitro methods to help guide treatment
is critical. Determining which candidates can undergo a successful lithotripsy procedure
could avoid unnecessary urinary bladder mucosal damage/hemorrhage and extended
anesthetic costs and time. Several studies have found varied results in determining the
urolith composition in-vivo using DECT and twinkling artifact measurements. Currently,
a reliable method to accurately predict urolith composition in vivo does not exist.
However, it may not be the composition of the urolith that correlates with fragility but
rather the urolith structure including the surface characteristics and roughness. Given
that the urolith structure and roughness can help determine urolith fragility, an in vivo
method to determine surface characteristics could aid in determining urolith fragility.
Color Doppler twinkling artifact is a rapidly changing mixture of red and blue pixels
behind stationary and strongly reflecting media in which it is postulated that the surface
roughness of the uroliths determines the intensity of this artifact. Since this artifact
should be greater with uroliths with a rougher surface, this could be considered a
noninvasive tool for characterization of surface roughness of internal calcifications of
canine uroliths. This could provide an additional in-vitro noninvasive method to help
determine whether candidates can successfully undergo laser lithotripsy. The
combination of both of these modalities and the measurements derived thereof, the
information garnered from these studies could be used to more adequately assess
patients who are good candidates for non-invasive laser lithotripsy.
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1.6.2 Objectives and hypothesis
Objective 1: Determine whether uroliths bathed in a synthetic urine bath will have a
statistically different increase in their overall weight.
Hypothesis 1: There will be no discernable increase in the weight of the urolith when
submerged in synthetic urine for a prolonged period of time.
Objective 2: Determine whether Dual energy CT measurements including dual energy
number (low energy CT number - high energy CT number) and the dual energy ratio
(low energy CT number ÷ high energy CT number) correlate with urolith fragility by laser
lithotripsy. Determine the surface roughness of these uroliths by qualitative methods to
correlate this finding with urolith fragility by laser lithotripsy.
Hypothesis 2: Uroliths with a higher dual energy number and dual energy ratio will have
a lower success rate than uroliths with a lower dual energy number and dual energy
ratio with a positive correlation between the mean dual energy number and ratio and the
time to fragmentation. Uroliths with a heterogeneous and rough surface will have a
shorter time to fragmentation than uroliths with a homogeneous and smooth surface.
Objective 3: Determine whether the color Doppler twinkle artifact measurements both
qualitatively and quantitatively determined will correlate with the urolith fragility by laser
lithotripsy and will correlate with the qualitative assessment of surface roughness
determined grossly and by CT evaluation.
Hypothesis 3: Uroliths with higher qualitative and quantitative color Doppler twinkle
artifact will have higher success rates for fragmentation undergoing laser lithotripsy with
shorter procedure times and times to fragmentation. Twinkle artifact grade will be higher
in uroliths with greater surface roughness assessed both grossly and by CT evaluation.
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2 Chapter 2: Urolith hydration
2.1 Introduction
Uroliths obtained by surgical removal, naturally voided, voided with assistance, or
fragmented with lithotripsy are submitted to centers that offer quantitative analysis.
Quantitative analysis for animals is performed at a small number of specialized
veterinary laboratories. In quantitative analysis each layer of the urolith, identified with
the aid of a dissecting microscope, is sampled. There are several techniques available
for quantitative analyses including polarizing light microscopy, infrared spectroscopy,
scanning electron microscopy (EM) with x-ray microanalysis and x-ray diffraction. In
Canada, the Canadian Veterinary Urolith Centre (CVUC) in Guelph, Ontario receives
the majority of canine uroliths from Canada with only approximately 6% of uroliths being
international.1,2 When uroliths from a patient are submitted to the CVUC, there are often
multiple uroliths submitted from the same patient. In cases where multiple uroliths (in
some cases hundreds of uroliths) are present within the same dog, representative
uroliths, based on size, shape, appearance, should be quantitatively analyzed. Similar
uroliths (based on size, shape, appearance) can then be saved. Uroliths that are
submitted to the CVUC have already undergone evaporation of the liquid on the surface
given the time that has elapsed from collection of the uroliths from the patient to the
process of quantitative analysis at the urolith center. The uroliths that are set aside and
do not undergo quantitative analysis can be stored at the urolith center for a variable
amount of time which could lead to further evaporation of liquid in the urolith.
For quantitative urolith analysis, it is recommended that uroliths be submitted dry
and not in a container with formalin or urine. In one study, it was shown that after
exposure to formalin, a portion of every struvite urolith was transformed into newberyite
and a significant number of ammonium urate uroliths dissolved in the formalin.3 To
avoid misdiagnosis of mineral composition, transportation of uroliths submersed in
formalin is not recommended. Additionally, spillage of formalin in transport could pose a
health risk to some individuals.
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Uroliths should not be submitted submersed in urine as characteristics of urine can
change over time and with temperature fluctuations. In vitro crystal formation is possible
which could alter urolith composition (surface crystals may form which were not there in
vivo). For example, urine that sits for >60 minutes or urine that is exposed to cold
temperatures can promote formation of calcium oxalate dihydrate crystals.4
Overall, the amount of water that is initially present within these uroliths would
determine not only the amount of water that undergoes evaporation but also the
difference in mass while these uroliths dry. The different compositions of the uroliths
may also lead to subtle differences in the amount of water a urolith can contain due to
differences in the structural composition of the urolith such as porosity or lamellation
patterns. Therefore, when using these uroliths in experimentation and placing them in a
simulated bladder model, the liquid bath that these uroliths are submerged in may
contribute to an increase in the mass of the uroliths. This may lead to a disproportionate
increase in mass based on the primary urinary composition of the urolith.
Uroliths are often stored in a dry environment at room temperature for weeks,
months to years. This environment is different than the natural environment where a
urolith is formed in the urinary bladder and the urolith is bathed in urine which has
specific compounds and pH.
Prior to assessing uroliths for fragility, it is important to assess whether they would
imbibe water that may change the mechanical properties. The purpose of this study was
to determine whether there is a change in the weight of the urolith over time when the
uroliths were fully submerged in a synthetic urine solution.
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2.2 Materials and Methods
A total of fourteen canine urinary bladder uroliths were obtained from the
Canadian Veterinary Urolith Center (CVUC). These uroliths were retrieved from patients
in which quantitative analysis of the uroliths were previously performed and therefore
knowledge of the urolith composition had been recorded. All uroliths collected were
intact and contained no grossly visible defects. The collected urinary uroliths comprised
the most submitted uroliths and included four types of uroliths: struvite, ammonium
urate, calcium oxalate and cystine. The size of the uroliths ranged between 3-6mm in
maximal diameter as measured by a caliper. Each urolith had been stored at the
Canadian Veterinary Urolith Center (CVUC) for anywhere between several days to
years and was stored in a dry plastic container.
A synthetic urine solution was created to bathe the uroliths according to a
previously published recipe (Table 2-1). To create the synthetic urine solution,
approximately 1.5 liter (L) of deionised water and a stir bar was added to a clean 4L
flask. While stirring, the dry ingredients were weighed individually using a 1000microgram scale and added to the 4L flask. The dry ingredients included sodium
chloride (NaCl), sodium sulfate (Na2SO4), monopotassium phosphate (KH2PO4),
potassium chloride (KCl), ammonium chloride (NH4Cl), urea, creatinine, and tryptic soy
broth (Difco). The liquid ingredients were then measured separately and added together
into the 4L flask. The liquid ingredients include calcium chloride (CaCl2), magnesium
chloride (MgCl2), sodium citrate (Na3C6H5O7) and sodium oxalate (Na2C2O4). Following
addition of all the constituents, the volume of the flask was then topped up to
approximately 3L. The pH of the solution was adjusted to 5.8. Then the total volume of
solution was topped up to 4L. The 4L of liquid was then filtered using a 0.2 micrometer
filter.5
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Table 2-1: Synthetic urine constituents
Reagents

Amount per 4L

Calcium Chloride (CaCl2)

177.6mL of 10mM stock

Magnesium Chloride (MgCl2)

127.84mL of 10mM stock

Sodium Citrate (Na3C6H5O7)

88.48mL of 10mM stock

Sodium Oxalate (Na2C2O4)

59.68mL of 10mM stock

Sodium Chloride (NaCl)

18.4g

Sodium Sulfate (Na2SO4)

9.2g

Monopotassium Phosphate (KH2PO4)

11.2g

Potassium Chloride (KCl)

6.4g

Ammonium Chloride (NH4Cl)

4g

Urea

100g

Creatinine

4.4g

Tryptic soy broth (Difco)

40g
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Prior to rehydration, the uroliths were weighed using a 1000-microgram scale
(Ohaus Adventurer® Balance Scale) which was repeated in triplicate. The mean of
these three weights was recorded as the initial weight of each urolith. The fourteen
collected canine uroliths were then placed in a sterile urine container in which a letter
was assigned randomly to each urolith. Each urolith was completely submerged within a
bath of synthetic urine by filling the sterile urine container with 60ml of the previously
prepared synthetic urine solution. Subsequently, at each allocated time, each urolith
was removed from the urine bath and left to dry for 30 minters on a paper towel then
weighed a total of three times each. The time intervals that weighing occurred was at
1h, 2h, 3h, 4h, 8h, 12h, 24h 72h, 1 week, 2 weeks, 3 weeks, 4 weeks, 2 months, and 3
months. The mean of these three weights was recorded as the weight at each allocated
time. The sterile urine containers were kept in a fridge at 40° F (4° C) to avoid any
bacterial growth in the urine solution.
The recorded weights for the uroliths were then assessed. The uroliths weight over
time was assessed with a general linear model and significance set at p>0.05.
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2.3 Results
The fourteen uroliths collected were comprised of four types: struvite (4),
ammonium urate (3), calcium oxalate (3), and cystine (2). The uroliths ranged in size
from 3-6mm in maximal diameter.
The fourteen urolith used for urolith hydration and the data collected prior to
rehydration Table 2-2 and change in weight over time is plotted in Figure 2-1.
Table 2-2: Uroliths used for urolith hydration
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There was no significant change in weight over time for any of the different urolith
types with a p value of 0.9118 for time and p value of 1.000.

