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ABSTRACT 

 

This study compared uncomplicated canine babesiosis (CB) with various grades of 

experimentally induced normovolaemic anaemia (EA) and the physiological state (controls) in 

the dog using Doppler variables of the abdominal aorta and splanchnic vessels. There were 14 

cases of uncomplicated CB, and each EA and control group had 11 Beagles. 

 

There were significant increases in the abdominal aorta, cranial mesenteric artery, coeliac 

artery and main portal vein blood flow velocities, and in portal blood flow during EA when 

compared with the physiological state. There were significant reductions in resistance indices 

of the same vessels, and those of the hilar splenic artery. Changes were most notable during 

severe EA and less consistent during lower grades of anaemia.  

 

Significant changes in renal haemodynamics were found only during severe acute EA. In 

contrast to other abdominal vessels, left renal artery pulsatility and resistive indices increased 

significantly during EA while those of the interlobar artery remained unchanged. There was a 

significant increase in peak systolic velocity and significant decrease in end diastolic velocity. 

Renal artery time-averaged mean velocity (TAVmean) (P ≤ 0.008) and end diastolic velocity (P ≤ 

0.041) were significantly lower than the corresponding variables of the aorta, cranial mesenteric 

and coeliac arteries during the EA but not the physiological state. The TAVmean ratio was 

significantly (P = 0.014) lower during EA when compared to the physiological state, and 

significantly (P ≤ 0.004) lower than the corresponding variables of cranial mesenteric or coeliac 

artery during the EA but not the physiological state.  
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There was a striking similarity between CB and EA regarding haemodynamic change patterns 

of Doppler variables in all vessels. In spite of this, renal resistive indices during CB were 

significantly higher than during EA and the physiological state.  

 

The similarity between CB and EA haemodynamic patterns is attributed to anaemia while 

significant differences between them may be attributable to pathophysiological factors peculiar 

to CB. This observation supports the view that CB impairs renal circulation through certain 

mechanisms such as capillary blockage with sequestered red blood cells. Doppler 

ultrasonography is a useful technique for clinical investigation of haemodynamics in CB and 

related diseases.  

 

Key terms: anaemia, canine babesiosis, abdominal splanchnic haemodynamics, Doppler 

characteristics 
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ABSTRAK  

 

Die doelwitte van hierdie studie was om die Doppler veranderlikes van die abdominale aorta en 

splankniese bloedvate te vergelyk tussen eksperimentele normovolemiese anemie (EA), 

ongekompliseerde babesiose in honde (CB) en ook teenoor die normale fisiologiese status in 

kontrole honde.   

 

Doppler veranderlikes van die abdominale bloedvate gedurende die normale fisiologiese status 

en verskillende grade van eksperimentele anemie is gemeet in 11 klinies normale Beagles, en 

in 14 honde met ongekompliseerde babesiose.   

 

Daar was betekenisvolle verhogings in die bloedvloeispoed van die abdominale aorta, kraniale 

mesenteriese slagaar, koiliak slagaar en die hoof portale aar en in die portale bloedvloei 

gedurende EA in vergelyking met die kontrole groep. Daar was betekenisvolle verlagings in die 

weerstands indekse van dieselfde bloedvate en van die milt hilus slagaar. Veranderinge was 

mees merkbaar gedurende erge EA en minder gevorderd gedurende ligter grade van anemie.   

 

Betekenisvolle renale hemodinamiese veranderinge is alleenlik gedurende erge akute anemie 

gevind. In kontras met ander abdominale bloedvate het die pulseer– en weerstandsindekse 

van die linker renale slagaar betekenisvol verhoog gedurende EA terwyl die van die interlobêre 

slagaar onveranderd gebly het. Daar was betekenisvolle verhogings in die piek sistoliese 

bloedvloeisnelheid en betekenisvolle verlagings in die eind diastoliese vloeisnelheid.  
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Renale slagaar tyd-gemiddelde mediane vloeisnelheid (TGMB) (P≤ 0.008) en eind diastoliese 

vloeisnelheid (P ≤ 0.041) was betekenisvol laer as die ooreenkomende veranderlikes van die 

aorta, kraniale mesenteriese en koiliak slagare gedurende anemie, maar nie in die kontrole 

honde nie. Die TGMB verhouding was betekenisvol laer (P 0.014) gedurende anemie in 

vergelyking met die kontroles, en betekenisvol laer  (P ≤ 0.004) in vergelyking met die 

ooreenstemende veranderlikes van die kraniale mesenteriese en koiliak slagare gedurended 

anemie, maar nie in die kontrole honde nie.   

 

Daar was ‘n merkbare ooreenkoms tussen CB and EA hemodinamiese neigings met betrekking 

tot alle Doppler veranderklikes vir alle bloedvate. Ondanks hierdie enersheid het CB 

betekenisvolle verhogings gehad vir die renale weerstandsindeks teenoor EA en die kontrole 

groepe.   

 

Die algemene hemodinamiese neigings gedurende CB en EA mag toegeskryf word aan die 

anemie terwyl die verskille toegeskryf kan word aan spesifieke CB patofisiologiese faktore. 

Hierdie waarnemings ondersteun die opinie dat CB renale bloedvloei belemmer word deur 

verstopping van kapilêre bloedvate deur gesekwestreerde rooibloedselle. Doppler 

ultrasonografie is ‘n handige tegniek vir kliniese ondersoeke van die hemodinamika van CB en 

soortgelyke siektes.  

 

Sleutel woorde: anemie, honde babesiose, abdominale splankniese hemodinamika, Doppler 

eienskappe.  
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CHAPTER 1  
 

GENERAL INTRODUCTION 
 
 
 
 
Traditional clinical methods for evaluating the circulation measure capillary refill time, arterial pulse or 

arterial pressure of superficial blood vessels. These methods are subjective or general estimates of 

the circulatory status. Angiography, scintigraphy, implanted electromagnetic or Doppler flowmeter 

can be used to investigate haemodynamics at deep locations in the body such as the splanchnic 

vessels1,2, but these are somewhat invasive methods. Additionally angiography is attended by the 

potential risk of contrast agent toxicity; scintigraphy carries the risk of radiation injury; and implanted 

electromagnetic or Doppler flowmeter is not available for routine clinical work. Because of its safe 

and non-invasive nature, the introduction of transcutaneous Doppler ultrasonography marked a new 

era in the clinical evaluation of blood flow3. The technique can be used repeatedly to accurately 

determine haemodynamic patterns at a specific location within a vessel or cardiac chamber. Doppler 

ultrasonography provides information on blood flow direction, speed and velocity profile. The 

physiological-anatomical condition of the cardiovascular system can in turn be deduced from the 

haemodynamic information.  

 

Currently three established modes of Doppler ultrasonography consisting of spectral, colour and 

power Doppler, are in use. A general use of Doppler ultrasonography is in differentiating anechoic 

non-vascular from vascular structure; or a vessel with blood flow from that without - all appearing as 

anechoic tubular or rounded structures during routine B-mode ultrasonography4,5. The clinical roles 

of Doppler ultrasonography in the investigation, diagnosis and management of localised peripheral or 

cerebrovascular disorders such as occlusions, shunts and arteriovenous anastomoses6-8 or cardiac 
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and great blood vessel disorders such as congenital defects9 in human patients is well established. 

In these roles, the three Doppler modalities compliment B-mode ultrasonography, and each other, for 

improved diagnostic capability.  

 

Clinical uses or studies of Doppler ultrasonography in human patients have been extended to the 

diagnosis or investigation and management of splanchnic vessel disorders4,10, differentiation of focal 

parenchymal11-13 and hollow organ4 lesions, and evaluation and management of physiological 

processes in obstetrics14, urology15,16 and digestion17,18  

 

To-date little attention has been given to the potential utility of Doppler ultrasonography for 

investigating systemic conditions such as anaemia, metabolic disorders or infection.  However, 

studies with foeto-maternal alloimmunisation due to rhesus blood group incompatibility have shown 

that Doppler ultrasonography may play an important role in the non-invasive diagnosis and 

management of human foetal anaemia19. Increased peak systolic velocity of the middle cerebral or 

splenic artery is considered to be a highly sensitive and specific test for the diagnosis and 

management of severe anaemia of alloimmunisation20,21 or parvovirus infection22 in the human 

foetus. Increased blood flow velocity of the middle cerebral artery in children suffering from cerebral 

malaria has also been reported23. 

 

Doppler ultrasonography is relatively new to the veterinary domain. Clinical applications are less 

established, but studies into potential applications have followed those listed for medical practice and 

suggest that uses similar to those in human patients can be found. Various studies that used Doppler 

ultrasonography for evaluating normal cardiac function24 and investigating localised cardiac 

disorders25 have been extensively reported. Fewer in the literature, however, are reports on 
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investigation of vascular disorders e.g. the abdominal aorta and caudal vena cava26, and portal 

vein27,28. Other researchers have used Doppler ultrasonography for investigating focal or diffuse 

disorders of the kidneys29-31; liver28,32; spleen33; gastrointestinal tract34; spermatic cord and testis35; 

and prostate36 of dogs.  Use of Doppler ultrasonography for monitoring foetal viability in ewes and 

sows37 or cows and mares38; for evaluating physiological processes of the uterus39; and of 

digestion40,41 have been cited. A few studies have reported changes in renal Doppler patterns 

associated with systemic conditions such as anaesthesia42 and Addison’s disease (hypotension)43. 

Except for a Doppler investigation of cerebral haemodynamics in acutely anaemic newborn lambs44, 

Doppler studies on anaemia, or anaemia-inducing conditions in domestic animals have not been 

reported. 

 

Canine babesiosis (CB) in South Africa, like human falciparum malaria, is caused by a virulent 

haemoprotozoan parasite, Babesia canis rossi45. In addition to inducing anaemia, the disease may 

become complicated, making treatment difficult46. Death is inevitable in some of the complicated 

diseases, especially those presenting as cerebral forms or acute renal failure46. Haemodynamic 

disturbances are thought to play a significant role in the pathophysiology of complicated CB47,48. 

However, clinical evaluation of haemodynamic changes in the affected dogs is not routinely done. 

Studies using invasive methods in the dog have established significant influence of experimentally 

induced acute49 or chronic1 normovolaemic anaemia on systemic and regional haemodynamics, 

even though complications like those seen in CB have not been reported. In order to understand and 

evaluate the haemodynamic changes that lead to complications in CB, it is imperative to separate 

them from those that result from anaemia. 

 



UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  KKoommaa,,  LL  MM  PP  KK    ((22000055))  

 4

The aims of the current study were to investigate the influence of (1) experimentally induced canine 

normovolaemic anaemia (EA), and (2) uncomplicated CB on the abdominal aorta and splanchnic 

vessels using Doppler ultrasonography, and (3) to compare uncomplicated CB with experimental 

anaemia. Information generated from the study is expected to provide a necessary database for 

further investigations needed to improve an understanding of the pathophysiology of CB. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1  DOPPLER ULTRASONOGRAPHY 

 

Three ultrasonographic modalities of spectral, colour and power Doppler have been separately 

developed as ultrasound technology advanced. Spectral Doppler was developed first in the 1950's1, 

followed by colour Doppler in the 1980's2-4. Power Doppler is the latest innovation, with the first 

reports of its use coming in the early 1990s5-7.  Use of a combination of real-time, B-mode and 

Doppler ultrasonography (duplex Doppler) to provide anatomical and blood flow information was 

reported in the early 1970s8. Whereas all Doppler modalities provide blood flow information, 

differences exist in their methods of sampling, processing and display of information by computer 

software giving each modality a distinct role in the evaluation of haemodynamics, and the 

cardiovascular system. 

 

2.1.1  The Doppler effect - When imaging blood flow, the ultrasound reflectors are moving red 

blood cells. The echo received back by the transducer has a different frequency from that of the 

transmitted incident ultrasound. If blood flows towards the transducer (ultrasound source), the echo 

frequency is higher than the incident frequency, but when the blood flows away from the transducer, 

the echo frequency is lower. This phenomenon is known as the “Doppler effect”. The difference 

between incident and echo frequencies may be positive or negative, and is known as the frequency 

shift, which is proportional to the speed and direction (velocity) of blood flowing parallel to the axis of 
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the ultrasound beam. The relationship between the magnitude of the frequency shift and the velocity 

of blood flow is expressed by the Doppler equation9,10: 

 Fd = Fi – Fe  = 2 . Fi . V . cosθ  
       C  

Where: Fd is the frequency shift, Fi is the frequency of incident ultrasound, Fe is the frequency of 

echoes, V is the velocity of blood flow, C is the speed of ultrasound in living tissue, and θ is the 

beam-vessel intercept angle. 

 

The Doppler frequency shifts for incident frequencies in the range of 2–8 MHz and physiological 

blood flow velocities lie in the audible frequency range of 50–15000 Hz and is presented audibly and 

visually as positive and negative shifts. 

 

2.1.2  Spectral Doppler imaging - Spectral Doppler mode uses a continuous or pulsed wave 

ultrasound source. In a continuous wave Doppler system, one transducer element constantly 

transmits ultrasound waves while another receives the echoes. It is not possible to determine the 

exact location or depth from which the echoes received originated. A continuous wave Doppler 

system is capable of accurately measuring very high frequency shifts and aliasing does not occur 

readily. In a pulsed wave system, a transducer crystal periodically transmits pulses of ultrasound and 

then interrupts its transmission to receive echoes from the transmitted sound waves. A pulsed wave 

system has the ability to select the depth at which ultrasound is reflected and detect the specific 

location of the vessel or cardiac chamber from which blood flow has been sampled. However, there 

is an upper limit of velocity that can be accurately measured by a pulsed wave system. Beyond this 

limit, aliasing occurs leading to inaccuracy in estimating the velocity of blood flow. In the pulsed wave 

mode, a single gate is placed within a vessel lumen or cardiac chamber to obtain information from a 
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sample of the flowing blood known as the sample volume. The size of the sample volume can be 

varied and the sample can be selected from anywhere along the cross section of a vessel, or it may 

include the entire cross section of the vessel lumen9-12.  

 

The spectral Doppler flow information is processed and analysed by the Fast Fourier Transformation 

software program and presented in the form of audible sound as well as a graphic tracing of the 

detailed profiles of the flow velocity known as Doppler spectrum or spectral tracing. The Doppler 

spectrum represents a plot of the blood flow velocity (Y-axis) against time (X-axis). The Y-axis has 

positive and negative values on either side of the Y equal to zero line that is commonly referred to as 

the baseline. A positive Doppler frequency shift indicating blood flow towards the transducer is seen 

as a tracing above the baseline while a negative shift indicating flow away from the transducer 

appears below the baseline. The baseline is the point where the speed of blood flow is zero. The flow 

speed increases on either side farther away from the baseline. A point on the Doppler spectrum 

corresponding to that time defines the speed of blood flow at any given time of the cardiac cycle9,10. 

 

The width of the Doppler spectrum at any point represents the velocity gradient across the vessel 

diameter at that time during the cardiac cycle. A narrow tracing of the velocity spectrum implies that 

all RBCs across the vessel diameter are moving at equal velocity, while a broad band indicates the 

presence of a wide range of velocities across the vessel diameter. The spectral width is usually 

narrower during the acceleration phase of systole (plug flow) than during the rest of the cardiac 

cycle, especially in the large arteries. This means during early systole, the flow speed of the laminae 

of RBCs across the vessel diameter is about equal due to the sudden rise in systolic pressure 

gradient. This is known as the "entrance effect".  During the deceleration phase of systole the 

spectral width broadens as the blood flow stabilises to a parabolic profile.  When parabolic flow is 
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present during early systole, the spectral width may be more or less equal throughout the cardiac 

cycle. In a disturbed or turbulent flow, the spectral width broadens as a wide range of flow speeds 

appears within the vessel. Random movement of RBCs is seen as irregular, poorly defined margins 

of the spectral band9,10.  

 

In a pulsatile flow profile, an "envelope" is produced by two arms of the Doppler spectrum that 

correspond to the acceleration and deceleration phases of systole as the speed of blood flow rises 

and falls steeply. When there is little or no velocity gradient across the vessel as in the case of plug 

flow, the spectral band is narrow and the envelope is "empty" or there is a spectral "window". As the 

velocity gradient across the vessel increases e.g. in parabolic, disturbed or turbulent flow, the 

velocity spectrum is said to broaden, and the envelope becomes filled or the spectral window is 

closed. The slopes of the conical envelope define the rate of acceleration and deceleration of blood 

flow velocity during early and late systole respectively. In a triphasic pulsatile flow, two envelopes, 

one produced by systole and the other by early diastole are present on either side of the baseline. 

Each envelope is normally a sharply pointed narrow cone. In the biphasic pulsatile flow profile, only 

one systolic envelope is present and it has more gentle slopes and is rounded or flattened at the top. 

An envelope should appear entirely on only one side of the baseline. When the tip of the envelope is 

cut off and becomes displaced on the opposite side of the baseline, it indicates the presence of 

aliasing that is associated with a high blood flow velocity9,10. 

 

From the Doppler spectrum, blood flow can be expressed by measurement or calculation of various 

parameters and indices. The blood flow velocity is equal to the frequency shift if the beam-vessel 

alignment is exactly parallel, i.e. intercept angle equals zero. For arterial flow, peak systolic velocity 

is measured directly from the Doppler spectrum by positioning the electronic callipers of the 
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ultrasound machine at the maximum systolic frequency shift.  Pulsatility and resistive indices can be 

computed also from the Doppler spectrum using the program of the ultrasound machine. For venous 

flow, peak velocity is measured in the same way as for arterial flow, and a congestion index can be 

computed. Other useful blood flow parameters that can be computed from the Doppler spectrum are 

time-averaged mean velocity and blood flow, for both arterial and venous flows. 

 

2.1.3  Peak systolic velocity, peak velocity, time-averaged mean velocity - The accuracy of 

peak systolic velocity (PSV), peak velocity, or time-averaged mean velocity measured or computed 

from the frequency shift depends on the beam-vessel alignment used at the time of obtaining the 

Doppler spectrum. Measurement of PSV, peak velocity or time-averaged mean velocity therefore 

requires that the blood vessel must be big enough to be clearly resolved, and remain steady for 

accurate positioning of the sample volume and for angle correction. Peak systolic velocity, peak 

velocity, or time-averaged mean velocity is expressed in metres or centimetres per second (m/s or 

cm/s).  

 

2.1.4  Pulsatility index and resistive index - Both pulsatility index (PI) and resistive index (RI) 

express the resistance to blood flow by vessels that are located further distal to the site of 

interrogation of blood flow. They may be calculated from values of frequency shift or velocity. They 

are not influenced by the angle of beam-vessel alignment. The PI and RI can therefore be used for 

semi-quantitative evaluation of the blood flow of arteries that are not well resolved on B-mode 

ultrasonography, or those that are tortuous and do not permit angle correction13. For low resistance 

vessels, they are computed electronically as follows14: 

   
PI = A – B 

    Mean 
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  RI = A – B 
        A 

Where: A is the peak systolic frequency shift (peak velocity), B is the end diastolic frequency shift, 

and “mean” is the time-averaged value over the same cardiac cycle. 

 

2.1.5  Blood flow - Is computed using the equation15-17: 

  BF = CSA x TAVmean  or  CSA x PV x 0.57 
    Body weight   Body weight 

Where: BF is the volume flow, CSA is vessel cross sectional area, and time-averaged mean velocity 

is the mean blood flow velocity, PV is peak velocity, and 0.57 is a correction factor. 

 

The blood flow is expressed in units of ml/min/kg. This measurement requires calculation of both the 

vessel cross sectional area and blood flow velocity measured at the same location of the vessel. 

Measurement of vessel diameter introduces significant errors, and the method is particularly not 

suited for use in vessels with small diameters. 

 

2.1.6  Congestion index - Is computed as18: 

 CI = CSA 
   TAVmean 

Where: CI is congestion index, CSA is cross sectional area, TAVmean is time-averaged mean velocity. 
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2.1.7  Colour Doppler imaging - Only uses pulsed wave ultrasound12,19,20. Unlike spectral 

Doppler, the sample volume in colour Doppler consists of numerous gates and blood flow within a 

much larger area of tissue covered by the colour box (sample volume) can be interrogated 

simultaneously. The Doppler frequency shift in the colour Doppler mode is processed and analysed 

by the auto-correlation software program into phase and frequency components, yielding direction 

and mean speed of the blood flow respectively. A less detailed velocity profile and only average 

values of the flow velocity are obtainable. Transient changes in the direction of flow during a cardiac 

cycle such as in triphasic velocity profile can also be demonstrated. The information is presented on 

the monitor as a two-dimensional transparent colour map, superimposed on a B-mode image. Since 

blood is fluid and takes the shape of the object that contains it, the colour map of the flowing blood 

gives additional information on the internal outline of the imaged vessel or cardiac chamber. By 

convention, blood flow towards the transducer (positive frequency shift) is coded red and away 

(negative frequency shift) is blue. The speed of flow is denoted by different saturation of the red and 

blue colours. Faster flow speed towards the transducer is assigned a brighter shade of red e.g. 

yellow or white and flow away is assigned a brighter shade of blue e.g. cyan or white (less 

saturation). Slower flow towards and away is indicated by a deeper shade of red and blue (more 

saturated) respectively. In parabolic laminar flow, the deeper colour shades are seen near the vessel 

walls and the lighter shades at the centre. The green colour is used to tag a selected specific velocity 

value within the vessel or cardiac chamber. The information obtained from colour Doppler is still 

largely qualitative and can be evaluated subjectively. 

 

Colour codes for opposite flow directions may be seen within the same vessel (or on opposite sides 

of a cardiac valve) under various situations and may be classified as true or false flow reversal12,19,20. 

True flow reversal includes that of early diastole as seen in triphasic pulsatile flow; the localised 
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reversal of flows at a bifurcation or dilated large artery; and valvular regurgitation. The colour code 

for the reversed flow in a triphasic flow profile is seen as a transient change at the beginning of 

diastole during a cardiac cycle. The reversed flow occupies the entire area of the vessel lumen being 

sampled. Localised flow reversal is seen near a vessel wall simultaneously with the colour code for 

normal forward flow or jet, from which it is separated by a colour void (black) line or area. Valvular 

regurgitation is indicated when the colour code for the reverse flow appears on the opposite side of a 

valve as the colour for the normal forward flow. False flow reversal may be seen in a curved or 

tortuous vessel, or when using a curved or sector array transducer that results in the ultrasound 

beam meeting different sections of the same vessel at different angles. Under all these situations, 

the more saturated colours for opposite flow directions appear in the same vessel separated by a 

colour void area. In the phenomenon of aliasing associated with very high flow velocity, there is a 

more or less complex mix of brighter colours (less saturated) of the opposite flow directions without 

intervening colour void areas. The mosaic of colours may be located in the midstream or may occupy 

the entire cross section of the sampled chamber. (Aliasing may be difficult to differentiate from 

turbulence on colour Doppler alone). 

 

2.1.8  Power Doppler imaging - Like colour Doppler, power Doppler imaging only uses pulsed 

wave ultrasound and a multi-gated sample volume (power box) for global interrogation of blood flow. 

Unlike colour Doppler the auto-correlation software in power Doppler only processes amplitude 

information, excluding the phase and frequency components of the Doppler shift. The Doppler 

amplitude signal due to blood flow in all directions is integrated to reflect the energy of flow from the 

sampled volume. The relationship between the amplitude of Doppler signal and the energy of blood 

flow is not influenced by the ultrasound beam-vessel alignment but depends on the total number or 

volume of moving RBCs. This information is presented in a two-dimensional, transparent colour map 
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superimposed on a B-mode image with only a single colour (orange) code. Higher amplitude signal 

or energy of blood flow (more RBCs or bigger volume) is assigned a brighter hue (less saturated 

colour e.g. yellow) while lower amplitude signal is indicated by a more saturated hue e.g. purple of 

the colour code. Integration of the amplitude of blood flow, minimal influence by the angle of 

alignment and superior method of blood / tissue discrimination by power Doppler make it a more 

sensitive technique for detection of particularly low velocity blood flow than spectral Doppler and 

colour Doppler are. The dynamic range of a power Doppler system can be set at a higher level 

without risking interference from noise. However, power Doppler is more susceptible to movement 

artefact leading to “flashing”. Direction and speed of blood flow are not depicted since the power 

Doppler software does not process phase or frequency information. Further, the amplitude (flow 

volume) information on blood flow obtained from power Doppler currently can only be evaluated 

qualitatively. 

 

2.1.9  Doppler angle - In spectral and colour Doppler, 0° is the ideal Doppler angle for obtaining 

accurate flow information9,10,12. Increasing the Doppler angle introduces errors in detecting flow and 

estimating flow speed and direction. Flow may be depicted occurring in both directions (red and blue) 

within the same vessel when the angle of insonation is sub-optimal or it changes due to curvature of 

the vessel. As the Doppler angle approaches 90°, the Doppler signal decreases resulting in 

detection of poor flow or absence of flow (flow void area that appears black). In practice, a Doppler 

angle of up to 60° is permissible since it is not always possible to achieve the ideal alignment 

between the incident ultrasound beam and the vessel in certain situations, e.g.: 

a. Parallel alignment between the incident beam and the vessel may not be possible because of 

anatomical location, e.g. a vessel running parallel to the body surface. A wedge-shaped standoff 
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pad should be used, or when using a linear transducer, the colour box should be electronically 

steered to improve the Doppler angle. 

b. A vessel may change anatomical planes along its course, may be curved or tortuous. An optimal 

angle may be found by manually angling the transducer. 

c. With a sector or convex transducer, the angles at which the ultrasound beam meets different 

segments of a vessel will vary as the beam is steered through the tissue. For this reason, a 

linear transducer is preferred to a sector or convex transducer for Doppler imaging. 

Direction ambiguity associated with sub-optimal Doppler angles is characterized by the presence of 

the more saturated colours (slower speed) of opposite flow directions within the same vessel 

separated by flow void (dark) areas or lines. 

 

Doppler angle does not affect the estimation of amplitude. Artefacts, poor or absent flow associated 

with sub-optimal Doppler angles are not seen in power Doppler, making it more sensitive for flow 

detection since it is possible to detect flow at an angle of 90°. 

 

2.1.10  Aliasing - In practice, the upper limit of Doppler frequency shift (speed and direction of 

blood flow) that can be accurately estimated in pulsed wave systems will depend on the maximum 

pulse repetition frequency (PRF) of the ultrasound machine9,10,12.  When the Doppler frequency shift 

is equal to one half of the operating PRF (PRF/2), a critical point known as the Nyquist limit is 

reached beyond which estimates of the speed and direction of blood flow are inaccurate. In colour 

Doppler, a mixture of brighter colours for opposite flow directions appears at the centre of the blood 

vessel. In spectral Doppler, the tips of the velocity wave curves are cut off and displayed on the 

opposite side of the baseline. This phenomenon is known as aliasing. Aliasing may be corrected by 

selecting a higher PRF setting. If the maximum PRF setting for the machine has already been 
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selected, moving the baseline down or up can double the range of detectable velocities. Other 

methods of correction include using a lower frequency transducer, increasing the Doppler angle or 

scanning at a shallower depth.   

 

2.1.11  Depth at which vessel is located - Both the incident ultrasound and echo undergo 

increasing levels of attenuation the longer the distance they have to travel. Subsequently, the 

intensity of echoes returning from deeply located vessels may become too weak for the machine to 

detect, making it impossible to demonstrate flow in such vessels9,10,12. The use of lower incident 

frequencies is recommended for deeply located vessels while preserving higher frequencies for 

superficial vessels. Another technical problem associated with pulsed wave systems when evaluating 

deeply located vessels is range (depth) ambiguity where presence of flow may be recorded in a 

position with no actual flow (colour overwrite). This is because the echo originating from a great 

distance may arrive at the transducer after the succeeding incident pulse has been emitted. This 

artefact may occur with low frequency transducers, high far gain and high PRF setting, but rarely 

poses a clinical problem. 

 

2.1.12  Soft tissue motion, and movement of subject or transducer - Signals from slowly moving 

soft tissues and vessel walls are known as “noise”9,10,12. Noise signals are much stronger than 

Doppler signals. They affect the accuracy of estimation of flow velocity and may cause flash artefacts 

and colour overwrite. Motion (blood / tissue) discriminators are key components of colour and power 

Doppler while wall filters are equivalent components of spectral Doppler systems that are used for 

the reduction of noise level from flow signals. Power Doppler systems use a different method for 

reducing noise that allows them to operate at higher gain settings (dynamic range) than colour or 

spectral Doppler mode. The higher gain setting amplifies flow signals. This is the main factor 
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responsible for the higher sensitivity of power Doppler in detecting blood flow particularly in small, 

deeply located vessels and slow flows. The method of dealing with “noise” also varies between 

different types of machines.  

 

2.1.13  Equipment capability - It should be remembered that spectral Doppler, colour Doppler or 

power Doppler mode is superimposed on the B-mode image during real-time duplex Doppler 

imaging. B-mode ultrasound and the Doppler modes have conflicting requirements for optimal 

performance. 

 

2.1.14  Table 2.1 - Ideal-imaging requirements for B-mode and Doppler modalities 

Imaging Parameter B-mode Spectral / colour / power Doppler 

Scan angle 90° 0° 

Beam type 
Narrow & focused (for spatial 

resolution). 

Wide & unfocused 
(For uniformity of Doppler 

signals). 

Pulse length Short (for spatial resolution). Long (for penetration). 

Transducer type 
Higher frequencies 

(For spatial resolution). 

Lower frequencies (for 
penetration). 

Phased or linear array 
(For fast beam forming). 

