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Thesis abstract
Introduction:

Contrast enhanced computed tomography (CECT) of the abdomen in dogs and cats
is an increasingly common diagnostic imaging study that may be performed in
clinical practice. CT is a rapid acquisition advanced imaging modality that provides
cross sectional anatomy in high resolution. After the injection of an intravenous
contrast agent, multiple phases of enhancement can be captured during CECT for
vascular and parenchymal imaging.!?3# It is commonly indicated for detection of
congenital portosystemic shunt in dogs and cats and for focal liver disease (e.g.
primary or metastatic liver cancer).® Abnormalities of the biliary system that may
require advanced diagnostic imaging include biliary obstruction or rupture secondary
to trauma or recent liver surgery.%’

Aims:

1. Evaluate the influence of contrast injection technique on timing of
enhancement of the liver in normal dogs and cats.

2. Develop a standardised protocol for multiphase abdominal CT imaging in
dogs and compare protocols between various veterinary institutions.

3. Refine contrast CT imaging in cats: Identify the Ideal Dose of lohexol

4. Develop a protocol for CECT of the biliary tract using a novel gadolinium-
based contrast agent.

Method: Multiphase CECT will be performed in dogs and cats at the University
Veterinary Teaching Hospital Sydney as a prospective clinical study. A multicentre
collaborative study will be performed to compare different protocols for multiphase
CECT in dogs. CT cholangiography will be performed experimentally in healthy
research dogs.

Results: We proved that patient body weight, contrast injection technique and
contrast dose in dogs and cats are significant factors to consider when planning
multiphase CECT. A standardised protocol for multiphase CECT was developed
using a regression formula to predict optimal timing of the arterial and liver
parenchymal phase. A lowered dose rate for iohexol is recommended in cats based
on our research. Biliary CT imaging using a gadolinium-based contrast agent was
feasible in dogs but was cost prohibitive, and not feasible in cats.

Conclusion: The standardised protocol for multiphase CECT developed in this
research project was proven to be easily reproducible and effective when compared
to other CT protocols. Our standardised protocols can overcome the unique
challenges when facing veterinary patients that differs to human patients.
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SECTION 2. Literature Review

Since its introduction to the veterinary market in the late 1980’s, computed
tomography (CT) has revolutionized diagnostic decision making. CT is a cross
sectional advanced imaging modality that produces a series of high resolution
images of the internal structures of a patient. This is achieved by using a rotating
xray tube that circulates around the patient as the table translates through the bore
of the CT machine. CT scanners have become an essential piece of diagnostic
equipment in specialist veterinary hospitals and some general practices. The global
market for veterinary CT scanners is expected to reach 173.7 million USD by 2022,
increasing from 122.3 million USD in 2017 (Veterinary CT Scanner Market, 2017).
CT has improved the identification of disease, enhanced evaluation of acute trauma
patients, progressed cancer diagnosis, surgical planning and treatment. As a cross
sectional imaging modality, CT is composed of a series of topographic images, each
projection is a thin slab of the patient’s anatomy that can be digitally reformatted and
viewed in multiple planes. Unlike conventional radiographs, CT images are free from
superimposition of surrounding tissues and have superior contrast resolution. In
comparison with ultrasound, the size of the patient and interference from gas in the
digestive tract does not affect CT image quality. CT has proven to be superior to
ultrasound for the detection of clinically relevant lesions in dogs greater than 25kg
and has 100% accuracy for differentiating surgical versus non-surgical abdominal
disease in dogs (Fields et al 2012, Shanaman et al 2012). CT was more sensitive for
the detection of pneumoperitoneum and gastrointestinal foreign bodies compared to
ultrasound. CT showed a trend toward a relatively higher total number of lesions
detected (Shanaman et al 2012). The sensitivity of CT for the detection of liver
cancer in dogs was 73% compared to 45% sensitivity when using ultrasound
(Irausquin et al 2008). Ultrasound was found to underestimate the size and number
of specific lesions compared to contrast enhanced CT (Shanaman et al 2013).

Technological advances in CT have made it an increasingly appealing imaging
modality with higher spatial resolution and shorter scan times, leading to vastly
increased clinical applications. Over the last decade, CT has undergone rapid
technical developments, with the advent of multi-row CT detector arrays as an
important turning point. Early generation CT scanners in veterinary clinics started
with four-slice to 16-slice, moving to 64-slice and recent models are up to 320-

slice (Sabarudin et al 2012). Multi-row detector arrays have drastically increased
image acquisition speed, improved the efficiency of x-ray tubes and improved spatial
resolution. The main advantage of multiple-row detector systems is their ability to
cover large volumes in short scan times (Mahesh, 2002). The development of helical
or spiral CT was another notable advancement in CT scanning that finally allowed
true 3D image acquisition in a single breath hold. The technique involves the
continuous acquisition of projection data through a 3D volume of tissue by
continuous rotation of the x-ray tube and detectors, and simultaneous translation of
the patient through the gantry opening. Three technological developments were
required: slipring gantry designs (allow the scan frame to rotate continuously with no
need to stop between rotations), very high-power x-ray tubes, and interpolation
algorithms to handle the noncoplanar projection data. Current CT machines can
acquire a complete CT exam of a body region within seconds that is free from



respiratory motion. As a result, the clinical usefulness of this imaging tool and rapid
acquisition technology has been a driving force behind the ongoing development of
new applications for CT and improved imaging techniques (Ohlerth and Scharf,
2007).

Most clinical applications for veterinary CT require multiphase contrast enhanced CT
(CECT), which has been made possible due to the advances in technology allowing
increased scan speed, shorter scan times and less interscan delays. The CT
scanner is timed and triggered to scan the patient multiple times after a single
intravascular injection of contrast medium. Image acquisition should be precisely
timed to capture the first pass of contrast in the arterial system (arterial phase),
maximal enhancement of the portal venous system (venous phase) and maximal
enhancement of the target organ (parenchymal phase). The objective of the arterial
phase is to synchronize image acquisition of the liver with the short time interval
during which there is peak enhancement of the arteries but before the contrast
medium recirculates through the portal system. The goal of the portal venous phase
is to scan the patient during peak enhancement of the portal vein. The arterial and
portal venous phases of the liver are used to evaluate the abdominal vasculature,
which has become the preferred diagnostic tool in cases of congenital vascular
malformations such as portosystemic shunts, hepatic arteriovenous fistula and
malformations of the caudal vena cava (Zwingenberger and Schwarz, 2004;
Zwingenberger et al, 2005; Bertolini et al, 2006; and Fischetti and Kovak, 2008).As
portal enhancement plateaus or slowly declines, the liver reaches peak parenchymal
enhancement, which can be captured on CT as the hepatic phase. CECT can be
used to target different abdominal organs such as the liver, pancreas, spleen,
adrenal glands and gastrointestinal tract. For CECT of the liver, the hepatic phase of
contrast enhancement depicts peak accumulation of contrast in the liver which is
useful for lesion detection and characterization of disease. Multiphase CECT is the
imaging modality of choice for presurgical evaluation of patients with abdominal
disease and cancer due to its high sensitivity for lesion detection (Oliver et al, 1996;
Ohashi et al, 1993; Hollett et al, 1995 and Irausquin et al, 2008). After the
introduction of multiphase CECT of the abdomen, there was more emphasis on
accurate CT scan timing, optimisation of contrast injection protocols and developing
standardised imaging techniques to make arterial/venous and parenchymal phase
acquisitions easily reproducible and comparable between patients.

From a clinical perspective, there are many indications for abdominal CT in
veterinary patients. Small animals commonly present for CT examination due to
abdominal distension, organomegaly, palpable abdominal mass, cancer staging,
investigation of congenital vascular anomalies, draining sinus tract due to a
suspected migrating foreign body or acute abdomen. Relating to the hepatobiliary
system, common clinical signs that are reported include inappetence or anorexia,
lethargy, weight loss, vomiting, abdominal pain, icterus, and often elevations in
serum biochemical markers for hepatobiliary disease. Most of these clinical signs are
not pathognomonic for hepatobiliary disease and overlap with diseases of other
organ systems. Diagnostic imaging is a useful tool to identify structural changes of
the hepatobiliary system, determine the location, extent, and severity of disease,
characterize the nature of the problem and if possible, facilitate guided tissue



sampling for cytology or histopathology. Ultrasound is commonly used as an initial
imaging tool to assess hepatobiliary disease and is extremely helpful for guiding fine
needle aspiration of the liver or any focal lesions. Changes identified in the liver may
be diffuse, focal or multifocal. Common pathologies that share imaging features
include hepatobiliary neoplasia (primary or metastatic) and hyperplasia. Focal liver
lesions are common in dogs, especially in older patients. Benign focal liver lesions
are mostly nodular hyperplasia, extramedullary haematopoiesis, hepatocellular
adenoma and bile duct adenoma. In a canine study comparing the incidence of
benign versus malignant hepatic masses, 38% of hepatic masses were benign (most
commonly nodular hyperplasia), and 54% had malignant neoplasia (Fernando, et al
2018). The most common malignant cause for focal liver disease in dogs is
metastatic neoplasia (e.g. pancreatic, splenic and gastroenteric tract) followed by
primary hepatocellular carcinoma (Burti et al, 2021). CT is useful to determine the
extent of tumours for surgical planning and to identify possible metastatic lesions for
prognostication. At times, large structural abnormalities in the liver can be
challenging to characterize using ultrasound, particularly in large dogs or if
visualisation of the liver is impeded by gas in the stomach. Large space occupying
lesions compress and displace adjacent organs. The involvement of nearby
structures such as arteries and bile ducts can be difficult to clearly evaluate. This will
have important clinical implications in terms of prognosis and surgical treatment.

Common abnormalities associated with the biliary system that require diagnostic
imaging include biliary obstruction or biliary tract rupture. The integrity of the biliary
system is an important clinical question following abdominal trauma such as dog
fight wounds and vehicle trauma, and for patients that develop jaundice after
hepatobiliary surgery (Lee et al, 2009; Suter and Olsson, 1970). The clinical signs of
biliary leakage can be insidious in onset and the acute stage can be masked by
other concurrent problems in cases of trauma such as fractures or abdominal
haemorrhage. The prognosis of bile peritonitis is often guarded and careful
radiological assessment at an early stage is recommended. Ultrasound is often the
first imaging modality used to screen patients with evidence of biliary disease. It is a
helpful tool for identifying dilation of the biliary tree, and signs of bile peritonitis such
as steatitis and peritoneal effusion around the gallbladder. Other imaging options
may be required if the underlying cause of bile duct obstruction remains unclear, or if
bile peritonitis is suspected but more information is required for confirmation or to
determine the site of leakage. Advanced imaging techniques described for the biliary
tract include MRI cholangiography (MRCP; Marolf et al, 2011) and endoscopic
retrograde cholangiopancreatography (ERC; Spillman et al, 2013). MRCP highlights
fluid within the biliary tract and pancreatic ducts to diagnose intrahepatic and
extrahepatic biliary tract inflammation or obstruction. It has been described in cats
with high resolution sequencing, allowing consistent visualisation of the bile ducts.
Unfortunately, this technique requires a high field magnet that is of limited availability
in the veterinary field and MR sequences were acquired during suspended
ventilation for up to 2 minutes, which is not always feasible. ERC has been reported
in dogs and cats, but success is influenced by operator experience, and the
procedure is technically difficult in dogs < 10kg and cats due to the small diameter of
the duodenum that limits manoeuvrability of the endoscope. Cholangiography using
iodinated contrast medium given orally, percutaneously, or intravenously has been
performed experimentally in dogs and cats, however, various problems have been



reported relating to side effects and efficacy. Biliary uptake of contrast is expected
after oral administration of ipodate calcium or ipodate sodium. Contrast can be
visualised in the gall bladder on radiographs, however there was no opacification of
the intrahepatic bile ducts and variable enhancement of the extrahepatic bile ducts
(Allan and Dixon, 1975). The optimal time for imaging post oral administration was
12-14 hours which is a suboptimal delay for patients with biliary disease that may
require laparotomy (Gaschen, 2009; Allan and Dixon, 1975). Percutaneous injection
of iodinated contrast directly into the gall bladder has been performed followed by
radiographs to visualise the gallbladder. Occasionally resulted in retrograde leakage
of contrast into the peritoneal cavity from the injection site (Wrigley and Reuter,
1982). Some intravenous contrast agents are partially excreted via the biliary tract.
lodipamide is highly bound to plasma protein and is taken up by the liver and
excreted into bile. Use of iodipamide in dogs has given variable results with some
reporting minimal or no radiographic opacification of the biliary tract after 3 hours
(Suter and Olsson, 1970; Gaschen 2009). Side effects from intravenous
cholangiographic contrast such as licking, vomiting and defecation were frequently
observed, which has been thought to be the result of rapid intravenous
administration (Allan and Dixon, 1975; Maiti et al, 2011). At the time of planning this
research project, specific biliary contrast media coupled with CT imaging had not
been reported.

Multiphase CECT of the abdomen utilises a contrast agent administered
intravenously. Different types of intravenous contrast agents are available to
enhance the diagnostic capability of a CT study by improving the contrast resolution
of soft tissue structures. In the absence of intravenous contrast, CT provides limited
information on the internal architecture of parenchymatous organs and vessels. The
addition of intravenous contrast dramatically improves visualization of soft tissue
detail due to the differential uptake of contrast by adjoining organs and their
connecting structures such as arteries, veins and ducts. Structures that fill with
radiopaque intravenous contrast media will absorb most of the x-ray energy emitted
during a CT scan, and adjacent structures that have less or no uptake of contrast
media will allow the x-ray energy to pass through. Absorption of x-ray energy occurs
with compounds that have a high atomic number. There are iodine and gadolinium-
based contrast agents available for intravenous use. Contrast agents can be
selected based on their safety, cost, distribution properties within the body and the
mode of excretion that allows it to accumulate in a target organ. The iodinated
contrast agent, iohexol, is the mainstay for CT vascular and parenchymal imaging
and there is no question of its effectiveness. It is exceptionally well tolerated in
domestic animals and humans for CT imaging with rapid renal excretion, ready
accessibility and low cost (Mortele et al, 2004). Less commonly used agents in
animal CT studies include other types of iodinated contrast and gadolinium-based
contrast agents that can be used for biliary imaging due to their excretion pathway.



lodinated contrast for vascular and parenchymal imaging

The current intravenous dose rate for iodinated contrast used in multiphase CECT of
the abdomen in dogs and cats has derived from early radiographic contrast studies
including urograms and non-selective angiograms (Feeney et al, 1982, Wise, 1982).
The recommended dose is 600-880mg I/kg with slight variation in the volume
depending on the concentration of the formulation (average 2ml/kg) (Schwarz and
Saunders, 2011). Reduced dose rates have been reported for iohexol clearance
studies using dynamic CT to calculate glomerular filtration rates in cats. Dose rates
of 0.25ml to 1.5ml/kg for iodinated contrast were reported and sufficient
enhancement of the kidneys was achieved. However, evaluation of the remainder of
the abdomen using these lower doses is lacking. We know that circulating blood
volume as a ratio of body weight area varies between domestic animals. In dogs, the
circulating blood volume is 79mls/kg compared to cats at approximately 65mis/kg
(Courtice, 1943). Therefore, the contrast dose (mls/kg) required to achieve the same
degree of vascular enhancement may differ between cats and dogs, however
currently there are no recommendations for variation in dosing between different
species of veterinary patients. Using bodyweight alone in human patients may lead
to excessive contrast administration in obese human patients. In humans, there was
a strong negative linear correlation between the dose of injected iodine and patient
weight (Gbande et al, 2023). Obese patients received a lower dose of iodine,
whereas underweight patients received a dose above the recommended range.
Although there are no recommendations for obese patients, radiologists had
subjectively reduced the iodine dose in these human patients as a precautionary
measure. An obese patient has a high proportion of body fat, a proportionally small
blood volume compared to total body weight, and a small and well- perfused
extracellular compartment (Gbande et al, 2023).

Ninety-five percent of iohexol is excreted via the kidneys after intravenous injection.
There is a clinical preference towards using reduced contrast dose rates to avoid
exacerbating renal dysfunction, particularly in the feline population due to a high
incidence of pre-existing renal disease. The reported incidence of contrast induced
acute renal failure in animals is low, mainly associated with ionic forms of iodinated
contrast. The incidence is much higher in human patients with contrast induced
nephropathy as one of the leading causes of acute renal failure in hospitalised
patients (Stokes and Bartges, 2006). A recent study of feline renal function post
administration of iodinated and gadolinium-based contrast showed no significant
changes in renal parameters with the exception of proteinuria in 11% of cases
(Prullage et al, 2022). Despite the low incidence of reported renal side effects,
veterinary clinicians remain cautious and prefer to avoid intravenous contrast or
request a reduced dose rate when considering contrast enhanced CT studies for
elderly feline patients with pre-existing renal disease.

Radiodense contrast agents can effectively absorb x-ray energy. Organs that uptake
the contrast agent will attenuate the x-ray energy (e.g. vessel), and surrounding
tissues that do not uptake contrast will allow x-ray penetration. This differential
absorption of x-ray energy is key to improving contrast resolution of soft tissues
during CECT. Contrast agents can absorb x-ray energy by photoelectric effect.



The chance of a photoelectric effect occurring is proportional to the third power of the
atomic number. lodine has an atomic number of 52 and gadolinium is 64. As a result,
the CT attenuation of gadolinium is 40% higher than that of iodine (Schmitz et al,
1997a). The chance of a photoelectric effect occurring is also inversely proportional
to the third power of the X-ray photon energy (1/E3). The photoelectric effect is more
likely to occur if the x-ray energy approaches the binding energy of the inner shell
electron. Lower x-ray tube voltages that approximate the electron binding energy of
contrast agents have been used to achieve higher CT attenuation levels from
iodinated contrast. Human clinical studies have trialled lower x-ray energies to
enhance the CT attenuation of contrast media. A lowered radiation exposure energy
(80kVp) was coupled with a reduced contrast dose, compared to regular radiation
exposure energy (120kVp) coupled with a full contrast dose. These studies showed
that a similar degree of CT contrast enhancement could be reached in both patient
groups even with reduced dose of contrast medium (Schmitz et al, 1997b). There
was no significant difference in image noise or signal to noise ratio and reducing
contrast did not interfere with vascular conspicuity or diagnostic confidence.

Gadolinium and other intravenous contrast agents for biliary imaging

One of the newer hepatobiliary biliary specific contrast agents, Gadoxetic acid (also
known as gadoxetate disodium or Gd-EOB-DTPA), undergoes approximately 50%
excretion through the hepatobiliary route and 50% renal excretion after intravenous
administration. Hepatobiliary specific contrast agents can concentrate in the liver
because they are coupled with an alipophilic ethobenzyl group that allows them to
readily enter hepatocytes or Kupffer cells. Preclinical safety trials in healthy dogs and
clinical trials in diseased dogs have shown no adverse clinical side effects (Marks et
al, 2014; Yonetomi, et al, 2012; Dohr et al, 2007). The most common application for
gadoxetic acid is for hepatobiliary imaging in humans using magnetic resonance
(MRI) because of its paramagnetic properties. However, gadolinium in gadoxetic
acid is an effective absorber of x-rays because of its high atomic number (64). As a
contrast medium, it can effectively absorb x-ray energy in CT to improve contrast
resolution. Previous experimental studies have proven that gadolinium contrast can
be visualised in the liver and biliary tract of dogs using CT (Schmitz et al, 1997a;
Schmitz et al, 1997b). No published studies have evaluated the feasibility and
diagnostic quality of using gadoxetic acid as a cholangiographic contrast agent in
dogs.

There are limited options for other types of contrast enhanced imaging of the biliary
tract and none have gained widespread use due to variable success rates, side
effects and prolonged biliary excretion times. Contrast agents that excrete into the
biliary system are uncommon. The only iodinated intravenous cholangiographic
agent currently available in Australia is Biliscopin (meglumine iotroxate). Early
studies describing the use of iotroxate in cats for cholangiography reported side
effects in 50% of cases, including vomiting, defecation and increased liver enzymes
(Fujita and Orima, 1994). Recent studies have reported iotroxate use in dogs and
cats as a slow intravenous infusion, providing contrast enhancement of the biliary
tree after 60 minutes (Hayakawa et al, 2018; Tanaka et al, 2018).



Multiphase CECT of the liver increases lesion prominence by taking advantage of
the dual blood supply to the liver from the arterial and portal system. In the normal
liver, most of the blood flow to the liver comes from the portal vein, making up 70-
75% of hepatic blood flow, and the remainder comes from the hepatic artery. In the
case of liver tumours and metastatic tumours, it has been shown in humans that
these lesions are supplied mainly by the hepatic artery. The arterial blood supply is
even stronger when tumours increase their size. The results of an experimental
study on mice with hepatic adenocarcinoma showed that the portal vein was only
responsible for 4% of the blood supply (Stehlik et al, 2021). Lesions with an arterial
blood supply will appear hyperattenuating against a background of liver tissue that is
minimally enhanced in the arterial phase. These hypervascular lesions will be less
obvious and indistinct in the portal phase when the liver tissue surrounding the lesion
is also at maximal enhancement. It is this unique, momentary feature of differential
contrast uptake between lesions and the surrounding liver tissue that allows CT to
capture focal nodules or masses in parenchymal organs such as the liver and
pancreas, and therefore increases sensitivity for lesion detection. In dogs, the
sensitivity of detecting focal lesions is increased with multiphase CECT of the liver
compared to ultrasound (Shanaman et al, 2012; lrausquin et a, 2008).

Characterising the type of disease present in the liver relies on focal hepatic lesions
exhibiting a specific pattern of enhancement during the different contrast phases. In
human radiology, multiphase CECT of focal liver disease is essential for the non-
invasive detection and classification of lesions into different categories such as
hepatocellular carcinoma, liver metastases, benign non-inflammatory focal liver
lesions (e.g. hemangiomas, adenomas or nodular hyperplasia) and hepatic
abscesses (Cao et al, 2020). These different diseases exhibit specific enhancement
features on multiphase CECT. In humans, lesions greater than 2cm can be
confidently diagnosed as hepatocellular carcinoma based on contrast enhancement
in the arterial phase that ‘washes-out’ in the venous phase with a residual ring
enhancement pattern. Focal nodular hyperplasia demonstrates strong, homogenous
contrast enhancement during the arterial phase and a central scar (Carlson et al,
2000). The unique features of focal liver disease on multiphase CECT have been
used in recent years to create data sets for artificial intelligence software that have
demonstrated precision values between 81-84% (Cao et al, 2020, Yoshinobu et al,
2020). However, this is different in veterinary radiology and there is a lack of
consistent information to characterise disease type based on multiphase CECT.
Currently, there is no clear consensus on the enhancement characteristics of benign
versus malignant hepatic lesions in dogs (see table below). A published meta-
analysis of canine focal liver lesions compared 8 studies using multiphase CECT to
diagnose and characterise the type of disease (Table 1). The protocols for
multiphase CECT in veterinary patients are not standardised, and the parameters
vary between different veterinary hospitals. A comparison of the CT protocols in
Table 1 (dogs) and Table 2 (cats) shows a lack of agreement on the injection
technique and scan delay times. In the veterinary literature, there is no mention of
the effect of CT protocol on the pattern of lesion enhancement and reproducibility of
the study.



Table 1. Multiphase CECT studies of canine focal liver lesions

recommended in human

Reference | Body Injection Injection | Contrast | Contrast Contrast Bolus Scan timing Lesion characterisation
weight rate duration | dose concentrati | arrival time | tracking
on measureme | /test
nt bolus
Taniura et | Not According | 15-20s | 2ml/kg 300mg/ml None None Arterial phase - 15sec Hepatocellular carcinoma — up to
al 2009 provided | to or Portal phase - 20 sec 25/76 dogs showed characteristic
injection 350mg/mli Delayed phase - 90sec changes including capsule
duration formation, septum formation and
dilated blood vessels, which were
not seen in nodular hyperplastic
lesions
Fukushima | 1.5- According | 5-10s 2ml/kg 300mg/mli None None Arterial phase - 13sec Hepatocellular carcinoma — up to
etal 2012 | 38.5kg to Portal phase -30 sec Delayed 95% (33 dogs) showed rim
injection phase - 120sec enhancement in the arterial phase,
duration cyst like lesions, capsule formation
and hypoattenuation in the
portal/delayed phases.
Hepatic adenomas or nodular
hyperplasia: diffuse enhancement in
arterial phase in 57-60%
Kutara et 5.7- 15- 2.5ml/kg | 300mg/ml None None Arterial phase - 20sec Portal Hepatocellular carcinoma —
al 2013 23.9kg According | 20sec phase - 40sec Delayed phase | heterogenous in the arterial and
to -120 sec portal phases
injection Hypoattenuating (105-121HU) in
duration portal/delayed phases
(0.3-3 Nodular hyperplasia — homogenous
mi/s) in portal and delayed phases
(13/14). Hyperattenuating (111HU)
in arterial phase
Metastatic lesions lowest HU (65-
85HU) in arterial and portal phases.
Jones et al | 4-54kg 2ml/s Variable | 2ml/kg 300mg/mli None None Arterial phase <30sec Substantial overlap in appearance
2016 Delayed phase <60 sec (as of malignant and non-malignant liver

and splenic masses.




protocols)

Griebie et | Not 1.0 to 3.5 | Variable | 2ml/kg 385mg/ml Yes Bolus Arterial phase -(immediately
al 2017 provided | mL/s tracking | post trigger) Venous phase - An equation that included only the
(180HU | 20sec lowest delayed-phase absolute
) Delayed phase - 90 sec enhancement of the mass could be
used to correctly classify 42 of 46
(91.3%) masses (with expectation of
malignancy if this value was < 37
Hounsfield units).
Leela- 2.6- According | 20- 2ml/kg 300mg/mli Yes Bolus Arterial phase - 20 sec post Malignant liver lesions were more
Arporn et 15.8kg to 30secs tracking | trigger likely heterogenous and >4.5cm in
al 2019 injection (200HU | Portal phase - 20 sec after the | the delayed phase.
duration ) arterial phase Delayed phase -
180secs
Stehlik et 12.5- 2ml/s Variable | 2mil/kg 300mg/ml None None Arterial phase - 10-15sec No significant differences were
al, 2020 34.1kg Portal phase - 30-40sec identified between the benign and
Delayed phase - 90 sec malignant liver lesions, nor between
the individual histological types of
lesions. The conclusion from this
study is that triple-phase contrast-
enhanced computed tomography
cannot differentiate between benign
and malignant liver lesions.
Burtietal | Not Variable | Variable | 2ml/kg 350mg/ml None None Delayed phase only 60-120sec | Hepatocellular carcinoma and other
2021 provided | (hand malignant lesions — heterogenous
injection) enhancement in 68-100% (13/13),
however they also reported diffuse
enhancement in 84% (11/13 cases).
A cyst like appearance (92%, 12/13)
Magistris Not Hand Variable | 2mil/kg 300mg/ml Not None 16 dogs had an Early phase - Characterisation of differential types
etal 2022 | provided | injection measured 30-40sec and Late phase — of GIT tumours (epithelial, spindle or
or 2-5ml/s 60sec round cell).

25 dogs had a single post
contrast study




Table 2. Multiphase CECT studies of cats

Reference | Body Injection Injection Contrast | Contrast Contrast Bolus Scan timing Study purpose
weight rate duration dose concentration | arrival time tracking/test
measurement | bolus
Bouma 10 healthy | Unknown Unknown | 2.2ml/kg | 240mg/ml Yes Test bolus Arterial phase - 10 | Characterise renal
2003 cats (Hand (0.22ml/kg) | sec vessels for renal
(mean injection) Venous phase transplantation.
weight of immediately after
4.5kg) the first
Secrest et | 3-6.4kg 5ml/s Variable 2mi/kg 350mg/ml Yes Test bolus Arterial phase (set Describe triple
al, 2018 as contrast arrival phase CT of the
time) feline pancreas in
Portal phase set as | normal cats
time to peak portal
enhancement from
test bolus
Delayed phase —
180 sec
Cordella 4 Dogs 2ml/s Variable 2mi/kg 320mg/ml Yes Bolus Arterial phase — Describe portal
and 1 cat tracking auto min. post venous gas and
Bertolini, Unknown (100 HU) trigger pneumobilia.
2021 weights Portal phase - 20
sec after end of
arterial phase
Delayed phase —
120-180sec
Noh et al, Dogs 2. According | 20 secs 2ml/kg 300mg/ml No N/a Arterial phase - Describe CT
2022 (8 2-30kg to injection 20sec appearance of
dogs and 2 | and cats duration Portal phase - renal tumours in
cats) 3.1-3.6kg 40sec dogs and cats
Delayed phase - 60
sec
Li 2022 3.5-4.5kg | 0.5ml/s Variable 1.5ml/kg | 350mg/ml Yes Bolus Arterial phase - 0, 2 | Evaluate the
tracking and 4s post trigger | optimal delay for
(200HU) Portal phase (5, 7 triple phase
and 9s post trigger) | hepatic CT using




Delayed (60, 62,
64s post trigger)

bolus tracking in
cats (concluded
that best results
seen at 2s arterial
phase, 7s portal
phase and 62s
delayed phase).




Multiphase CECT of the abdomen: variation in scan timing

The start of the arterial, portal and delayed CT scan phases varied between different
institutions. Arterial phase start times ranged from 13-30 sec in dogs, and 0-10sec in
cats after contrast injection. This variation in timing is significant given that modern
multi-row CT machines can finish an abdominal CT scan within 5-10 secs. The portal
or venous phase ranged from 20-60secs in dogs and 7-40secs in cats. Some
institutions labelled the 60 sec scan the delayed phase (Burti et al 2021). The
delayed phase varied from 60-180sec in dogs and cats. The definition of an arterial
phase, compared to a portal/venous phase or delayed phase is not clearly described
in these studies. According to a veterinary textbook on multi-row CT in small animals
(Bertolini 2017), the hepatic arterial phase (HAP) can be subdivided into a pure early
arterial phase (EAP) and a late arterial phase (LAP), with no or minimal
enhancement of the hepatic parenchyma. The EAP provides important information in
cases of vascular malformation (arterio- venous malformations and arterioportal
fistulas). In the LAP, inflow in the portal vein can be observed, and the arterial
vascular component still shows excellent opacification. Benign and malignant
hypervascular lesions generally show maximum enhancement during this phase.
However, in the veterinary studies evaluating the CT appearance of focal liver
lesions, it is unclear if the CT protocols achieved an early or late arterial phase. The
portal venous phase corresponds to the maximum enhancement of the liver
parenchyma and takes approximately 35—40 s from the start of contrast medium
injection. The delayed phase (also termed interstitial or equilibrium phase) can be
acquired approximately 120 s after the start of contrast medium injection. This phase
is important in the assessment of pathological changes with absent or minimal
vascular supply, such as hepatic cysts, abscesses, and biliary dilations, as well as in
the evaluation of venous thrombosis and tumoral invasion of the hepatic veins and
hepatic vena cava.

For a successful multiphase CECT study, the CT machine needs to be triggered to
scan at the right time. Scan timing should be aimed at centring the scan phase on
the peak of vascular enhancement (arterial or venous) or parenchymal enhancement
(e.g. liver) to maximise contrast differentiation between the vessels and surrounding
soft tissues, and to maintain homogenous enhancement throughout the scan

phase. In humans, it has been clearly described that an arterial phase should aim to
capture the first pass of contrast in the arterial system with contrast attenuation in the
aorta reaching at least 250 Hounsfield Units (HU) (Gbande et al, 2022 and Bae
2010). The portal phase (also termed hepatic phase) should capture contrast
enhancement of the portal veins and hepatic veins and peak liver enhancement
(satisfactory if 50-60HU above precontrast level, or good if >60HU above precontrast
level) (Gbande et al, 2022). So far, there are no veterinary studies that have
assessed the accuracy of their multiphase CECT studies at capturing a true arterial
and portal/hepatic phase. The delayed phase in human radiology (also termed the
equilibrium phase) is obtained at 3 to 5 minutes after contrast injection. During this
phase, contrast has equilibrated between the intravascular and interstitial water of
the liver (Kulkarni et al, 2021).



Multiphase CECT of the abdomen: variation in patient body weight:

A common feature of the canine population in these studies is variation in body
weight. In one study, the heaviest dog weighed 25 times more than the lightest dog
(Fukushima et al 2012). Therefore, when using a contrast dose tailored to body
weight (typically 2ml/kg), the total contrast volume increased by 25-fold. In human
imaging facilities, body weight categories are sometimes used to guide the contrast
dose; patients weighing 64-109 kg receive 40-50mls of contrast, 110-136 kg receive
50-60mls and the dose is capped at 60-70mis for patients >136kg. In this model, the
difference in contrast volume between light and heavy patients can increase by a
maximum of 1.75-fold. By comparison, in veterinary patients there is no
recommendation for a contrast dose cap. As a result, large breed dogs receive a
significantly greater contrast volume. This will in turn affect the length of time
required to administer the total volume to the patient (i.e. injecting 100mls of contrast
medium through a 20G catheter is rate limited). Controlling the rate and duration of
contrast injection is important as this critically affects the timing of vascular
enhancement in the patient. In human radiology, variation in timing of enhancement
due to changes in contrast volume and patient body weight, are controlled by
standardising the injection duration. One recent study in human imaging reported the
contrast medium parameters in abdominal CT scans for cancer assessment
(Gbande et al 2022). Across 218 humans, the body weight ranged from 55 to 85 kg,
leading to changes in the contrast volume (ranging from 20-95mls). However, the
injection duration operated within a small range (23-37 secs injection duration).

