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GENERAL ABBREVIATIONS

AP Acute pancreatitis

AUC Area under the curve

AUROC Area under the ROC curve

CBC Complete blood count

CCK Cholecystokinin

CEUS Contrast-enhanced ultrasonography
CrPDA Cranial pancreaticoduodenal artery
CrPDV Cranial pancreaticoduodenal vein
CT Computed tomography

v Intravenous

LS Least squares

MB Microbubble

MI Mechanical index

MPV Mean pixel value

Pl Peak intensity

ROC Receiver operating characteristic
ROI Region of interest

TIC Time-intensity curve

Tp Peak time

TTU Time to initial up-slope

TTW Time to wash-out

us Ultrasound
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GENERAL INTRODUCTION

The canine pancreas consists of two components, the predominant exocrine portion
and the small endocrine portion. Diseases of the exocrine pancreas are common in
companion animals and pancreatitis is the most common exocrine disease seen in dogs.*
Although a common consensus has not been reached for its classification, it can generally be
divided into acute and chronic presentations.>® There has been much confusion on the
definition of classification of pancreatitis in veterinary medicine and this is because
pathological classifications are dependent on histological descriptions. However, because
different types of pancreatitis overlap in their clinical presentation and biopsy specimens are
often not obtained, a clinical bias in terminology based on duration of clinical signs exists.?*
Clinical signs exhibited by dogs with either forms of pancreatitis are non pathognomonic for
the disease.*”

Currently, there is no single noninvasive diagnostic method that is completely reliable
for the antemortem diagnosis of pancreatitis in dogs. One should take into account the
complete history, physical examination findings, clinicopathologic results, measurement of
pancreatic lipase immunoreactivitiy, radiography and ultrasound (US) examination of the
pancreas for an accurate noninvasive diagnosis of pancreatitis.®

US is one of the most widely used imaging modalities, due to its characteristics such
as real-time scanning, radiation free, operational ease, and cost-effectiveness. US findings in
canine acute pancreatitis (AP) include an enlarged, irregular or mass-like pancreas with areas
of patchy hypoechoic to mixed patterns of echogenicity. The surrounding mesentery may
appear hyperechoic with the possible presence of focal abdominal fluid, corrugation of the
neighboring duodenum, and ultrasonographic signs of extrahepatic bile duct obstruction.*” A

hyperechoic pancreas can be associated with chronic cases of pancreatitis due to the presence



of pancreatic fibrosis.®> US is useful in the diagnosis of AP in dogs, but has a reported
sensitivity of only 68% so an unremarkable US examination does not rule out pancreatitis.*”

Contrast-enhanced ultrasonography (CEUS) is a major breakthrough for US imaging
in recent years. CEUS utilizes microbubbles (MB) as contrast agent and contrast-specific
imaging modalities for real time perfusion imaging of organs.® Sonazoid®, a second
generation contrast agent, contains perfluorobutane gas of low solubility encapsulated by a
lipid shell, and is highly stable in vivo.'® These MB are entirely intravascular when
administered intravenously, with no extravasation into surrounding tissue. When exposed to
intermediate acoustic power (0.1 < mechanical index (MI) < 0.5),° it develops nonlinear
resonance, resulting in harmonic signals with minimal destruction, thus providing continuous
real-time contrast imaging of longer duration.? Subtraction techniques such as pulse inversion
imaging, used in contrast-specific imaging modalities, enhance detection of nonlinear
resonance from MB with high sensitivity while suppressing echoes from tissues.® Therefore,
the contrast-enhancement reflects perfusion of the organ. The typical perfusion pattern of an
organ will differ according to different methods (e.g., bolus injection, slow bolus injection, or
continuous infusion) of contrast agent administration.*

CEUS is used most extensively in human medicine for cardiac and liver imaging and
has expanded to other abdominal organs such as the pancreas, kidney, spleen, thyroid, and
prostate.’*** The application of CEUS in veterinary medicine is growing and is mainly used
in the diagnosis of diseases of the liver, spleen, and kidney.***® CEUS has been particularly
useful in the differentiation of malignant neoplasia from benign nodules in the canine liver
with high accuracy.’ Other studies in normal dogs exist for the pancreas, duodenum,
jejunum, adrenal glands, prostate, and lymph nodes.**** Applications of CEUS in the

diagnosis of pancreatic neoplasia have also been reported in veterinary medicine.??®



In human medicine, contrast-enhancement of the pancreas is reported to be well
correlated with its perfusion, and can differentiate areas of inflammation (hyperechoic
enhancement) and necrosis (non-enhancement).?’*° The main indications of CEUS in
pancreatic diseases in people are AP, neoplasia, and pseudotumors.?’** CEUS has been
reported to be comparable to computed tomography (CT) for assessment of AP in people.®**
These studies have showed the usefulness of CEUS in detection, staging severity, and
predicting clinical outcomes of AP. However, studies in dogs with AP are few and to my
knowledge only one report and one abstract exist to date.*** The former describes the
detection and characterization of focal hypovascular lesions within the pancreatic
parenchyma of dogs with AP,* while the latter remains as an abstract describing perfusion
changes of the pancreatic parenchyma in naturally occurring pancreatitis in a small number of
dogs.*

In vivo animal models of AP are particularly useful as studies of pancreatitis in the
clinical setting faces limitations. A variety of well-developed AP models exist. These models
can be noninvasive or invasive, ranging from diet manipulations (e.g., choline-deficient
ethionine supplement diet) to exogenous chemical administration (e.g., cerulein infusion) that
are noninvasive, or even surgical manipulation-induced pancreatitis (e.g., common
biliopancreatic duct ligation) that are invasive.*

With the above background, this study was performed in 3 stages to determine the
feasibility of using quantitative CEUS in the diagnosis of canine pancreatic disease, in
particular pancreatitis. In the first stage, | have characterized and compared contrast-
enhancement of the normal canine pancreas using bolus injection and continuous infusion of
MB contrast agent. The results from this stage established the baseline perfusion patterns of
the normal canine pancreas. In the second stage, | have investigated feasibility of CEUS in

detecting perfusion changes in the pancreas of dogs with experimentally induced pancreatitis.



CEUS proved to be useful in detecting perfusion changes in the inflamed pancreas. Using the
results from this stage, | then proceeded in the third stage to investigate the feasibility of
CEUS as a noninvasive diagnostic tool in naturally occurring canine pancreatitis by detecting

these changes in pancreatic perfusion.



CHAPTER 1

QUALITATIVE AND QUANTITATIVE CONTRAST-ENHANCED
ULTRASONOGRAPHY OF THE PANCREAS USING BOLUS
INJECTION AND CONTINUOUS INFUSION METHODS IN NORMAL

DOGS



1. INTRODUCTION

Detection and characterization of pancreatic diseases in human, such as AP,
pancreatic adenocarcinoma and insulinoma, can be improved with CEUS.****" Intravenous
(IV) bolus injection of MB is the method most commonly employed for abdominal
CEUS.}182038 The tynical time-intensity curve (TIC) for the pancreas following bolus
injection shows a rapid increase followed by a short peak of strong enhancement with fast
wash-out.?>?” This pattern of enhancement means that the duration of diagnostically useful
enhancement is brief, and repeat bolus injections may be required resulting in several short,
interrupted periods of enhancement.

The canine pancreas is V-shaped and consists of two lobes, emerging from the body.*
Due to its anatomy, the canine pancreas cannot be viewed entirely in a single US view.*
These considerations allow us to foresee the difficulties in continuous imaging of multiple
pancreatic regions with bolus injection method. The rapidity of enhancement may also result
in perfusion parameter changes that are too minute (e.g. millisecond) to be detected. A
continuous infusion method using an infusion pump may overcome the time limitation faced
with bolus injection. It has been demonstrated that not only the duration of enhancement can
be greatly prolonged, but also a constant plateau of enhancement throughout the duration of
the infusion can be achieved with continuous infusion.**

Thus, the goal of chapter 1 was to (1) characterize image enhancement of the normal
canine pancreas with duodenum as reference using bolus injection and continuous infusion

with contrast agent Sonazoid® and to (2) assess if continuous infusion method can prolong

the duration of pancreatic enhancement over that with bolus injection.



2. MATERIALS AND METHODS

2.1 Animals

Eight mixed-breed adult dogs, 1- 6 years old and weighing 11- 18 kg were studied.
The dogs were healthy based on physical examination and exhibited no clinical signs or
biochemical laboratory abnormalities (including lipase and C-reactive protein) suggesting
pancreatic disease. Prior to CEUS studies, fundamental B-mode US was performed on the
pancreas and duodenum of each dog, and no evidence of focal or diffused abnormalities was
observed. All procedures were approved by the Hokkaido University Animal Care and Use

Committee.

2.2 Bolus injection and continuous infusion of contrast agent

2.2.1 Dosage

Sonazoid® (Daiichi-Sankyo, Tokyo, Japan) was the contrast agent used for this
experiment. For bolus injection, | have estimated that a MB contrast agent dose of 0.01
mL/kg would be suitable based on manufacturer’s recommendation (0.015 mL/kg) and
clinical experiences with canine liver and spleen imaging in our facility.*****® For continuous
infusion of MB contrast agent, based on preliminary studies, a dose 5 times of the bolus
injection dose (0.05 mL/kg) that was reported to be safe was used.** Bolus injection and
continuous infusion experiments were carried out on separate days for each dog, in order to

eliminate residual effects of MB contrast agent in the organs of interest or blood circulation.

2.2.2 Technique
For bolus injection, a single bolus of contrast agent was administered by hand through

a 21 G butterfly catheter attached to a 22 G IV catheter placed in the cephalic vein, flushed



by 3 mL of heparinized saline. For continuous infusion model, a single infusion of contrast
agent diluted to 5 mL of saline was administered using a syringe pump (Top-5300; Top,
Tokyo, Japan ) at a rate of 5 mL/min. The contrast agent was diluted and gently shaken
immediately before infusion. The injections were given in a standardized manner by the same
person throughout the study. The timer on the US machine was manually started when the

milky-white contrast agent entered the IV catheter.