 

The concurrent use of B-mode and a Doppler mode in duplex Doppler inevitably puts more demand 

on the capacity of the ultrasound machine, slowing down the frame rate. This calls for identification of 

priorities one at a time. Some machines have incorporated priority settings for grey-scale and 

Doppler operations. 
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2.1.15  Frame rate - The operating frame rates of ultrasound systems decrease in the order of B-

mode, spectral, colour, and power Doppler9,10,12.  Frame rates are significantly lower when operating 

colour or power Doppler mode due to the repeated sampling of each scan line (long dwell time), the 

use of lower transducer frequencies and PRF settings necessary for increased sensitivity to slow 

flow and accurate measurements. Increasing the field of view and the line density will further lower 

the frame rate. This means imaging slowly is necessary for small, deeply located vessels and slow 

flows. 

 

2.1.16  Operator knowledge and skills - A thorough understanding, by the operator, of the 

underlying physical principles, technical applications and limitations as well as imaging requirements 

for different situations is imperative for successful spectral, colour and power Doppler application, 

and accurate interpretation. In addition, choice of the most appropriate acoustic window and good 

scanning technique are required. 
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2.2  ULTRASONOGRAPHIC TECHNIQUES FOR, AND DOPPLER PATTERNS OF 

ABDOMINAL SPLANCHNIC VESSELS IN THE DOG 

 

2.2.1  Ultrasonographic technique for the abdominal aorta - The caudal abdominal aorta (AAo) 

may be imaged through the left lateral, right lateral or ventral abdominal windows21-25. The 

transducer is positioned just ventral to the lumbar transverse processes, for the left or right lateral 

window, and the AAo can be imaged in dorsal longitudinal and transverse planes. In the left 

longitudinal plane, the AAo appears as an anechoic, pulsatile tubular structure along the dorsal 

midline immediately ventral to the vertebral bodies24. Mobile echoes may be visible within the vessel 

lumen23. The walls are thin, smooth, echogenic structures that run nearly parallel to each other. The 

AAo is adjacent to the caudal vena cava (CVC), both running parallel to each other22,25. Cranial to 

the renal vessels, the AAo and CVC diverge, with the CVC deviating in a cranioventral direction. The 

AAo is located in the near field while the CVC is in the far field22,23. The aortic wall is slightly thicker 

than that of the CVC. The diameter of the AAo frequently appears to be larger than that of the CVC, 

probably because the diameter of the CVC is foreshortened. When mild transducer pressure is 

applied to the abdominal wall, there is a uniform narrowing of the tubular lumen of the vessels that is 

more pronounced in the CVC. The AAo can be followed caudally to its external iliac arterial 

branches, as it narrows in diameter24. It may also be followed cranially to the aortic hiatus at the level 

of the 13th thoracic or 1st lumbar vertebra. However, interference from ribs and gastrointestinal gas 

make visualisation of the AAo cranial to the renal arteries difficult, especially in deep chested 

dogs24,25. Imaging from the ventral abdominal window in a sagittal plane with the transducer placed 

medial to the right kidney may give a better view of the cranial AAo25. In the transverse plane, the 

AAo is a round or oval anechoic structure21. Compression by transducer pressure causes the vessel 

to adopt a more oval or elliptical shape, especially in the CVC22. When imaged from the right lateral 
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abdominal window, The AAo is located in the far field, while the CVC is in the near field. The visceral 

branches of the AAo that can be readily visualised by B-mode ultrasonography include the coeliac 

artery, cranial mesenteric artery, left renal artery, right renal artery and caudal mesenteric artery24. 

 

2.2.2  Doppler patterns of the normal abdominal aortic flow - The aortic blood flow is towards 

the transducer, when the transducer is angled cranially in a longitudinal imaging plane24. The AAo 

has a typical plug flow velocity profile with a typical high resistance pattern24,25. The velocity 

distribution or gradient is narrow. The waveform has a high, sharp systolic peak with a large, clear 

spectral window. Mild turbulence occurs during late systole (deceleration slope)24. There is a 

retrograde early diastolic flow, followed by a low forward late diastolic flow24,25. If there is a longer 

pause between two ventricular contractions, additional waves with lower velocities occur25. In 

humans, the waveform changes slightly from proximal to distal AAo21. Caudal to the renal arteries, 

the flow reversal in early diastole and reduction in late diastole of the aortic velocity occur to a 

greater degree due to the high resistance to blood flow through the muscles of the hind limbs24. 

 

2.2.3  Doppler patterns of abnormal abdominal aortic flow - The presence of a thrombus within 

the aortic lumen produces colour void on colour Doppler imaging24,26. If the vessel lumen is 

completely occluded, the thrombotic area and the vessel lumen distal to will be colour void indicating 

absence of blood flow. If there is stenosis of the vessel, a mosaic of red, white or yellow and blue 

colour hues is seen around the edges of the thrombus indicating the presence of a high velocity 

turbulent flow26. On spectral Doppler, flow cranial to an occluded Ao appears as a low frequency, low 

velocity systolic spike sometimes referred to as the “occlusive thumb”. If there is stenosis, a high 

velocity turbulent pattern is seen distally24 or a low velocity flow is seen along the margin of the 

thrombus26. In a recanalising thrombus or one in which the edges are retracting, tiny channels of 
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blood flow can be detected by the Doppler technique. Doppler ultrasound can be used to evaluate 

and monitor resolution of thrombus with streptokinase administration or other anticoagulant 

therapy27. 

 

2.2.4  Ultrasonographic techniques of the coeliac and cranial mesenteric arteries - The B-

mode ultrasound techniques for imaging the coeliac artery (CA) and cranial mesenteric artery (CMA) 

in the dog have been described. Both vessels can be seen in the same imaging plane, with the CA 

located a few millimetres cranial to the CMA23,24. The vessels are seen in their long axis coursing 

towards the transducer from the ventral surface of the aorta, when a ventral mid abdominal window 

in the sagittal position is used23. If the animal is in dorsal recumbency, the CA and CMA form a V-

shape in the sagittal plane. When the dog is in right lateral recumbency, the vessels lie parallel in 

contact with each other25. If the transducer face is directed towards the lateral aspect of the aorta, 

the origins of the CA and CMA may be seen in cross section as paired anechoic circles24. 

Alternatively from a dorsal plane on the right side, cross sections of the vessels may be identified 

between the long axis of the CVC and aorta24. The transducer can be rotated to align with the long 

axis of the vessels that can be followed to their origin or destination24. The CMA can be followed in 

cross section as it turns ventrally and caudally, and then in an oblique longitudinal plane as it travels 

caudally to the root of the mesentery24. The mesenteric branch of the portal vein is found in close 

proximity of the CMA in the root of the mesentery, and adjacent, long jejunal lymph nodes can be 

seen flanking the artery24. The average size of the CA is about 4 mm in diameter, it makes an acute 

cranial curve within the first centimetre after leaving the aorta and trifurcates approximately 2 cm 

from its origin23,24. It is difficult to image all the three branches in a single plane24, although each of 

them can be followed to the visceral organs they supply, in a cooperative, relaxed patient with good 

resolution Doppler equipment23. However, appreciable amounts of gastrointestinal gas, and the small 
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size or tortuous course of these vessels may preclude their visualisation23,24. Withholding food and 

use of ultrasonographic contrast agent to enhance the Doppler signals may improve evaluation of 

these vessels28.  

 

2.2.5  Doppler patterns of the normal coeliac and cranial mesenteric arterial flow - On colour 

Doppler, the blood flow of both the CA and CMA is directed towards the transducer25. The Doppler 

spectra of both vessels is characterised by a broad systolic peak with a small ‘spectral window’ or 

nearly ‘full envelope’. Blood flows in the forward direction throughout the cardiac cycle, with a 

gradually diminishing velocity towards end diastole. This is classified as a blunted parabolic velocity 

profile and intermediate resistance flow pattern25. The outline of the Doppler spectrum of both CA 

and CMA in diastole has an undulating contour. In some dogs, the CA shows a double systolic peak, 

with the first peak being higher than the second25. The blood flow of the CMA may be turbulent at the 

origin from the aorta.  

 

Physiological variation of blood flow of the CA and CMA with prandial state has been described in 

the dog29. There is a high resistance flow pattern in a fasted dog and a low resistance postprandially 

as the intestinal vascular bed dilates24. Kircher et al29 found that arterial resistance of the CA in 

fasted dogs was significantly lower with mean RI and PI values of 0.763 ±0.025 and 1.962 ± 0.216 

respectively as compared to 0.803 ±0.029 and 2.290 ±0.311 of the CMA. The postprandial RI and PI 

values decreased significantly in both vessels, the RI reducing by 12-15% and the PI by 25-29%. 

Maximum reduction in arterial resistance occurred 40 minutes after feeding in the CA and 60 minutes 

in the CMA. Apart from the high fat diets that caused maximum reduction in RI and PI values of the 

CMA 20 minutes after feeding before returning to normal at 90 minutes, no significant differences 

between the effects of diets of different compositions on splanchnic blood flow were found29.  
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2.2.6  Doppler patterns of abnormal coeliac and cranial mesenteric arterial flow - Reference 

to any abnormality in the Doppler patterns of the CA or CMA could not be found in the veterinary 

literature. 

 

2.2.7  Ultrasonographic techniques of the common hepatic artery - Frequently, the common 

hepatic artery can only be imaged with the colour Doppler technique25. It courses cranially parallel to, 

and between the caudal vena cava and the MPV from its origin at the coeliac trunk. Blood flow of the 

common hepatic artery demonstrated on colour Doppler from a ventral abdominal window is away 

from the transducer24.  

 

2.2.8  Doppler patterns of the normal common hepatic arterial flow - The normal Doppler flow 

pattern of the common hepatic artery is characterised by broad systolic peaks without spectral 

window (i.e. ‘full envelope’), typical of parabolic velocity profile and low resistance flow pattern25. 

There is a continuous, gradually decreasing but high diastolic flow velocity25.  In a quantitative 

spectral Doppler study of the common hepatic artery, the mean PSV in fasted, normal Beagle was 

found to be 1.5 m/s (range 1.1-2.3 m/s) and RI was 0.68 (range 0.62-0.74)30. No difference was 

found in PSV and RI values of the common hepatic artery measured at two or 24 hours 

postprandially. However, the mean PSV (1.0 m/s) and RI (0.59) values in Deerhound and Irish 

wolfhound puppies were found to be significantly lower than that of adult Beagles30. It was not clear if 

this difference was due to age or breed. Dogs with congenital arterioportal fistula had a higher mean 

PSV, but lower mean RI value than those of normal puppies. The investigators did not find any 

difference in the blood flow of the common hepatic artery between normal dogs and those with portal 

vein thrombosis or those with acquired hepatic insufficiency30. 
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2.2.9  Doppler patterns of abnormal common hepatic arterial flow - An abnormality in the 

Doppler patterns of the common hepatic artery has not been reported in the dog. 

 

2.2.10  Ultrasonographic technique for the caudal vena cava - The technique for B-mode 

ultrasonography of the abdominal CVC is the same as described for the AAo in paragraph 2.2.1. The 

B-mode ultrasonographic characteristics of the CVC and its relationship with the AAo were also 

discussed in the same paragraph. The CVC is seen in the near field when scanning through the right 

lateral abdominal window. It is more compressible with transducer pressure than the AAo22, and is 

straight as compared to the main portal vein (MPV), with which it also runs a parallel course25. The 

MPV is wavier and located ventral to the CVC. The CVC can be followed caudally and cranially. In 

most dogs, however, intercostal24 or right paramedian25 positioning of the transducer is necessary to 

visualise the cranial portion of the abdominal CVC as it enters the liver.  

 

2.2.11  Doppler patterns of the normal caudal vena cava - Blood flow in the CVC is away from 

the transducer when imaging in the longitudinal plane, with the transducer angled dorsocranially. The 

flow is coded blue colour Doppler and indicated by tracing below the baseline on spectral Doppler.  

Dramatic variation in waveform of the cranial CVC occurs in relation to cardiac cycles31, as well as 

intrathoracic and intra-abdominal pressure changes associated with respiratory cycles25. It gives the 

waveform a triphasic pattern. The first forward flow coincides with atrial diastole as blood flows into 

the right heart24. The second peak of forward flow is caused by ventricular diastole, and the third 

wave that may be a reverse flow occurs during atrial systole. In addition, every inspiration causes a 

forward flow wave with high velocity25. Less pronounced variation in the waveform of the caudal 

portion of the CVC and its tributaries is seen. 
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2.2.12  Doppler patterns of abnormal caudal vena cava flow - Abnormalities in the flow pattern of 

the CVC are indicators of cardiovascular or hepatic disease. Interference with the blood flow of the 

CVC causes various changes in the Doppler pattern depending on the nature and degree of the 

interference. Central venous hypertension may be due to right heart failure; pulmonary hypertension; 

pericardial effusion with tamponade; constrictive pericarditis; right atrial tumour or disorders of the 

tricuspid valve21,32,33. The blood flow velocity may be decreased with greater flow reversal during 

atrial systole24, or there may be a complete flow reversal. Stenosis or occlusion of the CVC may be 

due to thrombosis31,34,35, membranous web36,37, kinking38, heartworm disease or compression by 

adjacent masses such as tumours24.  Complete obstruction may lead to absence of blood flow at 

point of obstruction and reversed or bi-directional flow caudal to it24 37 on colour or spectral Doppler. 

The flow pattern may be pulsatile37. In a re-canalising thrombus, the channels may be visible on 

colour Doppler21. 

2.2.13  Ultrasonographic technique for the splenic artery and vein - The course of the splenic 

artery is variable, following the position of the mobile spleen24. The splenic artery may be imaged 

through a ventral mid abdominal window as it branches off from the CA, and may be followed to the 

spleen in a cooperative, relaxed patient with good resolution Doppler equipment, and in the absence 

of interference from gastrointestinal gas23. However, imaging the splenic artery continuously from the 

coeliac trunk to the spleen is rarely possible due to its tortuous course and interference from 

gastrointestinal gas25. Only colour Doppler imaging can demonstrate hilar and parenchymal splenic 

arteries, adjacent to the splenic veins25. The technique for imaging the intra-splenic, hilar and main 

splenic veins is similar to that described for the splenic artery although this has not been mentioned 

in the literature. 
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2.2.14  Doppler patterns of the normal splenic arterial and venous flow - From the ventral 

abdominal window on colour Doppler, blood flow of the main, hilar and parenchymal splenic arteries 

is towards the transducer24. The Doppler spectrum of both main and parenchymal splenic artery is 

typically of low resistance (broad systolic peaks and continuous high diastolic flow) and a parabolic 

flow velocity profile (systolic peaks without spectral window). An extra systolic peak is seen in the 

waveform of the main splenic artery in some dogs25. The RI of the parenchymal splenic artery was 

reported to be 0.3924.  

 

Doppler spectrum of a splenic vein imaged from the ventral abdominal window on spectral Doppler 

shows flow away from the transducer, with slightly undulating, continuous, low velocity forward 

flow24. The velocity changes are due to the respiratory pressure changes, similar to that of the MPV, 

into which the splenic vein drains25.  

 

2.2.15  Doppler patterns of abnormal splenic arterial and venous flow - In a review of fifteen 

cases of canine splenic torsion confirmed during surgery or at postmortem, Saunders et al39 found 

splenomegaly in all dogs examined by B-mode ultrasonography. Echogenicity of the splenic 

parenchyma, however, had three variations: normal, diffusely hypoechoic and mottled with 

hypoechoic regions. Nine of the dogs also had multiple, linear hyperechoic foci or coarse/lacy 

pattern. The reviewers noted that colour Doppler and spectral Doppler imaging techniques did not 

detect blood flow at the hilar splenic vein in all 15 dogs. They concluded that Doppler 

ultrasonography might be crucial in the diagnosis of splenic torsion. Reference to any abnormality in 

the Doppler patterns of the splenic artery could not be found in the veterinary literature. 
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2.2.16  Ultrasonographic technique for the renal artery - The left renal artery (LRA) and right 

renal artery (RRA) may be imaged from the left or right flank using dorsal, transverse and oblique 

scan planes23,24. The dorsal plane is obtained by placing the transducer along the longitudinal axis 

just ventral to the transverse processes of the lumbar vertebrae24. The transducer is angled dorsally 

to locate the abdominal aorta. Slight rotational adjustments will locate the long axis of the aorta, 

which can then be followed cranially or caudally by sliding the transducer. The LRA or RRA can be 

located by orientating the transducer face to the left or right side of the aorta respectively, just caudal 

to the CMA24. Alternatively, the renal artery can be imaged from the hilus of the kidney and followed 

to its origin from the aorta25. The LRA leaves the lateral aspect of the aorta and runs in a 

caudolateral direction, makes an abrupt ‘U-turn’ to travel cranially before returning to the lateral, and 

ventral direction to enter the left renal hilus23,24. Multiple LRAs are occasionally identified, and is 

more common with the LRA than with the right23. The RRA is located slightly cranial to the LRA. It 

travels laterally across and dorsal to the CVC, and then moves in a cranial, ventral and lateral 

direction into the right renal hilus23,24. At the renal hilus, each renal artery divides into a dorsal and 

ventral branch, each of which subdivides into four to six interlobar arteries (ILA)23.  

 

2.2.17  Doppler patterns of the normal renal arterial flow - The dorsal longitudinal position of the 

transducer in the paralumbar region provides an excellent angle for Doppler evaluation of the renal, 

interlobar, and arcuate arteries24. On colour Doppler, these vessels are readily visible24. The renal 

artery has a typical parabolic flow velocity profile (broad peak, no spectral window in systole) with a 

gradual decrease in flow throughout diastole25,40. An extra systolic peak is sometimes present25. 

Diastolic flow velocity is high, with an initial peak, and continually forward. It decreases gradually, 

reflecting the low resistance in the renal vascular bed25,34. A study with a single 24 kg dog reported 
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the volume of blood flow through the RRA and LRA, measured by Doppler technique, to be 310 and 

360 ml/min respectively as compared to 300 and 340 ml/min measured by electromagnetic 

flowmeter41.  

 

2.2.18  Doppler patterns of abnormal renal arterial flow - Reference to any abnormality in the 

Doppler patterns of the renal artery could not be found in the veterinary literature. 

 

2.2.19  Ultrasonographic technique for the renal parenchymal vessels - The renal interlobar 

arteries (ILAs) radiate from the renal pelvis in a uniformly spaced fashion through the medulla, with a 

straight course, to the corticomedullary junction23. Here, ILAs branch into arcuate arteries, which are 

oriented perpendicular to the ILAs, and follow the contour of the corticomedullary junction. 

Transverse images of arcuate arteries are often identified on B-mode ultrasonography as round, 

hyperechoic, and sometimes shadowing structures, that colour Doppler confirms to be vessels23. 

Finn-Bodner and Hudson24 noted that colour Doppler could image blood flow of the interlobar veins 

on longitudinal dorsal plane of the kidney. 

 

2.2.20  Doppler patterns of normal renal parenchymal blood flow - Colour Doppler readily 

demonstrates the blood flow of ILAs24,42. Interlobular arteries, originating from arcuate arteries, are 

also visible within the cortex on colour Doppler imaging modality25. The RI of an ILA or arcuate artery 

of dogs (0.61 ±0.05)43-45 is similar to those of cats46 and people47. The ability of colour Doppler to 

demonstrate the interlobar vein flow has been mentioned24. 

 

2.2.21  Doppler patterns of abnormal renal parenchymal flow in humans and dogs - In a study 

with human patients, high frequency shifts (“tumour signals”), exceeding that from the ipsilateral 
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renal artery or greater than 2.5 kHz at 3.0 MHz insonating frequency, were reported from the margins 

of parenchymal renal masses in 75-100% of primary and metastatic malignant renal tumours as 

compared to none obtained from benign masses48. It was postulated that the Doppler technique 

might prove useful in differentiating malignant from benign masses. 

 

Reduction or absence of blood flow in an arterial segment, or a few vessels has been reported in 

association with acute renal infarct in human patients, although a normal Doppler finding does not 

exclude the diagnosis49.  A characteristic plug flow velocity profile (narrow systolic peak) and high 

resistance flow pattern (sharp reversal of diastolic flow, often with a biphasic reversed M pattern) of 

intra-renal arteries has also been reported in human patients with renal vein thrombosis50,51.  

 

Increased renal vascular resistance to flow reduces the diastolic flow to a greater extent than systolic 

flow, thereby leading to an increase in the value of the resistive index35. An RI value equal to, or less 

than 0.70 is considered to be normal while a value greater than 0.70 is considered to be abnormal in 

man, dog and cat43-47. Increased RI value has been reported in acute renal failure in children52 and in 

dogs42,44, as well as in acute tubular necrosis51,53-55. Doppler evaluation is considered to be most 

helpful in differentiating acute tubular necrosis from pre-renal renal failure. It also is of prognostic 

value in children since surviving children had less increase in the RI value. In some cases of acute 

tubular necrosis, such as that due to aminoglycoside toxicity in dogs, the RI may not be elevated56. 

In human patients, elevation of the RI value in obstructive pelvic dilation, in conjunction with 

administration of furosemide and saline, is considered to be useful for differentiating obstructive from 

non-obstructive pelvic dilation in which the RI is normal57-62. Initial observations have shown that 

elevation of the RI value also occurs in dogs with obstructive pelvic dilatation63, although this is not a 

consistent occurrence45,64. Increased RI values of the ILA and AA have also been observed in 
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association with renal allografts in dogs54,65,66 but not with autografts in cats67. The increased RI in 

dogs was thought to be due to acute rejection of canine allografts54. 

 

No reference has been made to any abnormality of the interlobar vein flow in the veterinary literature. 

 

2.2.22 Ultrasonographic technique for the renal vein - The right and left renal veins can be 

imaged by similar techniques as those for the renal arteries23,24. The renal veins parallel the course 

and location, but are generally wider than their corresponding arteries, running in an oblique cranial 

and dorsal direction from the corresponding kidneys to the CVC23-25. The left renal vein is longer than 

the corresponding artery and its counterpart on the right as it crosses the ventral surface of the aorta 

and proceeds to the right of the midline to enter the CVC. The right adrenal gland is located just 

cranial to the entry point of the right renal vein into the CVC. Valves of the renal veins have not been 

identified with ultrasonography24.  

 

2.2.23  Doppler patterns of the normal renal vein flow - On dorsal plane, colour Doppler image of 

the renal vein is coded blue or blood flow is directed away from the transducer24,25. The Doppler 

spectrum changes slightly in association with the right atrial and intra-abdominal pressure changes25. 

Each heartbeat is followed by an increased forward flow. If ventricular contractions are close enough, 

the forthcoming wave on spectral Doppler tracing is superimposed on the previous wave, producing 

faster flow. A longer pause between ventricular contractions, however, leads to a gradual decrease 

in the velocity of renal venous blood flow25.  

 

2.2.24  Doppler patterns of abnormal renal vein flow - Reference to any abnormality in the 

Doppler patterns of the renal vein could not be found in the veterinary literature. 
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2.2.25  Ultrasonographic technique for the main portal vein - Imaging of the MPV may be 

accomplished best with the dog on dorsal or a slightly oblique dorsal recumbency, in an oblique 

sagittal plane24,25. The cranial part of the transducer is placed on the linea alba and the caudal part 

turned slightly to the right25. The portal vein can be followed cranially as it traverses the cranial 

abdomen obliquely, coursing dorsally, cranially, and to the right toward the porta hepatis in close 

proximity to the hepatic artery24. Visualisation of the MPV, as it travels dorsally to the stomach, is 

frequently impeded by gastric gas24. The MPV can be re-visualised cranial to the stomach as the 

vessel enters the porta hepatis to the right of the midline. At this position, visualisation is achieved by 

placing the transducer in a right paramedian longitudinal plane immediately caudal to the 

xiphisternum and angling dorsocranially. The CVC and MPV are adjacent and parallel to each other 

at the porta hepatis. The MPV is located slightly ventral and to the left of the CVC24. An alternative is 

to use the right 8-12th intercostal spaces midway between the sternum and spine, in transverse and 

dorsal longitudinal planes to visualise the porta hepatis and MPV in short and long axis 

respectively68-70. The MPV turns dorsally just before its bifurcation, coming into contact with the 

CVC25,71 and divides into right and left portal veins, at the porta hepatis, through which its branches 

enter and can be followed into the hepatic parenchyma24,71. 

 

2.2.26  Doppler patterns of normal main portal vein flow - A slightly phasic Doppler spectrum 

associated with respiration has been reported for the MPV25,69,72. There is, however, disagreement 

on whether the observed variation in velocity represents increased and decreased flow25,69 or is an 

artefact72. According to Lamb72, only minor variations in the maximum velocity of the MPV was seen 

in some dogs when a large sample volume is used for obtaining Doppler spectra, otherwise the 

velocity was constant in most dogs. These workers attributed the observed variations in the portal 

vein flow velocity to displacement of a small sample volume from the centre of the vessel lumen 
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during respiratory excursions. Published reports indicate the direction of blood flow in the MPV to be 

towards the liver (hepatopetal) or away from the transducer25,70,72. The only available reference to 

peak velocity for portal blood flow reported that its mean value was18.11 cm/s ±7.672. Mean time-

averaged mean velocity values obtained by different methods were recorded as 15.8 cm/s ±1.8; 15.1 

cm/s ±1.4; and 14.7 cm/s ±2.572, and mean portal blood flow were recorded as 49.8 ml/min/kg 

±13.570; 31 ml/min/kg ±969; 40.9 ml/min/kg ±9.6; 41.1 ml/min/kg ±8.0; and 43.4 ml/min/kg ±13.072. 

The mean congestion index for normal portal blood flow was 0.042 ±0.0169,72. Lamb72 recommends 

use of the uniform insonation method for determination of blood flow velocity of the portal vein, even 

though results obtained by this method did not differ from that of peak velocity method, because it 

was easier to use, required a shorter examination time, and produced a higher amplitude Doppler 

signal.   

 

Physiological variations in MPV blood flow in association with prandial states have been reported in 

the dog 73. Exercise and upright position are known to reduce portal blood flow in people74. 

 

2.2.27  Doppler patterns of abnormal main portal vein flow - Abnormalities in Doppler patterns of 

MPV blood flow have been observed in portal hypertension32,69,75, congenital portosystemic 

shunt76,77, congenital arterioportal fistula78,79, non-obstructive portal vein thrombosis75, hepatic 

fibrosis and undiagnosed conditions76 in small animals.  

 

In portal hypertension, reduced portal blood flow was reported due to obstructive portal vein 

thrombosis 75, and experimentally induced hepatic cirrhosis69 in the dog. In each of two cases of 

obstructive portal vein thrombosis, the thrombus was detected by B-mode ultrasonography, located 

within the portal vein at the porta hepatis75. The thrombus appeared as a localised flow void on 
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colour Doppler imaging32. A tumour thrombus should be suspected if blood flow is detected within 

the thrombus on colour Doppler32. The presence of portal hypertension in one clinical case of portal 

vein thrombosis was confirmed by finding a portal venous pressure of 50 cm of water measured by 

placing a catheter in the mesenteric vein75. In the second case, portal hypertension was deduced 

from evidence of ultrasonographic findings of splenomegaly, dilated intrasplenic veins and portal 

tributaries, and reduced size of intrahepatic portal and hepatic veins75. In both dogs, mean portal 

blood flow velocity (time-averaged mean velocity) was lower at 10 and 11 cm/s, congestion index 

was higher at 0.11 and 0.2, and portal vein cross sectional area increased to 1.1 and 2.2 cm2 

respectively75. There was decreased signal amplitude of the Doppler spectrum. In experimentally 

induced hepatic cirrhosis, the presence of portal hypertension was concluded on the basis of finding 

severe cirrhosis with extensive acquired extrahepatic portosystemic shunts at necropsy69. Mean 

portal blood flow velocity and portal blood flow were significantly lower at 9.2 ± 1.70 cm/s and 17.2 ± 

4.9 ml/min/kg respectively, and congestion index was significantly higher at 0.062 ± 0.018. Reduced 

portal blood flow velocity has also been reported in naturally occurring hepatic fibrosis in dogs76. 

 

Colour Doppler detected the abnormal presence and direction of blood flow in 92% of 38 dogs 

diagnosed by portography with intrahepatic and extrahepatic congenital portocaval shunts76. 

Turbulent blood flow was seen in the CVC at the site of entry of the shunting vessel in 42% of the 

cases. In one case, blood flow direction was reversed. Increased and or variable blood flow velocity 

of the MPV was found on spectral Doppler in 72% of the congenital portosystemic shunt. The 

increased portal flow velocity ranged from 20-35 cm/s76. Similar Doppler abnormalities of the MPV 

blood flow were reported in cats with congenital portosystemic shunt77. Increased or variable portal 

blood flow velocity has also been reported in dogs with non-obstructive portal vein thrombosis75, and 
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undiagnosed hepatic disease76. Other investigators also reported turbulent flow in the CVC at the 

entry point of the shunting vessel80. 

 

Colour Doppler or spectral Doppler detected the abnormal presence and direction of blood flow in 

cases of congenital arterioportal fistula diagnosed by coeliac arteriography or postmortem in 

dogs78,79. Colour Doppler identified an enlarged, tortuous right medial portal vein and hepatic 

artery79. The direction of blood flow of the right medial portal vein and MPV was reversed 

(hepatofugal). On spectral Doppler of both the right medial portal vein and MPV, there was a 

pulsatile, low resistance parabolic velocity profile with a systolic peak, similar to that of the common 

hepatic artery.  The peak systolic velocity of the MPV blood flow was higher at 60 cm/s79. In another 

study of congenital arterioportal fistula in two dogs, a mean PSV of 3.8 m/s ±1.9 and RI of 0.50 

±0.04 were reported30. 