Figure 2-1: Change in weight over time of urate, cystine, struvite and calcium
oxalate uroliths in a synthetic urine solution
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Urolith types varied in weight with struvite being the heaviest with the mean being
1.02474 and a confidence interval with a lower limit of 0.76689 and an upper limit of
1.36929. Calcium oxalate was the next heaviest urolith with a mean of 0.19142 and a
lower limit of 0.14325 and an upper limit of 0.25577. Then ammonium urate was the
next heaviest with a mean of 0.12000 and a lower limit of 0.08587 and upper limit of
0.167700. The lightest urolith was cystine with a mean of 0.03943 and a lower limit of
0.0261 and an upper limit of 0.05941.
There was a significant difference between the types for weight with a p value
<0.0001. Tukey adjusted p values were performed between each urolith type. The
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significant uroliths were ammonium urate and cystine with an adjusted p value of
0.0003, ammonium urate and struvite with an adjusted p value of <0.0001, calcium
oxalate and cystine with an adjusted p value of <0.0001, calcium oxalate and struvite
with an adjusted p value of <0.0001 and cystine and struvite with an adjusted p value or
<0.0001.

2.4 Discussion
Uroliths collected from urolith centers have undergone evaporation of the liquid on
their surface dependent on the time that has elapsed from the collection of the uroliths
within the patient to the process of quantitative analysis at the urolith center.
Subsequently, some of these uroliths taken from the same patient are set aside and do
not undergo quantitative analysis. These uroliths can be stored at the urolith center for a
variable amount of time which could lead to further evaporation of liquid in the urolith.
When four different types of uroliths (struvite, ammonium urate, calcium oxalate
and cystine) were soaked in a synthetic urine solution over a period of three months,
there was no significant change in the weight of any type of urolith. This demonstrated
that rehydrating the uroliths did not lead to an increase in the total weight of the urolith.
An explanation for the lack of change over time with weight is that the liquid that
was absorbed by the urolith may not have been discernable on a 1000mg scale and
therefore may have gone unnoticed during plotting of the weights over time. Another
reason there may have not been a significant change in weight over time for any of the
urolith types may have been the composition of the uroliths. The structural composition
of the urolith such as porosity or lamellation patterns may not have allowed for the
absorption of water through the urolith. Therefore, rehydrating the uroliths in a liquid
solution may not have led to a discernable increase in the amount of water absorbed by
the uroliths. Overall, there was no significant change in the weight over time for any of
the four different types of uroliths.
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There was a difference in the weight of the urolith based on urolith type with a
decrease in the weight from struvite> calcium oxalate> urate > cystine. This difference
is attributed to the fact that struvite uroliths measured on the upper limits of the maximal
diameter reference range (3-6mm) and cystine uroliths measure on the lower limits of
the maximal diameter reference range. In fact, urocystoliths > 10mm in any dimension
were >92% likely to be magnesium ammonium phosphate hexahydrate (MAP) or
struvite. 6 Cystine uroliths grow very slowly and have a waxen, slippery surface which
cause them to be easily washed out with urine unseen in female dogs. 7Another paper
reported that 67.5% of cystine uroliths to be less than 5mm in size.8 Therefore, struvite
uroliths are more likely to form larger calculi in the urinary bladder whereas cystine
uroliths are more likely to form smaller calculi.

2.5 Conclusion
When four different types of uroliths (struvite, ammonium urate, calcium oxalate
and cystine) were submerged in a synthetic urine solution over a 3-month time interval
there was no significant change in weight over time as measured on a 1000mg scale.
There was a significant difference in weight for urolith type with a decrease in the weight
from struvite> calcium oxalate> urate > cystine.
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3 Chapter 3: Dual-energy computed tomography scan of canine
uroliths to determine urolith fragility by laser lithotripsy
3.1 Introduction
Uroliths are a commonly encountered clinical problem in dogs with the majority
reported in the bladder and less frequently in the urethra, kidney, and ureter. Uroliths
are responsible for approximately 18% of veterinary consultations in dogs with lower
urinary tract disorders in North America. 1 A standard of care for the approach to
diagnosis and treatment of dogs and cats with lower urinary tract uroliths has been
proposed. The most recent American College of Veterinary Internal Medicine (ACVIM)
consensus statement on the treatment and prevention of uroliths in dogs and cats
discourages cystotomy as the primary solution for uroliths and recommends that
urocystoliths likely to cause urinary obstruction, recurrent infection or associated with
clinical signs be removed by minimally invasive procedures.2 The rationale associated
with this recommendation is that incision-less procedures are associated with shorter
hospitalization, shorter anesthesia time and faster patient recovery. In addition, avoiding
cystotomy and closure of the bladder with sutures eliminates the risk of suture-induced
urolith recurrence as suture induced urolith recurrence is associated with a 9%
recurrence of urocystoliths.3 The morbidity and mortality associated with treatment of
uroliths have decreased significantly with technical advancements that have led to a
shift from open surgery to minimally invasive procedures. These minimally invasive
procedures that are recommended include medical dissolution, voiding urohydropulsion,
percutaneous cystolithotomy and intracorporeal laser lithotripsy. However, medical
dissolution only pertains to a few urolith types including compositions of struvite with
some success associated with urate and cystine. 2
Intracorporeal laser using cystoscopic guidance lithotripsy is a safe and effective
minimally invasive procedure and involves intracorporeal fragmentation of uroliths using
laser energy. 4 In contrast to cystotomy, cystoscopic laser lithotripsy permits access to
the entire lower portion of the urinary tract without incising the bladder or urethra. This
technique offers an alternative to surgical removal of urocystoliths and urethroliths in
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dogs and eliminates the risks associated with cystotomy including suture-induced urolith
recurrence.3,5 However, not every patient is considered for lithotripsy as there are
several factors that determine whether a candidate is amenable to laser lithotripsy. The
most pertinent selection criteria for candidates includes the size of the patient, stone
burden, size, shape, location, and composition of the stone(s).
Dual-energy imaging exploits differences in the probability of the photoelectric and
Compton interactions and the variability of k-edges among various tissues (soft tissue,
bone and contrast medium) and the relative linear attenuation coefficients at different
energies.6 In dual energy CT, images are acquired at both high and low energies, and
the image data are combined into dual-energy measurements. The ability of dual
energy CT to discriminate between two materials is highly dependent on the difference
between the characteristic CT number ratio (or index) for each material, which is
defined as the ratio of the CT number of a given material on the low-energy image to
the CT number of the same material on the high energy image. The most common dual
energy measurements are the dual energy number (low energy CT number - high
energy CT number) and the dual energy ratio (low energy CT number ÷ high energy CT
number).
Acquisition of dual energy CT (DECT) imaging can be performed by a variety of
different methods. These can be performed either using single source or specialized
dual source CT systems. These include a single source CT scanner acquiring two
consecutive scans at different energies, dual source CT systems consisting of two tubes
operating at different voltages with corresponding detectors mounted orthogonally in
one gantry, a single source CT system capable of fast kilovoltage switching between
low and high energy voltage and a single source CT system equipped with an energyresolving detector.
While most studies have focused on in vivo determination of stone composition, in
the humans and animals there is not only variability in the fragility of stones of different
45