2.3 B-mode US and CEUS

2.3.1 Settings

An US scanner (Aplio XG; Toshiba Medical Systems, Tochigi, Japan) with a 7-14
MHz broadband linear probe (PLT-1204 AT; Toshiba Medical Systems, Tochigi, Japan) was
used for B-mode ultrasonography. A 5-11 MHz broadband linear probe (PLT-704 AT,
Toshiba Medical Systems, Tochigi, Japan) suitable for pulse subtracting imaging was used
for CEUS. Adjustable parameters were optimized during preliminary studies and maintained
for all imaged dogs. MI was set at 0.21 to minimize MB destruction. Focus depth was placed
below the pancreas. The B-mode and contrast imaging gain were set at 100 dB and 75 dB,
respectively. US imaging was set at 30-31 frames/s, and the images were recorded in 40-
second cine-loops to a hard disk for off-line analysis. Perfusion of the pancreatic parenchyma
and duodenal mucosa was evaluated after IV bolus injection and continuous infusion of MB

contrast agent.

2.3.2 Scanning
Scanning was performed without sedation to exclude anesthetic influence on CEUS.
The animal was positioned on left lateral recumbency, and the US probe was placed

longitudinally between 2 ribs to image the transverse view of the right pancreatic lobe and



adjacent descending duodenum. Scanning was done continuously for 5 min after bolus

injection and at the start of continuous infusion of MB contrast agent.

2.4 Quantitative analysis

US images were analyzed using an off-line image analysis (ImageJ; US National
Institutes of Health, Bethesda, MD, U.S.A.). In this system, the gray-scale level ranged from
0 to 255 mean pixel value (MPV). For bolus injection, one image per second for the first 60
seconds was analyzed. For continuous infusion, one image per second for the first 120
seconds followed by 1 image at an interval of every 10 seconds until 300 seconds from start
of MB infusion was analyzed. Tissue intensity was measured for each of the region of
interest (ROI), typically containing 300-600 pixels,*® placed in the pancreatic parenchyma
and duodenal mucosa for bolus injection and continuous infusion (Fig. 1D). When respiratory
motion was present, the ROl was manually adjusted to maintain the same position within the
pancreas and duodenum. A TIC was created for each injection model. The wash-in was
reflected by time to initial up-slope (TTU) and peak time (Tp); peak intensity (PI) and the
wash-out as reflected by time to wash-out (TTW) were measured in all ROIs (Fig. 2). TTU
and TTW were defined as the time when the gray-scale level increased to and decreased to

30% of PI. All data were expressed as median and range.

2.5 Statistical Analysis

Normality of the data was tested using the Shapiro Wilk test. Because the data were
not normally distributed, the Wilcoxon signed rank test was used to test for differences
between pancreas and duodenum during bolus injection and continuous infusion, between
pancreas during bolus injection and continuous infusion and between duodenum during bolus

injection and continuous infusion for the four measured parameters. For all analyses, P-



values of < 0.05 were considered statistically significant. Statistical analyses were performed

with a statistical analysis program (JMP 8; SAS Institute Inc., Cary, NC, U.S.A.).
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3. RESULTS

3.1 CEUS findings

Pancreatic images from all eight dogs were included for analysis after bolus injection
and continuous infusion. Images of the duodenum from one dog were excluded from the
continuous infusion group due to inability to image both organs simultaneously in one field
throughout the imaging period of 5 minutes. No adverse effects, such as dyspnea or
anaphylaxis were noticed in any dogs during or after bolus injection or continuous infusion of

MB contrast agent.

3.1.1 Bolus injection

Before contrast agent administration, the baseline tissue echo components of the
pancreatic parenchyma and duodenal mucosa were minimal in the pulse subtraction CEUS
mode. Some echogenic components were observed due to fat and gastrointestinal gas (Fig.
1A). After bolus injection, the cranial pancreaticoduodenal artery (CrPDA) was enhanced
earliest (Fig. 1C). Soon after, enhancement of the pancreatic parenchyma was seen followed
almost simultaneously by the duodenal mucosa (Fig. 3). The pancreatic parenchyma reached
an intense peak several seconds later, slightly before or at the same time as the duodenal
mucosa. The pancreas was more enhanced than the duodenum and was clearly delineated in
the CEUS mode (Fig. 1D). Contrast effect of the pancreas and duodenum decreased sharply
followed by a gradual loss of enhancement (Fig. 1E). The cranial pancreaticoduodenal vein
(CrPDV) could still be seen at this time. Subjectively, the parenchyma of the pancreas and

duodenum cannot be seen clearly when the intensity dropped to around 30 MPV.
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3.1.2 Continuous infusion

The continuous infusion method produced a different enhancement profile (Fig. 4)
when compared to bolus injection. Initial enhancement of the CrPDA and pancreatic
parenchyma was delayed compared to bolus injection. Initial enhancement of the duodenal
mucosa was slightly slower compared to the pancreatic parenchyma. Image enhancement of
the pancreatic parenchyma and duodenal mucosa was more gradual until its peak
enhancement (Fig. 5A); thereafter, the pancreas was continuously enhanced (Fig. 5B). This
period of enhancement lasted longer than the period of contrast agent infusion (1 min).
Subjectively, the enhancement of the pancreas and duodenum was similar at PI, but was less
homogeneously enhanced when compared to bolus injection. Thereafter, a gradual loss of

enhancement was observed (Fig. 5C).

3.2 Statistical analysis

The measured parameters for bolus injection and continuous infusion are summarized
(Table 1). Median (range) contrast enhancement durations (TTW — TTU) of the pancreas and
duodenum were prolonged by continuous infusion from 11 (10 to 23) s and 16 (3 to 43) s at
bolus injection to 205 (170 to 264, P < 0.01) s and 193 (169 to 216, P < 0.05) s, respectively.
Median (range) Pl of the pancreas at bolus injection [100.9 (80.2 to 124.3) MPV] was
significantly greater than median PI of the duodenum at bolus injection [86.5 (36.6 to 120.2)
MPV; P < 0.01] and median PI of the pancreas at continuous infusion [77.6 (58.2 to 99.5)
MPV; P < 0.05]. Contrast-enhancement of the pancreatic parenchyma was subjectively

adequate with continuous infusion (Fig. 5A-C).
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Figure 1. CEUS images of the pancreas and duodenum before and after bolus injection.

Transverse view of the right pancreatic lobe (circle, outlined by a dotted line) and proximal
descending duodenal mucosa (square) using the right intercostal approach imaging in a
representative normal adult dog (dorsal is to the left, ventral is to the right, medial is to the
bottom, and scales in cm to the left). (A) CEUS at 0 s. Baseline tissue echo components of
the pancreatic parenchyma and duodenal mucosa were minimal in the CEUS mode. (B)
Corresponding twin view B-mode image of (A). (C) CrPDA (white arrow) was more
enhanced compared to the pancreatic parenchyma at 8 s after bolus injection of contrast agent.
Duodenal mucosa was still unenhanced. (D) Both the pancreatic parenchyma and duodenum
reached PI (shown here 12 s after bolus injection of contrast agent). The pancreas is well
delineated from the non-enhancing neighboring liver (triangle). ROIs are manually placed in
the pancreatic parenchyma (solid box) and duodenal mucosa (dashed box) to measure the
tissue intensity. (E) Contrast washed out of the pancreatic parenchyma and duodenal mucosa

at 20 s.
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Tissue Intensity (MPV)

30% of PI

Time (s)

Figure 2. Representative TIC showing measured parameters. Baseline intensity remained
unchanged until time to initial up-slope (TTU) when intensity first reached 30% of peak
intensity (PI). Peak time (Tp) was the time measured from contrast injection to PIl. Time to
wash-out (TTW) was measured from contrast injection to when intensity dropped to 30% of

PI.
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Tissue Intensity (MPV)

Time (s)

Figure 3. TIC showing the tissue intensity of the pancreatic parenchyma (solid line, ®, n = 8)
and duodenal mucosa (dashed line, o, n = 8) for 60 s after bolus injection of contrast agent.
Notice the fast wash-in to sharp peak, followed by fast and then gradual decline in tissue

intensity. Note that the x-axis is for 60 s. MPV= Mean pixel value.
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Figure 4. TIC showing the tissue intensity of the pancreatic parenchyma (solid line, ®, n = 8)
and duodenal mucosa (dashed line, o, n = 7) for 300 s after continuous infusion of contrast
agent. Notice a more gradual wash-in to peak followed by a long plateau and slow wash-out
of tissue intensity when compared with that of bolus injection in figure 3. Note that the x-axis

is for 300 s. MPV= Mean pixel value.
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Figure 5. CEUS images of the pancreas and duodenum after continuous infusion of contrast

agent. Right pancreatic lobe (circle, outlined by a dotted line) and duodenal mucosa (square)
in the same representative adult dog as figure 1 (dorsal is to the left, ventral is to the right,
medial is to the bottom, and scales in cm to the left). (A) PI of the pancreatic parenchyma at
43 s. (B) Contrast enhancement of the pancreatic parenchyma persisted at 108 s with (C)

gradual wash-out as seen here at 172 s.
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Table 1. Results (median, range) of the measured parameters of the TIC measured after bolus injection and continuous infusion in the normal

pancreas and duodenum of healthy dogs.

Bolus injection Continuous infusion
Measured parameters
Pancreas Duodenum Pancreas Duodenum
TTU (s) 6.0 (4.0- 8.0) 7.5 (4.0- 9.0) 20.0 (16.0- 25.0)°° 22.0 (18.0- 26.0)°
Tp (s) 8.5 (8.0- 10.0) 10.5 (6.0- 12.0) 33.0 (19.0- 52.0)° 52.0 (25.0- 66.0)°
TTW (s) 17.0 (15.0- 30.0) 23.5 (10.0- 49.0) 225.0 (190.0- 280.0)° 215.0 (169.0- 216.0)°
Pl (MPV) 100.9 (80.2- 124.3) 86.5 (36.6- 120.2) 77.6 (58.2- 99.5)° 70.2 (60.9- 90.3)

TTU, Time to initial up-slope; Tp, Peak time; TTW, Time to wash-out; PI, Peak intensity; MPV, Mean pixel value.
#Significant (P < 0.01) difference versus duodenum during bolus injection.