 

2.2.28  Ultrasonographic technique for the intra-hepatic vessels - The hepatic veins and 

intrahepatic portal veins can be imaged with the dog in dorsal recumbency, and transducer 

positioned at the xiphisternum in transverse and sagittal planes. The transducer must be angled 

cranially and dorsally. Rotating and angling the transducer in this position, and sometimes obliquely 

to the right of the midline allows visualisation of the left lateral, left medial, quadrate, and right medial 

of both hepatic and portal venous systems, though each in a different plane81. The right lateral and 

caudate veins can be identified by examining from a right lateral position between the 9-11th 

intercostal spaces, halfway along the ribs in a longitudinal plane81. Food and gas within the stomach 

may interfere with visualisation of the vessels. The branch points of portal veins from the MPV are 

located more caudoventrally when compared with those of the hepatic veins with the CVC71. Portal 
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veins are surrounded by hyperechoic connective tissue whereas hepatic veins, in general are 

not25,31,81,82. 

 

2.2.29 Doppler patterns of the normal intra-hepatic blood flow - Normal hepatic parenchyma 

may not produce any tracing on spectral Doppler, but it is not unusual to obtain frequency shifts of up 

to 1.0 kHz from normal parenchyma, or benign hepatic parenchymal lesions when an insonating 

frequency of 5.0 MHz is used32. The intrahepatic branches of the hepatic artery generally are difficult 

to see on colour Doppler in healthy dogs, because of their small size25. Colour Doppler of 

intrahepatic portal veins imaged in transverse plane from the xiphisternal position indicates flow 

towards the transducer. However, flow of the right portal vein, after turning caudal from porta hepatis 

seen from a transverse oblique plane is away from the transducer24. On spectral Doppler there is 

continuous forward low velocity flow that is slightly undulating24. Temporary breaks are seen in the 

Doppler spectrum as respiratory diaphragmatic motion moves the sample volume out of the vessel 

lumen24. The Doppler spectra of hepatic veins entering the CVC show flow away from the 

transducer, and are similar to the CVC flow with three phases corresponding to atrial pressure. Fast 

forward flow is seen during atrial diastole. The flow then slows as the atrium fills and pressure builds. 

Forward flow increases again during ventricular diastole as the tricuspid valve opens. The flow then 

nearly stops, or may reverse slightly during atrial systole24,32. However, this pattern may be more 

complex as varying respiratory and intra-abdominal pressures may also have influence in addition to 

the cardiac cycles32. During inspiration, there is increased flow toward the heart because of 

decreased intrathoracic pressure and increased intra-abdominal pressure. These effects are 

reversed during expiration. Doppler spectra of the hepatic veins and CVC should therefore be 

obtained at normal end expiration in a quiet animal whenever possible. 
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2.2.30  Doppler patterns of abnormal intra-hepatic blood flow - Abnormalities in Doppler 

characteristics of hepatic blood flow have been observed in portal hypertension32,69,75, congenital 

portosystemic shunt76,77, congenital arterioportal fistula78,79 and parenchymal pathology32 in small 

animals.  

 

In the evaluation of focal and multifocal hepatic neoplasia, continuous or pulsatile, high frequency 

shifts equal to or greater than 5 kHz, compatible with neovascularity and high velocity arteriovenous 

shunts have been associated with hepatocellular carcinomas and metastatic adrenal tumours in the 

dog32. Benign or non-highly vascular tumours have not shown similar characteristics. 

 

In portal hypertension due to right-sided heart failure, or obstruction of the CVC at or cranial to the 

diaphragm, turbulent, reduced, absent or reversed blood flow may be observed in the CVC or 

hepatic veins on colour Doppler and spectral Doppler 32. There is increased pulsatility in the hepatic 

veins, which, in human patients, can also be transmitted to the portal vein83. Similar changes may 

also be seen in healthy, well-hydrated individuals because the large blood volume distends the 

venous systems31. 
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2.3  ANAEMIA AND CANINE BABESIOSIS 

 

2.3.1  Anaemia - Is defined as reduced RBC mass, RBC count, packed cell volume (PCV), or 

haemoglobin concentration below the reference point for a given animal species84-86. Anaemia is 

regenerative if the bone marrow is responding appropriately to the reduced PCV, and non-

regenerative if the marrow does not appear to be responding adequately. Regenerative anaemia is 

caused by blood loss either through haemorrhage or intravascular haemolysis. Non-regenerative 

anaemia is due to suppression of blood formation, especially the bone marrow, and is also seen 

within the first 48 hours of acute blood loss or peracute haemolysis84. 

 

2.3.2  Anaemia and blood flow - The viscosity of blood mainly depends on the concentration of 

RBCs85. In acute, severe anaemia, the blood viscosity may drop by as much as 50% of the normal 

value. This decreases the resistance to blood flow in the peripheral vessels so that far greater than 

normal quantities of blood return to the heart. Further more, hypoxia due to diminished transport of 

oxygen by the blood causes the tissue vessels to dilate, further decreasing viscosity and peripheral 

resistance, and allowing further increase in venous return and increase in cardiac output.  

 

In chronic, progressive anaemia with moderate blood loss, one of the body’s compensatory 

mechanisms is to lower oxygen-haemoglobin affinity to enhance tissue delivery of oxygen. Another is 

to effect changes in tissue perfusion such that blood is preferentially shunted to the most vital 

organs, and to increase the cardiac output86.  

 

2.3.3  Canine babesiosis - Canine babesiosis (CB) is a tick-transmitted infection of dogs caused 

by pathogenic protozoan piroplasm parasites, Babesia canis and Babesia gibsoni, that infect RBCs, 
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and is characterised by anaemia87-91. Three subspecies of Babesia canis have been identified 

namely, B. canis canis, B. canis vogeli, and B. canis rossi, the most virulent of the three 

subspecies92-96. In South Africa, infection is due to B. canis rossi93-97. Canine babesiosis is known to 

manifest a wide range of clinical forms, and varying degrees of severity from mild to peracute, fatal 

disease98,99. The three subspecies of B. canis appear to induce clinically distinct diseases94.  In 

addition, various clinical manifestations due to infection by B. c. rossi subspecies alone have been 

recognised96,99. These varieties may have introduced a measure of confusion into the literature, and 

it is frequently uncertain which of the three subspecies was referred to in the non-South African 

literature. The disease has thus been classified in various ways. The disease due to B. c. rossi 

infection is known to manifest in uncomplicated and complicated forms96,99. In another approach, the 

clinical manifestations of animal babesioses were grouped into the hypotensive shock and 

haemolytic anaemia syndromes92,100. Jacobson et al101, however, observed that there might be an 

overlap between these two syndromes. Peracute, acute, subacute or chronic forms of animal 

babesiosis have also been referred to, apparently based on clinical manifestations, alterations in the 

haemogram or on the character of organ pathology102,103. Brief accounts of the various classifications 

follow: thereafter the present study will use the South African system of classification into 

uncomplicated and complicated forms, based on the clinical manifestations. 

 

2.3.4  Uncomplicated canine babesiosis - The symptoms of classical CB, also frequently 

referred to as the uncomplicated disease, are anorexia, lethargy, fever, pale mucous membranes, 

waterhammer pulse and splenomegaly87,98,99,104. Uncomplicated CB is further recognised as mild 

(Hct ≥ 20%) or severe (Hct < 20%) disease according to the degree of anaemia that is present101. 

The disease is associated with regenerative anaemia in the infected dog87,92,103. The parasites can 

be demonstrated within RBCs in the peripheral blood smear, which is the standard diagnostic test for 
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CB87,103. When this proves difficult, especially in atypical or chronic forms of the disease, serological 

tests such as the indirect fluorescent antibody test may be employed93. Diminazene aceturate, 

imidocarb and trypan blue are recognised, and recommended chemotherapeutic agents against 

CB105, and dogs, treated as outpatients, recover uneventfully. 

 

2.3.5  Complicated canine babesiosis - Complicated or atypical CB may be due to concurrent 

infection with Ehrlichia canis91, or due to systemic inflammatory response syndrome (SIRS) that 

frequently develops into severe illness96. The SIRS may occur alone, although it is more frequently 

associated with single or multiple organ damage / dysfunction (MODS)106. Canine babesiosis 

complicated by organ dysfunction may present with one or more syndromes due to acute renal 

failure, hepatopathy (icterus), haemoconcentration (so called “red biliary”), immune mediated 

haemolytic anaemia, pulmonary oedema / acute respiratory distress syndrome, disseminated 

intravascular coagulopathy, rhabdomyolysis, or cerebral involvement98,99,107,108.  

 

A review of records of the Onderstepoort Veterinary Academic Hospital in Pretoria, South Africa, 

reported that 31% of CB patients developed severe illness and required hospitalisation96. Out of 

these, 50% had severe anaemia while the remaining cases were non-anaemic or had moderate 

anaemia96.  

 

The complicated forms of CB are thought to be similar, with regard to their disease mechanism and 

pathology, to bovine babesiosis due to Babesia bovis, human babesiosis, human Plasmodium 

falciparum malaria, sepsis in dogs and humans, trypanosomosis and many other conditions 

characterised by SIRS and MODS96,98,106,107,109-112. In each of these diseases, a hypotensive 

syndrome develops as a result of the inflammatory response113.  
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2.3.6  Hypotensive shock syndrome in canine babesiosis - This is caused by the most 

pathogenic species, and Babesia canis rossi has been identified as one of those commonly causing 

this syndrome92,101. Clinically, a good correlation was found between reduced systemic arterial blood 

pressure (hypotension) and a state of physical collapse in severe cases of CB101. Both hypotension 

and localised hypercoagulable state within the microvasculature favour sludging (sequestration) of 

RBCs, all three occurring in the acute phase of the disease114. In a study of experimental bovine 

babesiosis, it was observed that blood pressure began to drop well before the reduction in Hct level 

or the occurrence of hypotensive shock115. The release of cytokines by monocytes, lymphocytes and 

endothelial cells in response to parasitic infection is thought to play an important role in bovine 

babesiosis, in the development of hypotension, the sequestration of RBCs within capillaries, or the 

loss of fluid into the interstitial tissue, potentially leading to shock116-118. Cytokines cause vasodilation 

and increased vascular permeability. The fall in Hct during this phase of the disease is therefore 

thought to be due to sequestration of blood within organ capillaries, and the dilution of circulating 

blood by influx of interstitial fluid in response to the hypotension rather than due to haemolysis94,118. 

Hypotension, and the sequestration of blood within capillaries result in poor tissue perfusion and 

tissue hypoxia92. The hypoxia may be responsible for lactic acidosis seen early in the course of this 

form of the disease119, and may lead to extensive tissue damage92.  

 

2.3.7  Haemolytic anaemia syndrome in canine babesiosis - The haemolytic anaemia 

syndrome is said to result from infection by less pathogenic Babesia species or strains, and is 

characterised by pyrexia and haemolysis, but rarely by tissue damage92. Parasitised RBCs are 

primarily destroyed by the parasites themselves or by phagocytosis90,92. However, the occurrence of 

immune-mediated haemolysis as a complication of CB leading to severe anaemia, hypoxia and 
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tissue damage has been widely recognised92,98,103,110,120. Intravascular haemolysis may reduce the 

number of RBCs by more than 50% and may lead to haemoglobinaemia and 

haemoglobinuria103,121,122. Destroyed RBCs are subsequently removed by the reticuloendothelial 

system123,124.  

 

2.3.8  Canine babesiosis and hepatic pathology - Hepatomegaly in acute CB is thought to be 

primarily due to increased blood volume in the organ (venous stasis)103,114. Hyperplasia and 

hypertrophy of the Kupffer cells, that are a part of the reticuloendothelial system lining the hepatic 

sinusoids, may impede blood flow and account to some extent for the congestion of the sinusoids103. 

Hypotension and a hypercoagulable state may also play important roles in sequestration RBCs 

within hepatic sinusoids114. The resulting reduction in blood flow in hepatic sinusoids causes anoxia 

and degeneration or necrosis of hepatocytes leading to increased serum levels of transaminase 

enzymes103,125-128. Later, the bile canaliculi become distended with bile103. In the subacute disease, 

Kupffer cells are less prominent or numerous, and hepatic necrosis rarely occurs103. In the more 

chronic forms of the disease, the most prominent change in the liver is dilatation of the sinusoids103. 

The liver changes are similar to any condition causing severe anaemia, and may resemble those 

seen in canine ehrlichiosis129. The presence of extensive foci of extramedullary haematopoiesis in 

the liver has been reported in B. gibsoni infection130. 

 

2.3.9  Canine babesiosis and splenic pathology - Severe enlargement of the spleen in acute CB 

is primarily due to increased blood content as a result of venous stasis that distends the sinusoids of 

the red pulp103,110,114. Congestion of capillary beds with infected and non-infected RBCs in the spleen 

(and liver, lungs, kidneys and brain) also referred to as sequestration, sludging or 

haemoconcentration are found at postmortem examinations110,121,122. Histopathological observations 
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also indicate a marked response by the reticuloendothelial system103. Histiocytes lining the sinuses 

of the spleen (and lymph nodes, and sinusoids of the liver) undergo hypertrophic and hyperplastic 

changes, that impede blood flow, and is thought to be a major contributor to the splenomegaly of 

babesial infections103. Perivascular infiltrations with lymphocytes and monocytes have also been 

observed histopathologically103. In the chronic disease due to B. gibsoni, extramedullary 

haematopoiesis is often seen in the spleen and lymph nodes130. 

 

2.3.10  Canine babesiosis and renal pathology - Capillaries of both canine and bovine renal 

parenchyma, more commonly near the corticomedullary junction, become congested with parasitised 

and non-parasitised RBCs in acute CB, although canine kidneys appear to be less severely 

affected103,110. The renal tubular epithelial cells swell, and may become necrotic due to anoxic 

damage103. Haemoglobin casts are commonly found and may sometimes plug the collecting 

tubules110. Clinical evidence of kidney damage includes the appearance of granular and hyaline 

tubular casts in the urine, proteinuria, and elevated blood urea nitrogen levels110,131,132. Oliguria or 

anuria is seen in cases that develop acute renal failure110. In the chronic disease, kidney lesions 

consist of varying degrees of tubular degeneration, and mild to moderate mononuclear cell infiltrates, 

similar to that seen in chronic interstitial nephritis103. 
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3.1 ABSTRACT 

 

3.1.1 Objective—To ultrasonographically evaluate the haemodynamics in the abdominal aorta 

(AAo) and splanchnic vessels in dogs with experimentally induced normovolemic anemia.  

 

3.1.2 Animals—11 healthy Beagles. 

 

3.1.3 Procedure—The AAo, cranial mesenteric artery (CMA), celiac artery (CA), hilar splenic 

artery (HSA), and main portal vein (MPV) were evaluated in conscious dogs immediately before and 

after experimental induction of severe normovolemic anemia (Hct, 16%), and during recovery from 

moderate and mild anemia (Hct, 26% and 34%, respectively). Peak systolic velocity (PSV) or peak 

velocity (PV), time-averaged mean velocity (TAVmean), pulsatility index (PI), resistive index (RI), blood 

flow, congestion index (CI) and heart rate (HR) were recorded. Results were compared for anemic 

and control states.  

 

3.1.4 Results—Severe anemia caused significant increases in HR (25-70%); PSV (AAo, 45.8%; 

CMA, 56.1%; CA, 41.9%); PV (MPV, 84.2 %); and TAVmean (AAo, 69.4%, CMA, 64.3%; CA, 29.7%; 

MPV, 76.9%); and significant decreases in PI (AAo, 26.1%; HSA, 19.3%) and CI (MPV, 45.2%). 

There was no significant change in PI of the CMA or CA; portal blood flow; or RI of any artery. 

Significantly higher TAVmean persisted in all vessels during moderate anemia, but higher PSV 

persisted only in the CMA; PI (CMA, CA) and RI (CA) decreased significantly; and portal blood flow 

increased significantly. Significant increase in TAVmean (AAo, CMA) persisted during mild anemia, 

and both PI (AAo, CMA, HSA) and RI (CMA) were significantly lower.   
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3.1.5 Conclusions and Clinical Relevance—Doppler ultrasonography revealed hyperdynamic 

circulation in the AAo and splanchnic vessels in dogs with experimentally induced normovolemic 

anemia. (Am J Vet Res 2005;66:187–195) 
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3.2 INTRODUCTION 

 

Studies in dogs,1-3 and rats4 conducted by use of invasive techniques have documented a 

hyperdynamic cardiovascular response to severe anemia characterized by increased cardiac output, 

reduced systemic vascular resistance, and increased blood flow (hyperemia) to various organs, 

including the abdominal splanchnic vascular bed. Variation in hemodynamic response is attributable 

to differing degrees of anemia, and there is variation in the hemodynamic response among vital 

organs such as the heart and brain and nonvital organs such as the kidneys, liver, spleen, or 

gastrointestinal tract.2,5  

 

In severely anemic human fetuses with RBC alloimmunization, noninvasive duplex Doppler 

ultrasonography (DUS) has been used to document increases in hemodynamic variables such as 

blood flow,6 time-averaged mean velocity (TAVmean),7 and peak systolic velocity (PSV)8 within various 

blood vessels, thereby supporting findings in studies conducted in other animals. Peak systolic 

velocity of the middle cerebral artery9,10 or main splenic artery11 and TAVmean of the middle cerebral 

artery12 are good DUS indices and have been proposed as clinical tests for use in the prediction, 

detection, and management of severe anemia in human fetuses. In nonhuman animals, a significant 

increase in cerebral blood flow has been reported in an anemic newborn lamb.13 To our knowledge, 

a hyperdynamic state in the abdominal splanchnic circulation in dogs with severe anemia has not 

been documented by use of noninvasive DUS. Reduction of splanchnic vascular resistance in 

hyperdynamic states has also not been determined by use of noninvasive techniques in humans or 

other animal species.  
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At Onderstepoort Veterinary Academic Hospital, University of Pretoria, it is proposed to use DUS to 

detect hemodynamic changes that may be associated with complicated canine babesiosis. Serious 

clinical consequences and therapeutic challenges are encountered in dogs with complicated 

babesiosis.14 Anemia is a common characteristic of the disease.14 Pathologic mechanisms 

underlying these complications are poorly understood but believed to be similar to that of cattle with 

complicated babesiosis or humans with complicated falciparum malaria.15-18 The mechanisms for 

these complications are believed to involve systemic inflammatory responses characterized by 

impaired perfusion and subsequently damage to 1 or multiple organs.18 Sequestration of RBCs 

within microvessels is most commonly blamed for impaired tissue perfusion and hypoxia, and 

congestion of capillary beds in various organs has commonly been reported during postmortem 

examinations.17 Hypotension has also been reported in both experimentally16 and naturally19 infected 

animals. Knowledge and ability to noninvasively detect hemodynamic changes associated with 

anemia in organs such as the liver, spleen, and kidneys that are commonly involved in complicated 

babesiosis in dogs may permit correct interpretation of DUS results in affected dogs, improve the 

understanding of pathophysiologic mechanisms, and be useful in predicting possible complications 

and monitoring clinical progress of dogs with babesiosis and related diseases, such as falciparum 

malaria.  

 

Noninvasive DUS has been used in dogs to detect changes in abdominal splanchnic hemodynamic 

physiologic and pathophysiologic processes.20-26 Peak systolic velocity, end-diastolic velocity, mean 

velocity, pulsatility index (PI), resistive index (RI), blood flow, or the congestion index (CI) have been 

used to document hemodynamic changes associated with digestive function25,26 or chronic hepatic 

disorders.21,23,24  
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The purpose of the study reported here was to evaluate by use of noninvasive DUS blood flow or 

blood flow velocities (peak and mean) and vascular resistance in the abdominal aorta and splanchnic 

vessels of dogs with experimentally induced normovolemic anemia. 

 

3.3 MATERIALS AND METHODS 

 

3.3.1 Animals—Eleven beagles comprising 1 sexually intact male, 3 neutered males, and 7 

sexually intact nonpregnant females were used in the study. Mean ± SD body weight was 12.0 ± 1.8 

kg. Mean age of 4 males and 5 females was 2.63 ± 0.05 years; the exact age of 2 females could not 

be established. All Beagles were in good physical condition and appeared to be healthy. The dogs 

were part of the Onderstepoort Veterinary Academic Research Unit, Faculty of Veterinary Science, 

University of Pretoria. During the study, dogs were transferred and housed in large kennels at the 

Onderstepoort Veterinary Academic Hospital. In the first week of the study, 1 dog was entered into 

the study. Two dogs were entered into the study each subsequent week. At the hospital, dogs were 

fed a commercial food high in protein and caloric content. The Animal Use and Care Committee of 

the Faculty of Veterinary Science, University of Pretoria, approved this study. 

 

 

3.3.2 Experimental design—The study was conducted such that each dog served as its own 

control animal (hemodynamics of physiologic and anemic states were compared within each dog). 

Duplex Doppler variables for the abdominal aorta (AAo) and abdominal splanchnic vessels were 

measured immediately before and after induction of severe normovolemic anemia (Hct 15 to 17%). 

Dogs were allowed to recover from anemia, and measurements were repeated during periods of 

moderate  (Hct, 25% to 27%) and mild (Hct, 31% to 37%) anemia. Duplex Doppler evaluation of 
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abdominal splanchnic hemodynamics was performed immediately after an echocardiographic 

examination, which was conducted as part of another study that examined the effects of 

normovolemic anemia on left ventricular function. The echocardiographic examination was 

completed within 45 to 60 minutes, and the abdominal splanchnic Doppler examination required 

between 90 and 120 minutes, depending on patient cooperation. Regularly scheduled breaks of 5 to 

10 minutes were permitted during each examination. At the end of the study, all dogs had recovered 

sufficiently from the induced anemia and were returned to the veterinary research facility. 

  

3.3.3 Induction of anemia—Approximately 20% of the circulating blood volume was removed 1 to 

3 times/d during a 3- or 5-day period to induce severe anemia (Hct 15 to 17%). The bleeding 

procedure was a modification of the method described in another study.27 Plasma from the blood that 

was removed was added to a lactated Ringer’s solution (an amount calculated to replace the volume 

of removed RBCs) and infused into the dog in an attempt to maintain a normal circulating blood 

volume; however, no measurements were performed to confirm normovolemia. Doppler 

measurements of dogs in the severely anemic state commenced no sooner than 16 hours after 

completion of the volume replacement.  

 

3.3.4 Ultrasonographic examinations—All examinations were performed by 1 investigator 

(LMK). Food was withheld from dogs for 12 hours prior to ultrasonography. Dogs were not sedated 

or anesthetized for the examinations. The ventral and left lateral portions of the abdomen and right 

lateral portion of the thorax from the 6th to 13th ribs were clipped, cleaned, and covered with 

acoustic gel. For general abdominal imaging, dogs were positioned in dorsal recumbency. Images of 

the spleen in parasagittal, transverse, and oblique planes were obtained in the left cranial quadrant 

of the abdomen, and images of the left kidney in dorsal, transverse, and oblique planes were 



UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  KKoommaa,,  LL  MM  PP  KK    ((22000055))  

 70

obtained slightly caudal to the position of the spleen. Dogs were then positioned in right lateral 

recumbency to enable us to obtain images of the AAo, cranial mesenteric artery (CMA), and celiac 

artery (CA) in the parasagittal or dorsal plane. Dogs were then positioned in left lateral recumbency 

to enable us to obtain images of the main portal vein (MPV) in dorsal, transverse, and oblique 

planes caudal to the liver via the right 9th to 12th intercostal spaces.  

 

All examinations were performed by use of an ultrasound machinea with a convex-array, linear-array, 

or phased-array transducer. The B-mode examination of the general abdominal cavity, organs, and 

AAo was conducted by use of a 5.0-MHz convex-array transducer; identification and evaluation of 

the CMA, CA, and hilar splenic artery (HSA) was performed by use of a 7.5-MHz linear-array 

transducer, although we sometimes used a convex-array transducer. The MPV was identified by use 

of a 6.0-MHz phased-array transducer. All machine settings, including overall gain, depth 

compensation gain, edge enhancement, focus, and line density, were adjusted during each 

examination to obtain optimal image quality. 

 

Doppler examinations of the AAo and MPV were performed at a Doppler frequency of 3.5 MHz. The 

sample window was obtained anywhere along the length of the AAo cranial to the origin of the left 

renal artery. Sample window for the MPV was obtained at the best location within the vessel, which 

was typically immediately caudal to the liver, a point at which a long axis vessel-beam intercept angle 

of 60o could be obtained by use of the intercostal space. Evaluation of the CMA, CA, and HSA were 

performed at a Doppler frequency of 5.2 MHz, although we also used a frequency of 3.5 MHz for the 

CMA and CA. The sample window for the CMA or CA was obtained within each vessel 

approximately 5 mm from the vessel’s origin from the aorta. For the HSA, the sample window was 

obtained approximately 5 mm from the splenic hilus, within or outside the parenchyma. Use of a 7.5-
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MHz frequency for B-mode examinations and color Doppler ultrasonography facilitated the 

determinations for the sample windows.  

 

In the AAo and MPV, the one cursor of the Doppler gate was placed close to an inner surface of the 

vessel wall and the second on the opposite surface as a modification of the technique of uniform 

insonation.28 This maintained the size of the sample window within at least two thirds of the vessel 

diameter and avoided wall artifacts or spectral contamination from adjacent vessels. In the CMA, CA 

or HSA, the cursors were oriented transversely across the vessel diameter as it coursed toward the 

transducer. In all vessels, except for the HSA, vessel-beam alignment was subjected to an angle-

correction procedure before the spectral tracing was recorded. Angle correction was assisted by 

manual adjustment of the transducer and the electronic steering capacity of the linear-array 

transducer. The vessel-beam angle was recorded. Machine settings were optimized for high-

sensitivity imaging in the Doppler mode. In 1 animal, heart rate (HR) could not be determined during 

the control period because the dog was intolerant to the placement of ECG pads. In addition, the HR, 

together with Doppler measurements of the CA and HSA were not obtained in 1 dog each, and of the 

MPV were not obtained in 4 dogs for various reasons discussed later. 

 

3.3.5 Data analysis—Abdominal organs were subjectively evaluated by use of B-mode 

ultrasonography. Measurement of the thickest area of the spleen was used to estimate its size. 

Echogenicity of the spleen, liver, and kidneys was subjectively compared with each other. Diameter 

of the largest branch of the splenic vein in the body of the spleen was measured at the splenic hilus 

(long-axis view) and the cross-sectional area calculated. The largest cross-sectional area of the MPV 

was obtained by cine looping an image (short-axis view) and measuring it by use of the elliptical 

program of the onboard computer. This minimized errors attributable to variation in the cross-
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sectional area with time caused by respiration. Doppler spectra of each vessel were evaluated for 

flow patterns with the use of a concurrent ECG. The instantaneous HR for each Doppler cycle was 

computed from the preceding R–R interval on the ECG. Because an R–R interval is the number of 

milliseconds that elapses during 1 cardiac cycle, the total number of cardiac cycles (ie, HR) that 

would be completed within 1 minute (ie, 60,000 ms) on the basis of this interval was computed as HR 

= 60,000/R–R interval. 

 

During each experiment, measurements were obtained from spectral cycles whose preceding R–R 

intervals were approximately equal, excluding obvious sinus arrhythmias. Values recorded for HR, 

PI, RI, PSV, and TAVmean and MPV peak velocity (PV), TAVmean, blood flow, and CI were obtained 

by averaging 3 measurements or calculations from 3 ECG or spectral Doppler cycles. Doppler 

variables were measured by use of the onboard computer.  

Pulsatility index was determined by use of the following equation29:  

PI = (PSV – end diastolic velocity)/TAVmean 

Resistive index was determined by use of the following equation29:  

RI = (PSV – end diastolic velocity)/PSV 

Blood flow was computed by use of the following equation30:  

Blood flow = cross-sectional area X TAVmean 

Congestion index was calculated by use of the following equation31:  

CI = cross-sectional area/TAVmean 

 

Results of each experiment were entered into a computer spreadsheet programb on a personal 

computer. All ultrasonographic procedures were recorded on videotape for possible reevaluation and 

future reference. All data were tested for normality by use of the Shapiro-Wilk test. Values of data 
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that were normally distributed were reported as mean ± SD, and those that were not normally 

distributed were reported as median and range. Values for Doppler variables for dogs in each 

anemic state were compared with the value for the physiologic (control) state by use of paired t tests 

for data that were normally distributed or the Wilcoxon signed-rank test for data that were not 

normally distributed. Differences were considered to be significant at P ≤ 0.05. A statistical software 

programc was used to perform the data analysis.  

 

3.4 RESULTS 

 

3.4.1 Severe acute anemia—Mean ± SD Hct was 16.0 ± 0.77% after blood removal for 3 to 5 

days. Dogs were lethargic, and a few had a reduced appetite during a 12-hour period. Dogs had 

extremely pale mucous membranes and a fast and weak pulse, but rectal temperature was within the 

reference range. The spleen was significantly (P = 0.005) thinner (mean thickness was 17.0 ± 1.9 

mm and 13.9 ± 0.5 mm for the control state and severe anemia, respectively [18.1%]; Figure 3.1). 

Subjectively, splenic echogenicity was frequently increased. There was a significant reduction (P = 

0.025) in mean cross-sectional area of the HSV (control state, 0.046 ± 0.021 mm2; severe anemia, 

0.024 ± 0.009 mm2; [47.8%]). There was no significant change in mean cross-sectional area of the 

MPV. There was a significant increase in mean HR for all observations during severe anemia (25.2% 

to 70.1%; Figure 3.2, Table 3.1).  
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Figure 3.1—Mean ± SD splenic thickness in dogs before removal of blood to create anemia (control 

state), after removal of blood to create severe anemia, and during moderate and mild anemia in the 

recovery period. *Value differs significantly (P = 0.005) from the value for the control state. 
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Figure 3.2—Mean ± SD heart rate (HR) in dogs during various states of anemia. * Value differs 

significantly (P < 0.001) from the value for the control state.



UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  KKoommaa,,  LL  MM  PP  KK    ((22000055))  

 76

Spectral Doppler patterns of the AAo, CMA, CA, and MPV during severe anemia resembled the 

corresponding patterns for clinically normal dogs described elsewhere.32 However, adjacent arterial 

systolic peaks were more regularly and closely spaced (Figures 3.3 and 3.4). The overall duration of 

the cardiac cycle, in particular that of the diastolic phase was remarkably shortened. Frequently, a 

single conical velocity pattern was the only feature that formed the diastolic segment of the Doppler 

spectrum because any extra horizontal or conical segment had been lost. In 1 case, only half of a 

cone representing an increasing diastolic velocity remained toward the end of the diastolic phase; 

therefore, a biphasic (instead of triphasic) velocity pattern was seen in the aortic Doppler spectrum. A 

triphasic velocity pattern was seen less frequently in the CMA spectrum of anemic dogs than in that 

of control dogs. 

 

We detected a significant increase in mean PSV (AAo, 45.8%; CMA, 56.1%; and CA, 41.9%), in 

mean PV (MPV, 84.2%) and in mean TAVmean (AAo, 69.4%; CMA, 64.3%; CA, 29.7%; and MPV, 

76.9%; Figure 3.5). A significant decrease in mean PI was seen only in the AAo (20.5%) and HSA 

(19.3%), whereas mean PI in the CMA and CA was unchanged (Figure 3.6). No significant change 

was found in mean RI of any artery. Mean CI was significantly reduced (45.2%). Portal blood flow 

increased by 67.7%, although this was not a significant change.  

 

3.4.2 Moderate anemia—Mean ± SD Hct was 26.3 ± 0.74% after dogs were allowed to recover 

for 5 to 7 days. Dogs were active and physically strong. Mucous membranes were pale to pale-pink, 

and pulse was slightly weak and fast. Rectal temperature was within the reference range. Splenic 

echogenicity was subjectively increased, but we did not detect a significant change in splenic 

thickness or cross-sectional area of the HSV or MPV. Significantly higher mean HR was observed 

during some measurements (20%; Table 3.1). 
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 Table 3.1—Comparison of heart rate and Doppler variables for the abdominal aorta and splanchnic vessels in 11 Beagles during various states of experimentally induced anemia. 

 
 Control state  Severe anemia   Moderate anemia   Mild anemia   

Vessel 
 

Variable  Mean ± SD n  Mean ± SD P* n  Mean ± SD P* n  Mean ± SD P* n 
HR (beats/min)  103.3 ± 19.8 10  136.2 ± 18.7 < 0.001 10  110.7 ± 10.7 0.225 10  105.9 ± 10.5 0.796 10 
PSV (cm/s)  127.1 ± 33.7 11  185.3 ± 40.4 0.002 11  149.1 ± 24.0 0.074 11  145.7 ± 29.4 0.077 11 
TAVmean  (cm/s)  22.9 ± 7.6 11  38.8 ± 11.8 0.003 11  33.8 ± 3.3 0.002 11  32.6 ± 5.5 0.002 11 
PI  3.22 ± 0.91 11  2.38 (2.04–3.51)† 0.033 11  2.47 ± 0.49 0.059 11  2.23 (2.13–3.20)† 0.006 11 

AAo 

RI  0.84 ± 0.04 11  0.84 ± 0.04 0.665 11  0.82 ± 0.04 0.341 11  0.83 ± 0.02 0.756 11 
                 

HR (beats/min)  106.6 (57.0-117.6)† 10  133.5 ± 12.1 0.005 10  108.0 ± 11.4 0.475 10  114.7 (87.8–124.1)† 0.445 10 
PSV (cm/s)  103.4 ± 20.2 11  161.4 ± 17.2 < 0.001 11  123.9 ± 19.8 0.012 11  114.3 ± 14.0 0.182 11 
TAVmean (cm/s)  21.0 ± 5.8 11  34.5 ± 6.4 < 0.001 11  31.4 ± 7.8 0.003 11  29.4 ± 5.0 0.003 11 
PI  2.66 ± 0.63 11  2.08 (1.78–3.61)† 0.110 11  2.10 ± 0.56 0.017 11  2.01± 0.31 0.004 11 

CMA 

RI  0.82 ± 0.04 11  0.83 ± 0.04 0.577 11  0.81 (0.69–0.87)† 0.449 11  0.79 ± 0.03 0.030 11 
                 

HR (beats/min)  96.7 ± 16.2 10  137.4 (99.4–142.9)† 0.005 10  114.0 (86.1–118.4)† 0.028 10  106.7 ± 13.7 0.178 10 
PSV (cm/s)  115.2 ± 27.8 11  163.5 ± 34.6 0.002 11  129.9 ± 17.9 0.080 10  112.6 ± 17.0 0.747 11 
TAVmean (cm/s)  25.9 ± 9.0 11  33.6 ± 6.2 0.015 11  30.8 (27.0–46.3)† 0.028 10  26.8 ± 5.3 0.762 11 
PI  2.25 ± 0.51 11  2.23 ± 0.52 0.950 11  1.78 ± 0.27 0.024 10  2.03 ± 0.47 0.388 11 

CA 

RI  0.79 ± 0.04 11  0.82 ± 0.06 0.102 11  0.75 ± 0.04 0.041 10  0.78 ± 0.06 0.756 11 
                 

HR (beats/min)  91.9 ± 22.7 9  133.7 ± 14.0 0.001 9  94.2 ± 12.4 0.833 9  104.7 ± 23.6 0.298 9 
PI  1.35 ± 0.45 10  1.09 ± 0.25 0.044 10  1.11 ± 0.22 0.172 10  1.07 ± 0.21 0.040 10 HSA 
RI  0.66 ± 0.10 10  0.64 ± 0.07 0.638 10  0.63 ± 0.04 0.568 10  0.62 ± 0.09 0.259 10 

                 
HR (beats/min)  81.1 ± 20.1 7  138.5 ± 22.0 0.002 7  96.3 ± 15.6 0.245 7  80.2 ± 18.5 0.790 7 
PV (cm/s)  19.0 (15.1-45.7)† 9  42.0 ± 14.8 0.005 9  34.5 ± 16.5 0.079 9  22.7 ± 9.2 0.986 9 
TAVmean (cm/s)  10.6 ± 2.8 9  19.1 ± 7.3 0.017 8  18.7 ± 8.8 0.034 9  13.5 ± 3.8 0.059 7 
BF (mL/min/kg)  36.6 ± 13.0 9  61.2 ± 39.7 0.123 8  65.1 ± 36.3 0.048 9  46.4 ± 21.4 0.137 7 

MPV 

CI  0.066 ± 0.019 9  0.034 ± 0.013 0.010 8  0.044 ± 0.021 0.057 9  0.051± 0.016 0.097 7 
 
The Hct for the various states of anemia were as follows: control state, 45% to 52%; severe anemia, 15% to 17%; moderate anemia, 25% to 27%; and mild anemia, 31% to 37%. *For each variable, 

P values represent comparison with the control state; values were considered significant at P ≤ 0.05. †Values reported are median (range) because the data were not normally distributed as 

determined by use of the Shapiro-Wilk test. AAo = Abdominal aorta. CMA = Cranial mesenteric artery. CA = Celiac artery. HSA = Hilar splenic artery. MPV = Main portal vein. HR = Heart rate. PSV = 

Peak systolic velocity. PV = Peak velocity. TAVmean = Time-averaged mean velocity. BF = Blood flow. PI = Pulsatility index. RI = Resistive index. CI = Congestion index. Number of dogs may be < 11 

because of ECG malfunction, gastrointestinal gas, excessive splenic mobility, or the fact that evaluations were not performed because of time constraints. 
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 Arterial and portal vein spectral Doppler patterns were similar to corresponding patterns 

described elsewhere in clinically normal dogs.32 A significant increase in mean PSV persisted 

only in the CMA (19.8%), whereas the AAo, CA, and MPV did not have significant changes 

(Table 3.1). Mean TAVmean remained significantly higher in all vessels (AAo, 47.6%; CMA, 

50.0%; CA, 26.7%; and MPV, 76.4%). There was significant reduction in mean PI of the CMA 

(21.2%) and CA (21.0%), however, there was no significant change in mean PI of the AAo or 

HSA. Mean RI of the CA (4.8%) was significantly reduced, but we did not detect a change in 

mean RI of the AAo, CMA, or HSA. There was a significant increase in mean portal blood flow 

(77.9%) but no significant change in mean CI.  

 

3.4.3 Mild anemia—Mean ± SD Hct was 34.4 ± 1.9% after dogs were allowed to recover for 

12 to 16 days. Dogs were active and physically strong. Mucous membranes were pale to pale-

pink. Pulse and rectal temperature were within the reference ranges. Splenic echogenicity was 

still subjectively increased. Arterial and venous Doppler spectra were similar to those obtained 

during the control state.  

 

Mean TAVmean remained significantly increased in the AAo (42.8%) and CMA (40.0%), but there 

was no significant change in the CA or MPV (Table 3.1). Significant reduction in mean PI was 

evident in the AAo (24.0%), CMA (24.5%), and HSA (21.2%) but not in the CA. Mean RI of the 

CMA (3.7%) was significantly lower while there was no change in the AAo, CA or HSA. No 

significant change was detected in splenic size, HR, or PSV, PV, CI, blood flow, or CSA in any 

vessel.                                                                                                                                                                              
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Figure 3.3—Doppler spectrum of the abdominal aorta obtained from a position cranial to the 

origin of the left renal artery in a clinically normal Beagle. Notice the reverse flow in early 

diastole followed by a peak forward flow. Forward diastolic flow continues after the peak, 

diminishing gradually over time. Flow velocity in early diastole defined a conical outline, 

followed by a horizontal outline from mid- to end diastole. Heart rate was 67 beats/min. 
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Figure 3.4—Doppler spectrum of the abdominal aorta obtained from a position cranial to the 

origin of the left renal artery in a Beagle during experimentally induced severe anemia. In panel 

A, notice the closely spaced systolic peaks and loss of the horizontal segment in the mid- to 

late diastolic wave. In panel B, notice the lack of reverse flow in early diastole in addition to the 

closely spaced systolic peaks. Only half a cone represents the early diastolic wave, with the 

next systolic peak beginning at peak diastolic flow. Heart rate was 114 and 171 beats/min for 

panels A and B, respectively.  
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Figure 3.5—Mean ± SD peak systolic velocity in the abdominal aorta (solid diamond), cranial 

mesenteric artery (solid square), and celiac artery (open triangle); peak velocity in the main 

portal vein (open square), and time-averaged mean velocity in the abdominal aorta (cross), 

cranial mesenteric artery (solid circle), celiac artery (open diamond) and main portal vein (open 

circle) in dogs during various states of anemia. See Figure 1 for remainder of key. 
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Figure 3.6—Mean ± SD pulsatility index for the abdominal aorta (solid diamond), cranial 

mesenteric artery (solid square), celiac artery (open triangle), and hilar splenic artery (open 

circle); resistive index for the abdominal aorta (cross), cranial mesenteric artery (solid circle), 

celiac artery (open square), and hilar splenic artery (solid triangle); and congestion index for the 

main portal vein (open diamond) in dogs during various states of anemia. See Figure 1 for 

remainder of key. 
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3.4.4 All anemic states—A significant increase in HR was consistent for all observations 

during severe anemia, but was evident in only about 20% of the observations during moderate 

anemia, and HR did not change significantly during mild anemia. Heart rate progressively 

decreased from the highest values during severe anemia toward the baseline value during mild 

anemia. Changes in peak velocities almost paralleled those of HR. Peak systolic velocity of all 

arteries and PV of the portal vein were significantly increased during severe anemia, was 

significantly increased only in the CMA during moderate anemia, and thereafter progressively 

returned toward values similar to those of the control state during mild anemia. The TAVmean 

values of all vessels were significantly higher during all states of anemia, except in the CA and 

MPV in which no significant change was detected during mild anemia. This variable had a 

consistent pattern and decreased progressively from a high level during severe anemia toward 

baseline values during mild anemia.  

 

With regard to the Doppler indices of vascular resistance, significant changes varied on the 

basis of the particular index, vessel, and degree or duration of anemia. A significant reduction 

in PI was seen during severe and mild states of anemia in the AAo and HSA; during moderate 

and mild anemia in the CMA; and only during moderate anemia in the CA. A significant 

reduction in RI value was observed in the CMA during mild anemia and in the CA during 

moderate anemia. No significant change in RI was found in the AAo or HSA during any state of 

anemia. Portal vein CI was significantly lower during severe state of anemia but not during 

moderate or mild anemia. Patterns of change in PI and RI values also varied among vessels, 

although values were generally lower for PI and RI during mild anemia than during severe 

anemia (Table 3.1).  
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3.5 DISCUSSION 

 

Analysis of the results reported here provides evidence of significant changes in various 

Doppler variables among vessels during severe anemia as well as during moderate and mild 

anemia. There was a significant increase in TAVmean  (mean flow velocity) for all states of 

anemia and in all vessels that were evaluated, except in the CA and MPV during mild anemia. 

On the other hand, significant increases in arterial PSV or portal vein PV was found only during 

severe anemia, except in the CMA during moderate anemia when a significant increase 

persisted. Current knowledge on relationships between Doppler variables and anemia is based 

on results for fetal anemia in humans attributable to RBC alloimmunization or parvovirus 

infection. Findings of the study reported here correlate with observations of the human fetus 

during severe anemia in which significant increases of peak and mean blood flow velocities of 

various vessels have been reported.7-12  

 

Analysis of results of the study reported here also indicates a significant increase in portal 

blood flow during moderate anemia. Although specific reference to the portal vein was not 

found, this result corroborates with findings in other vessels by noninvasive hemodynamic 

studies of human patients6 and by invasive studies of animals1,2 with anemia. Doppler 

evaluations in human fetuses with severe anemia have revealed significant increases in blood 

flow of the umbilical vein.6 Similar observations were made by use of invasive techniques in 

dogs with normovolemic anemia that reportedly caused an increased blood flow in the AAo and 

various splanchnic vessels or vascular beds during severe anemia1,2. Failure to detect a 

significant change during severe, moderate or mild states of anemia in the study reported here 

may have been attributable to a small sample. 
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Few Doppler evaluations conducted in human fetuses with anemia have investigated vascular 

resistance by use of PI or RI. No significant change has been found in PI or RI of the umbilical 

or uterine artery,7,33 but RI of the splenic artery in hydropic fetuses (severe anemia) is 

significantly increased.d The increase in splenic RI is believed to be attributable to congestion 

of the splenic capillary bed with trapped RBCs.d Analysis of results of our study revealed a 

reduction in vascular resistance during severe anemia in the AAo, HSA, and MPV as indicated 

by a significant reduction in PI or CI. A reduction in vascular resistance in the CMA and CA was 

detected later, indicated by a significant reduction in PI or RI. The reason for this delayed 

reduction in resistance is not clear, but it may have been associated with redistribution of blood 

from the splanchnic bed during the acute onset of severe anemia. A variation was also 

observed with regard to the specific resistance index that changed in response to anemia. A 

significant reduction in PI was the major finding, whereas a reduction in RI was seen in fewer 

instances (CMA and CA).  

 

Arterial flow velocity and direction is sensitive to peripheral vascular resistance.34 When 

resistance is decreased, forward flow velocity is increased and reverse flow velocity is 

decreased in a linear relationship, and vice versa.34 In the study reported here, the 

transformation of an aortic or CMA velocity pattern from triphasic to biphasic, increase of 

systolic and diastolic velocities, and increase in TAVmean support observations of other 

investigators. A significant increase in portal vein TAVmean with no change in cross-sectional 

area resulted in a significant reduction in CI, further suggesting that flow resistance by the 

portal vein was also reduced.  

 

Two mechanisms are probably involved in the reduction of vascular resistance. First, a 

reduction in RBC mass leads to a significant decrease in blood viscosity in dogs.3 Second, 
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reduced hemoglobin content during anemia results in increased activity of endothelial-derived 

relaxing factor (ie, nitric oxide), leading to arteriolar vasodilation.35,36 Theoretically, increased 

perfusion pressure or blood volume can cause similar changes in vascular resistance and 

blood velocity, although a significant change in mean arterial pressure was not found in 

patients with normovolemic or hypervolemic anemia.35 There is no evidence to suggest that the 

circulating blood volume or arterial pressure of the subjects increased in the dogs of our study; 

however, caution should be exercised in interpreting the results because these variables were 

not measured.  

 

A remarkable degree of regularity and shortening in R–R intervals during severe anemia, 

correlating with a regular cardiac rhythm and significant increase in HR, was found in the dogs 

of our study. With the exception of approximately 20% of the observations during moderate 

anemia, these changes did not persist beyond the severely anemic state. An 

echocardiographic study evaluating left ventricular function performed in the same dogs 

revealed a significant increase in cardiac output, fractional shortening, ejection fraction, and HR 

during the severely anemic state (data not shown). The observation conforms to findings of 

other investigations that used invasive techniques and revealed an increase in HR2,35 and 

cardiac output1,3 as components of the hyperdynamic cardiovascular response during acute 

and chronic severe normovolemic anemia in dogs. Increased cardiac output has also been 

documented in humans with severe chronic anemia.36 In 1 study,35 investigators found that an 

increase in HR provided a greater contribution to an increase in cardiac output, compared with 

the contribution provided by an increase in stroke volume. However, in hemodilution 

experiments in which dextran or other similar fluids were exchanged for blood without a volume 

deficit, a hyperdynamic state was created without any significant change in HR.4 It is believed 

that the increase in cardiac output in severe anemia is the result of reduced total systemic 
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vascular resistance resulting in increased venous return.35 Heart rate reportedly influences 

Doppler variables.37, 38 In 1 study, 38 investigators found an inverse relationship between HR 

and PI of the descending aorta and other arteries in growth-retarded human fetuses. Significant 

reduction in PI of the AAo and HSA was seen in the study reported here, with a significant 

increase in HR in severely anemic dogs. However, although HR began to return to normal 

values, and HR during the moderately anemic state was no longer significantly different from 

that during the control state, PI values decreased still further and were significantly lower during 

moderate (CMA, CA) and mild (AAo, CMA, HSA) states of anemia. In human fetuses from 

hypertensive pregnancies and in patients who had renal allografts with acute rejection, 

investigators did not find significant changes in PI values following correction for low HRs.39 

The increase in HR in our study may have contributed, as a function of severe anemia, to 

changes in absolute values of some Doppler variables, but it cannot account for the general 

pattern of other observed changes. 

 

A significant reduction in splenic thickness and cross-sectional area of the HSV during severe 

acute anemia suggests contraction of the spleen and veins that drain it. It is recognized that the 

venous system, including splanchnic beds in the intestines, liver, and spleen, forms a large 

reservoir of blood volume with a capacity for rapid response.40-42 A decrease in circulating 

blood volume or blood pressure evokes immediate, diffuse sympathetic discharge, probably 

from various afferent locations including the cardiopulmonary area and baroreceptors in the 

aortic and carotid sinuses, leading to venocontraction.40,42 Venous wall tension increases 

promptly and progressively during hemorrhage, remains increased as long as there is a volume 

deficit, and decreases promptly after restoration of normal blood volume.40 The venous 

reservoir is believed to accommodate up to 70% of blood volume and is effective in stabilizing 

circulating volume during conditions of moderate volume depletion.40 In dogs, the splanchnic 
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bed can decrease its blood volume by up to 50% and the spleen has the greatest capacity to 

release blood, compared with the liver and intestines.40,42 Splenic blood is also more viscous 

because of a higher percentage of RBCs.41 On the basis of observations of other investigators, 

it has been suggested that a decrease in blood volume during the short time lag between blood 

removal and volume replacement in the study reported here triggered reflex contraction of the 

venous system. No significant change was seen in cross-sectional area of the MPV during any 

state of anemia, indicating a normal circulating blood volume. Significant reduction in splenic 

size and cross-sectional area of the HSV observed during the severely anemic state may have 

been attributable to depletion of stored RBCs. The spleen gradually regained size, probably as 

a result of an enhanced erythropoiesis, which was evidenced by increased numbers of 

reticulocytes, thus making available a reserve of RBCs for storage. Splenic thickness during 

the moderately anemic state was no longer significantly different from that for the control state.  

 

It is possible that assumptions made for, and methods used in, our study may have introduced 

errors in the results that we considered insignificant. Examinations and measures obtained on 

dogs before commencement of experiments were considered adequate, and all dogs were 

considered to be in good health with normally functioning organs. Specific tests for organ 

function, such as glomerular filtration rate or plasma erythropoietin concentrations for the 

kidneys, were not conducted because of financial limitations. For a similar reason, a rather 

small sample was used in the study. This may have contributed to failure to detect significant 

changes, especially those with marginal significance. Measurements to confirm normal 

circulating blood volume and arterial pressure were not performed following induction of 

anemia because the study was designed along a clinical line intended to conform, as much as 

possible, to routine clinical practice at our facility. A deficit in circulating volume or arterial 

pressure would decrease blood flow and flow velocities and increase values of resistive 



UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  KKoommaa,,  LL  MM  PP  KK    ((22000055))  

 89

indices.43 There was no evidence to suggest that dogs had such a deficit. Instead, lack of a 

significant reduction in cross-sectional area of the portal vein suggested that there was a 

normal circulating blood volume during all anemic states.  

 

The large number of vessels examined, including those whose data were not reported here, the 

need for a precise sample collection technique, and differences in patient cooperation resulted 

in time constraints that may have influenced accuracy of certain measurements. In 1 dog, HR 

could not be determined during the control state because the dog would not tolerate placement 

of ECG pads. In addition, the HR, together with Doppler measurements of the CA and HSA 

were not done in 1 dog each, and of the MPV in 4 dogs because of various reasons. In the 

case of the CA, it was obscured by gastrointestinal gas. Examination of the HSA represented a 

special problem because the spleen moved constantly during normal respiratory excursions. 

Splenic mobility worsened in dogs that struggled. For these conditions, it was impossible to 

obtain good spectral tracings because the splenic artery was oscillating in and out of the 

sample window. Obtaining 3 consecutive cycles of the Doppler spectrum of the HSA was 

particularly difficult. Sometimes we obtained only 1 cycle of the spectrum with varying intensity 

or even an incomplete cycle of the spectrum. A poor spectral tracing may yield inaccurate 

measurements of Doppler variables.44  

 

The MPV was usually evaluated last, and it was evaluated in fewer dogs because of time 

constraints. Additionally, examining the MPV required considerable effort when manipulating 

the transducer within a limited intercostal space to obtain an optimal insonation angle. The 

procedure was often uncomfortable to the dogs, forcing them to move. Vessel movements also 

were evident with respiration, and vessels sometimes were obscured by gastrointestinal gas.  
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Other limitations, and sources of systematic and random errors encountered with Doppler 

hemodynamic measurements despite technologic advancements in ultrasound equipment 

include estimation of vessel cross-sectional area, angle of insonation, and mean velocity from 

which Doppler blood flow measurements are derived.28,29,39,43 In the study reported here, 

estimation of cross-sectional area was required for measurement of portal vein blood flow and 

CI. The problem of small vessel size was not encountered, and there was good resolution of 

the inner circumference of the MPV in the cross-sectional view. However, the MPV was not 

perfectly circular in cross section, and its diameter varied with respiratory movements, and gas 

from the stomach or lungs sometimes made viewing difficult. The technique used in this study 

for estimating portal cross-sectional area may have resulted in overestimation of blood flow and 

CI of the MPV because the true mean cross-sectional area would have been less than the 

estimated value.  

 

Cross-sectional area of the HSV was estimated only for comparison of vessel size between 

control and anemic states. Cross-sectional area was calculated from the diameter measured by 

use of a long-axis view because it was difficult to obtain images of the vessel in a short-axis 

view.  

 

Variation was evident between 0o and 60o for the estimated intersection angle between the 

ultrasound beam and long axis of each vessel when obtaining a Doppler spectrum. Moreover, it 

was unlikely that the scan plane and long-axis plane of a vessel were always aligned when 

estimating the insonation angle.28 Random and systematic errors in estimation of the insonation 

angle may have contributed to variation in estimating angle and blood flow velocities. The 

modified technique of uniform insonation used in the study reported here may have further 
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resulted in overestimation of TAVmean and blood flow because some low-velocity components of 

flow may have been excluded.  

 

Despite the assumptions and modifications made in measurements and limitations of the DUS 

technique, the changes reported in this study appear to reflect the true influence of 

normovolemic anemia on Doppler variables. Collection of data from a homogenous population 

by the same investigator and use of the same machine for all evaluations greatly minimized 

variations attributable to those factors. However, caution should be exercised for use of these 

data because they are likely to vary with the study population, equipment, and techniques 

used.  

 

Noninvasive Doppler ultrasonography documented hyperdynamic circulation in the AAo and 

splanchnic vessels in dogs with experimentally induced normovolemic anemia. Analysis of the 

results indicates that anemia significantly reduces arterial and venous DUS resistance indices 

and increases blood velocities and blood flow. This should be taken into consideration when 

interpreting results of DUS investigations of any physiologic or pathologic state with concurrent 

anemia. Lack of DUS evidence of abdominal splanchnic hyperdynamic circulation or evidence 

of a change in the opposite direction (eg, an increase in RI or PI) in dogs with conditions that 

have coexisting anemia, such as babesiosis, should raise the suspicion for other important 

pathologic processes.  
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3.6 FOOTNOTES  

aSonoline Omnia, Siemens Medical Systems Inc, Ultrasound Group, Erlangen, Germany.  

bMS Excel, Microsoft Corp, Redmond, Wash. 

cStata Release 7, Stata Press, College Station, Tex. 

dBahado-Singh R, Pirhonen J, Rahman F, et al. Effect of fetal anemia on splenic artery 

resistance index in red cell isoimmunization. J Soc Gynecol Invest 1995;2:146. 
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4.1 ABSTRACT 

 

The haemodynamics of the canine left renal artery (LRA) and interlobar artery (ILA) were 

evaluated in eleven fasted, healthy, conscious beagles with severe acute (haematocrit [Hct] 

16%), moderate chronic (Hct 26%) and mild chronic (Hct 34%) normovolaemic anaemia using 

Doppler ultrasound. Heart rate, peak systolic velocity (PSV), end diastolic velocity (EDV), time-

averaged mean velocity (TAVmean), pulsatility index (PI) and resistive index (RI) were recorded. 

Doppler values in the dogs following the induction of anaemia states were compared with 

corresponding values in the same dogs prior to the induction of anaemia.  

 

Left renal artery mean PSV, mean PI and mean RI were significantly higher and mean EDV 

was significantly lower in severe acute anaemia. No significant change was seen in mean 

values of the same parameters in moderate and mild chronic anaemia. There was no 

significant change in TAVmean of the LRA or mean PI and mean RI of the ILA in any grade of 

anaemia.  

 

Acute, severe normovolaemic anaemia significantly altered LRA Doppler parameters in resting 

dogs without influencing those of the ILA. Moderate or mild chronic anaemia had no effect on 

any renal Doppler parameter.  

 

Key words: anaemia model, canine, Doppler ultrasound, renal haemodynamics
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4.2 INTRODUCTION 

 

Non-invasive duplex Doppler ultrasound (DUS) has been used in various studies for 

investigating renal haemodynamic physiology in the dog (Abildgaard et al. 1997; Brown et al. 

1997; Reid et al. 1980). Colour and power Doppler have been used for evaluation of the 

haemodynamic effects of pharmacological agents (Arger et al. 1999; Sehgal et al. 2001), 

toxicity and renal failure in native kidneys (Daley et al. 1994), and in acute renal allograft 

rejection (Takahashi et al. 1999). In both humans and animals, various Doppler parameters 

including blood flow (Reid et al. 1980), peak systolic velocity (PSV) (Gaschen et al. 2001; Pope 

et al. 1996), mean velocity (Okada et al. 2001), end diastolic velocity (Knapp et al. 1995), 

resistive index (RI) (Akihiro et al. 2001; Platt 1992; Pozniak et al. 1992; Sari et al. 1999), and 

pulsatility index (PI) (Miletic et al. 1998) were used to quantify renal haemodynamics. The RI of 

an intrarenal artery (interlobar or arcuate) probably gives the most reliable results (Knapp et al. 

1995), and is the Doppler parameter most frequently used in clinical investigations of renal 

disease. In dogs, intrarenal RI has been used to detect and investigate haemodynamic 

changes in Addison’s disease (Koch et al. 1997), renal toxicity (Rivers et al. 1996), obstruction 

(Dodd et al. 1991; Nyland et al. 1993) and renal failure of various causes (Morrow et al. 1996; 

Rivers et al. 1996; Rivers et al. 1997). It has also been used for evaluating the performance of 

renal transplants (Pozniak et al. 1992; Pozniak et al. 1988). 

 

At the Onderstepoort Veterinary Academic Hospital, University of Pretoria, we are extending 

the use of DUS for investigating haemodynamic changes in canine babesiosis. About 31% of 

babesiosis cases presented to the hospital are clinically severe, with complications that are 

difficult to predict presenting therapeutic challenges (Reyers et al. 1998). Renal involvement in 

babesiosis is well recognised, with clinical signs of dysfunction or even acute renal failure 
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(Lobetti and Jacobson 2001; Maegraith et al. 1957; Malherbe 1966). The underlying 

pathological mechanism is poorly understood, but it is thought to be associated with reduced 

renal blood flow (Maegraith et al. 1957; Malherbe 1966). The occurrence of systemic 

hypotension in some cases of severe canine babesiosis has also been reported (Freeman et 

al. 1994; Jacobson et al. 2000). However, currently there is no clinical technique for rapidly 

demonstrating the presence of renal haemodynamic disturbance. It has been suggested that 

the pathogenesis of renal disease in canine babesiosis and human falciparum malaria may be 

similar (Clark and Jacobson 1998; Malherbe 1966). In complicated human falciparum malaria, 

renal dysfunction or acute renal failure can occur (Sitprija et al. 1967; Sitprija et al. 1977; Stone 

et al. 1972). Decreased mean arterial pressure due to vasodilatation in the acute phase of 

malaria, and renal hypoperfusion has been observed in some patients with or without acute 

renal failure (Eiam-ong and Sitprija 1998; Sitprija 1971; Sitprija et al. 1975; Sitprija et al. 1996).  