46

compositions, but also between stones of the same composition meaning in vivo
determination of true stone composition is not a helpful predictor for patients that could
successfully undergo lithotripsy.7,8,9 Surface roughness and internal cracks are also
factors that may influence the fragility of stone. Evaluation of uroliths by Hounsfield
units, dual energy, surface roughness and internal cracks compared to fragility may be
better measures to predict the outcomes of lithotripsy and select appropriate patients
which have the highest likelihood to have a successful laser lithotripsy.
The objective of this study is to determine whether dual energy CT measurements
including dual energy number and the dual energy ratio correlate with urolith fragility by
laser lithotripsy, to determine if the surface roughness using computed tomography can
be correlated with urolith fragility using laser lithotripsy; and to determine if any
combination of these CT parameters can predict urolith fragility.
The hypothesis is that uroliths with a higher dual energy number and dual energy
ratio will have a lower success rate than uroliths with a lower dual energy number and
dual energy ratio with a positive correlation between the mean dual energy number and
ratio and the time to fragmentation. Uroliths with a heterogeneous and rough surface
will have a shorter time to fragmentation than uroliths with a homogeneous and smooth
surface.
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3.2 Materials and Methods
A total of forty-nine canine uroliths obtained from the Canadian Veterinary Urolith
Centre (CVUC) were collected. These uroliths had undergone quantitative analysis at
the CVUC prior to retrieval and were comprised of four different types of uroliths
including struvite (29), cystine (4), calcium oxalate (14) and ammonium urate (2). Each
urolith was placed into an individual well in a silicon mold that contained a total of 20
semicircular wells. Each individual urolith was placed into a well which was then filled
with saline (0.09% NaCl) solution.
The uroliths were then scanned using a GE 16 slice third generation CT scanner
with fan beam geometry. (Figure 3-1) Two sequential scans were acquired using two
differing kVp values at 140 kVp and 80 kVp while keeping the mAs constant at 100
mAs. A 30cm x 18cm scan field of view using an axial scan with a slice thickness of
0.625 mm and isotropic resolution was used. A soft tissue reprocessing algorithm and
bone soft tissue algorithm was used in the image reconstruction process. Computed
tomographic images evaluated using an external open source DICOM medical image
viewer (Horos TM).

Figure 3-1: Silicon mold with urinary uroliths placed on the CT scanner patient
table
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3.2.1 Quantification of DUAL energy number and energy ratio

Similar to previous studies10, to obtain the average CT number a manual region
of interest (ROI) was drawn in the center of the urolith in both the high and low energy
CT scans. (Figure 3-2) The mean, minimum, and maximum Hounsfield units (HU) were
recorded and this was performed a total of three times. The three acquired mean
Hounsfield units recorded were then averaged to obtain the low energy CT number and
high energy CT number. Next, the dual energy number was calculated by taking low
energy CT # – high energy CT #. Then the dual energy ratio was calculated by taking
low energy CT # ÷ high energy CT #. This was performed for each urolith that was
scanned for a total of forty-nine canine uroliths.
Figure 3-2: Manual ROI drawn in the center of a canine urinary urolith in a
transverse plane and viewed with a soft tissue algorithm

3.2.2 Qualitative assessment of surface roughness and internal cracks of the
uroliths on CT
Each urolith was analyzed in three planes including transverse and reformatted
sagittal and dorsal views to assess the surface characteristics of the uroliths. This was
performed two times each by a board-certified radiologist and a board eligible radiology
resident. Each urolith was categorized into three categories as either smooth, borderline
or rough. (Table 3-1) The presence or absence of internal cracks was also recorded.
The number of cracks was not analyzed but any urolith that contained a single crack
was categorized into the crack category and any urolith that lacked any cracks was
categorized as having no cracks.
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Table 3-1: Qualitative assessment of surface roughness using CT
Surface type

Description

Photo

Smooth

the entire surface of the
urolith is smooth with no
evidence of cracks

Borderline

the uroliths surface
contains one or multiple
cracks

Rough

the uroliths surface is
diffusely irregular

3.2.3 Laser lithotripsy of canine urinary uroliths
All forty-nine canine uroliths underwent laser lithotripsy using a bladder phantom.
The bladder model was designed with 2mm holes in the bottom of the latex model so
that fragments of uroliths smaller than 2mm would fall through the holes. This maximal
size was selected as uroliths smaller than 2mm should be able to pass through the
urethra. The bladder model was secured to the bottom of a rectangular metal tray by
four magnets. (Figure 3-3)
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Figure 3-3: Urinary bladder model in rectangular metal tray and immersed in
sterile saline

A PowerFlex 365R Ho:Yag laser fiber was used attached to a VersaPulse
Powersuite Holmium 20w. The parameters on the machine were kept constant for each
procedure with the energy at 1.2 joules, rate at 8 hertz and power at 9.6 watts.
Laser lithotripsy was performed by a board eligible radiology resident that has
obtained training from an internal medicine specialist with experience with laser
lithotripsy procedures. Proper laser safety training was also taught during the training
sessions. Prior to performing lithotripsy on the forty-nine canine uroliths, this individual
had practiced breaking the four urolith types (struvite, cystine, calcium oxalate and
ammonium urate) two times for each urolith type for a total of 8 practice canine uroliths.
Each individual urolith was weighed on a 100 microgram scale prior to the start of the
procedure.
The rectangular tray containing the bladder phantom was filled with water and the
urolith was placed in the center of the bladder phantom. The laser fiber was applied
directly to the surface of the urolith in which the urolith surface could be directly
visualized in the bladder phantom. The times recorded during the procedure included
the time to first fragment and the time to complete fragmentation. If the urolith was not
completely fragmented at 15 minutes, then the largest remaining fragment was weighed
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as well as the total weight of the remaining fragments. If the urolith was incompletely
fragmented at 30 minutes then the total weight of the remaining fragments were
weighed. Fragility was defined as the time to complete fragmentation which was when
all the urolith fragments could fall through the 2mm holes in the bladder phantom. At the
end of the procedure, the number of pulses generated by the laser fiber and the total
energy is joules was recorded. The order at which the uroliths underwent laser
lithotripsy was recorded to account for the gained experienced from the individual
performing laser lithotripsy throughout the procedure.
3.2.4 Statistical analysis
3.2.4.1 Assessment of urolith roughness and internal cracks
The surface roughness of the uroliths was calculated grossly by two observers, a
board-certified radiologist and board eligible resident using images that were acquired
of each urolith and assigning uroliths as either smooth, borderline, or rough.
Subsequently, surface roughness was assessed using computed tomography of the
uroliths by the same two observers, a board-certified radiology and board eligible
resident, and uroliths were assigned as either smooth, borderline, or rough. The
interobserver variability of both methods between the two observers was calculated
using a simple kappa coefficient with significance set at p>0.05.
Agreement between the two methods used to evaluate surface roughness both
grossly and using computed tomography was performed with a simple kappa coefficient
with significance set at p>0.05. The interobserver agreement between the internal
cracks measured by the two observers using computed tomography was assessed
using a simple kappa coefficient. To determine if dual energy number or dual energy
ratio could predict urolith fragility by time to complete fragmentation a regression test
was performed for each of these predictors with a significance set at p>0.05.
The presence of the internal cracks was measured by the two observers using
computed tomographic scans of the canine uroliths. A simple kappa coefficient was
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performed to assess to agreement between the two observers, a board-certified
radiology and board eligible resident, with significance set at p>0.05.
3.2.4.2 Assessment of urolith fragility and CT parameters
Comparison of surface roughness to urolith fragility was performed using a
simple t-test with a significance set at p>0.05. Since there were multiple pairwise
comparisons, a one-way ANOVA was performed with a Tukey adjustment compare the
surface roughness values rough, borderline and smooth.
Comparison of internal cracks assessed on computed tomographic examination
to urolith fragility, a simple t-test was performed with a significance set at p>0.05.
To determine if dual energy number or dual energy ratio can predict urolith fragility
a regression equation was modelled for each of these predictors. A simple regression
test was performed to individually compare the dual energy number and dual energy
ratio to urolith fragility as these were continuous variables with a significance set at
p>0.05. All urolith types were included in the analysis as no meaningful in vivo
separation could be made.
To demonstrate if the addition of cracks assessed on CT examination and surface
roughness assessed on CT examination with dual energy number or dual energy ratio
improved the predictive ability of the models a general linear model was performed with
a significance set at p>0.05. The predictors included surface roughness, internal cracks,
diameter, dual energy number and their interactions in quadratics.
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3.3 Results
3.3.1.1 Assessment of urolith roughness and internal cracks
Qualitative assessment of surface roughness performed grossly using images
showed excellent agreement between the two observers for the qualitative assessment
of surface roughness with a kappa (K) of 0.9028 and a p value of <.0001. Qualitative
assessment of surface roughness using computed tomography showed very good
agreement between the two observers for the quantitative assessment of surface
roughness on CT with a kappa (K) of 0.8452 and p value of <.0001.
The two methods of surface roughness assessment (visual and CT assessment)
showed poor agreement with a kappa coefficient of 0.1978 and a p value of 0.0546. The
agreement was poorest for borderline uroliths with only 27% showing agreement
between the two methods. Smooth uroliths also showed poor agreement with only 52%
showing agreement between the two methods. The rough uroliths showed the best
agreement with 83% agreement. The 17% of rough uroliths that did not show
agreement were classified as borderline uroliths with none of the rough uroliths being
classified as smooth uroliths. Therefore, although there was good agreement for rough
uroliths between the two methods, there was poor agreement for borderline and smooth
uroliths.
There was good agreement between the two observers for identifying internal
cracks using CT with a kappa (K) of 0.7425 and p value of <.0001.
3.3.1.2 Assessment of urolith fragility and CT parameters
A one-way ANOVA on raw data not adjusted for the factors in the model was
performed with Tukey adjustment to compare borderline and rough, borderline and
smooth, and rough and smooth uroliths, to urolith fragility. Distribution of the raw data
on a histogram did not meet the assumptions of normality. The data was log
transformed to meet assumptions of normality. (Figure 3-4) Pairwise comparisons were
performed between the three types of surface roughness as determined by CT which
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included rough, borderline and smooth uroliths compared with time to complete
fragmentation. The comparison made between borderline and rough uroliths showed no
significant mean difference in fragility with a p value of 0.542, borderline and smooth
showed no significant mean difference in fragility with a p value of 0.6319 and rough
and smooth uroliths showed no significant mean difference with a p value of 0.1299.
Therefore, when time to fragment was compared between surface roughness groups
with no other factor included, there was no significant difference between the groups.
Figure 3-4: Box plot on log transformed data for surface roughness on CT and
time to fragmentation
25

