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Summary

Aim. The aim of the present doctoral thesis was touatalthe use of multidetector row
computed tomography as new non invasive methodhe dssessment ah vivo
abdominal vascular anatomy in dogs. Normal anatmhyabdominal vessels, their

variants, and the congenital anomalies were astesse

Background. Conventional and helical computed tomography Hseen used for cross-
sectional anatomy of the abdomen and liver vascdéscriptions in dogs. We first
described the use of multidetector-row computed ognaphy in small animals.
Multidetector row computed tomography representsbraakthrough in computed
tomography technology, providing a substantial gairperformance in comparison to
previous technologies. Multidetector row can pdevvolumetric original data sets. With
proper workstations, these data can be viewed ilinv®rendered mode, creating

excellent three-dimensional maps of the vessels.

Methods. This thesis included 1437 dogs underwent mukicter row computed
tomography of the abdomen for clinical purposéaenty of these dogs presenting no
abnormal findings in the abdomen were used forrit@ag the normal vascular anatomy.
Variants and vascular anomalies were recorded. Aiotld multidetector row protocols
have been adapted to the clinical circumstanced, iacluded non-angiographic and
angiographic studies. Images were evaluated anckegsed initially on two-dimensional

multiplanar images to visualize the vascular stieg from all points of view.



Transverse views were always reviewed together wabittal and dorsal views. To
enhance depiction of normal anatomy, anatomicalamts, and pathologies, three-
dimensional images were created on a free-standingkstation, each time with

emphasis on the selected vessel or vascular system.

Results. The most immediate issue of the present study Wwas rmultidetector row
computed tomography allows detailadvivo imaging of the abdominal vasculature in
dog. Normal vasculature, variants, and anomalies lz=a easily recognized. Over the
course of this study, we identified various arteaiad venous congenital anomalies, viz.
arterioportal fistulas, arteriovenous fistula, dedted lumbar artery, dislocated caudal
vena cava, “double caudal vena cava”, congenit@rrimption the caudal vena cava
and/or the portal vein, azygous continuation of tadal vena cava, and various
portosystemic connections. These included portaaz\gihunts (from right gastric, left
gastric, and splenic veins to the azygos vein) gordocaval shunts (from right gastric,
left gastric veins to the caudal vena cava pretiegdaepatic, and post-hepatic segments,
and from left or right portal branch to the hepatgment of the caudal vena cava). Some

of these anomalies have been not previously regpanteeterinary literature.

Conclusions. Multidetector row computed tomography can be aefulstool for

educational support, providing accurate mappingirmgfividual venous and arterial
anatomy and variations. Post processed volume reddimages from living animals can
be used instead of specimens. Knowledge of indalidwariations is of clinical
importance for pre-operative imaging of the abdomBtorever, multidetector row
examinations can provide additional detailed infation in patients with radiographic or

ultrasonography patterns of abdominal vasculardess.



Sommario

Scopo del lavoro.Lo scopo di questa tesi di dottorato e’ di valutbwilizzo della
tomografia computerizzata multidetettore come metaoh invasivo per lo studio vivo
della anatomia vascolare delladdome nel cane. State studiate 'anatomia normale, le

sue varianti e le anomalie vascolari di originegemita.

Premessa.La tomografia assiale computerizzata e la tomoarafpirale sono state
impiegate per la descrizione della anatomia tonfagralel’addome e per la descrizione
della vascolarizzazione epatica del cane. Noi pemprima volta abbiamo descritto
limpiego della tomografia computerizzata multidetee nei piccoli animali. La

tomografia computerizzata multidettore e’ una egmne tecnologica importante nel
campo della tomografia, che ha portato notevolgpessi e nuove possibili applicazioni,
rispetto alle precedenti tecnologie. La tomografanputerizzata multidetettore puo’
fornire dati volumetrici del paziente in esame. Quealati, elaborati in apposite
workstation, possono essere visualizzati in modatimensionali, che consentono la

creazione di mappe vascolari ad elevato dettaglio.

Metodi. Questo studio e’ stato eseguito su 1437 canbposti ad esame tomografico
delladdome per diverse ragioni cliniche. Venti gliesti cani, che non avevano segni
riferibili a patologie delladdome, sono stati i##ati per la descrizione della anatomia
vascolare normale. Sono state registratedrianti e le anomalie vascolari. | protocollr pe
'esame delladdome sono stati adattati alle esigediniche ed includono sia esami

angiografici che non-angiografici. Le immagini sostate valutate inizialmente in



modalitd bidimensionale multiplanare, per visuaizz le strutture vascolari secondo
diversi piani. La vista trasversa e’ stata sempaiitata insieme a quella sagittale e
dorsale ed ogni altro piano obliquo utile alla iptetazione del corso del vaso. Per
meglio visualizzare la anatomia normale, le variarle anomalie, sono state create delle
mappe tridimensionali utilizzando una apposita wtakon, di volta in volta

enfatizzando la struttura vascolare in esame.

Risultati. Il primo importante risultato che emerge da quesidlio e’ che la tomografia
computerizzata multidetettore permette la dettegligisualizzazione ni vivo della
vascolarizzazione addominale del cane. La vaseakione normale e le sue varianti
individuali possono essere riconosciute con facilMel corso di questo studio abbiamo
identificato e descritto varie anomalie congenitel distema arterioso e venoso
dell’addome, in particolare fistole arterovenosgeraportali, dislocazione delle arterie
lombari, dislocazione della vena cava caudale,.da \wena cava doppia, I'interruzione
congenita della vena cava e/o della vena portaptdinuazione della vena cava nella
vena azygos, oltre a varie connessioni anomald si&stema portale e la circolazione
sistemica. Tra queste ultime, gli shunt portoazy@asle vene gastrica destra, sinistra o
la vena splenica e la vena azygos) and gli shurtoavali (tra le vene gastrica destra,
sinistra ed i segmenti pre-epatico, epatico o ppstico della vena cava caudale, oppure
tra la branche portali sinistra e destra ed itdrapatico della vena cava caudale). Alcune

di queste anomalie non erano mai state descritteagn medicina veterinaria.

Conclusioni. La tomografia computerizzata multidetettore pwsSeee un importante
strumento per la didattica, perché in grado diifermlettagliate mappe dell’anatomia

normale e delle sue varianti individuali. | modellblumetrici che si ottengono



processando dati ottenuti su animali vivi, posssostituire i modelli artificiali o ottenuti
tramite casting vascolare. La conoscenza dell’an@onormale e delle varianti
individuali e’ di grande rilevanza clinica in cadgo pazienti da sottoporre a procedure
interventistiche o chirurgie addominali. Inoltrea Itomografia computerizzata
multidetettore puo fornire informazioni piu dettage in quei pazienti che abbiano

evidenza radiografica o ecografica di una patolegscolare addominale.
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1.1 COMPUTED TOMOGRAPHY BASIC PRINCIPLES

Computed tomography (CT) was introduced in theyeafl70s and was the first non-
invasive radiological method allowing the genenatiof tomographic images of the
human body without superimposition of adjacentctees.CT was probably the first
tomographic technique combining computer calcutafgmwer with medical imaging,
thus starting the era of digital imaging. Computedhography is based on X-ray
densitometry and uses the same basic physics asemmmnal radiographyAs a
collimated high-kilovolt X-ray beam penetrates tpatient's body, fractions of the
original beam are absorbed while others pass throlige absorption of X-rays within
the body is directly proportional to the lineareattation coefficient of the different
tissues, nearly corresponding to their electronsienThe attenuation data of each
volume element of the patient obtained from thodsaof different projection angles are
calculated from a computer using a mathematicatge® (HOUNSFIELD 1973Each
volume element or voxel is displayed on the morapicture element or pixel in shades
of gray in a two-dimensional digital image matrtach pixel represents then the surface

element of the correspondent volume element withgpatient.

The computer assigns to each pixel a CT numberoonbfield Units (HU) that represent
the mean value of the attenuation values within \theel. The Hounsfield Units of

tissues are related to the attenuation of watet ih 0 HU. On this assumption, the
Hounsfield Unit scale has about 2000 gray leveisging from + 1000 for compact bone

to — 1000 for air, from white to black (CITTADING. 2002, PASSARIELLO R. 2005).
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The human eye can only differentiate 20-50 differlenels of gray, depending on the
ambient light of the reading room. If all the grggs least 2000) within the image would
be represented, the operator could not distingtnistdifferent tissues, due to the lack of
contrast resolution. To maximize the perceptiontlod differences, images can be
digitally processed to meet a variety of visual@matrequirements. The operator can then
open a “window” more or less wide (window width)oay the Hounsfield scale,

including only a small number of gray levels (wimdtevel) (Fig.1).

The attenuation values of various normal and patiioltissues have been described in
humans as well as in veterinary medicine (DROSHBIe2004, ISIOKA et al. 2005,
BERTOLINI et al. 2006a, BERTOLINI et al. 2008, TABMNS et al. 2008). It is
important to know that CT numbers may vary littléhathe change depending on the
type of scanner, the scanning algorithm, the cehtraedium etc. (BERRY 2002,
KALENDER 2005) There are several reports suggedtiifigrent window settings in
small animals and their effects on diagnostic aetyafor CT characteristics associated
with different conditions (TROMBLEE et al. 2007, RIEMMA et al. 2007,

CARDOSO et al. 2007, RIVERO et al. 2008).
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Fig. 1. Hounsfield scale. Values of water (0 HU), bone(@Q), and air (-1000) are reported. Bone,
calcifications, and contrast media within the véssave high density value and appear white, hygrese
or hyperattenuating. Fat is generally negativedtlu® or hypodense or hypoattenuating, but less ltiramn
tissue containing air. Most soft tissues have paslow-density values. Optimization of window $egs is

crucial to visualize their characteristics.

1.2 COMPUTED TOMOGRAPHY TECHNOLOGY

Components of a computed tomography scanner ar¥-tag tube generating the high-
power X-ray beam, and the receiving system formgddétectors. The tube-detector

system is placed into a ring callgdntry (Fig. 2). The overall performance of a CT
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system depends on several key components. Thekglenthe X-ray source; a high-
powered generator, detector, and detector elecgpdata transmission systems, and the
computer system for image reconstruction and méatipn. Modern CT systems
generally use solid-state detectors. Each detettonent consists of a radiation-sensitive
solid-state material (such as cadmium tungstatelolgaum-oxide, or gadolinium
oxisulfide), which converts the absorbed X-ray® witsible light (PASSARIELLO 2005,

FLOHR et al. 2005).

X-ray tube

4

Collimated X-ray
fan-shaped beam

Gantry

Patient table

¢3 Detectors

Fig. 2. Schematic representation of a computed tomograpsteim. X-y is the transverse or axial plane,

that crosses the patient body. Z is the longituditene, along the patient body.