 

Anaemia is frequently encountered in canine babesiosis (Reyers et al. 1998). Several 

investigators have suggested that relationships between anaemia and renal haemodynamics in 

the dog is characterised by significantly increased renal blood flow and reduced vascular 

resistance, both in severe acute (Grupp et al. 1972; Race et al. 1967; Schrier and Earley 1970) 

and severe chronic (Vatner et al. 1972) anaemia.  All these studies, done more than 30 years 

ago, measured renal blood flow by means of in-dwelling Doppler ultrasound, electromagnetic 

flowmeter or by a dye dilution and clearance technique, and obtained vascular resistance as a 

division of arterial pressure gradient by the blood flow (Grupp et al. 1972; Race et al. 1967; 

Schrier and Earley 1970; Vatner et al. 1972). 

 

In the limited renal haemodynamic studies using non-invasive DUS, Pozniak et al. (1988) 

reported an elevation of the intrarenal RI in hypotension (hypovolaemic anaemia) in the dog. 
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The effect of normovolaemic anaemia on renal DUS parameters has not been investigated. 

Knowledge of the influence of normovolaemic anaemia on renal haemodynamics may permit 

correct interpretation of DUS results in the investigation of canine babesiosis, and improve an 

understanding of its pathophysiology, and that of other anaemic conditions. It is hoped that 

these findings may then help to predict the development of renal complications. The purpose of 

this study was to determine the influence of: (1) severe, acute normovolaemic anaemia and (2) 

moderate and mild chronic normovolaemic anaemia on renal DUS parameters in the dog. 

 

4.3 MATERIALS AND METHODS 

 

4.3.1  Experimental design - This study was part of a larger investigation on the influence 

of normovolaemic anaemia on DUS parameters of abdominal splanchnic haemodynamics, and 

on left ventricular function. Eleven beagles comprising one intact and three neutered males, 

and seven intact non-pregnant females were used. Mean and standard deviation (SD) of their 

body weights was 12.0 ± 1.8 kg. Four males and five females had a mean age of 2.63 years. 

The exact age of two females could not be established. All beagles were clinically healthy. The 

Onderstepoort Veterinary Academic Research Unit, Faculty of Veterinary Science, University of 

Pretoria loaned the dogs. During the active trial period, two to four dogs were transferred and 

housed in large kennels at the Onderstepoort Veterinary Academic Hospital. Here they were 

fed a high protein and calorie commercial dog food. In the first week of the study, one dog was 

introduced to the trial. Subsequently two dogs were introduced each week. The study 

compared the corresponding renal haemodynamics in physiological and anaemic states in the 

same dog. Doppler spectra of the left renal artery (LRA) and interlobar artery (ILA) were 

obtained and baseline DUS parameters measured as detailed in a following paragraph. 

Measurements were then repeated immediately after induction of severe, acute anaemia 
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(haematocrit [Hct] 13-17%), and at moderate (Hct 25-27%) and mild (Hct 31-37%) stages 

during recovery.  

 

Doppler evaluation of abdominal splanchnic haemodynamics lasting between 90-120 minutes 

and with regular breaks of 5-10 minutes immediately followed an echocardiographic 

examination on the same animals. At the end of the trial each animal, having recovered 

sufficiently from the anaemia, was returned to Onderstepoort Veterinary Academic Research 

Unit. The Animal Use and Care Committee of the Faculty of Veterinary Science, University of 

Pretoria, approved the study. 

 

4.3.2 Induction of anaemia - The technique used for induction of anaemia was described 

by Lobetti (1996), and modified so as to be non-fatal. About 20% of the circulating blood 

volume was removed 1-3 times per day over a 3-4 day period to produce severe acute 

anaemia with Hct 13-17%. Plasma from the removed blood plus additional Ringer’s lactate 

calculated to replace the volume deficit of red blood cells was infused into the animal in an 

attempt to maintain a normal circulating blood volume, however, no measurements were 

carried out to confirm normovolaemia. Doppler measurements in the severely anaemic state 

commenced at least 16 hours after completion of the volume replacement.  

 

4.3.3 Ultrasonographic examinations - All dogs were fasted for 12 hours before being 

examined by one investigator (LMK). No anaesthesia or sedation was used. The ventral 

abdomen and left flank were clipped, cleaned and acoustic coupling gel was applied onto the 

skin surface. For general abdominal imaging, the dog was positioned in dorsal recumbency. 

Right lateral recumbency was used for imaging the left kidney in dorsal, transverse and oblique 

planes in the left cranial quadrant of the abdomen slightly caudal to the spleen.  All 
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ultrasonographic examinations were carried out using a Sonoline Omnia ultrasound-imaging 

machine (Siemens Medical Systems Inc., Ultrasound Group, Erlangen, Germany), and a linear 

or curved array transducer. A frequency of 5.0 MHz was used for B-mode examination of the 

general abdominal cavity and organs, and 7.5 or 5.0 MHz for B-mode evaluation of the left 

kidney, and identification of its vessels. Machine settings were optimised to give good image 

quality. Both left and right kidneys were subjectively observed on B-mode. The length, width 

and height of the left kidney were measured with on-board electronic callipers. Relative 

echogenicities of the spleen and left kidney were evaluated subjectively, comparing the spleen 

with renal cortex. 

 

Doppler imaging of the LRA and ILA were performed with 5.2 MHz Doppler frequency. A 

sample volume was placed within the LRA about 5 mm from its origin at the AAo to obtain its 

Doppler spectrum. The ILA was sampled within the renal pelvis about 5-10 mm from the renal 

hilus. A 7.5 MHz transducer for B-mode imaging, and colour Doppler facilitated sampling these 

vessels. Cursors of sample volumes were oriented transversely across the LRA and ILA as the 

vessels coursed towards the transducer. In each case, a sample volume size of about 3 mm 

was used. While obtaining Doppler spectra, attempts were made to avoid wall artefacts from 

the LRA or spectral contamination from a neighbouring vessel. In the LRA the vessel-beam 

alignment was angle corrected electronically before recording the spectral tracing. Manual 

transducer adjustment, and electronic beam steering achieved this, and the vessel-beam angle 

was below 60 degrees in all cases. Machine settings were optimised for high sensitivity 

imaging. Doppler spectra of individual vessels were evaluated for their flow patterns, and with 

the help of a simultaneous ECG tracing various features of the Doppler spectra were 

categorised. The instantaneous heart rate (HR) at each Doppler cycle sampled was computed 

from the preceding R-R interval on the ECG. Measurements of PSV, time-averaged mean 
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velocity (TAVmean), PI and RI were made using the onboard computer, and PI and RI were 

expressed as (Nelson and Pretorius 1988):  

PI = Peak systolic velocity – End diastolic velocity 
   Time-averaged mean velocity   
 
 
RI = Peak systolic velocity – End diastolic velocity 

    Peak systolic velocity 
 

End diastolic velocity (EDV) was calculated by re-arranging the RI equation.  

 

The value recorded for each parameter was an average of measurements or calculations from 

three ECG or spectral Doppler cycles. Heart rate and Doppler parameters of the LRA were not 

measured in one dog because of poor cooperation, and the LRA TAVmean was not measured in 

two other dogs because of arterial wall artefact or spectral contamination from the left renal 

vein. 

 

4.3.4 Data analysis - Results of each experiment were entered into an MS Excel program 

(Microsoft Corporation) on a personal computer. All ultrasonographic procedures were 

recorded on videotape for possible re-evaluation and future reference. All data were found to 

be normally distributed using the Shapiro-Wilk test, and were presented as mean and standard 

deviation (SD). Doppler parameters in each grade of anaemia were compared with those in the 

physiologic state using the paired t-test. Differences were considered to be significant at the 

5% level of significance. A Stata Release 7 statistical software program (Stata Press, 702 

University Drive East, College Station, Texas 77840, USA) was used to perform the data 

analysis. 
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4.4 RESULTS 

  

Haematocrit levels and physical condition of animals following induction of severe acute 

anaemia, and during recovery are reported elsewhere (Koma et al. 2005). Data for linear 

dimensions of the left kidney are given in Table 4.1, and those of heart rate and renal Doppler 

parameters are presented in Table 4.2. 

 

4.4.1 Severe acute anaemia - Mean renal length and width were significantly increased 

while renal height was unchanged. Systolic peaks of the LRA and ILA Doppler spectra were 

more closely and regularly spaced (Figs. 4.1 and 4.2). Mean HR and mean PSV, PI and RI of 

the LRA were significantly increased. Mean EDV of the LRA was significantly reduced. There 

was no significant change in mean TAVmean of the LRA, and in mean PI and RI of the ILA. 

 

4.4.2 Moderate and mild chronic anaemia - Mean renal length and width were significantly 

increased in mild anaemia but renal height was unchanged. There was no significant change in 

any renal dimension in moderate anaemia. Heart rates in moderate and mild anaemic states 

were not significantly different from those in the physiologic state, and the corresponding LRA 

and ILA Doppler spectra in both states appeared similar. No significant change was found in 

mean PI and RI of any vessel, or in mean PSV, EDV and TAVmean of the LRA. 
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Table 4.1 Linear dimensions of the left kidney during physiological and anaemic states 
 

 Renal length (mm)  Renal width (mm)  Renal height (mm) Physical 
state  n Mean SD P-

value  n Mean SD P-
value   n Mean SD P-

value  
                

Baseline  48.18 2.79  27.43 2.25  27.63 3.93 
Severe 
anaemia  10 50.18 3.47 0.05  10 29.54 2.46 0.02  10 29.63 2.62 0.15 

                
Baseline   48.56 2.92  26.75 3.12  27.16 4.03 
Moderate 
anaemia   11 48.01 3.23 0.40  11 27.97 1.58 0.21  11 28.12 2.41 0.31 

                
Baseline   48.18 2.79  27.43 2.25  27.60 4.16 
Mild 
anaemia   10 50.46 2.24 0.03  10 29.25 2.07 

< 
0.01  9 29.09 2.63 0.41 

 
Hct = haematocrit, mm = millimetres, n = number of observations, SD = standard deviation. Baseline Hct = 47.5%, 

severe anaemia Hct = 16.0%, moderate anaemia Hct = 26.3%, mild anaemia Hct = 34.4%. Level of significance, α 

= 5%. 
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Table 4.2     Heart rate and renal Doppler parameters during physiological and anaemic states 
 

 

 

EDV = end diastolic velocity, Hct = haematocrit, SD = standard deviation, n = number of observations, HR = heart 

rate, PSV = peak systolic velocity, TAVmean = time-averaged mean velocity, PI = pulsatility index, RI = resistive 

index, LRA = left renal artery, ILA = interlobar artery. Level of significance, α = 5%. 

 

   Baseline 
 (Hct 47.5%)  

Severe anaemia 
(Hct 16.0%)  

Moderate anaemia 
(Hct 26.3%)  

Mild anaemia 
(Hct 34.4%) Vessel 

segment  Parameter n 
Mean SD  Mean SD P-

value  Mean SD P-
value  Mean SD P-

value 
                 

HR 10 88.5 24.6  136.1 20.8 0.007  96.4 19.2 0.541  79.8 14.1 0.285 
PSV 10 75.2 22.0  105.8 33.2 0.013  72.7 17.0 0.879  74.1 3.4 0.799 
EDV 10 25.7 8.2  21.0 7.7 0.000  22.8 7.5 0.166  21.7 9.9 0.110 

TAVmean 8 24.1 8.6  27.1 9.5 0.484  20.1 6.6 0.735  19.2 9.1 0.161 
PI 10 1.34 .32  1.6 0.38 0.022  1.5 0.27 0.203  1.56 0.38 0.221 

LRA  

RI 10 0.66 0.07  0.72 0.06 0.005  0.70 0.05 0.445  0.72 0.07 0.114 
                 

HR 10 88.3 29.0  131.0 16.6 0.005  98.2 16.3 0.859  96.2 24.6 0.575 
PI 11 1.2 .25  1.29 0.22 0.424  1.19 0.26 0.477  1.02 0.22 0.131 ILA  
RI 11 0.64 0.09  0.70 0.07 0.213  0.66 0.06 0.722  0.61 0.06 0.563 

                 



UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  KKoommaa,,  LL  MM  PP  KK    ((22000055))  

 109

 

 
A. 
 
 
 

 
B. 
 
Figure 4.1 - Doppler spectra of the left renal artery obtained from a beagle in (A) physiological 

state and (B) severe acute anaemia with haematocrit (Hct) of 16%. Notice the closer and more 

regular spacing of cycles in the anaemic state. Systolic peaks appear higher while end diastolic 

velocities appear lower than in the physiologic state. 
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A. 
 
 
 

 
 
B. 
 
Figure 4.2 - Doppler spectra of an interlobar artery of the left kidney obtained from a beagle in 

(A) physiological state and (B) severe, acute anaemia with Hct of 16%. Notice the closer and 

more regular spacing of cycles in the anaemic state. Systolic peaks appear higher while end 

diastolic velocities are about equal compared with those in the physiologic state. 
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4.5 DISCUSSION 

 

Significant increase was found in the left renal length and width in severe and mild anaemia. 

The observed increase in renal size is probably due to increased blood volume within its tissue. 

Increase in renal blood volume would result from increased renal blood flow that occurs in 

moderate and severe anaemia (Nashat and Portal 1967; Race et al. 1967; Schrier and Earley 

1970; Vatner et al. 1972).  

 

No specific report could be found in the literature to relate current observations on the renal 

artery PSV and TAVmean. However, numerous studies in the human foetus have established 

that PSV and TAVmean in vessels such as middle cerebral artery, aorta and splenic artery are 

increased in severe anaemia (Abdel-Fattah et al. 2002; Bahado-Singh et al. 2000; Steiner et al. 

1995). Increased PSV and TAVmean of the abdominal aorta (AAo), cranial mesenteric artery 

(CMA) and celiac artery (CA) have also been reported in anaemic dogs (Koma et al. 2005). 

The observed increase in PSV in the present study suggests a renal artery haemodynamic 

change in anaemia similar to that of other vessels of the dog and human foetus. However, 

absence of significant change in the renal artery TAVmean in severe anaemia differentiates it 

from other vessels of the dog and human foetus where significant increase is reported (Abdel-

Fattah et al. 2002; Koma et al. 2005). 

 

Significant elevations in renal artery PI and RI observed in severe, acute anaemia in the current 

study suggests increased flow resistance by this vessel. The increase in PI and RI was 

associated with significant reduction in EDV, suggesting presence of renal artery contraction. 

The pattern of change in renal artery PI and RI in anaemia differed from that observed earlier 

for the same parameters of the CMA and CA (Koma et al. 2005). In severe acute anaemia, 
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renal artery PI and RI were significantly increased while those of the CMA and CA were 

unchanged. In moderate and mild anaemia, renal artery PI and RI were unchanged while those 

of the CMA and CA were either unchanged or significantly reduced. The present finding 

supports an earlier observation that renal artery resistance increases with increasing flow rate 

or arterial pressure over the range of 75-200 mm Hg whereas resistance decreases in other 

vascular beds (Haddy et al. 1958). Although we did not measure renal artery pressure, there is 

no reason to suggest its increase following induction of severe acute anaemia. The observed 

increase in renal artery resistance is therefore most likely associated with increased velocity of 

flow within the vessel. The variation in vascular resistance between the renal and other 

vascular beds such as the gastrointestinal bed may be due to their different functions and 

responses to anaemia (Vatner et al. 1972). The kidney maintains its blood flow by an auto 

regulation mechanism to a constant level within certain limits of systemic arterial blood 

pressure and blood flow to maintain a constant glomerular filtration rate (Haddy et al. 1958). It 

appears that contraction of the renal artery leading to increase in PI and RI contributes to this 

auto regulation mechanism of the kidney that minimises an increase in its blood flow during 

anaemia. Our observation supports other reports that in severe acute anaemia, in spite of an 

increased blood flow, renal flow fraction of the cardiac output is reduced (Grupp et al. 1972; 

Race et al. 1967). However, our observation on the renal PI and RI appears to contradict 

reports of other studies that used invasive methods and found significant reduction in renal 

resistance in severe chronic anaemia (Vatner et al. 1972) or in acutely haemodiluted dogs 

(Schrier and Earley 1970). The apparent contradiction between our study and that of others 

may be due to differences in anaemia induction and evaluation methods, and the different 

anaemia types investigated.  Vatner et al. (1972) induced anaemia gradually over a 2-4 week 

period and investigated chronic anaemia, progressing from moderate to severe. Such a gradual 

change is likely to stimulate a different type of renal haemodynamic response in comparison to 
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the severe, acute anaemia induced within 3-4 days in our study. In their investigation, Schrier 

and Earley (1970) achieved acute normovolaemic haemodilution by withdrawal of blood and 

simultaneous replacement with an equal volume of each dog’s previously harvested plasma. 

They calculated renal artery resistance from its blood pressure and blood flow that were 

measured within 60 minutes of completion of the haemodilution. In contrast, our earliest 

measurements of renal artery PI and RI were made at least 16 hours following completion of 

the haemodilution. This difference in timing of measurements most likely is an important factor 

of variation observed in renal artery haemodynamic response to anaemia. In our case, the 

kidney would have had sufficient time to permit any intermediate adjustments in response to 

the effects of acute reduction in Hct level. 

 

Unlike the renal artery, we found no significant change in PI and RI of the ILA at any stage 

during the normovolaemic anaemia. This implies that any elevation found in intrarenal PI or RI 

of the dog would be due to disorders other than normovolaemic anaemia. Reference was made 

to a significantly elevated intrarenal RI in anaemia, but the type of anaemia was not defined 

(Morrow et al. 1996). An experimental study in pigs demonstrated that acute haemorrhagic 

shock (hypotension) significantly elevated RI of both the renal artery and intrarenal arteries 

(Clancy et al. 1995). Elevation in the intrarenal RI has also been observed in various renal or 

systemic diseases (Koch et al. 1997; Rivers et al. 1997). 

 

This study has non-invasively demonstrated renal haemodynamic changes associated with 

normovolaemic anaemia in the dog. Significant increase in PSV, PI and RI of the renal artery 

was found in severe acute anaemia whereas the same parameters were not changed in mild or 

moderate chronic anaemia. No change in PI or RI of the ILA was found at any stage during 
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anaemia. Renal artery response to severe acute normovolaemic anaemia was different from 

those of other vessels such as the AAo, CMA and CA.  
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5.1 ABSTRACT 

 

Doppler spectra of the abdominal aorta (AAo), cranial mesenteric artery (CMA), celiac artery 

(CA) and left renal artery (LRA) were obtained from eleven fasted, clinically healthy, conscious 

Beagles before and after inducing severe acute normovolemic anemia (mean ± SD Hct 16.0 ± 

0.77%). Peak systolic, end diastolic and time-averaged mean velocities were measured. 

Velocities and velocity ratios of splanchnic vessels to the AAo were compared during 

physiologic and anaemic states. There was no difference between LRA and AAo, CMA or CA 

regarding time-averaged mean velocity, time-averaged mean velocity ratio or end diastolic 

velocity during the physiological state. During the anemic state, LRA mean time-averaged 

mean velocity (P ≤ 0.008) and mean end diastolic velocity (P ≤ 0.041) were significantly lower 

than those of AAo, CMA and CA. Mean time-averaged mean velocity ratio of the LRA was also 

significantly (P ≤ 0.004) lower than the CMA and CA ratios, and significantly (P = 0.014) lower 

during anemic state than physiologic state of the same vessel. End diastolic and time-averaged 

mean velocities of the AAo, CMA and CA increased proportionally during anemia, but there 

was a relatively less increase in the same variables of the LRA, suggesting less increase in 

blood flow. Doppler ratios allowed a non-invasive comparison between splanchnic and aortic 

hemodynamics. Velocity ratios might be useful for clinical detection of relative hemodynamic 

changes between different vessels. (Veterinary Radiology & Ultrasound 2005; vol: pp) 

Key words: anemia model, aorta, celiac artery, cranial mesenteric artery, renal artery, 

Doppler velocity ratios
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5.2 INTRODUCTION 

 

Various invasive techniques have been used in the dog to quantify the hemodynamic 

physiology and pathophysiology of digestion1 and renal function.2 Hemodynamic 

pathophysiology of normovolemic hemodilution (anemia) in the dog has also been studied 

extensively using invasive methods.3-9 The introduction of duplex Doppler ultrasound marked a 

new era in the investigation of the hemodynamic physiology of digestion,10,11,12 and renal 

function.13-15 Quantitative and semi-quantitative Doppler ultrasound methods have been used 

to assess intrarenal arteries (interlobar and arcuate artery) in the dog to investigate renal 

hhemodynamic physiology and pathophysiology.16-21 Hepatic,22,23 aortic and digestive24,25 

hemodynamics have also been investigated. Results of hemodynamic measurements using 

Doppler ultrasound correlate well with those of different invasive methods, making it a reliable 

tool.25  

Quantification of hemodynamics by estimation of blood flow using Doppler ultrasound is 

used more frequently in animals22,24,26,27 than the congestion index to estimate venous 

resistance.22,27 Measurement of these parameters require estimation of the Doppler angle of 

alignment and vessel cross sectional area that are subject to systematic and random 

errors.22,27-29 Resistive index,16-21,23-25 and pulsatility index,24,25 are frequently used to provide 

information on downstream arterial vascular resistance to blood flow from the sampling point. 

Because resistive index and pulsatility index are ratios of the Doppler shift components of a 

spectrum, there is no requirement for estimation of the Doppler angle or vessel cross sectional 

area. These indices are therefore most useful for investigating the microcirculation within 

organs or tissues where estimation of both the Doppler angle and vessel cross sectional area 

would be difficult or impossible. However, resistive index is used less frequently for 

investigating hemodynamic alterations in abdominal viscera such as liver, spleen, stomach and 
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intestines.23-25,30 One reason may be the high degree of mobility of these organs, making it 

difficult to obtain complete cycles of good quality Doppler tracings from their microcirculation for 

resistive index measurement.  

Investigators quantifying hemodynamics in severe human fetal anemia due to red blood 

cell alloimmunization or parvovirus infection have reliably used peak systolic velocity of vessels 

such as the middle cerebral artery, aorta and splenic artery to predict or diagnose anemia.31-34 

Peak systolic velocity ratio, a fraction of the lowest prestenotic or poststenotic velocity to an 

intrastenotic velocity, appears to be useful for quantifying arterial stenosis in human 

patients.35,36 Peak systolic velocity and end diastolic velocity have been used occasionally to 

quantify arterial hemodynamics in the dog.23,24 In acute, severe normovolemic anemia in the 

dog, significant increase in peak systolic velocity or time-averaged mean velocity of the AAo, 

CMA and CA was reported.37 Measurements of peak systolic velocity or time-averaged mean 

velocity do not require estimation of vessel cross sectional area, although estimation of the 

Doppler angle is necessary. Time-averaged mean velocity is regarded to have a linear 

relationship with blood flow, and could be a good estimate of hemodynamic alterations where 

vessel cross-sectional areas remain constant.4 In those abdominal viscera where measurement 

of resistive index of vessels of the parenchyma or hollow organ walls is difficult, e.g. the liver, 

spleen and intestines, expressing the velocity of a main artery of the organ as a ratio of the 

AAo would permit a comparison of their hemodynamics; might detect the presence of a relative 

hemodynamic alteration; and might complement the more frequently used Doppler parameters 

in hemodynamic evaluation. The influence of different machines, operators or subjects on 

variability of ratios might be less than that on absolute values of Doppler parameters. 

Differences between physiologic and anemic states of individual abdominal splanchnic vessels 

(within vessel comparison) based on absolute Doppler value have been reported.37 The 

purpose of the current study is to compare the hemodynamics of selected abdominal 
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splanchnic vessels, i.e. CMA, CA and LRA, with each other and with that of the AAo (i.e. 

between vessel comparison) based on absolute values and on peak systolic velocity and time-

averaged mean velocity ratios as Doppler indices in the dog. Comparison of regional abdominal 

hemodynamics by use of Doppler ratios may provide a means of early detection of 

hemodynamic abnormality and impending organ malfunction before biochemical changes are 

detectable in the liver, or of the spleen or gastrointestinal tract where biochemical tests are not 

available. 

 

5.3 MATERIALS AND METHODS  

 

5.3.1 Experimental design - Eleven Beagles (one intact and three neutered males, and 

seven intact non-pregnant females) were studied. Mean ± SD (standard deviation) of body 

weight was 12.0 ± 1.8 Kg. Four males and five females had a mean ± SD age of 2.63 ± 0.05 

years. The exact age of two females could not be established. All Beagles were in good 

physical condition, and clinically healthy. The Onderstepoort Veterinary Academic Research 

Unit, Faculty of Veterinary Science, University of Pretoria loaned the dogs. Before the trial, 

blood was sampled and baseline Hct of each dog determined. Fecal analysis, urinalysis, 

routine serum biochemistry, echocardiography, thoracic radiographs and abdominal 

ultrasonography were done to test for normality. Details of the tests are given elsewhere.38 

Systemic blood pressure and circulating blood volume were not measured, partly because our 

study was designed for conformity with the routine clinical practice at our facility whereby these 

variables are not evaluated. Variability of blood pressure, low reliability of tests such as plasma 

osmolality estimation, and time and financial constraints were other factors that influenced our 

decision. We recognise that assumption of a normal circulating blood volume and systemic 

blood pressure could have introduced errors in our results, as discussed in a previous report.37 
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During the active trial period, two to four dogs were transferred and housed in large kennels at 

the Onderstepoort Veterinary Academic Hospital. In the first week of the study, one dog was 

introduced to the trial. Subsequently two dogs were introduced each week.  

 

The study was self-controlled, comparing blood flow velocities of physiologic and anemic states 

in the same subject. Physiologic and anemic velocities of the AAo, CMA, CA and LRA were 

measured using Doppler ultrasound immediately before and after induction of severe, acute 

normovolemic anemia (Hct 13-17%), as outlined in a following paragraph. The abdominal 

Doppler ultrasound evaluation immediately followed an echocardiographic examination of the 

same animals in another study that examined normal left ventricular function as part of a larger 

study. The echocardiographic examination was completed within 45-60 minutes, and the 

abdominal splanchnic Doppler ultrasound examination lasted between 90-120 minutes 

depending on patient cooperation. Regular breaks of 5-10 minutes were permitted during each 

examination. At the end of the study each animal was returned to Onderstepoort Veterinary 

Academic Research Unit. The Animal Use and Care Committee of the Faculty of Veterinary 

Science, University of Pretoria, approved this study.  

 

5.3.2 Induction of anemia – A published technique used for induction of anemia was 

modified so as to be non-terminal.39 About 20% of the circulating blood volume was removed 1-

3 times per day over a 3-4 day period to produce severe acute anemia with Hct 13-17%. 

Plasma from the removed blood plus additional Ringer’s lactate calculated to replace the 

volume deficit of red blood cells was infused into the animal in an attempt to maintain a normal 

circulating blood volume. However, no measurements were carried out to confirm 

normovolemia. Doppler measurements in the severely anemic state commenced at least 16 

hours after completion of the volume replacement.  
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5.3.3 Ultrasonographic examinations - All dogs were fasted for 12-hours before being 

examined by one investigator (LMK). No anesthesia or sedation was used. The ventral and left 

lateral abdomen was clipped, cleaned and covered with acoustic gel.  Right lateral recumbency 

was used for imaging the AAo, CMA, CA and LRA. All examinations were carried out using a 

Sonoline Omnia ultrasound-imaging machine (Siemens Medical Systems Inc., Ultrasound 

Group, Erlangen, Germany) with a convex or linear array transducer. B-mode identification of 

the AAo, CMA, CA and LRA was done with a 5.0 MHz convex array transducer, or with a 7.5 

MHz linear array transducer for the LRA. All machine settings, including overall gain, depth 

compensation gain, edge enhancement, focus and line density were adjusted during each 

examination to obtain optimal image quality. Doppler examinations of the AAo, CMA and CA 

were performed at 3.5 MHz Doppler frequency. Within the AAo, Doppler sample volume was 

located anywhere along its length cranial to the origin of the LRA. Excluding vessel walls from 

the sample volume modified the technique of uniform insonation.28,29,40 This kept the sample 

volume size within at least two thirds of the vessel diameter and avoided wall artefacts and 

spectral contamination from neighboring vessels. Evaluation of the LRA, and sometimes CMA 

and CA, was performed at 5.2 MHz Doppler frequency. Doppler sample volume in the CMA, 

CA or LRA was located about 5 mm away from the vessel’s aortic origin. Cursors were oriented 

transversely, their lengths spanning across the vessel diameter due to the vessel coursing 

towards the transducer. In each dog, a sample volume width of about 3 mm was used. The 

vessel-beam alignment was angle corrected before recording a spectral tracing. Angle 

correction was assisted by manual adjustment of the transducer, or by electronic steering of the 

linear array transducer. The vessel-beam alignment angle was less than 60 degrees in all 

examinations. Machine settings were optimized for high sensitivity imaging in the Doppler 

mode. All spectral tracings were obtained with a simultaneous electrocardiograph (ECG). All 

Doppler measurements were obtained from spectral cycles whose preceding R-R intervals 
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were approximately equal, excluding obvious sinus arrhythmias. The instantaneous heart rate 

at each Doppler cycle sampled was computed from the preceding R-R interval on the ECG. 