Multiphase CECT of the abdomen: variation in injection technique:

Comparing multiphase CECT studies of canine focal liver lesions, 4 studies used a
standard injection duration (although the chosen injection duration varied between
different institutions, ranging from 5-30secs) and 2 studies used fixed injection rates
(commonly 2ml/s and up to 3.5mls) and one study used a hand injection technique
with no precalculated injection rate or duration. The inconsistent contrast injection
technique may have caused variation in the intensity and timing of contrast
enhancement, both within study groups (between patients) and between different
institutions. Experimental studies in humans and animals have proven that injection
techniques are important factors to consider because they critically influence the rate
and distribution of contrast in the patient’s body. Injection rate is the speed at which
contrast is administered over time. Injection duration is defined as the time taken to
administer the total volume of contrast. For a fixed contrast volume, a long injection
duration requires a slow (low) injection rate, and a short injection duration leads to a
faster (higher) injection rate. Maximal contrast enhancement on CT is only achieved
when the total volume of contrast volume has been administered to the patient, after
the end of the injection duration. There is a strong positive correlation between time
to peak arterial enhancement and injection duration (Bae, 2010; Awai and Hori,
2003; Ichikawa et al 2000; Makara et al 2011). Longer injection durations will prolong
the delivery of intravenous contrast medium to the patient and the peak will only
occur after all the contrast medium has been administered. Long injection durations
occur when using a fixed injection rate (e.g. 2ml/s) in heavy body weight patients.
For example, a large dog weighing 40kg requires a greater volume of contrast (e.g.
standard contrast dose of 2ml/s will equate to 80mls of contrast). The injection
duration for this large dog will be 40secs when administering at a fixed rate of 2ml/s




(i.e. 80mls divided by 2ml/s). In comparison, a small dog would require less contrast
volume (e.g. 5kg dog at a standard contrast dose of 2ml/s will require 10mis). The
injection duration for this small patient will be 5secs (i.e. 10mls divided by 2ml/s).
The time to peak arterial enhancement will occur earlier in the small patient (given
that the total contrast volume will be administered in a short period of time). The time
to peak arterial enhancement will occur later in the heavy patient. The consequence
of a very fast injection of a small contrast volume is early enhancement which can be
easily missed. In a population of cats that underwent CT renal angiography, the first
pass of contrast was missed in the scanned arterial phase and contrast was already
present in the veins (Mai et al, 2013). Therefore, rapid injection rates leading to early
enhancement can be undesirable. There is also a limit to how much the rate of
contrast delivery can perturb the time to peak enhancement due to right heart filling
pressure. In humans, injections rates of 8-10ml/s lead to retrograde reflux of contrast
into the caudal vena cava. The effect of contrast injection technique on arterial and
liver enhancement has not been evaluated in dogs and cats. Experimental studies in
human radiology have used dogs as models, however, a clinical study in dogs and
cats has not been performed. The effect of variation in canine breed and body weight
has not been examined in veterinary radiology.

Multiphase CECT of the abdomen: variable consideration of contrast arrival time in
the aorta:

In veterinary studies on multiphase CECT of the liver, the time taken for contrast to
transit from the peripheral venous injection site to the abdominal aorta was
frequently not measured. The length of this transit period is affected by the patient
size and cardiac output. This is termed the contrast arrival time. In humans, contrast
arrival time is inversely proportional to the cardiac output, that is a longer contrast
arrival time is seen with reduced cardiac output. The contrast arrival time can be
measured by two methods: test bolus and bolus tracking. The test bolus technique
requires administration of a small volume of contrast (usually a quarter of the
diagnostic contrast dose) to identify the contrast arrival time prior to acquisition of the
diagnostic images. The test bolus is given to the patient and a series of single slice
CT images is obtained at the same level (usually cranial abdominal aorta) at a rate of
1 image/sec. This creates a cine loop that captures aortic enhancement over time
(60 secs). A time vs attenuation curve can be generated and the point at which the
aorta reaches 100-150HU is labelled the contrast arrival time. This information is
used to plan the multiphase CECT scan and decide the scan delays for the arterial
and hepatic phases. Alternatively, the bolus tracking technique uses a single
contrast injection, and the contrast arrival time is only identified during the diagnostic
CT scan. The full contrast dose is given to the patient, and a real time cine loop of
the aorta is acquired (similar to the test bolus) to monitor the arrival of contrast. As
soon as enhancement reaches a minimum threshold (usually 100-150HU), the
beginning of the multiphase diagnostic CT scan is triggered. Therefore, if the bolus
tracking technique is used, the scan delays must be preset into the CT machine
before injecting contrast into the patient. When using bolus tracking technique in
multiphase CECT, the arterial and hepatic phases are set with post trigger scan
delays.




Currently in the veterinary literature, there is a lack of agreement on the minimum
aortic density threshold. Griebie et al 2017 and Leela-Arporn et al 2019 used a
minimum threshold of 180HU and 200HU, respectively. In comparison, the aortic
threshold density is set at <150HU in humans (Kulkarni er al, 2021; Bae, 2010). An
aortic density threshold that is too high may prolong the start of the CT scan and
result in inappropriate diagnostic enhancement.

The test bolus method is used differently between institutions and the reliability of
this technique has been questioned. A veterinary study that was one of the first to
publish on multiphase CECT of the canine liver described the use of the test bolus
technique to premeasure the contrast arrival time in the aorta (Zwingenberger and
Schwarz, 2004). This contrast arrival time was then chosen as the scan delay for
arterial phase and the injection duration was not taken into consideration (i.e. the
arterial phase scan was set to start when contrast first appeared in the aorta). The
maximum point of arterial enhancement may or may not have been captured
(depending on the injection duration) because it is expected to occur after the total
volume of contrast is administered. Another veterinary study used the test bolus
method to measure time to peak aortic enhancement. The time to peak
enhancement from the test bolus was then used as the scan delay for the arterial
phase. This presumed that the time to peak aortic enhancement of the test bolus
would be the same as the diagnostic bolus. In theory, this technique can be
inaccurate because the TPE from a test bolus will change in the diagnostic bolus due
to differences in the contrast volume and injection duration. The injection duration
changes between the test bolus (1ml/kg) and the diagnostic bolus (2ml/kg), but both
volumes are injected at the same fixed rate (e.g. 2ml/s). For example, a dog
weighing 40kg would receive 40mls in the test bolus, and 80mls in the diagnostic
bolus. When given at the same fixed injection rate such as 2ml/s, the injection
duration would be 20s and 40s for the test bolus and diagnostic bolus respectively.
This change in volume and injection duration will alter the timing of contrast
distribution in the body. As such, using the TPE from a test bolus as the scan delay
may result in prematurely finishing the CT scan before peak enhancement in the
aorta occurs. Mai et al (2013) identified this anomaly in 3/9 cats when using the test
bolus method; there was no arterial or venous enhancement at the scanned arterial
phase, indicating that iodine had not yet arrived in the region of interest.

A limitation of current multiphase CECT protocols is that there is no standardised
injection technique or CT scan protocol. Protocols vary from one institution to
another, the arterial, hepatic and delayed scan times are different. This seems
particularly important when using fast, multi-row CT technology. It is more
challenging to accurately synchronise the CT scan with optimal enhancement of the
target organ. And it is also very important when the momentary enhancement
features of focal lesions are used to classify the type of disease present, including
primary liver neoplasia versus metastasis or nodular hyperplasia. To accurately
classify the specific CT enhancement features of different diseases, CT protocols for
multiphase studies should be standardised so that the arterial and hepatic phases
can be reliably and repeatedly captured. There are no veterinary studies evaluating
the reliability of the different CT protocols currently in use.



Veterinary radiologists have attempted to characterise the nature of focal liver
lesions on multiphase CECT based on their enhancement characteristics, trying to
align with research in human radiology. However, the results from veterinary studies
on multiphase CECT of canine liver lesions are conflicting. Two of 8 studies on CT
enhancement characteristics of canine liver lesions found no significant differences
were identified between the benign and malignant liver lesions, nor between the
individual histological types of lesions (Jones et al 2016; Stehlik et al, 2020). These
two studies used a fixed injection rate (resulting in variable injection duration), they
did not take into consideration the contrast arrival time, and the scan times for the
arterial, hepatic and delayed phases were different (see Table 1). Two of 8 studies
reported heterogenous enhancement of hepatocellular carcinomas in the delayed
phase (Leela-Arporn et al, 2019; Burti et al, 2021), however the injection technique
was variable, and consideration of contrast arrival time was also inconsistent
between these studies. Two of 8 studies reported rim enhancement in hepatocellular
carcinomas in the arterial phase, which was not identified with nodular hyperplasia;
these studies used a standardised injection duration (Taniura et al, 2009; Fukushima
et al, 2012).

There are multiple other veterinary publications that aim to characterise the CT
enhancement features of other organ lesions. Multiphase CECT for the detection of
pancreatic insulinoma is highly sensitive (Iseri et al 2007, Mai and Caceres 2008 and
Fukushima 2015). Two of these earlier studies agreed that pancreatic insulinomas
were contrast enhancing in the arterial phase and this was the most useful scan
phase (Iseri et al 2007; Mai and Caceres 2008). Both studies used the same
injection rate (5ml/s) and a test bolus to estimate contrast arrival time or time taken
to reach peak arterial enhancement. A later study (Fukushima et al, 2015) used a
different CT protocol (standardised injection duration over 5-10 secs). This study
found that hypo-attenuation was as common as hyperattenuation in dogs with
insulinoma in triple-phase CT, and mass lesions were conspicuous not only in the
arterial phase but in the pancreatic and later phases in some cases. A fourth study
(Buishand et al, 2018) agreed that triple phase CT had the highest sensitivity for
lesion detection (including metastases to the lymph nodes and liver), and that there
was no single post contrast phase in which insulinomas could be best visualised.

Blaser et al (2016) assessed different injection protocols for CT of the adrenal glands
in 9 healthy dogs. They used an injection protocol delivering 2ml/kg of contrast over
20 seconds, with scans obtained approximately 30 seconds after starting contrast
medium injection. This provided images with maximum adrenal gland attenuation
values. Another multiphase CECT study in 36 dogs with adrenal tumours also used a
standard injection duration of 20 secs. This study found that cortical
adenocarcinomas had significantly lower attenuation in the arterial phase compared
to adenomas and phaeochromocytoma (Yoshida et al, 2016). On the contrary, a
separate study in 17 dogs with adrenal masses, used a different protocol for
delivering contrast (fixed injection rate at 2 ml/s, and therefore variable injection
duration between dogs). This study concluded that the overlapping characteristics
between tumor types limited the potential for reliably distinguishing them based on
CT alone (Gregori et al 2015).



Other multiphase CECT studies in dogs tried to characterise lesions in the spleen
(Cordella et al 2020) and stomach (Tanaka et al, 2019). Cordella et al (2019) found
that splenic extramedullary haematopoiesis consists of multiple nodules
hyperattenuating to the normal spleen, best visualized in the arterial and portal
phases. This study used a variable injection rate, variable injection duration and
contrast arrival time was measured using bolus tracking. By comparison, Jones et al
(2016) assessed the multiphase CECT features of splenic lesions and concluded
that there was substantial overlap in appearance of malignant and non-malignant
splenic masses. This study used a fixed injection rate of 2 ml/s (therefore variable
injection duration) and did not measure contrast arrival time.

In human radiology, the recommendation for multiphase CECT for diagnosis of liver
disease is embedded in the AASLD (American Association for the Study of Liver
Diseases), EASL (European Association for the Study of the Liver), OPTN (Organ
Procurement and Transplantation Network), Asian Pacific Association for the Study
of the Liver, JSH (Japan Society of Hepatology), National Comprehensive Cancer
Network, and other organizations (Kim et al, 2019; Marrero et al 2019; Shi et al
2020; Mitchell et al 2014). They specify imaging criteria such as “arterial phase
hyperenhancement” and “venous or delayed phase washout” as diagnostic of
hepatocellular carcinoma. The 1-year survival rate of hepatocellular carcinoma was
25% in 1992 and has improved to 47% in 2004, and the 5-year survival from 40% to
70%, an improvement attributed to diagnosis of the cancer at an early stage (Tang et
al 2015). Imaging diagnosis is preferred over biopsy due to risk of significant
bleeding attributable to the hypervascular nature of hepatocellular carcinomas, risk
of mortality, risk of false-negative biopsies and a risk of tumor seeding along the
biopsy tract (Tang et al 2015). In a human study with 96 patients, the combination of
arterial phase and delayed phase yielded the highest specificity (99%) and sensitivity
(57%) (Jang et al 2013). In another study with 100 patients with focal liver lesions,
only malignant lesions (hepatocellular carcinoma and metastasis) demonstrated the
abnormal internal vessels or variegated pattern of enhancement on the arterial
phase (Nino-Murcia 2000). Complete ring enhancement pattern was mostly seen
with metastasis (82%), hepatocellular carcinoma (14%), cholangiocarcinoma (2%)
and abscess (2%). They reported that occasionally metastasis and hepatocellular
carcinoma exhibited no enhancement. For both human studies, the CT protocol was
similar; injection rate of 5ml/s, using either a fixed contrast volume (150mis) or
contrast dose of 2ml/kg but capped at 180mls, scan timing was also similar between
studies (arterial phase 20-25sec, portal phase 60 sec). Similarly, another study of 60
malignant liver tumours used a fixed injection volume of 150mls and an injection rate
of 4-5mls, additionally bolus tracking was used to assess contrast arrival time;
arterial phase was started 12 secs post trigger, venous phase 70 secs and delayed
phase 180 secs.



The CT protocol including contrast injection volume, technique and CT scan timing is
relatively standardised in human radiology. In comparison, protocols for multiphase
CECT of the abdomen remains variable in the veterinary literature. Contrast injection
techniques are variable (different injection rates or some using standardised injection
duration). The scan delays for the arterial, hepatic and delayed phases are
inconsistent in the veterinary literature, and the definition of each phase is
inconsistent. The contrast arrival time is infrequently measured in veterinary studies,
this has been proven to be a significant factor to consider in multiphase CECT in
humans. There are no studies in animals comparing the reliability and
successfulness of different veterinary CT protocols. It is unclear if the same CT
protocol used in human radiology can be reliably applied to dogs and cats. Given
that there is a wide range in canine size due to breed, veterinary imaging is faced
with significant variation in patient bodyweight. As mentioned previously, bodyweight
affects the total contrast volume when using a contrast dose tailored to body weight.
Changing the contrast volume will vary the duration of time required to administer the
total volume of contrast to the patient, and this will in turn affect time to vascular and
parenchymal enhancement. So far, there are no clinical studies in dogs and cats to
assess the effect of animal body weight on time to peak enhancement.

The purpose of this thesis is to analyse the technical factors affecting CECT of the
hepatobiliary tract in dogs and cats. We aimed to understand how these factors
influence the timing and intensity of contrast enhancement in the abdominal aorta,
portovenous system and liver and biliary tract. Regarding the intravenous contrast
agent, the factors of interest included the effect of contrast dose (particularly for
cats), injection rate, and injection duration in both dogs and cats. Regarding the CT
machine, factors assessed include the use of bolus tracking software or test bolus
injection to help predict timing of contrast arrival in the aorta and determine optimal
CT scan delays for multiphase CECT imaging. Regarding the patient, the effect of
patient species (canine or feline) and the effect of patient body weight were
assessed. A comprehensive analysis was carried out, with the intention of identifying
the key players that can perturb contrast distribution in the body. We hypothesised
that the key factors affecting timing of enhancement could be used to develop
standardised protocols for multiphase CECT in both dogs and cats. Chapter 1 of this
thesis includes two research studies on contrast medium and patient related factors
that affect timing of enhancement in multiphase CECT of the liver imaging in dogs
and cats. Chapter 2 applies the information gained from the previous chapter,
adopting a multicentre comparison study to critically evaluate different protocols for
multiphase CECT of the abdomen in dogs, assessing the performance of these CT
protocols and their diagnostic quality. Chapter 3 of the thesis aims to refine contrast
CT imaging protocols in cats with a particular focus on dose reduction. Chapter 4 is
an experimental study, exploring an alternative, gadolinium-based contrast agent for
biliary CT imaging in dogs in cats with the aim of identifying the optimal contrast
dose and timing for CT imaging.



SECTION 3 — Research Chapters (1-4)

Chapter 1. Influence of contrast injection technique on timing of enhancement of the
liver in normal dogs and cats.

The pattern of contrast distribution in the body as it flows from the vascular
compartment to targets organs, can be analysed on a bolus geometry curve. The
curve is derived from plotting and measuring the degree enhancement of a selected
area of interest over time (e.g. aorta, liver). The bolus geometry of the aorta and liver
has been studied in dogs used as models for human imaging studies, and also in the
veterinary clinical setting when a test bolus is used to monitor timing of
enhancement. There are differences in the bolus geometry of the aorta compared to
the liver. The aortic enhancement curve is expected to occur early with a rapid rise,
short peak and rapid decline in enhancement as the contrast medium is diluted by
blood in the intravascular space and flows into the extravascular space. The bolus
geometry of the liver has a shallow, broad peak that occurs later when the contrast
medium flows into the interstitial space. The contrast bolus is subject to the
hemodynamics of the circulatory system such as heart rate, cardiac output and the
length of the circulatory paths. The bolus geometry can also be influenced by
external factors such as contrast medium injection rate, injection duration and
volume. Based on experimental research studies, bolus geometry can be disturbed
by increased contrast volume administered rapidly using a fast injection rate. The
bolus geometry is compressed with the peak of enhancement occurring earlier (Bae,
2010). This corresponds with findings from a canine CT study of the thorax, where
the bolus geometry of the pulmonary artery was shifted by a rapid injection rate and
time to peak enhancement occurred earlier. Small dogs with low body weight were
particularly susceptible to this shift, and we hypothesised that the same effect would
be seen in the feline population. The bolus geometry of the pulmonary artery was
significantly different between dogs of different body size when using a fixed, rapid
injection rate (Makara et al, 2011). Conversely, the bolus geometry remained
relatively unchanged when a slower injection rate was used with contrast
administered over a fixed duration (Makara, 2011). These findings were replicated in
an experimental study using Beagle dogs from a research facility. Fixing the injection
duration resulted in reproducible contrast timing (Tateishi et al, 2008). We
hypothesised that the bolus geometry of the splanchnic vessesls and liver could be
similarly affected by changes in injection rate and injection duration. The added
interaction of patient body weight and size is also in question, given that changes in
body weight in turn affects contrast volume and injection rate or duration. We aimed
to identify the significant variables that affect bolus geometry in the splanchnic
vessels and liver in dogs that varied in body weight and in feline patients. Focus is
given to the time taken to reach peak enhancement in the splanchnic vessels and
liver. The ability to predict time to peak enhancement offers the potential to make
standardised recommendations for CT scan timing when acquiring abdominal
multiphase CECT studies.
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’I'hc applications for contrast CT of the abdomen
include vascular and parenchymal imaging. Vas-
cular CT imaging has been used for angiographic
cvaluation of dinically normal dogs and is a useful
technique for the diagnosis of congenital vascular
malformations such as portosystemic shunts, hepatic
arteriovenous fistulas, and malformations of the cau-
dal vena cava.'"® More recently, multiple studies™”
have been conducted to explore applications for pa-
renchymal CT imaging, particularly of the liver and
pancreas in dogs. The advent of fast, multidetector CT

ABBREVIATIONS

HU  Hounsfield unit

ROl  Region of interest

TPE Time to peak enhancement
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| OBJECTIVE

To evaluate the accuracy of esumating time to peak enhancement (TPE) of
the 2orta and liver parenchyma on the basis of contrast medium arrival time
in the 2orta, injection duration, and injection technique in dogs.

ANIMALS
18 dogs of specific body weight categories (2 2 dogs/category) with no lver
abnormalites detected via CT.

PROCEDURES

Dogs were randomly assigned within weight categories to receive contrast
medium IV at a fixed injection rate (5 mL/s) or fixed injection duration (20
seconds). Time-contrast attenuation curves were generated from dynamic
CT scans acquired at the hepatic hilus. Data collected for contrast medium
arrival ime and injection duration were used to esumate TPEs of the aorta
and liver, and results were compared with the observed TPEs for the aorta
and liver.

RESULTS

Contrast medium arrival time, injection duration, and injection technique
were significantly associated with observed values for aortic TPE and
explained 96.1% of variation in TPE. For the fixed rate technigue, the
regression equavion for estimating aortic TPE was 0.8 X (injecuon
duration + contrast medium arrival time) + 1L.6. For the fixed durauon
technique, the regression equation changed by only the constant (-2.6).
However, the hepatic TPE estimated from the 3 predictor variables was
not significantly different from the mean of observed TPEs.

CONCLUSIONS AND CLINICAL RELEVANCE

Aortc TPE could be accurately esumated from contrast medium arrival
tme, injection duration, and injection technique in dogs with apparendly
healthy livers. The regression equations derived from this relationship can
be used to improve the efficiency of dual-phase CT of the liver in dogs. (Am
J Vet Res 2016;77:1093-1100)

technology has enabled acquisition of data pertaining
to both arterial and parenchymal phases of contrast
enhancement after a single contrast injection. Dual-
phase contrast CT of the liver and pancreas in people
is performed to increase the sensitivity for lesion de-
tection and to enable characterization of disease.-*

The principal goal of dual-phase CT is to acquire
images when optimal contrast resolution of the struc-
ture of interest is evident following contrast medium
injection.’* This occurs when there is differential
enhancement between the focal lesion and the sur-
rounding parenchyma. When contrast resolution is
optimized, the sensitivity increases for detecting fo-
cal lesions in organs such as the liver and pancreas.”™
Focal hepatic lesions that are hypervascular will in-
crease in conspicuity during the arterial phase be-
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cause the surrounding hepatic parenchyma will be
slower to have contrast enhancement. Subsequent
diffuse parenchymal enhancement will render these
lesions nonvisible, but other types of lesions that are
hypovascular will be more evident during the paren-
chymal phase.'*** The timing of image acquisition fol-
lowing contrast medium injection is therefore of par-
amount importance when assessing the liver via CT.

The aim of dual-phase CT imaging is to capture
peak arterial enhancement during the arterial phase
and peak parenchymal enhancement during the he-
patic phase. As a result, TPE of the arteries and pa-
renchyma is an important consideration when plan-
ning CT scans.'*"” Operators attempt to synchronize
the carly and late CT scan with TPE of the arteries
and parenchyma, respectively. Achieving an accurate
carly CT scan that captures peak arterial enhance-
ment is particularly challenging because of the in-
herently narrow temporal window of peak contrast
enhancement.”

Various techniques for contrast medium injection
and protocols for CT timing exist for dual-phase he-
patic CT imaging in veterinary patients; however, the
accuracy of these methods has not been objectively
measured. A commonly used technique for contrast
medium administration is IV injection by hand fol-
lowed immediately by CT scanning. This technique
has been used for angiographic evaluations to charac-
terize normal anatomy and portosystemic shunts but
not for dual-phase evaluations of parenchymatous or-
gans ™" The main limitation of administering con-
trast medium by hand is that there is no control over
the injection duration, which is one of the most im-
portant factors in the calculation of TPE.""2>22

A second contrast injection technique via a fixed
injection rate (3 to 5 mL/s) has been used for dual-
phase CT scans of the liver and pancreas.'” Likewise,
this technique does not take injection duration into
account for estimating TPE of the aorta and liver. The
technique for achieving a fixed injection rate has
been used in conjunction with a test bolus procedure
to estimate TPE. The test bolus procedure involves a
small dose (eg. 05 to 1 mL/kg) of contrast medium
administered 1V to gauge the timing of enhancement
in a subject prior to administration of the diagnostic
bolus (2 mL/kg, 1V). However, when 2 different vol-
umes of contrast medium are given at the same injec-
tion rate, the injection duration is subsequently modi-
fied. Therefore, the information provided by the test
bolus is considered a poor estimate of TPE but a good
estimate of the time required for contrast medium to
circulate from the venous injection site to the aorta
(contrast medium arrival time)."”

A third type of technique for contrast medium in-
jection involves a fixed injection duration.”® Contrast
medium is administered at a fixed injection duration
of 15 to 20 seconds, and the CT scan is started aftera
fixed delay period. The fixed scan delay for the carly
and late CT scans is the same for every subject. This
technique may result in asynchrony between the CT

scan and peak enhancement because of intersubject
differences in blood circulatory time and cardiac out-
put. Subjects with low cardiac output caused by car-
diac disease or anesthetic depth are expected to have
slower circulatory times, resulting in a delay in TPE.
These variations in circulatory times can be estimat-
ed by measuring the contrast medium arrival time."”

Dual-phase CT is routinely performed for hepatic
imaging of humans, and accurately estimating TPE is
an important part of the procedure. An estimated val-
ue for TPE is calculated as a function of contrast me-
dium arrival time and injection duration.'®17212* This
calculation is a simple procedure that could be used
in a clinical setting to improve the efficiency and
accuracy of dual-phase CT of the liver in veterinary
patients. Knowledge of the TPE is important for de-
termining the necessary CT scan delay after contrast
medium injection to allow synchronization of image
acquisition with peak enhancement. However, this
technique has not been validated in veterinary medi-
cine. Furthermore, the accuracy of estimating TPE of
the aorta and liver as a function of contrast medium
arrival time and injection duration is unknown. The
purpose of the study reported here was to measure
the accuracy of estimating TPE of the aorta and liver
parenchyma for 2 types of injection techniques (fixed
injection rate and fixed injection duration), with con-
trast medium arrival time in the aorta and injection
duration used as predictor variables.

Materials and Methods

Animals

Qlient-owned dogs brought to University Veteri-
nary Teaching Hospital Sydney from May to Novem-
ber 2013 for CT evaluation involving general anesthe-
sia for a problem unrelated to the liver were eligible
for inclusion in the study. To qualify for inclusion,
dogs were required to have a grossly normal liver as
identified via CT, no contraindication to contrast me-
dium administration, and a cephalic vein available for
contrast medium injection. The CT assessment crite-
ria for the liver included an unremarkable size, shape,
margination, homogencity on pre- and postcontrast
CT scans, and morphology of the hepatic and por-
tal vasculature. Dogs were excluded from the study
when they had portosystemic vascular anomalies,
congestive heart failure, renal failure, dehydration, or
hypertension.

To achieve a uniform distribution of dogs of vari-
ous body weights, an equal number of dogs of specif-
ic body weight categories (0 to 5, 5 to 10, 10 to 15, 15
to 20, 20 to 25, 25 to 30, and > 30 kg) was enrolled to
provide a minimum of 2 dogs/category. Owner con-
sent was obtained for all dogs prior to enrollment.
The study protocol was approved by the Animal Eth-
ics Committee of the University of Sydney.

Study protocol
Dogs in cach body weight category were ran-
domly allocated by drawing of numbers into 1 of
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2 groups: group A received contrast medium at a
fixed injection rate of 5 mL/s, and group B received
contrast medium at a fixed injection duration of
20 seconds. These 2 methods of injection were
adopted from techniques used in veterinary radi-
ology. For the procedure, dogs were sedated with
butorphanol tartrate® (0.2 mg/kg, IM). A 23-gauge
IV catheter was placed into a cephalic vein, and an-
esthesia was induced with alfaxalone® (1 to 2 mg/
kg, IV). Dogs were endotracheally intubated, and
anesthesia was maintained with isoflurane® in oxy-
gen, with dogs breathing spontancously. Hartmann
solution® was administered at 5 mL/kg/h from the
beginning of anesthetic induction through to the
point of contrast medium administration. Anesthet-
ic variables that were monitored during the pro-
cedure included noninvasively measured arterial
blood pressure, heart rate, respiratory rate, end-
tidal CO, concentration, and Spo,.

All CT scans were performed with a 16-slice mul-
tidetector CT scanner® Dogs were positioned in ster-
nal recumbency. Breath-holds were not e
used for image acquisition. A precontrast A
helical scan of the abdomen from the
cranial aspect of the diaphragm to the
pubis was performed, and images were
used to evaluate the liver for focal or dif
fuse disease. If the liver appeared unre-
markable, then a dynamic, single-slice
transverse CT scan was performed at
the level of the hepatic hilus (cranial to
the last tributary to the portal vein [the
gastroduodenal vein] and caudal to the
first intrahepatic portal branch). A total
of 30 single-slice transverse scans were
acquired every 2 seconds for a fixed du- e
ration of 60 seconds. The settings for the
dynamic scan were the same for every
dog: beam collimation of 4 data channels ¢
with a detector-row width of 0.75 mm (4 t
X 075 mm), a tube potential of 120 kVp,
and a tube current of 90 mA.

Injection of contrast medium was
started simultancously with initiation
of the dynamic CT scan, although there
was an inherent machine delay of 1 sec-
ond before the start of the first trans-
verse scan. All dogs received the same
dose (2 mL/kg) of iohexol' (350 mg
of iodine/mL), which was administered

400

e

Astenuation (HU

ing on the initial reason the dog was brought for CT
cvaluation.

The CT images from the dynamic scan were
transferred to a designated workstation and re-
viewed with image-processing software.® Image dis-
play was standardized among dog evaluations by use
of a window level of 40 and window width of 350.
The contrast enhancement values for the aorta and
hepatic parenchyma were measured in cach dog
by drawing a circular ROI in all single-slice images
from the dynamic CT scan. In the aorta, the ROI oc-
cupied approximately 90% of the vessel diameter. In
the hepatic parenchyma, 2 ROIs were placed in the
left and right portions of the liver (avoiding intrahe-
patic vessels), and the mean of the 2 measurements
was calculated. To reduce observer variability, all
measurements of ROI were made by the same inves-
tigator (MAM). Data obtained from the ROIs were
exported to spreadsheet software to generate time-
attenuation curves for the aorta and liver parenchy-
ma in both injection groups.
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e
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via the cephalic vein by means of an
automated injector® The beginning of
contrast medium injection was labeled
time 0. After completion of the dynam-
ic CT scan, a postcontrast helical CT
scan of the abdomen was performed to
evaluate the hepatic and portal vascu-
lature and the liver parenchyma for fo-
cal hepatic lesions. Other body regions
were subsequently scanned, depend-
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Figure |—Time-attenwation curve for the acrta and liver during a dynamic CT scan
(A) and representative transverse CT images (B~D) at the level of the liver hilus of a
dog in which contrast medium (2 mL/kg) was injected IV (beginning at 0 seconds) fora
fixed duravion (20 seconds). A—The vertical dotted lines represent contrast medium
arrival ime at the aorta (A), TPE of the 2orta (B), and TPE of the liver (C). B—Single-
slice image corresponding with contrast medwm arrival at the aorta. Notke that no
contrast medium is present in other abdominal structures. C—Single-slice image cor-
responding with peak enhancement of the 2orta. Mild diffuse parenchymal enhance-
mene of the liver is evident, caused by perfusion of contrast medium from the hepatic
arteries. No vascular enhancement of the hepatic veins is present. D—Single-slice
image corresponding with peak enhancement in the liver. In both panels C and D,
contrast enhancement of the portal vein is evident.

1095

Authenticated rull | Downlcaded 06/'10V22 06

57T AM UTC



Information was collected on contrast medium
arrival time (from time 0 to the point that aortic
enhancement reached 100 HU), TPE of the aorta
and liver parenchyma, and peak enhancement val-
ucs for the aorta and liver parenchyma (Figure 1).
Use of 100 HU for estimation of contrast medium
arrival time in the aorta was obtained from the hu-
man literature.'* The TPE was defined as the time
clapsed from the beginning of the injection to the
maximum enhancement value. The peak enhance-
ment value was defined as the maximal value ob-
tained during dynamic CT scanning.

Statistical analysis

Statistical analyses were performed by use of
statistical software.! Lincar mixed models were cre-
ated to determine the proportion of variation in
TPE for aortic and liver parenchymal enhancement
that could be explained by contrast medium arrival
time, injection duration, and injection technique
and to estimate TPE of the aorta and liver paren-
chyma on the basis of these variables. A block vari-
able representing the 7 body weight groups of dogs
was included as a random effect to account for the
correlation within each body weight group. Model
assumptions were evaluated by creating residual
diagnostic plots. If the assumption of linearity ap-
peared invalid, quadratic models were created, but
the simpler model was retained if the quadratic
model was not statistically superior to the simpler
model. All hypothesis tests performed were 2-sid-
ed. Values of £ < 0.05 were considered significant
for all analyses.

Results

Animals

Eighteen dogs were included in the study, with
9 dogs in group A (contrast medium administered at
a fixed injection rate of 5 mL/s) and 9 dogs in group
B (contrast medium administered at a fixed injection
duration of 20 seconds). Groups A and B had 2 dogs
cach in the lowest and highest body weight catego-
ries and 1 dog each in the remaining 5 body weight
categories. Median body weight in group A was
16 kg (range, 15 to 40 kg), and that in group B was
19.8 kg (range, 3.0 kg to 694 kg). Group A included
2 Labrador Retrievers and 1 each of Pomeranian, T
betan Spanicl, Maltese, Cocker Spaniel, Staffordshire
Bull Terrier, Australian Shepherd, and Labrador cross.
Group B included 2 Labrador Retrievers and 1 each
of Miniature Pinscher, Miniature Dachshund, Poodle,
Basenji, Shar Pei, Staffordshire Bull Terrier, and Bull
Mastiff. Median age in group A was 11 years (range, 6
to 15 years), and that in group B was 11 years (range,
1 to 16 years). Group A included 1 sexually intact fe-
male, 2 spayed females, 1 sexually intact male, and 5
neutered males. Group B included 2 sexually intact
females, 1 spayed female, 3 sexually intact males, and
3 ncutered males. No significant intergroup differenc-
es were identified regarding dog age or sex.