*Significant (P < 0.05) difference versus duodenum during continuous infusion.

“Significant (P < 0.01) difference versus bolus injection for corresponding organ.

ISignificant (P < 0.05) difference versus bolus injection for corresponding organ.
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4. DISCUSSION

In this study, after MB contrast agent administration as bolus or continuous infusion,
the pancreas was clearly delineated from surrounding organs enabling good visualization.
TTU, Tp, and TTW of the pancreas and duodenum were significantly prolonged with
continuous infusion when compared to bolus injection. The enhancement duration of the
pancreas and duodenum was also significantly prolonged with continuous infusion. Although
Pl of the pancreas was decreased significantly with continuous infusion, the pancreas was
still adequately enhanced.

For bolus injection, the pancreas and duodenum had a similar early, intense, and
uniform enhancement, as could be expected in organs receiving all its blood and therefore
MB directly from the arterial supply.”” The enhancement was followed by a sharp peak and
then a fast initial decline; followed by a gradual washout. The patterns of enhancement of
these organs were similar to another study on the canine pancreas and duodenum.?® For
continuous infusion, the enhancement of the pancreas and duodenum was initially delayed
and was more gradual until it reached its peak and then plateaued. This was followed by a
slow wash-out. The order at which pancreas and duodenum were enhanced did not change
with bolus injection or continuous infusion.

Measured parameters TTU, Tp, and TTW were significantly prolonged in the
pancreas and duodenum using continuous infusion method when compared to bolus injection.
This result can be expected, because in continuous infusion, MBs were infused steadily and
continuously over a minute in comparison to the quick bolus injection. Reasonably, it took a
longer time for the enhancement of the pancreas and duodenum to be appreciable visually,

thus a longer TTU and Tp. The contrast enhancement was prolonged, because of the
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continuous inflow of MB into the ROI leading to slow wash-out as shown by prolonged TTW.
This effect was beneficial, because the duration of diagnostically useful enhancement for the
pancreas and duodenum was prolonged to 18 and 12 times, respectively when compared to
bolus injection, even though the continuous infusion dose used was only 5 times the bolus
injection dose.

Tp of the duodenum was later than the pancreas in continuous infusion, but not in
bolus injection. This could be explained by the vascular supply of these organs. The
pancreatic blood supply originates from the celiac artery through the splenic and hepatic
arteries. The splenic artery is the primary blood supply to the left lobe of the pancreas. The
hepatic artery terminates as the CrPDA, which enters the body of the pancreas and courses
through the proximal portion of the right lobe of the pancreas. Branches from the CrPDA exit
the pancreatic tissue and supply the closely associated duodenum.* In bolus injection, this
order of vascular supply was not appreciable because of the fast speed of MB washing in.
However, because buildup of MB to Pl was slower in continuous infusion, the order of this
vascular supply became appreciable, although not statistically significant.

The pancreatic parenchyma was less homogeneously enhanced during continuous
infusion when compared to bolus injection. This could be explained by the lesser amount of
MB at PI due to diluted MB during continuous infusion. This is in contrast to bolus injection
where all MB injected perfused the ROI almost simultaneously in high concentration. Lower
Pl was significantly evident in the pancreas; however, imaging of the pancreas was visually
adequate. Using continuous infusion, a reduction of 23% in the Pl of the pancreatic
parenchyma was comparable to 16% reduction in a previous continuous infusion CEUS study
of the liver in which enhancement was deemed adequate despite that reduction.®

The obvious advantage of bolus injection is that it is easy to administer, less

cumbersome, more repeatable, gives good tissue to tumor contrast, and is the conventional
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1214174648 Lio\wever,  contrast-

method employed in characterizing nodular lesions.
enhancement is too rapid and brief in the pancreas.?” These limitations were also seen in the
present study with bolus injection as the pancreas and duodenum were enhanced rapidly and
briefly.

Continuous infusion method provides a gradual increase in tissue intensity and longer
period of tissue enhancement,*® however, necessitating a higher dose in this study to achieve
adequate imaging. Extra equipment (e.g. syringe pump) and personnel were also needed. The
continuous infusion method may therefore be potentially useful in detecting differences in
pancreatic perfusion in diffuse pancreatic disease that may otherwise be too subtle for
detection using bolus injection method. The prolonged enhancement of the pancreas may also
allow screening of the pancreas for hypovascular areas, such as necrosis. For other
applications, such as characterization of nodular lesions, bolus injection should be applied so
that the lesion can be studied dynamically in comparison with surrounding normal
parenchyma. However, because no lesions were included into this study, further research is
needed to determine when the bolus or continuous infusion method is preferable.

TTU can be taken as the time from contrast agent injection to when a certain
percentage of increase in baseline tissue intensity is observed.?’ However, as the baseline
tissue intensity was set to a minimum (nearing zero) in this study, this method was not
feasible. Another method of determining wash-in time is when tissue intensity reaches a
certain percentage of P1.%! In this study, TTU and TTW were defined as time when the gray-
scale level increased and decreased to 30% of PI. This percentage resulted in tissue intensity
values of above 20 MPV for both bolus and continuous infusion methods. In the gray-scale,
an increase of more than 20 units is generally needed for visual recognition.*®

Previous CEUS studies performed in veterinary medicine employed the usage of

sedatives or general anesthesia.’®?* In the present study, no sedatives were used to eliminate
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its confounding effects on patterns of contrast-enhancement. However, without sedatives,
imaging was affected by greater motion and respiratory artifact. These movements can affect
the TIC, because of difficulties in maintaining a similar ROI throughout the entire imaging
period. Other than that, because of the placement of US probe parallel to the ribs, excessive
movements might cause acoustic shadowing effects from the ribs resulting in compromised
images with lowered tissue intensity, or which cannot be analyzed. Therefore, great care was
taken to place ROIs manually at similar locations whenever possible while avoiding large
blood vessels. Applying these precautions resulted in a more homogeneous TIC.

However, large variation was seen in Pl both in bolus injection and continuous
infusion. Looking at individual data, all dogs had higher PI in pancreas compared to
duodenum, except for one dog receiving continuous infusion. The different Pl could be
attributed to individual differences and perfusion status of an individual animal at any one
time. Therefore, the duodenum could be used as an internal control when investigating CEUS
pattern of the pancreas. However, it is important to remember that diseases of the pancreas,
such as pancreatitis may affect the surrounding organs including the duodenum.*

In conclusion, CEUS using bolus injection and continuous infusion methods can be
used in dogs to image the pancreas. However, bolus injection results in rapid enhancement
with fast wash-out and only provides a brief window for pancreatic imaging. On the other
hand, continuous infusion provides gradual and prolonged enhancement that may be more
useful in detecting tissue perfusional changes. With these findings, chapter 2 will be studied
using the continuous infusion method to detect perfusion changes in the pancreas and

duodenum in dogs with experimentally induced pancreatitis.
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5. SUMMARY

In this chapter, | have characterized contrast-enhancement of the normal pancreas,
and compared two methods of contrast agent administration to assess if continuous infusion
of MB can prolong the duration of pancreatic enhancement over bolus injections. Fast wash-
in to intense peak, followed by rapid wash-out was observed for TIC of bolus injection. With
continuous infusion, contrast wash-in to Pl was gradual, followed by long plateau and slow
wash-out. Median contrast-enhancement durations of the pancreas and duodenum were
significantly prolonged by continuous infusion. However, median Pl of the pancreas was
lower in continuous infusion when compared to bolus injection. Prolonged continuous
imaging was afforded by continuous infusion of contrast agent. Pl of the pancreas was

slightly diminished in continuous infusion, but offered adequate imaging subjectively.
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CHAPTER 2

QUALITATIVE AND QUANTITATIVE CONTRAST-ENHANCED
ULTRASONOGRAPHIC ASSESSMENT OF CERULEIN-INDUCED

ACUTE PANCREATITIS IN DOGS
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1. INTRODUCTION

AP is typified histologically by acinar cell necrosis, interstitial edema, and a
neutrophilic infiltrate of the pancreas.”® These changes are reversible in AP, unless the initial
triggers of inflammation persist, and chronic or recurrent inflammation takes place.
Interstitial edematous pancreatitis is the mild form, while necrotizing pancreatitis is the more
severe form of pancreatitis.”

Cerulein, a cholecystokinin (CCK) analogue, when administered at supraphysiologic
doses, leads to excessive digestive enzyme secretion resulting in acute edematous
pancreatitis.”™® Cerulein, acting through the CCK receptors results in exaggerated
stimulation of acinar cells, which leads to activation of trypsinogen to trypin, in the
lysosomal protease cathepsin B-dependent manner.>* Trypsin causes further activation of
other pancreatic zymogens to active enzymes. These activated enzymes within the acinar
cells cause autodigestion and subsequently, inflammation of the pancreas. Cerulein-induced
AP has been studied extensively in animal models due to its rapid induction, lack of
invasiveness, high repeatability, high applicability, and AP-like histologic changes.*®>!23°>%¢
This model also allows investigation of healing and regeneration of damaged tissues after
insult termination.>” US and endoscopic US findings in experimentally induced pancreatitis
in dogs have been described.**

Thus, the purpose of chapter 2 was (1) to determine the feasibility of using
quantitative CEUS to detect pancreatic perfusional changes, with the duodenum as an internal
control, in cerulein-induced AP in dogs and (2) to describe the patterns of change over time.
Pancreatic perfusion after induction of AP was compared to saline controls (before and after

saline infusion) as well as before cerulein infusion. It was hypothesized that quantitative

CEUS could detect changes in pancreatic perfusion after induction of AP and, if this
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hypothesis were to be true, quantitative CEUS would have the potential to be an additional

tool in diagnosing and monitoring disease progression in canine AP.
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2. MATERIALS AND METHODS

2.1 Animals

Six adult female Beagles, 1 to 2 years old, and weighing 9.5 to 11.3 kg were used in
this study. The dogs were healthy based on physical examination findings and normal
complete blood count (CBC) and serum biochemistry (including lipase and C-reactive
protein). B-mode US identified no evidence of focal or diffuse abnormalities of the pancreas
and duodenum in the dogs. All procedures were approved by the Hokkaido University

Animal Care and Use Committee.