The value recorded for heart rate, peak systolic velocity, end diastolic velocity or time-averaged 

mean velocity was obtained by averaging measurements or calculations from three ECG or 

spectral Doppler cycles. Peak systolic velocity and time-averaged mean velocity were 

measured with the onboard computer. Peak systolic velocity ratio and time-averaged mean 

velocity ratio were calculated by dividing the peak systolic velocity and time-averaged mean 

velocity of a splanchnic artery with the corresponding velocity of the AAo. End diastolic velocity 

was calculated from the resistive index by re-arranging the following equation:41  

Resistive index = Peak systolic velocity – End diastolic velocity 
          Peak systolic velocity 

Values for all velocities were recorded in centimetres per second (cm/s). Data for the LRA 

could not be obtained from one dog because of poor cooperation, and time-averaged mean 

velocity could not be measured in two other dogs because of arterial wall movement artefact or 

spectral contamination from the left renal vein.  

 

5.3.4 Data analysis - Results of each experiment were entered into an MS Excel (Microsoft 

Corporation, Redmond, Washington) program on a personal computer. All ultrasonographic 

procedures were recorded on videotape for possible re-evaluation and future reference. All 

data were tested for normality with the Shapiro-Wilk test and were normally distributed. All 

vessels were compared with one another with respect to their peak systolic velocity, end 

diastolic velocity, time-averaged mean velocity, peak systolic velocity ratio and time-averaged 

mean velocity ratio during physiologic and anemic states using the paired t-test. In addition, 

peak systolic velocity ratio and time-averaged mean velocity ratio of each vessel were 

compared between the physiologic and anemic states using the paired t-test. A 5% level of 
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significance was used. SPSS version 12  (SPSS Inc., Chicago, IL  60606) statistical software 

program was used to perform the data analysis.  

 

5.4 RESULTS  

 

Representative Doppler spectra of the AAo, CMA and LRA obtained during physiologic and 

anemic states are given in Figures 5.1-5.3. Data comparing different vessels are given in 

Tables 5.1-5.3, and comparison of anemic and physiologic states is given in Table 5.4. The 

LRA had significantly lower mean peak systolic velocity and mean peak systolic velocity ratio 

during both physiologic and anemic states than each of the other three vessels investigated 

(Table 5.1). The CMA had significantly lower mean peak systolic velocity than that of the AAo 

during the physiologic but not anemic state. There was no significant difference between CA 

and AAo, CA and CMA regarding peak systolic velocity, or between CA and CMA regarding 

peak systolic velocity ratio during any state. Also during the physiologic state, no significant 

difference was found in mean time-averaged mean velocity or mean time-averaged mean 

velocity ratio between any vessel pair (Table 5.2). However, during the anemic state, the same 

variables of the LRA were significantly lower than that of each of the AAo, CMA and CA. During 

the physiologic state, only mean end diastolic velocity of the CMA was significantly lower than 

that of the CA, with no other significant difference between the remaining vessel pairs (Table 

5.3). However, during the anemic state, mean end diastolic velocity of the LRA was significantly 

lower than that of each of the AAo, CMA and CA that did not significantly differ from each other. 

There was no significant difference between anemic and physiologic values of mean peak 

systolic velocity ratio or mean time-averaged mean velocity ratio of any vessel, except the LRA 

anemic mean time-averaged mean velocity ratio was significantly lower than the physiologic 

value (Table 5.4).   
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Figure 5.1A             5.1B. 
 

 

           
Figure 5.2A                  5.2B 

 
 
 

           
 Figure 5.3A      5.3B 
 
Figures 5.1-5.3 Doppler spectra of the abdominal aorta, celiac artery and left renal artery 
respectively, during (A) physiologic state and (B) anemic state. Note closer spacing, and higher 
systolic peaks during the anemic state compared to the corresponding physiologic state. 
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Table 5.1 - Comparison of peak systolic velocity and peak systolic velocity ratio between 

vessels during physiologic and anemic states  

 
  

  Physiologic state  Anemic state Variable  
Vessel 
pair  n Mean ± SD P-value  n Mean ± SD P-value 

           
 AAo  11 127.1 ± 33.7  11 185.3 ± 40.4 
 CMA  11 103.4 ± 20.2 0.046  11 161.4 ± 17.2 0.081 
          
 AAo  11 127.1 ± 33.7  11 185.3 ± 40.4 
 CA  11 115.2 ± 27.8 0.329  11 163.5 ± 34.6 0.104 
          
 AAo  10 130.4 ± 33.6  11 185.3 ± 40.4 
 LRA  10 75.2 ± 22.0 0.000  11 103.8 ± 32.1 0.000 
          
 CMA  11 103.4 ± 20.2  11 161.4 ± 17.2 
 CA  11 115.2 ± 27.8 0.180  11 163.5 ± 34.6 0.818 
          
 CMA  10 102.7 ± 21.1  11 161.4 ± 17.2 
 LRA  10 75.2 ± 22.0 0.000  11 103.8 ± 32.1 0.000 
          
 CA  10 116.9 ± 28.8  11 163.5 ± 34.6 

Peak systolic 
velocity 
(cm/s) 

 LRA  10 75.2 ± 22.0 0.002  11 103.8 ± 32.1 0.000 
           
           

 CMA  11 0.86 ± 0.24  11 0.90 ± 0.19 
 CA  11 0.95 ± 0.26 0.163  11 0.91 ± 0.24 0.925 
          
 CMA  10 0.83 ± 0.23  11 0.90 ± 0.19 
 LRA  10 0.59 ± 0.13 0.001  11 0.57 ± 0.16 0.000 
          
 CA  10 0.94 ± 0.27  11 0.91 ± 0.24 
 LRA  10 0.59 ± 0.13 0.001  11 0.57 ± 0.16 0.000 

Peak systolic 
velocity ratio 

          
 

AAo = abdominal aorta. CA = celiac artery. CMA = cranial mesenteric artery. LRA = left renal artery. SD = 

standard deviation. Level of significance, α = 5%. Peak systolic velocity ratio = peak systolic velocity of a 

splanchnic vessel (CMA, CA or LRA) divided by that of the AAo. 
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Table 5.2 - Comparison of time-averaged mean velocity and time-averaged mean velocity ratio 

between vessels during physiologic and anemic states  

  Physiologic state  Anemic state Variable  
Vessel 
pair  n Mean ± SD P-value  n Mean ± SD P-value 

           
 AAo  11 22.9 ± 7.6  11 38.8± 11.8 
 CMA  11 21.0 ± 5.8 0.455  11 34.5 ± 6.4 0.193 
          
 AAo  11 22.9 ± 7.6  11 38.8 ± 11.8 
 CA  11 25.9 ± 9.1 0.234  11 33.6 ± 6.2 0.116 
          
 AAo  8 24.9 ± 7.5  11 38.8 ± 11.8 
 LRA  8 24.1 ± 8.6 0.827  11 24.8 ± 9.0 0.001 
          
 CMA  11 21.0 ± 5.8  11 34.5 ± 6.4 
 CA  11 25.9 ± 9.1 0.099  11 33.6 ± 6.2 0.684 
          
 CMA  8 21.1 ± 5.6  11 34.5 ± 6.4 
 LRA  8 24.1 ± 8.6 0.248  11 24.8 ± 9.0 0.008 
          
 CA  8 28.0 ± 9.7  11 33.6 ± 6.2 

Time-
averaged 
mean 
velocity 
(cm/s) 

 LRA  8 24.1 ± 8.6 0.282  11 24.8 ± 9.0 0.002 
           
           

 CMA  11 0.99 ± 0.37  11 0.94 ± 0.24 
 CA  11 1.19 ± 0.36 0.126  11 0.92 ± 0.27 0.794 
          
 CMA  8 0.91 ± 0.38  11 0.94 ± 0.24 
 LRA  8 1.00 ± 0.30 0.494  11 0.67 ± 0.24 0.004 
          
 CA  8 1.17 ± 0.39  11 0.92 ± 0.27 
 LRA  8 1.00 ± 0.30 0.262  11 0.67 ± 0.24 0.002 

Time-
averaged 
mean 
velocity ratio 

          
 
AAo = abdominal aorta. CA = celiac artery. CMA = cranial mesenteric artery. LRA = left renal artery. SD = 

standard deviation. Level of significance, α = 5%. Time-averaged mean velocity ratio = time-averaged mean 

velocity of a splanchnic vessel (CMA, CA, or LRA) divided by that of the AAo. 
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Table 5.3 - Comparison of end diastolic velocity between vessels during physiologic and 

anemic states  

  
  Physiologic state  Anemic state Variable  

Vessel 
pair  n Mean ± SD P-value  n Mean ± SD P-value 

           
 AAo  11 20.1 ± 6.6  11 28.6 ± 10.9 
 CMA  11 18.3 ± 4.5 0.422  11 27.1 ± 6.6 0.505 
          
 AAo  11 20.1 ± 6.6  11 28.6 ± 10.9 
 CA  11 24.5 ± 8.0 0.107  11 28.3 ± 8.6 0.923 
          
 AAo  11 20.1 ± 6.6  10 29.7 ± 10.8 
 LRA  11 23.4 ± 11.0 0.231  10 21.0 ± 7.8 0.004 
          
 CMA  11 18.3 ± 4.5  11 27.1 ± 6.6 
 CA  11 24.5 ± 8.0 0.038  11 28.3 ± 8.6 0.530 
          
 CMA  11 18.3 ± 4.5  10 28.0 ± 6.1 
 LRA  11 23.4 ± 11.0 0.212  10 21.0 ± 7.8 0.015 
          
 CA  11 24.5 ± 8.0  10 28.3 ± 9.1 

End diastolic 
velocity 
(cm/s) 

 LRA  11 23.4 ± 11.0 0.764  10 21.0 ± 7.8 0.041 
           
 
AAo = abdominal aorta. CA = celiac artery. CMA = cranial mesenteric artery. LRA = left renal artery. SD = 

standard deviation. Level of significance, α = 5%. 
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Table 5.4 - Comparison of peak systolic velocity ratio and time-averaged mean velocity ratio 

within vessels during physiologic and anemic states  

 

 Physiologic state  Anemic state Variable Vessel  n Mean ± SD  Mean ± SD P-value 
       

CMA  11 0.858 ± 0.243  0.902 ± 0.189 0.701 
       

CA  11 0.950 ± 0.255  0.906 ± 0.238 0.705 
       

Peak systolic 
velocity ratio 

LRA  10 0.587 ± 0.127  0.575 ± 0.165 0.865 
        
        

CMA  11 0.993 ± 0.370  0.939 ± 0.244 0.719 
       

CA  11 1.186 ± 0.358  0.923 ± 0.275 0.095 
       

Time-averaged 
mean velocity 

ratio 
LRA  8 1.004 ± 0.299  0.724 ± 0.240 0.014 

        
 

AAo = abdominal aorta, CA = celiac artery, CMA = cranial mesenteric artery, LRA = left renal artery, SD = 

standard deviation. Level of significance, α = 5%. Time-averaged mean velocity ratio = time-averaged mean 

velocity of a splanchnic vessel (CMA, CA, or LRA) divided by that of the AAo. 
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5.5 DISCUSSION  

 

Parenchymal pathology can compromise organ perfusion if, for example, interstitial effusion or 

infiltration exerts increased external pressure on its microcirculation. Organ intravascular 

pressure may be raised reducing perfusion pressure gradient between the heart and the 

diseased organ, and increasing resistance to flow. Congestion of capillaries with blood would 

produce a similar result. Blood velocity, as a function of perfusion pressure and vascular 

resistance would be reduced. The frequently used Doppler ultrasound method for detecting 

such hemodynamic alterations, especially in parenchymatous organs such as the kidney, is by 

estimating the resistance to blood flow with resistive index.14,20,21 Increased tissue resistance to 

perfusion slows diastolic velocity more than systolic velocity, causing resistive index to 

increase. However, in animals resistive index of small vessels of visceral parenchyma (e.g. 

liver and spleen) or hollow organ walls (e.g. stomach and intestines) is more difficult to 

measure due to a high degree of mobility of these organs and poor quality of Doppler tracings. 

Moreover resistive index is known to vary with anatomic position of the sample volume, giving 

less consistent results with samples obtained farther away from the parenchymal 

microcirculation.13 In such instances other velocity derivatives such as ratio of the closest 

accessible artery or arterial trunk of an organ to that of the AAo may be beneficial. Since the 

CMA and CA run almost parallel to the Doppler beam when using the imaging technique 

described earlier, accurate estimates of peak systolic velocity and time-averaged mean velocity 

of these vessels can be obtained using Doppler ultrasound. Similarly, good estimates of the 

aortic velocities can be obtained with Doppler angles below 60 degrees. A potential advantage 

of peak systolic velocity ratio or time-averaged mean velocity ratio might be lesser variability 

from the influence of different machines, operators, or populations under investigation. 
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A major drawback with this technique would be lack or difficulty of locating a specific artery for 

a splanchnic organ, both CMA and CA being non-specific arterial trunks supplying vast areas of 

the gastrointestinal tract or several organs respectively.   

 

This preliminary study was designed to investigate the influence of acute, severe normovolemic 

anemia on hemodynamics of the spleen, kidneys, liver and gastrointestinal tract in the dog by 

comparing velocities of the different supply arteries. Results of paired comparisons of the AAo, 

CMA and CA during physiologic and anemic states were similar with no significant difference 

between corresponding velocities of vessel pairs, except peak systolic velocity of the AAo and 

CMA, and end diastolic velocity of the CMA and CA. This observation plus lack of significant 

difference in velocity ratios of the CMA and CA between anemic and physiologic states, 

suggest proportional increase in peak systolic velocity and time-averaged mean velocity of 

these vessels compared to those of the AAo. The proportional increase in velocities supports 

earlier reports that gastrointestinal blood flow increases more or less proportionally with cardiac 

output in acute normovolemic hemodilution in the dog.3,6 Differences in results between 

physiologic and anemic states in the two exceptions mentioned above may be due to statistical 

errors related to small sample size, large standard deviations and a weak power of the 

statistical test.   

 

The left renal peak systolic velocity and peak systolic velocity ratio were significantly lower than 

the corresponding values of each of the AAo, CMA and CA in both physiologic and anemic 

states. While no significant difference was found during the physiologic state between the LRA 

and each of the remaining vessels based on time-averaged mean velocity, time-averaged 

mean velocity ratio and end diastolic velocity, the same renal variables were significantly lower 

during the anemic state. Unpublished observations by these authors revealed a significant 
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reduction in renal end diastolic velocity during severe acute anemia with no significant change 

in the renal time-averaged mean velocity. These observations support an earlier report that the 

renal flow fraction of the cardiac output in acute normovolemic hemodilution is significantly 

reduced.3  

 

Time-averaged velocity and time-averaged velocity ratio have revealed a relative reduction in 

renal hemodynamics during anemia compared to other abdominal splanchnic vessels and 

aortic hemodynamics. Velocity ratios may be useful for quantifying hemodynamics of highly 

mobile abdominal organs such as the spleen and liver in animals. The influence of different 

machines, operators, or populations investigated on values of peak systolic velocity ratio or 

time-averaged mean velocity ratio might be lower than on absolute values of Doppler 

parameters.  
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6.1  ABSTRACT 

 

A preliminary study was conducted to compare uncomplicated canine babesiosis (CB) and 

experimentally induced normovolaemic anaemia (EA) using Doppler ultrasonography of 

abdominal splanchnic vessels. Fourteen dogs with uncomplicated CB were investigated 

together with 11 healthy Beagles during severe EA, moderate EA and the physiological state 

as a control group. Canine babesiosis was compared with severe EA, moderate EA and the 

physiological state using Doppler variables of the abdominal aorta, cranial mesenteric artery 

(CMA), coeliac, left renal and interlobar, and hilar splenic arteries, and the main portal vein. 

Patterns of haemodynamic changes during CB and EA were broadly similar and were 

characterised by elevations in velocities, and reductions in resistance indices in all vessels 

except the renal arteries when compared with the physiological state. Aortic and CMA peak 

systolic velocities, and CMA end diastolic and time-averaged mean velocities in CB were 

significantly lower (P < 0.023) than those in severe EA. Patterns of renal haemodynamic 

changes during CB and EA were similar. However, the renal patterns differed from those of 

aortic and gastrointestinal arteries, having elevations in vascular resistance indices, a reduction 

in end diastolic velocity and unchanged time-averaged mean velocity. The left renal artery 

resistive index in CB was significantly higher (P < 0.025) than those in EA and the physiological 

state. Renal interlobar artery resistive and pulsatility indices in CB were significantly higher (P < 

0.016) than those of moderate EA and the physiological state. The similar haemodynamic 

patterns in CB and EA are attributable to anaemia, while significant differences may be 

attributed to pathophysiological factors peculiar to CB.  

 

Key words: anaemia, canine babesiosis, haemodynamics, Doppler ultrasonography, renal 

artery, resistive index. 
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6.2 INTRODUCTION 

 

The virulent canine hemoprotozoan parasite, Babesia canis rossi, is widespread in 

South Africa30. It has long been recognised that the disease caused by this parasite can involve 

multiple organs or systems, and result in a wide variety of clinical manifestations28,29. Typical 

canine babesiosis (CB) manifests as fever, anorexia and anaemia, with parasites readily 

demonstrated in infected red blood cells of a peripheral blood smear29. Atypical forms of CB 

may manifest as a chronic disease, or may involve one or more organs such as the blood, 

spleen, kidney, liver, gastrointestinal tract, eyes or body systems such as cardiovascular, 

respiratory, nervous and musculoskeletal3,29. Parasites may be difficult to demonstrate in 

peripheral blood smears from atypical forms of the disease29. More recently the terms 

uncomplicated and complicated CB have been used in preference to typical and atypical CB 

respectively, and the involvement of multiple organs is referred to as multiple organ damage / 

dysfunction syndrome17,19,29, 42. Despite years of dedicated research, disease mechanisms 

leading to multiple organs dysfunction syndrome remains subjects of investigation5,17,18,25,36,40. 

Systemic19 and microvascular (arterioles, capillaries and postcapillary venules10)28,29 

haemodynamic disturbances are thought to play significant roles in the pathophysiology and 

outcome of CB due to B. c. rossi infection. Hypotension is known to occur in some forms of the 

disease, and reduction in mean systemic arterial pressure in dogs with severe and complicated 

disease provides evidence of disturbed systemic haemodynamics19. Haemoconcentration5 and 

the occurrence of ascites, and oedema at various locations such as the subcutis or joints28,29 

are also evidence of systemic haemodynamic alterations. Blockage of microvessels through 

sequestration of erythrocytes in various organs e.g. the brain, liver, kidney, and spleen has 

been frequently reported at postmortem3,29. Hypotension may favour sequestration within 

microvessels36. The occurrence of sequestration led to a hypothesis of hypoperfusion in 
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microvessels that is thought to contribute to the development of multiple organs dysfunction 

syndrome in complicated CB3,29. Many pathologic processes and clinical manifestations of CB 

correlate with those of bovine babesiosis caused by Babesia bovis36, or human malaria caused 

by Plasmodium falciparum6,28,29,36. In human cerebral malaria, evidence of localised 

hypoperfusion in microvessels has been shown by single photon emission computed 

tomography21 and electron microscopy11. Further, cases of falciparum malaria presented with 

renal failure were reported to have compartmentalised reduction of renal cortical perfusion, and 

reduced or normal total renal blood flow as determined by scintigraphy38. In some malaria 

patients without renal failure, reduced mean systemic arterial pressure and renal vascular 

resistance, and increased renin activity have been reported37. In cerebral malaria, trans-cranial 

Doppler ultrasonography showed normal or hyperdynamic circulation of the middle cerebral 

artery7,21 despite the presence of localised hypoperfusion in cerebral microvessels21. 

Little attention has been paid to the investigation of haemodynamic pathophysiology of 

CB, or its clinical evaluation in uncomplicated and complicated diseases. No report on 

microvascular or global haemodynamics of the commonly affected organs could be found. 

Knowledge of organ haemodynamic changes in CB will improve our understanding of the 

disease pathophysiology. Clinical evaluation of haemodynamics may permit early identification 

of potential complications or improve management of complicated cases, and monitor the 

disease response to therapy. The aim of this study was to investigate abdominal splanchnic 

haemodynamics in uncomplicated CB by use of Doppler ultrasonography, and compare these 

with the haemodynamics of a control group of normal dogs in various states of experimentally 

induced normovolaemic anaemia (EA). We hypothesised that there would be a significant 

increase in abdominal splanchnic haemodynamics during EA compared to the physiological 

state, and haemodynamic differences between uncomplicated CB and EA, and the 

physiological state. 
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6.3 MATERIALS AND METHODS 

 

Fourteen dogs of various breeds and ages, diagnosed with uncomplicated CB by 

microscopic detection of B. canis parasites within red blood cells of a thin capillary blood smear 

(from the tip of the pinna), and with no evidence of confirmed or suspected concurrent 

ehrlichiosis were examined. Presence of moderate to severe lymphadenopathy of the 

mandibular, parotid and popliteal lymph nodes; epistaxis; petechial hemorrhages of the oral 

and conjunctival mucosae; neutropenia seen in a peripheral thin blood smear or presence of 

morulae in monocytes were considered suspicious for concurrent ehrlichiosis (A L Leisewitz, 

Onderstepoort Veterinary Animal Hospital, pers. comm., 2003). All dogs were seen as 

outpatients at the Onderstepoort Veterinary Academic Hospital during one season from 

September 2003 to May 2004. Any dog that received treatment other than, or in addition to, 

diminazene aceturate (Dimisol, Virbac Animal Health, Halfway House, Republic of South 

Africa) was excluded from the study. Other exclusion criteria were clinical collapse (non-

ambulatory), positive in-saline agglutination (indicating concurrent secondary immune-mediated 

haemolytic anaemia.8), haematocrit (Hct) greater than 37% or lower than 14%, or Dobermans, 

Spaniels, Great Danes and Irish Wolfhounds that are predisposed to dilated cardiomyopathy. 

All dogs were first treated with diminazene aceturate and then admitted to the study for Doppler 

examinations. Owner consent was obtained in all cases. The Animal Use and Care Committee 

of the University of Pretoria approved the study. 

After admission, dogs were excluded if found with any disorder of the respiratory, 

cardiovascular or gastrointestinal system, or of the liver, spleen or kidneys that was unrelated 

to CB (such as congenital renal hypoplasia, hydronephrosis, neoplasia or intussusception as 

determined by thoracic radiography, echocardiography or abdominal ultrasound). Blood smear 
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examination was repeated to confirm the presence of Babesia parasites. Full blood count was 

performed to screen haemograms for any abnormalities that were unrelated to CB. Total serum 

protein, creatinine and blood urea nitrogen levels were recorded in all dogs.   

Doppler examinations of the abdominal aorta (AAo), cranial mesenteric artery (CMA), 

coeliac artery (CA), left renal artery (LRA), one of the renal interlobar arteries (ILA), one of the 

hilar splenic arteries (HSA) and main portal vein (MPV) were then performed on all selected 

dogs, commencing within 1-2 hours after treatment, and completed within 4 hours. Dogs were 

discharged the next day.  

One investigator (LMK) carried out all examinations without administering any 

anaesthesia or sedation. The ventral and left lateral abdomen, and right lateral thorax from the 

9th to 13th ribs were clipped, cleaned and covered with acoustic gel. For general abdominal 

imaging dogs were placed in dorsal recumbency. The spleen was imaged in parasagittal, 

transverse, and oblique planes, and the left kidney was imaged in dorsal, transverse, and 

oblique planes slightly caudal in position to that of the spleen.  Right lateral recumbency was 

used for imaging the AAo, CMA, CA, LRA, ILA and HSA in a parasagittal or dorsal plane. Dogs 

were then turned into left lateral recumbency to image the MPV in dorsal and transverse planes 

through the right 9-12th intercostal spaces caudal to the liver. All the examinations were carried 

out using an ultrasound-imaging machine (Sonoline Omnia, Siemens Medical Systems Inc., 

Ultrasound, Erlangen, Germany) with a convex array, linear array or phased array transducer. 

B-mode examination of the general abdominal cavity, organs and AAo were done with a 5.0 

MHz convex array transducer; identification and evaluation of the vessels was done with a 7.5 

MHz linear array transducer or sometimes with a convex array transducer. The MPV was 

identified with a 6.0 MHz phased array transducer. All machine settings, including overall gain, 

depth compensation gain, edge enhancement, focus and line density were adjusted during 

each examination to obtain optimal image quality.  
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Doppler examinations of the AAo and MPV were performed at 3.5 MHz Doppler 

frequency. Within the AAo the sample window was placed anywhere along its length cranial to 

the origin of the left renal artery. The sample window for the MPV was placed at the best 

location in the vessel, usually just caudal to the liver, where a long axis vessel-beam intercept 

angle of 60° or less could be obtained from the intercostal approach. Evaluation of the CMA, 

CA, LRA, ILA and HSA were performed at 5.2 MHz Doppler frequency, or sometimes at 3.5 

MHz for the CMA and CA. The sample window in the CMA, CA or LRA was placed within the 

vessel about 5 mm away from the aortic origin. The sample window for the ILA was placed 

within the renal pelvis 5-10 mm from the hilus, and for the HSA was placed about 5 mm from 

the splenic hilus, within or outside the parenchyma. Using a 7.5 MHz frequency on B-mode and 

colour Doppler facilitated the placement of these sample windows.  

In the AAo and MPV, placing one cursor of the sample window close to each inner 

surface of the opposite vessel walls was done as a modification of the technique of uniform 

insonation14. This kept the size of the sample window within at least two thirds of the vessel 

diameter and avoided wall artefacts or spectral contamination from adjacent vessels. In the 

CMA, CA and LRA cursors of the sample window were positioned transversely across each 

vessel diameter as it coursed towards the transducer.  In all cases, except the ILA and HSA, 

the vessel-beam alignment was angle-corrected before recording the spectral tracing. Angle 

correction was assisted by manual adjustment of the transducer, and by the electronic steering 

capacity of the linear array transducer. The vessel-beam angle achieved was recorded. 

Machine settings were optimised for high sensitivity imaging in the Doppler mode. Doppler 

variables recorded were resistive index and pulsatility index for all arteries, and additionally 

peak systolic velocity, end diastolic velocity and time-averaged mean velocity for the larger 

arteries. Ratios of peak systolic velocity and time-averaged mean velocity of a splanchnic 
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artery to the corresponding variables of the AAo were calculated. In the MPV, peak velocity 

time-averaged mean velocity, blood flow and congestion index were recorded. All Doppler 

examinations had a simultaneous electrocardiographic (ECG) tracing, from which heart rate 

was calculated.  

For some variables fewer observations were recorded than the number of dogs 

investigated for various reasons. These were ECG malfunctioning or animal’s intolerance to 

placement of ECG pads (heart rate), excessive vessel mobility (HSA), or obscurity by lung or 

gastrointestinal gas (MPV, CA) and time constraints. 

Abdominal organs were evaluated on B-mode. Echogenicity of the spleen, liver and 

kidneys were subjectively compared to each other. Renal function was estimated by plasma 

creatinine level. Measurement of the thickest area of the spleen estimated its size. The 

diameter of the largest splenic vein branch in the splenic body region was measured at the 

hilus from a long axis view, and its cross sectional area was calculated. The largest short axis 

cross sectional area of the MPV was obtained by using the cine loop function for up to about 

120 frames, and utilising the elliptical program of the onboard computer. This minimised errors 

of variation in the cross sectional area with time due to respiration. Doppler spectra of individual 

vessels were evaluated for their flow patterns with the help of a simultaneous ECG tracing.  

During each examination, an attempt was made to obtain measurements from spectral 

cycles whose preceding R-R intervals were approximately equal, excluding obvious sinus 

arrhythmias. The value recorded for heart rate and each Doppler variable was obtained by 

averaging three measurements or calculations from three ECG or Doppler spectral cycles. 

Doppler variables were measured with the onboard computer. Pulsatility index (PI) was 

calculated from the equation33: 

PI = (Peak systolic velocity – end diastolic velocity)/ Time-averaged mean velocity. 

Resistive index (RI) was calculated from the equation33: 
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RI = (Peak systolic velocity – end diastolic velocity) / Peak systolic velocity. 

Blood flow was computed using the equation31: 

Blood flow = cross sectional area x time-averaged mean velocity. 

Congestion index was calculated using the equation32: 

Congestion index = cross sectional area / Time-averaged mean velocity. 

Results of each examination were entered into a spreadsheet program (MS Excel, Microsoft 

Corporation, Redmond, Washington, USA) on a personal computer. All ultrasonographic 

procedures were recorded on videotape for possible re-evaluation and future reference. All 

data were tested with the Shapiro-Wilk test and were normally distributed. The data are 

presented as mean ± standard deviation (SD).  

Data from uncomplicated CB were compared with similar data from 11 healthy Beagles 

obtained before withdrawal of blood (mean ± SD Hct 47.5 ± 2.2%, physiological state), after 

repetitive blood withdrawal to produce acute severe normovolaemic anaemia (mean ± SD Hct 

16.0 ± 0.77%, severe EA), and during recovery (mean ± SD Hct 26.3 ± 0.74%, moderate EA). 

Comparison was done using the two-group t-test providing for unequal variances (Welch t-test) 

at the 0.05 level of significance. A statistical software program (Stata Release 8, Stata Press, 

702 University Drive East, College Station, Texas 77840, USA) was used to perform the data 

analysis.  

 

6.4 RESULTS 

 

Eighteen dogs with uncomplicated CB were admitted to the study. Four of the 18 dogs 

were excluded because they were in-saline agglutination positive, had Hct higher than 37% or 

had clinical complications a week later. Of the remaining 14, there were 8 males and 6 females 

comprising of 7 large breeds, 4 small to medium breeds and 3 crossbreeds. Mean ± SD age 
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was 17.8 ± 14.9 months (range 2-56 months), mean  ± SD body weight was 17.7 ± 13.1 Kg 

(range 5.4-30.6 Kg), and mean ± SD Hct was 21.3 ± 5.1% (14.6-32.4%).  