Effects of contrast medium injection
technique

Values of variables associated with contrast medi-
um administration were summarized by individual dog
(Table I). Contrast medium arrival time (P < 0.001), in-

Table |—Summary of varables for individual dogs with no ewdence of liver disease identified via CT in which contrast medum
(2 mg/kg) was injected IV at a fixed rate of 5 mU/s (group A) or fixed injection duration of 20 seconds (group B) for dynamic CT

scanning.
Peak aorta Peak liver
Body weighe Injecti Injecti c TPEofthe eshancement TPEofthe enhancemaent value

Doge (kg) duration (x) rate (mlls) arrival ime (x) sorta (s) value (HU) Bver (x) (HU)

Growp A
] 15 0s 5 5 " e 49 151
2 5 2 5 9 1 754 51 161
k] 56 22 5 7 9 591 3 145
4 143 546 5 1 15 35 53 136
5 16 64 5 9 3 798 7 142
é uny a4 5 15 u Tek 41 1]
7 199 1na 5 15 1 00 ar 183
8 19 156 5 1 n (1)) 43 157
3 40 16 5 19 3 68 57 183
Median 16 [ X} 5 1" 15 Tes a7 151
value

Growp 8
1 3 0 03 1 2 T 51 125
2 5 0 05 13 px} sn 45 157
k] a9 0 09 7 2 483 55 145
4 1" 0 [N 1 u £07 45 182
5 193 0 2 13 15 &9 57 17
é ns 0 22 9 1 434 ELY 156
7 174 0 23 13 7 639 57 154
8 493 0 43 1 px} €59 ar 92
3 €94 0 7 3 px} 545 51 128
Mo 193 0 2 1" pE] 545 51 156
value
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jection duration (P < 0.001), and injection technique (P
= 0.03) were significantly associated with the observed
TPE of the aorta and explained 96.1% of the variation
in TPE. The assumptions of lincarity, independence
of errors, homoscedasticity, and normality of residuals
for statistical modeling of the association between aor-
tic TPE and these 3 variables were approximately met.
There were no significant outliers or influential observa-
tions. The final model was as follows:

35A

w_

Time (s)

5 4

Figure 2—Observed (diamonds) and estimated
(squares) TPE of the a2orta for individual dogs (ordered
by increasing body weight) with no evidence of liver
disease identified via CT in which contrast medium (2
mL/kg) was injected IV at a fixed rate of 5 mL/s (A) or
fixed injection duration of 20 seconds (B) for dynamic
CT scanning. The regression equation for TPE estimates
for the fixed injection rate was as follows: 0.8 X (con-
trast medium arrival time + injection duration)*1.6. The
regression equation for TPE estimates for the fixed in-
jection duration was as follows: 0.8 X (contrast medium
arrival time + injection duration) - 2.6.

Estimated aortic TPE = (0.8 X contrast medium
arrival time) + (0.8 X injection duration) - 2.6 + (4.2
X injection technique)
where a value of 1 was assigned when the injection
technique was fixed rate and a value of 0 was as-
signed when the injection technique was fixed dura-
tion. Therefore, when the injection technique was via
a fixed injection rate, the model for estimated aortic
TPE was (0.8 X contrast medium arrival time) + (0.8
X injection duration) - 2.6 + (4.2 X 1). Further simpli-
fied, the model was 0.8 X (injection duration + con-

trast medium arrival time) + 1.6.

When the injection technique was via a fixed du-
ration, the model for estimated aortic TPE was (0.8
X contrast medium arrival time) + (0.8 X injection
duration) - 2.6 + (4.2 X 0). This simplified to 0.8 X
(injection duration 4 contrast medium arrival time) -
2.6. Values for estimated aortic TPE for both injection
techniques were plotted against observed TPEs col-
lected from the dynamic CT scan (Figure 2).

The equations for estimated aortic TPE were fur-
ther simplified by consideration of dog body weight
and the known dose of contrast medium (Table 2).
When a fixed injection duration technique was used
for dogs with various body weights, the constant in
the equation became fixed and the only unknown
variable was contrast medium arrival time. When a
fixed injection rate technique was used for dogs with
various body weights, the constant in the equation
varied with body weight and the contrast medium ar-
rival time remained an unknown variable.

The estimated TPE of the liver as predicted by
contrast medium arrival time (P = 0.21), injection du-
ration (£ = 0.64), and injection technique (P = 0.40)
was not significantly different from the mean of the
observed hepatic TPEs. The regression model that in-
cluded those 3 variables explained only 6.4% of the
variation in hepatic TPE.

Discussion

The purpose of the present study was to measure
the accuracy of estimating TPE of the aorta and liver
parenchyma in dogs by usc of dynamic CT, taking
into consideration contrast medium arrival time, in-
jection duration, and injection technique as predic-
tor variables. These 3 variables accounted for 96.1%
of the variation in aortic TPE but could not explain
variations in hepatic TPE. Therefore, contrast medi-
um arrival time and injection duration are important
factors to consider when determining aortic TPE dur-
ing CT. This is in agreement with previous reports'™#
and can be explained by the physiologic distribution
of contrast medium within the body.

Peak enhancement of the aorta is expected to
occur after the full dose of contrast medium has
been delivered, with additional time allowed for the
medium to move from the venous access site to the
aorta. For any given injection rate, a constant inflow
of contrast medium occurs throughout the injection
duration, which contributes to progressive opacifica-
tion of the aorta. A brief additional period is required
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Table 2—Simphfied regression equations for estmating TPE of the aorta by contrast medwum injection technique and body wesght

for the dogs in Table 1.

Volume of
Body welght contrast med| Injection rate In) duration Expanded Simplified
(kg) (2 mLikg) (mLs) (s) equation equation
Foced injection
rate
5 10 5 2 (OBXT )+ (0EBX2)+ 16 (0BXT,)+32

10 20 5 4 (OBXT )+ (0BX4)+ 16 (0BXT,)+48

I5 30 5 6 (OBXT )+ (0BXE+ 16 (0BXT,)+64
20 40 5 8 (OBXT )+ (0BXE)* 16 (0BXT,)+8
pi3 50 5 10 (OBXT )+ (0BXI0)*16 (0BXT,)+96
30 60 5 12 (OBXT )+ (QEXI2)+16 (0BXT )+112
kL 70 5 14 (OBXT )+ 0QEXI4)+16 (0BXT, )+ 128
40 80 5 16 (OBXT )+ 0EXIE)*16 (0BXT, )+ 144

Foced injection
duration (3)

5 10 05 20 (0BXT, )+ (0BX20)-26 (0BXT, )+ 134
10 20 10 20 (0BXT, )+ (QBX20)-26 (0BXT, )+ 134
I5 30 1.5 20 (0BXT, )+ (0EBX20)~-26 (0BXT, )+ 134
20 40 20 20 (0BXT, )+ (0BX20)-26 (0BXT, )+ 134
25 50 25 20 (0BXT, )+ (08X20)-26 (0BXT, )+ 134
30 60 30 20 (0BXT, )+ (08X20)~-26 (0BXT, )+ 134
35 70 35 20 (0BXT, )+ (08X20)-26 (0BXT, )+ 134
40 80 40 20 (0BXT, )+ (0BX20)~-26 (0BXT, )+ 134

The equation for the foced rate techrique simplified to 0.8 X (mjection duration + contrast medium arrival time) + 1.6, and that for the fixed
duration technigue smglified to 0.8 X (injection duration + contrast medum arrval tme) - 26

T,., ® Contrast medum arrival tme.

for contrast medium to move from the venous access
site to the heart, through the pulmonary vasculature,
and then to the aorta. This brief period relates to the
contrast medium arrival time in the aorta and is de-
pendent on cardiac output.'7#

The regression formula for estimating TPE ob-
tained in the present study (0.8 X [injection duration
+ contrast medium arrival time] £ a constant) can be
used in a clinical setting when planning dual-phase
CT evaluation of the liver in dogs. The regression for-
mula will give an accurate estimation of aortic TPE,
which can be used to determine the appropriate tim-
ing for the arterial phase and ensure optimal synchro-
nization with peak enhancement.

To solve the regression formula for estimating
TPE, the injection duration and contrast medium ar-
rival time need to be identified. If a fixed injection
rate is used, then the injection duration is obtained by
dividing the contrast medium volume by the injection
rate. If a fixed injection duration is used, then this
value can be directly incorporated into the regres-
sion formula. Fixed injection duration has been previ-
ously used for dual-phase CT in dogs.”* Second, the
contrast medium arrival time can be identified by ad-
ministering a test bolus. Once the injection duration
and contrast medium arrival time are known, then
the estimated TPE can be calculated by use of the re-
gression formula. This estimated TPE should not be
directly used as the scan delay (the interval from the
beginning of contrast medium injection to the time
of initial image acquisition) because that would result
in the scan starting at the peak of enhancement and
would mainly capture a period of progressive decline

1098

in contrast. Instead, the estimated TPE should coin-
cide with the middle of the CT acquisition window.
To achieve this, the scan delay is calculated as the
estimated TPE minus half of the acquisition period.'”
During the arterial phase, scans should be performed
in a cranialto-caudal direction, corresponding with
the direction of contrast medium flow in the aorta.

In addition to the use of a test bolus, an alterna-
tive method for identifying contrast medium arrival
time is the use of bolus tracking. The advantage of
this method over the test bolus procedure is that
only a single injection of contrast medium is required
and the duration of the CT scan procedure can be re-
duced.** Bolus tracking is automatically linked to the
start of the diagnostic CT scan, and therefore contrast
medium arrival time cannot be predetermined when
this technique is used. This represents a problem be-
cause contrast medium arrival time is needed to solve
the regression formula for estimating aortic TPE. As a
solution, we suggest use of a regression cocfficient of
1 instead of 0.8 for contrast medium arrival time. As
a result, the whole value for contrast medium arrival
time as identified from the bolus-tracking procedure
would be used in the regression formula, and the re-
maining TPE would be given by (0.8 X injection du-
ration) ¢ a constant. This modification may lead to a
minimal overestimation of TPE.

None of the 3 vanables significantly associated
with aortic TPE were associated with TPE of the liver
parenchyma of dogs in the present study The regres-
sion formula was no better than the mean of observed
values for estimation of TPE of the dogs used. There-
fore, we propose using the mean of observed TPE val-
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ues (45 seconds for group A and 50 seconds for group
B, from the beginning of contrast medium injection) as
an estimate of TPE for other dogs. Similar to the arteri-
al phase, the CT scan delay for the hepatic phase is cal-
culated as the estimated TPE of the liver minus half of
the acquisition period. Use of the mean observed value
as an estimate of hepatic TPE is considered a feasible
option on the basis of previous research in which little
to no change was demonstrated in the timing of peak
enhancement in the liver in various conditions.” The
results reported here were in agreement with those of
previous research, given that the timing of peak liver
enhancement was fairly constant regardless of the in-
jection duration or dog body weight. In addition, the
period of peak liver enhancement is much broader
than that of arterial enhancement, which provides a
wider temporal window for synchronization with the
hepatic phase scan.'” For the hepatic phase, scanning
should be performed in a caudalto-cranial direction,
corresponding with portal blood flow.

The capability of the CT machine in terms of speed
of image acquisition has an impact on the CT scan pro-
tocol used for dual-phase CT of the liver!” Speed of im-
age acquisition is largely dependent on the number of
detector rows, pitch, and rotation time. Matching the
duration of image acquisition with injection duration
is recommended to ensure sufficient contrast enhance-
ment throughout both scan phases. If injection duration
is much briefer than the acquisition window, the TPE
is expected to occur early, and the CT scan may cither
miss peak enhancement or mainly capture a period of
progressive decline in contrast enhancement. If injec-
tion duration is much longer than the acquisition win-
dow, then the scan may have finished before the full
volume of contrast medium has been administered,
which means some of the dose would not contribute to
diagnostic uscfulness.

In the present study, a multirow CT scanner with
16 detector rows was used, and the acquisition time for
the canine abdomen was up to 20 seconds (for a large-
breed dog). Therefore, a fixed injection duration of 20
seconds was sclected to match the acquisition window.
This injection technique is also one of the published
techniques for dualphase CT of the liver” When a CT
scanner with 64 detector rows is used. the acquisition
times will be relatively brief, and the injection duration
should be reduced to match this. Both an arterial and pa-
renchymal phase would be achicvable with this type of
rapid CT technology. Conversely, a single-detector row
CT scanner would have relatively prolonged acquisition
times. The injection duration can be increased to match
this and still achieve a parenchymal phase CT scan of
the liver. However, an arterial phase would be unlikely
to be achieved because the long injection duration is
associated with a slow injection rate and this would re-
sult in insufficient contrast enhancement of the arteries.
Although shortening the injection duration by injecting
contrast medium faster will increase the magnitude of
contrast enhancement, this practice would not be ap-
propriate when single-slice CT machinery is used be-

cause peak enhancement would likely occur much car-
lier than image acquisition.

The present study had some limitations. Dogs
with nonhepatic illnesses were used rather than
healthy dogs. This was justified by the fact that multi-
phase CT evaluations are often indicated for discased
patients. We therefore chose a study population that
we believed represented the target clinical popula-
tion. Although the presence of hepatic discase was
excluded through performance of pre- and postcon-
trast CT scans of the liver, cytologic and histopath-
ologic evaluation of liver samples was not always
performed, nor was serum biochemical analysis.
Therefore, we could not rule out the possibility that
some dogs may have had microcirculatory liver dis-
case, which could have affected the TPE. Finally, mul-
tiphasic CT evaluations of the liver are also indicated
for patients with macroscopic liver disease, and it is
unknown whether the presence of macroscopic dis-
case would alter the flow of contrast medium and af-
fect timing of contrast enhancement. Additional stud-
ies may be needed to evaluate the effect of gross liver
disease on the timing of contrast enhancement.

The study reported here revealed that contrast
medium arrival time, injection duration, and injec-
tion technique can be used to estimate aortic TPE.
The combination of these variables in a regression
formula provides an accurate and relatively quick
way of estimating TPE, which can then be used to
calculate the necessary scan delay for dual-phase CT
scans. Unlike aortic TPE, hepatic TPE could not be
significantly explained by these 3 variables.
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EFFECTS OF TWO CONTRAST INJECTION PROTOCOLS ON FELINE
AORTIC AND HEPATIC ENHANCEMENT USING DYNAMIC COMPUTED

TOMOGRAPHY

MARIANO MAKARA, JENNIFER CHAU, EVELYN HALL, HEIDE KLOEPPEL, JUAN PODADERA, VANESSA BARRS

This prospective study compared aortic and hepatic enhancement achieved using a contrast injection pro-
tocol with a fixed rate of 5 ml/s vs. that achieved using a protocol with fixed injection duration of
20 s in eight cats. Cats were assigned into two groups (Group 1, rate 5 ml/s; Group 2, duration 20
s). The dose of contrast was the same in both groups (740 mgl/kg). Regions of interest (ROI) were
drawn in the aorta and liver for transverse scans acquired at the hepatic hilus. Time to peak aortic en-
hancement occurred significantly earlier in Group 1 (M = 11s, SD = 1.63) than in Group 2 (M =
25.5 s, SD = 2.51). Peak aortic enhancement was significantly higher in Group 1 (M = 1906.51 HU,
SD = 368.64) than in Group 2 (M = 745.08 HU, SD = 201.84). Duration of aortic enhancement equal to
or above 300 HU was statistically longer in Group 2 (M = 24.5 s, SD = 8.39) than in Group 1 (M =10,
SD = 1.63). There were no significant differences in time to peak liver enhancement, peak liver enhancement,
or duration of hepatic arterial phase between groups. Findings supported the hypothesis that longer injection
duration results in a broader bolus geometry with a longer time to peak and a lower peak aortic enhancement in
cat. This strong influence of injection duration on timing of aortic enhancement may help future users optimize
protocols for CT angiography of the aorta and multiphasic evaluation of the liver, pancreas, and small intestine.

© 2015 American College of Veterinary Radiology.

Key words: aortic enhancement, fixed-injection-duration, injection-rate.

Introduction

ISEASES OF THE LIVER, pancreas, and small intestine
D are frequently encountered in cats.! In this species,
inflammatory hepatobiliary disorders are regarded as the
second most common hepatic disease.? These disorders are
usually centered on the biliary tract with secondary in-
volvement of the hepatic parenchyma and are classified into
three distinct forms: neutrophilic, lymphocytic, and chronic
cholangitis.” The neutrophilic form is frequently associated
with pancreatitis and inflammatory bowel disease.! The as-
sociation of these entities suggests a common underlying
disease process. It has been speculated that the presence
of inflammatory bowel disease may predispose to ascend-
ing infection through the pancreatic and bile ducts.’ In
turn, the unique ductal anatomy in which both the com-
mon bile duct and the pancreatic duct open onto the major
duodenal papilla, may explain concurrent development of
pancreatitis and neutrophilic cholangitis." Due to its avail-
ability, low cost and lack of requirement for anesthesia,
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ultrasonography has been frequently used for the diagnosis
of hepatobiliary, pancreatic, and small intestinal diseases
in cats.*® However, limitations related to its poor diagnos-
tic accuracy, operator dependency, and incomplete assess-
ment secondary to bowel gas interference have also been
reported.*>”!! In human medicine, multiphasic CT has
been described as the most clinically useful imaging modal-
ity for pancreatitis and small bowel disease.'>'* Addition-
ally, multiphasic CT is considered an alternative clinical
tool for noninvasive evaluation of the biliary system.!>!¢
The diagnostic accuracy of multiphasic CT studies largely
relies upon image acquisition during different enhancement
phases after the bolus administration of intravenous con-
trast medium.'” As an example, CT findings in the mildest
forms of pancreatitis are related to poor enhancement of
the pancreatic parenchyma during the late arterial phase.'3
Similarly, CT signs of active inflammatory bowel disease
in people, which include mural hyper enhancement, mu-
ral stratification, and engorged vasa recta, rely on scan-
ning the small intestine during the late arterial or enteric
phase.'®!"Furthermore, one of the CT features of cholecys-
titis is hyper-enhancement of the liver parenchyma adjacent
to the gallbladder, which can only be detected during the
late arterial phase.?”

Vet Radiol Ultrasound, Vol. 56, No. 4, 2015, pp 367-373.
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So far the application of CT in cats has been limited to
single-phase studies of the pancreas and angiography of
the renal vasculature in transplantation donors.2'?* Lim-
ited information is available on the influence of injection
technique on aortic enhancement for angiography or mul-
tiphasic studies of the liver, pancreas, and small intestine.
Optimal protocols for these applications have not been de-
fined. Evidence of this is the limited information regarding
the injection technique provided in by some studies. As an
example, information regarding injection rate, which is key
parameter is most contrast injection protocol, has not been
reported.”!2* Other studies evaluating the renal vasculature
in cats used an injection protocol with a dose of 2.2 ml/kg
(240 mgl/ml) and a fixed rate of 5 ml/s.%® The application
of this injection technique to animals with a mean body
weigh of 5 kg results in an injection duration of around
2 s. This short injection duration may have desirable and
undesirable effects.!” The desirable effects are related to the
increased temporal separation between scan phases in mul-
tiphasic studies of the renal vasculature or liver. The unde-
sirable effects of a very short injection duration are related
to the narrow geometry of the first pass of contrast medium
through the aorta.!” A very short injection duration could
result in a very high peak aortic enhancement occurring
very early. This could potentially reduce the temporal win-
dow for CT scanning the aorta or the arterial phase in mul-
tiphasic studies of the liver, pancreas, and small intestine.

Before the accuracy of multiphasic CT studies could be
tested in cats, the influence of contrast injection technique
on aortic and hepatic enhancement should be studied. Ac-
curate estimation of time to peak aortic enhancement has
a key role in multiphasic evaluations of the liver, pancreas,
and small intestine.!”-*"*® Therefore, the aim of this project
was to compare the aortic and the hepatic enhancement
achieved using a contrast injection protocol with a fixed
rate of 5 ml/s with that achieved using a protocol with
fixed injection duration of 20 s in a sample population of
cats with no evidence of abdominal disease. We hypothe-
sized that: (1) the injection protocol with a fixed duration of
20 s would produce a broader bolus geometry with a longer
time to peak and a lower peak enhancement compared to
the injection protocol with a fixed rate of 5 ml/s, that (2)
the injection protocol with a fixed duration will result in a
longer aortic enhancement equal to or above 300 HU, and
that (3) the injection protocol with a fixed injection rate of
5 ml/s would result in better temporal separation between
scan phases in multi phasic studies of the renal vasculature
or liver compared to the injection protocol with a fixed rate
of 5ml/s.

Material and Methods

The experimental design for this prospective study was
randomized block. The study was approved by the Ethics
Committee of The University of Sydney. Eight cats referred

2015

for CT of a body region other than the abdomen were re-
cruited. With informed client consent, a screening precon-
trast CT examination of the abdomen was performed and
cats with evidence of intra-abdominal abnormalities were
excluded.

For each included cat, an intravenous cannula was placed
into the cephalic vein. Cats were premedicated with butor-
phanol (Butorgesic, Troy Laboratories Pty Ltd., Smithfield,
NSW, Australia, 0.3 mg/kg) or buprenorphine (Temgesic,
Reckitt Benchiser Helthcare (UK) Limited, Hull, UK, 0.01
mg/kg intravenously). Anesthesia was induced with alfax-
alone (Alfaxan, Jurox Pty Ltd., Rutherford, NSW, Aus-
tralia) intravenously to effect and the trachea of the cats
was intubated. General anesthesia was maintained with
isoflurane (Isoflo™, Abbott Australasia Pty Ltd., Botany,
NSW, Australia) in 100% oxygen. Fluid therapy consisted
of Hartmann’s solution (Viaflex, Baxter Healthcare Pty
Ltd., Toongabbie, NSW, Australia) administered during
the procedure at 5 ml/kg/h. Heart rate, electrocardiog-
raphy, respiratory rate, end-expiratory CO,-concentration,
peripheral oxygen saturation, noninvasive blood pressure,
and body temperature data were monitored and recorded
every 5 min during the procedure using a multiparameter
monitor (Mindray PM 9000, Mindray Medical USA Corp.,
Redmond, WA).

Injection and Scan Protocol

Cats were randomly allocated into two groups of four
cats each. In Group 1, a fixed rate injection of 5 ml/s was
used. In Group 2, contrast medium was administered using
a fixed injection duration of 20 s. In this group, the injec-
tion rate was adjusted individually to obtain the desired
injection duration. Each cat received 740 mglI/kg of an iso-
osmolar iodinated contrast medium using a concentration
of 370 mgl/ml at 2 ml/kg (Omnipaque™, GE Healthcare
Australia Pty Ltd., Rydalmere NSW, Australia). Contrast
medium was administered via an automatic injector (Em-
power CTAR, E-Z-EM Inc., Westbury, NY) using a 20- or
22-gauge intravenous catheter inserted into a cephalic vein.
Cats were positioned in sternal recumbency.

All CT scans were acquired using the same 16-slice mul-
tidetector CT scanner (Phillips 16 Slice, Brilliance™ CT
V2.3, Phillips Medical Systems Netherlands, Eindhoven,
The Netherlands). Thirty, single-level, transverse CT scans
were acquired at the level of the hepatic hilus with a
2-s interval. The dynamic scan started one second after
the beginning of contrast medium injection. Scans were
performed using the following parameters: 1-s rotation
time, four data channels with a detector-row width of
0.75 mm (4 x 0.75 mm), 120 kV (peak kilovoltage), and
75 mA. Images were reconstructed with a slice thickness
of 3 mm using a soft tissue algorithm. The single-level
scans were followed by the routine postcontrast clinical
examination.
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Quantitative Analysis

A single observer (J.C.) who was unaware of cat group
status performed all measurements using an image analysis
workstation and software (Apple Thunderbolt Display, 1
Infinite Loop, Cupertino, CA; Mac Mini, 1 Infinite Loop,
Cupertino, CA; Osirix v 5.7 64-bit, Pixmeo SARL, Bernex,
Switzerland). Regions of interest (ROI) were drawn in the
center of the aorta and within the liver parenchyma. The
area of the ROI was maintained constant on all single-
level CT images. For the liver, two ROI were obtained on
every single-level scan. Values from these ROI were then
averaged. All attenuation values were expressed as abso-
lute enhancement. Absolute enhancement was calculated
by subtracting the mean unenhanced values to the post-
contrast values. Mean CT attenuation was measured and
time-enhancement curves were created.

To compare the injection protocols, time to aortic ar-
rival, peak aortic enhancement, time to peak aortic en-
hancement, duration of aortic enhancement equal to or
above 300 HU, peak liver enhancement, time to peak liver
enhancement and duration of hepatic arterial phase were
calculated. Time to aortic arrival was defined as the time
elapse from the beginning of the injection to the time when
the attenuation of the aorta reached 100 HU. Peak en-
hancement of the aorta and liver were determined as the
maximal enhancement of those structures obtained during
the dynamic study. Time to peak enhancement of the aorta
and liver was determined as the time period from the start
of the injection to the maximum enhancement of the aorta
and liver, respectively. The duration (in seconds) of aortic
enhancement equal to or greater than 300 HU was calcu-
lated as 2 times the number of images in which the region
of interest over the aorta had a CT number of 300 HU or
more. An intravascular attenuation of at least 300 HU is
a prerequisite for CT angiography.” Duration of hepatic
arterial phase was defined as the period elapsed from the
time to reach an enhancement of 100 HU in the aorta to
the time to reach an enhancement of 140 HU in the liver
parenchyma.

Statistical Analysis

Statistical analyses were selected and performed by two
of the authors (E.H. and M.M.). All calculations were per-
formed using commercial software (IBM SPSS Statistics,
version 20, International Business Machines Corp., Pyr-
mont, Australia). An independent samples 7-test was run
to determine if there were differences between Groups 1
and 2 on variables with normally distributed data. The
Mann-Whitney test was used on data that was not nor-
mally distributed. Distribution of data for each variable
was assessed by Shapiro-Wilke test. For all tests, a P value
of 0.05 was considered to be significant.
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Results

The median body weight of cats in Groups 1 and 2 was
4.4 kg (range 4.2 (EH and MM). All calculations were
performed using commercial software (IBM SPSS Statis-
tics, version 20, International Business Machines Corp.).
An independent-samples T test was run to Mean age in
Groups 1 and 2 was 10.8 years (SD 5.0) and 8.8 years
(SD 4.9), respectively. Age data was normally distributed.
The difference of age, 2.00, 95% CI [-4.91, 10.91], was
not significant t (6) = 0.570, p = 0.59. Breeds in Group 1
included; Domestic Short Hair, Exotic, Cornish Rex, and
Ragdoll. Breeds in Group 2 included; Domestic Short Hair,
Ragdoll, and Burmese. There were 3 neutered males and 1
spayed females in Group 1 and 2 neutered males, 2 spayed
females in Group 2.

Data on time to contrast arrival in the aorta, time to
aortic peak, duration of aortic enhancement above 300
HU, time to liver enhancement above, time to peak liver
enhancement, duration of hepatic arterial phase, peak
aortic enhancement and peak hepatic enhancement were
normally distributed. Values for these parameters for each
animal are presented in Table 1. Comparison of means be-
tween groups for each of these parameters is presented in
Table 2. Short injection durations (typically 2 s) as those in
Group 1, resulted in time attenuation curves with a narrow
geometry (Figure 1). Peak aortic enhancement was high
and occurred very early. In contrast, longer injection dura-
tions (20 s) as those in Group 2 resulted in time attenuation
curves with broader bolus geometry (Figure 1). Peak aortic
enhancement was lower and occurred later. The different
injection rates used in the present study did not result in sig-
nificant differences in the duration of the hepatic arterial
phase.

Discussion

Our results supported the hypothesis that contrast in-
jection duration influences timing and magnitude of aortic
enhancement in cats.! The effect of injection duration on
time to peak aortic enhancement may be explained follow-
ing a theoretical model that divides the time periods from
the start of injection to the aortic peak enhancement in
three phases.3? The first phase comprises the injection pro-
cess. During this phase contrast medium continually flows
into the right heart. The right heart acts like a reservoir
and as a second independent pump, which further pumps
contrast to the aorta. During this first phase, there is a con-
tinuous increase in radiopacity of the aorta due to the large
inflow and relatively small outflow of contrast to visceral
organs. The second phase starts after the completion of the
injection. During this phase, the radiopacity of the aorta
continues to increase due to the inflow of the remaining
contrast from the right heart to the aorta. The length of this
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Seconds

FiG. 1. Time attenuation curves of the aorta from cats in Groups A and B. In Group 1, an injection technique with an fixed rate of 5 ml/s was used. In
Group 2, an injection protocol with a fixed injection duration of 20 seconds was used. Note the broader bolus geometry with a longer aortic time to peak and

a lower aortic peak enhancement in Group 2 compared to Group 1.

phase depends on the cardiac output and is independent
of the injection duration. This second phase represents the
physiological mean transit time from the right heart to the
aorta. During the third phase, the radiopacity of the aorta
begins to decrease due to the absence of inflow and con-
tinuous outflow of contrast medium. Based on this model,
longer injection durations prolong the first phase, which in
turn results in a longer time to peak enhancement.

In contrast to what we hypothesized, the longer injec-
tion duration used in Group 2 did not result in over-
lapping of the arterial and portal phases. Theoretically,
this overlap of phases could occur if the delivery of con-
trast is so slow that appropriate arterial enhancement is
only reached after substantial enhancement of the liver
parenchyma has occurred.!” This enhancement of the liver
parenchyma occurs as a result of recirculation of contrast
through the portal system. This hypothetical slow injection
rate may result in almost simultaneous enhancement of the
hepatic arteries and the liver parenchyma. Even thought
the injection rate used in Group 2 was 10 times slower
than the one previously applied to cats,? it produced an
early and strong enhancement of the aorta. This aortic
enhancement resulted in good separation between the arte-
rial and porta phases. Interestingly, this injection technique
rather than that using an injection rate of 5 ml/s (Group
1) resulted in a bolus geometry similar to that obtained

after the application of injection rate of 5 ml/s to people.®
This could be explained by considering how injection
rate, cardiac output, and blood volume relate to arterial
enhancement.* Arterial enhancement is directly related to
the rate of delivery of contrast medium, and inversely re-
lated to cardiac output and blood volume. This means that
the application of the same injection rate to individuals
with a great variability in cardiac output and blood vol-
ume may not result in similar arterial enhancement. The
smaller cardiac output and blood volume of cats compared
to people explains the extremely high peak enhancement
value that resulted from the application of contrast with an
injection rate of 5 ml/s. If the injection rate is adjusted to
patient weight, which in turn correlates to cardiac output
and blood volume, the injection technique used in Group 2
results in an injection rate of 0.1 ml/kg/s. The application
of this injection rate to an individual with a body weight of
60 kg results in an injection rate of 6 ml/s. This may explain
the similar enhancement between human studies using an
injection rate of 5 ml/s and the enhancement values in
Group 2.

Accurate estimation of time to peak aortic enhancement
has a key role in multiphasic evaluations of the liver, pan-
creas, and small intestine.'”?’*® In agreement with other
studies in people, our study showed that the hepatic arte-
rial phase corresponded to the time of maximum aortic
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enhancement regardless of the contrast injection
technique.'” Similarly, studies in people have shown that
depending on the injection duration and injection rate, time
to aortic peak enhancement occurred immediately before
the onset of the late arterial or pancreatic phase.”’ In case
of small intestinal applications, the arterial phase occurred
14 s after peak aortic enhancement.? The strong influence
of injection duration on time to peak aortic enhancement
found in our study suggest that injection duration should
be considered when estimating time to peak aortic enhance-
ment. Studies in human medicine empirically estimate time
to peak aortic enhancement as the sum of the injection
duration plus time to contrast arrival to the target organ
after the intravenous injection.?! For injection durations of
less than 15 s, time to peak aortic enhancement is mainly
determined by time to arrival with a limited contribution
of injection duration (time to aortic peak = time to arrival
+ injection duration/2)."” For injection durations of more
than 15 s, time to peak aortic enhancement is mainly de-
termined by injection duration with a limited contribution
of time to arrival (time to aortic peak = injection dura-
tion + time to arrival — 5).!7 Based on these formulas,
the estimated mean time to aortic peak in Group 1 and
Group 2 were 9.7 and 26.0 s, respectively. These estimated
values are similar to the actual values of time to aortic
peak in Group 1 and Group 2 with a mean of 11 and 25.5
s, respectively. The similar results between the estimated
and actual values suggest that these formulas could also be
used to estimate peak aortic enhancement in cats. Further
work is needed to study the relationship between peak aor-
tic enhancement, and peak pancreatic and small intestinal
enhancement.

Our study supports estimating injection duration based
on scanning conditions and the clinical objectives of the
examination.!” Authors recommend that the injection du-
ration should be long enough to maintain adequate en-
hancement throughout image acquisition. A prematurely
ended injection may result in poor contrast enhancement
homogeneity along the scanned volume while an unneces-
sarily long injection, may translate into poor vascular and
parenchymal enhancement. In Group 1, the mean duration
over which aortic enhancement was equal to or above 300
HU was 10 s (SD = 1.63). This means that given the min-
imum built-in delay of 5 s present in most CT machines,
the whole CT scan should be performed in around 5 s in
order not to miss the arterial phase. On the other hand, the
broader bolus geometry that resulted from using an injec-
tion protocol with fixed duration of 20 s could decrease the
likelihood of missing the arterial phase. Evidence for this is
the longer duration of aortic enhancement equal or above
300 HU in Group 2 (M = 24.50 s, SD = 8.39 s), which
translates into a longer temporal window for optimal scan
timing.

2015

Our results may explain why, in a previous report, the
peak enhancement of the renal arteries was missed when us-
ing a bolus tracking technique to measure time to contrast
arrival.?® Based on our data, the period between contrast ar-
rival to the aorta and the time to peak aortic enhancement
after the delivery of contrast using an injection rate of 5
ml/s ranged from 2 to 4 s. This very short temporal window
of diagnostically adequate enhancement makes perfect syn-
chronization between peak enhancement and CT scan im-
possible if the minimum built-in delay of 5 s present in most
CT machines is considered. On the contrary, the longer
temporal window of diagnostically adequate enhancement
that results from a longer injection duration could be more
easily synchronized with the CT scan. In other words,
it seems reasonable to assume that the peak enhancement
of the renal arteries was missed not because of a deficient
technique to measure time to arterial contrast arrival but
rather because of the very short temporal window of ade-
quate enhancement that resulted from a very short injection
duration.

For purposes of this study, we defined the arterial
phase as the period elapsed from the time to reach an
enhancement of 100 HU in the aorta to the time to reach
an enhancement of 140 HU in the liver parenchyma. In
case of the aorta, a threshold value of 100 HU has been
routinely used to establish the arrival of contrast medium
to this artery.'” In case of the liver parenchyma, a threshold
value of 140 HU was decided based on the percentage of
enhancement that could be attributed to the delivery of
contrast through the hepatic artery. Because this artery
supplies approximately 30% of blood flow to the liver, it
has been suggested that parenchymal enhancement greater
than 30% of the hepatic peak value may indicate portal
venous phase predominance.’ In our study, 30% of peak
liver enhancement corresponded to 61 HU. This value
was obtained by calculating 30% percent of the mean
peak liver enhancement in all cats. The mean precontrast
attenuation value of the liver parenchyma for all cats was
77 HU. The threshold value of 140 HU was then obtained
by adding the mean precontrast attenuation values (77
HU) to the calculated 30% (61 HU) of mean peak liver
enhancement.