2.2 Cerulein-induced acute pancreatitis

AP was induced with continuous IV infusion of 7.5 pg/kg/h of cerulein (Caerulein;
Bachem AG, Bubendorf, Switzerland) in saline into the cephalic vein at a rate of 3 mL/kg/h
for 2 hours.>***® The dogs were observed for the presence of clinical signs associated with
AP, such as vomiting and diarrhea. Food was withheld for 24 hours after the start of cerulein
infusion and then was slowly reintroduced. As control, all animals received a 2-hour IV

infusion of saline at 3 mL/kg/h 2 weeks before cerulein treatment.

2.3 B-mode US and CEUS

2.3.1 Scanning and anesthetic protocols

US and CEUS examinations were performed before (0 hour) and at 2, 4, 6, and 12
hours after the start of saline and cerulein treatments. Scanning was performed under
anesthesia with propofol (Propofol Mylan; Mylan Inc., Canonsburg, Pa, U.S.A.) at an
induction dosage of 6 mg/kg and a maintenance rate of 0.4 - 0.6 mg/kg/min,*® administered to

effect using a syringe pump (Top-5300; Top, Tokyo, Japan). For US examinations, dogs were
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positioned in left lateral recumbency, and the right pancreatic lobe and descending duodenum
adjacent to the right pancreas were identified using an intercostal approach. CEUS
examinations of the right pancreatic lobe and descending duodenum adjacent to right
pancreas was then performed as described in chapter 1. The duodenum was imaged with the
pancreas to determine its suitability as an internal control. Scanning was done continuously
for 7 minutes from the start of continuous infusion of MB contrast agent, for generation of a
TIC.

During each CEUS examination, MB contrast agent (Sonazoid®; Daiichi-Sankyo,
Tokyo, Japan) at a dosage of 0.05 mL/kg diluted in 5 mL of saline was administered as a
continuous infusion over one minute as described in chapter 1.The infusion was administered
through a 21 G butterfly catheter attached to a 22 G IV catheter placed in a separate cephalic

vein from that used for propofol infusion.

2.3.2 Settings

B-mode US and CEUS settings are as detailed in chapter 1.

2.4 Quantitative analysis

Quantitative analysis of CEUS images was performed as described in chapter 1. One
image per second for the first 120 seconds followed by 1 image at an interval of every 10
seconds until 420 seconds from the start of MB contrast agent infusion was analyzed. Tissue

intensity was measured for each ROI containing 300-600 pixels,**>°

placed in the pancreatic
parenchyma and duodenal mucosa (Fig. 6A). TICs (Fig. 7), depicting the change in tissue
intensity over time in the ROI, were created for each CEUS imaging performed before (0
hour), and 2, 4, 6, and 12 hours after saline or cerulein infusion. From these TICs, blood flow

velocity as a function of time parameters and blood volume as a function of intensity

parameters were evaluated. Measured time parameters included TTU and Tp, reflecting

28



wash-in and TTW, reflecting wash-out of MBs from the ROI. Pl and area under the curve
(AUC) are intensity parameters, the first quantitatively measuring maximum contrast
enhancement within the ROI and the second corresponding to the amount of MB flowing

through the tissue over a certain time period within the observed ROI.

2.5 Statistical analysis

A statistical analysis program (JMP Pro 10; SAS Institute Inc., Cary, NC) was used to
develop a linear mixed model, with time (0, 2, 4, 6, and 12 hours), treatment (saline versus
cerulein), and their interaction as categorical fixed effects, and dog identity as random effect.
The F test was performed to assess the effect of time and treatment on the values of the
measured parameters. Pairwise comparisons between times and between treatments were
performed by obtaining least squares (LS) means and using Bonferroni correction to account
for multiple comparisons. For all analyses, P-values of < 0.05 were considered statistically

significant.
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3. RESULTS

3.1 Cerulein-induced acute pancreatitis

AP was induced in all 6 dogs, as shown by presence of clinical signs and increased
serum lipase activity after cerulein infusion (data not shown). Within 20 minutes of
beginning cerulein infusion, all dogs exhibited clinical signs associated with AP, such as
vomiting (6/6), abdominal discomfort (4/6) and diarrhea (2/6). These clinical signs were
mostly observed during the 2 hours of cerulein infusion. Vomiting ceased after the end of
cerulein infusion. All dogs recovered from AP without complications within 1 to 2 days, as

shown by complete resolution of clinical signs and normalization of serum lipase activity.

3.2 US findings

In all dogs, pancreatic lesions were most apparent 2 to 4 hours after start of cerulein
infusion, and included glandular swelling, well-defined interlobular anechoic fissures, and
subcapsular anechoic spaces. All dogs showed severe swelling at 2 hours, whereas 3/6
showed severe and 3/6 showed moderate swelling at 4 hours. In all but 1 dog, mild
corrugation of the duodenum was seen at different time points after start of cerulein infusion.
With time, the lesions became less severe, and by 12 hours the pancreatic lesions described
above were no longer apparent apart from some swelling (2/6 mild, 1/6 moderate).
Hyperechoic mesentery was observed in 3/6 dogs at 2 hours and in all dogs at 4 hours. No
peripancreatic fluid accumulation was observed at any time point. There were no observable

changes in the pancreas or duodenum in saline controls.
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3.3 CEUS findings

At 0 hour (before saline or cerulein infusion), the CrPDA was enhanced earliest,
followed by the pancreatic parenchyma, and then duodenal mucosa. The increase in tissue
enhancement was gradual until it reached PI (Fig. 6A), followed by a plateau. Thereafter,
there was progressive wash-out of the contrast agent with gradual loss of tissue enhancement.
Subjectively, the parenchyma of the pancreas and duodenum could not be seen clearly when
the intensity decreased to approximately 30 MPV.

In cerulein treatment, CEUS changes in the pancreas were most apparent 2 to 4 hours
after infusion and became less severe with time. Subjectively, the pancreatic parenchyma
showed similar gradual increase in echogenicity, but was more intensely enhanced at Pl when
compared to 0 hour (before cerulein infusion, Fig. 6B). The CrPDA and CrPDV were more
prominent, and fine pancreatic capillaries were visible. The swollen pancreatic parenchyma
was separated by anechoic interlobular fissures that were unenhanced. Similarly, subcapsular
edema also was unenhanced. The pancreatic parenchyma was hyperechoic for a longer
duration with delayed wash-out when compared to O hour (before cerulein infusion). There
were no observable changes in the wash-in speed or Tp. The order of tissue enhancement
remained unchanged from O hour (before saline or cerulein infusion) with the pancreas
enhancing before the duodenum in all dogs. With saline treatment, Tp was slightly faster 2
hours after the start of saline infusion. There were no other observable changes in pancreatic
enhancement. Changes to the intensity or time parameters of the duodenal mucosa after

saline or cerulein treatments were not observed.

3.4 Statistical analysis

Measured parameters of the pancreas and duodenum are summarized in Table 2. For
the pancreas, significant interaction between treatment and time was found for P1 (P < 0.05).

Dogs subjected to cerulein treatment had significantly higher Pl at 2 (least squares [LS]
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means, 101 MPV; 95% confidence interval (Cl), 89 to 113 MPV; P < 0.01) and 4 hours (LS
means, 99 MPV; 95% CI, 88 to 111 MPV; P < 0.01) compared to baseline Pl at 0 hour (LS
means, 83 MPV; 95% CI, 71 to 94 MPV). Pairwise comparisons of specific treatment-time
combinations identified a significant treatment effect at 2 (saline treatment LS means, 78
MPV; 95% CI, 67 to 90 MPV; P < 0.001), 4 (saline treatment LS means, 79 MPV; 95% ClI,
67-90 MPV; P < 0.001), and 6 hours (cerulein treatment LS means, 92 MPV; 95% CI, 80-
104 MPV vs saline treatment LS means, 77 MPV; 95% ClI, 66 to 89 MPV; P < 0.05).

AUC for cerulein treatment followed a time course similar to PI. Significant
interaction between treatment and time was detected for AUC (P < 0.05). A significant time
effect relative to 0 hour was identified at 4 hours (LS means, 19,700 MPV*s; 95% ClI, 16,200
to 23,100 MPV*s; P < 0.01) for cerulein treatment. Pairwise comparisons of specific
treatment-time combinations identified a significant treatment effect at 4 (saline treatment LS
means, 12,000 MPV*s; 95% CI, 8,600 to 15,500 MPV*s; P < 0.001) and 6 hours (cerulein
treatment LS means, 18,000 MPV*s; 95% CI, 14,600 to 21,500 MPV*s vs saline treatment
LS means, 12,600 MPV*s; 95% Cl, 9,100 to 16,000 MPV*s; P < 0.01).