Time to fragment minutes

20

15

10

5

0
borderline

rough

smooth

A box plot demonstrates the distribution of the raw data for cracks on CT. To
meet the assumptions of normality log transformation was performed on the data. This
comparison between cracks to time to fragmentation showed no significant difference in
means with a p value of 0.207. (Figure 3-5)
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Figure 3-5: Box plot on log transformed data for cracks on CT and time to
fragmentation
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To determine if dual energy number or dual energy ratio can predict urolith
fragility a regression equation was modelled for each of these predictors. The
regression test performed between dual energy number and urolith fragility was not
significant with a p value 0.29 and the r squared of 0.24. Additionally, the regression
test performed between dual energy ratio and urolith fragility was not significant with a p
value of 0.35 and r squared of 0.18.
A general linear model was performed to determine if parameters obtained from
the CT might predict time to fragmentation. The predictors included surface roughness,
internal cracks, diameter, dual energy number and their interactions and quadratics.
The r squared of the model was 0.40 which means that the predictive model is
explaining 40% of the variation in urolith fragility. This means that approximately 60% of
the variation in urolith fragility cannot be explained by parameters that can be obtained
through dual energy CT.
When maximal diameter and dual energy number are accounted for in the model,
uroliths without cracks fracture faster than uroliths with cracks showing a p value of
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0.0069. (Figure 3-6). This figure demonstrates the shorter time to fragmentation in
minutes for uroliths that contained no cracks compared with uroliths that contained
cracks in the general linear model.
Figure 3-6: Box plot showing difference in time to fragmentation between uroliths
with cracks and without cracks from general linear model
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Given that there were differences in maximal urolith diameter and the dual
energy number of the uroliths were different, when the model accounted for the
differences in the diameter of the urolith and dual energy number of the uroliths with a
rough surface are significantly different than uroliths with a borderline and smooth
surface. The comparison of the rough, smooth, and borderline uroliths was made at the
average of these values to account for these variables. The p value between borderline
and smooth uroliths is 0.761, the p value between rough and smooth uroliths is 0.008
and the p value between rough and borderline uroliths is 0.038. Therefore, rough
uroliths fracture faster than smooth or borderline uroliths and there is no significant
difference between borderline and smooth uroliths. (Figure 3-7)
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Figure 3-7: Bar graph showing time to fragmentation between different surface
roughness in the general linear model
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Uroliths with a rough surface have a negative slope compared with smooth
uroliths with a p value of 0.004 and rough uroliths have a negative slope with borderline
uroliths showing a p value of 0.029. (Figure 3-8) These comparisons are made at the
average urolith diameter since there was an interaction between surface roughness and
urolith diameter. As the diameter of urolith as measured on CT increases, the time to
fracture becomes much shorter in a rough urolith than a smooth or borderline urolith.

57

58

Figure 3-8: Predicted time to fragment vs diameter of urolith plotted showing
cracks.
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There was a significant trend for linear slope with time to fracture decreasing as
dual energy increased. The linear slope is -.0033 with a p value of 0.085 and a
significant positive quadratic slope of 5.3x10^-6 and p value of 0.29. Regarding
diameter, borderline uroliths had a slope for time to fragment of 2.2 and p value of
0.402, rough uroliths had a negative slope of -7.72 and a p value of 0.024 and smooth
uroliths had a positive slope of 3.51 and a p value of 0.018. (Figure 3-9)
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Figure 3-9: Predicted time to fragment vs dual energy number plotted showing
cracks.
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For uroliths with a lower dual energy number the predicted to time to
fragmentation was more accurate, whereas when the dual energy number increases,
the predicted time to fragment is less accurate. A urolith with a dual energy number less
than 150 will have a predicted time to fragment that is +/-10 minutes. (Figure 3-10).
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Figure 3-10: Actual time to fragment-predicted time to fragment vs dual energy
number.
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The predicted time to fragment and actual time to fragment were more highly
correlated before 15 minutes. (Figure 3-11) This is displayed in the graph which shows
a linear distribution of the data until approximately 15 minutes. Therefore, the predictive
equation explained by our general linear model has good correlation between the
predicted time to fragment and actual time to fragment before 15 minutes. Following 15
minutes, the data become more randomly distributed and there is poor correlation
between the predicted time to fragment and actual time to fragment.
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Figure 3-11: Predictive time to fragment vs actual time to fragment.
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3.4 Discussion
With the most recent ACVIM consensus statement on the treatment and
prevention of uroliths in dogs and cats encouraging uroliths likely to cause urinary
obstruction, recurrent infection or associated with clinical signs be removed by minimally
invasive procedures, there is an increasing use of non-invasive procedure such as laser
lithotripsy. 2 Laser lithotripsy permits removal of uroliths in the entire lower portion of the
urinary tract without incising the bladder or urethra and offers an alternative to surgical
removal of urocystoliths and urethroliths in dogs eliminating the risks associated with
cystotomy including suture-induced urolith recurrence.3,5 However, not every patient is
considered a good candidate for lithotripsy as there are several factors that determine
whether a patient is amenable to laser lithotripsy. The most pertinent selection criteria
for candidates includes the size of the patient, urolith burden, size, shape, location, and
composition of the urolith(s).
Previous studies have tried to determine urolith composition in vitro using dualenergy CT with limited success.11 These studies have shown that no single CT
measurement can be used to differentiate between the most common canine urolith
types including struvite, calcium oxalate, cystine, urate and brushite uroliths. However,
determination of urolith composition alone will not determine whether uroliths can
undergo laser lithotripsy and instead, the clinically relevant question is being able to
determine urolith fragility. Additionally, in order to successfully fragment a urolith, the
fiber tip should be in direct contact with the surface of the urolith during laser activation.
12,13

Direct contact with the urolith surface by the tip of the laser fiber is achieved more