One of the limitations of this study was that our study
population only included cats without abdominal disease.
The application of the injection protocols used in our study
to animals with abdominal disease may not yield the same
results. Another limitation of this study was the small sam-
ple population.

In conclusion, findings from the current study sup-
ported the hypothesis that a longer injection duration re-
sults in a broader bolus geometry with a longer time to
peak and a lower peak aortic enhancement in cats with-
out abdominal disease. This broader bolus geometry may
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translate into easier synchronization of the arterial phase
with the CT scan. Findings may be helpful for use in fu-
ture design injection strategies for CT evaluation of spe-
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cific organs such as the CT angiography of the aorta
and multi-phasic studies of the live, pancreas and small
intestine.
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SECTION 3 — Research Chapters (1-4)

Chapter 2. Developing a standardised protocol for multiphase abdominal CECT in
dogs and comparison with other veterinary institutions.

Based on knowledge of experimental studies in animal models, and our research in
Chapter 1 on modifying the contrast injection technique to better predict time to
enhancement in the splanchnic vessels and liver in dogs and cats, we developed a
new standardised protocol for multiphase CECT of the abdomen at the University
Veterinary Teaching Hospital Sydney (UVTHS). The recommendations in this CT
protocol were new and unfamiliar in the veterinary industry. The main components of
a CT protocol can be divided into three elements: 1) Timed injection of contrast
medium, 2) CT monitoring of contrast transit from the injection site to the cranial
abdominal aorta 3) CT scan delays for multiphasic study (i.e. arterial phase and
hepatic phase).

1. Timed injection of contrast medium

We recommend controlling the contrast injection duration. In our protocol, contrast
medium is administered at a fixed injection duration of 20 seconds for all patients
(canine and feline) regardless of patient body weight or size. This means that
injection rate (ml/s) will vary depending on the total contrast volume, because the
contrast dose is tailored to body weight (usually 2ml/kg). For example, a 5kg dog will
need 10mls of contrast medium, administered at a fixed duration of 20 seconds,
therefore the injection rate will be 0.5ml/s. This technique differs to commonly used
techniques in veterinary and human imaging. The most common method for timing
the contrast injection is through a fixed rate, ranging from 2-5mls in veterinary CT
protocols. Invariably, this means that the injection duration changed between
patients of different body weight. For example, a 5kg dog will need 10 mls of contrast
medium, administered at a fixed rate of 5mis, therefore the injection duration will be
2 seconds. The injection duration is a by-product in other CT protocols, and not
directly controlled.

2. CT monitoring of contrast transit from the injection site to the cranial
abdominal aorta

The contrast transit time from the injection site to the aorta is mostly affected by the
patient’s unique hemodynamic condition. The patient’s body size affects the length of
the circulatory path. The heart rate, cardiac output and presence of cardiac disease
will affect the inflow and outflow of the contrast medium through the right and left
side of the heart, respectively. CT imaging in animals is mostly performed under
general anesthesia, and the anesthetic drugs can alter the circulatory flow rate. We
recommend monitoring the contrast transit time to the aorta, using CT bolus tracking
software. This can be applied from the beginning of contrast injection. The bolus
tracking software takes cyclical single slice CT images at the level of the patient’s
aorta every 1 second, and contrast arrival in the aorta can be directly visualised on
CT images. Contrast arrival in the aorta is reached when the density threshold is



100-150 Hounsfield units. This is a familiar CT software tool that is used in other
University veterinary institutions and private specialist hospitals. An alternative
method for monitoring contrast transit time is the test bolus. A partial contrast dose is
given to the patient intravenously (e.g. 25-50% of the full contrast dose) using the
same injection rate as the full contrast dose that is given later. A dynamic CT scan is
performed at the level of the patient’s aorta from the beginning of contrast injection
for 60 -120 seconds. A bolus geometry curve of the aorta is derived by measuring
the degree of contrast enhancement in the aorta over time.

3. CT scan delays for multiphasic study

CT scan delay times are preset into the machine at the beginning of the patient’s
imaging study. They determine the time of initiation of the CT machine for the arterial
and hepatic phases. Accurate CT scan delays are necessary to synchronise the
arterial and hepatic phase scan with the peak of contrast flow in the splanchnic
arteries and liver, respectively. From our research studies in dogs and cats in this
thesis, we were able to predict the timing of peak contrast flow in the splanchnic
arteries and liver. Our recommendations for CT scan delays in a new standardised
protocol is based on knowledge of time to peak enhancement. The recommended
CT scan delay for the arterial phase is 10 seconds post aortic arrival time, and the
CT scan delay for the hepatic phase is 35 seconds post aortic arrival time. Our
recommendation differed to other previously published CT protocols. Our
recommended CT start time for the arterial phase is later compared to other
published CT protocols. Other institutions recommend an earlier CT start time for the
arterial phase, coinciding with the aortic arrival time (based on bolus tracking or test
bolus). More broadly in the veterinary literature, the arterial and hepatic phase scan
delay is not standardised.

We hypothesised that the new standardised CT protocol at UVTHS would accurately
and consistently capture the arterial and hepatic phase in all dogs in the study
population, regardless of body weight or size. A comparison study was performed to
assess the quality of vascular enhancement in multiphasic CT studies acquired at
three veterinary institutions using three different CT scanners.
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Abstract

Multiphasic multidetector computed tomographic angiography is a standard diagnostic test for
canine abdominal vascular disorders. Three imaging protocols have been previously described.
The test-bolus protocol allows precise timing but can be time consuming to perform. Bolus-
tracking software is fast and easy to use but can be problematic for exact timing of vascular
phases. A recently described fixed-injection-duration protocol is not influenced by body weight
and provides a wider temporal window for arterial acquisitions. Objectives of this retrospective
and prospective, multicentric, method comparison study were to determine which of the three
multidetector computed tomographic angiography protocols allows best vascular conspicuity of
the canine abdomen and to assess the influence of different multidetector computed tomography
(CT) scanners on study quality. Triple-phase multidetector computed tomographic angiography
canine abdominal studies from 30 dogs were retrospectively retrieved from three different insti-
tutions. Each institution performed one of the three computed tomographic angiography proto-
cols (4-row and 16-row multidetector CT). Prospectively, the three protocols were also acquired
with similar conditions on a 64-row MDCT in 21 dogs. Main abdominal vessels were scored by
blinded readers for each phase. The fixed-injection-duration protocol had the best combined arte-
rial and portal vascular conspicuity on scanners of limited speed, while the test-bolus protocol
provided the best overall vascular conspicuity on 64-row multidetector CT scanner. The qual-
ity of arterial studies performed on 64-row MDCT scanner was improved compared to the ones
performed on four- to 16-row multidetector CT scanners. Findings supported the fixed-injection-
duration protocol as the best compromise between an ideal portal vascular enhancement and an
easily reproducible protocol on scanners with low and high number of detector rows.

KEYWORDS

angiographic, arterial, dog, multidetector CT, portal

characterizing benign and malignant lesions.#"8 A major advantage of
multiphasic multidetector computed tomographic angiography is the

Multiphasic multidetector computed tomographic angiography is
currently a standard diagnostic test for canine vascular disorders such
as portosystemic shunts, arteriovenous fistulae, or vascular tumor
invasion.1"3 This method is also commonly used for characterizing
parenchymal disease such as pancreatic insulinoma and may help

ability to separate the arterial from the portal and systemic venous
phases in order to reach an optimal visualization of each vascular bed
and to identify hypervascular or hypovascular parenchymal lesions.?
The test-bolus multidetector computed tomographic angiogra-
phy protocol has been used for more than a decade in veterinary
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patients.21011 This protocol is based on the initial injection of a
low dose of contrast medium, i.e., test bolus, to determine the peak
of aortic and portal enhancement using time attenuations curves
followed by a dynamic angiography with a full dose of contrast agent.
This technique has the advantage of being specifically adapted to the
patient, which is valuable in animals with impaired cardiovascular
function. The bolus-tracking multidetector computed tomographic
angiography protocol uses software tools to monitor the arrival of con-
trast medium into a vessel and triggers an automatic or manual start
of the acquisition once the preset density threshold has been reached.
This type of protocol provides an individualized timing of the arterial
phase.81213 The fixed-injection-duration multidetector computed
tomographic angiography protocol is another technique that has been
recently described in cats and dogs using a fixed injection duration of
20 s and adjusted injection rate.24-1¢ This new method triggers a later
and lower peak of aortic enhancement with good separation between
the arterial and portal phases. An advantage of this new technique is
a more homogeneous pattern of vascular enhancement regardless of
the body weight. Another advantage is a wider temporal window for
acquiring the arterial phase.

A previous study compared bolus-tracking and test-bolus tech-
niques for thoracic computed tomographic angiography in healthy
beagles and did not identify differences in image quality, consistent
with previously published data in human medicine.1”18 An increas-
ing number of publications have described multiphasic multidetec-
tor computed tomographic angiography protocols for investigations of
parenchymal disorders.>~7 However, the choice of a particular abdom-
inal multidetector computed tomographic angiography protocol may
possibly influence the parenchymal enhancement and have an impact
on subsequent results. New multidetector computed tomography (CT)
scanners have been recently introduced that have a higher number of
detector rows and can therefore offer shorter acquisition times.1? A
detailed comparison of different multidetector computed tomographic
angiography protocols was not found in the veterinary literature.

The aim of this study was to compare the conspicuity of vessels in
the cranial abdomen using three different protocols of triple-phase
multidetector computed tomographic angiography (test-bolus, bolus-
tracking, and fixed-injection-duration protocols). We also aimed to
determine which protocol allows the best vascular visualization and to
assess the influence of the canine weight and different multidetector
CT scanners on the quality of the studies. We hypothesized that there
is adifference in vascular conspicuity between the three multidetector
computed tomographic angiography protocols and that the quality of
these studies depends on the number of detector rows used and body
weight.

2 | MATERIALS AND METHODS

2.1 | Sample population

This retrospective and prospective, multicentric, method comparison
study gathered triple-phase abdominal multidetector computed tomo-

graphic angiography studies performed on dogs under general anes-

thesia presented for clinical reasons unrelated to the abdominal vascu-
lature. Decisions for study inclusion and exclusion were made by a final
year small animal imaging resident (FT.). Studies were included if the
injection of contrast medium was performed via a cephalic vein and if
the arterial, portal and late venous phases included the abdomen from
the diaphragm to the caudalmost kidney margin. Dogs were excluded if
any vascular impairment or malformation was present in the abdomen.
Images were acquired in ventral recumbency under general anesthe-
sia during apnea following hyperventilation in order to avoid motion
artifacts. A precontrast study of the abdomen was acquired in all dogs.
All contrast medium injections were performed with a power injector
without the use of saline chaser. All late venous phases were performed
within 5 min after contrast medium injection.

2.2 | Retrospective computed tomographic data

Canine abdominal multidetector computed tomographic angiography
studies were retrospectively retrieved from three different institu-
tions. The sample size for each institution group was matched and
based on the maximal number of studies available at the University of
Edinburgh that fitted the inclusion criteria. Each institution performed
one of the three multidetector computed tomographic angiography
protocols. As part of the inclusion criteria, the same test-bolus protocol
was performed at the Royal (Dick) School of Veterinary Studies of the
University of Edinburgh with the following protocol. First, a 0.5 mL/kg
bolus of contrast medium (185 mg lodine/kg) was injected. A dynamic
acquisition in a single location at the porta hepatis was performed
at the start of the contrast medium injection every 2 s during 40 s.
Regions of interest were placed in the aorta and portal vein by an imag-
ing resident or a board-certified veterinary radiologist. Time attenua-
tion curves were used to establish optimal timings for the arterial and
portal acquisitions. The arterial acquisition delay was set at the peak
of aortic contrast enhancement. The minimum interscan delay was
4 s. The portal delay was initiated shortly before peak portal enhance-
ment or following the minimum reset time between two phases. The
full bolus of contrast medium (700-740 mg I/kg) was injected at 3 mL/s
in dogs weighing less than 10 kg and at 5 mL/s if over 10 kg as per previ-
ous publication.!® The arterial phase was performed in a caudo-cranial
direction, the portal and late venous phase were scanned in a cranio-
caudal direction.

The bolus-tracking protocol was performed at the Istituto Veteri-
nario di Novara. As part of the inclusion criteria, the following pro-
tocol was used. A premonitoring transverse scan was set at the cra-
nial aspect of the diaphragm, and designated as the start location of
the arterial acquisition. A region of interest was placed in the aorta
by an imaging resident, and the automated bolus-tracking set at 100
Hounsfield units (HU) with a cycle time of 3 s. The bolus of contrast
medium (700 mg I/kg) was performed in all dogs at 3 mL/s. The arterial
phase was run in a cranio-caudal direction, the portal phase scanned
immediately after the minimum reset time in a caudo-cranial direction
and the late venous phase in a cranio-caudal direction. The minimum
interscan delay was 2 s.

The fixed-injection-duration protocol was performed at the Univer-
sity of Sydney. As part of the inclusion criteria, the following protocol
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was followed. Bolus-tracking software and fixed delay times after
contrast arrival were used for the arterial and portal scans. Contrast
medium was injected over 20 s for all dogs and the injection rate was
adjusted accordingly. A pre-monitoring transverse scan was set at
the cranial aspect of the diaphragm. A region of interest was placed
in the aorta by an imaging resident and the automated bolus-tracking
set at 100 HU with a cycle time of 2 s. The time-to-aortic-arrival
was defined as the time elapse from the beginning of the contrast
medium injection to the time when the aortic attenuation reached
100 HU. The delay for arterial acquisition was similar for all dogs
and equal to 10 s after time-to-aortic-arrival in order to scan during
the arterial peak or immediately after. The minimum interscan delay
was 2 s. The portal acquisition was automatically triggered 35 s after
time-to-aortic-arrival. The arterial phase was run in a cranio-caudal
direction, the portal phase scanned in a caudo-cranial direction, and

the late venous phase in a cranio-caudal direction.

2.3 | Prospective computed tomographic data

Twenty-one canine abdominal computed tomographic angiography
studies were prospectively acquired at the Royal (Dick) School of
Veterinary Studies of the University of Edinburgh. The sample size
was chosen based on a consensus opinion of the authors, one of whom
was a statistician. The Veterinary Ethics and Welfare Committee of
the Royal (Dick) School of Veterinary Studies of the University of
Edinburgh granted approval for the prospective study prior to publica-
tion (Veterinary Ethics and Welfare Committee reference 106.17). The
test-bolus, bolus-tracking, and fixed-injection-duration protocols were
identical to the retrospective part of the study but performed on a
64-row multidetector CT scanner (Somatom® Definition AS Siemens,
Erlangen, Germany). Injections of 700 mg I/kg of lopamidol (Niopam
350®, Bracco UK Ltd) were performed with Empower CTA®+ Injec-
tor System (Bracco® injeneering S.A., Milan, Italy) set with a maximum
pressure of 325 psi. Dogs were randomly allocated to a protocol
according to their weight in order to achieve similar body weight dis-
tribution in each group of seven dogs. All acquisitions were performed
by the same operator (FT.). Scan settings included a collimator pitch
of 1.4, tube potential of 100-120 kVp, reference tube current of 250-
320 mA, slice thickness of 2 mm, matrix 512 x 512, and reconstruction
with low frequency algorithms. Scan tube current was modulated by an
automatic exposure control system (Care Dose 4D, Siemens Medical
Solutions, International). The minimum interscan delay was 2 s.

2.4 | Computed tomographic data recorded

All retrospective multidetector computed tomographic angiography
studies were randomized, reviewed by a board-certified veterinary
radiologist (T.S.) and an imaging resident (FT.), and scored by consen-
sus. All studies were anonymized and reviewers were blinded to the
angiographic protocol used. All assessments and measurements were
performed using dedicated DICOM viewer software (OsiriX v5.8.5
64-bit, Geneva, Switzerland). A window width of 350 HU and a window
level of 100 HU were used in order to allow optimal visualization of
vascular streaming artifacts. The abdomen was divided into three
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regions of different vascular beds. During the arterial phase, each
main abdominal vessel was subjectively scored using a binary grading
system (+1 or -1). The same process was repeated for the portal phase.
The most cranial abdominal region was established from the cranial
aspect of the liver to the first hepatic vein ramification allowing scoring
of the aorta and caudal vena cava. The mid-abdominal region extend-
ed from the first hepatic vein ramification to the gastroduodenal
vein entrance into the portal vein, allowing scoring of the aorta,
hepatic arteries, caudal vena cava, hepatic veins, intrahepatic portal
branches, and extrahepatic portal vein. The caudal abdominal region
included the portion of the abdomen between the gastroduodenal vein
entrance into the portal vein and the jejunal veins, allowing scoring
of the aorta, celiac and cranial mesenteric arteries, caudal vena cava,
extrahepatic portal vein, gastroduodenal vein, and splenic vein. For
example, to achieve a satisfactory score of +1 in the aorta during the
arterial phase, the aorta had to present with a homogeneous strong
vascular enhancement and absence of contrast streaming artifact.
An ideal arterial phase of a computed tomographic angiography was
defined as having strong contrast enhancement in the aorta, hepatic
arteries, and celiac arteries but none in the systemic venous and portal
vasculature (Figure 1). The portal phase was considered optimal if
the entire portal vasculature, splenic vein included, presented strong
contrast enhancement compared to the caudal vena cava and hepatic
veins (Figure 2). During the arterial phase, the arterial index was equal
to the summation of all vascular scores given for the three abdomi-
nal regions. The maximal arterial index was 15 and minimal arterial
index -15. Similarly, the portal index resulted from the sum of all scores
given for the abdominal vessels during the portal phase. The maximal
portal index was 10 and minimal portal index -10. We summed both
arterial and portal indices to create a combined vascular index. The
same subjective scoring process was repeated for the prospective
multidetector computed tomographic angiography studies.

A small animal imaging resident (FT.) performed a quantitative
scoring by placing a 10 mm? region of interest in the main abdominal
vessels during the arterial and portal phases. A region of interest
was placed as appropriate in the aorta, caudal vena cava, and portal
vein in the three abdominal regions. The attenuation values were
then averaged per dog and per phase for each vessel. Any vascular or
extra-vascular artifact was recorded. The same quantitative scoring
process was repeated for the prospective multidetector computed
tomographic angiography studies.

2.5 | Dataanalyses

Statistical analysis was performed by a statistician (I.H.) using a free
software (R Core Team 2017, R: A language and environment for
statistical computing, R Foundation for Statistical Computing, Vienna,
Austria). We investigated the relationship between weight, scan
duration, scanner type, and protocol on index for the two phases
separately and in combination using a linear regression model with
index as the dependent variable. Although index is derived from
ordinal scores the overall index was treated as a numerical variable.
Models were assessed by inspection of histograms of their residuals.
Summary estimates of the relationship between protocol and index
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FIGURE 1 Optimal arterial phase illustrated by a transverse plane for each abdominal region (A-C) in a dog using the bolus-tracking protocol on
64-row multidetector computed tomography unit. Note the strong contrast enhancement in the aorta, celiac and hepatic arteries (arrows) but

none in the portal and venous vasculature (arrowheads)

were estimated using the Least-Squares means (Lsmeans) R-package
and reported as estimate and 95% confidence interval. In order to
investigate any difference of scan duration between four- and 16-slice
CT units, a Kruskal-Wallis test was performed. The significance level
for statistical tests was set at 0.05.

3 | RESULTS

3.1 | Retrospective computed tomographic data

A total of 30 dogs were included in the sample (10 dogs from each
institution). At the Royal (Dick) School of Veterinary Studies of the
University of Edinburgh, computed tomographic images were acquired
using the test-bolus protocol with a four-row multidetector CT unit
(Somatom® Volume Zoom, Siemens, Germany) over a 6-year period.
Scan settings included slice thickness 3 mm, pitch between 1 and 1.5,
tube potential 120 kVp, tube current 120-150 mA, matrix 512 x 512.
Injections of 350-370 mg I/mL lopamidol (Niopam®, Bracco UK Ltd)

were performed with Mark V power injector (Medrad®, PA, USA) set
at 300 psi injection pressure.

At the Istituto Veterinario di Novara, computed tomographic
images were acquired using the bolus-tracking protocol with a
16-row MDCT unit (Light Speed, GE Medical Systems, Milan, Italy)
over a 8-month period. Scan settings included slice thickness between
1.25 and 2.5 mm, pitch 0.938, tube potential 100-120 kVp, tube
current 180-200 mA, matrix 512 x 512. Injections of 350 mg I/mL of
iohexol (Omnipaque®, GE Healthcare, Princeton, NJ) were performed
with Medrad® envision CT injector (Medrad Italia, Cava Manara,
Italy) set at 300 psi injection pressure.

At the University of Sydney, computed tomographic images were
acquired using the fixed-injection-duration protocol with a 16-row
MDCT unit (Phillips 16 Slice, Brilliance® CT V2.3, Phillips Medical
Systems Netherlands, the Netherlands) over a 6-month period. Scan
settings included slice thickness between 1 and 2 mm, pitch between
0.813 and 0.938, tube potential 120 kVp, tube current 100-250 mA,
matrix 512 x 512. Injections of 350 mg I/mL of iohexol (Omnipaque®,
GE Healthcare, Princeton, NJ) were performed with Empower CTA®

FIGURE 2 Optimal portal phase illustrated by a transverse plane for each abdominal region (A-C) in a dog using the fixed-injection-duration
protocol on 16-row multidetector computed tomography unit. Note the strong contrast-enhancement in the portal vein (arrowhead) in
comparison to the caudal vena cava (arrow)
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FIGURE 3 Dotplot representing the total scan duration (sum of
arterial scan and portal scan duration in seconds) for each protocol
and multidetector computed tomography scanner ( @, four- and
16-row multidetector computed tomography scanners; %, 64-row
multidetector computed tomography scanner; —, mean)

power injector (E-Z-EM Inc., Westbury, New York) set at 300 psi injec-
tion pressure.

Various breeds were represented. The median weight of dogs was
12 kg (n = 10, range: 7-38 kg) in the test-bolus group, 26 kg (n = 10,
range: 7-47 kg) in the bolus-tracking group, and 24 kg (n = 10, range:
7-43 kg) in the fixed-injection-duration group. The test-bolus group
gathered seven female and three male dogs, the bolus-tracking group,
five females and five males, and the fixed-injection-duration group,
four female and six male dogs. The median age of dogs was 5 years
(n = 10, range: 0.3-12 years) in the test-bolus group, 9 years (n = 10,
range: 2-14 years) in the bolus-tracking group, and 5 years (nh = 10,
range: 2-11 years) in the fixed-injection-duration group. Among all
groups, nine of 30 dogs had no significant abnormality and nine of 30
dogs had a final diagnosis of neoplasia. Other disorders included hep-
atopathy (3/30), thoracic or subcutaneous abscesses (2/30), nephropa-
thy (2/30), lymphadenomegaly (2/30), ureteral ectopia (1/30), gastric
foreign body (1/30), and pelvic fracture (1/30). In the test-bolus group,
the portal acquisition was initiated following the minimum reset time
between two phases in seven dogs. These seven dogs were small breed
dogs weighing up to 15 kg. The median injection rate for the fixed-
injection-duration protocol was 2.3 mL/s (n = 10, range: 0.7-4.3 mL/s).
The median time-to-aortic-arrival of the contrast medium bolus was
9 s (n = 10, range: 2-14 s) for the test-bolus protocol, 15 s (n = 10,
range: 4-19 s) for the bolus-tracking protocol, and 15 s (n = 10, range:
8-22 s) for the fixed-injection-duration protocol. The median time for
initiation of the portal acquisition scan was 15 s after time-to-aortic-
arrival (n = 10, range: 10-17 s) for the test-bolus protocol, 28 s after
time-to-aortic-arrival (n = 10, range: 21-32 s) for the bolus-tracking
technique, and 35 s after time-to-aortic-arrival (n = 10, range: 35-35s)
for the fixed-injection-duration protocol. Duration of the arterial and
portal scans is summarized in Figure 3. The total scan duration was not
significantly different between the four-slice CT scanner and both 16-
slice CT units (n=30,df=2, y2=4.43,P=0.109). These scanners were
therefore grouped together in the following linear regression models.

The mean indices are summarized in Table 1. During the arterial
phase, the fixed-injection-duration protocol had the narrowest disper-
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sion of data. Quantitatively, the arterial phase of the test-bolus pro-
tocol had the highest mean arterial index compared to the other two
protocols, while the portal phase of the fixed-injection-duration proto-
col offered the highest mean portal index. Overall, the fixed-injection-
duration protocol has the highest mean combined vascular index and
narrowest dispersion of data.

On the arterial phase of the fixed-injection-duration protocol, con-
trast enhancement was visible in the portal vein at the porta hepatis in
nine of 10 dogs consistent with a late arterial acquisition. In the test-
bolus group during the portal phase, contrast streaming artifact was
reported in the portal vein in four dogs and in the caudal vena cava in
six dogs. This artifact was less commonly noted in the bolus-tracking
group (2/10 dogs) and the fixed-injection-duration group (4/10 dogs)
during the portal phase.

During the arterial phase, the mean aortic attenuation was quan-
titatively higher for the test-bolus protocol compared to the bolus-
tracking and fixed-injection-duration protocols (Table 2). These two
last protocols nevertheless achieved acceptable aortic enhancement.
During the portal phase, the mean aortic attenuation was lower for
the fixed-injection-duration protocol compared to the test-bolus and

bolus-tracking protocols.

3.2 | Prospective computed tomographic data

Various breeds were represented among which Retrievers (7/21) and
collie (3/21) breeds were common. The median weight of dogs was
25 kg (n = 7, range: 5-37 kg) in the test-bolus group, 25 kg (N = 7,
range: 6.5-36 kg) in the bolus-tracking group and 19 kg (N = 7, range:
9-36 kg) in the fixed-injection-duration group. Each group gathered 3
female and 4 male dogs. The median age of dogs was 8 years (N = 7,
range: 2-10 years) in the test-bolus group, 11 years (N = 7, range: 6-16
years) in the bolus-tracking group and 10 years (N = 7, range: 0.6-11
years) in the fixed-injection-duration group.

Among all groups, 15/21 dogs had a final diagnosis of neoplasia
while one of 21 dogs had no significant abnormality. Other disorders
included pulmonary disease (2/21), sialadenitis (1/21), brachycephalic
obstructive airway syndrome (1/21), and retrobulbar abscess (1/21).
The median injection rate for the fixed-injection-duration protocol was
2.0mL/s (n=7,range: 0.9-3.6 mL/s). The median time-to-aortic-arrival
of the contrast medium bolus was 10 s (n = 7, range: 9-14 s) for the
test-bolus protocol, 11 s (n = 7 range: 5-15 s) for the bolus-tracking
protocol and 10's (n = 7, range: 7-12 s) for the fixed-injection-duration
protocol. The median time for initiation of the portal acquisition
scan was 11 s after time-to-aortic-arrival (n = 7, range: 7-18 s) for
the test-bolus protocol, 8 s after time-to-aortic-arrival (n = 7, range:
7-14 s) for the bolus-tracking technique and 35 s after time-to-
aortic-arrival (n = 7, range: 35-35 s) for the fixed-injection-duration
protocol. Duration of the arterial and portal scans is summarized in
Figure 3.

The mean indices are summarized in Table 1. The arterial phase
of the bolus-tracking protocol had the highest mean arterial index
and narrowest dispersion of data compared to the other two proto-
cols. The portal phase of the fixed-injection-duration protocol offered
the highest mean portal index and narrowest dispersion of data. The
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TABLE 1 Arterial, portal, and combined indices for each protocol and multidetector computed tomography scanner §
Test-bolus Bolus-tracking Fixed-injection-duration i
protocol protocol protocol 3
4 and 16 MDCT (h=3) Mean arterial index 7.9(SD7.1) 2.4(SD 6.2) 3.1(SD 3.4) §
Mean portal index 1(SD5.3) 6.2 (SD 3.6) 7.2(SD 3.9)
Mean combined arterial and portal index 8.9 (SD 10.4) 8.6(SD 8.2) 10.3(SD 6.1)
64-row MDCT (n=2) Mean arterial index 11.3(SD 4.4) 15 (SD 0) 4(SD 2.8)
Mean portal index 2.9(SD5.0) -1.1(SD 3.2) 8(SD2) §‘
Mean combined arterial and portal index 14.1(SD 4.7) 13.9(SD 3.2) 12 (SD 4.5)

Abbreviation: MDCT, multiphasic multidetector computed tomography; SD, standard deviation.

mean bolus-tracking portal index, on the other hand, was lower than 3.3 | Linear regression model for combined vascular
the two other protocols due to a very premature acquisition. Over- index

all, the test-bolus protocol had the highest mean combined vascular

index The factor scan duration was found to be non-significant and strongly

correlated to the scanner type (p = 0.836). This factor was dropped

On the arterial phase of the fixed-injection-duration protocol,
L . . from initial model, which was then re-estimated.
contrast enhancement was visible in the portal vein at the porta

The variable weight (estimate + standard error = -0.043 +
0.043, t = 0.991, P = 0.324) and scanner type (estimate + standard
error =-2.130 + 1.195, t = -1.783, P = 0.078) had no significant effect

on the combined index. This combined index for the fixed-injection-

hepatis in five of dogs consistent with a late arterial acquisition. In
the bolus-tracking group during the portal phase, contrast stream-
ing artifact was present in the portal vein in all seven dogs and in
the caudal vena cava in five dogs (Figure 4). This artifact remained
common in the test-bolus group (4/7 dogs) but was never present in
the studies of the fixed-injection-duration group during the portal

duration protocol was not significantly different from the test-bolus
(estimate + standard error = 0.073 + 1.436,t = 0.051, P = 0.959) or
from the bolus-tracking protocol (estimate + standard error = -0.380
+ 1.460, t=-0.260, P=0.795) (Figure 5).

phase.
During the arterial phase, the mean attenuation in the portal vein
and caudal vena cava was quantitatively higher for the fixed-injection-

duration protocol compared to the other two protocols, consistent 34 | Separated linear regression models for arterial
with a late arterial acquisition (Table 2). During the portal phase, and portal phases
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the mean aortic attenuation was quantitatively lower for the fixed-
injection-duration protocol compared to the test-bolus and bolus- Similarly, the factor scan duration was found to be non-significant and
tracking protocols. strongly correlated to the scanner type (p = 0.815 for the arterial phase

Kopa

TABLE 2 Vascular contrast attenuation in Hounsfield units during the arterial and portal phase for each protocol and multidetector computed
tomography scanner

attenuation

Abbreviation: MDCT; multiphasic multidetector computed tomography, SD; standard deviation.

Test-bolus Bolus-tracking Fixed-injection-duration
protocol protocol protocol =
4-and 16-row MDCT (h = 30) Arterial phase Mean aortic attenuation 760 (SD 438) 433(SD 132) 556 (SD 159) z
Mean portal attenuation 86(SD 62) 114 (SD 42) 123 (SD 60) §
Mean caudal vena cava 119(SD81) 158 (SD 43) 179(SD72) g
attenuation =
5
Portal phase Mean aortic attenuation 314(SD 93) 250 (SD 49) 207 (SD 69) §
Mean portal attenuation 268(SD79) 249 (SD 59) 236 (SD 66) %
Mean caudal vena cava 240(SD 77) 218 (SD 48) 205 (SD 56) g
attenuation °

64-row MDCT (n = 21) Arterial phase Mean aortic attenuation 713(SD 132) 757 (SD 351) 604 (SD 104)

Mean portal attenuation 99 (SD 46) 52(SD 29) 145 (SD 71) é
3
Mean caudal vena cava 120 (SD 55) 49 (SD 16) 168 (SD 55) g
attenuation 7
Portal phase Mean aortic attenuation 370(SD 101)  363(SD 227) 244 (SD 36) §
Mean portal attenuation 246 (SD 47) 226 (SD 100) 263 (SD 45) g
Mean caudal vena cava 262 (SD 91) 216 (SD 86) 228 (SD 41) g
E;
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FIGURE 4 Portal phase in a dog using the bolus-tracking protocol
on a 64-row multidetector computed tomography unit. Note the
contrast streaming artifact in the portal vein (arrowhead) due to
arrival of unenhanced blood from the splenic vein (arrow)

and p =0.857 for the portal phase). This factor was dropped from initial
models, which were then re-estimated.

The variable weight had no significant effect on the arterial
index (estimate + standard error = 0.105 + 0.054, t = 1.930,
P = 0.060). The scanner type (four- to 16-row unit vs. 64-row unit)
had a significant effect on the arterial index (estimate + standard
error = -5.866 + 1.502, t = -3.905, P = 0.0003). Indeed the arterial
studies performed on the 64-row scanner had significantly higher arte-
rial indices. The arterial index of the fixed-injection-duration was sig-
nificantly lower and different from the test-bolus protocol (estimate +
standard error = 5.931 + 1.805, t = 3.285, P = 0.002) but not differ-
ent from the bolus-tracking protocol (estimate + SE = 3.474 + 1.835,
t=1.893,P=0.065) (Figure 6A).

For the portal phase, the variable weight (estimate + standard
error = -0.019 + 0.047, t = -0.411, P = 0.683) and scanner type (esti-

8

Combined Index

T T T
Fixed-duration Bolus-tracking Test-bolus

FIGURE 5 Dotplot representing the corrected mean (Ismean)
combined index with 95% confidence intervals for each protocol on all
four-, 16-, and 64-row multidetector computed tomography scanners
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FIGURE 6 Dotplot representing the corrected mean (Ismean)
arterial index (A) and portal index (B) with 95% confidence intervals
for each protocol on all four-, 16-, and 64-row multidetector computed
tomography scanners

mate + standard error = 1.605 + 1.295, t = 1.240, P = 0.221) had no
significant effect on the portal index. The portal index of the fixed-
injection-duration was significantly higher and different from the test-
bolus protocol (estimate + standard error = —=5.784 + 1.556,t = -
3.717, P = 0.0005) and from the bolus-tracking protocol (estimate +
standard error = -4.235 + 1.582, t = -2.677,P =0.010) (Figure 6B).

4 | DISCUSSION

Findings from this study support our primary hypothesis in that
there was a difference of vascular conspicuity between protocols
during the arterial and portal phase in the separated linear regres-
sion model. The quality of arterial studies performed on the 64-row
multidetector CT scanner was improved compared to the ones per-
formed on four- to 16-row multidetector CT scanners. This effect was
not demonstrated during the portal phase. Contrary to our last hypoth-
esis, body weight had no effect on image quality.