Since the 1970s four different generations of seesmave been developed. The third
and fourth generations are still in use in vetagnaractice (OLERTH and SHARF
2007). The third generation uses a wide fan-shapeain falling in a larger array

containing many detectors. The fourth generatioanser has a stationary ring of
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detectors, while the tube alone rotates aroung#ient. The patient table doesn’'t move
during the scan. These generations of scannerpegraized from electrical cables that
don’t allow one-way rotations around the patierite Tube-detector array system moves
then in a rotate-rotate (clockwise-anticlockwiseediions) mode around the patient (Fig.
3a). The examination volume has to be covered bgesguent transverse scans in a “step
and shot” mode. Time to relocate the cables aneératichnical factors make these
scanners prone to artifacts from patient movemmgcalibration or failure of one or
more detectors (KALENDER et al. 1990, KALENDER et 4994, WANG and

VANNIER 1994, PROKOP 2006).

Multidetectorrow CT

Fig. 3. Schematic representation of various CT systems.

a) Il generation scanner. Arrows indicate the rotatexte modality of tube-detectors system.
The patient table doesn’t move during the scans.

b) Spiral or helical CT. The tube-detectors system &soin a one-way continuous rotation
within the gantry. The rotation time is generallgdc. Most recent helical CT scanners can
reach rotation times of 0.7 sec The arrow meaaisttie table moves during the scans.

C) Multidetector row CT scanner (MDCT). The tube-détes system rotates fast within the
gantry. Most recent MDCT scanners have thousandietectors with isotropic resolution.
The rotation time is 0.5 — 0.27 sec. dependinghentype of scanner. The table moves fast

during the scans.
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The continuous one-way rotation of the tube-detesistem around the patient only
became possible with the invention of the slip-riaghniques in the late 1980s, which
eliminated the need to rewind the gantry after gatation and enabled continuous data
acquisition during subsequent rotations. In eafl9dk the helical or spiral CT was then
introduced (CRAWFORD and KING 1990). With the spi&¥, the patient is scanned
with a rotating tube-detector system while the @atshnsports the patient through the
gantry, along the longitudinal directianThe tube-detector system takes then an helical

or spiral path around the patient, while the detectollect the data (Fig. 3b).

The transverse planey actually consists of a slice of the volume in exaith a third
dimension in the longitudinal direction corresponding in the spiral CT to the slice
thickness (Fig. 4). Ideally, volume data shouldidmropic in nature, meaning that each
voxel should be of equal dimensions in all threatigh axes X-y-z), allowing the image
to be displayed in arbitrarily oriented imaging n@a (isotropic resolution). With spiral
CT the ideal isotropic resolution can only be achdk for very limited scan ranges
(KALENDER 1995). For most clinical applications,irgh CT is unable to fulfill this
prerequisites of spatial resolution. If a largersnge (thorax and/or abdomen) has to be
covered, a thick collimated slice width must beduso complete the scan in a certain
timeframe to avoid motion artifacts (generally in sngle breath-hold). A thick
collimation results in a considerable mismatch leevthe transverse resolutioay(

plane) and the longitudinal resolutios) (FLOHR et al. 2005).
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Fig. 4. Schematic representation of a the same volume eemimwvith spiral CT (A) or MDCT (B). The
volume in exam is composed of thousands volume atésn(voxels). The image on the screen (on the
right) is a matrix of two-dimensional picture elame (pixels). The computer assigned a CT number
(Hounsfield Unit) to each pixel, that is in factethmean attenuation value of each point within the
corresponding voxel. The corresponding level ofygrha pixel is the sum of the gray levels withirat
voxel. The smaller the voxel (or thinner the sljdap higher the spatial resolution of the studlyln spiral

CT planes x-y and z are unequal. The anisotropieivtesults in a considerable mismatch between the
transverse resolutionx- plane) and the longitudinal resolutioz)(B. In MDCT the volume is acquired as

thousand of isotropic voxels, with equal resolutiomll three directions.

To achieve more substantial volume coverage wigraved longitudinal resolution, the
simultaneous acquisition of more than one slica &itme and a reduction of the gantry
rotation time are necessary (Fig. 30)1998, all major CT manufacturers introduced the

4-detector arrays multidetector row (MDCT) or muglice CT (MSCT) systems, which
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typically offered simultaneous acquisition of 4ceb at a rotation time of down to 0.5 s.
The simultaneous acquisition of several detectoti@@s resulted not only in an increase
in speed but also in an extension of the scan ra8gstems with 8-, 10-, 16-detector
arrays and more have become available over thef@asyears. Scanners with 32-,40-,
64- or more detector rows are now available. MDGC3s Hransformed CT from a
transaxial cross-sectional technique into a trdlyeé¢-dimensional imaging modality
(PROKOP 2003). From 16-MDCT scanners onwards thectla element has now equal
dimensions inx-y and z direction, making it possible to routinely acqusebstantial
anatomic volumes with isotropic sub-millimeter salatesolution. In humans, MDCT is
now an established imaging modality that has alroostpletely replaced single slice CT
technology (PROKOP 2005). Volumetric imaging aféetite type of examinations we
perform with CT, how we scan the patients, and n@weview the data. This extended
high quality scan range is particularly valuable lfoge oncological staging scans of the
body, and for trauma. However, the most dramatipaich is in the area of computed
tomography angiography. The greatly increased tadgial @-axis) resolution allows
arbitrary cross-sectional planes visualization fribra data volume and excellent three-
dimensional displays. With MDCT systems, we scam ¥oblume of interest (eg, the
abdomen or the entire body), and we display thaime not as sections but as a true

volume (FISHMAN 2001).
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1.3 COMPUTED TOMOGRAPHY ANGIOGRAPHY

In humans, multidetector row computed tomographgiaraphy (MDCT-A) is now
widely considered to be equal if not superior ttheter digital subtraction angiography
(DSA) in terms of diagnostic accuracy for many tyjpé examinations. MDCT-A offers
certain information about anatomy and vascularglatly that simply cannot be obtained
with DSA (MARTIN et al. 2003, SAKAMOTO et al. 2006Computed tomography
angiography has been described in veterinary mealigsing spiral CT, (FRANK et al.
2003, ZWINGERBERGEN and SCHWARZ 2004, ZWINGERBERGENal. 2005a,
ZWINGERBERGEN et al. 2005b, CACERES et al. 2006 HAGIDI et al. 2007) and
using a multidector row CT scanner (BERTOLINI et2006b). CT angiography requires
the use of contrast medium, generally an iodinageliom, injected intravenously at a
certain flow rate. The success of CT angiograplpedds on a number of critical steps,
including properly timed delivery of contrast mealiucorrect timing of data acquisition,
and selection of proper scanning parameters. Sewveracepts of contrast medium
injection that were conceived empirically for usespiral CT angiography are no longer
applicable with faster scan times. (FLEISCHMANN 8p00Optimizing the contrast
protocol is crucial and requires knowledge of thg/gological and pharmacokinetic
principles of arterial enhancement (JOHNSON andHM3N 2006). In fact, the
contrast effect varies depending on technical factmcluding the iodine dose,
concentration, volume, injection speed, and iodiekvery rate as well as patient related
factors such as body size, age, and cardiac o(IEEISHI et al. 2008, KISHIMOTO

et al. 2008). In patients with a normal cardiacpotit the peak arterial contrast
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enhancement is achieved shortly after the tern@naidf a contrast medium injectiofihe
time interval for an intravenously injected bolusocontrast medium to appear in the
arterial territory of interest is generally refatrto as the contrast medium transit time
(FLEISCHMANN 2005). The contrast medium transit @éintan vary substantially
between patients. The contrast medium transit tarebe determined by either using a
test bolus injection or using automated bolus-gigry techniques. The test bolus
method uses the injection of a small amount of re@itmedium and multiple low dose
scans performed over the region of interest unéldontrast is visualized in the selected
vessel. This gives value of time to peak enhancémehat vessel, then determining the
scan delay for that patient. With bolus-triggeriteghnique the test bolus injection is
unnecessary. Multiple images are obtained overagmn of interest during the contrast
medium injection. The scan will be initiated whée density within the vessel exceeds a
predetermined Hounsfield unit value or when a \isbheeshold is reached (HITTMEIR
and FLEISCHMANN 2001, FLEISHMANN 2003, HAMMERSTINGland VOGL

2005).

The discrepancy of the contrast medium transit treygorted from various authors in
abdominal CT angiography in veterinary medicindéexds the significant variation in the
population of dogs included in the study (differbotly sizes and clinical conditions), the
different scanner technology, and the contrast umednjection parameters used (flow

rate, injection duration etc.).
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1.4 COMPUTED TOMOGRAPHY POST-PROCESSING
TECHNIQUES

The data sets obtained on multidetector CT, fron6480w onwards, may result in
1000-5000 images per examination. The large sizthede data makes impractical to
extract all information by using just standard tdioiensional planes, and makes clear
the importance of volume imaging and three-dimerdiamage display (FISHMAN et

al. 2006).

With proper workstations, the post-contrast dattss Seom CT-angiography can be
viewed in three-dimensional, volume-rendered mdfidume rendering is a generic term
that simply refers to a three-dimensional (3D) wadureconstruction method that allows
every voxel in the volume data to contribute to teonstructed image. Image rendering
types depends on the computer algorithm that thé&stetion uses to process the data set

and generate an image (FLOHR et al. 2005).

There is almost an unlimited number of ways to nstwct and view MDCT data sets,
and no unique correct way to do it. The prefererfoeguently change and evolve as
radiologists gain experience with volumetric imaginNowadays, a freestanding
workstation has become an essential tool for inédiy cases using post-processing
techniques. This also allows consultation and wewig findings with referring
physicians or surgeons. This system has been hgcepbrted for enhancing veterinary
students’ understanding and interest in anatomeriofj them a quality veterinary

medical education as well (YAMADA et al. 2007). @pal image quality first depend on
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the CT angiography technique performed and theitguafl the original data. The image
post-processing may seem deceptively simple, bdénrstanding of the basic concepts is
necessary to reliably generate high-quality worELL et al. 2006, FISHMANN et al.
2006). In-depth discussion of the various rendet@ghniques is not a focus of this
thesis. The information presented here is resttittedata essential for understanding the

post-processing techniques that have been uséadsinwork.

Multiplanar reformatted reconstruction

Multiplanar reformatted reconstruction (MPR) isvatdimensional technique (2D) that
can simultaneously display multiple views of thamsavolume, in sagittal, dorsal,
transverse or any oblique plane. The quality oftiplainar reconstructions is directly
related to the image slice thickness. When isotropixels k=y=2) are used the quality

of a reconstructed image in any plane is virtualgntical to the original axial image.