easily with uroliths having a rougher surface. Therefore, having the ability to predict
surface roughness will allow better selection of the best treatment for patients with
uroliths. Lastly, internal cracks that are present in the urolith may contribute to earlier
fragmentation and can be evaluated on computed tomographic scans.
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The interobserver and intraobserver variability of methods between the dual
energy ratio and dual energy number have been previously tested in a prior study. This
study showed that drawing a manual ROI on the uroliths and calculating the dual energy
ratio and dual energy number is repeatable both between and among observers. 10
The surface roughness of the uroliths was calculated by two methods, both grossly
using images acquired of each urolith and using a computed tomographic scan of the
uroliths placed in a silicon mold. Although the surface roughness calculated by two
observers showed excellent agreement for assessment using images and good
agreement for the assessment using computed tomographic scans, the comparison of
surface roughness between the two methods showed poor agreement except for rough
uroliths which showed good agreement. This indicates that surface roughness
assessment is variable between the two methods and that uroliths with a borderline or
smooth surface will be classified differently between the two methods of assessment.
This may not impact that interpretation of CT in predicting urolith fragility as only uroliths
with a rough surface were shown to fracture faster than smooth or borderline uroliths.
Therefore, since there was good agreement for the rough uroliths between the two
methods, determining with accuracy which uroliths have a rough surface will help
predict urolith fragility.
The presence of internal cracks measured between the two observers using CT
showed good agreement between the two observers. When internal cracks measured
on CT was compared with urolith fragility assessed by time to fragmentation by laser
lithotripsy with no other factors included, internal cracks were not significant in
determining urolith fragility. Therefore, internal cracks are not a significant predictor for
time to fragmentation by laser lithotripsy. This is contrary to what was hypothesized
which was that uroliths with internal cracks should have a shorter time to fragmentation.
This is likely due to the fact that internal cracks alone cannot predict urolith fragility and
that multiple variables are responsible in predicting time to fragmentation.
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When CT surface roughness was compared with urolith fragility assessed by time
to fragmentation by laser lithotripsy with no other factors included, surface roughness
was not significant in determining urolith fragility. This could be that CT did not reflect
true surface roughness and this is why it was not relevant when compared with urolith
fragility. In this study, we only used qualitative methods to evaluate surface roughness
whereas statistical methods for evaluation of surface roughness such as stone
heterogeneity index (SHI), variation coefficient of stone density (VCSD) and the
computed tomography texture analysis (CTTA) may have been more accurate and may
have shown a relationship between surface roughness and stone fragility. 14–18
When urolith fragility was compared with dual energy number and dual energy
ratio, neither dual energy number nor dual energy ratio was significant in determining
urolith fragility. There are several reasons as to why dual energy ratio and dual energy
number were not successful in predicting urolith fragility by laser lithotripsy. Firstly, the
physics of acquisition of the images using computed tomography can lead to variability
in the measurements taken for dual energy ratio and dual energy number. These
variabilities can be due to CT artifacts that can lead to variability in measurements.
These CT artifacts can include beam hardening artifacts that result when there is
selective attenuation of lower energy photons and only higher energy photons pass
through. This can lead to increased mean energy of the beam and artifacts such as
streaking or cupping that can alter the acquired image. Another common artifact in CT,
partial volume averaging, should contribute equally to the high and low energy scans
and therefore these measurements should be affected in an equal manner. Therefore,
these artifacts can lead to errors in CT measurements. These errors in CT
measurements could have led to false representations of the dual energy ratio and dual
energy number and may have led to these factors not being significant in predicting time
to fragmentation.
An additional reason why dual energy number may not have been successful in
predicting urolith fragility is that dual energy measurements are based on the density of
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the material. The density of material could be independent of urolith fragility with other
factors playing a more significant role in predicting urolith fragility. Dual energy ratio
should in theory be independent of the density because the numerator and denominator
are equally affected by the density of the material.
No single CT parameter evaluated on it’s own including internal cracks, surface
roughness, dual energy number or dual energy ratio showed good agreement with
urolith fragility assessed by laser lithotripsy. Therefore, a general linear model was
performed including multiple predictors able to be determined by dual energy CT. The
predictors determined by dual energy CT included surface roughness, internal cracks,
maximal diameter, dual energy number and their interactions and quadratics. This
model determined that these predictors were only 40% significant in determining urolith
fragility.
In this model, when the other predictors were accounted for, uroliths without
cracks fractured faster than uroliths with cracks. This is contrary to what was
hypothesized as uroliths with more cracks would be predicted to fracture easier using
laser lithotripsy as it would be expected that these cracks would lead to an earlier time
to first fragmentation. A possible reason for this discrepancy could be due to the way
that the internal cracks were assessed. The internal cracks were assessed using CT in
which internal cracks that are within the urolith and do not contact the surface can be
seen on CT. Therefore, these cracks may not contribute to increased fragility of the
uroliths.
Also in this model, when diameter and dual energy number were accounted for
uroliths with a rough surface were significantly different than uroliths with a borderline or
smooth surface. Rough uroliths fractured faster than smooth or borderline uroliths with
no significant difference between borderline and smooth uroliths. This was to be
expected as direct contact with the urolith surface by the tip of the laser fiber is achieved
more easily with uroliths having a rougher surface. This direct contact of the laser fiber
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with the urolith surface should lead to a faster time to fragmentation as the laser energy
is conducted through the urolith rather than being dissipated within the surrounding
solution.
While the general linear model was strengthened when additional factors such as
time to first fragmentation was included in the model this cannot be determined prior to
starting laser lithotripsy on the patient and therefore would not help to predict which
patients are good candidates to undergo lithotripsy. Additionally, adding urolith weight to
the model further strengthened the model. Unfortunately, this again cannot be
determined by computed tomography and is only determined after the patients has
undergone laser lithotripsy and would not be helpful in determining which patients are
good candidates for laser lithotripsy. Therefore, although there are additional
parameters such as time to first fragmentation and weight that can help strengthen the
general linear model; these parameters cannot be determined prior to either starting the
procedure or until the uroliths have been removed from the patient.

3.5 Conclusion
No single CT parameter including internal cracks, surface roughness, dual energy
number or dual energy ratio on their own was able to determine urolith fragility.
When the general linear model was performed including the predictors surface
roughness, internal cracks, diameter, dual energy number and their interactions this
model showed 40% prediction for time to fragmentation by laser lithotripsy. Based on
the general linear model, the best predictors for a faster time to fragmentation included
uroliths without cracks and a rough surface. Therefore, a CT scan of canine urinary
uroliths would allow for several predictors to be determined that can help predict urolith
fragility and could lead to adequate selection of patients that should undergo laser
lithotripsy procedures.
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4 Chapter 4: Color Doppler twinkling artifact of canine uroliths to
determine urolith fragility by laser lithotripsy
4.1 Introduction
Uroliths are a commonly encountered clinical problem in dogs with the majority
reported in the bladder and less frequently in the urethra, kidney, and ureter. Uroliths
are responsible for approximately 18% of veterinary consultations in dogs with lower
urinary tract disorders in North America. 1 A standard of care for the approach to
diagnosis and treatment of dogs and cats with lower urinary tract uroliths has been
proposed. The most recent ACVIM consensus statement on the treatment and
prevention of uroliths in dogs and cats discourages cystotomy as the primary solution
for uroliths and recommends that urocystoliths likely to cause urinary obstruction,
recurrent infection or associated with clinical signs be removed by minimally invasive
procedures.2 The rationale associated with this recommendation is that incision-less
procedures are associated with shorter hospitalization, shorter anesthesia time and
faster patient recovery. In addition, avoiding cystotomy and closure of the bladder with
sutures eliminates the risk of suture-induced urolith recurrence as suture induced urolith
recurrence is associated with a 9% recurrence of urocystoliths.3 The morbidity and
mortality associated with treatment of uroliths have decreased significantly with
technical advancements that have led to a shift from open surgery to minimally invasive
procedures. These minimally invasive procedures that are recommended include
medical dissolution, voiding hydropropulsion and intracorporeal laser lithotripsy.
However, medical dissolution only pertains to a few urolith types including compositions
of struvite with some success associated with urate and cystine. 2
Intracorporal laser using cystoscopic guidance lithotripsy is a safe and effective
minimally invasive procedure and involves intracorporeal fragmentation of uroliths using
laser energy. 4 In contrast to cystotomy, cystoscopic laser lithotripsy permits access to
the entire lower portion of the urinary tract without incising the bladder or urethra. This
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technique offers an alternative to surgical removal of urocystoliths and urethroliths in
dogs and eliminates the risks associated with cystotomy including suture-induced urolith
recurrence.3,5 However, not every patient is considered for lithotripsy as there are
several factors that determine whether a candidate is amenable to laser lithotripsy. The
most pertinent selection criteria for candidates includes the size of the patient, urolith
burden, size, shape, location and composition of the urolith(s).
Ultrasound is an imaging modality that uses high frequency sound waves to create
a two-dimensional grayscale image. Color Doppler ultrasound is a non-invasive imaging
technique that is used in the detection and quantification of vascular blood flow. Color
Doppler calculates blood velocity through the Doppler frequency shift and superimposes
pixels of varying color patterns on anatomic grayscale image. The Doppler effect is
expected to occur only in response to object movement, such as blood flow, however,
this can occur when non-moving and highly acoustically reflective structures are
imaged.
The twinkling artifact was first introduced in 1996 by Rahmouni et al.6 Although
the exact mechanism of twinkling artifact generation remains incompletely known,
different hypotheses have been proposed to explain its origin. In all of the hypotheses,
the surface roughness of the imaging medium and the random deflections of the
successive ultrasound pulses are considered the main factors responsible for twinkling
artifact generation.7–10 Given this artifact is generated by uroliths with a rougher surface,
this artifact could be considered as a non-invasive tool for characterization of surface
roughness of internal calcifications and tissue uroliths.
The generation of the twinkling artifact is highly dependent on machine settings
and system calibration is a necessary step prior to ultrasound image acquisition. In
calibrating the system for color Doppler twinkling artifact generation, the goal is to
choose the settings at which the highest twinkling artifact intensity along with the lowest
non twinkle color noise or background data is obtained. This will facilitate analysis of the
artifact and improve accuracy of the results.
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Quantitative evaluation of color Doppler twinkling artifact can be performed in a
variety of methods. Evaluation of the twinkling artifact can be evaluated for the presence
or absence of the artifact, grading the artifact from weak to strong or using a computer
software to measure the number of color pixels in the twinkling artifact. 8–16 These
quantitative methods using computer software have been ranked with the surface
roughness of the uroliths which has shown up to 98.33% accuracy of the artifact to
recognized surface roughness. 9
Although it has been primarily thought that the generation of color Doppler
twinkling artifact is related to surface roughness, several studies comparing twinkling
artifact and urolith composition have found a relationship between the generation of the
artifact and the composition of the urolith. Some studies have found the twinkling artifact
could help detect dense uroliths such as calcium oxalate monohydrate calculi. 17 While
others have found that the appearance of the twinkling artifact was highly dependent on
urolith composition whereas others had difficulty differentiating between different urolith
types. 15,18–20 Overall, there are indications that twinkling artifact is not only limited to the
surface roughness of the urolith but that the composition of the uroliths also plays a role
in generation of the artifact.
The presence and intensity of the Color Doppler twinkle artifact has been
previously positively correlated with the surface roughness of uroliths.9–11,15,18 Therefore,
qualitative and quantitative Color Doppler twinkling artifact, which is influenced by
surface roughness, could be correlated with fragility of uroliths by laser lithotripsy to
evaluate a positive correlation between these parameters. There has been an
association between twinkling artifact and fragmentation by extracorporeal shock wave
lithotripsy. A study found that, in the cases where extracorporeal shock wave lithotripsy
(ESWL) was applied, as the grade of artifact increased, the number of ESWL sessions
necessary for the treatment decreased.15 This leads to the possibility that the grade of
twinkling artifact; either determined qualitatively or quantitatively could relate to the
fragility of uroliths undergoing laser lithotripsy.
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The first objective of this study was to determine whether the color Doppler
twinkle artifact measurements, both qualitatively and quantitatively determined, would
correlate with the urolith fragility by laser lithotripsy. The second objective was to
determine if the color Doppler twinkle artifact measurements would correlate with the
qualitative assessment of surface roughness determined through images taken of the
uroliths or by evaluation of surface roughness using computed tomography.
The hypothesis was that uroliths with higher qualitative and quantitative color
Doppler twinkle artifact will have a greater surface roughness determined both grossly
through images taken of the uroliths and by evaluation of surface roughness using
computed tomography. These uroliths with a higher qualitative and quantitative color
Doppler twinkle artifact will have higher success rates for fragmentation undergoing
laser lithotripsy with shorter procedure times and time to fragmentation.
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4.2 Material and Methods
4.2.1 Color Doppler calibration
Four different types of uroliths (struvite (29), cystine (4), calcium oxalate (14) and
ammonium urate (2)), all within the reference range of 3-6 millimeters in diameter were
scanned in order to determine the optimal color Doppler settings for the Philips iu22
machine using a C-8-5 curvilinear transducer. A previous study on twinkling artifact on a
phantom study was used as baseline in order to acquire the optimized color Doppler
twinkling artifact for this machine and the size of the uroliths scanned.
Scale
This parameter was set to its highest possible value for the twinkling artifact to be
more clearly shown. This was adjusted to about 12.8cm/s at 1500 Hz.
Balance
This value was not changed on our system.
Grayscale gain
For a same balance value, it is expected that the twinkling artifact intensity would
decrease. However, it was observed in this study that the amount of the artifact was
directly related to the amount of the grayscale gain for large scale and balance values.
A grayscale of 84% was selected on this machine.
Color Gain
To adjust this parameter, the color gain was gradually increased while monitoring
a background area inside the Doppler window and the proper color gain was the highest
value that does not create undesired color noises in that background area. A color gain
of 75% was selected.
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Focal zone
The focal zone was placed at the center of the urolith.
Color map
Map 1-6. A color map of 6 was used.
Display mode
The color only feature was not available on the ultrasound machine that was
used.
Frame average.
Specific for the Philips machine, there is a DRS (Dynamic Resolution System)
and the Pen (Penetration) in which Pen is optimized for color sensitivity which was
selected. This setting was used due to higher color Doppler signal as compared with the
Res (optimized for color resolution). DRS is a macro control that provides instantaneous
one button adjustment of temporal vs. spatial resolution in 2D, 3D, color and CPA (Color
power angio imaging) modes. The feature is designed to give the user the best
combinations of multiple controls when they need to choose between fast frame rates or
optimal image quality. There is one control that adjusts nearly 40 parameters
simultaneously to optimize functions such as: Line density, Persistence, Number of lines
of sight (SonoCT) and R1 is optimized for maximum image quality. RS provides the best
overall choice of system settings and S1 is optimized to improve speed while R1 is
optimized for color resolution and P1 is optimized for color sensitivity 2D Color.
After assessing all these aforementioned parameters, an optimal calibration of
the Philips iu22 ultrasound machine was obtained. (Table 4-1)
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Table 4-1: Selected system settings for optimal color Doppler twinkling artifact
generation on the Philips iu22 ultrasound machine