Mean ± SD total serum protein levels in uncomplicated CB, severe EA and moderate 

EA were all within the normal reference range. Mean ± SD creatinine and blood urea nitrogen 

of uncomplicated CB dogs were also within the normal reference ranges (Table 1).  

Comparisons of severe and moderate EA with the physiological state using Doppler 

variables were reported elsewhere22, 23. The current study revealed that uncomplicated CB, 

severe EA and moderate EA had similar patterns of haemodynamic changes (Figs. 1-5) when 

compared to the physiological state. Within this broad picture, patterns of renal haemodynamic 

changes involving all Doppler variables, except the peak systolic velocity, differed from those in 

the AAo, CMA, CA, HSA and MPV as detailed in the following paragraphs.  
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Table 6.1: Hematocrit, heart rate, and total serum protein, creatinine and urea levels in uncomplicated canine babesiosis, experimentally induced 
normovolemic anemia, and the physiologic state 
 

Group Hematocrit 
(%) 

 Heart rate 
(b/m) 

 Total serum protein 
(g/l) 

 Creatinine 
(µmol/l)  Blood urea nitrogen 

(mmol/l) 
 n Mean ± SD  n Mean ± SD  n Mean ± SD  n Mean ± SD  n Mean ± SD 
Uncomplicated CB 14 21.3 ± 5.1  12 114.0 ± 23.8  14 61.9 ± 13.0  14 67.1 ± 20.7  14 6.1 ± 3.2 
Severe EA 11 16.0 ± 0.8  11 134.0 ± 13.0  10 54.0 ± 3.2  - -  - - 
Moderate EA 11 26.3 ± 0.7  11 105.4 ± 7.5  5 61.8 ± 3.0  - -  - - 
Physiologic state 11 47.5 ± 2.2  10 95.9 ± 16.3  11 59.8 ± 3.0  11 68.4 ± 8.1  3 4.5 ± 0.7 
Normal reference ranges        53-75   40-133   3.6-8.9 
 
CB = canine babesiosis. EA = experimentally induced normovolemic anemia. n = sample size. SD = standard deviation. 
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There was no discernible pattern for haemodynamic change, or significant difference 

between uncomplicated CB and severe EA or moderate EA regarding resistive indices of the 

AAo, CMA, CA and HSA when compared to the physiological state (Fig. 1, Table 2). In the 

LRA, the resistive index increased from 0.656 during the physiological state through 0.723 

during severe EA to 0.779 during uncomplicated CB. Left renal artery mean resistive index 

during uncomplicated CB was significantly higher than those during severe EA (P = 0.014), 

moderate EA (P = 0.025) and the physiological state (P < 0.001). Renal ILA mean resistive 

index during uncomplicated CB was significantly higher than those during moderate EA (P = 

0.009) and the physiological state (P = 0.01), but was not significantly different from that during 

severe EA.  

There was a tendency for pulsatility indices of the AAo, CMA, CA and HSA to decrease 

during uncomplicated CB, severe and moderate EA, but a tendency towards increases for 

pulsatility indices of the LRA and ILA (Fig. 2, Table 2). Mean pulsatility index of the AAo during 

uncomplicated CB was significantly (P = 0.029) lower than that during the physiological state 

but was not significantly different from those during severe or moderate EA. The LRA and ILA 

mean pulsatility indices during uncomplicated CB were significantly (P ≤ 0.016) higher than the 

corresponding variables during the physiological state. Additionally, the ILA mean pulsatility 

index during uncomplicated CB was significantly (P = 0.014) higher than that during moderate 

EA. There was no significant difference between uncomplicated CB and severe EA based on 

pulsatility indices of the LRA and ILA, or between uncomplicated CB and moderate EA 

regarding pulsatility index of the LRA. Also, no significant difference was found between 

uncomplicated CB and severe EA, moderate EA or the physiological state based on mean 

pulsatility indices of the CMA, CA or HSA.  
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Fig. 6.1: Resistive index in dogs with uncomplicated CB, severe EA, moderate EA, and the physiologic state. Data are shown as mean ± SD.   

        Uncomplicated CB.     Severe EA. 

          Moderate EA.              Physiologic state. 

*Denotes a significant difference between uncomplicated CB and the marked group. 
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Table 6.2: Resistive index, pulsatility index and congestion index during uncomplicated babesiosis, experimental anemia and the physiologic state. 
 

  Uncomplicated CB    Severe EA   Moderate EA   Physiologic state Variable Vessel  n Mean ± SD  n Mean ± SD P  n Mean ± SD P  n Mean ± SD P 

                 
AAo  14 0.816 ± .072  11 0.846 ± .037 0.184  11 0.821 ± .038 0.819  11 0.839 ± .042 0.334 

                
CMA  14 0.824 ± .063  11 0.830 ± .043 0.790  11 0.800  ± .060 0.335  11 0.821 ± .042 0.860 

                
CA  13 0.768 ± .083  11 0.823 ± .055 0.064  10 0.752 ± .037 0.550  11 0.788 ± .037 0.431 

                
LRA  14 0.779 ± .055  11 0.723 ± .051 0.014  11 0.715 ± .073 0.025  10 0.656 ± .074 < 0.001 

                
ILA  14 0.730 ± .062  11 0.695 ± .068 0.205  11 0.660 ± .060 0.009  11 0.638 ± .090 0.010 

                

Resistive index 

HSA  14 0.667 ± .082  11 0.636 ± .074 0.346  11 0.635 ± .037 0.210  10 0.657 ± .105 0.818 
                 
                 

AAo  14 2.409 ± .770  11 2.555 ± .517 0.576  11 2.470 ± .494 0.813  11 3.214 ± .912 0.029 
                

CMA  14 2.296 ± .611  11 2.316 ± .566 0.933  11 2.096 ± .561 0.403  11 2.661 ± .632 0.160 
                

CA  13 1.965 ± .619  11 2.235 ± .518 0.256  10 1.776 ± .267 0.335  11 2.246 ± .510 0.236 
                

LRA  14 1.807 ± .391  11 1.566 ± .378 0.131  11 1.650 ± .554 0.433  10 1.343 ± .317 0.004 
                

ILA  14 1.487 ± .303  11 1.285 ± .221 0.066  11 1.191 ± .258 0.014  11 1.202 ± .249 0.016 
                

Pulsatility index 

HSA  14 1.191 ± .319  11 1.081 ± .242 0.336  11 1.112 ± .216 0.467  10 1.351 ± .445 0.346 
                 
                 

Congestion index MPV  11 0.043 ± .022  9 0.030 ± .013 0.158  10 0.045 ± .020 0.818  9 0.066 ± .019 0.028 
                 

For each variable P value represents comparison of uncomplicated CB with the group represented in the preceding column. Significance was set at P ≤ 0.05. CB = canine babesiosis. EA = 

experimentally induced normovolemic anemia. AAo = abdominal aorta. CMA = cranial mesenteric artery. CA = celiac artery. LRA = left renal artery. ILA = interlobar artery. HSA = hilar splenic 

artery. MPV = main portal vein.  
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Congestion index of the MPV had a tendency to decrease in all groups when compared to the 

physiological state.  Mean MPV congestion index during uncomplicated CB was significantly (P 

= 0.028) lower than that during the physiological state but was not significantly different from 

that during severe or moderate EA (Table 2). 

Peak velocities (peak systolic velocity and peak velocity) of all the vessels had a 

tendency to increase in all groups when compared to the physiological state. Peak velocities 

during uncomplicated CB were significantly (P ≤ 0.014) lower than those during severe EA but 

not significantly different from those of moderate EA or the physiological state in the AAo, CMA 

and MPV (Fig. 3, Table 3). Left renal artery mean peak systolic velocity during uncomplicated 

CB was significantly (P ≤ 0.011) higher than those during moderate EA and the physiological 

state, but was not significantly different from that during severe EA. There was no significant 

difference between uncomplicated CB and severe EA, moderate EA or the physiological state 

based on mean peak systolic velocity of the CA. 

The aortic, CMA and CA mean end diastolic velocities had a tendency to increase, but 

the same variable in the LRA tended to decrease in all groups when compared to the 

physiological state (Fig. 4, Table 3). The CMA mean end diastolic velocity during 

uncomplicated CB was significantly (P = 0.023) lower than that during severe EA but was not 

significantly different from that during moderate EA or the physiological state. There was no 

significant difference between uncomplicated CB and any group based on mean end diastolic 

velocities of the AAo, CA and LRA. 
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Figure 6.2: Pulsatility index in dogs with uncomplicated CB, severe EA, moderate EA, and the physiologic state. Data are shown as mean ± SD. 

            Uncomplicated CB.     Severe EA. 

          Moderate EA.              Physiologic state. 

*Denotes a significant difference between uncomplicated CB and the marked group. 
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Figure 6.3: Peak velocities in dogs with uncomplicated CB, severe EA, moderate EA, and the physiologic state. Data are shown as mean ± SD.   

          Uncomplicated CB.   Severe EA. 

          Moderate EA.              Physiologic state. 

 *Denotes a significant difference between uncomplicated CB and the marked group. 
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Table 6.3: Blood velocities during uncomplicated canine babesiosis, experimental anemia and the physiologic state. 
 

  Uncomplicated 
CB  

  Severe EA Moderate EA Physiologic state Variable Vessel 
 n Mean ± SD  n Mean ± SD 

P  
n Mean ± SD 

P  
n Mean ± SD 

P 

                 
AAo  14 137.0 ± 27.4  11 185.3 ± 40.4 0.003  11 149.1 ± 24.0 0.250  11 127.1 ± 33.7 0.437 

                
CMA  14 120.3 ± 31.3  11 161.4 ± 17.2 < 0.001  11 123.9 ± 19.8 0.730  11 103.4 ± 20.2 0.115 

                
CA  13 139.1 ± 39.1  11 163.5 ± 34.6 0.118  10 129.9 ± 17.9 0.458  11 115.2 ± 27.8 0.095 

                

Peak systolic velocity 
(cm/s) 

LRA  14 108.6 ± 36.7  11 103.8 ± 32.1 0.731  11 71.7 ± 16.5 0.003  10 75.2 ± 22.0 0.011 
                 

Peak velocity (cm/s) MPV  12 28.5 ± 8.0       10 45.0 ± 16.8 0.014  10 34.0 ± 15.7 0.334  9 22.8 ± 10.3 0.185 
                 

AAo  14 24.8 ± 9.1  11 28.6 ± 10.9 0.368  11 25.9 ± 3.7 0.693  11 20.1 ± 6.6 0.142 
                

CMA  14 20.5 ± 6.6  11 27.1 ± 6.6 0.023  11 25.1 ± 9.8 0.205  11 18.3 ± 4.5 0.324 
                

CA  13 32.0 ± 12.1  11 28.3 ± 8.6 0.398  10 32.4 ± 6.6 0.903  11 24.5 ± 8.0 0.084 
                

End diastolic velocity 
(cm/s) 

LRA  14 23.9 ± 9.5  10 21.0 ± 7.8 0.427  10 22.8 ± 7.5 0.765  10 25.7 ± 8.2 0.616 
                 

AAo  14 32.3 ± 10.3  11 38.8 ± 11.8 0.161  11 33.8 ± 3.3 0.605  11 22.9 ± 7 .6 0.015 
                

CMA  14 25.8 ± 6.8  11 34.5 ± 6.4 0.003  11 31.4 ± 7.8 0.069  11 21.0 ± 5.8 0.068 
                

CA  13 37.3 ± 16.3  11 33.6 ± 6.2 0.464  10 33.2 ± 7.2 0.424  11 25.9 ± 9.0 0.042 
                

LRA  14 25.5 ± 9.8  11 24.8 ± 9.0 0.845  10 17.7 ± 6.8 0.031  8 24.1 ± 8.6 0.734 
                

Time averaged mean velocity 

(cm/s) 

MPV  11 16.6 ± 6.0  9 21.6 ± 10.1 0.210  10 18.0 ± 8.6 0.685  9 10.6 ± 2.8 0.009 
                 

 
For each variable P value represents comparison of uncomplicated CB with the group represented in the preceding column. Significance was set at P ≤ 0.05. CB = canine babesiosis. EA = 

experimentally induced normovolemic anemia. AAo = abdominal aorta. CMA = cranial mesenteric artery. CA = celiac artery. LRA = left renal artery. MPV = main portal vein.  
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Figure 6.4: End diastolic velocity in dogs with uncomplicated CB, severe EA, moderate EA, and the physiologic state. Data are shown as mean ± SD.   

          Uncomplicated CB.   Severe EA. 

           Moderate EA.             Physiologic state. 

*Denotes a significant difference between uncomplicated CB and the marked group. 
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Figure 6.5: Time-averaged mean velocity in dogs with uncomplicated CB, severe EA, moderate EA, and the physiologic state. Data are shown as 

mean ± SD.   

          Uncomplicated CB.   Severe EA. 

          Moderate EA.             Physiologic state. 

*Denotes a significant difference between uncomplicated CB and the marked group. 
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Table 6.4: Velocity ratios and blood flow during uncomplicated canine babesiosis, experimental anaemia and the physiologic state. 
 

  Uncomplicated 
CB   Severe EA Moderate EA  Physiologic state Variable Vessel 

 n Mean ± SD  n Mean ± SD 
P  

n Mean ± SD 
P 

 n Mean ±SD 
P 

                 
CMA  14 0.888 ± .220  11 0.902 ± .189 0.853  11 0.849 ± .186 0.650  11 0.858 ± .243 0.762 

                
CA  13 1.024 ± .262  11 0.906 ± .238 0.261  10 0.859 ± .083 0.049  11 0.950 ± .255 0.492 

                
Peak systolic velocity ratio 

LRA  14 0.813 ± .305  11 0.570 ± .158 0.018  11 0.488 ± .119 0.002  10 0.587 ± .127 0.022 
                 
                 

CMA  14 0.889 ± .412  11 0.939  ± .244 0.706  11 0.935  ± .236 0.729  11 0.993  ± .370 0.511 
                

CA  13 1.198 ± .475  11 0.923  ± .275 0.092  10 0.984  ± .225 0.170  11 1.186 ± .358 0.944 
                

Time averaged mean velocity ratio 

LRA  13 0.755  ± .298  11 0.668  ± .235 0.435  10 0.515  ± .193 0.029  8 1.004  ± .299 0.081 
                 
                 

Blood flow (ml/kg/min) MPV  11 73.9  ± 25.4  9 66.2  ± 38.8 0.616  10 61.5  ± 34.1 0.361  9 36.8  ± 13.0 0.001 
 
For each variable P value represents comparison of uncomplicated CB with the group represented in the preceding column. Significance was set at P ≤ 0.05. CB = canine babesiosis. EA = 

experimentally induced normovolemic anaemia. AAo = abdominal aorta. CMA = cranial mesenteric artery. CA = celiac artery. LRA = left renal artery. MPV = main portal vein.  
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Mean time-averaged mean velocities of the AAo, CMA, CA and MPV had a tendency 

to increase in all groups when compared to the physiological state, but that of the LRA tended 

to decrease during moderate EA (Fig. 5, Table 4). The aortic, CA and MPV mean time-

averaged mean velocities during uncomplicated CB were significantly (P ≤ 0.042) higher than 

those during the physiological state but were not significantly different from those during severe 

or moderate EA. The LRA mean time-averaged mean velocity during uncomplicated CB was 

significantly (P = 0.031) higher than that during moderate EA but was not significantly different 

from that during severe EA or the physiological state. The CMA mean time-averaged mean 

velocity during uncomplicated CB was significantly (P = 0.003) lower than that during severe 

EA but was not significantly different from that during moderate EA or the physiological state.  

Mean peak systolic velocity ratios of the CMA, CA and LRA had a tendency to increase 

during uncomplicated CB and severe EA but a tendency to fall during moderate EA when 

compared to the physiological state (Table 4). Mean peak systolic velocity ratio of the LRA 

during uncomplicated CB was significantly (P ≤ 0.022) higher than that during severe EA, 

moderate EA and the physiological state. Mean peak systolic velocity ratio of the CA during 

uncomplicated CB was significantly (P = 0.049) higher than that during moderate EA but was 

not significantly different from that during severe EA or the physiological state. 

Mean time-averaged mean velocity ratios of all the vessels had a tendency to 

decrease in all groups when compared to the physiological state, except that the CA ratio 

during uncomplicated CB had a tendency to increase (Table 4). The LRA mean time-averaged 

mean velocity ratio during uncomplicated CB was significantly (P = 0.029) higher than that 

during moderate EA. No significant difference was found between other groups based on mean 

time-averaged mean velocity ratio. 
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Blood flow of the MPV had a tendency to increase in all groups when compared to the 

physiological state (Table 4). Blood flow during uncomplicated CB was significantly (P = 0.001) 

higher than that during the physiological state, but was not significantly different from that 

during severe or moderate EA. 

 

6.5 DISCUSSION 

6.5.1 Aortic, gastrointestinal and splenic haemodynamics 
 

The similarity between uncomplicated CB and EA regarding patterns of change in 

Doppler variables is most likely attributable to a common mechanism. It is well established that 

moderate to severe acute normovolaemic haemodilution in animals13,35,41, or chronic anaemia 

in human patients1 induces a hyperdynamic cardiovascular response both systemically and 

regionally, characterised among other things by a reduction in vascular resistance and an 

increase in blood flow. The lowered vascular resistance during anaemia is mainly due to a 

reduction in blood viscosity as a result of reduced Hct10. In uncomplicated CB, we anticipated 

mild or no hypovolaemia, hypotension or hyperviscosity - pathophysiological changes that may 

be seen in the complicated disease. This means any change in Doppler variables during 

uncomplicated CB would mainly be due to the concurrent anaemia, and should be proportional 

to the Hct levels. This would explain the modest differences observed between uncomplicated 

CB and severe or moderate EA in the AAo, CMA, CA, HSA and MPV. Another possible reason 

for lack of significant differences between uncomplicated CB and any of the grades of EA may 

be due to a small sample of the cases investigated.  

 

In severe human falciparum malaria, pathophysiological changes associated with 

systemic inflammatory response leading to hypovolaemia, hypotension, or an increase in 

plasma fibrinogen levels occur in addition to anaemia. Rheologic changes involving red blood 
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cell (RBC) cytoadherence (sequestration), reduced deformability and aggregation also occur10. 

Plasma hyperviscosity and the RBC changes would lead to an increase in peripheral vascular 

resistance10. All of the above changes singly or in combination would in turn lead to 

hypoperfusion. These changes are of particular significance in the microvessels10. In the larger 

vessels, plasma hyperviscosity is often counterbalanced by hypoviscosity due to reduced Hct 

such that the net effect is often little or no change in whole blood viscosity38. Finding normal or 

increased middle cerebral artery haemodynamics by transcranial Doppler in malaria patients 

that had evidence of hypoperfusion in the cerebral microvessels21 supports the above 

argument. 

Pathophysiological mechanisms similar to those of complicated malaria have been 

suggested for complicated CB that is known to cause hypoalbuminaemia24. This is thought to 

be due to the leakage of protein through the endothelium as is characteristic of critical illness12. 

Mild hyperglobinaemia is also a characteristic of CB, which may be due to antigenic 

stimulation24. Our data shows a normal mean total serum protein in the uncomplicated cases of 

CB although 2 of the 14 dogs had values above and 2 others had values below the normal 

range. Although hypoalbuminaemia or hyperglobinaemia alone may lower or raise blood 

viscosity respectively, it is thought that mild changes in the levels of these serum proteins, such 

as during uncomplicated CB, have little significance for haemodynamics since their effects 

frequently cancel each other out. Hypotension has also been reported in complicated CB19. A 

reduction in arterial blood pressure or circulating blood volume would be expected to increase 

peripheral vascular resistance indices. We were unable to confirm such changes since we did 

not measure blood volume or blood pressure. Another cause of difference between the 

uncomplicated CB in our study and EA would be due to a possible effect of diminazene 

administered to the CB dogs on their blood pressure. However, Joubert et al20 found no 

influence of diminazene aceturate on systemic blood pressure of healthy adult dogs. 
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6.5.2 Renal haemodynamics 
 

Variations in haemodynamic response among various vascular beds, or due to 

different degrees or types of normovolaemic haemodilution in animals have been 

reported13,15,35,41. Increases in renal vascular resistance indices during EA reported in our data 

contradict earlier studies that reported reduced renal vascular resistance in chronic or acute 

normovolaemic anaemia in the dog35,41, while supporting a report of an increased renal artery 

resistance in response to increasing flow rate over an arterial pressure range of 75-200 mm 

Hg16. Another investigator found decreased effective renal blood flow with increasing severity of 

anaemia34. Grupp et al.15 asserted that renal blood flow increased significantly during anaemia, 

but renal flow fraction of the cardiac output fell significantly. Haemodilution studies in rabbits 

found no significant change in renal blood flow4. The increase in blood flow during anaemia 

attempts to compensate for reduced oxygen carrying capacity and maintain optimum tissue 

oxygen delivery39. Blood with normal oxygen carrying capacity surpasses the oxygen 

requirements of the kidney, which experiences an oxygen deficit only during profound 

anaemia.34 Renal auto-regulation occurs during an elevated flow rate, probably mediated by 

vasoconstriction thereby increasing renal vascular resistance16. The mechanism of auto-

regulation is not clear, but available evidence suggests that the increase in renal blood flow 

during anaemia is proportionately lower than that in cardiac output determined under similar 

conditions15,35. It is possible that the increased peak systolic velocity during haemodilution or 

anaemia activates a renal auto-regulatory mechanism leading to an increase in renal artery 

resistance. This would explain the different patterns of haemodynamic changes between the 

LRA on one hand and the AAo, CMA, CA and HSA on the other observed in our study. The 

contradiction between different reports on renal vascular resistance and blood flow may be due 
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to differences in animal species, anaemia grades investigated, or the staging and methods of 

measurement.  

In spite of having similar renal haemodynamic change patterns, our data shows that 

the uncomplicated CB group differed significantly from severe EA, moderate EA and the 

physiological state with respect to LRA resistive index. The higher LRA resistive index in the 

uncomplicated CB could not be explained on the basis of Hct levels. Also, significant 

differences between uncomplicated CB and the physiological state, based on resistive and 

pulsatility indices of the ILA, without a similar difference between severe EA and the 

physiological state26 could not be explained by severity of anaemia. The observed differences 

between uncomplicated CB and severe EA may be explained by the presence of additional 

factors (pathology) peculiar to the disease. An increase in renal vascular resistance index 

supports observations of renal microvascular damage, or acute renal failure in uncomplicated 

or complicated CB respectively25,26,42.  

In human falciparum malaria with renal failure, reduced renal microvascular blood flow 

leading to ischemia has been attributed to multiple pathophysiological changes including 

hypovolaemia, hyperviscosity of blood, catecholamine release and renin-angiotensin 

activation38, all promoting an increase in renal vascular resistance. High plasma catecholamine 

levels and renin activity have also been demonstrated in malaria patients without renal failure37. 

In Rhesus-alloimmunised human foetuses, an increase in splenic resistive index was attributed 

to blockage of splenic microvessels with damaged red blood cells2. Observations on 

haemodynamics of human falciparum malaria11,21,37 have led to the suspicion that in CB renal 

microvascular haemodynamics may also be disrupted. 
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Mild renal damage is seen more frequently in clinically severe CB than a significant 

damage, or acute renal failure26. We did not quantify urine protein, however, previous studies 

have shown that proteinuria is frequently encountered in CB and is not a good indicator of 

disturbed renal function27. Serum urea may be elevated in complicated or uncomplicated CB26. 

There is a disproportionate rise in urea compared to creatinine probably due to 

hyperureagenesis9. On the other hand, elevated creatinine levels are seen in cases of 

complicated CB with impaired renal function26. Mean values for both urea and creatinine levels 

were normal in our sample of dogs with uncomplicated CB, although the standard deviations 

were relatively high. We can therefore assume that no dog in this trial had significant renal 

disease. This is not surprising considering the selection criteria used. Although elevated 

creatinine is commonly seen in the complicated form of CB and is a risk factor for death42, we 

specifically selected dogs that had no evidence of complicated disease. The fact that renal 

vascular resistance indices were significantly increased in dogs that had no biochemical 

evidence of disturbed renal function was particularly interesting. It is possible that the presence 

of a localised pathophysiological change such as increased renin activity, or a renal pathology 

in uncomplicated CB, similar to that of human falciparum malaria, may have contributed to the 

significantly higher renal resistive and pulsatility indices. In human falciparum malaria with 

evidence of reduced cerebral microcirculation, Doppler ultrasound could not detect evidence of 

hypoperfusion in the middle cerebral artery. The resistance index of the middle cerebral artery 

was, however, not reported. Our observation raises hope that Doppler ultrasound may be 

useful in an early detection of renal involvement in CB. 

The low likelihood of hypovolaemia, hypotension or hyperviscosity in our sample of 

uncomplicated CB may partly explain differences observed between renal and aortic or 

gastrointestinal haemodynamics. Greater vulnerability of the kidneys to CB, and the fact that 

renal failure is a more frequent cause of morbidity and mortality when compared to the liver, 
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spleen or gastrointestinal tract26 may be another reason for the observed difference in renal 

haemodynamics. The haemodynamic changes described in this study are those of 

uncomplicated CB in which we do not see multiple organs dysfunction syndrome. A similar 

study of complicated forms of the disease with multiple organs dysfunction syndrome is 

envisaged, and we hypothesize that far more haemodynamic disturbance will be observed. 

Further investigations of both uncomplicated and complicated forms of CB will improve our 

understanding of the haemodynamic changes in the disease, and possibly other similar 

diseases such as human malaria.  

In conclusion, this study revealed a similarity between uncomplicated CB and EA 

regarding patterns of haemodynamic changes in Doppler variables of the abdominal aorta and 

splanchnic vessels. These were characteristic of a hyperdynamic circulatory state. While the 

similarity in patterns of haemodynamic changes during uncomplicated CB and EA may be 

attributable to anaemia, increased renal vascular resistance was suggestive of renal pathology 

and a hypodynamic state, supporting earlier observations of other investigators19,29.  
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CHAPTER 7 

 
GENERAL DISCUSSION 

 

The method described in Appendix A successfully induced a non-terminal, severe, acute 

anaemia (mean Hct 16.0%) in healthy Beagles within 4 days without any major problem apart 

from a transient collapse during blood withdrawal on one occasion. Our experience has shown 

that initially only about one third of dogs require sedation during blood withdrawal, this 

proportion rising up to three quarters during repeat withdrawals as dogs become increasingly 

aware and apprehensive of the procedure. A sedative with a significant cardiovascular effect 

should not be used, especially with deepening level of anaemia to avoid possible 

cardiovascular collapse. Use of dog’s own plasma with additional Ringer’s lactate for blood 

volume replacement was considered satisfactory for our case. Although confirmation of normal 

blood volume was not done, we estimated that the true volume deficit due to loss of red blood 

cells was only about 9%. Dextran, the traditional fluid used for volume replacement, was 

regarded unsuitable because of its hyperoncotic property1 that could have interfered with 

natural fluid homeostatic compensatory mechanisms. Since the Doppler measurements were 

obtained at least 16 hours after the last blood withdrawal, any remaining deficit would probably 

have been compensated for by normal fluid redistribution between compartments during 

normal water intake.   

 

The significant increases in blood velocities or in blood flow, concurrent with significant 

reductions in Doppler resistance indices observed in all abdominal vessels, except the renal 

artery, during CB and EA suggest the presence of hyperdynamic circulatory states in these 

conditions. This observation concurs with those reported for moderate to severe acute2,3 or 
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chronic4 anaemia in human patients, and experimental studies in dogs5-7. Doppler patterns of 

renal haemodynamics during both uncomplicated CB and EA differed from the rest of the 

abdominal vessels, with significant increases in pulsatility and resistive indices suggesting a 

hypodynamic tendency. Comparisons of the left renal artery with other abdominal vessels as 

reported in chapter 5 indicated relative reductions in the renal end diastolic and time-averaged 

mean velocities, and in time-averaged mean velocity ratio. It is interesting to note that a 

significant difference in left renal artery TAVmean between anaemic and physiologic states was 

detected by ratios and between vessels paired comparisons but not within vessel comparison.  

This observation supports an earlier study that reported a significant increase in renal blood 

flow concurrent with a significant reduction in the renal flow fraction of the cardiac output during 

EA in the dog6. 

 

Close similarity between uncomplicated CB and EA haemodynamic change patterns probably 

suggests that the observed changes in both conditions share a common pathophysiological 

mechanism, i.e. anaemia. However, a significantly higher resistive and pulsatility indices of the 

ILA during CB when compared to the physiological state, and significantly higher resistive index 

of the LRA during CB when compared to severe EA support the view of impaired renal 

haemodynamics in CB attributable to factors such as congestion of capillaries with sequestered 

red blood cells8,9. This situation may be even more apparent with complicated CB.  

 

The study has proved, to a large extent, the hypothesis that Doppler values during 

uncomplicated CB or EA are different from those during the physiological state; and to some 

extent that uncomplicated CB and EA differ from each other. In conclusion, this study has 

demonstrated that Doppler ultrasonography may be beneficial in the clinical evaluation and 

management of suspicious or complicated cases of CB. 



UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  KKoommaa,,  LL  MM  PP  KK    ((22000055))  

 178

7.1 REFERENCES 

 

1. Mathews KA. The various types of parenteral fluids and their indications. Veterinary 

Clinics of North America. Small Animal Practice. 1998;28:483-513. 

2. Mari G, Adrignolo A, Abuhamad AZ, Pirhonen J, Jones DC, Ludomirsky A, Copel JA. 

Diagnosis of fetal anemia with Doppler ultrasound in the pregnancy complicated by 

maternal blood group immunization. Ultrasound in Obstetrics and Gynecology. 