Maximum | ntensity Projection

Maximum Intensity projection (MIP) is created usagomputer algorithm that evaluates
each voxel along a line from the viewer’s eye tigtoghe image and selects the voxel
with the maximum intensity as the value of the esponding display pixel. It is the most

widely used three-dimensional (3D) technique faualization of blood vessels for CT

angiography. When other high-density structureshsag bone, enhancing organs, or
calcifications are present and overlying the blogssels, these structures will be
averaged with the vessels and obscure them. Therdfone elimination techniques are

essential for processing vascular MIP images.
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Volume Rendering

In contrast to a MIP image that takes only the égjldensity value for a given ray, with
Volume RenderingVR) no information is lost or discarded, and eveoxel contributes
to the final image. The resulting images therefooatain more information and are
potentially much more clinically useful. The imaigegenerated by assigning each voxel
in the examined volume an opacity value (from 094@0%, total transparency to total
opacity) based on its Hounsfield unit. Color camapelied to enhance the discrimination
between the tissues. This can be done by preselemdés or changing parameters until
the desired effect is achieved. A great strengthabfime rendering is its interactivity.
This means that the image can be rotated and viéwed any angle. Volumes can be

manipulated in many different ways to demonstragedesired anatomy.
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2.1 DEVELOPMENT OF VASCULAR SYSTEM

A full understanding of the vascular developmentingortant not only for normal
radiological or surgical anatomy systematizationt blso because for understanding
vascular variations and anomalies, as well as tile of angiogenesis in several
pathological conditions. For this, a brief desd¢optof embryonic and developmental
anatomy of the abdominal vessels is described here.

The vascular system is one of the first organsutation during vertebrate development,
and the creation of a precisely patterned, seamilesgork of blood vessels is absolutely
essential for embryonic survival. The circulatorystem is composed of vascular,
hematopoietic, and cardiac components, each foimadstepwise pattern from discrete
regions of mesoderm (McGRATH et al. 2003). Bloodsseds are formed via two
processes during development, i.e. vasculogenedisgiogenesis. After the developing
embryo has formed a primary vascular plexus by @cess termed vasculogenesis,
further blood vessels are generated by both spr@wnd non-sprouting angiogenesis,
which finally are progressively pruned and readishaped by local environmental
perturbations. In general, major blood vessels caplllaries form during development
by vasculogenesis, while the vasculature of orgamscreated by angiogenesis.
Angiogenic vascular sprouts emerge from the lonigial trunk axial vessels (the dorsal
aorta and cardinal veins) in spatially and tempypralistinct steps. In addition,
angiogenesis can occur throughout the life of tihgawism, but vasculogenesis is
restricted to embryonic development (RISAU and FLME 1995, RISAU 1997). As

vessels begin to be remodeled into a functionimgutation, they need to undergo
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localized proliferation and regression, as wellpasgrammed branching and migration
into different regions of the body. They need tospecified into different caliber and
types of vessels, including division into arteriegins, and lymphatics, with their
separate subdivisions into large vessels, venalgsrtioles, capillaries, etc. Circulatory
flow dynamics certainly play an important role ielfing to determine the pattern of
interconnections between the primary network acosgary sprouts, and to ascertain the
final arterial or venous identity of the vesseldhe functional networkKISOGAI 2003).
Nevertheless, other data suggest that molecul&aréifces between arterial and venous
endothelial cells are apparent well before the bw$ecirculation, because numerous
different genes and molecular players, such as/éiseular endothelial-specific growth
factor (VEGF) and the angiopoietin/Tie receptor®itrer signaling pathways have some
specific vascular role, such as Ephrin/Eph receatar Delta/Notch (WEINSTEIN 1999,
YANCOPULOS et al. 2000, LAWSON et al. 2001). Theselecules, together with
some specific anti-angiogenetic factors such agatadin, endostatin, and antithrombin,
seem to play an important role in the destabilmabf vessels and vascular regression.
One of the key players in regulating the extenamgiogenesis and vessel growth along
with these molecules, is the oxygen level in a givissue as wel[ROSSANT and
HOWARD 2002, ISOGAI et al. 2003).

The gross vascular anatomy of the developing emizysimilar amongst the various
mammalslt is typically conserved in its basic plan withnse species-specific variations,
responsible for the particular characteristics leé¢ tarious anatomical patterns in the

adult animals.
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2.2 ARTERIES

Paired ventral and dorsal aortae develop in thergmbin their cranial parts, the ventral

and dorsal aortae are initially connected by aesesf up to six aortic arches. Some aortic
arches regress early, others become carotids, sl arteries, the arch of the aorta
(i.e., the left IV aortic arch), and pulmonary aies. Each dorsal aorta gives off ventral
branches, the vitelline arteries, supplying thekysdck, and the umbilical arteries that
supplies blood to the allantoid (Fig. 5A). Caudaltlhe aortic arches, the paired dorsal
aortae merge finally to form a single descendingaadhe caudal continuation of the

aortic arch, as found in adult animals (BARONE 1893

The descending aorta gives off dorsal, lateral, \atral intersegmental arteries, from

which originate the parietal and visceral collateraf the aorta. The dorsal arteries are
paired and symmetrical in the embryo, and mosheimt maintain this pattern also in the
adult. They supply blood to the ribs, spine, tharamd abdominal wall, and form the

parietal collaterals of the aorta in the adult. Moaired lateral arteries degenerate, while
other enlarge, and provide blood to the adrenaldgiakidneys, and gonads. The ventral
intersegmental arteries become unpaired and deviekopthe major vessels of the

gastrointestinal tract, viz. the celiac artery #melmesenteric arteries (BARONE 993a,b).
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Dorsal aorta

Aortic arch

Caudal cardinal vcin

Cranial cardinal

Fig. 5. Schematic drawing of the paired vascular chanmeteé embryoA. the left lateral schematization
shows the dorsal and ventral aorta, the IV andeftldortic arch, vitelline veins which drain thelk/sac,
umbilical veins which drain the allantois, and é¢ahand caudal cardinal veins which drain the erabBy
each caudal cardinal vein regresses together \Wwithrégression of the mesonephroi and gives rise to

supracardinal and subcardinal veins.

2.3 VEINS

The development of the venous system has beeriyddscribed in domestic animals,

but several items are still controversial (HUNTINGN and McCLURE 1920,
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MCCLURE and BUTLER 1925, RIECK and REIS 1953, REI®I TEPE 1956, REIS
and ESENTHER 1959). There are a few inconsistenaimong the different studies,
particularly regarding the origin of the caudaltpafr the caudal/inferior vena cava, in
animals as well as in humans (MACCHI et al. 2003RDIILLIE et al. 2008a,b). At least
five different theories concerning the origin anevelopment of the embryonic veins
which are involved in the construction of this seginof the caudal vena cava have been
described. Each of these theories is named acgptdirthe original embryonic vein
which is considered as the precursor of the caypdat of the caudal vena cava
(CORNILLIE and SIMOENS 2005)The supracardinal model is the most commonly
accepted theory, and both the official Nomina Emlogica (NE 1983) and Nomina
Embryologica Veterinaria (NEV 2006) are still basgubn this model. This theory seems
to be substantiated from several clinical studiasvascular variations and congenital
anomalies in domestic animals as well as in hum@AS&/NT et al. 1998,
HOFSTAETTER et al. 2000, MINNITI et al. 2002, FASOIDTIS et al. 2002,
GUIMARAES FILHO et al. 2008).
Common features of the different theories about rgorbc vein development in both
humans and domestic animals are:

- the venous system begins its development in tHeestastages of intrauterine life,

being symmetrical in its origin and asymmetricaiténfinal anatomical structure
- three paired symmetrical venous pathways are siu&ngitudinally in the
embryo: the cardinal, covering the entire lengtthe embryo, and the vitelline,

and umbilical veins
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- each caudal cardinal vein regresses together vhih riegression of the
mesonephroi and gives rise to supracardinal ancesdinal veins (Fig. 5B)

- the subcardinal veins take over the main venousafye after the caudal cardinal
regression

- when the left venous channels regress the bload iBadiverted to the right side
of the body

- the caudal vena cava, azygos vein, ductus venasukportal vein develop by
selective anastomosis, persistence, and degemedtmmponents of the above-

mentioned embryologic vessels.

According to the supracardinal model, the craniit pf the right supracardinal vein
develops into the azygos vein; its middle part degates and the caudal part gives origin
to the pre-renal segment of the caudal vena caviat(pf disagreement amongst different
theories). From the right subcardinal vein arides pre-hepatic segment of the caudal
vena cava; it anastomoses with the cranial pavitefline venous system (which forms
the hepatic segments of caudal vena cava). Anasesrizetween the right supracardinal
and subcardinal vessels give origin to the rengdnemt of the caudal vena cava (point of
disagreement amongst different theories). Thelwigeheins produce the portal system,
the hepatic sinusoids, and the hepatocardiac clatimeg will become the hepatic and
post-hepatic segment of the caudal vena cava. &hearhbilical vein anastomoses with

the left branch of the portal vein, forming the tiscvenosus (Fig. 6 A-D).
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Ductus Venosus
Hepatic sinusoids

Portal vein (Vitcllinc)

Umbelical vein (left)

Fig. 6 A-C. Schematic drawing of the caudal vena cava, azyg@is, dWuctus venosus, and portal vein
development by selective anastomosis, persistearm,degeneration of components of the embryologic
vessels, according to the supracardinal modelvAga azygos; Bc.s vena brachiocephalica sinistiad,C
vena cardinalis caudalis dextra; Cd+Sb, caudalimalrdubcardinal anastomosis; Gon.d, vena gonadalis
dextra; ICd, vena iliaca communis dextra; Prc, tomasesis precardinalis; Ren.d, vena renalis degbad,
vena subcardinalis dextra; Sb-Sb, anastomosis mlibalis; Sb+Sp, anastomosis subsupracardinalis;
Sb+Vit, anastomosis subcardinalis-vitellina; SQyusi coronarius; SV, sinus venosus; Umb.d, vena
umbelicalis dextra; VCCr, vena cava cranialis; V&€na cava caudalis; Vit.d, vena vitellina dexia.

Venous system at birth.

The ductus venosus is a fetal channel through winglgenated blood can pass directly
from the left umbilical vein to the left hepaticingthereby enter the systemic circulation,
bypassing the hepatic sinusoids. At birth, stretghof the umbilical arteries results in
arterial constriction and reduced fetal blood fitmamthe placenta. Reduced venous return
through the left umbilical vein and ductus venoallsws this to gradually close in 3-6

days (TISDALL et al. 1997, BURTON and WHITE 1999).
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3.1 EQUIPMENT

The equipment used in the present study has bestalléd at the “San Marco” Private
Veterinary Clinic of Padua since 2003, and inclugesnultidetector computed 16-row
(MDCT) system (Lightspeed 16, GE Healthcare, Milkaei, WI, USA), an injector

system for the contrast medium (Envision CT Inje&gstem, Medrad, Indianola, PA), a
workstation for post-processing (Advantage Worksia#t.1, GE Healthcare, Milwaukee,
WI), and an anaesthesiology unit (Fabius Tiro, Brayledical AG & Co. KGaA,

Libeck, Germany) (Fig. 7). Contrast medium usethis study is a water-soluble, low-
osmolar, non-ionic, dimeric, hexa-iodinated medi(Misipaque® 320, GE Healthcare,

Milwaukee, WI, USA).