Parameter

Value

Scale

+/-12.8cm/s

(1500Hz)

Grayscale gain

84%

Color gain

75%

Color map

6

DRS (Dynamic Resolution System)

Pen

Focal zone

At the site of the urolith
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4.2.2 Assessment of color Doppler twinkling artifact in uroliths
A total of forty-nine canine uroliths obtained from the Canadian Veterinary Urolith
Centre (CVUC) were collected. These uroliths had undergone quantitative analysis at
the CVUC prior to retrieval and were comprised of struvite, cystine, calcium oxalate and
ammonium urate. Each urolith was placed into an individual well in a silicon mold that
contained 20 semicircular wells and was filled with saline (0.09% NaCl) solution. The
uroliths were then scanned by a board eligible radiology resident using a Philips iu22
machine using a C-8-5 curvilinear transducer. The system settings were used for
optimal color Doppler twinkling artifact generation on the Philips iu22 ultrasound
machine. (Table 4-1). The scale, grayscale gain, color gain, color map, dynamic
resolution system (DRS)and focal zone were kept constant for each urolith. Each urolith
was scanned a total of 5 times and an image was captured and labeled with the uroliths
ID number. Each image acquired was saved in jpeg format and exported from the
Phillips iu22 machine. (Figure 4-1)
Figure 4-1: Static image of uroliths with color Doppler twinkling artifact acquired
using Philips iu22 ultrasound machine

76

77

The exported jpeg images of each canine urolith were review by a board-certified
radiologist and board eligible radiology resident, using a total of three images of each
urolith which was repeated twice by each observer. Each urolith was categorized as
either having none, mild, moderate, or marked color Doppler twinkling artifact. (Table 42)
Table 4-2: Qualitative grading of color Doppler twinkling artifact on static images
Example

Grade
None

Mild
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Moderate

Marked
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Quantitative analysis of the color Doppler twinkling artifact in the forty-nine canine
uroliths was performed using ImageJ. Each image was cropped to include only the
areas containing colored pixels. The cropped image was converted into a YUV channel
using a color transformer plug-in. This color transformer plug-in separates the black and
white channels of the image from the blue and red channels of the image. The Y
channel of the image represents the portion that was black and white, U channel
represents the portion of the image that was blue and the V channel represents the
portion of the image that was red. The color transformer plug-in stacks all three
channels on top of each other. (Figure 4-3) Next the image is converted into a grayscale eight-bit image and then is separated from a stack of three images to three
individual images, representing the Y channel, U channel and V channel.

Figure 4-2: Cropped static image of color Doppler twinkling artifact
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Figure 4-3: YUV channel separated black and white channels

Next, the threshold of the U and V images was determined by using an Otsu
threshold plug-in. In thresholding, the image used is assumed to have two classes of
pixels, foreground, and background. These are represented by separate peaks in an
image histogram. This plug-in automatically determined the middle point in between the
two peaks in the image histogram. The first peak represents the color in the image and
the second peak represents the color in the image. Now all the areas that appeared as
color in the original now appeared white and all the image background now appeared
black. (Figure 4-4)
Figure 4-4: White pixels representing areas that had color in the original image
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Because the thresholds for U and V images were determined separately, the image
calculator tool then added both areas together. The areas that appeared white on the
final images represented the twinkle artifact from the original image. (Figure 4-5)

Figure 4-5: Total twinkle artifact represented by white pixels.

These white areas were then analyzed using imageJ and their total areas were
calculated. The results were the area of the twinkle artifact created by color Doppler
twinkling artifact. A summary table was created that displayed with total pixel count,
total area, average size, percent area and mean. (Table 4-3)
Table 4-3: Summary table of results of the area of twinkle artifact created by color
Doppler twinkling artifact calculated on ImageJ.

Slice
Result of Threshold

Count
Total Area Average Size %Area
Mean
37
723
19.541
0.953
255
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4.2.3 Laser lithotripsy of canine uroliths
All forty-nine canine uroliths underwent laser lithotripsy. Each canine urolith was
placed into a bladder phantom. The bladder model was designed with 2mm holes in the
bottom of the latex model so that fragments of uroliths smaller than 2mm would fall
through the holes. The bladder model was secured to the bottom of a rectangular metal
tray by four magnets. (Figure 4-6)
Figure 4-6: Urinary bladder model in rectangular metal tray and immersed in
sterile saline.