TTW showed significant treatment and time interaction (P < 0.05). A significant
difference between the cerulein (LS means, 295 s; 95% ClI, 257 to 333 s; P < 0.05) and saline
treatment (LS means, 210 s; 95% CI, 172 to 248 s) at 4 hours was observed. For saline
treatment, significant time effect was found for Tp at 2 hours (LS means, 48 s; 95% Cl, 42 to
54 s; P < 0.05) when compared to 0 hour (LS means, 61 s; 95% CI, 55 to 66 s). No
significant differences were observed for TTU. Measured parameters for the duodenum did

not exhibit any significant differences for both saline and cerulein treatments.
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Figure 6. CEUS images of the transverse view of the right pancreatic lobe (p), and mucosa of
the descending duodenum adjacent to the right pancreas (d) (both outlined by dotted lines) at
peak enhancement in a representative dog (dorsal to the left, ventral to the right, medial to the
bottom, and scales in cm to the left). (A) Before cerulein treatment (0 hour). Image acquired
59 seconds after the start of contrast agent infusion showing non-homogeneous enhancement
of pancreatic parenchyma and duodenal mucosa. The pancreas is demarcated from the
adjacent liver (I). The CrPDA (a) and CrPDV (v) also are enhanced at this time. ROIs are
placed manually in the pancreatic parenchyma (solid box) and duodenal mucosa (dashed box)
to measure tissue intensity. (B) 2 hours after start of cerulein treatment. Image acquired 58
seconds after contrast agent infusion. The pancreatic parenchyma is more intensely enhanced
when compared to 0 hour. The CrPDA and CrPDV are more prominently enhanced and fine
capillaries (arrows) are visible. The swollen pancreatic parenchyma is separated by

interlobular fissures and subcapsular edema that were unenhanced.
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Figure 7. TICs showing the mean pixel intensity of the pancreatic parenchyma before (0 hour,
solid black line), 2 (dashed black line), and 4 hours (dashed gray line) after cerulein infusion
(n =6). The curves are of the similar shape, but are higher at 2 and 4 hours when compared to
0 hour. The wash-out at 4 hours is more gradual when compared to 0 and 2 hours. MPV,

Mean pixel value.
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Table 2. Least squares means (95% confidence intervals) obtained from the linear mixed model for measured parameters from TICs before (0

hour), 2, 4, 6, and 12 hours after saline and cerulein treatment (n = 6)

Measured Time (hour)
tlj;rﬁgncztteigsr,] Saline treatment Cerulein treatment
Pancreas 0 2 4 6 12 0 2 4 6 12
PI (MPV) 78 78 79 77 78 83 101 . 99 . 92 . 86
(66-90) (67-90) (67-90) (66-89) (66-90) (71-94) (89-113)*" (88-111)"~ (80-104)" (74-98)
AUC 12,200 13,100 12,000 12,600 12,700 14,000 17,000 19,700 18,000 15,300
(MPV*s) (8,800-  (9,700- (8,600- (9,100- (9,300- (10,600- (13,600- (16,200- (14,600-  (11,900-
15,700) 16,500) 15,500) 16,000) 16,200) 17,500) 20,500) 23,100)*° 21,500)°  18,800)
TTU (s) 18 16 18 20 19 15 14 18 17 17
(16-20) (14-18) (16-20) (17-22) (17-21) (13- 17) (12- 17) (16- 20) (14- 19) (15- 19)
o (s) 61 48 ; 64 60 56 58 56 60 60 58
(55-66) (42-54)" (58-69) (55-66) (50-62) (52- 64) (50- 61) (54- 65) (55- 66) (53- 64)
232 232 210 238 217 232 230 295 288 243
TTW (s) (192- (192- (171- (199- (177- (192- (191- (256- (250- (204-
271) 271) 249) 278) 256) 271) 269) 334) 326) 283)
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Duodenum 0 2 4 6 12 0 2 4 6 12
PI (MPV) 70 75 70 71 74 77 81 78 85 75
(55-79) (63-87) (57-82) (59-83) (62-86) (65- 89) (69- 93) (66- 90) (73-97) (63- 87)
AUC 9,000 9,900 9,000 10,100 10,000 11,700 11,000 12,300 13,300 11,500
(MPV*s) (6,000- (7,000- (6,000- (7,200- (7,000- (8,700- (8,000- (9,400- (10,300- (8,500-
12,000) 12,900) 12,000) 13,100) 12,900) 14,600) 14,000) 15,300) 16,200) 14,400)
TTU (5) 21 19 20 23 22 17 18 19 18 21
(17-23) (16-21) (19-23) (20-25) (19-24) (15- 20) (15- 20) (16- 21) (16- 21) (19- 24)
Tp () 63 58 62 65 61 62 51 57 60 59
(58-68) (53-63) (57-66) (60-70) (56- 66) (58- 67) (47- 56) (52- 62) (55- 65) (54- 64)
193 197 182 200 218 208 171 218 218 225
TTW (s) (144- (149- (134- (152- (170- (160- (123- (170- (170- ar7-
241) 245) 230) 248) 266) 256) 219) 266) 266) 273)

PI, Peak intensity; AUC, Area under the curve; TTU, Time to initial upslope; Tp, Peak time; TTW, Time to wash-out; MPV, Mean pixel value.
%Significant (P < 0.01) treatment effect.

bSignificant (P <0.05) treatment effect.

‘Significant (P < 0.01) time effect when compared to 0 hour.

ISignificant (P < 0.05) time effect when compared to 0 hour.
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4. DISCUSSION

AP was successfully induced in the present study. Quantitative CEUS detected
perfusion changes in the pancreas of dogs with cerulein-induced AP. Significant changes

were observed in the pancreas for the intensity parameters (PI, AUC), reflecting increased

18,31 18,31

blood volume,™ " within 2 to 4 hours post-infusion. As a function of blood flow velocity,
the time parameter TTW was prolonged at 4 hours post-cerulein infusion when compared to
saline control at 4 hours, and Tp was faster after 2 hours of saline infusion when compared to
baseline values (pre-saline treatment). The intensity parameters of the pancreas normalized to
baseline values (pre-cerulein treatment) within 10 hours after termination of cerulein infusion.
Although the duodenum showed mild corrugation on B-mode US, no changes in intensity or
time parameters were detected on CEUS.

Infusion of supraphysiological doses of cerulein results in the development of acute
edematous pancreatitis in many animal models including the dog.®****3%® This noninvasive
method produces consistent histologic and B-mode US findings within 2 to 4 hours of
infusion.**°2°3® |n the current study, these B-mode US findings were reproducible, and were
consistent with previous reports with changes seen most dramatically in the pancreas from 2
to 4 hours after cerulein treatment.

CEUS uses MB, which are blood-pool contrast agents. Although the capillary
network is not anatomically visible in CEUS, MB in the microvasculature can be perceived
as contrast-enhancement with echogenicity dependent on the amount of MB in the ROI.%°
CEUS provides real-time information corresponding with the perfusion dynamics of the
pancreas and disease progression in the AP patient.*? B-mode US provides useful information

on the appearance of the pancreas, but it is highly subjective and dependent on the
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assessment and experience of each ultrasonographer. Quantification of echogenicity on
CEUS using TIC provides additional objective assessment of the perfusional changes in the
pancreas.

In this study, the increased intensity parameters can be attributed to microvascular
changes seen in the inflamed pancreas. Previous studies showed that pancreatic
microvascular changes in cerulein-induced AP are seen within 2 hours of cerulein infusion,
and include gross reduction in the number of capillaries and dilatation of the remaining
microvasculature.”®®* In one study using scanning and transmission electron microscopy to
demonstrate microvascular derangements, capillaries with obliterated ends and irregular
arrangements were observed.”® Previous CEUS studies in both the human and veterinary
medical literature showed increased echogenicity in the inflamed pancreatic parenchyma.?*
Increased pancreatic PI in cerulein-induced AP could be due to accumulation of trapped MBs
in the obliterated ends of the capillaries in addition to MB flowing into the pancreas. Slower
wash-out of these trapped MB resulted in prolonged TTW and higher AUC values
corresponding with visually prolonged hyperechoic enhancement of the inflamed pancreas. In
the present study, the increase in intensity parameters therefore reflects the increased blood
volume in the inflamed pancreas that not only is due to hyperemia,®® but to some extent
congestion as evidenced by prolonged wash-out of the contrast agent. In contrast, saline
infusion did not increase pancreatic blood flow as demonstrated by unchanged values of the
intensity parameters, Pl and AUC.

In the present study, faster Tp at 2 hours post-saline infusion could be due to
increased pancreatic circulation from fluid therapy.®® In the pancreas of cerulein-induced AP,
Tp at 2 hours was slower than saline control, but did not differ from 0 hour (pre-cerulein
treatment). One would expect Tp to be delayed when compared to O hour (pre-cerulein

treatment) due to slower velocity of blood flow in dilated and tortuous blood vessels,®*
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because more time is needed for MB to accumulate to Pl. However, these effects could have
been countered by the simultaneous infusion of saline with cerulein.

In contrast to a previous report with no secondary duodenal lesions seen on B-mode
US, corrugation of the duodenum was seen at different times post-cerulein infusion in this
study. However, no changes in CEUS were seen in the duodenum for both intensity and time
parameters with cerulein or saline treatment although a similar pattern of decreased Tp was
seen at 2 hours post-saline infusion. This could be explained by the absence of
microcirculatory derangements in the duodenum from the local inflammatory effects of
pancreatitis, probably due to the short duration of cerulein infusion in the current study.
Presence of duodenal corrugation also is a non-specific US finding that could be present due
to various diseases such as pancreatitis, enteritis, or peritonitis.*® Furthermore, improvements
in US technology and presence of observer bias due to lack of blinding to treatments (saline
or cerulein infusion) may have contributed to detection of duodenal corrugations in this study.

A few limitations were present in the current study. Firstly, cerulein-induced AP only
results in a mild form of pancreatitis that does not lead to necrosis.***%*" This may explain
the difference between CEUS findings in the present study and those previously reported in
naturally occurring pancreatitis in dogs. The current study identified a hyperperfused
pancreas, whereas the previous study disclosed hypoperfused or non-enhanced lesions within
the pancreas.** The ultrasonographic appearance of interlobular edema in this pancreatitis
model also is not seen commonly in naturally occurring pancreatitis in dogs.>? This suggests
that this model may not completely reflect the pathogenesis of clinical pancreatitis, or that
animals rarely are presented this soon after the onset of inflammation. Additional research in
the application of CEUS in detecting naturally occurring pancreatitis and in differentiating
focal lesions in pancreatic cancer and mass-forming pancreatitis is warranted. Secondly,

because of the short time intervals between subsequent CEUS examinations, pancreatic
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biopsy could not be performed in the current study without causing more inflammation
therefore confounding the effects of cerulein treatment alone.