3.2 ANIMALS

From January 2006 to November 2008, 1437 dogs wmearenhanced abdominal
MDCT examination at the “San Marco Veterinary Giinof Padua, for several clinical
purposes. Twenty of these dogs (10 males, 10 femaaging in weight from 3 to 46 kg,
and from 24 to 60 months old) presenting no abnbfimédings in the abdomen were
used for describing the normal vascular anatomyné&sv of all dogs included in the

study provided informed consent.
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3.3 ANESTHESIA PROTOCOL

The following paragraphs summarize the anesthestagol for dogs undergoing MDCT

examination:

Food and water is withheld from dogs overnight ptio performing MDCT
procedures
Premedication with methadone (0.2 mg/kg, IM) andpaomazine (0.01 mg/kg
IM combined in the same syringe), about 30-mintefore the induction of the
anesthesia
A large-bore intravenous (14-18 Gauge) line plaicethe right or left cephalic
vein
Administration of Ringer’s Acetatgolution at a rate of 10 mL/kg/h 1V throughout
the anesthetic period
Induction with fentanyl (0.003 mg/kg, 1V, over 6@c3 followed by midazolam
(0.2 mg/kg, IV, over 60 sec), and propofol at aeratf approximately 4
mg/kg/minute

- Intubation with an appropriate orotracheal tube
Maintenance with 3% sevoflurane delivered in 1009¢gen (flow rate, 3 L/min)
through a semi closed circle anesthetic systemgpmlly achieve the end-expired
partial pressure of sevoflurane of 1.8-2.0%, théjusied on the basis of clinical

assessments of anesthetic depth
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- Use of intermittent positive pressure ventilatidRRV), with an electronically
controlled piston-driven ventilator, to maintalmetend-tidal partial pressure of
carbon dioxide (Petco2) between 38 and 42 mm Hg

- Parameters continuously monitored include end-ts#aloflurane concentration

(FeSEVO) and Petco2, lead-lI- electrocardiogram E@@ oxygen saturation

(Spa), non-invasive arterial blood pressure and rdmbaly temperature.

Fig. 7. Equipment used for the studiL. Anesthesiology unit2. CT console and post-processing

workstation.3. MDCT 16-row scanner.
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3.4 MDCT PROTOCOLS

Abdominal MDCT protocols are adapted to the clihmecumstances, and include non-
angiographic and angiographic studies, that esdbndiffer in scan timing. The non-
angiographic studies are routinely performed fataahinal MDCT examinations, with a
fixed scan-delay method that can give a mix of ulscand organ enhancement. The
angiographic studies use an individualized scaaydeér patient, to achieve and maintain
optimal vascular enhancement throughout the scan.
The two protocols have several common points sunaedhin the following paragraphs:
- patients are in dorsal recumbency on the CT exdmimaable, head first, with
extended limbs
- cranio-caudal scanning direction
- contrast-enhanced scans were performed from thghidigm to the symphysis
pubis
- Images are acquired as a volume data set durimgke $rief apnea
- lodixanol 320 I/ml is injected in a cephalic veih &7°C temperature, dose 2
ml/Kg, and rate of injection 2-5 ml/sec
- Scanning parameters: helical modality, 0.7 s/rotatistandard algorithm, 120
kVp, 160-200 mAs, 1.2 mm slice thickness, and p@td62:1
For non-angiographic studies, a standard delapotit 15 sec. (5-25 sec) is usually used
so as to best outline either the vasculature omitage the abdominal parenchymal

organs.
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For MDCT angiography a bolus tracking techniqueused, allowing the scan delay
individualization per patient. The time-to-peak sedsenhancement is determined using
Smart Prep bolus-tracking software technique (GEaltdicare, Milwaukee, WI). The
selected vessel is the descending aorta, at the ddrthe diaphragm. This is also the
starting point of the area of scanning, then thiaydéor the table to move and the
scanning to begin is minimized. A region of inter@20I) is manually placed on the
section of the descending aorta. As the injectiooontrast is begun, the scanner obtains
multiple images across the region of interest, amelasures the change in aortic
enhancement over time. We have predetermined hieatd¢an starts when the contrast
density in the aorta exceeds the threshold of 30(Htunsfield Units) above baseline

(Fig. 8). There is an additional instrumental deksiing approximately 2 sec.

HAOSEHILBOLOGHESE Fant

10
Elapsed Time (sec)

Fig. 8. The image shows the bolus tracking software teckmigvith 30 Hounsfield Units as the threshold

to timing the arterial phase.

39



3.5 POST-PROCESSING TECHNIQUES

All reconstructed images with an original resolatiof 512x512 are automatically
transferred to a freestanding workstation for postessing. Selected images of
angiographic studies are retro-reconstructed with ®verlap (every 0.625 mm) by the
scanner software and then sent to the workstalibe. data set are processed with the
multiplanar reformatting (MPR), maximum Intensityofection (MIP), and volume

rendering (VR) software techniques.

MDCT images are evaluated and processed initially\i’R to visualize the vascular
structures from all points of view. Transverse \8esve always reviewed together with
sagittal and dorsal views. To follow the courseredsels during the real-time evaluation,

every arbitrary plane is interactively chosen fowarth oblique view (Fig. 9).

To enhance depiction of normal anatomy, anatonvaahnts, and pathologies, MIP and
VR images are created, each time with emphasishenstlected vessel or vascular
system. Manual and automated segmentation techsigree both used for each time
outline the anatomy to be saved or discarded irfitta¢ images, or just to discard the

background.

Maximum Intensity projection is interactively credtfrom the portion of the data set of

interest, mainly to visualize thin vessels or vesagthin the parenchyma.

Volume rendering is the algorithm chosen in thisdgtto create vascular maps as it
maintain spatial relationships and depth, allowithg three-dimensional anatomic

representation of the structures.
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3.6 IMAGE ANALYSIS

The assessment of the abdominal vasculature anaiitants is based on textbooks of
anatomy of the dog: BARONE R. Anatomia comparaiamsanmiferi domestici. Vol. 5:
Angiologia and the Miller's Anatomy of the Dog (E.Evans ed.), and the following
selected references: ABIDU-FIGUEIREDO et al. 2006HRISTENSEN 1952,
COTMOIS 1987, ENGE and FLATMARK 1972, GOMETZ et 4873, HUNTINGTON
and McCLURE 1920, PAYNE et al. 1970, REIS R.H. ANEPE 1956, ROSENBLUM
et al 1997, SCHMIDT et al. 1980, SCHMIDT and SUTHEB80, SINGH et al. 1982,

TEIXEIRA et al. 2007, SHIVELY 1978, VITUMS 1959URS"IC™ et al. 2007.

The nomenclature for description of the anatomstalctures and their variants is based
on the Angiology and Splanchnology sections of Ithustrated Veterinary Anatomical
Nomenclature (SIMOENS and DE VOS 2007a), the NomAmatomica Veterinaria
(NAV 2005), Nomina Embryologica Veterinaria (NEVa). Figures and figure legends
mention the Latin terms of vessels. A bilingualib&English list of terms is reported at

the end of the thesis.

The terms describing the computed tomography potdéoare based on “Standardized
Nomenclature and Description of CT Scanning Teams (KALRA 2006). Imaging
planes terminology is based on the Veterinary CT/Biétiety Letter (1996), and on
“Advanced imaging concepts: A pictorial glossary G and MRI technology”

(TIDWELL 1999).
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Fig. 9. Image planes in animalé. Either for sternal or dorsal recumbency, the plaaes named as

follows: 1. Transverse plane (axial in humans) 2rdal plane (coronal in humans) 3. Sagittal plane
(sagittal in humans as wellB. The resulting images in multiplanar (MPR) mode cfualization are:

1.Transverse 2. Oblique 3. Sagittal 4. Dorsal.

Note that “dorsal view” refers to the CT plane et®on and not to the anatomic view.
According to the image orientation guidelines, lé#feside of patient is on the right of the
reader and viceversa, in two-dimensional imagesredddimensional images are

generally oriented in space just to better visedtie structures of interest.
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This is a pictorial section of normal vascular aibdwal anatomy as demonstrated by
multidetector row computed tomography. Images & #ibdominal vessels and their
major branches are here represented and accompaitiecbrief descriptions of the
anatomy. The images of this section include twoetisional (2D) Multiplanar
Reformatted (MPR) images, and three-dimensiona) (@8Bximum Intensity Projection
(MIP) or Volume Rendering (VR) images, obtainednirgost-processing of either

angiographic or non-angiographic clinical studies.

4.1 ANATOMY OF THE ABDOMINAL VESSELS

In the adult dog there are three unpaired abdomiastular systems, viz. the aorta, the
caudal vena cava, and the portal vein, and theiaipéng unpaired tributaries. In normal

adult animals, there are no active connections dmtwthe caval and porta venous
systems, except for the ductus venosus which isteahepatic channel between the left
umbilical vein and the left branch of the portalnven the fetus, but closes shortly after

birth.

The aorta is the more dorsal vessel. It coursdsvprsiral to the spine, to the left side.
The caudal vena cava courses ventral to the dortdne right side. The portal vein is

ventral to the caudal vena cava, on the right aglevell.
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4.2 AORTA AND ITS BRANCHES

The descending aort#®drta descendens) is the caudal continuation of the aortic arch
(Arcus aortae). It is divided in two segments, viz. the intrathcic aorta Aorta
thoracica), that extends to the aortic hiatugidtus aorticus), and the abdominal aorta
(Aorta abdominalis). In consequence of the large branches whichvégyoff at the level
of the penultimate or last lumbar vertebra (i.e lgfe and rightA. iliaca externa), the
abdominal aorta diminishes considerably in sizel, after giving of the left and righ#.

iliaca interna it continues into the median sacral artekysacralis mediana) (Fig. 10).

L SR L
Aorta descendens A portae e
; &\l
= ‘ak | v

Arcus aorte Aorta thoracica Aorta abdominalis

Aortg’abdomialis

— ok
fena cava cauda e,
Vena cava caudal1 Vena portae

Fig. 10. A Sagittal contrast enhanced volume rendered (YfRge in an adult dog. Ribs of the left side
have been partially removed, as well as part ofl¢fiekidney. The aorta courses ventral the vegkbr
column, dorsal the caudal vena cava and the peetal B. Contrast enhanced VR image in a dog, ventral

aspect. Both kidneys are visible.
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The abdominal aorta begins at the aortic hiatuthefdiaphragm and courses ventral to
the vertebral column, giving off branches to suptilg stomach, kidneys, intestines,
gonads, and other organs through extensive artestalorks.

The branches of the abdominal aorta may be diviickedthree sets: parietal, visceral, and

terminal branches (Fig. 11).

VISCERAL
BRANCHES

TERMINAL

BRANCHES\

..
b

LEFT
VENTRAL VIEW LATERAL VIEW

Fig. 11. Volume rendered images of therta abdominalis and its major parietal, visceral, and terminal

branches.