A PowerFlex 365R Ho:Yag laser fiber was used attached to a VersaPulse
Powersuite Holmium 20w. The parameters on the machine were kept constant for each
procedure with the energy at 1.2 joules, rate at 8 hertz and power at 9.6 watts.
Laser lithotripsy was performed by a board eligible radiology resident. Prior to
performing lithotripsy on the forty-nine canine uroliths, this individual had practiced
breaking the four urolith types (struvite, cystine, calcium oxalate and ammonium urate)
two times for each urolith type for a total of 8 practice canine uroliths. Each individual
urolith was weighed on a 100 microgram scale prior to the start of the procedure.
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The rectangular tray containing the bladder phantom was filled with water and the
urolith was placed in the center of the bladder phantom. The times recorded during the
procedure included the time to first fragment and the time to complete fragmentation. If
the urolith was not completely fragmented at 15 minutes, then the largest remaining
fragment was weighed as well as the total weight of the remaining fragments. If the
urolith was incompletely fragmented at 30 minutes, then the total weight of the
remaining fragments was weighed. Time to complete fragmentation was when all the
urolith fragments could fall through the 2mm holes in the bladder phantom. At the end of
the procedure, the number of pulses generated by the laser fiber and the total energy in
joules was recorded. The order in which the uroliths underwent laser lithotripsy was
recorded to account for the gained experienced from the individual performing laser
lithotripsy throughout the procedure.
4.2.4 Statistical analysis
4.2.4.1 Twinkle artifact
The interobserver variability of methods for quantitative twinkle artifact grade and
qualitative twinkle artifact grade between the two observers, a board-certified radiology
and board eligible resident was calculated using a simple kappa coefficient with a
significance set at p>0.05.
Intraobserver variability was calculated by performing three separate blinded
measurements of quantitative twinkle artifact grading. An intraclass correlation
coefficient (ICC) was performed to evaluate for repeatability between these
measurements.
4.2.5 Comparison ultrasound parameters and urolith fragility
To compare the quantitative twinkle artifact to urolith fragility a simple regression test
was performed on the continuous variable for quantitative twinkle artifact grade
compared with time to fragmentation with significance set at p>0.05. To compare the
qualitative twinkle artifact to urolith fragility a simple t test was performed for quantitative
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twinkle artifact grade compared with time to fragmentation with significance set at
p>0.05.
A test for correlation between the two independent variables surface roughness and
quantitative twinkle grade and surface roughness and qualitative twinkle grade was
performed using a Spearmans test with a Kruskal Wallis one way analysis of variance
(ANOVA) test with a significance set at p>0.05.
A general linear model was performed including the variable quantitative twinkle
grade with the dependent variable of time to fragmentation.

4.3 Results
4.3.1.1 Twinkle artifact
Qualitative twinkle artifact grade using images showed excellent agreement between
the two observers for the qualitative assessment of surface roughness with a kappa (K)
of 0.8063 and a p value of <.0001.
An intraclass correlation coefficient (ICC) was performed to evaluate for repeatability
showed good intraclass correlation coefficient (ICC) and repeatability with a value of
0.811. This indicates good repeatability of measurements performed by the same
observer.
4.3.2 Comparison of ultrasound parameters and urolith fragility
Regression analysis of the quantitative twinkle artifact and urolith fragility was not
significant showing a p value of 0.2. To compare the qualitative twinkle artifact to urolith
fragility a simple t test was performed for quantitative twinkle artifact grade compared
with time to fragmentation.
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To meet the assumptions of normality log transformation was performed on the data.
An ANOVA was performed on the log transformed data and showed no significant
difference with Tukey adjusted p values of 0.123, 0.263 and 0.996. (Figure 4-7).
Figure 4-7: Qualitative twinkle artifact vs time to fragmentation.
1 vs 2 p=.123
1 vs 3 p=.263
2 vs 3 p=.996
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A test for correlation between the two independent variables surface roughness
and quantitative twinkle grade was performed using a Spearmans test with a Kruskal
Wallis one way analysis of variance (ANOVA) test.
The summary of the Kruskal Wallis ANOVA comparing means for quantitative
twinkle grade and surface roughness had a p value of 0.59 showing no correlation
between quantitative twinkle grade and surface roughness. A test for correlation
between the two independent variables surface roughness and qualitative twinkle grade
was performed using a Spearmans test with a Kruskal Wallis one way analysis of
variance (ANOVA) test. The summary of the Kruskal Wallis ANOVA comparing means
for quantitative twinkle grade and surface roughness had a p value of 0.34 showing no
correlation between qualitative twinkle grade and surface roughness.
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Quantitative twinkle artifact grade compared to the time to fragmentation had an r
squared of 0.10 and a p value of 0.02. The r squared of approximately 10% means that
twinkle explains about 10% of the variation in time to fragmentation. Therefore,
qualitative twinkle quantity alone cannot be used to predict time to fragmentation as
there is a large variation in the time by approximately 35 minutes. The log predicted
time to fragment is 0.0893(twinkle) + 2.013.
Figure 4-8: Predicted time to fragment vs actual measure time to fragment.
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4.4 Discussion
With the most recent ACVIM consensus statement on the treatment and
prevention of uroliths in dogs and cats discouraging cystotomy as the primary solution
for uroliths and recommending that urocystoliths likely to cause urinary obstruction,
recurrent infection or associated with clinical signs be removed by minimally invasive
procedures, there is an increasing use of non-invasive procedure such as laser
lithotripsy. 2 Laser lithotripsy permits access to the entire lower portion of the urinary
tract without incising the bladder or urethra and offers an alternative to surgical removal
of urocystoliths and urethroliths in dogs eliminating the risks associated with cystotomy
including suture-induced urolith recurrence.3,5 However, not every patient is considered
a good candidate for lithotripsy as there are several factors that determine whether a
patient is amenable to laser lithotripsy.
There is wide variability in urolith fragility within groups of uroliths having the
same mineral composition. This suggests that variation in urolith structure and surface
characteristics could also play a role in fragmentation of uroliths by laser lithotripsy. The
presence and intensity of the Color Doppler twinkle artifact has been previously
positively correlated with the surface roughness of uroliths.9–11,15,18 Therefore, qualitative
and quantitative Color Doppler twinkling artifact, which is influenced by surface
roughness, could be correlated with fragility of uroliths by laser lithotripsy to evaluate a
positive correlation between these parameters. There has been an association between
twinkling artifact and fragmentation by extracorporeal shock wave lithotripsy. A study
found that, in the cases where ESWL was applied, as the grade of artifact increased,
the number of ESWL sessions necessary for the treatment decreased.15 This leads to
possibility that the grade of twinkling artifact; either determined qualitatively or
quantitatively could relate to fragility of uroliths undergoing laser lithotripsy.
When surface roughness assessed on CT examination was compared with
quantitative color Doppler twinkling artifact, this showed no significant correlation
between surface roughness and color Doppler twinkling artifact. This was unexpected
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as in a majority of hypotheses on the production of color Doppler twinkling artifact, the
surface roughness of the imaging medium and the random deflections of the successive
ultrasound pulses are considered the main factors responsible for twinkling artifact
generation.7–10 However, the exact mechanism of twinkling artifact generation remains
incompletely known and any small variation in the position of the ultrasound probe (eg,
due to shaking of the operator’s hand) will saturate the velocity estimator and will be
interpreted as a random quick movement. This could be a reason why the surface
roughness did not show significant correlation with quantitative color Doppler twinkling
artifact given that the ultrasound probe was held manually by the operator and could
have been affected by movement of the operator’s hand.
Another reason there was not a significant correlation between surface
roughness and color Doppler twinkling artifact could be that twinkling artifact is not
limited by the surface roughness of the urolith but that composition of the uroliths could
play a role in the generation of the artifact. A previous in vitro study on artificial uroliths
confirmed that the appearance of twinkling artifact was highly dependent on urolith
composition and size.18 Interestingly, in this study the surface roughness of the uroliths
were artificially produced with a homogeneous and relatively smooth surface. Therefore,
this indicates that urolith composition could also play a part in the generation of color
Doppler twinkling artifact.
Finally, quantification of twinkle artifact was compared with urolith fragility by time
to fragmentation by laser lithotripsy and twinkle artifact did not help predict time to
fragmentation. The quantification of twinkle artifact had a very small (~10%) prediction
of time to fragmentation. The reason that the grade of twinkling artifact did not show a
strong prediction for fragility of uroliths undergoing laser lithotripsy could be because
there was not a significant correlation between surface roughness and twinkle artifact.
Therefore, if twinkle artifact did not correlate to surface roughness, this could result in
the weak prediction of fragility if surface roughness plays a significant role in fragility of
uroliths by laser lithotripsy. Although a study found that, in the cases where ESWL was
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applied, as the grade of artifact increased, the number of ESWL sessions necessary for
the treatment decreased; 15 an association between twinkling artifact grade and fragility
of laser lithotripsy was not found in our study.