CEUS applications in abdominal tumors and pancreatic masses evaluate the
perfusional differences of the suspicious region from surrounding macroscopically normal
regions.**1%%:3%31 However, in pancreatitis, a visually normal pancreatic area for internal
control is difficult to identify. Thus, in this study, the descending duodenum was imaged with
the pancreas to determine its suitability as an internal control. No CEUS changes were
observed in the duodenum in this study. As reported in chapter 1, Pl of the canine pancreas is
only slightly higher than that of the duodenum on CEUS with continuous infusion of contrast
MB.* Thus, real-time visual comparison of the pancreatic parenchyma with the duodenal
mucosa for increased hyperechogenicity during the CEUS examination could be done.

In conclusion, CEUS can be used in the dog for detecting microvascular
derangements as a possible sign of pancreatic inflammation. Quantifying the intensity
parameters, namely Pl and AUC, as a function of blood volume can provide valuable
information in differentiating acute edematous pancreatitis from normal pancreatic tissue.

Cerulein-induced AP was characterized by prolonged hyperechoic enhancement on CEUS.

40



5. SUMMARY

In this chapter, the feasibility of using quantitative CEUS to detect pancreatic
perfusional changes in cerulein-induced AP in dogs was investigated. In cerulein-induced AP,
pancreatic Pl increased at 2 and 4 hours when compared to 0 hour, and at 2, 4, and, 6 hours
when compared to control. AUC increased at 4 hours when compared to 0 hour, and at 2 and
4 hours when compared to control. TTW was prolonged at 4 hours when compared to control.
For saline control, peak time was faster at 2 hours when compared to 0 hour. CEUS
parameters Pl and AUC can provide useful information in differentiating AP from normal
pancreas. Cerulein-induced AP was characterized by prolonged hyperechoic enhancement on

CEUS.
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CHAPTER 3

QUANTITATIVE CONTRAST-ENHANCED ULTRASONOGRAPHIC
ASSESSMENT OF NATURALLY OCCURRING PANCREATITIS IN

DOGS
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1. INTRODUCTION

Advanced diagnostic imaging modalities such as CT and magnetic resonance imaging
have been used to evaluate and characterize severity of pancreatitis in people.®® The use of
CT in the diagnosis of pancreatitis in dogs has been reported in a small number of dogs.**®
Recently, a new development in CT imaging called perfusion CT has shown usefulness in
detecting changes in pancreatic perfusion in various pathologies (including inflammation and
neoplasia) in people.®”® The usefulness of this technique has not yet been evaluated in
veterinary medicine. However, general anesthesia or deep sedation is needed for CT
examination in veterinary patients. CEUS, a less invasive diagnostic test, has been reported to
be comparable to CT in the assessment of AP in people.*

In the previous chapter, | have demonstrated the feasibility of using quantitative
CEUS to detect pancreatic perfusion changes in experimentally induced AP in dogs.
Experimentally induced AP is characterized by prolonged hyperechoic enhancement on
CEUS.”®

In chapter 3, | aimed to determine the feasibility of using quantitative CEUS to detect
pancreatic and secondary duodenal perfusion changes in naturally occurring canine
pancreatitis. It was hypothesized that quantitative CEUS could detect pancreatic and
secondary duodenal perfusion changes, as a possible sign for presence of inflammation in

naturally occurring pancreatitis in dogs. If this hypothesis were to be true, quantitative CEUS

would potentially be useful as a new diagnostic tool in diagnosing pancreatitis in dogs.
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2. MATERIALS AND METHODS

2.1. Patients

This study was performed with approval from the Hokkaido University Animal Care
and Use Committee. Twenty-three client-owned dogs that were presented to Hokkaido
University Veterinary Teaching Hospital between September 2011 and December 2013 for
pancreatitis were prospectively enrolled. Diagnosis of pancreatitis was based on 1) presence
of 1 or more acute clinical signs (< 2 weeks) (e.g., vomiting, anorexia, lethargy) and 1 or
more physical examination findings associated with pancreatitis (e.g., abdominal pain,
jaundice, dehydration), 2) abnormal pancreatic lipase immunoreactivity (Spec cPL > 400
ug/L), and 3) presence of 1 or more abdominal US findings consistent with pancreatitis (e.g.,
enlarged, irregular, hypoechoic pancreas with surrounding hyperechoic mesentery). Inclusion
criteria were: owner’s consent and unobstructed visualization of pancreas on US. Exclusion
criterion was presence of other primary diseases (e.g. gastrointestinal, hepatobiliary, urinary)
that may be responsible for the clinical signs.

To obtain reference parameters, data from 12 normal controls (including 8 normal
controls from chapter 1) were included. These laboratory-owned dogs (7 mixed-breed and 5
Beagle) were healthy based on physical examination findings, normal CBC and serum

biochemistry (including lipase and C-reactive protein), and abdominal US findings.

2.2 B-mode US and CEUS

2.2.1 Location
The clinician responsible for the case performed the B-mode US examination. A

different operator (LSY), who was not blinded to the US findings, performed the CEUS
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examination. CEUS was performed following at least a 6-hour fast. The location for CEUS
imaging was predetermined during the initial B-mode US. If the pancreatic abnormality was
generalized or localized to the right lobe, CEUS of the right pancreatic lobe was performed
using a right intercostal approach. The adjacent descending duodenum was imaged
simultaneously with the right pancreatic lobe, in a single US view, to investigate secondary
perfusion changes in the duodenum. If pancreatic abnormality was localized elsewhere

(pancreatic body or left lobe), CEUS of that area was performed instead.

2.2.2 Settings

B-mode US and CEUS settings are as detailed in chapter 1.

2.2.3 Contrast agent

MB contrast agent (Sonazoid®; Daiichi-Sankyo, Tokyo, Japan) at a dosage of 0.05
mL/kg diluted in 3 mL (dogs < 3 kg) or 5 mL (dogs > 3 kg) of saline was administered as a
continuous infusion over one minute as described in chapter 1. Scanning was performed for 5

minutes from the start of contrast agent infusion for generation of a TIC.

2.3 Quantitative analysis

A single operator (LSY) performed the quantitative analysis of the CEUS images as
described in chapter 1. One image per second for the first 2 minutes followed by 1 image at
an interval of every 10 seconds until 300 seconds from the start of MB contrast agent
infusion was analyzed. In each image, a ROI containing 300-600 pixels,*® was manually
placed in the pancreatic parenchyma and duodenal mucosa (if available) for measurement of
tissue intensity. TICs (Fig. 8) were created and perfusion parameters (time and intensity) as

described in chapter 2 were measured. AUC was measured over 300 seconds.
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2.4 Statistical analysis

Statistical analysis programs (JMP Pro 10; SAS Institute Inc., Cary, NC and SAS 9.2;
SAS Institute Inc., Cary, NC) were used for statistical analysis. Normality of data was
assessed using kurtosis and skewness. When distribution approached normality, measured
parameters of the pancreas and duodenum from dogs with pancreatitis and controls were
compared using Student’s t-test and Bonferroni correction was applied to account for
multiple comparisons. Non-normally distributed data were compared using Wilcoxon rank
sum test. Receiver operating characteristic (ROC) curves were constructed to determine the
optimal cutoff values for each measured parameter of the pancreas. To compare the
performance of these parameters, the area under the ROC curves (AUROC) were compared
using the method of DeLong.”* The most optimal cut-off value was determined by the one
with highest Youden's Index. The cutoff values obtained were applied and sensitivities and
specificities were calculated for each measured parameter. A P-value of < 0.05 was

considered statistically significant.
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3. RESULTS

3.1 Animals

A total of 23 dogs satisfying the inclusion criteria were recruited. Signalment of dogs
in the pancreatitis and control group is summarized in Table 3. Dogs in the pancreatitis group
were significantly older and weighed less than dogs in the control group (P < 0.001 and P =
0.0012, respectively). The most common clinical sign was anorexia or inappetence (21/23;
91%), followed by lethargy (19/23; 83%), vomiting (15/23; 65%), weight loss (11/19; 58%),
and diarrhea (13/23; 57%). Selected serum biochemistry results of dogs in the pancreatitis
and control group are summarized in Table 3. Ninety-one percent (21/23) of dogs had

concurrently increased lipase activity, C-reactive protein, and Spec cPL value > 400 pg/L.

3.2 B-mode US

Ultrasonographic abnormalities were observed in the right pancreatic lobe in 22 dogs,
body in 10 dogs, and left lobe in 6 dogs. The pancreatic parenchyma was diffusely
hypoechoic in 9 dogs, diffusely hyperechoic in 2 dogs, and inhomogeneous in 12 dogs. In
one dog, a hypoechoic area with irregular margin was observed within the pancreatic
parenchyma. 22 dogs had enlarged pancreas, 20 had irregular pancreatic margins, 10 had

hyperechoic peripancreatic mesentery, and 10 had duodenal corrugations.

3.3 CEUS findings

CEUS was performed at the right pancreatic lobe and adjacent descending duodenum
in 21/23 dogs, right pancreatic lobe only and pancreatic body in each of the remaining two
dogs. CEUS was performed without sedation in control dogs. In the pancreatitis group, six

dogs received analgesia as part of treatment for pancreatitis before CEUS. CEUS images of
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the pancreas in 20 dogs with pancreatitis and 12 control dogs were satisfactory, and were
included for quantitative analysis. CEUS images of the duodenum in 18 dogs with
pancreatitis and 9 control dogs were satisfactory, and were also included for quantitative
analysis. CEUS data from three dogs with pancreatitis were excluded from quantitative
analysis due to CEUS of insufficient quality (n = 2) and inability to visualize the pancreas
during the entire duration of CEUS (n = 1).

The TIC (Fig. 8) of the pancreas in the pancreatitis group differed from the control
group, and corresponded with perfusion changes observed visually. In the control group, the
craniopancreaticoduodenal artery was enhanced first, followed by the pancreatic parenchyma,
and then duodenal mucosa. Contrast wash-in to Pl was gradual, followed by a plateau, and
then a slow wash-out was observed. In the pancreatitis group, this order of enhancement was
unchanged. However, contrast wash-in to Pl was delayed. The pancreatic parenchyma was
intensely enhanced for a longer period of time, resulting in a slower wash-out. In some dogs,
fine pancreatic capillaries within the pancreatic parenchyma were more prominently
enhanced when compared to control dogs. (Fig. 9A). The duodenum, which was
simultaneously imaged with the pancreas, was also more intensely enhanced with a
prolonged wash-out in dogs with pancreatitis compared to control dogs. Visually, PI of the
duodenum was not different from the pancreas.