The lack of difference in overall vascular conspicuity between the
different protocols in the combined linear regression model does not
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fully reflect the more detailed results for each vascular phase. In fact,
the test-bolus and bolus-tracking protocols provided arterial studies of
better quality than the fixed-injection-duration protocol while it was
the contrary during the portal phase, and these effects cancelled each
other out. In order to interpret the specificity of each protocol during
each phase, we chose to focus the rest of our discussion based on the
separated linear regression model.

The choice of protocol had an effect on the quality of studies. The
test-bolus protocol offered the best arterial conspicuity on a four-row
multidetector CT scanner, while the bolus-tracking protocol exceeded
this quality on a 64-row multidetector CT scanner. This finding high-
lights that an automated scan trigger associated with a fast scanning
time produces the best arterial result. Indeed, the use of bolus-tracking
software also allows individual variations such as cardiac output and
triggers the acquisition sooner if the bolus of contrast medium has
an early arrival. The fixed-injection-duration protocol offered the best
portal vascular conspicuity of multidetector computed tomographic
angiography studies performed on slow and fast multidetector CT
units. This result confirms that a slow and fixed injection duration
yields homogeneous and strong portal enhancement due to its wide
bolus geometry.

On 64-row multidetector CT unit, the fixed-injection-duration pro-
tocol scoring results suffered because the arterial phase was often
scanned too late. To optimize the arterial phase of the fixed-injection-
duration protocol, we have since the cessation of the study shortened
the arterial scan delay after time-to-aortic-arrival from 10 s to 7 s with
good empirical results. This avoids streaming artifacts in veins, which
can be confused with arterial flow. By using a shorter arterial delay
on a 64-row multidetector CT unit, the overall arterial conspicuity is
expected to reach similar excellent quality as the bolus-tracking proto-
col on such afast scanner.

Our hypothesis that image quality depends on the number of detec-
tor rows of a CT scanner was confirmed for the arterial phase but
not for the portal phase. The arterial phase was of higher quality on
a 64-row MDCT scanner. Indeed, a low number of detector rows rep-
resents a limitation to the scanner speed. By increasing detector row
numbers in multidetector CT, scanning time is reduced, and thus, the
image quality is more homogeneous for each vascular phase.? On fast
CT units, bolus-tracking software is optimal to trigger an arterial phase
of excellent quality as shown in this study. In practice, on MDCT scan-
ners with a low number of detector rows, the portal phase of the bolus-
tracking protocol can be run immediately after the arterial phase and
result in a study of acceptable quality. Unfortunately, if the exact same
protocol is run on a fast multidetector CT unit, like in the prospective
part of this study, it will trigger a very premature portal phase. The
absence of optimal portal timings explains the overall low quality of the
portal phase using the bolus-tracking protocol on 64-row multidetec-
tor CT scanner. Previous publications have established optimal delays
using bolus-tracking technique for the pancreas and liver, although the
need for organ-specific delays is not practical for daily use.813 Weight
is another variable that has to be taken into account for the bolus-
tracking protocol since the time-to-arterial peak is influenced by body
weight when the injection rate is fixed.1* The bolus-tracking protocol
needs to be adapted for fast multidetector CT scanners with a high

number of detector rows by establishing longer delays between the
arterial and portal phases.

Depending on the protocol and the multidetector CT scanner used,
studies had wide to narrow variation of quality. Overall, the fixed-
injection-duration and the bolus-tracking protocol presented the nar-
rowest data dispersion for all phases combined. These two protocols
are therefore better reproducible compared to the test-bolus tech-
nique. This finding may be related to human errors. Indeed, for the
test-bolus protocol, the operator has to select the optimal timings on
the time-attenuation curves of the test bolus, which is often done by
observing a graph, rather than using displayed time figures. The retro-
spective studies of the test-bolus protocol highlighted an unexpected
wide variation of quality. The low number of detector rows and long
scan duration are likely responsible for this qualitative variation during
the arterial phase. The variation in portal phase imaging is more diffi-
cult to explain. The time-attenuation curve of the portal phase is sup-
posed to be the shape of a plateau,’%11 however, in reality it is often
more shaped like a wedge, with a steep rise and slow decline. Operators
had no instructions which time point to choose from the portal attenu-
ation curve, which likely introduced variability in vascular conspicuity.
If the phase of the test-bolus protocol is, for example, acquired at the
beginning of the portal plateau, as performed for some of the data of
this study, it will likely result in poorer quality of the portal enhance-
ment with contrast streaming artifact arising from the non-enhanced
splenic vein. Establishing the optimal portal timing on time-attenuation
curves was considered by the authors as the main source of variability
of the portal phase and limitation to the test-bolus protocol. Another
possible reason explaining the poor quality of some test-bolus studies
is the potential discrepancy between timings established via a small
test bolus of contrast medium and the real timings after a full bolus
of contrast medium. Indeed, a test bolus has a different volume and
dose in relation to body weight compared to the full bolus of contrast
medium causing different bolus geometry.1217.20 |ts optimal arterial
and portal timings may not be representative of the optimal delays of a
full bolus.

The fixed-injection-duration protocol was designed to suppress
the variability of vascular enhancement due to weight and to have a
wide temporal window to acquire the arterial phase.1* A slow injec-
tion of contrast medium over 20 s triggers a later and lower aortic
peak enhancement due its wider bolus geometry.14-1621 On four- and
16-row multidetector CT scanners, the aortic attenuation during the
arterial phase was indeed lower compared to the test-bolus protocol
but higher than the bolus-tracking protocol. On 64-row multidetec-
tor CT scanner, the three protocols had similar aortic attenuation dur-
ing the arterial phase. The bolus-tracking protocol had nevertheless a
wide distribution of data for the aortic attenuation. For a fixed injec-
tion rate, the time to arterial peak is influenced by body weight.14 A
short acquisition time thus increases the variability of aortic attenu-
ations between dogs of different body weights. Overall, the choice of
protocol for the arterial phase appears to have little impact on the aor-
tic contrast enhancement. During the portal phase, however, the aor-
tic contrast enhancement was lower with the fixed-injection-duration
protocol. This is most likely due to a later portal acquisition compared
to the other two protocols.
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Surprisingly, the scan duration had no effect on vascular con-
spicuity in this study. It has been suggested that contrast medium
injection rate should be increased with fast CT acquisition in
order to match the fast scanning duration.261? The disadvantage
of decreasing the injection duration is the narrowing of the tem-
poral window for the arterial scan. Given the good quality of the
portal phase of the fixed-injection-duration protocol, we therefore
recommend to keep a long injection duration of 20 s for this
protocol.

Contrast streaming artifact was commonly reported in early-
performed portal studies. Non-contrast enhanced blood of the splenic
vein mixes with contrast-enhanced blood in the portal vein and causes
this artifact when the portal phase is performed too early. In the
caudal vena cava, contrast streaming artifact is visible when early
renal contrast-enhancing venous flow mixes with non-enhancing caval
blood. In the authors’ opinion, streaming artifact in the caudal vena
cava or portal vein can be considered as a good marker of a premature
portal phase. In the test-bolus group, 11/17 studies demonstrated this
vascular artifact during the portal phase while it was rarely noted in the
fixed-injection-duration group. On a 64-row multidetector CT unit, the
portal phases of the bolus-tracking group were all performed too early,
which was confirmed by the low portal index and commonly reported
contrast streaming artifact.

Due to the multicentric nature of the study, different MDCT scan-
ners have been used by different operators, which may have influ-
enced the quality of the acquisitions. Several anesthetic protocols have
been performed, which may have triggered different cardiovascular
response and affected the timings of vascular enhancement. Indeed, it
has been demonstrated that peak and time to peak of aortic contrast-
enhancements increase when the cardiac output is reduced due to an
increased circulation time.2022 |t does however reflect the reality of
daily practice. Having larger groups of dogs might have yielded further
meaningful statistics. Due to the retrospective nature of part of the
study, the median weight of dogs in the test-bolus group was smaller
compared to the other groups, which may have affected the vascular
conspicuity.

In conclusion, the three multidetector computed tomographic
angiography protocols yielded different abdominal vascular conspicu-
ity. The fixed-injection-duration protocol performed by multiple oper-
ators had the best vascular conspicuity on scanners of limited speed,
while the test-bolus protocol performed by a single operator provided
the best vascular conspicuity on fast MDCT scanner. The number of
detector rows influenced the quality of the arterial phase due to scan-
ner speed limitation but it did not affect the quality of the portal
phase. Inthe authors’ opinion, the main disadvantages of the test-bolus
protocol were the increased dose of contrast medium required, and
being operator dependent. Authors propose that the fixed-injection-
duration protocol offers a good compromise between an ideal vascu-
lar enhancement during the portal phase and an easily reproducible
protocol on scanners with low and high number of detector rows.
For the arterial acquisition of this protocol, we recommend improv-
ing it by using a fixed delay of 7 s after time-to-aortic-arrival and
keeping the delay of 35 s after time-to-aortic-arrival for the portal

acquisition.

WILEY |-

LIST OF AUTHOR CONTRIBUTIONS

Category 1
(a) Conception and Design: Thierry F,Chau J, Makara M, Specchi
S, Auriemma E, Longo M, Handel |, Schwarz T

(b) Acquisition of Data: Thierry F, Chau J, Makara M, Specchi S,
Auriemma E, Longo M, Handel |, Schwarz T

(c) Analysis and Interpretation of Data: Thierry F, Handel |

Category 2

(a) Drafting the Article: Thierry F

(b) Revising Article for Intellectual Content: Thierry F, Chau J,
Makara M, Specchi S, Auriemma E, Longo M, Handel I,
Schwarz T

Category 3

(a) Final Approval of the Completed Article: Thierry, Chau J,
Makara M, Specchi S, Auriemma E, Longo M, Handel I,
Schwarz T

ORCID

http://orcid.org/0000-0003-4175-4397
Maurizio Longo (12} http://orcid.org/0000-0002-6838-8430
http://orcid.org/0000-0001-6407-4963

http://orcid.org/0000-0001-8412-573X

Florence Thierry

lan Handel
Tobias Schwarz

REFERENCES

1. Zwingenberger AL, Schwarz T, Saunders M. Helical computed tomo-
graphic angiography of canine portosystemic shunts. Vet Radiol Ultra-
sound. 2005;1:27-32.

N

. Frank P, Mahaffey M, Egger C, Cornell KK. Helical computed tomo-
graphic portography in ten normal dogs and ten dogs with a portosys-
temic shunt. Vet Radiol Ultrasound. 2003;4:392-400.

w

. Zwingenberger AL, McLear RC, Weisse C. Diagnosis of arterioportal
fistulae in four dogs using computed tomographic angiography. Vet
Radiol Ultrasound. 2005;46:472-477.

IN

. Caceres AV, Zwingenberger AL, Hardam E, Lucena JM, Schwarz T.
Helical computed tomographic angiography of the normal canine pan-
creas. Vet Radiol Ultrasound. 2006;3:270-278.

5. Mai W, Caceres AV. Dual-phase computed tomographic angiogra-
phy in three dogs with pancreatic insulinoma. Vet Radiol Ultrasound.
2008;49:141-148.

. Kutara K, Seki M, Ishikawa C, Sakai M, Kagawa Y, Lida G, et al. Triple-
phase helical computed tomography in dogs with hepatic masses. Vet
Radiol Ultrasound. 2014;55:7-15.

. Jones ID, Lamb CR, Drees R, Priestnall SL, Mantis P. Associations
between dual-phase computed tomography features and histopatho-
logic diagnoses in 52 dogs with hepatic or splenic masses. Vet Radiol
Ultrasound. 2016;57:144-153.

. Choi SY, Lee I, Seo JW, Park HY, Choi HJ, Lee YW. Optimal scan
delay depending on contrast material injection duration in abdominal

o

~

e}

1 /10p/woo Ko xeaquauI[uoy/:sdy woiy pIpEOIuMOd “9 ‘810z *19780FL1

Rotuya L, £q 6L9T 1

SUONIPUOD) PuE SWIAL, A 99§ “[€207/S0/1T] U0 AIRIqIT AUUQ KI[1A “BAENSQ A1

2590 SUOWWO) AL 21qeorIdde A £q POIIAOS A1 SIDIE YO 1250 JO I[N 10] AIAQIT HUIUQ) A1 UO (S



| wiLEy

N

10.

11.

12.

13.

14.

15.

16.

THIERRY ET AL.

multi-phase computed tomography of pancreas and liver in normal
Beagle dogs. J Vet Sci. 2016;17:555-561.

. Bae KT. Intravenous contrast medium administration and scan timing

at CT: Considerations and approaches. Radiology. 2010;256:32-61.

Zwingenberger AL, Schwarz T. Dual-phase CT angiography of the
normal canine portal and hepatic vasculature. Vet Radiol Ultrasound.
2004;2:117-124.

Winter MD, Kinney LM, Kleine LJ. Three-dimensional helical com-
puted tomographic angiography of the liver in five dogs. Vet Radiol
Ultrasound. 2005;6:494-499.

Mehnert F, Pereira PL, Triibenbach J, Kopp AF, Claussen CD. Biphasic
spiral CT of the liver: automatic bolus tracking or time delay? Eur Radiol.
2001;11:427-431.

Choi S-Y, Choi H-J, Lee K-J, Lee Y-W. Establishment of optimal scan
delay for multi-phase computed tomography using bolus-tracking
technique in canine pancreas. J Vet Med Sci. 2015;77:1049-1054.

Makara M, Dennler M, Kiihn K, Kalchofner K, Kircher P. Effect of con-
trast medium injection duration on peak enhancement and time to
peak enhancement of canine pulmonary arteries. Vet Radiol Ultrasound.
2011;52:605-610.

Makara M, Chau J, Hall E, Kloeppel H, Podadera J, Barrs V. Effects of
two contrast injection protocols on feline aortic and hepatic enhance-
ment using dynamic computed tomography. Vet Radiol Ultrasound.
2015;56:367-373.

Chau J, Young AC, Dhand N, Makara MA. Estimation of time to peak
contrast enhancement of the aorta and liver for dual-phase com-
puted tomography on the basis of contrast medium arrival time, injec-
tion duration, and injection technique in dogs. Am J Vet Res. 2016;77:
1093-1100.

17.

18.

1

20.

21.

22.

o

Cassel N, Carstens A, Becker P. The comparison of bolus tracking and
test bolus techniques for computed tomography thoracic angiography
in healthy beagles. JSAVA. 2013;84:930-939.

Kerl JM, Lehnert T, Schell B, Bodelle B, Beeres M, Jacobi V, et al. Intra-
venous contrast material administration at high-pitch dual-source CT
pulmonary angiography: Test bolus versus bolus-tracking technique.
Eur J Radiol. 2012;81:2887-2891.

Hallett RL, Fleischmann D. Tools of the trade for CTA: MDCT scan-
ners and contrast medium injection protocols. Tech Vasc Interv Radiol.
2006;9:134-142.

Bosch B, Alef M, Ludewig E, Hause A, Oechtering G, Kiefer |. Multi-
phasic contrast-enhanced CT: correlation of the peak attenuation in
the aorta abdominalis and portal vein with easily detectable clinical
parameters. Tierarztl Prax. 2013;41:23-30.

Lee SK, Lee D, Kim D, Cha A, Choi J. Effect of catheter size and injec-
tion rate of contrast agent on enhancement and image quality for
triple-phase helical computed tomography of the liver in small dogs.
Vet Radiol Ultrasound. 2017;58:664-670.

Bae KT, Heiken JP, Brink JA. Aortic and hepatic contrast medium
enhancement at CT. Part Il. Effect of reduced cardiac output in a
porcine model. Radiology. 1998;207:657-662.

How to cite this article: Thierry F, Chau J,Makara M, et al. Vas-
cular conspicuity differs among injection protocols and scan-
ner types for canine multiphasic abdominal computed tomo-
graphic angiography. Vet Radiol Ultrasound. 2018;59:677-686.
https://doi.org/10.1111/vru.12679

SUONIPUOD PUE SWAL A 998 “[£202/S0/1Z] U0 AIIQIT U K3[1A “BABISO) AUSIAIUNY [BOIUYPL KQ 6LOT1°MA/I [ [ I01/10P/WOX K[1Av Areaquout[uoy/:sdiy wioy papeojusod 9 107 * 19280bLI

2590 SUOWWO) AL 21qeorIdde A £q POIIAOS A1 SIDIE YO 1250 JO I[N 10] AIAQIT HUIUQ) A1 UO (S



SECTION 3 — Research Chapters (1-4)

Chapter 3. Refining contrast CT imaging in cats: Identify the Ideal Dose of lohexol

Introduction:

The current intravenous dose rate for iodinated contrast used in multiphase CECT of
the abdomen in dogs and cats has derived from early radiographic contrast studies
including urogams and non-selective angiograms (Feeney et al, 1982; Wise, 1982).
The recommended dose is 600-880mgl/kg with variation in the volume depending on
the concentration of the formulation (average 2ml/kg) (Schwarz and Saunders,
2011). Reduced dose rates have been reported for iohexol clearance studies using
dynamic CT to calculate glomerular filtration rates in cats. Dose rates of 0.25ml to
1.5ml/kg for iodinated contrast was reported and sufficient enhancement of the
kidneys was achieved. However, evaluation of the remainder of the abdomen using
these reduced doses is lacking.

The authors have observed a difference in the intensity of vascular and parenchymal
enhancement between the dogs and cats during multiphasic contrast CT of the
abdomen. At the same contrast dose tailored to body weight (2ml/kg), cats showed a
much higher and markedly intense enhancement of the arteries and liver. The
intense enhancement of the liver had undesirable effects with poor conspicuity
between the liver parenchyma and intrahepatic vessels. The objective degree of
enhancement of the aorta was excessive in cats. This was observed in our feline
research study (Chapter 1) assessing the influence of contrast injection technique on
bolus geometry of the aorta and liver. Particularly in the feline group that received
contrast through a rapid injection rate, there was excessive aortic enhancement with
a median value of 1900HU. The feline group that received contrast through a slower,
fixed injection duration also had excessive aortic enhancement with a median value
of 780HU. The optimal aortic enhancement value is 180-300HU for CT angiography
(Hsieh et al, 2021).

There is a clinical preference towards using reduced contrast dose rates to avoid
exacerbating renal dysfunction, particularly in the feline population due to a high
incidence of pre-existing renal disease. Radiographic contrast is listed as a known
drug related cause for acute renal failure (Ross, 2011). There are multiple patient
related risk factors that predispose to renal injury such as age, hypotension (e.g.
anesthesia related), hypertension, endocrine disease, pancreatitis or vasculitis. The
reported incidence of acute renal failure in animals is low, mainly associated with
ionic forms of iodinated contrast. The incidence is much higher in human patients
with contrast induced nephropathy as one of the leading causes of acute renal failure
in hospitalised patients (Stokes and Bartges, 2006). A recent study of feline renal
function post administration of iodinated and gadolinium based contrast, overall
showed no significant changes in renal parameters with the exception of proteinuria
in 11% of cases (Prullage et al, 2022). Despite the low incidence of reported renal
side effects, veterinary clinicians remain cautious and prefer to avoid intravenous
contrast or request a reduced dose rate when considering contrast enhanced CT
studies for elderly feline patients with pre-existing renal disease.



There is a strong drive to reduce contrast dose while simultaneously optimising
contrast enhanced CT imaging in human diagnostic radiology. Due to the high risk of
contrast induced nephropathy in elderly humans or azotemic patients, contrast doses
were reduced and a compensatory decrease in radiation exposure was used to
maximise CT attenuation of the contrast (Wintersperger et al, 2005, Szucs 2009,
Bolmquist, 2006, Ippolito 2015). Decreased radiation energy levels at lower x-ray
tube voltages have been associated with higher CT attenuation levels from iodinated
contrast. Multiple human clinical studies have been performed using a lowered
radiation exposure energy (80kVp) coupled with a reduced contrast dose, compared
to regular radiation exposure energy (120kVp) coupled with a full contrast dose. The
studies showed that a similar degree of CT contrast enhancement could be reached
in both patient groups. There was no significant difference in image noise or signal to
noise ratio and reducing contrast did not interfere with vascular conspicuity or
diagnostic confidence.

We propose reducing the intravenous contrast dose for CT imaging in cats. We
wanted to explore the limit of dose reduction before a deterioration in contrast
enhancement and image quality would be observed. The value of using lowered kVp
levels in CT scans of cats given reduced contrast doses would be assessed. We
hypothesised that reduced contrast dose would improve vascular conspicuity within
abdominal organs, and lower radiation exposures would improve CT attenuation of
contrast.

Materials and Methods

Quantitative analysis of image noise

Circular regions of interest (ROls, area of 10mm?) were placed in multiple vascular
and parenchymal structures during the arterial portovenous and delayed venous
phases (performed by a radiologist, JC). A single ROI was placed in the following
vessels: aorta, caudal vena cava, portal vein at the level of the porta hepatis. The
average of two ROls in the spleen, pancreas (left limb and right limb/body region)
and renal cortex (left and right) was measured. In each parenchymal structure,
efforts were made to place the ROl in as homogeneous an area as possible, such as
away from vasculature. The standard deviation of the mean attenuation in the ROI
served as an objective measure of image noise. The signal-to-noise ratio (SNR) of
each ROl was calculated by dividing the mean HU by its standard deviation.



Qualitative evaluation

Images were scored by board certified veterinary radiologist at standardised window
level of 40 and window width of 350 (standard viewing window for the abdomen on
Osirix software viewer).

Scoring table for vascular conspicuity

Score Description

0 No to insufficient enhancement of the vessels and parenchyma

1 Mild enhancement of vessels

2 Adequate enhancement of vessels but poor distinction between vessels and
parenchyma

3 Adequate enhancement of vessels and good distinction between vessels and
parenchyma

Scoring table for renal corticomedullary differentiation:

Score Description

1 No distinction

2 Poor or subtle distinction.

3 Adequate distinction.

Scoring table for image noise

Score Description

0 Poor quality (severely grainy image)

1 Satisfactory (moderately grainy but sufficient for diagnosis)
2 Good quality (mildly grainy)

3 Excellent quality (no appreciable mottle)

Statistical analysis:

All statistical analyses were conducted in Genstat v22 (VSN International, 2022) and
a p value <0.05 was considered significant. Data were separated into three datasets:
arterial phase, hepatic phase and delayed phase for analysis. Within each group,
linear models were used to assess the effect of Group (1-4) on each of the outcome
variables. Outcome variables included 7 locations (aorta, caudal vena cava, portal
vein, liver, spleen, pancreas and renal cortex), for each of which data was obtained
for 3 measures; HU of location itself, the standard deviation (SD) and signal to noise
ratio (SNR). Outcome variables were assessed for normality prior to analysis and
post-hoc pairwise Tukey tests were conducted to determine pairwise

significance. The effect of group on score data (vascular conspicuity, renal
corticomedullary contrast and image noise) was assessed using logistic regression.
Scores were reduced to either >2 or <2 for analysis.

Results

Reduced xray energy

There was no significant difference between the cats that received standard xray
energy (120kVp in Group 1) and reduced xray energy (90kVp in Group 2) for all of
the objective measurements (Tables 1, 2 and 3). These two groups received the
same standard contrast dose, and reducing the xray energy did not significantly




affect the objective mean attenuation values or the signal to noise ratio for the
arterial, venous and delayed phases. Despite not reaching statistical significance,
the highest mean attenuation values were obtained in Group 2 (Tables 1, 2 and 3).
There was an increase in the mean attenuation value in Group 2 for all structures
measured in the delayed phase, and an increase in the mean attenuation value for
all structures in the hepatic phase (with the exception of the spleen). Group 2 also
had increased mean attenuation values for the aorta and portal vein in the arterial
phase. The subjective visual scores showed no significant deterioration in image
quality due to image noise in any of the three phases (p value 0.115).

Lowered contrast dose

In the arterial phase, the mean aortic enhancement in Group 3 (1.5ml/kg) was
significantly lower than Group 2 (2ml/kg), however it was not significantly different to
Group 1 (2ml/kg, high xray energy). Other vascular and parenchymal structures
measured in Group 3 on the arterial phase had no significant differences to other
groups. Group 3 had the best visual scores for vascular conspicuity (100% > score
2) and renal corticomedullary differentiation (100% > score 2) on the arterial phase.

In the venous and delayed phases, Group 3 (1.5ml/kg) had significantly lower mean
attenuation values compared to Group 2 (2ml/kg) for almost all
vascular/parenchymal structures measured (except aorta in the hepatic phase).
However, there was no significant difference in the mean attenuation values between
Group 3 and Group 1 (despite Group 1 having the same contrast dose as Group 2 at
2ml/kg). Despite statistically significant differences in mean attenuation between
Groups 3 and 2, the mean attenuation levels in Group 3 remained >230HU in the
hepatic phase for all vascular and parenchymal structures measured. The mean
aortic attenuation for Group 3 in the arterial phase was 560HU.

The signal to noise ratio in Group 3 was significantly lower than Group 1 for the
portal vein, spleen, pancreas and renal cortex measured in the venous phase. Group
3 used a lower xray energy (90kVp) compared to Group 1 (120kVp). Signal to noise
ratios were similar between Groups 3 and 2 (both lower xray energy) except for the
caudal vena cava in the venous and delayed phase.

All HU measurements in Group 4 (1ml/kg) were significantly lower than the standard
contrast dose groups (2ml/kg), in the venous and delayed phases (Tables 2 and 3).
The attenuation values were also significantly lower for Group 4 in the arterial phase
for all structures except the caudal vena cava (Table 1). The differences in the
arterial phase were more pronounced between Groups 4 and 2, than compared to
Group 4 and 1. The signal to noise ratios in Group 4 were significantly lower in all
delayed phase measurements, and multiple hepatic phase measurements (portal
vein and all organs measured). However, vascular conscpiuity scores were the
highest for Group 4 in the hepatic phase (82% > score 2).

The visual scores for vascular conspicuity was only significantly different between
Groups in the delayed phase. The post hoc analysis indicated that vascular
conspicuity score for group 4 is significantly less likely to be 3 compared to Groups
1,2 & 3. However, there is no significant difference between Groups 1 & 2, Groups
2& 3 and Groups 1&3. There was no significant difference in vascular conspicuity
between groups in the arterial and venous phases. Likewise, renal corticomedullary
differentiation was not significantly different between groups in all three phases.



However, the visual scores for renal corticomedullary differentiation tended to
perform better in the low contrast dose groups (3 and 4) for all three phases.

Figure 1. Example of post contrast CT images of the liver from a patient in Group 1 (top row A), Group
3 (middle row B) and Group 4 (bottom row C). Images on the left were taken during the arterial phase,
and images on the right were taken during the hepatic phase. Images from top row A using a
standard contrast dose of 2ml/kg show excessive enhancement of the liver parenchyma with
effacement of intraparenchymal vessel at the standard soft tissue window level and width. Images
from B and C using reduced contrast dose of 1.5ml/kg and 1ml/kg, respectively, show improved
vascular conspicuity of the intrahepatic vessels.




The present study had some limitations. Cats with abdominal abnormalities were
included as well as normal abdomens. This was justified by the fact that multi- phase
CT evaluations are often indicated for diseased patients. We therefore chose a study
population that we believed represented the target clinical population. We cannot
rule out the possibility that the abdominal disease could have affected portovenous
pressure and affected the flow of contrast medium and intensity of contrast
enhancement. Additional studies may be needed to evaluate the effect of gross liver
disease on contrast enhancement. Only two levels of xray energy was trialled in this
study (standard 120kVp and reduced level at 90kVp) because this is limited by the
CT machine presets.

Table 1. Arterial phase: Results of mean attenuation measurements (HU) with variation in radiation
exposure and contrast dose. SNR = signal to noise ratio, Ao = aorta, CVC = caudal vena cava, PV =
portal vein, panc = pancreas and RC = renal cortex

Group 1. HU | Group 2. HU | Group 3. HU | Group 4. HU
Outcome (2ml/kg, (2ml/kg, (1.5ml/kg/ (1ml/kg,
variable P value 120kVp) 90kVp) 90kVp) 90kVp)
Aorta <0.001 706.27 1064.22 561.16 387.61
Ao SNR 0.056 22.42 33.78 20.91 16.44
CvC 0.2594 175.91 139.77 134.29 115.58
CVC SNR 0.8849 9.45 8.39 9.24 5.84
PV 0.026 336.97 347.23 228.15 192.48
PV SNR 0.2955 11.37 9.21 7.23 9.00
Liver 0.02 259.82 257.24 188.67 156.02
Liver SNR 0.4747 10.25 8.88 7.69 8.30
Spleen 0.02 298.87 301.87 210.61 175.91
Spleen SNR 0.3793 10.82 9.04 7.41 8.51
Panc 0.02 278.66 278.66 198.34 165.67
Panc SNR 0.412 10.54 8.96 7.54 8.38
Renal Cortex | 0.015 290.03 292.95 204.38 164.02
RC SNR 0.3734 10.68 9.00 7.47 8.16

Table 2. Hepatic phase: Results of mean attenuation measurements with variation in radiation

exposure and contrast dose.

Group 1. HU | Group 2. HU | Group 3. HU | Group 4. HU

Outcome (2ml/kg, (2ml/kg, (1.5ml/kg/ (1ml/kg,
variable P value 120kVp) 90kVp) 90kVp) 90kVp)
Aorta <0.001 295.10 337.20 260.20 195.80
Ao SNR 0.171 21.90 20.30 20.20 13.60
CvC <0.001 281.40 318.50 234.70 180.40
CVC SNR 0.179 16.80 17.40 16.80 13.20
PV <0.001 314.80 369.70 282.00 211.90
PV SNR <0.001 30.60 24.70 17.50 14.00
Liver <0.001 298.10 344.10 258.30 196.10
Liver SNR <0.001 21.40 20.30 16.80 12.90
Spleen <0.001 306.40 256.90 270.20 204.00
Spleen SNR <0.001 25.00 22.20 17.10 13.30
Panc <0.001 302.20 350.50 264.30 200.10
Panc SNR <0.001 23.00 21.20 16.90 13.10
Renal Cortex | <0.001 304.30 353.70 267.20 198.50
RC SNR <0.001 24.00 21.70 17.00 12.60




Table 3. Delayed phase Results of mean attenuation measurements with variation in radiation

exposure and contrast dose.

Group 1. HU | Group 2. HU | Group 3. HU | Group 4. HU

Outcome (2ml/kg, (2ml/kg, (1.5ml/kg/ (1ml/kg,
variable P value 120kVp) 90kVp) 90kVp) 90kVp)
Aorta <0.001 200.00 227.80 168.30 133.60
Ao SNR 0.001 18.90 16.40 13.00 10.20
CvC <0.001 193.90 212.60 154.90 125.30
CVC SNR <0.001 20.30 19.50 13.00 10.30
PV <0.001 209.40 234.00 178.30 144.50
PV SNR 0.024 21.00 17.20 15.30 11.60
Liver <0.001 201.60 223.30 166.60 134.90
Liver SNR <0.001 20.00 17.90 13.80 10.90
Spleen <0.001 205.50 228.60 172.50 139.70
Spleen SNR 0.004 20.30 17.40 14.40 11.20
Panc <0.001 206.70 226.00 169.50 137.30
Panc SNR 0.002 20.00 17.60 14.10 11.00
Renal Cortex | <0.001 206.00 227.30 171.00 138.50
RC SNR 0.01 18.90 17.50 14.20 11.10




Figure 2. Visual scores for vascular conspicuity in the arterial phase (A), hepatic phase (B) and
delayed phase (C) between treatment groups. Percentage of scores >2 (Grade 0-3) are compared
between Group 1 (standard contrast dose 2ml/kg at 120kVp), Group 2 (standard contrast dose 2ml/s
at 90kVp), Group 3 (reduced contrast dose 1.5ml/kg at 90kVp) and Group 4 (reduced contrast dose
1ml/kg at 90kVp). For the arterial phase, the scores were highest for Groups 3 followed by Group 4.
For the hepatic phase, the scores were highest for Group 4 followed closely by Groups 2 and 3. For
the delayed phase, the scores were highest for Group 2.
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Discussion

Reducing x-ray energy can increase CT density measurement. There was no
statistically significant difference between the high x-ray dose group (1) and lower x-
ray dose group (2) when using the same contrast dose (2ml/kg) for any of the
measurements. Despite not reaching statistical significance, the mean attenuation
value of the aorta and portal were highest in Group 2 for the arterial phase. The
mean attenuation value of the organs was also the highest in Group 2 for the hepatic
phase (except spleen) and delayed phase. The step up in attenuation seen in Group
2 when using a reduced x-ray energy, became statistically apparent when comparing
Group 3 (1.5ml kg and 1ml/kg) with Group 1 and 2 (both 2ml/kg). The mean
attenuation values in Group 3 were significantly different from Group 2 for all
structures in the hepatic phase (except aorta) and delayed phase. However, these
measurements were not significantly different between Groups 3 and 1. Therefore,
using reduced x-ray energy (90kVp) was able to elevate the attenuation
characteristics of iodinated contrast which is compatible with experimental studies in
humans (Wintersperger, 2005, Szucs et al, 2009). It is very likely that the use of
reduced x-ray energy in Group 3 also helped to increase mean attenuation values
that would have otherwise been further reduced in this group given a lowered
contrast dose. However, comparison of 1.5ml/kg contrast dose in a high x-ray energy
group versus lower x-ray energy group was not performed in this study.

Commonly applied settings for x-ray tube kilovoltage during CT studies are in the
range of 120-140kVp. This results in a mean photon energy level of approximately
66—72 keV (some variation depending on the applied ray filtering) (Huda et al, 2000).
This is a lot higher than the K edge of iodine which is at 33.2 keV. The K-edge is the
sudden increase in absorption of x-ray photons by a target atom when the applied x-
ray energy is just above the binding energy of the inner shell electron. In the context
of this research study, the target atom is iodinated contrast medium, and
approximating the K edge of iodine is desirable to increase the intensity of of x-ray
absorption and photoelectric effect. This type of x-ray interaction with matter
contributes to the attenuation of the x-ray beam. This will in turn improve contrast
resolution in CT imaging. Huda et al. [11] reported a mean photon energy level of 60
keV at 100 kVp, leading to an increase in the attenuation level of iodine of ~27%
when compared to 120 kVp. We used a 90kVp setting which increased aortic
enhancement in the arterial phase by 34%, and increased enhancement in the portal
vein, liver, pancreas and renal cortex in the hepatic phase by 13-15%.