421 PARIETAL BRANCHES

The parietal branches of the aorta develop fromfeted dorsal intersegmental arteries.

From the abdominal aorta arise the paired and syrak phrenic and abdominal
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arteries A. phrenica caudalis, A. abdominalis cranialis), the lumbar arteriesAg.

lumbales), and the deep circumflex iliac arteries €ircumflexa ilium profunda) (Fig.

12-17).

spleen

Fig. 12.The descending aorta and its brancies/olume rendered image of the abdomen, ventralcispe
B. Maximum Intensity Projection image, dorsal vievK,Right kidney, LK, left kidney. From the cranial
abdominal artery arises a branch that coursesahaimto the lumbar part of the diaphragf,phrenica
caudalis. This dog had two small branches to the diaphramising from the cranial abdominal artery on
the right side, and one vessel on the left sidenftbe abdominal aorta, just cranially to the crhnia
abdominal artery (arrow in B). Horta thoracica. 2. Aorta abdominalis. 3. A. renalis sinistra. 3'. A.
renalis dextra. 4. V. renalis sinistra. 4. V. renalis dextra. 5. Vena cava caudalis. 6. A. abdominalis

cranialis.
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Left adrenal gland

Right adrenal gland

Fig. 13.Maximum Intensity Projection images of three diffier dogs. RK: right kidney. LK: left kidney. 1.
Aorta thoracica. 2. Aorta abdominalis. 3. A. renalis sinistra. 3. A. renalis dextra (A, C). 4. V. renalis
sinistra (B). 5. V. cava caudalis. 6. A. abdominalis cranialis, giving rise to caudal phrenic branches

(double-headed arrow) (A, C).

4
i
'
4

AV. circumflexa ilinm

profunda
\ ¢

Fig. 14  Maximum Intensity Projection of the abdomeridog. RK: right kidney. LK: left kidney.
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A

ramus spinalis
ramus spinalis

Fig. 15.A, B. Transverse Maximum Intensity Projection (MIP) ireagf the thoracic aorta and its parietal
branchesAa. intercostales dorsales). The Ramus spinalis enters the spinal canal through the intervertebral
foramen.B. Ramus dorsalis, thatcourses dorsally to the epaxial muscliésVolume Rendering (VR) of
the abdomen, in an oblique-frontal view, showing thoracic aorta and some of parietal and visceral
branches. 1Aorta thoracica. 2. Vena cava caudalis. 3. Vena portae. 4. A. codliaca. RK: right kidney. LK :

left kidney.
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o A
Fig. 16.Lumbar segment of th&orta descendens. A: left view. B: ventral view. 1Aorta abdominalis,
intra-abdominal segment of the descending aoreeAghlumbales are paired vessels that arise from the

abdominal aorta and are often initially fused (afro2.A. renalis sinistra (B).

av cireumflexa ihum
profimda

v. eircumflexa ilium

profinda
a circumflexa ilium

profinda

Fig. 17. A. Maximum Intensity Projection dorsal view of thedaimen in a dog. 1lAorta abdominalis 2.

Vena cava caudalis, pre-renal segment of the caudal vena cBv&lose view of the same image showing

right deep circumflex iliac artery and vein.

51



4.2.2 VISCERAL BRANCHES

The visceral branches of the abdominal aorta irecludpaired vessels, viz. the celiac
artery @A. coeliaca), the cranial and caudal mesenteric artedesresenterica cranialis
et caudalis), and paired vessels, i.e. the renal arterfesrénalis sinistra et dextra),
adrenal arteries’{ adrenalis sinistra et dextra), and the gonadal arterieA. gesticularis,

A. ovarica).

A. mesenterica cranialis

Aarenales

A mesenterica caudalis

B

Fig. 18 Volume Rendering of major visceral branches @og. A. Ventral aspect. B. Right lateral aspect.
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Aa jejunales

A. mesenterica cranialis

coeliaca

.\ Spleen

A lienalis

Fig. 19.2D transverse image of the
abdomen in a dog at the level of the
first lumbar vertebra. Arterial phase.
1. Aorta abdominalis. 2. V. cava
caudalis, non-enhanced. 3.V.
mesenterica cranialis, non-
enhanced. RK: right kidney, LK: left

kidney.

N\

A. mesenterica cranialis

A ileocolica

Fig. 20. Volume Rendering of the celiac and cranial mesentateries. A. Ventral view. B. Left lateral

view.

Celiac artery - The celiac arteryA coeliaca) is an unpaired artery that emerges from the

ventral surface of the abdominal aorta at the leb¢he first lumbar vertebra. It gives off

at least three branches, i.e. the hepatic artéryhdpatica), the left gastric arteryA(
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gastrica sinistra), and the splenic artery(lienalis). It ends by trifurcating or can give
off the hepatic artery and a gastro-splenic trufike gastrosplenic trunk subsequently

divides to form the left gastric artery and theesyid artery (Fig. 18-21).

A. gastrica sinistra

J A lienalis

A lienalis

A hepatica A. gastricasinistra

Fig. 21. A. coeliaca, and its branches. A,B. The celiac artery end¢rifiyrcating into theA. hepatica, A.

lienalis, andA. gastrica sinistra.
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Hepatic artery - In its extrahepatic course the hepatic artery runs
cranioventrally to the right side next to the pbnein. It gives off a
variable number of branches, three to five, whioteethe portal area of
the liver and accompany the hepatic branches ofptiréal vein. The
number and course of the branches of the hepatcyaas well as the

regions supplied by them vary among individualg (E9-23).

I

[

Fig. 22. Volume Rendered images. A: ventral view, B: rigiteftal view A. hepatica, hepatic artery and is
relationships with other abdominal vesselsAlabdominalis. 2. Vena cava caudalis, hepatic segment. 3.
Vena porta. The extra-hepatic segment of the hepatic artetyses close to the portal vein to the liver.
Small arterial branches arise from the hepatiacyagied enter the liver together with the portalnotaes. At
least three branches of the hepatic artery enteilitler famus dexter lateralis, ramus dexter medialis,

ramus sinister) (arrows).
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Fig. 23.A. Maximum Intensity Projection image of the hepatitery.B. Volume Rendered image, ventral
view. 1. Aorta abdominalis. 2. A. coeliaca. 3. A. hepatica, extra-hepatic segment. A. gastrica sinistra.
4'. Ramus esophageus 5. A. lienalis. The intrahepatic branches of the hepatic arteniesvisible:a. Ramus

dexter medialis b. Ramus dexter lateralis c. Ramus sinister medialis d. Ramus sinister lateralis.

Mesenteric arteries —The cranial mesenteric artenj.(mesenterica cranialis) is the
largest visceral branch of the abdominal aortarikes from the ventral surface of the
aorta directly caudal to the celiac artery. It giwdf several branches for the pancreas and
the small and large intestine. The caudal mesensetery A. mesenterica caudalis) is a
thin vessel that originates from the ventral swefatthe abdominal aorta (approximately
at the same level of the deep circumflex iliacraes) and supplies the terminal portion of

the intestine (Fig. 18-21, 24, 25).

56



A. mesenterica
cranialis

A. mesenterica
caudalis

A. circumflexa iliug
profunda

Fig. 24. A, B. Volume rendered images of the cranial and caudalenteric arteries, supplying the small

and large bowel.

A mesenteri c%‘
alis

AV. circumflexa ilium
profunda

!

e

A. mesenterica
caudalis

Fig. 25.Volume rendered images of the caudal mesentegcyard. ventral view. B. frontal-oblique view.
The A. mesenterica caudalis commonly arises from the ventral surface of theaadt goes initially to the

right and then curves in cranial direction, befmming back caudally and giving off the left codicery.
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Renal arteries —The renal arteriesA@. renales) are paired lateral visceral branches of
the abdominal aorta. The patterns of renal vesselextremely variable. Commonly, a
single renal artery bifurcates into dorsal and rarbranches which supply the cranial
and caudal portion of the kidney. A double renaérgrwas frequently noted either on
one or both sides. In the renal hilus, each renakabranch gives off interlobar end
arteries, which continue into the kidney and fohm arcuate, interlobular arteries, and

the glomerular afferent arterioles (Fig. 12, 13329-

.’/ P \\,f"\, A dorsal branches

/
/
\\/

A interlobares renis ventral branches

Fig. 26.Volume rendered images of renal arteries and thr@inches in a dod\. ventral view.B. Cranial

view.
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dorsal and ventral branches

Aa interlobares renis

Arenalis
bifurcation

C

Aa. arcuatae

Fig. 27. 2D transverse views of the renal arteries in g. dirterial phase. RK: right kidney. LK: left
kidney. 1.Aorta abdominalis. 2. A. renalis dextra. A. The left renal artery bifurcates proximal to the
kidney.B. Dorsal and ventral branches of the left renalrparéee visible Aa. interlobares renis, interlobar

renal arteriesC. Higher magnification of the left kidneja. arcuatae, arcuate arteries (arrows).

Aa,vv renales dexter

Aa,vv interlobares renis

Fig. 28. Maximum Intensity Projection images of renal véss&. Dorsal reformatted image of the right
kidney in a dogB. Oblique reformatted view of the right kidney irdag. C. Dorsal reformatted image of

the left kidney in a dog.
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Fig. 29.Volume rendered images of kidneys showing diffepaiterns of renal vessek. Ventral view of
a right kidney.B. Dorsal view of a left kidneyC. Ventral view of a left kidneyD. Dorsal view of a right

kidney.

Fig. 30. A. Volume Rendering of the renal vessels in a dogtdtior view. There are two renal arteries on
the left side, and one right renal artery (arroviss)Maximum Intensity projection image of another dog.
Double renal arteries are present on both sideswa). C. Volume rendering of the same dog. Double

renal arteries are present on both the left andidgifie side (arrows). RK: right kidney, LK: leftdney.
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4.2.3 TERMINAL BRANCHES

At the level of the penultimate or last lumbar ebra the abdominal aorta gives off the
left and right external iliac arterie8d. iliacae externae) for the pelvic limbs, whereafter
it decreases much in size and soon gives off therrial iliac arteries Aa. iliacae

internae) and ends by diminishing rapidly in size, contirgiiinto the median sacral

artery,A. sacralis mediana (Fig. 9, 31)

AV. circumflexa ilium L

profunda \

A. sacralis mediana

Fig. 31 Terminal branches of the abdominal aorta anddiras of the abdominal wall.
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A epigastrica caudalis
superficialis, rami
mammarii

AV profunda femoris

Fig. 32.Superficial vessels of the abdomen in a female dog

4.3 CAUDAL VENA CAVA AND ITS TRIBUTARIES

The caudal vena cav¥.(cava caudalis) begins about at the penultimate lumbar vertebra
or more cranially by the convergence of the lefl aight common iliac veins\ iliaca
communis). It is the largest vessel of the abdomen. Orbtses of its embryologic origin,
the caudal vena cava can be customarily dividemlfour segments, pre-renal, renal, pre-

hepatic, hepatic segment (Fig. 33).
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hepatic segment

pre-hepatic segment

renal segment

V lumbar vertebra

Vi cireumflexa ilium

A ~
V. iliaca communis [ }Jrofunda

ol

pre-renal segment

V.iliaca communis dextra

Fig. 33 A. Volume Rendering (VR) of the aorta and caudal vemaa in a dog, ventral aspeBt. VR
image in another dog. The common iliac veins fus¢ha level of the fifth lumbar vertebra. Thé.
circumflexae ilium profundae, are tributaries of the common iliac veins rattiean from the caudal vena

cava.