In four dogs, non-enhancing lesions suggestive of areas of necrosis were observed
(Fig. 9B). A single non-enhancing lesion was seen in two dogs, while multiple non-
enhancing lesions were observed in the remaining two dogs. However, histopathology
confirmation was not available in this study. Dimensions of these non-enhancing lesions on
CEUS were smaller in two dogs, similar in one, and larger in one when compared to the

corresponding hypo- to isoechoic pancreatic area on B-mode US.
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3.4 Statistical analysis

Values of measured parameters, reflecting pancreatic and duodenal perfusions are
summarized in Table 4. For the pancreas, Tp of the pancreatitis group was significantly
prolonged when compared to control group (P < 0.001). TTW prolonged in the pancreatitis
group but was not significant (P = 0.47). Pl and AUC were also significantly increased when
compared to control group (P < 0.01 and P < 0.05, respectively). For the duodenum, PI and
AUC were significantly increased when compared to control group (P < 0.01 and P < 0.05,
respectively).

Table 5 shows the results of the ROC analysis. Tp produced the highest value for the
area under ROC curve (AUROC) followed by Pl and AUC. Cutoffs were determined based
on the ROC curves. Tp > 48 s resulted in sensitivity value of 90% and specificity value of
83% in detecting presence of pancreatitis. P1 > 87 MPV resulted in sensitivity value of 80%

and AUC > 13,700 MPV*s resulted in specificity value of 83%.
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Figure 8. TICs showing the mean pixel intensity in the pancreatic parenchyma of pancreatitis
group (solid black line, n = 20) and control group (dashed black line, n = 12). TIC of the
pancreatitis group is similar in shape, but is higher in intensity, and peaked at a later time
when compared to control group. The wash-out is also more gradual in the pancreatitis group.

MPV, Mean pixel value.
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Figure 9. CEUS images of the transverse view of the right pancreatic lobe (p) and mucosa of
the descending duodenum adjacent to the right pancreas (d) (both outlined by dotted lines) in
2 representative dogs with pancreatitis (dorsal to the left, ventral to the right, medial to the
bottom, and scales in cm to the left). (A) Image acquired at 69 s after start of contrast agent
infusion showing the pancreas at PI. The pancreas is swollen with irregular outlines, and is
enhanced non-homogeneously. Apart from the CrPDV (v) normally seen, fine pancreatic
capillaries are also more prominently enhanced (arrows). Clinical signs of vomiting ceased
and activity improved after 4 days of hospitalization and medical therapy. Lipase activity
returned to normal range within 10 days. (B) Image acquired at 67 s after start of contrast
agent infusion showing 2 non-enhancing lesions (arrowheads) in the pancreatic parenchyma.
This dog recovered from the acute episode of pancreatitis and was discharged after 10 days of
hospitalization and medical therapy. However, lipase activity and C-reactive protein did not

return to normal ranges until 46 and 25 days, respectively.
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Table 3. Signalment and selected variables from serum biochemistry of dogs in pancreatitis and control group

Signalment Pancreatitis group (n = 23) Control group (n =12) P-value®
Age (years old)® 11 (4-19) 2(1-7) <0.001
Body weight (kg)? 4.6 (1.3 -19.3) 12.8 (9.5 - 18) 0.0012
Sex SM,7F 5CM,6 SF 6M,6F NA
Breed Miniature Dachshund (n = 4), Papillon (3), Mixed-breed (n = 7) and Beagle (5) NA

Maltese (2), Miniature Schnauzer (2),

Chihuahua (2), Pembroke Welsh Corgi (2),

Pomeranian (2), Mixed-breed (2), American

Cocker Spaniel (1), Yorkshire Terrier (1),

Basset Hound (1), and Toy Poodle (1)
Lipase®® (RI: 0 — 160 1U/L) 855 (244 — 1000) 36 (18 - 75) <0.001
C-reactive protein*® (RI: 0 - 1 mg/dL) 6.8 (0 - 20) 0.1 (0-0.6) < 0.001
Spec cPL* (RI: <200 pg/L) 732 (418 — 1000) NA NA

M, Male; F, Female; CM, Castrated male; SF, Spayed female; NA, Not applicable; R1, Reference interval
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®Values expressed as median (range)

®\/alues above upper detection limit are expressed as 1000 IU/L.
“Values above upper detection limit are expressed as 20 mg/dL.
%Values above upper detection limit are expressed as 1000 pg/L.

*Based on the comparison of pancreatitis and control group using the Wilcoxon rank sum test.
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Table 4. Mean * standard deviation of pancreatic and duodenal perfusion parameters measured from TIC of dogs from pancreatitis and control

group
Pancreas Duodenum
Measured parameters Pancreatitis group Control group P-value® Pancreatitis group Control group P-value®
(n =20) (n=12) (n=18) (n=9)
TTU (s) 19+ 4 19+ 4 1.00 21+4 22+ 3 1.00
Tp (5) 62+ 11 39+ 13 <0.001 61+9 50 + 15 0.13
TTW (s) 268 + 69 228 + 47 0.47 246 + 69 203 + 32 0.53
Pl (MPV) 95+15 78 +£13 0.009 94 +14 74+10 0.005
AUC (MPV*s) 14,900 + 3,400 11,000 + 2,800 0.013 14,000 + 4,000 9,700 + 2,000 0.045

TTU, Time to initial up-slope; Tp, Peak time; TTW, Time to wash-out; MPV, Mean pixel value; Pl, Peak intensity; AUC, Area under the curve

®Based on the comparison of pancreatitis and control group using Student’s t-test and Bonferroni correction to account for multiple comparisons.
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Table 5. Area under the ROC curves (AUROC) and their 95% confidence intervals (95% CI) for the pancreatic perfusion parameters

Measured parameters AUROC (95% ClI) Cutoff value Sensitivity (95% CI) Specificity (95% CI)?
TTU (5) 0.50 (0.29 — 0.71) > 18 65 (43 - 82) 50 (25 — 75)
Tp (s) 0.92 (0.82 — 1.00) > 48 90 (70 - 97) 83 (55 — 95)
TTW (s) 0.64 (0.44 — 0.83) > 250 65 (43 — 82) 67 (39 - 86)
PI (MPV) 0.82 (0.67 - 0.97) > 87 80 (58 — 92) 75 (47 - 91)
AUC (MPV*s) 0.81 (0.65 — 0.96) > 13,700 70 (48 — 85) 83 (55 — 95)

TTU, Time to initial up-slope; Tp, Peak time; TTW, Time to wash-out; MPV, Mean pixel value; Pl, Peak intensity; AUC, Area under the curve

®Numbers expressed as percentages.
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4. DISCUSSION

CEUS is an effective and noninvasive method for quantification of pancreatic
perfusion as demonstrated in chapters 1 and 2. In this chapter, CEUS was able to detect
pancreatic perfusion changes in naturally occurring pancreatitis, as demonstrated by the
differing TICs. Measured parameters Tp, Pl and AUC of the pancreas were significantly
different from normal controls. Quantification of these parameters enabled differentiation of
dogs with pancreatitis from controls. Concurrent secondary duodenal perfusion changes were
also observed in the pancreatitis group.

Visually, the pancreas of dogs in the pancreatitis group took a longer time to reach
higher PI, and remained contrast-enhanced longer. The duodenum also showed similar
patterns of increased echogenicity on CEUS. These visual changes may be subtle in some
cases, and assessment depends on subjective impression by the examiner. Therefore, visual
assessment is greatly affected by inter-observer variations or presence of bias. Quantifying
the perfusion using TIC and measured parameters provides objective analysis to pancreatic
perfusion.'3

In the current study, pancreatic perfusion parameters Pl and AUC of the pancreatitis
group were significantly higher than controls. This was consistent with findings in chapter 2
on cerulein-induced AP in dogs. Additionally, Tp was also significantly delayed in the
pancreatitis group. TTW of the pancreatitis group was also prolonged but was not significant.
Perfusion changes were also observed in duodenum of dogs in the pancreatitis group. Pl and
AUC were significantly increased when compared to controls. This is in contrast with results
previously reported in chapter 2, where no perfusion changes secondary to pancreatitis were

observed in the duodenum. Perfusion changes seen in this study could be due to the presence
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of microcirculatory derangements in the duodenum from local inflammatory effects of
pancreatitis, which was not present in experimental pancreatitis (chapter 2) due to the short
period of pancreatic insult, but present in naturally occurring pancreatitis.

In particular, measured parameters Tp, PI, and AUC of the pancreas produced the
highest AUROC (Table 5). Applying specific cutoff obtained from the ROC curve for Tp
enabled detection of pancreatitis with good sensitivity and specificity, while Pl and AUC had
good sensitivity and specificity, respectively.

As explained in chapter 2, these changes observed in pancreatic perfusion parameters
might be associated with microvascular changes seen in the inflamed pancreas.®® PI was
increased due to built-up of MB within obliterated ends of capillaries and slower wash-out of
these MB lead to prolonged TTW and increased AUC in this study. Delayed Tp might be
associated with the dilated and tortuous capillaries that resulted in more time required for MB
to accumulate to PI.