Generally lower signal to noise ratio in Group 2 compared to Group 1 in the arterial
phase (except aorta) and hepatic/delayed phases (except caudal vena cava) but this
was not statistically significant. in the venous phase. The lower SNR despite the
increase in mean attenuation indicates that the image noise objectively increased.
However, this was not appreciable on the visual scoring system.

A lowered dose of iohexol (1.5ml/kg) was feasible and the mean attenuation levels
met radiological requirements; vascular enhancement >250HU and liver
enhancement >60HU above precontrast levels (Gbande et al, 2022). The aortic
enhancement values in the arterial phase using 1.5mls/kg ranged from 245-1169HU.
Liver enhancement values in the hepatic phase ranged from 158-330HU in this
group. The mean attenuation values of the vascular structures in Group 4 during the



hepatic phase did not meet minimum radiological criteria (<250HU). Visual scores
were highest in Groups 3 in the for the arterial phase (100% > score 2) and Group 4
for the hepatic phase (82% > score 2), compared to 63% > score 2 in the standard
contrast dose group (2ml/kg). In the hepatic phase, vascular conspicuity scores was
superior in Group 4 (1ml/kg) with 82% > score 2. Vascular conspicuity was worse
using a 2ml/kg compared to lower doses in the arterial and hepatic phases due to
excessive parenchymal enhancement (predominantly observed in the liver) leading
to effacement of intraparenchymal vessels at standard window width/level settings
(Figure 1). The mean attenuation of the liver in the venous phase for cats that
received 2ml/kg was on average 321HU, which exceeded the average aortic
enhancement (316HU) and approached the average portal vein attenuation
(342HU). In comparison, cats that received 1.5ml/kg had improved differential
enhancement of vessels and liver, with a mean liver attenuation of 258HU.
Excessive liver enhancement was not previously observed in canine studies on
multiphase CECT using the same or different contrast injection technique and scan
timing (Chapter 1 and 2). The excessive liver enhancement seen with using 2mls/kg
of contrast can be compensated for using CT post processing (window width) to
broaden the grey scale. However, excessive enhancement can be avoided by
reduced contrast dose and has the added benefit of reduced load on the kidneys,
which is desirable in geriatric cats that often have degenerative nephropathy.

This variation between dogs and cats could be due to differences in liver weight as a
percentage of body weight and circulating blood volume. The feline adult liver
(female and male combined) has a mean percent body weight of 2.46% (Latimer,
1967). Whereas the canine adult liver has a mean percent body weight of 2.3-3.9%
as evaluated in Beagle dogs aged between 8-38months of age (Latimer, 1967).
Therefore, the feline adult liver is at the low end of the canine liver mean percent
body weight. In dogs, the circulating blood volume is 79mls/kg compared to cats
which is lower at approximately 65mis/kg (Courtice, 1943). Therefore, the contrast
dose (mls/kg) required to achieve the same degree of vascular enhancement will
differ between cats and dogs. Based on results on this research study, we
recommend using lower contrast dose in cats (1.5ml/kg) at a lower kVp setting
(90kVp) which provided adequate vascular and parenchymal enhancement,
particularly in the arterial and hepatic phases. Deterioration in vascular conspicuity
occurred in the delayed phase for Groups 3 (67%) and Group 4 (27%), whereas
Groups 1 or 2 performed well in the delayed phase (88% and 92% respectively).
Therefore, a standard contrast dose of 2ml/kg performed better in the delayed phase
only. This may be suitable for slow CT scanners with long interscan delays that
would require prolonged enhancement during the delayed phase. Otherwise, a lower
contrast dose of 1.5ml/kg was sufficient for the arterial and hepatic phases.

In conclusion, findings from the current study support the hypothesis that reduced
contrast dose improved vascular conspicuity within abdominal organs (particularly
the liver) and a dose of 1.5mls/kg performed better than the standard dose in the
arterial and hepatic phases. Lower radiation exposures (90kVp) improved mean CT
attenuation values of contrast for the aorta in the arterial phase, and all vascular and
parenchymal structures measured in the hepatic phase (except spleen) and delayed
phase. The combination of lower radiation exposure and reduced contrast dose can
be used in cats for multiphase CECT.



SECTION 3 — Research Chapters (1-4)

Chapter 4. Developing a protocol for CECT of the biliary tract using a novel
gadolinium based contrast agent.

Veterinary patients presenting with jaundice, abdominal pain, vomiting, elevated liver
parameters or abdominal effusion prompts evaluation of the hepatobiliary tract.
Biliary imaging in canine and feline patients is mostly based on ultrasound with
minimal use of cross-sectional modalities. In a small proportion of cases, cross
sectional imaging is preferred when ultrasound cannot adequately visualise the
biliary tract due to factors such as large canine body size affecting ultrasound
penetration or reverberation artifacts from bowel gas or peritonitis. In terms of cross-
sectional imaging, MRI has superior soft tissue resolution compared to CT and the
use of fluid sensitive sequences would allow direct visualisation of the biliary tree.
However, at this stage abdominal MRI remains uncommon due to limited
accessibility and the need for respiratory gated technology. Non-contrast CT of the
biliary tract provides limited information except for the identification of mineral calculi.

There are limited options for CECT of the biliary tract. Contrast agents that excrete
into the biliary system are uncommon. The only iodinated intravenous
cholangiographic agent currently available in Australia is Biliscopin (meglumine
iotroxate). Early studies describing the use of iotroxate in cats for cholangiography
reported side effects in 50% of cases, including vomiting, defecation and increased
liver enzymes (Fujita 1994 ). Recent studies have reported iotroxate use in dogs and
cats as a slow intravenous infusion, providing contrast enhancement of the biliary
tree after 60 minutes (Hayakawa et al, 2018; Tanaka et al, 2018). At the time our
research study on cholangiography, iotroxate was temporarily unavailable in
Australia.

Intravenous contrast agents used for CT imaging are mostly iodine based, with the
option of using gadolinium for CT under certain circumstances (Schwarz and
Saunders, 2011). Gadoxetic acid is a gadolinium based intravenous contrast agent
(also known as gadoxetate disodium). It undergoes approximately 50% excretion
through the hepatobiliary system after administration, with sufficient accumulation in
the biliary tract 20 minutes after injection to allow for robust imaging (Lee et al,
2009). Results of preclinical safety trials in healthy dogs and a clinical trial involving
diseased dogs indicate no clinically relevant adverse effects. We explore the
feasibility of using gadoxetic acid as a novel contrast agent in dogs and cats for CT
cholangiography.



Use of gadoxetic acid for computed tomographic
cholangiography in healthy dogs

OBJECTIVE

To evaluate the effect of gadoxetic acid (contrast) dose on biliary tract
enhancement, determine the optumal time after contrast injection for CT
image acquisition, and assess the feasibility of CT cholangiography in se-
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The study had 2 parts. In part |, 4 dogs were anesthetized and underwent
CT cholangiography twice. Gadoxetic acid was administered IV at 2 low
dose (0.025 mmollkg) for the first procedure and high dose (0.3 mmol/
kg) for the second procedure. Serial CT scans were obtained at predeter-
mined times after contrast injection. In part 2, 4 dogs were sedated and
underwent CT angiography 85 after |V adménistration of the high
conerast dose. Contrast enhancement of the bilary tract on all scans was
objectively assessed by measurement of CT attenuation and qualitatively
assessed by use of a subjective 4-point scoring sy by 3 independent
r s. All were ©

Address correspondence to Dr. Chau (jennfer.chau@
sydney.edu.au).

ed over time and between con-
trast doses for the dogs of part |. Subjective measurements were compared
between the sedated dogs of part 2 and anesthetzed dogs of part 1.

RESULTS

Enhancement of the biliary tract was positively assocated with contrast
dose and ume after contrast injection. Optmal enhancement was achieved
65 minutes after contrast injection. Subjective visualization of most bili-
ary structures did not differ significantly between sedated and anesthetized
dogs.

CONCLUSIONS AND CLINICAL RELEVANCE

Results indicated CT cholangiography with gad ic acid was feasible in
sedated dogs. The high contrast dose provided better visualization of biliary
structures than the low dose; CT scans should be obtained 65 mi after
contrast injection. (Am | Vet Res 2017,78:828-839)

holangiography is an important imaging tech-

nique for evaluating the integrity and patency
of the biliary tract in patients with various disease
processes. The integrity of the biliary tract may be
compromised in patients with abdominal trauma;
however, the clinical signs of such can be insidious
at onset, and the acute stage may be masked by other
concurrent problems such as fractures or abdominal
hemorrhage.! Bile duct leakage is the most common
and secrious complication secondary to cholecystec-
tomy in human patients.” The prognosis for patients
with bile-induced peritonitis is often guarded, and
careful radiologic assessment carly in the course of
the disease is recommended.! The patency of the bili-
ary tract should also be evaluated in patients with
icterus, abdominal pain, and vomiting. Ultrasonogra-
phy is a sensitive imaging tool for the diagnosis of

ABBREVIATIONS
HU Hounsfield units
ROI Region of interest

extrahepatic biliary obstruction in cats and is specific
for the diagnosis of calculi-induced bile duct obstruc-
tion; however, it cannot accurately differentiate be-
tween bile duct obstructions caused by inflammatory
disease and neoplasia.' The presence of ductal dila-
tion alone may not correlate with obstructive disease
in patients that have recovered from a previous ob-
structive cpisode, and ductal dilation may be absent
in patients with cirrhosis.* Patients with liver or pan-
creatic masses can suffer from secondary obstruction
or abnormalities of the biliary tract and may benefit
from presurgical evaluation of biliary structures.
Several techniques for cholangiography have
been described but are not commonly used because
of various limitations*-* Magnetic resonance cholan-
giopancreatography with fast acquisition and high-
resolution sequencing has been described in cats and
provides consistent visualization of the bile ducts.®
Unfortunately, that technique requires a high-field
magnect that is not widely available in veterinary med-
icine, and acquisition of the MRI sequences requires

828 AJVR *Vol 78 » No.7 » July 2017

Authenticated rull | Downlcaded 06/10V22 07:01 AM UTC



suspending ventilation for up to 2 minutes, which is
not feasible in all patients.” Endoscopic retrograde
cholangiopancreatography has been described in
dogs and cats, but its success is dependent on op-
crator experience, and the procedure is technically
difficult in dogs < 10 kg and cats because the small di-
ameter of the duodenum in those animals limits ma-
neuverability of the endoscope.''-*? Cholangiography
following oral, percutancous, or IV administration of
iodinated contrast medium has been experimentally
performed in dogs and cats, but various problems
associated with efficacy and adverse cffects of the
contrast medium have been reported.! 8713142 Oral
administration of cholangiographic media such as
ipodate calcium and ipodate sodium allowed radio-
graphic visualization of the gallbladder but failed to
result in opacification of the intrahepatic bile ducts
and provided only variable enhancement of the
extrahepatic bile ducts®” Radiographic evaluation
of the ductal system following oral administration of
cholangiographic medium is also inhibited by super-
imposition of contrast medium retained in the bowel
Additionally, the optimal time for the acquisition of
radiographs following oral administration of chol-
angiographic medium is 12 to 14 hours*” which is
less than ideal for patients with biliary discase that
require laparotomy. Percutancous injection of iodin-
ated contrast medium into the gallbladder occasion-
ally results in leakage of medium from the injection
site into the peritoneal cavity.'** Intravenous injec-
tion of an iodinated contrast medium such as iodip-
amide in dogs and cats has yiclded variable results.
In 1 study,' IV administration of iodinated contrast
medium to dogs resulted in no enhancement of the
biliary tract on radiographs obtained 3 hours after
injection. In other radiographic studies,®'* IV admin-
istration of iodinated contrast medium resulted in
ill-defined enhancement of the gallbladder, and the
extrahepatic biliary passages, including the common
bile duct, were not always visible. However, in an-
other study.* IV administration of iodipamide and use
of CT provided adequate visualization of the biliary
tract. Frequently reported adverse effects associated
with IV administration of iodinated contrast media
include licking, vomiting, defecation, and abnormally
increased liver enzyme activities.™*

A newer hepatobiliary-specific contrast agent,
gadoxetic acid (also known as gadoxetate disodium)
undergoes approximately 50% excretion through the
hepatobiliary system after IV administration, with
sufficient accumulation in the biliary tract 20 min-
utes after injection to allow for robust imaging * Re-
sults of preclinical safety trials'®*” in healthy dogs and
a clinical trial"* involving discased dogs indicate no
clinically relevant adverse effects associated with IV
administration of gadoxctic acid. Gadolinium in ga-
doxetic acid has paramagnetic properties that make
it widely useful for hepatobiliary MRI in human pa-
tients. Gadolinium is also an effective absorber of
x-rays because of its high atomic number (64), and

its k-edge value approximates x-ray encrgics used in
clinical tube currents. The CT attenuation of gado-
linium is 40% higher than that of iodine, and results
of experimental studies’-*! indicate that gadolinium
contrast medium can be visualized in the liver and
biliary tract on CT images, although the gallbladder
was only partially filled with the contrast medium.
Computed tomography is becoming widely
available in private veterinary practice. As a cross-
sectional imaging modality, CT allows rapid acquisi-
tion of high-resolution, thin-slice topographic images
of the body that overcome superimposition artifact.
The ability to acquire images rapidly enables the
use of CT for evaluation of dogs and cats with acute
thoracic and abdominal disease without the aid of
anesthesia *** Therefore, we hypothesized that CT
cholangiography with gadoxetic acid will provide ad-
equate visualization of the biliary tract and is a feasi-
ble imaging technique in sedated dogs. The purpose
of the study reported here was to determine the ef-
fects of dose of gadoxetic acid contrast medium, tim-
ing of image acquisition, and chemical restraint on
contrast enhancement and visualization of the biliary
tract in healthy dogs. An additional aim was to evalu-
ate the effect of body position on the redistribution
of contrast medium in the gallbladder. On the basis of
results of other experimental studies,' ' we hypoth-
esized that contrast medium would accumulate in the
nondependent regions of the biliary tract.

Materials and Methods

Animals

All study procedures were reviewed and ap-
proved by the Animal Ethics Committee of the Uni-
versity of Sydney. The prospective clinical study was
divided into 2 parts and involved healthy dogs re-
cruited from a privately owned research colony. Each
dog was determined to be healthy on the basis of its
clinical history and findings of a physical examina-
tion, biochemical analysis of liver-associated variables
(alkaline phosphatase and alanine transferase activi-
tics and total protein, urea, creatinine, glucose, and
total bilirubin concentrations), and ultrasonographic
examination of the liver and gallbladder.

Part |

During part 1 of the study, cach of 4 dogs was
anesthetized on 2 separate occasions for CT cholan-
giography following IV administration of gadoxetic
acid. Each dog was administered a low dose (0.025
mmol/kg; low-dose treatment) of gadoxetic acid con-
trast mediume for the first cholangiographic examina-
tion and a high dose (0.3 mmol/kg: high-dose treat-
ment) of contrast for the second cholangiographic
examination. The low dose was chosen on the basis
of the current recommended dose of gadoxetic acid
contrast medium for MRI, and the high dose was se-
lected on the basis of the dose used in another experi-
mental study'® that involved dogs. The contrast was
administered IV by manual injection.
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Prior to ecach cholangiographic examination,
dogs were premedicated with butorphanol tartrate
(0.2 mg/kg, IM). Ancsthesia was induced with alfax-
alone* (1 to 2 mg/kg, IV) via a cephalic vein. Dogs
were intubated, and anesthesia was maintained with
isoflurane’ and oxygen under spontancous ventila-
tion. Intravenous administration of Hartmann so-
lution* (5 mL/kg/h) was initiated immediately fol-
lowing anesthesia induction and maintained for the
duration of anesthesia. Cardiopulmonary variables
monitored throughout each procedure included non-
invasive blood pressure, heart rate, respiratory rate,
end-tidal CO,, and oxygen saturation as measured by
pulse oximetry.

All scans were performed with a 16-slice multi-
detector CT scanner” with the dogs positioned in
sternal recumbency. Tube settings were standard-
ized for all scans and included a beam collimation of
16 data channels with a detector row width of 075
mm (ie, 16 X 0.75 mm), a tube potential of 120 kVp,
and a tube current of 90 mA. Prior to injection of the
contrast during each procedure, a precontrast helical
scan of the abdomen from the cranial aspect of the
diaphragm to the pubis was performed. Initiation of
contrast injection was defined as time 0 (baseline).
Serial CT scans of the abdomen were acquired at
baseline and 5, 25, 45, 65, and 85 minutes after injec-
tion of the contrast. Then cach dog was repositioned
into dorsal recumbency, and another postcontrast CT
scan of the abdomen was performed to assess redis-
tribution of the contrast in the gallbladder.

Part 2

Four different dogs from those used in part 1
were used for part 2. During part 2, each dog under-
went CT cholangiography only once, and dogs were
sedated instead of anesthetized for the procedure.
Each dog was sedated with butorphanol® (0.2 mg/kg,
IM), and a 23-gauge catheter was aseptically placed
in a cephalic vein for administration of gadoxetic
acid contrast medium® (0.3 mmol/kg, IV; high-dose
treatment with sedation), after which each dog was
monitored for adverse effects. Eighty-five minutes af-
ter contrast injection, cach dog was administered a
sedation dose of alfaxalone® (0.5 mg/kg, IV), and a
single postcontrast CT scan of the abdomen was per-
formed with the dog in sternal recumbency and the
same tube settings used in part 1. Then each dog was
repositioned into dorsal recumbency, and another
postcontrast CT scan of the abdomen was performed
as described for the dogs of part 1.

Image analysis

Transverse CT images were transferred to a
designated DICOM workstation and reviewed with
DICOM imaging software.’ Contrast enhancement
of the biliary tract was objectively assessed by mea-
surement of CT attenuation (measured in HU) and
qualitatively assessed by use of a subjective 4-point
scoring system by 3 independent reviewers. For all

dogs in parts 1 and 2 of the study, objective measure-
ments were performed in all postcontrast CT scans.
Briefly. a standardized 0.5-cm* ROI was designated in
the gallbladder neck region where contrast medium
preferentially accumulated, and a point of interest
was marked in the common bile duct. Objective mea-
surement of CT attenuation could not be reliably ob-
tained for the cystic or hepatic ducts owing to their
small size. Data from the ROI and point of interest
were exported to a spreadshect.! For the dogs of part
1 that had multiple postcontrast CT scans performed,
time-attenuation curves were generated to determine
the time of optimal enhancement. Contrast enhance-
ment of the liver was also measured in a standardized
0.5-cm’ ROI in the hepatic parenchyma that was void
of blood vessels. Precontrast attenuation and mean
maximum postcontrast attenuation of the liver were
measured. Additionally, the diameter of the bile duct
was measured on all scans for each dog of part 1, and
the mean maximum diameter and duration to maxi-
mum diameter of the bile ducts following contrast
injection were compared between the low-dose and
high-dose treatments. All measurements were per-
formed by 1 investigator (JC) to minimize variability.

For subjective visual assessment of the biliary
tract, 3 board-certified veterinary radiologists (JMP,
ACY, and MAM) independently reviewed all scans ob-
tained 85 minutes after contrast administration from
cach dog (low-dose and high-dose treatments [part 1]
and high-dose treatment with sedation [part 2]). All
scans were anonymized and reviewed in a randomized
order. Each observer was asked to identify the gallblad-
derand extrahepatic bile passages on the basis of infor-
mation provided in 2 anatomic references.*** Briefly,
in those references, ™! the extrahepatic bile passages
were defined to consist of the hepatic ducts, cystic
duct, and common bile duct. The cystic duct connects
the gallbladder to the point of insertion of the first or
second hepatic duct. From that point on, the bile pas-
sage is called the common bile duct, which enters the
duodenum at the major duodenal papilla (Figure 1).
The intrahepatic (interlobular and intralobular) bile
passages were not assessed. Extrahepatic bile passages
were distinguished from intrahepatic bile passages on
the basis of their central location and fusion with the
cystic or common bile duct.

Observers were asked to assign a subjective score
for visualization of the gallbladder and the extra-
hepatic bile passages in each CT scan. The visual
scoring system was on a scale of 0 to 3, where 0 = no
contrast medium evident in the biliary tract, 1 = poor
visualization of the biliary tract (structures have faint
contrast enhancement and poorly defined margins),
2 = good visualization of the biliary tract (structures
have moderate contrast enhancement; however,
the structure margins are ill defined in the region
of enhancement), and 3 = excellent visualization of
the biliary tract (structures have strong contrast en-
hancement and well-defined margins in the region of
enhancement; Figure 2).
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Figure |—Representative reformatted CT cholangiographic images (maximum intensity projection, 2 to 3 mm shce thickness)
obtained in the transverse (A) and sagittal (B) planes by use of a soft tissue algorithm for a healthy dog. Images were obtained 85
minutes after IV administration of gadoxetic acid contrast medium (0.3 mmol/kg; contrast) with the dog positioned in sternal re-
cumbency. A—Contrast medium is filling the nondependent region of the gallbladder, neck of the gallbladder, cystic duct (dashed
arrow), and multiple hepatic ducts (solid arrows). The cystic duct was defined as the continuation of the gallbladder neck to
the first or second hepatic duct. Extrahepatc bile passages were distinguished from intrahepatic bile passages on the basis of
their central location and fusion with the cystic or common bidle duct. B—Contrast medwum is filling the gallbladder, cystic duct
(dashed arrow), a single hepatic duct (solid arrow), and common bile duct (dotted arrow). The common bile duct was defined
as the continuation of the cystic duct (after joining of the first or second hepatic duct) to the ducdenal papilla.

A score of 3 was assigned only when contrast was
visualized along the entire length of the bile ducts.
Additionally, the presence of motion artifact was re-
corded for each scan by use of a previously described
4-point scoring system,* where 0 = no motion arti-
fact, 1 = mild motion artifact, 2 = noticeable motion
artifact, and 3 = ecasily noticeable motion artifact.
Visual scores from all 3 observers were combined
and compared between the low-dose and high-dose
treatments to evaluate the effect of contrast dose and
between the high-dose treatments of parts 1 and 2 to
evaluate the effect of anesthesia versus sedation.

Statistical analysis

All statistical analyses were performed with
a commercially available statistical software
program.* The effects of contrast dose and time
after contrast injection on the magnitude of CT at-
tenuation of the gallbladder and common bile duct
were evaluated with a restricted maximum likeli-
hood method. Subjective scores for cach biliary
structure (gallbladder, bile duct, cystic duct, and
hepatic duct) were analyzed with an ordinal logis-
tic regression model that included fixed effects for
contrast dose (0.025 or 0.3 mmol/kg), chemical re-
straint used (anesthesia or sedation), and observer;
all possible interactions between the fixed effects
were also assessed. For all analyses, values of P <
0.05 were considered significant.

Results

Part |

Dogs used in part 1 of the study included 2 sexu-
ally intact female Beagles and 2 sexually intact female
Pug crossbreds with ages ranging from 5 to 7 years
and body weights ranging from 10 to 145 kg The
volume of contrast administered ranged from 1.0 to
4.0 mL during the low-dose treatment and from 10
to 18 mL during the high-dose treatment. No adverse
cffects associated with the contrast were observed in
any of the dogs immediately after injection; however,
2 dogs developed transient diarrhea during anesthe-
sia recovery from the low-dose treatment.

Contrast dose administered (dose) and time after
contrast injection (time) were significantly (£ < 0.001
for all effects) associated with the CT attenuation in
both the gallbladder and common bile duct; however,
the interaction between dose and time was not sig-
nificantly associated with the attenuation for cither
the gallbladder (P = 0.38) or common bile duct (P
= 0.56). The mean attenuation of the gallbladder at
65 minutes after contrast injection was significantly
greater than that at 0 (contrast injection; bascline), 5,
25, and 45 minutes after contrast injection. Although
the mean maximum attenuation of the gallbladder
was recorded at 85 minutes after contrast injection,
the mean attenuation at 85 minutes after contrast in-
jection did not differ significantly from that at 65 min-
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Figure 2—Representative reformatted CT cholangiographic images (maxamum intensity projection, 2 to 3 mm in a soft tissue
algorithm) obtained in the transverse plane for healthy dogs presented as examples of each grade of the subjective 4-point scor-
ing system used to visually assess the bilary tract following IV administration of gadoxetic acid. A—Score 0; no contrast medium
evident in the biliary tract. B—Score |; poor visualization of the biliary tract (structures have fant contrast enhancement and
poorly defined margins). C—Score 2: good visualization of the biliary tract (structures have moderate contrast enhancement;
however, the structure margins are ill defined in the region of enhancement). D—Score 3; excellent visualization of the biliary
tract (structures have strong contrast enhancement and well-defined margns in the region of enhancement) with complete fill-

ing of the bile ducts with contrast medwum.

utes after contrast injection. The mean attenuation of
the common bile duct at 45 minutes after contrast
injection was significantly greater than that at 0, 5,
and 25 minutes after contrast injection but did not
differ significantly from the mean attenuation at 65
and 85 minutes after contrast injection. Similar to the
gallbladder, the mean maximum attenuation of the
common bile duct was recorded at 85 minutes after
contrast injection (Figure 3).

The mean maximum attenuation of both the
gallbladder and common bile duct for the high-dose

treatment was significantly (P < 0.001) greater than
that for the low-dose treatment at all times after con-
trast injection (Figure 3).

The scores for the CT scans in part 1 (4 CT scans in
the low-dose treatment and 4 CT scans in the high-dose
treatment) were used to evaluate the effect of contrast
dose (24 scores). The effect of chemical restraint was
evaluated by comparison of visualization scores from
dogs in part 1 and part 2 (4 CT scans in the high-dose
treatment and 4 CT scans in high-dose treatment with
sedation [24 scores]). The subjective visual scores for
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the gallbladder in the high-dose treatment were signif-
icantly (P = 0.03) greater than those for the low-dose
treatment. The probability that the gallbladder would
be assigned a subjective score of 3 was 40% for the low-
dose treatment and 84% for the high-dose treatment
(Figure 4). In fact, scores for dogs in the high-dose
treatment were 16.1 times (95% confidence interval,
1.62 to 160.3) as likely to be higher as were the scores
for the dogs in the low-dose treatment.

For visualization of the common bile duct, the
probability of a subjective score of 3 was only 20%
for the low-dose treatment, compared with 45% for
the high-dose treatment. Higher scores were 4 times
as likely in the high-dose treatment, compared with
scores in the low-dose treatment (95% confidence in-
terval, 0.8 to 19.6). However, the distributions of sub-
jective scores for the common bile duct did not differ
significantly (# = 0.122) between the low-dose and
high-dose treatments. Likewise, the subjective scores
did not differ significantly between the low- and high-
dose groups for the cystic duct (£ = 0.179) and hepat-
ic duct (P = 0.518). Visualization of the hepatic ducts
was least reliable of all the biliary structures on CT
scans. In fact, for both treatments, the probability of
no contrast enhancement of the hepatic ducts (sub-
jective score of 0) was up to 43%.

Following contrast injection, the duration re-
quired to achieve maximum duct diameter (time to
maximum diameter) was similar between the low-
dose and high-dose treatments. The time to maximum
diameter was 45 minutes for the cystic duct and 25
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Figure 3—Mean CT attenuation of the gallbladder (A) and
common bile duct (B) at 0 {(contrast injection; baseline), 5,
25, 45, 65, and 85 minutes after IV admanistration of gadox-
etic 2c0d contrast medium (contrast) at a low (0.025 mmol/
kg: low-dose treatment) and high (0.3 mmol/kg; high-dose
treatment) dose in 4 healthy dogs (part 1), and mean maxi-
mum CT attenuation for the gallbladder over time (ie, time-
enhancement curve) following administration of the low-dose
(dashed line) and high-dose (solid line) treatments (C). In
panels A and B, brackets represent the SE, and means with
different letzers differ significantly (P < 0.05). Mean CT at-
tenuation in the gallbladder and common bile duct did not
change significandly after 65 and 45 minutes, respectively. In
panel C, although the pattern of contrast distribution within
the gallbladder over time was simdar for both treatments, the
mean maximum CT attenuation for the high-dose treatment
was significantly (P < 0.05) greater than that for the low-dose
treatment at each time.

minutes for the hepatic ducts regardless of contrast
dose. For the common bile duct, the time to maxi-
mum diameter was 65 minutes for the low-dosc treat-
ment and 25 minutes for the high-dose treatment
The mean maximum diameters of the cystic duct
(2.1 mm for the low-dose treatment and 2.2 mm for
the high-dose treatment), common bile duct (2.3 mm
for both treatments), and hepatic duct (1.3 mm for
both treatments) did not differ significantly between
the low-dose and high-dose treatments.

The mean + SD maximum liver attenuation was
76 £ 5.8 HU for the low-dose treatment and 109 £ 77
HU for the high-dose treatment. The mean * SD dif-
ference between baseline and maximum liver attenu-
ation was S £ 3 HU for the low-dose treatment and 37
+ 9 HU for the high-dose treatment.

Part 2

Dogs used for part 2 (high-dose treatment with
sedation) of the study included a spayed female Jack
Russell Terrier, spayed female Maltese crossbred, neu-
tered male German Shepherd Dog. and spayed female
Kelpie crossbred with ages ranging from 2 to 9 years
and body weights ranging from 3.4 to 18.4 kg. The
volume of contrast administered ranged from 4 to 22
mL, and injection of the contrast was not associated
with any signs of irritation or adverse effects in the
sedated dogs. One dog developed transient and self-
limiting diarrhea following contrast administration.

The motion artifact scores did not differ signifi-
cantly (P = 0.358) between sedated (part 2) and anes-
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Figure 4—Cumulative probability of subjective visualization scores (0 # light gray, | ® medwm gray, 2 = dark gray, 3 = black) for
the gallbladder (A), common bile duct (B), cystic duct (C), and hepatc duct (D) independendy assigned by each of 3 radiologists
to CT cholangiographic scans obtained for the dogs of Figure 3 at 85 minutes following administraton of the low-dose and high-
dose treatments. After dogs were given the high dose, the cumulative probability of receiving a score of 3 for the gallbladder and
common bde duct doubled in comparison with the probabMity after they were given the low dose. The cumulative probability of
each score was similar for the cystic duct and hepatic duct between treatment groups. See Figures 2 and 3 for remainder of key.

thetized (high-dose treatment of part 1) dogs. Like-
wise, the distributions of the subjective scores for
visualization of the gallbladder (# = 0.07), common
bile duct (P = 0.18), and hepatic duct (£ = 0.25) did
not differ significantly between sedated and anesthe-

tized dogs. When the interaction between observer
and chemical restraint was included in the model, the
subjective scores for visualization of the cystic duct
differed significantly (F = 0.04) between sedated
and anesthetized dogs. However, the fixed effect for
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Figure 5—Representative CT cholangiographéc images obtained in a transverse plane with a soft tssue algorithm for a sedated
dog B5 minutes after IV administration of gadoxetic acid (0.3 mmol/kg; part 2) when it was positioned in sternal (A) and dorsal
(B) recumbency. Notice that changing the position of the dog resulted in redistribution of the gadoxetic acid (contrast) to the
nondependent region of the gallbladder.

chemical restraint was not significant (# = 0.08) in
that model, which suggested that there was signifi-
cant interobserver variability in the subjective scores
for the cystic duct when sedated and anesthetized
dogs were compared. When dogs were repositioned
from sternal to dorsal recumbency, the contrast redis-
tributed to the nondependent region of the gallblad-
der in all dogs (Figure 5).

Discussion

To our knowledge, the present study was the first
to describe the use of gadoxetic acid contrast me-
dium for CT cholangiography in any veterinary spe-
cies. The objectives of this study were to evaluate the
cffect of contrast dose on biliary tract enhancement,
determine the optimal time after contrast injection
for CT image acquisition, and assess the feasibility
of CT cholangiography in sedated dogs. Results in-
dicated that the duration between contrast injection
and biliary tract enhancement was fairly uniform for
the study dogs regardless of the dose of contrast ad-
ministered. For all 4 dogs of part 1, CT attenuation
(contrast enhancement) of the biliary tract was sig-
nificantly increased from precontrast (baseline) at-
tenuation beginning 25 minutes after contrast injec-
tion. For most dogs, although maximum attenuation
for individual biliary tract structures was recorded
for the last scan that was obtained 85 minutes after
contrast injection, the magnitude of attenuation for
the gallbladder did not differ significantly between
scans obtained 65 and 85 minutes after contrast in-
jection, and the magnitude of attenuation for the
common bile duct did not differ significantly among
scans obtained 45, 65, and 85 minutes after contrast

injection. This was most likely because 90% of maxi-
mum contrast enhancement in the gallbladder was
achieved by 65 minutes after contrast injection and
approximately 80% of maximum contrast enhance-
ment in the common bile duct was achieved by 45
minutes after contrast injection. Consequently, the
time-enhancement curve for gadoxetic acid in the
biliary tract was characterized by a gradual increase
in attenuation followed by a plateau at maximum at-
tenuation, which is advantageous in a clinical set-
ting because it offers a wide temporal window for
obtaining CT scans after contrast administration.
Given that the maximum attenuation for both the
gallbladder and common bile duct platcaued at 65
minutes after contrast injection, we recommend de-
laying CT image acquisition for at least 65 minutes
after contrast injection to allow for optimal biliary
enhancement.