V. circumflexa ilium profunda, the deep circumflex iliac vein is the first triauy of the
caudal vena cava. When the caudal vena beginsattanihe sixth lumbar vertebra, the
deep circumflex iliac vein can discharge into tleresponding common iliac vein (Fig.
14, 17, 25, 31).

W. lumbales, lumbar veins, are segmental vessels that accomiben corresponding

arteries (Fig. 34).
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N lumbar vertebra

’ Fig. 34.Maximum Intensity projection transverse

view at the level of the fifth lumbar vertebra.

V. cava caudalis

Note the W. lumbales, lumbar veins (arrows)
draining into the pre-renal segment of theava

caudalis.

Renal Vein —The renal veins\{v. renales) are paired tributaries of the caudal vena cava.
Within the kidney the arcuate and interlobular geimccompany the corresponding
arteries(Fig. 28,29) The left renal vein receives the left gonadal vgintesticularis
sinistra or v. ovarica sinistra), accompanying the corresponding arteries (Fig. 36

contralateral gonadal veins join directly the cdwesma cava.

Spleen .
!

Vv interlobares renis

Fig. 35. Maximum Intensity Projection image in a fema
dog. 1.Aorta abdominalis 2. V. cava caudalis 3. V. renalis

sinistra, receiving the left ovaric veirv(ovarica sinistra).
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Hepatic veins —The w. hepaticae are situated within the liver parenchyma and jbi@ t
caudal vena cava (hepatic segment) along its laterd ventral surface. The major
hepatic veins include the hepatica dextra for the right liver lobesy. hepatica media,
draining the quadrate lobe of the liver, anchepatica sinistra for the left part of the

liver. Each hepatic vein receives numerous tribesar

Vena cava caudalis

Vv hepaticae

Fig. 36. Volume Rendering images.. Left lateral view.B. Right lateral view. 1Descending aorta 2. V.

cava caudalis 3.V. portae. RA: right atrium.
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Fig. 37. Volume rendered images of thés. hepaticae. A. Cranial view.B. Left lateral view. 1.A.

thoracica 2.V. cava caudalis 3. V. portae.

4.3 PORTAL SYSTEM

Thev. portae, portal vein and its branches form the portal vensystem which carries
blood from abdominal viscera to the liver. It coli® blood from the gastrointestinal tract
(except the caudal segment of the rectum and tlé @mal), spleen, and pancreas.
Major tributaries of the venous portal system axe:mesenterica cranialis et caudalis,
cranial and caudal mesenteric veins, draining nodshe intestinal tracty. lienalis,
splenic vein, accompanying the corresponding arterygastrica sinistra, which is a
tributary of the splenic veinV. gastroduodenalis, gastroduodenal veiny. gastrica

dextra, right gastric veiny. gastroepiploica, and gastroepiploic vein.
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famus dexter N !wﬁnﬂ-‘—-—
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N “_ V. gastrica degtra VA
R :\, ) 9 AT | V. gastrica sinistra
\\ itk gastrodugdegali . e

- ; i ,ﬁ ‘/ V. lienalis
N ‘-;2‘/ ‘V. lienalis ] € } -

O "

A ‘ sl A B ramus sinister
; ’ - /
P

._‘\ &
{ V. mesenterica cranialid & f
caudalis -

V. lienalis
AV. lienalis

B

Fig. 39.A. Volume Rendering of the portal vein, ventral viehe left kidney has been removed for better

visualization of the splenic vesselis. Maximum Intensity Projection image.
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ramus dexter ramus sinister

pars transversa

Fig. 40. Volume Rendering
image, cranial view. 1.A.
thoracica. 2. V. cava caudalis,
post-hepatic segment. 3V.
portae. The  two major
intrahepatic branches of the
portal vein are visible, as well as
numerous small branches
(arrows). RK: right kidney, LK:

left kidney.

At the hepatic porta, the portal vein divides itite right and left portal vein branches.

The right branch supplies the right division of theer, including the right lateral lobe

and the caudate process of the caudate lobe. Tthlerémch of the portal vein supplies

the central and left divisions of the liver, congimg the right medial, quadrate, left

medial, and left lateral lobes. Small branchedlerpapillary process of the caudate lobe

arise from the left branch.
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5.1 ANOMALIES OF THE AORTA AND ITS BRANCHES

Congenital anomalies involving the abdominal aomare not found in this study.

Congenital anomalies of branches of the abdomiodhavere detected in four dogs out
of 1437 dogs that underwent abdominal multideteadar examination between January
2006 and October 2008 at San Marco Veterinary €lafiPadua. These included two
congenital communications between hepatic arteaesl hepatic portal branches
(arterioportal fistula), a connection between teé& kolic artery and left colic vein

(arteriovenous fistula), and a dislocated lumbé#ergr It arched and was situated at the

right surface instead of at the left side of thadad vena cava, causing stenosis of the

caudal vena cava (Fig. 41).

Fig. 41.Volume Rendering images of the lumbar segmenteftidominal aorta and the pre-renal segment
of the caudal vena cava in a ddfpte the penultimate right lumbar artery that isatied at the right side of

the caudal vena cava, causing stenosis of thel@ssmw). 1.Aorta abdominalis. 2. V. cava caudalis.
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5.2 ANOMALIES OF THE CAUDAL VENA CAVA

“Double caudal vena cava”

Twelve of 1437 dogs included in this study had pkesistence of the left supracardinal
vein. Represented breeds were: Poodke4], Mongrel (=3), West Highland White
Terrier p=2), Pinscherri=1), Yorkshire Terrierrf=1), Shih-Tzu K=1). Four were males

and eight females. The median age was 70 montt® (16 to 158 months), the median

body weight 4.6 kg (ranging from 2 to 9 kg).

Fig. 42. A.Maximum Intensity Projection image in a 5-yeard;@ Kg, male Mongrel dog with normal
single caudal vena cava (B. Maximum Intensity Projection in a 11-years-old, §, Kemale Mongrel dog
with “double vena cava” (2, 2). The left renal veirains into the left-sides caudal vena cawaVolume
rendered image in a 3-years-old, 3 Kg female, YlwrksTerrier dog with duplication of the pre-renal
segment of the caudal vena cava. The left renal diins into the caudal vena cava, just aftefuleon of

the two supracardinal veins. Aorta abdominalis, 2. V. cava caudalis. RK: right kidney, LK: left kidney.
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In two dogs, this anomaly was associated to anosnatie the portal system

(portosystemic shunts).

“Azygous continuation of the caudal vena cava”

In the present study we found three dogs in whioh ¢audal vena cava continued
directly into the azygos veins. They were 2 maled & female of different breeds. The
median age was 21 months, ranging from 2 to 148timspand the median body weight
was 16 kg, from 1 to 28 kg. In all cases, this aalymwas associated with other
congenital anomalies. The first dog heiiis inversus abdominalis, with the stomach and
spleen on the right side, polysplenism, and azygouasinuation. The portal trunk of this
dog was situated on the left side. It was inteedmnd there was a portosystemic shunt

between the portal vein and the renal segmenteotaludal vena cava (Fig. 43,44).

Fig. 43. Eleven-months-old, 28 Kg, male
Mongrel dog with situs inversus
abdominalis, portosystemic shunt, and
azygos continuation of the caudal vena
cava. A. Maximum Intensity Projection
image showing the inversion of the
abdominal viscera. Note the stomach and
two spleens on the right side. The right
kidney (RK) is located more caudally
than the left kidney (LK)B. Maximum

Intensity Projection showing the azygous

continuation of the caudal vena cavaAdrta descendens 2. V. cava caudalis 3. V. azygous.
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V. cava caudalis V. azygous

e
E‘aﬂcaudalis

hiepaticae

V. portae

V. cava candalis
and vv. hepaticae

Fig. 44.Eleven-months-old, 28 Kg, male Mongrel dég.Volume rendered image, right lateral asp&ct
Volume rendered image, ventral aspect. Notethportae inserts into the pre-hepatic segment of the
cava caudalis (PSS in A). Thev. cava caudalisis enlarged. It deviates dorsally and joins thegasyvein.
The enlarged azygos vein empties normally intoctiaial vena cava which enters the right atrium (RA
A). The post-hepatic segment of the caudal vena @ad thew. hepaticae are normally developed. 1.

Aorta. thoracica 2. V. cava caudalis 3. V. azygous.

The second dog had a congenital interruption ot ltlo¢é caudal vena cava and the portal

vein, with a portosystemic shunt and azygous caation (Fig. 45).

In the third dog the caudal vena cava coursed Huyghe abdominal aorta, between the
aorta and the spine. It was directly connectethéoazygos vein, while its intrathoracic
segment was very narrow and the. Additionally, l&fe gastric vein was shunted to the

azygos vein (Fig. 46).
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C

Fig. 45. Two-months old, 1kg, Jack Russel Terrier with camitpl interruption of both the caudal vena
cava and the portal vein, with azygos continuatidnthe caudal vena cava and portosystemic shunt
between the portal vein and the pre-hepatic segrakthe caudal vena cavaA. Maximum Intensity
Projection showing the azygos continuation ofdhedal vena cava. Aorta thoracica 2. V. cava caudalis

3. V. azygous. B. Volume rendered image. Ventro-oblique aspect, gipthe portal vein shunting into the
pre-hepatic segment of the caudal vena cavaC(2Jjolume Rendered image, right lateral view. The pre
renal segment of the caudal vena cava is narrovthétevel of the kidneys (not visible) the caudaha
cava curves dorsally and joins the azygos vein. 8itlarged azygos vein courses normally to the atani

vena cava and hence into right atrium. RK: riglainiey, LK: left kidney. RA: right atrium.
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Fig. 46. Five-years-old, male
Cocker Spaniel dogA. 2D
transverse view showing the
v. cava caudalis coursing
dorsal to the aorta
abdominalis. B. Maximum
Intensity Projection, sagittal
view. Note the v. cava
il caudalis just ventral to the
' spine. TheAorta abdominalis

V. cava caudalis®

V. lienalis . courses ventral to the caudal

Adrta abdominalis
V. portag vena cava. A tortuous

|:“§-

shunting vessel (PSS)

connects the left gastric vein (not visible) and #tzygos veinC. Volume rendered image. Left aspect.
PSS, portosystemic shunt between the left gastio and the azygos vein. Note that the post-hepatic

segment of the caudal vena cava is normally reptede

5.3 ANOMALIES OF THE PORTAL SYSTEM

Fourty-one dogs of the 1437 examined dogs had gerotal portosystemic shun.
portae, the portal vein, or one of its tributaries wemnigected to the caudal vena cava
(n= 36) or to the azygos veim£5). Twenty-one dogs were males and twenty were
females. The median age was 12 months (from 2 fom@nths), and the median body

weight was 6 Kg (from 1 to 37), with several breegfzresented.
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5.3.1 PORTOAZYGOS SHUNT

Five dogs presented connections between one vafsged portal system and the azygos
vein:

- Fromv. gastrica dextra to v. azygous (Fig. 47)

- Fromv. gastrica sinistra to v. azygous (Fig. 48)

- Fromv. lienalis to v. azygous (Fig. 49)

: Fig. 47. Volume rendered image in 10 months-old,
V. gastroduodenalis o
Mongrel, female dog. Cranial-oblique view. RK:
right kidney, LK: left kidney. PSS, portosystemic

shunt between the right gastric vein and the azygos

vein.