In four dogs, non-enhancing pancreatic parenchymal lesions were identified on CEUS.
The enhancement characteristics of these lesions (non-enhancement) on CEUS suggest areas
of pancreatic ischemia or necrosis instead of neoplasia such as pancreatic insulinoma (hypo-
enhancement or hyper-enhancement) or adenocarcinoma (hypo-enhancement).?>%"%
However; histopathological confirmation was not available in this study. Although
development of pancreatic necrosis reflects poor prognosis in human patients with AP,*
patient prognosis was good in the present study. All four dogs survived and recovered from
pancreatitis with admission into the intensive care unit and appropriate medical therapy. A
recent study on CEUS of dogs with AP also reported good prognosis in patients with non-
enhancing pancreatic lesions.®* This could be due to recruitment of patients with milder
forms of pancreatitis in the present study, or differences in the disease process between

humans and dogs.
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Perfusion change of the duodenum secondary to pancreatitis was also investigated in
this study. As demonstrated in chapter 1 (study of CEUS of normal dogs), the Pl of the
pancreas and duodenum was almost equal. In contrast with results from chapter 2
(experimentally induced AP), where no secondary CEUS changes were detected in the
duodenum, perfusion changes were detected in this study. Since both organs were more
intensely enhanced in dogs with pancreatitis, real-time visual comparison during CEUS
examination was not feasible. Therefore, quantitative analysis of duodenal enhancement on
CEUS, and subsequent comparison with control group should be performed for objective
comparison. In cases where perfusion of the pancreatic parenchyma and duodenum increase
concurrently, without presence of primary gastrointestinal disease, suspicion of pancreatitis
should also increase.

CEUS was possible in 20/23 (87%) dogs in this study and can be performed relatively
easily following B-mode US exam. However, in this study CEUS images were not
satisfactory in three dogs. One dog was uncooperative midway during CEUS exam and
excessive patient movement was encountered. In another dog, duodenal gas obscured
pancreatic imaging during CEUS. In the last dog, overall poor enhancement of abdominal
organs were observed, resulting in images that were of insufficient quality for analysis.

A few limitations were present in this study. Firstly, this sample was derived from a
single institution resulting in a small sample size. Secondly, dogs enrolled into this study
comprised mainly of small- to medium-sized dogs, which differed from the control group.
This limitation was due to overrepresentation of small- to medium-sized dogs among
Japanese pet-owners, or that smaller dogs are more likely to develop pancreatitis.
Additionally, dogs in the pancreatitis group were significantly older than the control group.
Although differences in size and age can influence perfusion of the pancreas, the changes

observed in the pancreatitis group in this study were paradoxical to perfusion pattern changes
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in older patients and smaller-sized dogs. Pancreatic perfusion decreases with age in people,
while smaller-sized dogs typically show faster Tp than medium-sized dogs.*® Thus, the
perfusion changes seen in this study could be due to the underlying pancreatic pathology.
Thirdly was the lack of histopathology for the definitive diagnosis or classification of
pancreatitis. Histopathology to rule out mild enteropathy that could have influenced duodenal
perfusion was also lacking. Although only dogs with acute onset of clinical signs were
enrolled into this study, differentiation of dogs with acute, chronic or acute-on-chronic
pancreatitis cannot be made based on clinical signs.*®> The possible mixture of these cases
may be the reason why there was an overlap in some the measured parameters and the
differences were not as clear as demonstrated in chapter 2. In the previous chapter, perfusion
changes were observed on CEUS acutely after pancreatic insult and returned to baseline
values with time. In this chapter, because patients were presented to the hospital at various
times after first showing clinical signs, CEUS was inevitably performed at different stages of
pancreatic inflammation. Fourthly, clinicians on these cases had different levels of experience,
resulting in varying abilities to visualize the pancreas on US, as well as ruling out presence of
other diseases contributing to clinical signs and biochemical changes. Fifth was the lack of
Spec cPL results in control dogs to rule out presence of mild or subclinical pancreatitis.
Nevertheless, dogs were clinically healthy and did not show any clinical signs suggestive of
pancreatitis before or after CEUS studies were carried out.

Additional research with histological diagnosis and classification of types of
pancreatitis is warranted, however this is always difficult in clinical settings where biopsy
samples are often not obtained. CEUS may also be potentially useful in monitoring disease
progression; therefore future research should include comparison of pancreatic perfusion
before and after treatment. It is also important to investigate how well CEUS can differentiate

dogs with similar clinical signs but with nonpancreatic disease from dogs with pancreatitis.
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Further study is also needed to clarify superiority of CEUS to conventional B-mode US in the
diagnosis of canine pancreatitis, especially in cases where abnormal pancreatic lipase
immunoreactivity is present, but pancreatic appearance on B-mode US is insignificant.

In conclusion, CEUS can be used in the dog for detecting pancreatic perfusion
changes as a possible sign of pancreatic inflammation in naturally occurring pancreatitis.
Naturally occurring pancreatitis was characterized by a delayed increase to Pl and prolonged
hyperechoic enhancement on CEUS. Quantifying the pancreatic perfusion parameters can
provide objective and valuable information in differentiating dogs with pancreatitis from
normal dogs. When secondary perfusion changes occur concurrently in the duodenum,
without primary gastrointestinal disease, suspicion for presence of pancreatitis should
increase. Quantitative CEUS may be useful as a noninvasive diagnostic tool in the diagnosis

of naturally occurring pancreatitis in dogs.
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5. SUMMARY

In this chapter, feasibility of using quantitative CEUS to detect pancreatic and
duodenal perfusion changes in naturally occurring pancreatitis in dogs was investigated.
Differences in perfusion parameters were present between pancreatitis and control group. For
the pancreas, Tp of the pancreatitis group was significantly prolonged when compared to
control group. TTW was also prolonged but was not significant. Pl and AUC were increased
significantly when compared to control group. For the duodenum, Pl and AUC were
significantly increased in pancreatitis group when compared to control group. CEUS can
detect pancreatic perfusion changes in naturally occurring pancreatitis and may be useful as a
noninvasive diagnostic tool. Naturally occurring pancreatitis was characterized by delayed
peak with prolonged hyperechoic enhancement of the pancreas on CEUS. Additionally,

duodenal perfusion changes secondary to pancreatitis were also observed.
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GENERAL CONCLUSION

The goal of this study was to determine the feasibility of using quantitative CEUS in
the diagnosis of canine pancreatic disease, in particular pancreatitis. The findings of the
present study suggest that quantitative CEUS can be used to image the canine pancreas and is
useful in detecting pancreatic perfusion changes as a possible sign of pancreatic inflammation.
The findings were consistent in experimentally induced pancreatitis, as well as naturally
occurring pancreatitis in dogs.

In chapter 1, | have characterized the image enhancement of the normal canine
pancreas using two methods of MB administration (bolus injection and continuous infusion).
I have also assessed if continuous infusion method can prolong the duration of pancreatic
enhancement over that with bolus injection. The contrast-enhancement of the pancreas was
characterized by a fast wash-in to an intense peak, and followed by rapid wash-out, when
given by bolus injection. With continuous infusion, contrast wash-in to Pl was gradual,
followed by long plateau and slow wash-out. Median contrast-enhancement duration of the
pancreas was significantly prolonged by continuous infusion. Thus, | was able to demonstrate
that CEUS could be used to image the canine pancreas, and that prolonged continuous
imaging was made possible by the continuous infusion method.

In chapter 2, | have investigated the feasibility of using quantitative CEUS to detect
pancreatic perfusional changes in cerulein-induced AP in dogs and to describe the patterns of
change over time. Briefly, six dogs were infused with saline and cerulein, at 2 weeks apart,
and CEUS of the pancreas and duodenum were performed before, and at 2, 4, 6, and 12 hours
after each infusion. Pancreatic perfusion after induction of AP with cerulein was compared to
saline controls (before and after saline infusion) as well as before cerulein infusion. In

cerulein-induced AP, pancreatic Pl increased at 2 and 4 hours when compared to 0 hour, and
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at 2, 4, and, 6 hours when compared to control. AUC increased at 4 hours when compared to
0 hour, and at 2 and 4 hours when compared to control. TTW was prolonged at 4 hours when
compared to control. No perfusion changes were seen in the duodenum. Thus, | was able to
demonstrate feasibility of CEUS in detecting pancreatic perfusion changes in the
experimental form of pancreatitis. In particular, intensity parameters Pl and AUC can provide
useful information in differentiating AP from normal pancreas. Cerulein-induced AP was
characterized by prolonged hyperechoic enhancement on CEUS.

In chapter 3, | have investigated the feasibility of using quantitative CEUS to detect
pancreatic and secondary duodenal perfusion changes in naturally occurring pancreatitis.
Between September 2011 and December 2013, dogs presented to Hokkaido University
Veterinary Teaching Hospital and diagnosed with pancreatitis were prospectively enrolled.
CEUS of the pancreas and duodenum were performed and measured parameters were
compared to normal controls. Differences in perfusion parameters were present between
pancreatitis and control group. For the pancreas, Tp of the pancreatitis group was
significantly prolonged when compared to control group. TTW was also prolonged but was
not significant. Pl and AUC were increased significantly when compared to control group.
For the duodenum, Pl and AUC were significantly increased in pancreatitis group when
compared to control group. CEUS can detect pancreatic perfusion changes in naturally
occurring pancreatitis and may be useful as a noninvasive diagnostic tool. Naturally
occurring pancreatitis was characterized by delayed peak with prolonged hyperechoic
enhancement of the pancreas on CEUS. Additionally, duodenal perfusion changes secondary
to pancreatitis were also observed.

Future study plans should include a bigger population, with multiple institution
involvement for validation of these CEUS data. Additional research with histological

diagnosis and classification of types of pancreatitis is also needed. Apart from that, CEUS
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may also be potentially useful in monitoring disease progression; therefore future research
should include comparison of pancreatic perfusion before and after treatment. It is also
important to investigate how well CEUS can differentiate dogs with similar clinical signs but
with nonpancreatic disease from dogs with pancreatitis. Further study is also needed to
clarify superiority of CEUS to conventional B-mode US in the diagnosis of canine
pancreatitis.

In conclusion, through this study | was able to establish a suitable CEUS protocol for
pancreatic imaging and have characterized normal CEUS findings in the canine pancreas.
CEUS was able to detect pancreatic perfusion changes both in experimentally induced and
naturally occurring pancreatitis with high sensitivity and specificity. CEUS is potentially

useful as a new diagnostic tool in diagnosing naturally occurring pancreatitis in dogs.
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