In part 1 of the present study, contrast dose was
significantly associated with biliary tract enhance-
ment, and use of the high-dose treatment (0.3 mmol
of contrast/kg) resulted in significantly greater en-
hancement of the biliary tract than use of the low-
dose treatment (0.025 mmol of contrast/kg). As the
dose of contrast administered increases, the amount
of gadoxetic acid available for hepatic uptake also
increases, as does the amount of gadoxetic acid that
is subsequently excreted unchanged into bile. Ga-
doxetic acid is selectively absorbed by hepatocyte
anion polypeptides and excreted into bile canaliculi
via ATP-dependent multidrug resistance-associated
protein 2.% Saturation of those hepatocyte and bili-
ary transport proteins may explain the characteris-
tic plateau observed at maximum contrast enhance-
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Figure 6—Representatve CT cholangiographic images obtained in 2 transverse plane with a soft tissue algorithm for 2 of the
4 dogs described in Figure 3 following admmistration of the low-dose (A and C) and high-dose (B and D) treatments presented
as an example of how enhancement and visualization of the biliary tract (as determined by independent review of CT scans by 3
board.certified veterinary radiclogists and use of the subjective 4-point scoring system described in Figure 2) varied among dogs
despite administration of the same contrast dose. One dog was assigned a subjective visualization score of | or 2 when admin.
istered the low-dose treatment (A) and 2 or 3 when administered the high-dose treatment (B). The other dog was assigned a
subjective visuakzation score of 3 following administration of both the low-dose (C) and high-dose (D) treatments. See Figures

2 and 3 for remainder of key.

ment. The magnitude of contrast enhancement var-
ied among dogs that received the same contrast dose
(Figure 6). Some dogs that had poor enhancement
of the biliary tract when given the low-dose treat-
ment had improved enhancement of the biliary tract
when administered the high-dose treatment, but the
magnitude of that enhancement remained fairly low,
compared with that for the other study dogs. Other
dogs had strong contrast enhancement of the biliary

tract even when administered the low-dose treat-
ment. That finding suggested that the number and
type of hepatocyte and biliary transport proteins
varies among dogs. and those inherent differences
can affect total biliary excretion and the magnitude
of contrast enhancement.*** Hepatocytes also have
other types of multidrug resistance-associated pro-
tein receptors that facilitate bidirectional transport,
which may result in reflux of gadoxetic acid back into
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the hepatic sinusoids and a decrease in excretion of
contrast into the biliary tract. Other factors that can
delay biliary excretion of contrast in clinical paticnts
include hepatic dysfunction or biliary obstruction.*#
In human patients, following contrast injection for
cholangiography, imaging is repeated until the con-
trast agent appears in the biliary tree or, for patients
with high-grade biliary obstruction or hepatic dys-
function, no contrast excretion into the biliary tract
is observed.*

When the dogs of part 1 were administered the
high-dose treatment, contrast enhancement of the
gallbladder, common bile duct, and cystic duct was
considered moderate to excellent (subjective score
2 2) approximately 80% of the time, although the
subjective scores for the gallbladder were generally
greater than those for the other biliary structures.
That was an expected finding because the proper-
tics of gadoxetic acid enable efficient absorption
of x-rays. Results of another experimental study'
involving phantoms containing either gadolinium
or another contrast medium such as iodine indi-
cate that x-ray attenuation was 40% better for gad-
olinium, compared with the other contrast agents
at clinical x-ray currents (120 kVp). The k-edge of
gadolinium (50 keV) is greater than that of iodine
(33 keV); therefore, as a result of photoelectric ef-
fect, x-rays undergo k-edge interactions with gado-
linium more readily than with iodine. This is a
fundamental radiologic principle for consideration
in the selection of contrast agents for maximum
resolution. In clinical patients with conditions such
as biliary rupture for which cholangiography may
be indicated, peritoneal detail is often poor, and
contrast resolution for assessment of biliary tract
integrity is imperative for maximizing diagnostic
sensitivity.

The subjective visualization scores for the hepat-
ic duct indicated that the probability of no contrast
enhancement of the hepatic ducts (subjective score
0) was 43% and that increasing the contrast dose did
not improve visualization of the hepatic ducts. This
finding reflects a limitation of the use of gadoxetic
acid for CT cholangiography. Hepatic ducts are dif-
ficult to visualize because of their small size and bor-
der effacement with adjacent liver lobes. The mean
maximum diameter of the hepatic duct was only 1.3
mm for both the low-dose and high-dose treatments
of part 1. Morecover, compared with bascline, attenu-
ation of the liver parenchyma was diffusely increased
following contrast injection, particularly with the
high-dose treatment. The mean maximum attenua-
tion of the liver was 76 and 109 HU for the low-dose
and high-dose treatments, respectively, which may
have contributed to poor visualization of the hepatic
ducts owing to border effacement.

The subjective visualization scores and artifact
scores for the gallbladder, common bile duct, and
hepatic ducts did not differ between sedated and
anesthetized dogs in the present study. Additionally,

contrast injection was well tolerated by sedated dogs.
Therefore, CT cholangiography with gadoxetic acid is
a feasible technique for use in sedated dogs. The abil-
ity to perform CT cholangiography in dogs without
anesthesia reduces client costs and avoids the risks
associated with anesthesia for patients. In dinical
settings, CT cholangiography may be indicated for
patients with acute abdominal trauma, jaundice, or
other extensive discase localized to the cranial por-
tion of the abdomen that requires surgical planning.
Such patients are often systemically compromised
and less-than-ideal candidates for anesthesia. Howev-
er, further research is necessary to assess the use of
CT cholangiography with gadoxetic acid in clinically
diseased animals.

In the present study, there was significant
interobserver variability in the subjective scores for
the cystic duct between sedated and anesthetized
dogs. That finding was likely a reflection of the in-
herent difficulty associated with isolation of the cys-
tic duct from the surrounding structures in the hilar
region. The cystic duct is short and tortuous, which
makes its visualization challenging, even with CT re-
formatting. Thus, interobserver variability is not un-
expected, and a small amount of motion artifact can
substantially affect visualization of the cystic duct. Re-
gardless, despite interobserver variability, most of the
subjective scores for visualization of the cystic duct
were 2 2 (ie, moderate to excellent visualization).

When the dogs of the present study were re-
positioned from sternal recumbency to dorsal re-
cumbency, the contrast redistributed to the non-
dependent region of the gallbladder. This was because
the physical density of gadoxetic acid (1.08 g/mL) is
less than that of bile (1.2 g/mL).*" Given that the gall-
bladder was only partially filled with contrast in the
dogs of the present study, changing the position of pa-
tients between serial CT scans may be beneficial for as-
sessment of gallbladder wall integrity when clinically
warranted.

Transient diarrhea was observed in 3 dogs of the
present study. It is unlikely that the diarrhea in those
dogs was an adverse effect of gadoxetic acid because
diarrhea was not associated with gadoxetic acid ad-
ministration in dogs involved in preclinical safety tri-
als.'®"” Other possible causes of the transient diarrhea
observed in the dogs of this study include changes in
husbandry and diet, sedation, and anesthesia.

Various types of contrast media have been used
for cholangiography with variable success. In the
present study, we evaluated IV administration of a
new hepatobiliary-specific contrast medium con-
taining gadoxetic acid for CT cholangiography in
anesthetized and sedated dogs. Other types of IV
contrast agents used for cholangiography in dogs
and cats include iodipamide and iotroxate. o712
Historically, radiography was the imaging modal-
ity most frequently used for cholangiography;
however, CT is being used more frequently as that
technology becomes more widely available. The
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use of radiography with iodipamide to perform
cholangiography resulted in consistent contrast
enhancement and visualization of the gallbladder
but not the extrahepatic ducts.® Conversely, iodi-
pamide did allow visualization of all extrahepatic
biliary tract structures when cholangiography was
performed with CT instead of radiography.* In that
study,* the dogs were anesthetized, and no adverse
cffects associated with administration of the con-
trast medium were reported. However, in cats, IV
administration of iodipamide or iotroxate consis-
tently results in immediate adverse effects such as
vomiting, diarrhea, and restlessness.”** Immediate
adverse effects were not observed following gadox-
ctic acid administration to the dogs of the present
study, and results of preclinical safety trials'®* in
dogs indicate that gadoxetic acid has a wide safety
range. Other biliary-specific contrast agents inves-
tigated include ipodate calcium and ipodate so-
dium®”; however those agents can only be admin-
istered orally. Although adverse effects have not
been reported following oral administration of ipo-
date calcium or ipodate sodium, disadvantages as-
sociated with the use of those agents include a long
delay (10 to 13 hours) between contrast adminis-
tration and enhancement, variable enhancement of
the extrahepatic biliary ducts, and artifacts from
the presence of contrast in the bowel *7

A limitation of the present study was that serial
CT scans were performed up to only 85 minutes after
contrast injection, which was not sufficient for iden-
tification of the point of decline in the time-enhance-
ment curve. It is uncertain whether the maximum
enhancement values obtained in this study represent
the true maximum values; however, results of anoth-
er experimental study'? indicate that liver attenuation
did not progressively increase on CT scans of dogs at
160 or 200 minutes after administration of gadoxetic
acid. Moreover, the climination half-life of gadoxetic
acid is 60 minutes; therefore, it was considered un-
likely that any significant increase in biliary enhance-
ment would develop beyond the last measurement at
85 minutes after contrast injection. We chose to not
obtain any CT scans > 85 minutes after contrast in-
jection to avoid prolonged anesthesia for the dogs of

1.

The high dose (0.3 mmol/kg) of gadoxetic acid
contrast medium used in the present study was well
below the upper dose limit that is safe for dogs.'” Giv-
en that there was a significant association between
dose and biliary tract enhancement, it is likely that
increasing the dose of gadoxetic acid administered
would further increase visualization of the biliary
tract. Higher doses of gadoxetic acid contrast me-
dium were not evaluated in this study because the
volume that would be required for medium-size and
large dogs at those doses would be cost prohibitive
for clinical use.

The use of IV administration of gadoxetic acid
for CT cholangiography in clinical patients with bile-

induced peritonitis warrants further research. The ef-
fect of induced gallbladder emptying (eg, administra-
tion of cholecystokinin or feeding the patient a meal)
after contrast injection on bile duct enhancement
and visualization of the duodenal papilla also merits
additional investigation.

Results of the present study indicated that CT
cholangiography following IV administration of a
high dose (0.3 mmol/kg) of gadoxetic acid to healthy
dogs provided adequate enhancement and visual-
ization of the biliary tract and is a feasible imaging
technique for use in sedated dogs. Contrast enhance-
ment of the biliary tract was significantly associated
with contrast dose and time after contrast injection.
Enhancement and visualization of the biliary tract in-
creased as contrast dose increased. and our results
suggested that CT scans should be obtained at 65
minutes after contrast injection to allow for adequate
enhancement of the biliary tract. No adverse effects
were observed when the contrast was administered
to sedated dogs, and visualization of all biliary tract
structures except the cystic duct did not differ sig-
nificantly between sedated and anesthetized dogs,
which indicated that anesthesia was not necessary
for the procedure. Use of this technique in dogs with
clinical disease warrants further investigation, par-
ticularly in dogs with bile-induced peritonitis or in
those that are likely surgical candidates with masses
in the cranial aspect of the abdomen in close proxim-
ity to the bile ducts.
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OBJECTIVE

To evaluate 3 doses of gadoxetic acid (Gd-EOB-DPTA) for hepatic CT and
cholangiography in cats and to determine optimal timing for hepatobiliary
image isition and I of the contrast-enhanced hepatobiliary
anatomy.

ANIMALS
6 healthy cats.

PROCEDURES

Cats were anesthetized: sequential CT scans were performed 0, 5, 25, 45,
65, and 85 menutes after IV administration of Gd-EOB-DTPA at low (0.0125
mmol/kg), medium (0.1 mmol/kg), and high (0.3 mmol/kg) doses. Hepato-
biliary enhancement for each dose was objectively assessed over ume and
by use of a subjective ig visual ent score.

RESULTS

No contrast-related adverse effects were detected. Each increase in dose
of contrast medium resulted in a significant increase in HU across the hepa-
tobiliary system. The liver had a significandy higher number of HU at 45
ménutes, with homogenous enhancement at all doses of contrast medium.
Contrast-enhanced cystic and bile duct HU were significandy higher and
maximal at 65 minutes. Contrast-enhanced gallbladder HU did not plateau
by 85 minutes. At a high dose of contrast medwm, 12 of 60 (20%) biliary
tract scores indicated no enhancement, 34 (57%) indicated poor enhance-
ment, and 14 (23%) indicated moderate enh vent. No cat had excellent
enhancement of the biliary tract at any dose.

CONCLUSIONS AND CLINICAL RELEVANCE
Gd-EOB.DTPA-enhanced hepatc CT and cholangiography in cats were
safely performed and provided good hepatic enhancement but poor to
moderate enhancement of the biliary tract. This technique may be useful
for assessing the bver parenchyma in cats, but its value for assessing the bili-
ary tract is questionable. (Am | Vet Res 2019;80:385-395)

cpatobiltary discase is common in cats because

of their unique anatomy in which the bile duct
and pancreatic duct frequently open concomitantdy
onto the major duodenal papilla’' Inflammatory
hepatobiliary disease (cholangitis or cholangiohepa-
titis) is commonly centered on the biliary tract with
possible secondary involvement of the hepatic paren-
chyma®® It can be evident as neutrophilic, lympho-
cyte, or chronic cholangits (associated with liver
flukes), with neutrophilic cholangits often occur-
ring with concurrent pathological conditions such
as pancreatts and inflammatory bowel discase™
Other pathological condidons of the intrahepatic
hepatobiliary system include hepadc lipidosis, pri-

ABBREVIATIONS

ERCP Endoscopic retrograde

Gd.EOB.DTPA  Gadoxetic acid

MRCP Magnetic resonance
cholangiopancreatography

ROI Region of interest

mary or metastatic neoplasia, and hepatic cirthosis *?
Additionally, extrahepatic hepatobiliary pathological
conditons including gallbladder mucocele; congeni-
tal malformadions such as choledochal cysts; disor-
ders of the sphincter of Oddi; and extrahepatic bil-
ary obstruction caused by stricture, malformations,
parasites, choledocholiths or sludge, foreign bodies,
pancreatitis, abscesses, or nonhepatobiliary neopla-
sia have also been described #1°-%0 Regardless of the
underlying cause of hepatobiliary discase, cats of-
en have nonspecific clinical signs and biochemical
changes that do not reflect the prognosis or function-
al reserve of the hepatobiliary system. '

A number of imaging modalities including ultra-
sonography, radiography, cholecystography, chol-
angiography, CT, ERCP, MRI, MRCP, and nuclear
scintigraphy have been used to evaluate the hepato-
biliary system in cats.* %% These techniques provide
information on gross morphological or functional
abnormalities of the liver and biltary tract, although
findings are gencrally not discase specific. Other limi-
tations of these technigues include poor sensitivity,

AJVR *Vol 80 « No. 4 = April 2019 385

Authenticated rull | Downlcaded 06/10V22 07:02 AM UTC



reliance on good patient compliance or operator skill
(or both), poor visibility of anatomic structures ow-
ing to interference from bowel gas, high costs, lim-
ited availability, invasiveness, the need for patients w
be anesthetized, and a lack of inherent contrast reso-
lution, ' 7342629 1n additon, there are various adverse
effects after [V administration of jodinated cholangio-
graphic contrast agents in cats.

The criterion-referenced standard for evalu-
ation of the billary tract in human medicine is
endoscopic retrograde cholangiography, which al-
lows for delineation of the biliary tract with high
spatial resolution.® The advantage of endoscopic
retrograde cholangiography and ERCP is the op-
ton for concurrent treatment and collection of bi-
opsy specimens, if required.?®3 % Disadvantages
include the risk of acute pancreatits, cholangitis,
perforation, and hemorrhage attributable to its in-
vasiveness. ' * Although these complications were
not reported in a study®® that involved the use of
ERCP in cats, the risks of ERCP appear to outweigh
the advantages in cats owing to the fact that their
small size makes this technigue diagnostically chal-
lenging, particulardy because choledocholiths and
neoplasia seem to be less common in cats than in
humans. In other studies,'** it was reported that
MRCP was as accurate as ERCP for visual evalua-
don of the biliary anatomy of humans without
being invasive or relying on jonizing radiation or
operator skill. Additionally, MRCP ¢nables concur-
rent assessment of the liver and pancreas as well as
the biltary and pancreatic ducts proximal to an ob-
struction, particularly when combined with stan-
dard T1- and T2-weighted sequences.'* When con-
current diagnostic and interventonal procedures
are not expected, MRCP is the preferred method.
In addition, MRCP can be used with hepatocyte-
specific contrast agents (¢g, GJd-EOB-DTPA). This
hepatocyte-specific contrast agent has improved
the ability of investigators to visually examine and
characterize focal liver lesions and provide both
morphological and functional information on the
biliary tract of humans*** dogs " rats* and
rabbits.*? Gadoxetic acid enters hepatocytes via an
organic fon transport system and is excreted into
the biliary system via ATP-dependent glutathione
S-transferase.™ Given the hepatocyte specificity
of Gd-EOB-DTPA, use of this contrast agent has re-
sulted in improvements in tumor detection and the
ability to distinguish between benign and malig-
nant lesions of hepatocellular or nonhepatocellu-
lar origin in the delayed phase, independent of the
vascularity of a lesion during carly dynamic phase
imaging.**" For example, lesions with altered hepa-
tocyte funcron (eg, hepatic adenoma, nodular hy-
perplasia, and hepatocellular carcinoma) have vari-
able contrast enhancement, compared with results
for normal hepatic parenchyma -4 Similarly,
metastatic lesions that lack hepatocytes have no con-
trast ¢nhancement’” Additionally, Gd-EOB-DTPA-

enhanced MRI can potentially provide quantita-
tve assessment of liver perfusion and hepatocyte
function in diffuse liver discase. 4" The excretion
properties of GA-EOB-DTPA have also been used in
the functional assessment of biliary anatomy with
MRI, including bile duct injury, obstruction or
stricture; sphincter of Oddi dysfunction; differen-
tation of biliary from extrabiliary lesions (includ-
ing bilomas); identification of biliary-enteric anas-
tomoses; and diagnosis of cholecystitds in people. ™

Because of their paramagnetic properties, gad-
olinfum-based contrast agents typically have been
used in combination with MRI. The MRI procedures
require only a 5% to 20% molar dose of 4 metal,
compared with the dose needed for CT, to provide
diagnostically useful tissue contrast.** However, bili-
ary MRI requires a high-field magnet (1.5 T) that is
not routinely used at veterinary clinics because of
the high cost and limited availability. An alternative
imaging modality is CT, which is now widespread at
veterinary clinics and has a faster image acquisition
ume, fewer artfacts, and improved image resolu-
ton and reconstruction techniques and may be per-
formed in sedated animals (rather than anesthetized
animals) 7 3AHAS Computed tomography frequently
is used in human medicine to diagnose pathological
biliary conditions.*® The high atomic number of gado-
linfum also makes it a good contrast medium for CT.
Previous CT evaluations of the abdomen of dogs** and
humans™ after administration of gadolinium-based
contrast agents revealed adequate visual examination
of the liver and bilkary tract.

To the author's knowledge, there has been no
reported use of GAd-EOB-DTPA in cats. Therefore,
the objectives of the study reported here were o
determine a dose of Gd-EOB-DTPA that could be
safely administered to healthy carts, identify any ad-
verse effects, determine the optimal CT scan time
for GJ-EOB-DTPA in the liver and biliary tract, and
determine whether GAd-EOB-DTPA could improve vi-
sudl assessment of the hepatobiliary anatomy via CT
in healthy cats. We hypothesized that Gd-EOB-DTPA
would be a contrast agent that could be safely used
with CT to improve conspicuity of the hepatobiliary
system in healthy cats.

Materials and Methods

Animals

Five healthy cats were recruited from a privately
owned research facility.® All procedures were per-
formed at the veterinary teaching hospital at the
University of Sydney. Cats were included in the study
when no abnormalities were detected during physi-
cal examinadon, there were no hepatic or renal ab-
normalities on biochemical analysis and urinalysis,
and there were no major changes for 4 CBC. Ultra-
sonographic examination® of the hepatobiliary
system was performed on each cat prior to initial non-
contrast CT o rule out preexisting discases. Cats were
excluded from the study when hepatobiliary ultra-
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sonography or the inital noncontrast CT revealed
abnormalities. The study was approved by the Ani-
mal Ethics Committee of the University of Sydney.

Experimental procedures

Three phases of contrast-enhanced CT exami-
nations were conducted for each cat; there was a
washout period of at least 1 week between phases.
Each phase involved 1V administration of 4 dose of
Gd-EOB-DTPA © The first phase involved a low dose
of contrast agent (0.0125% mmol/kg): that dose was
based on half the recommended clinical dose for
humans.*® The second phase involved a4 medium
dose of contrast agent (0.1 mmol/kg), and the third
phase involved a high dose of contrast agent (0.3
mmol/kg).

Before cach CT scan was performed, the cats
were anesthetized and positoned in sternal recum-
beney. Alfaxalone® (0.2 mg/kg, IM) and butorphanol
rartrate’ (0.2 me/kg, IM) were administered as pre-
anesthetic medications. Alfaxalone (1 to 2 mg/kg) was
administered 1V for anesthetic induction to enable
tracheal intubaton, and anesthesta was maintained
with isofluorane’ in oxygen. During the procedure, a
crystalloid solution® was administered (5 mLsh, 1V),
and physiologic variables (heart rate, respiratory rate,
noninvasively measured blood pressure, end-tidal car-
bon dioxide concentration, and oxygen saturation) of
cats were monitored continuously.

Apnea was induced by hyperventilation prior to
cach scan to avoid motion artifact. Each CT scan was
conducted in accordance with the same CT protocol.
A 16-slice multidetector CT scanner” was used. An
air calibration was performed every other day, and a
quality control scan was performed monthly with an
ROI phantom. A helical precontrast scan (0 minutes)
and $ postcontrast scans (5, 25, 45, 65, and 85 min-
utes after administration of contrast agent) were ac-
quired. Contrast agent was delivered via rapid manual
injection, which was followed immediately by rapid
administration of a bolus of saline (0.9% NaCl) solu-
ton' (3 mL, IV). At 90 minutes after injection of the
contrast agent, cats were repositoned in dorsal re-
cumbency to assess the distribution of contrast agent
within the gallbladder and to subjectively visually as-
sess the bile duct after the change in body position.
No objective measurements were obtained while cats
were positioned in dorsal recumbency, and these
data were not included in the statstical analysis.

The abdomen CT protocol for both sternal and
dorsal recumbency involved use of 4 detector row ar-
rangement of 16 data channels with a detector width
of 0.7% mm (16 X 0.7% mm), tube current of 90 mA,
and wbe potential of 120 kV (peak). The display ficld
of view was determined for ¢ach cat; it included the
diaphragm cranially and pubis caudally. Images were
reconstructed with a slice thickness of 1.5 mm with a
soft tissue kernel.

A CBC, biochemical analysis, and urinalysis were
performed for each cat 48 hours after cach dose of

contrast agent. Vital parameters were monitored ev-
cry 8 hours for 3 to § days after injection of the con-
trast agent. Two weeks after cach phase of the study,
the cats were examined at the research facility to as-
sess general health,

Image analysis

Objective analysis—One investigator (JLP) objec-
tively measured the number of HU of the hepatobili-
ary system for various anatomic structures, including
the liver, gallbladder, cystic duct, and bile duct. The
cystic duct is dorsally directed and was defined as the
region from the neck of the gallbladder to the inser-
tion of the hepatic ducts in the region of the porta
hepatis.® The hepatic ducts were defined as the ducts
that drained ¢ach lobe of the liver.? The hepatic ducts
may join to form a common hepatic duct before en-
wering the cystc duct.* The bile duct was defined
as the portion of the duct distal to the union of the
cystic duct and hepatic ducts w its opening onto the
major duodenal papilla’ The HU of the hepatic ducts
were not measured because of the inconsistent abil-
ity to visually evaluate the structures.

Standardized ROIs or points of interest were
drawn on transverse CT images of ¢ach structure
on 4 DICOM workstation and reviewed by use of
software.) Data for ROIs or points of interest were ex-
ported 1o a spreadshect.* and dme-attenuation curves
were generated for ¢ach part of the biliary tract and
liver. When the liver was evaluated, a similar ana-
wmic location was obtained for ¢ach ROI (0.5 cm?),
and care was used to not include vessels in the ROIs.
For the gallbladder, cach ROIL (0.5 ¢m?) was measured
at the dorsal aspect of the gallbladder (neck of the
gallbladder) where contrast was visible. In the cystic
duct and bile duct, a single point of interest was used
w measure enhancement at a locatdon where struc-
tures were clearly visible.

Visual analysis—Two board-certified veterinary
radiologists (MAM and JMP) and a veterinarian in the
third yeur of 4 radiology residency program (TSF) sep-
arately assessed the CT images of each cat obtained
at 65 minutes after injection of ¢ach of the 3 doses
of contrast agent. Investigators were not aware of
the dose administered w each cat, and images were
anonymous and randomized. Investigators used a vi-
sual assessment scoring system to determing a score
for the gallbladder, cystic duct, bile duct, and hepatic
ducts (where they were visible from the porta hepa-
ts to the insertion onto the bile duct) and comment
on the ability to visually detect contrast agent in the
duodenum (yes or no) and whether there was motion
artifact (yes or no). Visual detection of contrast agent
within these structures was graded on a scale of 0 to
3 (0 = absent, 1 = poor contrast enhancement with
ill-defined borders, 2 = moderate contrast enhance-
ment with incomplete delineation of borders, and 3
= excellent contrast enhancement along the length
of the duct with well-defined borders throughout
the entire length of the duct). This visual assessment
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scoring system has been used for evaluation of the
biliary system.*!

Statistical analysis

Statistical analysis was performed with a com-
mercially available software program.! For all analy-
ses, significance was set at values of P < 0.05. Data for
the liver, gallbladder, cystic duct, and bile duct were
analyzed by use of a restricted maximum likelihood
model to assess the tming and effect of the dose of
contrast agent on enhancement. The objectively de-
wermined enhancement values (number of HU) were
square root transformed to ensure normality of the
data. Fixed effects included age, body weight, timing,
anatomic structure, and dose of contrast agent.

Visual assessment scores of the investigators for
cach biliary structure (gallbladder, cystce duct, bile
duct, and hepatic ducts) were analyzed by use of or-
dinal logistic regression. Fixed effects included the
dose of contrast agent and investigator. Both of the
fixed effects and the interaction between the fixed
effects were evaluated.

Results

Animals

None of the cats was excluded on the basis of
results of the ultrasonographic examination or initial
noncontrast CT examination. One cat was excluded
during the first phase of the study because it devel-
oped pnecumomediastinum immediately after intuba-
ton and prior to administration of the contrast agent.
The pneumomediastinum resolved without any com-
plications. Another cat was recruited to replace this
cat for the second and third phases of the study.

One cat developed diarrhea during hospitaliza-
tion after the first phase; however, this was suspected
tw be transient or related to the diet because the di-
arrhea resolved immediately after the cat's diet was
changed to a commercially available prescripton
gastrointestinal diet. This cat was fed the same com-
mercially available prescription gastrointestinal diet
during the subsequent phases of the study and had no
further episodes of diarrhea.

Evaluation of safety

Gadoxetic acid was safely used in the 4 healthy
cats during the first phase (0.0125 mmol/kg, 1V) and
the $ healthy cats during the second (0.1 mmol/kg,
1V) and third (0.3 mmol/kg, IV) phases. There were
no immediate contrast-related reactions and no hema-
wlogic, biochemical, or urinary abnormalities at 48
hours after administration of the contrast agent for
all of the cats at cach dose of contrast agent. There
were no physical examination abnormalities at any
ume after the administration of contrast agent to all
cats at cach dose.

Objective measurements
Age (P = 0.21) and body weight (P = 0.92) of cats
did not significantly influence objective measure-

ments of the biliary tract. There was a significant (P
< 0.001) effect of dose of contrast agent on enhance-
ment of all hepatobiliary structures because each in-
crease in dose of contrast agent resulted in a signifi-
cant increase in the mean number of HU (Figure 1).

For cach anatomic structure (liver, gallbladder, cys-
tic duct, and bile duct) and each tme point of contrast
enhancement, the liver had homogenous contrast en-
hancement at all doses and had a significantly higher
number of HU at 45 minutes, compared with the num-
ber of HU at 0, 5, and 25 minutes; however, there was
no significant change in the number of HU in the liver
after 45 minutes (Table 1). Furthermore, the liver had
a significantly higher number of HU than all other ana-
wmic structures (gallbladder, cystic duct, and bile duct
at cach time point (0, 5, 25, 45, 65, and 85 minutes; Fig-
ure 1). Mean = SD maximum liver enhancement was
70 £ 6 HU ar 0.0125 mmol/kg, 72 = 15 HU ar 0.1 mmol/
kg, and 82 = 17 HU at 0.3 mmol/kg. Mean difference
between liver attenuation at tme 0 and maximum liver
atenuation was 2 = 3 HU at 0.0125 mmol/kg, 15 = 2 HU
at 0.1 mmol/kg, and 19 = 5 HU at 0.3 mmol/kg. Number
of HU for the gallbladder differed significantdy at ¢ach
tme point and did not reach maximum enhancement
by 85 minutes after injection of contrast agent. In com-
parison, the number of HU in the cystic duct and bile
duct was significantly higher at 65 minutes than at O, S,
25, and 45 minutes (Figure 2). Maximum number of
HU in both the cystic duct and bile duct was detected at
65 minutes, and there wis no significant difference be-
tween the number of HU at 65 minutes and the number
of HU at 85 minutes.

In all cats, the contrast agent distributed nonho-
mogenously in the gallbladder and was concentrated
in the nondependent portion of the gallbladder when
the position was changed from sternal to dorsal re-
cumbency, similar to results for dogs* and peoplet?
(Figure 3). The ability to visually assess the bile duct
while cats were positioned in dorsal recumbency, as
determined subjectively by an investigator, was not
affected by the change in body position.

Visual assessment scoring of the biliary
tract

Visual assessment scoring was conducted 65
minutes after injection of the contrast agent because
there was not a significant difference in enhance-
ment of the liver and biliary tract after that tdme. A
wtal of 48 scores was obtained for the low dose of
contrast agent (4 anatomic structures for cach of 3
investigators for cach of 4 cats), and 60 scores were
obtained for the medium and high doses of contrast
dose agent (4 anatomic structures for cach of 3 inves-
tgators for cach of $ cats). There was no significant
difference among scores of the 3 investigators for any
anatomic structure (gallbladder, £ = 0.27; cystic duct,
P = 047, bile duct, P = 0.20; and hepatic ducts, P =
0.59). Motion artifact was not recorded by any inves-
tgator during any phase of the study. Contrast agent
wis not observed in the duodenum in any cat at any
dose of the contrast medium.
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Total visual assessment scores for all anatomic
structures in the biliary tract at 65 minutes were
eviluated (Figure 4). For the low dose of contrast
agent, 36 of 48 (75%) biliary tract scores indicated
absent contrast enhancement, 12 (25%) scores indi-
cated poor contrast enhancement with ill-defined
borders, and 0 (0%) scores indicated moderate or
excellent contrast enhancement. For the medium
dose of contrast agent, 15 of 60 (25%) biltary tract
scores indicated absent contrast enhancement, 32
(53%) indicated poor contrast enhancement, and
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13 (22%) indicated moderate contrast enhancement
with incomplete delineation of the borders. For the
high dose of contrast agent, 12 of 60 (20%) biliary
tract scores indicated absent contrast enhancement,
34 (57%) indicated poor contrast enhancement, and
14 (23%) indicated moderate contrast enhancement.
None of the cats had excellent enhancement in
any of the billary structures at any dose of contrast
agent.

Accordingly, there was a consistently signifi-
cant effect of the dose of contrast agent for cach
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Figure |—Mean £ SD (A, C, and E) and maximum (B, D, and F) values for CT attenuation of the liver (A and B), gallbladder
(C and D), and bile duct (E and F) at the time of IV injection of contrast medium (time Q) and 5, 25, 45, 65, and 85 minutes after
injection. For panels A, C, and E, results represent data after injection of the high dose of Gd-EOB-.DTPA (0.3 mmol/kg; n =
14), whereas for panels B, D, and F, results represent data after injection of the low (0.0125 mmol/kg; dashed line [4]), medium
(0.1 mmol/kg: dotted line [5]), or high (0.3 mmol/kg; solid line [5]) dose of Gd-EOB-DTPA. The mean CT attenuation of the
hepatobibary system has a ssmdar pattern of increasing contrast enhancement over tme, although the liver (A) has a significandy
(P < 0.05) higher number of HU at each ume point, compared with values for the gallbladder (C) and bile duct (E). Contrast
enhancement reached 2 value (asterisk) that differed significantly (P < 0.05) from the value at time 0 (in the liver at 45 minutes
after injection and in the bile duct at 65 minutes after injection); however, contrast enhancement did not reach a maximum value
in the galibladder by B85 minutes after injection of contrast agent. For panels B, D, and F, the mean i ' CT

simdarly was increased over time with increases in enhancement and increasing doses of contrast agent. Notice that the scale
on the y-axis differs among panels.
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Table |—Mean CT enhancement (number of HU) of anatomic structures of the hepatobiliary
system before (time 0) and at various times after IV injection of GA-EOB.DTPA at a low (0.0125
mmolkg: n * 4), medwum (0.1 mmolkg 5), and high (0.3 mmol'kg; 5) dose.