-4 ¢ oWy A ’
' ' .’,. V.portac
¥ |
 \
e W "

V. azygous

"‘— ‘\ Sep
M Fig. 48 Volume rendered image, ventral aspect, in a

4-months old, female, Pug dog. Note the enlarged an

N

il AR ) tortuous vessels from gastrica sinistra shunting with
&/ V. gastrica sinistra )

VS ‘V-‘-'l'?flis the azygos vein.

R
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Fig. 49. Volume rendered image,

right lateral aspect in a 2 months-
old, male Pug dog. Note a large and
tortuous vessel (PSS) arising from
thev. lienalis that courses dorsally,

describes some loops and then
joints to the v. azygous. The

enlarged azygous vein normally

V. cava cranialis

courses to the right atrium (RA).

5.3.2. PORTOCAVAL SHUNT

Thirty-six dogs had a communication betweenwthgortae, portal vein, or one tributary
of it and thev. cava caudalis, caudal vena cava or to one of its tributaries. phésent

here some examples describing the origin, coursktexmination of the shunting vessel.

- V. porta, portal vein v. cava caudalis, caudal vena cava, fusion (Fig. 50).

- Fromv. gastrica dextra to thev. cava caudalis, pre-hepatic segment, with short
or long shunting vessel (Fig. 51,52).

- Fromv. gastrica dextra to thev. cava caudalis, hepatic segmerfFig. 53).

- Fromv. gastrica sinistra to thev. cava caudalis, post-hepatic segment (Fig. 54,
55).

- Fromramus sinister of thev. portae to v. hepatica sinistra (Fig. 56, 57).
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- Fromramus sinister of thev. portae, branches of the left portal branch for
central hepatic segments, to theava caudalis, caudal vena cava, hepatic
segment (Fig. 58).

- Fromramus dexter of thev. portae to thev. cava caudalis, caudal vena cava,

hepatic segment (Fig. 59, 60).

Fig. 50. Maximum Intensity Projection of the.
portae, portal vein, fusion with the v. cava caudalis,
caudal vena cava, pre-hepatic segmem.
Transverse view at the level of T12. #orta
thoracica 2. V. cava caudalis 3. V. portae 4. V.
lienalis 5. A. hepatica B. Transverse view, 1.2 mm
caudal to the previous image. Note the fusion
between thev. cava caudalis (2) and thev. portae
(3). C. Left sagittal view showing the fusion
between they. cava caudalis (2) andv. portae (3).

6. V. mesenterica cranialis.

V. gastroduodenalis V. cava caudalis

Fig. 51. A. Transverse view at the
level of T12 in a 9-months-old, 5 Kg,
female Beagle dog with portosystemic
shun (PSS) between the gastrica
dextra and thev. cava caudalis, pre-

hepatic segmenB. Volume rendered

_ & hepatica

ventral view of the previous dog.
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V. cava caudalis,
pre-hepatic

Fig. 52. Volume rendered images of a 5-
years-old, male, Bolognese with portocaval
shunt. A. Cranial view. Note the large
shunting vessel (PSS) arising from the right
aspect of thev. portae (PV) to the pre-
hepatic segment of the. cava caudalis
(CdVvCQC) (big arrow). RK: right kidney, LK:
left kidney. B. Ventral view showing the
course of the shunting vessel from the
portae to the v. cava caudalis, left lateral
aspect of the pre-hepatic segment (big

arrow).
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Aorta thoracica V. cava caudalis

V. mesenterica cranialis

i s \ I
4l
Aorta thoracica...___'__,
. gastroduodenalis } — r T é
; %
\ \e | ‘ K V. gastroduodenalis

Ve, ¢

I" \ V.'cava caudalis

Fig. 53. Volume rendered images in a 1-year-old, male, -Shih with portacaval shunf. Right lateral
view. B. Ventral view.C. Dorsal view.Note as the large shunting vessel (PSS) from migistric vein
courses in a caudal-dorsal direction; it suddenlyes cranially and courses just ventral to theaado the
right side, between the liver lobes. Then enterlither and ends into the caudal vena cava, togedlitbr

the left hepatic vein (big arrow). The shuntingseddhas an extra-hepatic course and intra-hepadic e
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V. cava caudahs

Y. mesenterica

cranialis
V. portac

V. gastrica sinistra

Fig. 54.Volume rendered image of a 2-years-old, male, Daahd with portocaval shum. Ventral view.
Note a large shunting vessel frarmgastrica sinistra and thev. cava caudalis, post-hepatic segment (big
arrow).B. Left lateral view. Note the large left gastricivéihat courses cranially and dorsally, on the dorsa
surface of the liver, and ends to the left latasgdect of the initial tract of the cava caudalis post-hepatic

segment. The course of the shunting vessel is ariplextrahepatic (see also Fig. 55).

Aorta thoracica

V. cava caudalis
post-hepatic e \’ r \.‘

\‘ w'q

Fig. 55.Volume rendered image of the dog of Fig.
54. Cranial view at the dome of the diaphragm.
Note the shunting vessel (PSS) that courses on the
dorsal surface of the liver, to the left side, and
enter the first tract of the. cava caudalis, post-

hepatic segment.
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Fig. 56. Maximum Intensity Projection of a
1l-year-old, female, Labrador Retriever with
#oastrical

Asinistra portocaval shunt. Ventral view. RK: right
kidney, LK: left kidney. Note the Iar

N lionalis dney e dney. Note the large
vessel that frommamus sinister of v. portae,
left intrahepatic branch of the portal vein,
shunting tov. hepatica sinistra, left hepatic

vein (consistent with persistence didictus

V. cava / AL N g venosus).

caudalis

caudalis . \’
) i} . 9 . HAAOI ta
post:hepatit / Ao 3
- = - thoracica
: ™

Vi

flf“dﬁgis —_— A\ A ‘ Fig. 57. Volume rendered image
epatic A\

-Jrh/‘ : H“,I'r/'- T A \ : of the same dog of Fig. 56.

¥, c':;1(3’1otluoclenalm { _
Ventral view. The largeamus

sinister of v. portae shunts into
o Vigastrica the left hepatic vein (big arrow).

, T . ‘ t,
v el VI e , , #— S siniS(ra ™y ,

o Note the aneurismal dilatation

V. cava

CAUdAliS m— L N a. hepatica
pre-hepatic N v “d, \ £ ot before shunting.
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V.cava
caudalis

'V. hepatica
sinistra

Fig. 58. One-year-old, 3 Kg, female, Mongrel dog with aftepatic portocaval shunfA. Maximum
Intensity Projection transverse image. Note thgdashunting vessel (PSS) reaching the caudal veve c
B. Volume rendered image, ventral aspect, showinglhhumting vessel (PSS) between a central branch of
the left major branch of the portae and the v. cava caudalis. The portal branch is dilated at the point
where it drains into the caudal vena cava.

AV.

gastroduodenalis, - ‘ V. hepatica
sinistra

¥Y.cava
caudalis

AN gastrica
sinistra

Fig. 59. Maximum Intensity Projection image
V. mesenterica of a 4-months-old, male, Bernese dog with a
cranialis

shunt betweemamus dexter of v. portae and

v. cava caudalis, intrahepatic segment (PSS).
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AETATATY -: mtuul

ga K l /m

V. tava
caudalis

¥

/Hepaltica
. sinistra

Fig. 60.Volume rendered image of a 10-
months-old, 13 Kg, male, Mongrel dog
with intrahepatic portocaval shunt. RK:
right kidney. Note the large and strange
shaped vessels (PSS) frawmus dexter

of thev. portaeto thev. cava caudalis.
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Third and fourth generation scanners and helicaipdged tomography (CT) have been
described in veterinary medicine for studying ndreenine cross-sectional anatomy of
the abdomen. (FEENEY et al. 1991, SMALLWOOD et1#192, SMALLWOOQOD et al.
1993, TEIXEIRA et al. 2007). Recently, helical Ga&s been reported for normal canine
portal and hepatic vasculature, and portosystemiciunts assessment
(ZWINGENBERGER and SCHWARZ 2004, ZWINGENBERGER ¢t 2005a). We
first described the use of multidetector-row conmegutomography (MDCT) combined
with three-dimensional post-processing techniquesektrahepatic portosystemic shunt
assessment in dog (BERTOLINI et al. 2006b). Muted&r row computed tomography
represents a breakthrough in computed tomograpthntdogy, providing a substantial
gain in performance in comparison to conventioma helical computed tomography. In
the first part of this work we presented MDCT-imader describing the normal vascular
abdominal anatomy in dogs, creating three-dimemsidi83D) maps from original
volumetric data sets.

The most immediate issue of the present studyas MDCT allows detailedn vivo
imaging of the abdominal vasculature in dog. Normalkculature, variants, and
anomalies can be easily recognized. In clinicaéneary science training as well as in
veterinary practice, an understanding of anatomyssential. In traditional anatomy
teaching, superficial anatomy is stressed, bue liis taught about the actual three-
dimensional (3D) position of structures, even thoubis is especially important in
clinical practice. Understanding the 3D positionvesselsn vivo is difficult, because
this knowledge has been generally handed down by wfadissections or two-

dimensional angiography. The results reported (@hapter 4, Results, part I) prove that
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MDCT can be an useful tool for educational suppoding post-processed volume
rendered images from living animals instead of Bpens. Furthermore, MDCT
angiography provides accurate mapping of individuvahous and arterial variations,
sometimes demonstrating vascular patterns not idescin the textbooks of anatomy.
Knowledge of individual variations is important fgre-operative imaging of the
abdomen. MDCT can then provide additional detailehrmation in patients with
radiographic or ultrasonography patterns of abdahdisorders.