4.5 Conclusion
Twinkling artifact cannot be used to help predict urolith fragility for laser lithotripsy.
There is no significant association between twinkling artifact and surface roughness
determined on CT.
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5 Chapter 5: General discussion
The first objective of this thesis was to determine if the weight of canine uroliths
changed over time when placed in a synthetic urine solution as this change could
indicate that urolith rehydration is required before any imaging or fragility assessment.
When four different types of uroliths including struvite, ammonium urate, calcium
oxalate and cystine were submerged in a synthetic urine solution over a 3-month period
there was no significant change in weight over time. There was a significant difference
in the overall weight of each different type of urolith with struvite being the heaviest
followed by calcium oxalate, urate and then cystine.
The second objective of this thesis was to determine whether CT measurements
including dual energy number, dual energy number ratio, surface roughness, urolith
diameter and presence of internal cracks can be used to help predict urolith fragility by
laser lithotripsy. This would then allow pre-operative dual energy CT scanning to be
performed to select the appropriate patients to undergo laser lithotripsy which have the
highest likelihood to have a successful laser lithotripsy.
Dual energy CT measurements including dual energy number and dual energy
ratio was assessed to help predict urolith fragility by laser lithotripsy. Previous studies
have failed to accurately differentiate between the composition of uroliths using dual
energy CT measurement in vitro. Some studies have shown that CT attenuation values
of uroliths can help to differentiate uroliths that are likely to fragment easily from those
that would require a greater duration of fragmentation. There was no significant
association between dual energy number or dual energy ratio with urolith fragility by
laser lithotripsy. Additionally, there was no significant association between internal
cracks or surface roughness and urolith fragility by laser lithotripsy.
Subsequently, all these parameters: dual energy number, dual energy ratio,
internal cracks and surface roughness showed no significant prediction for urolith
fragility by laser lithotripsy. These measurements on dual energy CT showed a low
prediction of urolith fragility with these predictive variables only showing a 40%
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prediction of time to fragmentation by laser lithotripsy. Uroliths without internal cracks
fractured faster than uroliths with cracks when diameter and dual energy number were
accounted for. This was unexpected as internal cracks that are present in the urolith
should contribute to earlier fragmentation by laser lithotripsy. Uroliths with a rough
surface fractured faster than uroliths with a borderline or smooth surface. This was
expected as uroliths with a rough surface should have better contact with the laser fiber
during laser lithotripsy procedures.
The third objective of this thesis was to determine whether the color Doppler
twinkle artifact measurements both qualitatively and quantitatively would help predict
urolith fragility by laser lithotripsy. These measurements alone did not show significant
association with urolith fragility by laser lithotripsy. When both of these parameters were
included in a model, there was a very low prediction with color Doppler twinkle artifact
explaining only about 10% of the variation in time to fragmentation.
Therefore, some parameters can help predict canine uroliths that may have a
shorter time to fragmentation measured on dual energy CT including the presence of
internal cracks and the surface roughness of the uroliths. Whereas color Doppler
twinkling artifact was unable to help predict urolith fragility by laser lithotripsy assessed
by time to complete fragmentation. Although dual energy CT showed some parameters
that help predict time to fragmentation, the overall predictability of the model was only
40% which is likely due to the fact that multiple parameters account for urolith fragility of
canine uroliths by laser lithotripsy.
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5.1 Limitations
The authors acknowledge several limitations to this research. In Chapter 2,
weighing of the uroliths was only performed over a course of 3 months. It is therefore
uncertain if the uroliths were weighed for a more prolonged period whether this would
have seen a slow change in the weight over time. Also, although the weight of the
urolith was recorded over time other features of the urolith such as surface roughness
or change in shape of the urolith were not recorded. These were not recorded as this
was not the clinical question and a reliable method of evaluation of these parameters for
canine uroliths has not previously been established. However, it would be interesting to
evaluate these canine uroliths for changes is other parameters over time.
A limitation in Chapter 3 and Chapter 4 includes the total number of uroliths
included in the research project. A total of 49 canine uroliths with four different types of
uroliths including struvite, calcium oxalate, urate and cystine were analyzed with dual
energy CT and color Doppler ultrasound and underwent laser lithotripsy. There was also
a disproportionate number of struvite (29) and calcium oxalate uroliths (14) in proportion
to cystine (4) and urate (2). The reason for this unequal distribution of the type of
uroliths is twofold. Firstly, struvite and calcium oxalate uroliths are more prevalent in
canines and secondly there are a larger proportion of struvite and calcium oxalate
uroliths that measure within the diameter range set out by the research study at 3-6mm.
This led to a higher percentage of the uroliths being of struvite or calcium oxalate
composition.
Another limitation of these two chapters was the distribution in the surface
roughness of the canine uroliths. For uroliths with a rough surface the highest recorded
was a total of 16 and the lowest recorded number being a total of 6 uroliths. Therefore,
this category of uroliths was poorly accounted for in comparison to smooth uroliths that
had a minimum of 22 uroliths and a maximum 31 uroliths being categorized of smooth
uroliths. This unequal distribution between the surface roughness of the uroliths lead to
a discrepancy in the number of rough uroliths and therefore less data for uroliths with a
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rough surface. Also, the types of uroliths with a rough surface were not equally
distributed with the majority of rough uroliths being urate, cystine and calcium oxalate
while the majority of smooth uroliths being struvite.
Despite the presence of these limitations, this thesis was able to evaluate the
significance of dual energy CT and color Doppler twinkling artifact on urolith fragility
assessed by laser lithotripsy.

5.2 Future directions
This research documents the significance of dual energy CT and color Doppler
twinkling artifact on urolith fragility assessed by laser lithotripsy. The clinical question
was to determine if the parameters assessed on these imaging modalities would help to
determine which patients would be more likely to undergo a successful laser lithotripsy
procedure. Although no single parameter obtained by dual energy CT or color Doppler
twinkling artifact determined urolith fragility, the predictive equation explained by our
general linear model had good correlation between the predicted time to fragment and
actual time to fragment before 15 minutes. This good correlation before 15 minutes
shows that the general linear model can strongly predict time to fragmentation.
Therefore, parameters measured on dual energy CT and color Doppler twinkling artifact
used in our general linear model could be used to determine which uroliths fragment
before 15 minutes. This would allow us to determine which parameters would help to
predict uroliths that fragment before 15 minutes.
Although no single parameter was able to successfully predict time to
fragmentation by laser lithotripsy, these parameters could be evaluated for urolith
fragility and time to fragmentation by extracorporeal shock wave lithotripsy (ESWL).
ESWL is a minimally invasive technique that is not effective for all urolith types,
therefore the parameters assessed in this research including dual energy number, dual
energy ratio, surface roughness, internal cracks and color Doppler twinkling artifact
could be used to help predict fragmentation of canine uroliths by ESWL.
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5.3 Conclusion
In conclusion, CT and color Doppler cannot be used to predict urolith fragility with
laser lithotripsy. Even when multiple dual energy CT measurements are included to help
predict urolith fragility of laser lithotripsy, these values show very low prediction for time
to fragmentation on laser lithotripsy. Additionally, twinkling artifact cannot be used to
help predict urolith fragility on laser lithotripsy and there is no significant association
between twinkling artifact and surface roughness determined on computed tomography.
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APPENDICES
Appendix 1: Qualitative assessment of surface roughness of the uroliths.
Three categories: S(smooth), B (borderline) and R (rough).
Examples are below:
Smooth- the entire surface of the urolith is smooth with no evidence of cracks

Borderline-the uroliths surface contains one or multiple cracks

Rough- the uroliths surface is diffusely irregular
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Appendix 2: Map to help Identify uroliths on CT
1) Look at the label: eg: Stone project Nykamp 1-20A
a. This will tell you which uroliths are included although you may need two
studies to complete the urolith set
b. Uroliths 1a, 1b, 1c and 1d are no longer a part of the study.
2) Uroliths are organized from right to left

2A

1A

5A

9A
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13A

20A

17A
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Appendix 3: Qualitative assessment of surface roughness of the uroliths on CT
Three categories: S(smooth), B (borderline) and R (rough).
Examples are below:
Smooth- the entire surface of the urolith is smooth with no evidence of cracks

Borderline-the uroliths surface contains one or multiple cracks

Rough- the uroliths surface is diffusely irregular
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Appendix 4: Qualitative grading of the color Doppler twinkle artifact
Grading is based on a numeric scale:
None: 0
Mild: 1
Moderate: 2
Marked: 3
Examples for qualitative grading:
NONE

MILD

MODERATE

MARKED
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Appendix 5: Steps for quantification of color Doppler twinkling artifact on
ultrasound using ImageJ:
Prior to quantification, you need to download two plug ins. Color transformer
https://imagej.nih.gov/ij/plugins/color-transforms.html and Otsu thresholding
https://imagej.nih.gov/ij/plugins/otsu-thresholding.html. After downloading these plug ins
you need to copy and paste them into the plug ins folder of ImageJ.

1) Open JPG. Image

2) Crop image to only include the urolith and associated blood flow (to make
every area the same go to image-> scale and then chose width 355 and
height 251.

3) Plug insà Color transformer àYUV (Image converted to black and white with
the Y channel represented the portion of the image that was black and white, the
U channel represented the portion of the image that was blue and the V channel
represented the portion of the image that was red. The color transformer plug-in
stacked all three channels on top of each other, creating a single image)
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4) Convert the image to 8-bit (Imageà typeà 8-bit)
5) Determine threshold. The image was transformed so that all of the areas that
appeared as color in the original image now appeared white and all of the image
background now appeared black. (Plug insà filterà Otsu threshold plug in)

6) Save the threshold images separately (eg. Threshold 1 and threshold 2)
7) The image calculator tool subsequently added both areas together (except for
when the two were overlapping, in which case the image calculator included only
one area Processà image calculatorà add the threshold images
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8) AnalyzeàAnalyze particlesà Ok
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Appendix 6: 3-D printed bladder model

The bladder model was printed using the Polyjet printing process and is made of a
Polyjet Vero White material, a photocatalyzed resin. The bladder model was printed
using a 27 micron resolution and was designed using Ansys SpaceClaim computer
aided design software.
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