Time siter Infection (min)

Hepatoblliary structure Dose 0 5 25 45 65 85
Liver Low &35 &30 £5.0 &78 €465 60
Medum 566 €30 60 £92 708 702
High 618 672 730 758 796 218
Gallbladder Low 198 162 28 s 315 320
Medum 168 142 294 420 45.0 552
High 168 180 364 524 596 66
Cystic duct Low 188 200 318 305 343 348
Medum 190 174 332 428 496 494
High 170 200 340 494 560 534
Bile duct Low 165 213 238 223 288 38
Medum 138 120 124 342 398 3282
High 18 122 264 352 410 364

A 05.cm? ROl was measured in the liver: care was used so that vessels were not included in the ROL A
0.5«cm? ROl was measured at the neck of the gallbladder. A single point of interest was obtained for the cystic
duct and bile duct where the structures were clearly visible. The cystic duct is dorsally directed and was defimed
as the region from the nedk of the galbladder to the insertion of the hepatic ducts in the region of the porta
hepatis. The bile duct was defined as the portion of the duct dstal to the union of the cystic duct and hepatic
ducts and extending to s opening onto the major ducdenal papilla.

for the cystic duct were 10.1 and 20.0
times as likely to be higher for the me-
dium (P = 0.014) and high (P = 0.002)
dose, respectively, compared with the
visual assessment score for the low
dose. Visual assessment scores for the
bile duct were 10.4 and 5.8 times as
likely to be higher for the medium (P
= 0.005) and high (¥ = 0.029) dosc,
respectively, compared with the visu-
al assessment score for the low dose.
Visual assessment scores for the he-
patic duct were 143 and 21.3 times
as likely to be higher for the medium
(P = 0.005) and high (# = 0.002) dose,
respectively, compared with the visu-
al assessment score for the low dose.
However, there was not 4 significant
difference in visual assessment scores
bertween the medium and high dose

Figure 2—Transverse plane CT images obtained by use of a soft tissue ker- for any of the anatomic structures
nel of the cystic duct (A and B) and bile duct (C and D) in a cat before (A (gallbladder, OR = 1.5; cystic duct, OR
and C) and 65 minutes after (B and D) IV administration of a high dose of = 2.0; bile duct, OR = 0.6; and hepatic
Gd-EOB-DTPA (0.3 mmolikg). In panels A and B, the neck of the gallbladder (as- 15, OR = 1.9).

terisk) and the cystic duct (arrowhead) are indicated. In panels C and D, notice
the bile duct (arrow with solid kne) immediately proximal to the point at which

it enters the duodenum (arrow with dashed line).

anatomic structure (gallbladder, cystic duct, bile
duct, and hepatic ducts; Figure 5). In the gallblad-
der, visual assessment scores were 9.5 times as like-
Iy to be higher for the medium dose (P = 0.007) and
14.2 times as likely to be higher for the high dose
(P = 0.002), compared with the visual assessment
score for the low dose. Visual assessment scores

The best visual assessment scores
were for 1 cat at the high dose of con-
trast agent. That cat had 8 of 12 scores
that indicated moderate enhancement and 4 of 12
scores that indicated poor enhancement of all bili-
ary structures (gallbladder, cystic duct, bile duct, and
hepatic ducts). For the same dose of contrast agent,
another cat had 4 of 12 scores that indicated poor
enhancement and 8 of 12 scores that indicated absent
enhancement.
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trast agent in healthy cats and that use
of GJ-EOB-DTPA resulted in some de-
gree of enhancement of the hepatobili-
ary system. No acute major adverse cf-
fects were identified after IV injection
of GJd-EOB-DTPA in cats of the present
study. Adverse effects are rare in hu-
mans (0.1% to 1%) and include nausea,
vasodilation, headache, taste perver-
ston, rash, vomiting, increases in blood
pressure, respiratory disorders, feeling
Figure 3—Transverse plane CT images obtained by use of a soft tissue ker- hot, and injection site pain.* In dogs,
nel of the liver and gallbladder after CT cholangiography p‘erformed with a 4 transient prolonged corrected QT
high dose of Gd-EOB-DTPA (0.3 mmol/kg, IV) for a cat positioned in sternal o vt oo been reported at doses of
(A) and dorsal (B) recumbency. Notice that the contrast agent redistributes . . i
nonhomogenously to the nondependent portion of the gallbladder (asterisk), GA-EOB-DTPA of 0.1 mmol/kg' Al
delineating the contrast agent from bile in the dependent portion of the gall. though nephrogenic  systemic  fi-
bladder (arrow). brosis has not been reported for
GJ-EOB-DTPA, cautious usce is rec-
ommended in human patients with a

A 0 g ot - X
n i reduced glomerular filtration rate be-
% . aause nephrogenic systemic  fibrosis
- 4 reportedly can develop within days

e . e to weeks following administration of

¥ s f‘ 1 other gadolinium agents ™64 The cats

2 - 3™ in the present study did not have any

= 4 -3 adverse effects. This may have been at-

“n x tributable tw the fact that there wis a
20 e small study population, cats were anes-
10 1t thetized at the time of injection, or the
0 | - . 6~ v . study ended too soon to enable us to

Low Mtk =izh Low edwn evaluate cats for nephrogenic systemic

o 10t o fot fibrosis. There were no abnormalities
at ] for the physical examinations per-
3t o formed after e¢ach phase of the study
1 - or for 4 medical history obtained via

Z ar gw verbal communication with research

g 58 § s . laclllty ptmonpcl Z‘chka after phases

: 2w 1 and 3 of the study.

B . ,22 » All doses of Gd-EOB-DTPA resulted
) in overall poor visual assessment of
= . the bilfary tract in healthy cats by use
" 10 of CT, which raised questions about

Ll t

***** " the clinical value of this technique for
‘ use in cats. In agreement with results
Figure 4—Combined subjective visual assessment scores of 3 investigators for of other studics, there were large indi-
the gallbladder (A), cystic duct (B), bile duct (C), and hepatic ducts (D) at 65 ¥ ; i erral axsess
minutes after IV injection of 2 low (0.0125 mmolikg; n = 4), medium (0.1 mmol/ vl_du.al diffcrences l.n visual .nsc?smcm
kg; 5), and high (0.3 mmol/kg: 5) dose of Gd-EOB-DTPA to cats. Visual as. SCUICS and ublc.uh'c enhancement
sessment scores were graded on a scale of 0 to 3 (0 = absent [white bars], | = characteristics of the biliary  struc-
poor contrast enhancement with ill-defined borders [diagonal-striped bars], 2 * tures among cats within the same dose
moderate contrast enhancement with incomplete delineation of borders [black 4 rhic . " -
bars], and 3 # excellent contrast enhancement along the length of the duct with g:‘::\pAl‘:rll;::]llldbvlz:sl:ulmzﬂjodﬂ‘f‘::
well-defined borders throughout the entire length of the duct [gray bars]). The A
low dose had a higher percentage of scores that indicated absent contrast for ¢NCes in the number and type of hepa-
all anatomic structures than did the medium and high doses. The medium and tocytes and biliary transport proteins
high doses provided improved visual assessment scores, with a high percentage among cats ¥ The difference in results
of scores indicative of poor to moderate contrast enhancement in the bilary p o on the study reported here and
tract and a low percentage of scores indicative of absent contrast enhancement. A . T
Notice that none of the biliary structures had llent contrast enh vent.  Studies of humans™ and dogs*'** may
be related to the manner in which dif-

ferent species accumulate and excrete

Discussion compounds via the hepatobiliary system. In humans,
The study reported here provided evidence that approximately 50% of GJd-EOB-DTPA is reportedly
GJ-EOB-DTPA can be safely administered IV asacon-  excreted via the hepatobiliary system ™ whereas
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Figure 5—Transverse plane CT images obtained by use of a soft ussue kernel of
the gallbladder (arrow) of 2 cats (cat | = A, C, E,and G; cat 2 = B, D, F, and H)
at 65 minutes after IV injecuion of a high (0.3 mmol/kg; A and B), medium (0.1
mmol/kg: C and D), and low (0.0125 mmol/kg; E and F) dose of Gd-EOB-DTPA
and before adminstration of contrast agent (G and H). Although there was a
simdlar pattern of an increase in subjective enhancement of the gallbladder with
an increase in dose of contrast agent for both cats, there were dfferences in the
number of HU and visual assessment scores between cats for the same dose of
contrast agent. There was similar contrast enhancement within the gallbladder
of cats | and 2 for the high dose (A and B); however, for the medmum and low
doses, cat | (C and E, respectively) had greater contrast enhancement within the
gallbladder than did cat 2 (D and F, respectively).

eviluations of Gd-EOB-DTPA in cats, it
is likely that the biliary excreton rates
of cats differ from those reported for
other species. A study™ of biliary ex-
cretion of nongadolinium compounds
with a molecular weight similar o
that of GJd-EOB-DTPA (726 Da) sug-
gested that cats had intermediate bilk-
ary excretion of compounds with a
high molecular weight (355 to 495 Da),
whereas rats and dogs had good biliary
excretion and rabbits and monkeys had
poor biliary excretion. Thus, it would
be expected that cats would excrete
GJA-EOB-DTPA at least as well as hu-
mans and possibly less well than dogs
Although pharmacokinetic evaluation
and a comparison between hepatic
and renal enhancement were beyond
the scope of the study reported here,
they would be beneficial to provide a
better understanding of the hepatobi-
liary and renal excretion properties of
GJA-EOB-DTPA in cats.

Dose of GA-EOB-DTPA had a signifi-
cant effect on hepatobiliary  enhance-
ment. Higher doses were used for the
scoond and third phases of the present
study, compared with the dose used for
enhanced MRIin humans* or dogs @3¢
This was based on the fact that the dose
required for CT is higher than the dose
required for MREY¥4 A low dose was
chosen for the first phase of the present
study to minimize the risk of adverse ef-
fects because use of GA-EOB-DTPA in cats
had not been reported. A significant ef-
fect of the dose of contrast agent for each
biliary structure was detected between
the medium and high doses, compared
with results for the low dose; however,
there were no significant differences de-
tected berween the medium and high
doses. This was most likely attributable
w the smaller increase in dose (factor of
3) between the medium and high doses,
compared with a larger increase (factor
of 2 10) between the low dose and medi-
um or high dose. Despite this, increases
in the dose of contrast agent resulted in
higher mean enhancement values (inde-

excretion via the same system in rats™ is 63% to 80%
and in monkeys'™ is 32% to 34%. Variability in the
excretion rates of contrast agents among species has
also been confirmed in other evaluations of nonhe-
patocyte-specific contrast agents (eg. gadobenate
dimeglumine), which are agents that have the high-
est biliary excretion rate when administered to rats,
followed by dogs, rabbits, and monkeys.™ Although
the authors are not aware of any pharmacokinetic

392

pendent of age and body weight) for all anatomic struc-
tures in the hepatobiliary system. This is similar to the
dose-dependent enhancement seen for dogs in other
studies. ' Although the relationship between dose
and enhancement in the present study is similar to that
detected in studies of dogs*'* and humans 447 the
overall biliary enhancement in the study reported here
wias lower in cats when considering a similar dose of
CONErast agent.
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Despite the fact there were suboptimal biliary
tract visual assessment scores, oprimal objective CT
contrast enhancement of the cystce and bile ducts
wis detected at 65 minutes at all doses. This timing
is similar to results in a study’ of dogs in which the
ume of contrast agent enhancement was also not
dose dependent. Therefore, future clinical investiga-
tions of biliary pathological conditions of cats by use
of Gd-EOB-DTPA could be conducted between 65 and
85 minutes after injection of contrast agent because
there was not a significant difference in the number
of HU between these times. In the present study, con-
trast enhancement of the gallbladder differed signifi-
cantly at ¢ach time point and did not reach a plateau
by the time of the last scan (85 minutes after injection
of contrast agent). Therefore, maximal enhancement
of the gallbladder was not determined in the study
reported here. In human medicine, Gd-EOB-DTPA-
enhanced MRI evaluations revealed intense enhance-
ment of the bile duct from 10 minutes after injection
of contrast agent, with scanning and assessment of
the biliary tract recommended at 20 o 30 minutes
after injection 732 However, improved image qual-
ity of the bile ducts was detected after a scan delay of
50 to 60 minutes for patients without hepatobiliary
dysfunction.® It is unclear whether further increas-
ing a delay for image acquisition of cats would result
in increased enhancement of the gallbladder.

Clear homogenous contrast enhancement of the
liver was detected in the present study. This finding
has potential use for the characterizaton of diffuse or
focal hepatic disease in cats by use of CT in dinical
studies. The time of contrast enhancement of the liv-
er was similar in all cats, with no significant change
in liver enhancement after 45 minutes for all doses
of contrast agent. Similar o results of CT and MRI
evaluations of dogs with hepatic lesions, 4% cats
with diffuse or focal hepatic pathological conditions
may have a reduction in, delay of, or lack of contrast
enhancement in affected regions of the liver, com-
pared with values for normal hepatic parenchyma.
On the basis of results for the study reported here,
these changes may be best visually assessed between
45 and 85 minutes after injection of contrast agent.
Despite a continued increase in the number of HU
after 45 minutes, it is unclear whether a longer in-
terval after injection of the contrast agent would
have improved conspicuity of hepatic lesions given
that there was not 4 significant difference in liver en-
hancement after 45 minutes. The enhancement curve
for the liver of the cats in the present study differed
from that described for dogs.** In that study,** time
of maximum enhancement in dogs was dose depen-
dent. It was argued that saturation may have delayed
peak enhancement.*® The reason that the highest
dose in the present study did not result in delayed
hepatic enhancement is unclear. A possible explana-
tion would be that we may have terminated the study
before maximum enhancement was reached. Alter-
natively, it is possible that the doses in the present

study were below the saturation value that results in
delayed biliary excretion in dogs*? Future studies are
needed o investigate higher doses of contrast agents
and longer perfods of image acquisition.

For all anatomic structures (gallbladder, cystic
duct, and hepatic ducts), except for the bile duct, the
odds of having a higher visual assessment score were
increased when considering the high dose to the low
dose and comparing that with the medium dose w0
the low dose. Interestingly, the OR for the bile duct
wis higher when comparing the medium dose to the
low dose (OR, 10.4) than when comparing the high
dose w the low dose (OR = 5.8). The reason for this
relationship is unclear, but it may have been attribut-
able to the small size and sinuous shape of the bile
duct. In the case of the cystic duct, a possible expla-
nation for the low visual assessment scores may have
been related to border effacement with the adjacent
hepatic parenchyma. Another reason may have been
their tortuosity. In most of the cats, the hepatic ducts
were visible only along part of their length (typically
just proximal to their entry into the bile duct). This
finding is similar to that for a study"! of dogs in which
the hepatic ducts were also found to be the least reli-
ably visible structure with GJd-EOB-DTPA-enhanced
CT.

Limitations of the present study included the
small number of cats in cach phase, particularly
because 1 cat was excluded from the first phase of
the study. However, because significant differences
were detected with the small study population, the
use of an additional cat in the first phase was con-
sidered unnecessary. A single investigator performed
the objective contrast measurements of the hepato-
biliary system, which may have introduced bias. Fur-
thermore, because the feline biliary tract is small and
tortuous, in particular the bile duct, measurements
were difficult to obtain for some cats and may have
included additonal sampling error or volume averag-
ing. Thinner slices may have reduced this limitation.
The study ended at 85 minutes, and the plateau and
any decline in enhancement for the gallbladder were
not identified. Therefore, we cannot be certain that
maximum e¢nhancement was identified. However,
additional tme for image acquisition and ancsthesia
did not appear to be warranted, given the data from
studies of humans and dogs. Higher doses were not
tested in the study reported here because of ethical
considerations and cost limitations for implementing
additonal phases.

In the study reported here, GAd-EOB-DTPA-
enhanced hepatic CT and cholangiography provided
clear homogenous hepatic enhancement but poor to
moderate enhancement of the billary tract. These
results suggested that this technique may be useful
for image analysis of the liver parenchyma; however,
its value for evaluation of the biliary tract of cats is
questionable. No major adverse effects were detected
in the healthy carts of the present study. A positive
relationship in contrast enhancement was reported
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with increases in the dose of contrast agent. Oprimal
tme for imaging of the liver was 45 minutes, whereas
optimal time for imaging of the biltary tract was 65
minutes after injection of contrast agent. This infor-
mation may guide future investigations on the use of
GAd-EOB-DTPA-cnhanced MRI cholangiography of
cats.
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SECTION 4 - Discussion

This thesis has provided significant insight and understanding in the technical factors
affecting multiphase CECT of the abdomen in dogs and cats. It has changed how
contrast medium is injected into patients and shaped CT acquisition protocols in
veterinary referral hospitals. From the onset of this research project, the aim was to
reliably capture multiphase CECT of the liver in dogs and cats and identify a
technique that could be easily reproducible in patients that varied in body weight. For
every multiple phase CT study, the requirement was to accurately capture an arterial
and hepatic phase that clearly met defined radiological criteria; arterial phase at peak
enhancement with a minimum peak aortic enhancement of 250HU, and hepatic
phase at peak enhancement of the liver parenchyma with a minimum of 50HU
increase in CT attenuation compared to pre contrast level.

The pattern of contrast distribution in the body as it flows from the vascular
compartment to targets organs was analysed on a bolus geometry curve. The curve
is derived from dynamic CT allowing measurement of the attenuation value of
contrast in a selected area of interest over time (e.g. aorta or liver). The bolus
geometry of the aorta and liver was closely evaluated in Chapter 1 of this thesis,
whereby dynamic CT was performed in a canine and feline study population that
varied in breed and body weight. The time taken for contrast to flow from the
peripheral venous injection site to the aorta (i.e. aortic arrival time) will vary between
patients due to inherent differences in patient size, cardiovascular status and also
due to the effect of anesthetic drugs and anaesthetic depth as veterinary patients
undergoing CT scans are mostly intubated. If cardiac output is decreased, then
aortic arrival time is delayed. The aortic arrival time can also be perturbed by the
contrast injection technique as a rapid injection rate will hasten the rate of venous
inflow to the right heart. The results from this thesis confirm that aortic arrival time is
a significant factor that affects time to peak arterial enhancement in dogs and should
be taken into consideration when planning an arterial phase scan. This is in
agreement with research in humans. An efficient method for measuring aortic arrival
time is using bolus tracking which is dynamic CT scan that is integrated into the
multiphase CECT study. The dynamic CT is set at the level of the cranial abdominal
aorta and initiated from the beginning of contrast medium injection. It allows almost
instantaneous detection of contrast arrival in the aorta and an automatic trigger can
be set when the attenuation level in the aorta reaches a preset threshold. An aortic
density threshold of 150HU was used in our research study and continues to provide
reliable results.

The bolus geometry of contrast enhancement in the aorta can also be influenced by
external factors such as contrast medium injection rate, injection duration and
contrast volume (Bae, 2010). The injection rate affects the early stage of aortic
enhancement, contributing to a continuous increase in contrast attenuation of the
aorta due to large inflow and relatively small outflow of contrast to visceral organs.
Our results in clinical dogs and cats are in agreement with previous experimental
research studies, proving that bolus geometry can be disturbed when contrast
medium is administered rapidly using a fast injection rate (5ml/s). The bolus



geometry is compressed with the peak of enhancement occurring earlier (Bae, 2010;
Makara et al, 2011). Likewise in a canine CT study of the thorax, the bolus geometry
of the pulmonary artery was shifted by a rapid injection rate and time to peak
enhancement occurred earlier. Small dogs with low body weight were particularly
susceptible to this shift. The bolus geometry of the pulmonary artery was significantly
different between dogs of different body size when using a fixed, rapid injection rate
(Makara et al, 2011) and this also occurred in the abdominal aorta in dogs, and to a
lesser extent, the feline abdomen. A rapid injection rate of 5ml/s in dogs that varied
in body weight (1.5kg-40kg), resulted in a wide range in time to peak enhancement
(7 — 31secs). Conversely, the bolus geometry remained relatively unchanged when
contrast medium was administered over a standard duration of 20secs. In our canine
study population that received contrast over a standard injection duration weighing
from 3-69kg, the time to peak enhancement occurred within a small range (21-
27secs). Fixing the injection duration resulted in reproducible time to peak
enhancement which is in agreement with experimental studies in dogs and human
studies (Tateishi et al, 2008).

The results from Chapter 1 on two clinical studies in both dogs and cats proved that
standardising the injection duration (20secs) when administering contrast medium,
clearly stabilised the timing of peak arterial enhancement. There was a direct
correlation between injection duration and time to peak arterial enhancement. So
standardising the injection duration significantly reduced variation in timing of peak
arterial enhancement. Regardless if the patient was lightweight or heavy, or if the
contrast volume was small or large, fixing the injection duration minimised movement
in the peak of arterial enhancement. On the contrary, varying the injection duration
when using a fixed injection rate (e.g. 5ml/s) resulted in significant changes in the
timing of arterial enhancement between patients. Fixed injection rate led to
fluctuations in timing of peak enhancement due to differences in patient body weight
and naturally this was more pronounced in the canine study population compared to
cats. Body weight is a key variable because the contrast volume is calculated based
off body weight, and the contrast volume in turn affects the injection duration when
using a fixed injection rate (e.g. fixed injection rate of 5ml/s to administer 10mls of
contrast will take 2secs, compared to administering 100mls of contrast would take
20secs). Therefore, a fixed injection rate will inadvertently lead to variation in
injection duration due to body weight. If veterinary patients were all the same in body
weight, then the volume of contrast medium would be the same for every multiphase
CECT study, so a fixed injection rate would not change the injection duration.
However, this is not the case and veterinary patients vary significantly in body weight
due to species and breed. A contrast injection technique to factor in change in body
weight and control timing of contrast enhancement between veterinary patients is
necessary. In the veterinary literature, there is no consensus on standard injection
duration versus fixed injection rate for the administration of contrast for CT studies. A
previously borrowed technique from human radiology (fixed injection rate of 5ml/s) is
less suitable compared to standard injection duration in veterinary patients. Results
from this thesis indicate that standard injection duration can stabilise and allow
prediction of the time to peak arterial enhancement, which is highly desirable when
planning multiphase CECT studies.



CT scan start times are pre-set into the machine for multiphase studies and they
determine when the scanner will initiate for the arterial and hepatic phases after
intravenous contrast medium injection. Accurate timing of the CT scan is necessary
to synchronise the arterial and hepatic phase scan with the peak of contrast flow in
the splanchnic arteries and liver, respectively. The CT scanner should be triggered
before the peak of enhancement, so that the scan phase can ride the peak. Ideally,
the middle of the scan phase should be centered on the peak of enhancement. The
multiphase CECT scan start time is often referred to as a scan delay, as time 0
marks the beginning of the contrast injection, and a time delay is allowed for contrast
to circulate through the body and concentrate in the area of interest. The scan delay
can be calculated using the following recommended model:

Time (scan delay in arterial phase) = Time (peak aortic enhancement) — 0.5x Time
(scan duration). (Bae, 2010)

The Time (scan duration) is known once the patient is in the scanner and the
parameters are set (e.g. scan length, scan speed). Therefore, Time (peak
enhancement) is the only unknown variable and predicting time to peak
enhancement is key to establishing the correct scan delay times for multiphase
CECT studies. From our evaluation of contrast bolus geometry in dogs, we were
able to identify methods for predicting time to peak enhancement in the aorta and
liver. The most significant variables to consider were injection duration, injection
technique and aortic arrival time, which explained 96.1% variation in time to peak
aortic enhancement. A regression formula for estimating time to peak enhancement
of the aorta in dogs was identified in Chapter 1 of this thesis and this information can
be used to individualise the CT scan start time for the arterial phase.

Time (peak aortic enhancement) = 0.8 X [injection duration + aortic arrival time] + a
constant (secs).

When using standard injection duration of 20secs as the injection technique, or fixed
injection rate of 5ml/s as the injection technique, the constant in the regression
formula was -2.6 secs and +1.6 secs, respectively. The constant in the regression
formula was relatively small. The main determinant of time to peak aortic
enhancement was 0.8x the sum of injection duration and aortic arrival time. These
values can be predetermined during CT scan planning, and then the CT scan delay
for the arterial phase can be set accordingly. When using bolus tracking software
which is the preferred technique at our institution, we recommend rounding up the
value of the aortic arrival time to x1. This is for ease of calculation and because the
aortic arrival time is only known after starting the CT scan, while the CT scan delays
for the arterial and hepatic phases need to be preset into the machine before
starting. If aortic arrival time is presumed as x1, then bolus tracking can be used to
take care of aortic arrival time and the scan delay begins after the point of aortic
arrival. After contrast medium arrives in the aorta, the Time (peak aortic
enhancement) is expected to occur at 0.8x injection duration + constant.



A second option for identifying aortic arrival time is to use the test bolus technique.
This technique utilises a small contrast bolus prior to the diagnostic contrast bolus,
therefore the aortic arrival time is identified before the diagnostic study and can be
used to plan the scan delays for the multiphase CECT study. A third option for
estimating the aortic arrival time is to use the mean/median values obtained from our
research. Particularly in cats, the aortic arrival time occurred within a narrow range
(7-13secs) and did not vary significantly with injection technique (fixed rate of 5ml/s
or standard injection duration of 20secs). However, aortic arrival time in dogs did
vary significantly (5-19secs). In both cats and dogs, the median aortic arrival time
was 11secs. The median aortic arrival time can be inserted into the regression
formula [Time (peak aortic enhancement) = 0.8 X [injection duration + aortic arrival
time] £ constant].

The formula is further simplified if using a standard injection duration (e.g. 20 secs).
The time to peak aortic enhancement can be subsequently estimated and used to
calculate the necessary Time (scan delay) for the multiphase CECT study.

Time (peak aortic enhancement) = 0.8 X [20secs + 11 secs] — 2.6 secs.

The timing of peak liver enhancement was relatively constant regardless of the
injection technique, injection duration or patient body weight. Estimating Time (peak
liver enhancement) was similarly accurate when using the mean Time (peak liver
enhancement) compared to the linear regression model. Therefore, we
recommended using the mean values. For dogs, this was 45 secs and 50secs, and
cats was 22secs and 33 secs for fixed injection rate (5ml/s) and standard injection
duration, respectively. A fixed injection rate of 5ml/s did produce a slightly earlier
Time(peak liver enhancement), however this was not statistically significant. The
bolus geometry of the liver has a very broad and plateaued peak, which provides a
wider temporal window for synchronization with the hepatic phase scan. To calculate
the scan delay for the hepatic phase, the same model can be used:

Time (scan delay hepatic phase) = Mean time (peak liver enhancement) - 0.5x Time
(scan duration).

The University Veterinary Teaching Hospital Sydney (UVTHS) adopted a standard
injection duration coupled with bolus tracking technique for multiphase CECT of the
abdomen as the routine approach for oncological, surgical, and medical patients. CT
scan delays were calculated based on the models described above that allow
prediction of time to peak enhancement in the aorta and liver. The technique was
efficient, requiring only a single dose of contrast medium and the results were
reliable. However, the technique was new and different, with many other veterinary
institutions favouring the use of a rapid fixed injection rate and test bolus technique.
There was uncertainty about which technique could provide better vascular
conspicuity and accurate representation of the arterial and hepatic phases. This was
evaluated in Chapter 2 of this thesis, a multi-centre comparison study, triggered by a
visiting veterinary radiologist travelling to Sydney from Edinburgh University. Dr T.
Schwarz is the first author of a dedicated textbook on Veterinary Computed
Tomography and was keen to compare the UVTHS protocol (standardised injection
duration of 20secs with bolus tracking) with his technique in Edinburgh University
(fixed injection rate of 3ml/s with a test bolus), and the CT protocol from a third



institution, the Istituto Veterinario di Novara in ltaly (fixed injection rate of 3ml/s with
bolus tracking). These three different CT protocols were performed on different CT
scanners (4 row, 16 row and 64 row multidetector CT machines) to evaluate the
effect of new technology and rapid machine scan times. Results from our multicentre
comparison study supported the fixed-injection duration protocol as the best
compromise between an ideal portal vascular enhancement and an easily
reproducible protocol on scanners with low and high number of detector rows.
Regardless of the type of CT scanner, portal vascular enhancement was superior
when using a standardised injection duration with homogenous vascular
enhancement of all the portal tributaries. The best technique for the arterial phase
varied with the type of CT scanner. When using rapid 64 row CT scanners, bolus
tracking to monitor aortic arrival time was superior for capturing the arterial phase
compared to the test bolus. There is virtually no delay time from aortic trigger on
bolus tracking to the beginning of the diagnostic scan when using 64 row
multidetector CT scanners. Older CT scanners had an automatic minimum delay
time of 5 secs or more which resulted in a lag phase before the arterial phase scan
could initiate. Bolus tracking is logistically easier than the test bolus technique to
estimate aortic arrival time, as only a single contrast bolus is required. Whereas the
test bolus requires a small contrast dose for the dynamic CT scan, before the full
contrast dose can be given during the diagnostic CT scan. Bolus tracking is
streamlined with the diagnostic multiphase CECT study and results from this thesis
prove that it also improves the accuracy of capturing an arterial phase scan.

This thesis proved that standardised protocols for multiphase CECT of the abdomen
are possible in both dogs and cats and so far in this discussion, the technical
recommendations have been the same. However, feline patients showed excessive
enhancement of the aorta with a mean peak aortic enhancement value of 1907HU
when using a fixed injection rate (5ml/s) and 745HU when using a standard injection
duration. In comparison, dogs had a median peak aortic enhancement value of
746HU and 549 HU, respectively. Using a 20 sec standard injection duration allowed
the contrast medium to be administered relatively slowly compared to the fixed
injection rate (5ml/s), which contributed to reduced intensity of aortic enhancement in
this group because the contrast medium was given more time to disperse and dilute
within the body. However, feline aortic enhancement remained excessive. An aortic
enhancement level of 250HU is considered sufficient, whereas some cats showed
over 7-fold excess in aortic enhancement. Reducing contrast dose is valuable to
avoid the unnecessary administration of a chemical compound to a patient, reduce
the risk of potential nephrotoxicity and lower cost. A lower contrast dose proved
viable and was further supported by reduced kVp. Reduced contrast dose improved
vascular conspicuity within abdominal organs (particularly the liver). A 25% reduction
in contrast dose performed better than the standard dose in the arterial and hepatic
phases. Lower radiation exposures (90kVp) improved mean CT attenuation values of
contrast for the aorta in the arterial phase, and all vascular and parenchymal
structures measured in the hepatic phase (except spleen) and delayed phase. The
combination of lower radiation exposure and reduced contrast dose can be used in
cats for multiphase CECT of the abdomen.



The fundamental goal of multiphase CECT is to improve contrast resolution, which is
critical in acute abdomens, peritonitis, peritoneal effusion and mass effect with
crowding of the abdomen. However, the integrity of the biliary tract cannot be
assessed on multiphase CECT of the abdomen. The intrahepatic bile ducts are
inconspicuous. Only the extra hepatic biliary tract is visible in the normal abdomen,
and even this may become obscured in acute abdominal disease. In Chapter 4 of
this thesis, we explored the feasibility of visualising the biliary tract in dogs and cats
on CECT using a novel contrast agent, gadoxetic acid. These were experimental
studies in small groups of research dogs and cats. In dogs, CT cholangiography
using gadoxetic acid provided adequate contrast enhancement of the gall bladder,
bile duct and cystic duct and in more than half of the study population, it allowed
visualization of the intrahepatic ducts that are not otherwise seen. Therefore, this
imaging technique can be considered as an important diagnostic tool for patients
with disruption or leakage of the biliary tree with clinical signs manifesting from bile
peritonitis. This can occur because of abdominal trauma or iatrogenic secondary to
liver lobectomy or cholecystectomy. In these cases, evidence of biliary leakage on
cholangiography that can be expected include extravasation of contrast into the
peritoneal cavity. Further research is required on the clinical application of this
technique in dogs with bile peritonitis to provide a description of the imaging
features. Results from this research thesis demonstrated that CT cholangiography
using gadoxetic acid can be performed in sedated animals with no significant
compromise to image quality. This avoids the need for general anesthesia which is a
desirable option in patients that may be critically ill from peritonitis. The optimal
timing of image acquisition was 65 minutes after contrast administration to achieve
maximal contrast enhancement of the biliary tree. Maximum contrast enhancement
that could be achieved was variable between dogs and this research thesis identified
that contrast dose had a positive influence. Although some dogs showed strong
contrast enhancement with the low contrast dose, all dogs showed a positive
response to a higher contrast dose. Given the wide safety range of gadoxetic acid in
dogs, our results suggest that increasing the dose could be considered in cases with
suboptimal enhancement. However, increasing the contrast dose can be cost
prohibitive especially in heavy body weight patients. An alternative CT
cholangiography technique was published in the veterinary literature during the
course of this thesis. New veterinary CT studies on drip infusion cholangiography
(DIC-CT) have trialled iotroxate meglumine (Biliscopin; 2ml/kg) in dogs and cats.
Animals were administered the infusion over 30 mins and CT was performed at 60
mins. In dogs, contrast enhancement of the biliary tract was seen in 9/10 dogs with a
gallbladder mucocele (Hayakawa et al, 2018). lotroxate meglumine also proved to be
effective and safe for visualisation of the bile duct in cats with and without biliary
disease (obstructive and non-obstructive) (Tanaka et al, 2017). These results
outperform gadoxetic acid as a cholangiographic contrast medium in cats in this
thesis. Gadoxetic acid had poor excretion into the biliary tract of cats even on the
high dose with absent enhancement in 20% and poor enhancement in 57%.



SECTION 5 - Conclusion

This thesis has improved our technical understanding of CECT for hepatobiliary
imaging with a focus on optimising the utility of contrast agents and improving image
quality. Vascular and parenchymal CT imaging using an iodinated contrast agent is
the mainstay for dogs and cats, and a new lower dose is recommended in cats
based on our research. Biliary CT imaging using a gadolinium based contrast agent
was feasible in dogs but was cost prohibitive, and not feasible in cats. New
information gained from this research has been used to standardise protocols used
for scanning the abdomen in dogs and cats and has been applied to clinical patients
in veterinary radiology. The importance of standardising contrast injection protocols
and CT scan timing for multiphase CECT imaging cannot be overlooked and there
are unique challenges when facing veterinary patients that differs to human patients.
We have proven that patient body weight, contrast injection technique and contrast
dose in cats are significant factors to consider when planning multiphase CECT.
Standardised protocols for multiphase studies in humans have already been
established and is well-recognised in human radiology and is incorporated into The
American and European Associations for the Study of Liver disease to ensure
performance and quality of imaging. There is certainly strong interest in the
veterinary radiology field to extract meaningful information from multiphase CECT
studies of the liver, pancreas, spleen and other organ systems. The ability to non-
invasively diagnose tumours such as hepatocellular carcinoma, hepatoma or
pancreatic insulinoma using multiphase CECT is desirable, and routinely used in
human radiology. We are yet to achieve a clear consensus in veterinary radiology on
the classic CT enhancement characteristics of these types of tumours, possibly
because scan protocols have varied widely between veterinary referral centres.
Standardised protocols for contrast injection and CT scan times derived from this
research may provide renewed hope for using multiphase CECT to non-invasively
diagnose certain cancers. Further research on the sensitivity and specificity of this
multiphase imaging technique for screening patients with focal or multifocal liver
disease could be considered. The rate of lesion detection using our standardised
protocol could be assessed compared to other previously described CT scan
protocols. Additionally, the contrast enhancement characteristics of focal liver lesions
could be analysed in large retrospective clinical case studies with histopathology to
correlate with the aim of accurately classifying tumour type based on multiphase
CECT imaging.
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