Images included in this project are of patientst thaderwent multidetector row
examination of the abdomen for clinical purposdss Theans that detailed images can be
routinely obtained choosing appropriate protocaid post-processing techniques. The
goal of volumetric imaging with MDCT should be togaire data sets with isotropic or
near isotropic resolution whenever possible. Moeepproper delivery of iodinated
contrast medium is essential. In fact, most of Huvantages of MDCT angiography can
be nullified by improper contrast medium administna. The fast acquisition of data
possible with MDCT has many benefits. It allows stabtial anatomic coverage in few
seconds obtaining separate arterial and venouseghhbst, at the same time, it could be
possible to completely miss or outrun the contkedtis. The understanding of contrast
medium kinetics in patients is then essential. Bngount and concentration of the
medium, rate of injection, and timing of injectioare important variables for
angiographic studies, as well as specific patiefatttors such as the individual cardiac
output (FISHMANN 2001, FLEISHMAN 2003, FLEISHMAN 26, KISHIMOTO et al.
2008) This study includes patients from 1 to 84, kgnder general anesthesia, with

extremely variable individual conditions. This madedifficult to obtained uniform
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results. In the present study both angiographic ramm@angiographic studies have been
included. Angiographic studies provided excelleesults, in terms of image quality,
allowing fast and highly detailed vascular map@st-processing. Results from non-
angiographic studies are considered satisfactornywedls even if they were more time-
consuming in post-processing for enhancing theelesghile discarding other structures,
or just to remove the background noise. Acquirihg proper hardware data set is
essential, but it is only the first step of theqass for vascular mapping. Both Maximum
Intensity Projection (MIP) and Volume Rendering (MRere used here for generating
comprehensive vascular images. Volume Renderingasalways accurately displayed
the vessels, especially on the arterial and pgrtedse-dominant images. VR also
provides both the definition and the color displaf the bone and parenchyma
surrounding the vessels, which may contribute tmoae comprehensive understanding of
the anatomic relationships. In MIP images the 3@Ati@ships among the structures in
the display is not visible. However, MIP allows thsualization of smaller branches with
less work than is required with VR. It is importaotremember that volume rendering is
an interactive technique. On the post-processingkstation we create a true 3D object
that we can rotate and view from any angle. Thidlifates the understanding and
interpretation of the complicated vascular anatorkljowever, full and accurate
interpretation generally requires combining reviest thin section 2D images
(multiplanar reformatted images, MPR) with someetypf volume techniques (MIP
and/or VR).

The second part of our results (Chapter 5, ResBhst II) describes some congenital

anomalies of the abdominal vessels. Over the cafrges study, we did not identify any
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anomalies of the abdominal aorta, nor have thew lbeported in veterinary literature.
Several reports describe congenital abnormalitiehie thoracic aorta, though there are
no descriptions of congenital defects of the abdainiaorta in dog. In humans,
congenital abdominal aorta aneurysm, hypoplasiahef descending aorta are rare
anomalies described in infants (MEHALL et al. 200ERRAMANI et al. 2002). Of four
dogs with congenital abnormalities of the artesgdtem, two dogs had an intrahepatic
congenital arterioportal fistula. CT is recognizedvaluable tool for the diagnosis of this
condition (MOORE and WHITING 1986, SZATMARI .et 2000, ZWINGERBERGER
at al. 2005b).

Congenital anomalies of the caudal vena cava haga Hescribed in dog, and have been
here reported as well. We observed the “doublel@avena cava” in 12 of 1437 dogs
included in this study (0.83%). This result is dstemt with other previous reports. The
right-sided pre-renal segment of the caudal verna darives from the embryologic right
supracardinal vein. The presence of a double vava e the pre-renal segment is
believed to be a result of persistence also ofdftesupracardinal vein (REIS and TEPE
1956, LABORDA et al. 1996). In two cases this anlynveas associated to other venous
anomalies of the abdominal vessels. Despite thell smanber of dogs with left
supracardinal vein persistence reported here, iitteyesting to note that they all were
small size dog (< 10 kg), and four of these weredRddogs, suggesting a possible size
or breed predisposition.

The segmental aplasia of the caudal vena cavaotb@nanomaly described in this study,
and in previous reports. This anomaly is supposebet a failure of the anastomosis

between the right subcardinal veins and the wite]licausing an interruption of the
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developing caudal vena cava. The communication dxtwthe prehepatic and hepatic
segments of the caudal vena cava does not occuthandlood is then shunted to the
aygous vein by way of a persisting right supracaidvein (BARTHEZ et al. 1996,
HUNT et al. 1998, HARDER et al. 2002). This anomaygenerally asymptomatic.
However, in our cases it was always associated pattosystemic shunts. In one dog the
azygous continuation was associated with #ites inversus abdominalis, with the
stomach and multiple spleens situated at the siglet (Fig. 43, 44). This association has
been reported in humans as well as in dogs (ROG&tlEl. 1984, MATHEWS et al.
1999, LOHSE et al. 1978, HUNT et al. 1998).

Two dogs with an azygous continuation of the cawdak cava had also the interruption
of the portal vein and a portocaval shunt betwéenportal vein and the pre-hepatic part
of the caudal vena cava. According to the supracalranodel, this part of the caudal
vena cava is derived from the right subcardinah tkat in the embryo is programmed to
anastomose with both the supracardinal vein andrdm@al portion of the vitelline veins.
Inappropriate anastomosis among these embryonselesan cause the interruption of
caudal vena cava and/or portal vein and resultporéosystemic anastomosis. In normal
adult dog there are no gross anatomical connectbenseen the portal system and the
caudal vena cava or its tributaries. Most extratieg@unts encountered over the course
of this study, as well as by others, arise fromtrgaseins and end in the pre-hepatic
segment of the caudal vena cava, suggesting abp@ssmilar embryologic origin. In
two cases, the shunting vessel arose from a tripuatiathe portal vein, viz. the right and
the left gastric veins, and terminated in the hiepahd post-hepatic segments of the

caudal vena cava, respectively (Fig. 51-53). Thgses of PSS have not been previously
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described and are difficult to classify using thésgng clinical criteria (intrahepatic or
extrahepatic shunts).

To better understand the underlying development&thanisms and for planning the
surgical approach, knowledge of the origin and seuof the anomalous vessels is
essential. In our preliminary study (BERTOLINI &t 2006b), and in the present thesis,
multidetector 16-row computed tomography angiogyapdmbined with post-processing
techniqgues has proven to be extremely valuable dacwar normal anatomy and

congenital anomalies assessment in dog.
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CHAPTER 7

CONCLUSIONS
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Multidector 16-row computed tomography was usedHerfirst time in dogs.

In the present work some results have been describe

» Anesthesia protocol for dogs undergoing MDCT abd@inexamination.

This protocol allowed safe and short general amssthand brief subsequent apneas
during the scans. None of dogs examined showed lazatipns related to the anesthesia.

» Protocol for contrast enhanced MDCT examinatioddgs.

The protocol described is routinely adopted wherth bparenchyma and vascular
structures have to be evaluated, such as in ongopmgients. It allows a good
opacification of abdominal vessels, and can be @meohorphological studies. However,

post-processing for vascular mapping could be iaber

» Protocol for MDCT-angiography using a bolus trigggrtechnique

This protocol provides excellent results for angégdic studies in the arterio-portal

phase. Post-processing offers more detailed vasaaps.

» Post-processing software techniques applicati@dDivascular mapping
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Multiplanar Reformatted Images (MIP), Maximum Indégp Projection (MIP), and

Volume Rendering techniques are most useful ttmlsomplicated vascular anatomy

interpretation and depiction in dogs.

» Normal anatomy of abdominal vessels in dog as eaeviDCT

Volume rendered models can be an useful tool farcational support in anatomy

training, and for assessment of vascular variatamgpreviously described.

» Description of some congenital vascular anomal@greviously reported.

Knowledge of the course of anomalous vessels Imelmderstanding possible underlying

dvelopmental mechanisms, and is essential for rgical planning.
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LIST OF TERMS
(alphabetical order)

Aa. arcuatae, arcuate arteries

Aa. iliacae externae, external iliac
arteries

Aa. iliacae internae, internal iliac
arteries

Aa. interlobares renis, interlobar renal
arteries

Aa. lumbales, lumbar arteries
Aa. renales, renal arteries
Aa. jegjunales, jejuna arteries

A. abdominalis cranialis, cranial
abdominal artery

A. circumflexa ilium profunda, deep
circumflex iliac artery

A. coeliaca, celiac artery

A. colica sinistra, left colic artery

A. adrenalis dextra, right adrenal
artery

A. adrenalis sinistra, left adrenal
artery

A. epigastrica caudalis superficialis,
superficial epigastric artery

A. gastrica sinistra, left gastric artery
A. hepatica, hepatic artery

A. iliaca externa, external iliac artery
A.iliaca interna, internal iliac artery
A. intercostales dorsalis, intercostal
artery

A lienalis, splenic artery

A. mesenterica caudalis, caudal
mesenteric artery

A. mesenterica cranialis, cranial

mesenteric artery

A. phrenica caudalis, caudal phrenic
artery

A. pudenda externa, external pudendal
artery

A.renalisdextra, right renal artery
A.renalissinistra, left renal artery

A. sacralis mediana, median sacral
artery

A. testicularis, testicular artery

Aorta abdominalis, abdominal aorta
Aorta descendens, descending aorta
Aorta thoracica, thoracic aorta

Arcus aortae: aortic arch

AV profunda femoris, deep femoral
artery and vein

Rami mammarii, mammary branches of
the caudal superficial epigastric artery
Ramus dexter lateralis, right lateral
branch of the hepatic artery

Ramus dexter medialis, right medial
branch of the hepatic artery

Ramus dorsalis, dorsal branch of the
dorsal intercostal artery

Ramus esophageus, esophageal branch
of the left gastric artery

Ramus dexter, right branch

Ramus sinister, left branch

Ramus sinister medialis, left medial
branch

Ramus sinister lateralis, left lateral
branch

Ramus spinalis, spinal branch of the
dorsal intercostal artery

V. azygous, azygos vein

Vena cava caudalis, caudal vena
cava

V. iliaca communis, common iliac
vein

Vena portae, portal vein

V. circuntflexa ilium profunda, deep
circumflex iliac vein

V. gastric dextra, right gastric vein
V. gastrica sinistra, left gastric vein

V. gastroduodenalis, gastroduodenal
vein

V. gastroepiploica, gastroepiploic
vein

V. hepatica dextra, right hepatic vein
V. hepatica media, medial hepatic vein
V. hepatica sinistra, left hepatic vein

V. iliaca communis, common iliac
vein

V. lienalis, splenic vein

V. mesenterica caudalis, caudal
mesenteric vein

V. mesenterica cranialis, cranial
mesenteric vein

V. portae, portal vein

V. renalisdextra, right renal vein
V. renalissinistra, left renal vein

V. ovarica sinistra, left ovarian vein

V. testicularis sinistra, left testicular
vein

VV. hepaticae, hepatic veins

V. interlobares renis, renal intelobar
veins

W. lumbales. lumbar veins
W. jgjunales, jejunal veins

V. renales, renal veins
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