1995;5:400-404. 

3. Cosmi E, Mari G, Chiaie LD, Detti L, Akiyama M, Murphy KJ, Stefos T, Ferguson JE, 

Hunter D, Hsu CD, Abuhamad AZ, Bahado-Singh R. Noninvasive diagnosis by Doppler 

ultrasonography of foetal anaemia resulting from parvovirus infection. American 

Journal of Obstetrics and Gynecology. 2002;187:1290-1293. 

4. Anand IS, Chandrashekhar Y, Wander GS, Chawla LS. Endothelium-derived relaxing 

factor is important in mediating the high output state in chronic severe anaemia. 

Journal of American College of Cardiologists. 1995;25:1402-1407. 

5. Race D, Dedichen H, Schenk JWR. Regional blood flow during dextran-induced 

normovolemic hemodilution in the dog. Journal of Thoracic and Cardiovascular 

Surgery. 1967;53:578-586. 

6. Grupp I, Grupp G, Holmes JC, Fowler NO. Regional blood flow in anemia. Journal of 

Applied Physiology. 1972;33:456-461. 

7. Vatner SF, Higgins CB, Franklin D. Regional circulatory adjustments to moderate and 

severe chronic anaemia in conscious dogs at rest and during exercise. Circulation 

Research. 1972;30:731-740. 

8. Malherbe WD, Parkin BS. Atypical symptomatology in Babesia canis infection. Journal 

of the South African Veterinary Medical Association. 1951;22:25-36. 



UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  KKoommaa,,  LL  MM  PP  KK    ((22000055))  

 179

9. Maegraith B, Gilles HM, Devakul K. Pathological processes in Babesia canis 

infections. Zeitschrift fur Tropenmedizin und Parasitologie. 1957;8:485-514. 

 



UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  KKoommaa,,  LL  MM  PP  KK    ((22000055))  

 180

CHAPTER 8 

 

SUMMARY 

 

This study compared Doppler variables of the abdominal aorta and splanchnic vessels between 

CB, EA and the physiological state. Part one presents Doppler investigations of abdominal 

vessels during physiological state and during severe, moderate and mild EA in 11 healthy 

Beagles. The anaemia induction method is detailed in Appendix A, and Doppler evaluation 

results are presented in chapters 3-5.  

 

There were significant increases in all velocity components of the AAo, CMA, CA and MPV, 

and in portal blood flow in anaemic dogs (Chapter 3). Resistance indices of the same vessels, 

and that of the hilar splenic artery were significantly reduced. The haemodynamic changes 

were most notable during severe EA. The most consistent change was significant increase in 

time-averaged mean velocity (TAVmean) during all grades of EA in all relevant vessels, except 

the CA and MPV during mild EA. Changes involving other Doppler variables varied with the 

vessel and EA type. These changes were consistent with a hyperdynamic circulatory state. 

 

In renal haemodynamics significant changes were found only during severe EA (Chapter 4). 

Each velocity component of the LRA responded differently: peak systolic velocity increased 

significantly, end diastolic velocity decreased significantly, while TAVmean remained unchanged. 

Also in contrast to other abdominal vessels, pulsatility and resistance indices of the LRA 

increased significantly during anaemia suggesting a hypodynamic circulatory state, although 

resistive indices of the renal ILA remained unchanged.  
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Chapter 5 presents comparisons of corresponding velocities and velocity ratios between 

splanchnic vessels and the AAo during physiological and anaemic states, and within vessel 

comparison of the physiological and anaemic states. The LRA TAVmean (P ≤ 0.008) and end 

diastolic velocity (P ≤ 0.041) were significantly lower than the corresponding aortic, CMA and 

CA variables during the anaemic state. Left renal artery TAVmean ratio was significantly (P = 

0.014) lower during the anaemic than physiological state, and significantly (P ≤ 0.004) lower 

than the corresponding CMA or CA variable in anaemic dogs. These observations suggest 

presence of absolute and relative reductions in LRA TAVmean ratio, TAVmean or end diastolic 

velocity during anaemia.  

 

Part two of the study compared data of uncomplicated CB with those of the EA (Chapter 6). 

There was a striking similarity between CB and EA haemodynamic change patterns involving 

all Doppler variables in all vessels. In spite of this similarity, renal resistive indices during CB 

were significantly higher than those during the EA or controls.  

 

The similarity in haemodynamic patterns during CB and EA is attributed to anaemia while 

significant differences between the groups may be attributable to pathophysiological factors 

peculiar to CB. Our observations support the view that renal circulation is impaired during CB 

by various factors such as hypotension, hypovolaemia or blockage of capillaries with 

sequestered red blood cells. This study has proved, to a large extent, the hypothesis that 

Doppler values during EA or uncomplicated CB are different from those during the 

physiological state; and to some extent that EA and uncomplicated CB differ from each other. 

Doppler ultrasonography is a useful technique for clinical investigation of haemodynamics in 

CB and related diseases.  
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A CANINE NORMOVOLAEMIC ACUTE ANAEMIA MODEL 
 

T.C. SPOTSWOOD, R.M. KIRBERGER, L.M.P.K. KOMA, F. REYERS and L. VAN DER 
MERWE 

 
As published in the Onderstepoort Journal of Veterinary Research 2005;72:135-143. 
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A.1 ABSTRACT  
 
SPOTSWOOD, T.C., KIRBERGER, R.M., KOMA, L.M.P.K., REYERS, F., & VAN DER 

MERWE, L. 2004.  A canine normovolaemic acute anaemia model. Onderstepoort Journal 

of Veterinary Research, 2005;72:135-143  

 

The objective was to develop a non-terminal canine normovolaemic acute anaemia model that 

has minimal effects on patient well-being. Eleven normal Beagle dogs were used. About 20 % 

of circulating blood volume was removed from the jugular vein 1-3 times per day over a 3-4 day 

period until a haematocrit (Ht) of 13-17 % was obtained. Replacing the volume deficit of the red 

blood cells with Ringer’s lactate and re-infusing the plasma maintained normovolaemia. Full 

blood count and Ht were monitored twice daily. The 13-17 % Ht was reached within 3 – 4 days 

with the number of phlebotomies ranging from four to seven. The model was primarily 

developed to determine echocardiographic values as well as Doppler abdominal splanchnic 

blood flow parameters in anaemic dogs as part of a study that will compare these results to 

similar studies in babesiosis-induced anaemia. The model may also be used for comparative 

studies in other conditions such as immune-mediated anaemia or ehrlichiosis or to study the 

effect of haematinics or cardiovascular drugs in anaemic patients.  

 

Keywords: Anaemia model, normovolaemia, dog, canine 
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A.2 INTRODUCTION 
 
 

Acute and sub-acute to chronic anaemia is a common presentation in humans and animals. 

There are many causes of such anaemia which vary from blood loss and its associated iron 

deficiency, toxicosis (such as rodenticide and drug-induced), hereditary, chronic renal failure, 

immune mediated and blood parasites such as canine babesiosis and falciparum malaria in 

man. The latter is very important with 300-500 million clinical cases of malaria occurring each 

year worldwide with approximately 2 million of these being fatal (Artavanis-Tsakonas, Tongren 

& Riley 2003).  In dogs, immune-mediated haemolytic anaemia, particularly the idiopathic form 

(Reimer, Troy & Warnick 1999), is the most common cause except in countries with babesiosis, 

like South Africa, where canine babesiosis is caused by a particularly severe strain (Babesia 

canis rossi) and can account for up to 12 % of all cases presented to veterinary practices 

(Reyers, Leisewitz, Lobetti, Milner, Jacobson & van Zyl 1998). Many of these patients suffer 

from severe anaemia necessitating hospitalisation and may die if untreated. The roles of 

anaemia and haemodynamic change in the pathophysiology of diseases such as babesiosis 

has not been clearly elucidated and are being investigated in this Department. The research 

program prompted the inter alia development of this anaemia model in an attempt to create 

normotensive, normovolemic tissue hypoxia. In addition it is intended to use the model to 

assess the effect of red cell reduction and the associated reduction in viscosity, at selectable 

levels of anaemia, during the recovery period, on a number of parameters (such as blood flow 

and erythrocyte regeneration) without the possible added effect of parasite-host generated 

inflammatory, haemodynamic and potential parasite-associated toxic suppression. 

 

A.2.1 Experimental anaemia models - Numerous anaemia models, in a variety of animals, 

have been developed. Models for human malaria have used Japanese monkeys infected with 
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Plasmodium coatneyi (Kawai, Aikawa & Kano 1993) and squirrel monkeys infected with 

Plasmodium falciparum (Contamin, Behr, Mercereau-Puijalon & Michel 2000). Erythrocyte 

metabolism has been studied in an acute blood loss model in the horse (Smith & Agar 1976). 

The horses were bled at 16 mℓ/kg daily and reached a haematocrit (Ht) of <15 % after 3-4 

days. The circulatory effects of anaemia-induced hypoxia have also been studied in pigs 

(Schou, Perez de Sa, Sigurdardottir, Roscher, Jonkarker & Werner 1996). A number of models 

have been developed in rats to study iron deficiency anaemia. These include being fed iron 

deficient diets (Gambling, Charania, Hannah, Antipatis, Lea & McArdle 2002) or phlebotomy at 

regular intervals (Bhargave & Gabbe 1984). 

 

In dogs, experimental anaemia models have mainly been developed for human cardiovascular 

studies (Fowler & Holmes 1971; Fowler & Holmes 1975; Szlyk, King, Jennings, Cain & Chapler 

1984). Invasive experimental techniques in animals have documented a hyperdynamic 

cardiovascular response to severe acute normovolaemic anaemia (haemodilution), 

characterized by increased cardiac output and reduced systemic vascular resistance (Fowler, 

Franch & Bloom 1956; Vatner, Higgins & Franklin 1972). In dogs and rats, invasive methods 

have been used to compute cardiac output and systemic vascular resistance in order to 

demonstrate the hyperdynamic state in anaemia (Donald, Ferguson & Milburn 1968). The 

methods include cardiac and great blood vessel catheterisation with indicator dilution, pressure 

transducers or electromagnetic flow meters and intraoperative echocardiography and 

indwelling Doppler flow meters (Donald et al. 1968). These studies did not always document 

exactly how the model was created. In some cases the dogs were euthanised at the end of the 

trial (Habler, Kleen, Podtschaske, Hutter, Tiede, Kemming, Welte, Corso & Mesmer 1996) and 

in others nothing was stated on experimental animal survival. (Fowler & Holmes 1971; Fowler 

& Holmes 1975; Fowler et al 1956). In these studies normovolaemia was maintained by a 
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variety of methods. Exchange transfusions were performed with a range of molecular weights 

and concentrations of dextran solutions (mainly 6 % to simulate the viscosity of plasma and 

maintain oncotic pressure) (Fowler & Holmes 1975; Szlyk et al. 1984; Fowler et al.1956; Fahim 

& Singh 1992), dextran in physiologic saline (Fowler & Holmes 1971), hydroxyethyl starch 

(Habler et al. 1996), Ringer’s lactate (Geha 1976), and harvested plasma with dextran (Vatner 

et al. 1972). In most of these models the experimental data were recorded immediately after 

the exchange infusion while the dogs were under general anaesthesia with their 

haemodynamic parameters rigorously controlled.  An experimental anaemia model using non-

anesthetized dogs has been developed (Lobetti, Reyers & Nesbit 1996), specifically for 

veterinary related research, but these dogs were euthanised afterwards. 

  

In humans, acute normovolaemic haemodilution (ANH) is a technique used to eliminate or 

decrease the need for homologous blood transfusions in surgical patients (Stehling & Zauder 

1991).  The advantages of ANH include avoiding disease transmission and transfusion 

reactions, and the acquisition of fresh autologous blood for transfusion (Stehling & Zauder 

1991). Reduction in red blood cell (RBC) loss during surgery is limited: for example, a patient 

with an Ht of 40 % who loses a litre of blood loses 400 mℓ of RBCs. By inducing ANH and 

reducing the Ht to 25 % preoperatively, the patient will only lose 250 mℓ of RBCs per litre blood 

loss. In practice, ANH has been used extensively in elderly patients and small children, 

especially for cardiac surgery (Stehling & Zauder 1991). Briefly, the technique of ANH involves 

the removal of blood before surgery and the simultaneous replacement with a crystalloid or 

colloid. Several formulae for the calculation of the volume of blood to be removed for achieving 

the desired Ht in man have been developed (Bourke & Smith 1974; Gross 1983).  The following 

formula has been developed (Bourke & Smith 1974): 

Lt = V (ln Ho – ln Ht) 
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Where Lt = blood removed, V = circulating blood volume, ln = natural logarithm, Ho = initial Ht 

and Ht = final Ht.  

 

This formula takes into account the progressive haemodilution and therefore the exponential 

reduction of the red blood cell number per unit volume blood during extraction.  The 

investigators showed that their formula was accurate in clinical practice in predicting the final 

Ht, with a standard deviation of only 1.46 volume percent of the mean difference between 

actual and predicted Ht. To the best of the authors’ knowledge, this predictive formula has not 

been verified in dogs.  

 

A.3 OBJECTIVES  

 

To develop and describe, in detail, a non-lethal canine normovolaemic acute anaemia model 

(Ht range 13-17 %) that has minimal effects on patient well-being. Developing such a model 

would permit, inter alia, the evaluation of the effect of anaemia on echocardiographic and 

duplex Doppler parameters of abdominal splanchnic blood flows as well as the marrow 

response to varying degrees of anaemia that could be applied in studies on the 

pathophysiology of babesiosis-induced anaemia and possibly apply correction factors to some 

of these parameters, based on the degree of anaemia. It is envisaged to develop a haemolytic 

anaemia model to complement the model presented here. 

 

The Animal Use and Care Committee of the Faculty of Veterinary Science, University of 

Pretoria, approved this study (reference 36-5-562). 
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A.4 MATERIALS AND METHODS 

  

A.4.1 Animals - One intact male, three neutered males and seven non-pregnant female 

Beagle dogs, on loan from the Onderstepoort Veterinary Academic Research Unit (OVARU), 

were used. The ages of the dogs were all between two and three years. The general health 

status of each dog was evaluated by a complete physical, faecal and urine examination 

performed 2-4 weeks before the trial. In addition, peripheral blood smear examinations (for 

blood parasites), full blood count (FBC); Ht as well as biochemical profiles for kidney and liver 

function, liver cell integrity and electrolytes were performed. These included serum levels of 

total proteins, albumin, urea, creatinine, sodium, potassium, total and ionised calcium, 

phosphate, alanine amino transferase and alkaline phosphatase.  All dogs then underwent 

echocardiography, general abdominal ultrasonography and thoracic radiography. Only dogs in 

good physical condition, and clinically healthy with the above values and findings within normal 

limits were included. All dogs were then dewormed and received a long acting ectoparaciticide. 

For the active trial period, the dogs were transferred to and housed at the Onderstepoort 

Veterinary Academic Hospital. They were fed a high protein and calorie commercial dog food. 

On Day 0, prior to the first phlebotomy, and before the first (baseline) experimental 

ultrasonographic examinations, the physical examination, peripheral blood smear, FBC and Ht 

were repeated. The above biochemical profiles, excluding total calcium, phosphate and urea 

were also repeated. Peripheral blood smear examinations were conducted weekly to ensure 

that haematozoon parasites did not contribute to, or interfere with, the experimentally induced 

anaemia. Habitus and appetite were monitored daily on a scale from Level 1 to Level 4. For 

habitus, 1 was severely depressed and moribund ranging to 4 which was bright and active. For 

appetite, 1 was anorexic ranging to 4 for a good appetite. Every morning during the trial the 

temperature and heart rate were monitored and a physical examination was performed.   
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The study was self-controlled with each dog being compared with its own pretrial and Day 0 Ht 

data. Sedation was used for bleeding uncooperative dogs. The use and choice of sedatives 

depended on the temperament of the dog and clinician preference and was one of the 

following: diazepam (Pax, Bayer Isando, RSA) and morphine sulphate (Bodene Pty. Ltd., Port 

Elizabeth RSA) combination; acepromazine (Aceprom 2, Bayer Isando RSA) and butorphenol 

(Torbugesic, Fort Dodge Animal Health, Fort Dodge, Iowa USA) combination; and 

medetomidine (Domitor, Novartis, Kempton Park RSA) which was reversed with atipamazole 

(Antisedan, Novartis, Kempton Park RSA) after phlebotomy).   

 

A.4.2 Induction of anaemia - The phlebotomy procedure was a modification of the method 

previously described (Lobetti et al. 1996). It has been shown that 20 % of the estimated blood 

volume may be safely removed at one time without inducing shock (Knottenbelt & Mackin 

1998). Based on the assumption that circulating blood volume is about 90 mℓ /kg in the dog 

(Knottenbelt & Mackin 1998), the formula for the maximum volume of blood that could be 

removed is:  

 

Blood volume to be removed (mℓ) = 20 % X weight (kg) x 90 

 

Multiple phlebotomies were performed at least 4 h apart on a daily basis until an Ht of 14-17 % 

was obtained. The blood was collected in a Fenwal® triple blood-pack with Adsol red cell 

preservation solution (Adcock Ingram, Aeroton, RSA) by a vacuum technique using a suction 

pressure of 125 – 175 mm Hg. A proportion of the 70 mℓ citrate anticoagulant in the bag was 

removed just prior to phlebotomy to maintain the correct ratio with the volume of blood 

collected.   
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A cephalic over-the-needle catheter was placed in the cephalic vein prior to phlebotomy to 

ensure venous access for re-infusion and possible emergency treatment. Catheter venous 

access was maintained for the duration of the active bleeding phase of the trial, and catheters 

were replaced after three days. The dogs were manually restrained in lateral recumbency with 

the head and neck in moderate extension. At least two people, (usually three) were required for 

the phlebotomy, two for restraint of the dog (one holding the head and one the limbs), and the 

third to insert the needle into the jugular vein and control the needle. The jugular vein region 

was aseptically prepared. If a subcutaneous haematoma developed, an attempt was made to 

draw blood from a different site on the same vein. As a last resort the contralateral vein was 

used for collection. The Onderstepoort Animal Blood Bank vacuum collection technique 

weighed the collecting bag blood during collection allowing reasonably accurate determination 

of the removed blood volume. The volume of blood to mass of blood ratio was assumed to be 1 

mℓ:1g, for practical purposes. However, the SG of blood is 1.053 therefore the ratio of blood 

volume: blood mass is 1: 1.05, for example, 200 g of blood = 190 mℓ of blood (Mathews 1998).   

 

A.4.3 Maintaining normovolaemic status - To ensure normovolaemia after bleeding, the 

volume deficit of the packed cells (determined from multiplying the Ht by the volume removed) 

was accounted for by infusing an equal amount of Ringer’s lactate, using a 15 drop/mℓ blood 

infusion administration set connected to the cephalic catheter, immediately after completion of 

phlebotomy. The blood bag was then centrifuged for 10 min in a refrigerated Sigma® automatic 

centrifuge at 4 °C and 3500 revolutions per minute. After centrifuging, the plasma was 

separated from the packed cells and sealed, and the Adsol preservative added to the 

remaining packed red blood cells. The plasma was then immediately infused back into the 

same dog over a period of an hour, simultaneously with the Ringer’s, if this was not finished 

yet. The packed cell bag was labelled and stored at 4 °C for the duration of the study in the 
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event that it was needed for re-infusion. The packed cells were discarded at the end of the 

project as the blood type had not been established and thus precluded its use in other dogs. 

 

The individual animal’s response to the phlebotomy was monitored by the Ht readings prior to 

each bleed. Once the predetermined Ht range of between 14-17 % was reached, and verified 

by the laboratory-calculated value, dogs were allowed to recover naturally from their anaemia 

with daily Ht monitoring.  

 

A.4.4 Additional procedures - Microhaematocrit PCV was monitored twice daily just prior to 

phlebotomy and daily or twice daily (if recovery was more rapid than anticipated) during the 

recovery phase. The results were compared with the analyser-calculated value when an 

accurate value was necessary, such as when haemodynamic data were to be captured. The Ht 

was done as close to the same time of day as possible. Each dog was weighed daily during the 

trial, and then later whenever experimental data were captured. In the first week of the study, 

one dog was introduced to the trial followed by two dogs each additional week. This limitation 

was to accommodate the additional experimental procedures that had to be performed on each 

dog. These were an echocardiographic examination, which was completed within 45-60 min, 

followed by an abdominal splanchnic vascular Doppler examination lasting 90-120 min. At the 

end of the trial each animal, having recovered sufficiently from the induced anaemia, was 

returned to OVARU. All echocardiographic and Doppler parameters were measured 

immediately before and after induction of severe, acute anaemia (Ht 14-17 %). Measurements 

were repeated during recovery in moderate chronic (Ht 25-27 %) and mild chronic anaemia (Ht 

31-37 %). A FBC was repeated in each Ht range. 
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Collected data were also applied retrospectively to the theoretical haemodilution equation, 

described by Bourke and Smith (Bourke & Smith 1974) to evaluate its accuracy in this group of 

dogs. The total volumes of the actual extracted blood were compared with the theoretically 

predicted volumes calculated from Bourke and Smith’s (1974) equation for the same final Ht.  

 

A.5 RESULTS  

 

The body weight median, mean, standard deviation (SD) and range of the 11 Beagles was 

11.3, 11.9 (1.8), 9.5-15.2 kg. On Day 0, 33 % of dogs were sedated, Day 1, 76 %, Day 2, 74 % 

and Day 3, 60 %. Dogs three and seven, which received a morphine diazepam combination, 

were judged to be nauseous and were treated effectively with metaclopramide (Clopamon, 

Pharmacare, Port Elizabeth, RSA). In Dog ten an apparent adverse reaction to the 

medetomidine occurred on the third day of bleeding. The dog collapsed towards the end of the 

phlebotomy, approximately 20 min after medetomidine injection. On immediate medetomidine 

reversal with atipamazole, the dog recovered uneventfully.   

 

 The process of phlebotomy together with the laboratory work took about 40 min (15-20 min 

bleeding and 20 min plasma preparation). Ringer’s infusion took about 20 min, which at times 

ran concurrently with the plasma. Plasma infusion took about 60 min, which was slow due to its 

high viscosity, and also to monitor for possible transfusion reactions in dogs not receiving their 

own plasma (Schneider 2000).  Eight dogs were bled once, two dogs twice and one dog was 

bled three times on the first day. This variation was purely for convenience to get dogs into the 

system. On the second day all dogs were bled twice with the exception of one dog that was 

only bled once. On the third day eight dogs were bled twice and the remaining three dogs had 

attained the required Ht by the afternoon and were thus bled only in the morning. On the fourth 
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day, five dogs were bled once. The number of phlebotomies required to obtain the optimal Ht 

ranged from 4-7 with a mean (SD) of 5.3(0.9). The mean (SD) and range of removed blood 

volume (in mℓ) on Day 1 was 226 (32), 190-304; Day 2 was 225 (36.6), 190-304; Day 3 was 

219 (43.1), 114-290; and Day 4 was 211 (43.7), 171-285. The low volume of 114 mℓ removed 

in one dog on Day 3 was due to the sedation collapse described above. Complications of the 

procedure were minimal. Two dogs (Dog four once and Dog five twice) received donor plasma 

instead of their own plasma. On one occasion in each dog this was due to a power failure that 

would have caused a delay in re-infusion and in the other due to rupture of the blood collecting 

bag in the centrifuge. Dog four developed a mild facial oedema which was not treated, and 

which resolved spontaneously within 36 h.  

 

Body temperature remained normal throughout the trial. Heart rate increased from a mean (SD) 

on Day 0 of 96(13.2) (n=9) to a peak of 132(14.7) on Day 2 and decreased to 128(13.6) (n=10) 

on Day 4. Habitus remained at Level 4 in seven dogs throughout the trial. Dog eight had a 

Level 3 the last day it was bled as well as the next day. The remaining dogs (Dogs two, four, 

six and ten) had a Level 3 the day after the final bleed. Two of these dogs had other problems 

that could have accounted for the mild depression; Dog four had the facial oedema and Dog 

ten had a lame hind leg of uncertain aetiology for that day.  Appetite remained at Level 4 in 

eight dogs. Dogs six and nine had slightly reduced appetites on the last phlebotomy day with 

Dog 6 eating only a small amount the next day as well. Dog one ate nothing on the second and 

third days after bleeding but this was believed to be due to a change in food consistency. 
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FIG. A.1 - The mean Ht value of all dogs measured on any particular day relative to the first phlebotomy being set as Day 0. During the first four days Ht readings were often taken twice daily 

and the afternoon readings have been plotted as “half-days”. The pre-trial “screening” data were all assigned to Day - 7 for convenience, although some were conducted more than one week 

before the “active trial”. The error bars represent 2SE on either side of the mean values. 
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The effect of phlebotomy on the Ht as well as during the dogs’ recovery over the next ten days 

is illustrated (Fig. 1). The percentage differences between the actual and predicted volumes 

using Bourke & Smith’s (1974) haemodilution equation to achieve the final haematocrit are 

summarized (Fig. 2). The standard deviation of the percentage difference between actual and 

predicted volumes in this group of dogs was 17.4 % volume. 
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FIG. A.2 - The percentage difference between the actual and predicted volumes of blood by Bourke and Smith’s haemodilution equation to achieve the final Ht for each dog. A percentage 

difference of 0 would indicate that the actual and predicted blood volumes were the same. A positive percentage means that the actual blood volume was in excess of the predicted blood 

volume, while a negative percentage means that the actual volume was less than the volume predicted.   
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A.6 DISCUSSION 

 

This experimental anaemia model provides a technique to produce acute anaemia over a 

period of 3-4 four days in dogs with minimal side effects. Sedation was only required in a third 

of the dogs on Day 0, but was increased up to 75 % of the dogs on the remaining days as dogs 

became aware that they were going to be bled. The one dog that collapsed towards the end of 

the phlebotomy, after medetomidine injection, was judged to have acute cardiac output failure. 

This is likely to have been due to a combination of the sedative and anaemic state of the 

animal. On immediate reversal of the medetomidine, the dog recovered uneventfully. 

Medetomidine was used on this occasion in this dog as it was particularly uncooperative, and 

the other sedation protocols, having been used with previous phlebotomies, were judged to be 

inadequate. It is not recommended to use medetomidine as a sedative in this anaemia model, 

and uncooperative or fractious dogs should rather be excluded from trials  

 

The phlebotomy and re-infusion process could be completed within 90 min if Ringer’s infusion 

took place at the same time as extracting the plasma. Plasma infusion could be done while the 

next dog was being bled and thus with adequate labour, four to six dogs could be bled in a 

single day. In this study a maximum of two dogs were bled per day as the same workers had to 

do other experimental procedures during the acute anaemia and recovery stages. The 

induction of anaemia and procedures performed up to recovery to mild chronic anaemia thus 

took a month in this group of dogs and two weeks in individual dogs.  

 

The blood volume was removed acutely and directly from the vasculature of the Beagles. Fluid 

replacement with Ringer’s lactate, equal in volume to the calculated red blood cell volume 

removed, was administered in the first 30 min after phlebotomy. The plasma was transfused 
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after 30-60 min, often together with the Ringer’s lactate as a colloid as well as for volume 

replacement. A minimum of four hours was allowed between phlebotomies to allow for normal 

trans-membrane fluid movements.  

 

Under normal conditions, Starlings forces across the extra-cellular membranes cause 

approximately 80 % of transfused isotonic crystalloids to filter into the interstitium within 1 h 

(Mathews 1998). The value of replacing the lost red blood cell mass with crystalloids is thus 

debatable but it did give volume support in the immediate post-phlebotomy phase while the 

plasma was being prepared for re-infusion. Auto-plasma re-infusion appears to be preferable 

as one dog that received donor plasma developed mild facial oedema, indicating a mild Type 1 

anaphylactic reaction against donor proteins (Hohenhaus 2000). 

 

The true volume deficit created by red cell removal, assuming an initial Ht of 45 % and volume 

collection of 200 mℓ, was only 9 % and would probably have been compensated for by normal 

fluid redistribution between compartments during normal water intake and albumin production 

by the liver. As dogs became progressively more anaemic the effective red blood cell mass 

volume deficit would become even less significant due to the compounding effects of the 

iatrogenic anaemia.  

 

The decision not to use colloids as post collection replacement fluids was based on the above 

premise as well as the fact that the oncotic effect would have been cumulative as the half-life of 

6% hetastarch (Haes-Steril, Fresenius Kabi, Bad Homburg, Germany); the volume replacement 

fluid of choice at our institution is 25 hours (Rudloff & Kirby 1997). This would have had a 

marked effect when blood was being drawn daily and even twice daily and would have 

interfered with natural fluid homeostatic compensatory mechanisms causing a degree of 
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haemodilution (Rudloff & Kirby 1997). The ideal post collection transfusion would have been 

own plasma plus the red cell volume of a mixture of donor plasma and 0.9 % saline to a 

concentration of 30 g/ℓ. This would have been laborious and unnecessary considering the 

small volumes involved and the ability of the body to compensate for these changes. In this 

model, echocardiographic and Doppler parameters were measured several hours after re-

infusion in unsedated dogs and thus blood volumes should have reinstated their fluid 

equilibrium. 

 

The microhaematocrit technique to measure PCV was selected to monitor the anaemia on a 

day-to-day basis because of its ease of use, low cost, convenience (such as after hours 

monitoring), and the rapid acquisition of results. For data recording it was, however, rejected 

early in the study in favour of the analyser-calculated reading (calculated automatically from the 

mean cell volume and the RBC number) due to discrepancies of up to 2.4 % higher PCV when 

compared with the analyser-calculated Ht. Although the microhaematocrit method was very 

useful in monitoring the anaemia during the trial it is recommended that the automated cell 

counter values be used to verify the exact Ht when necessary. It is believed that the 

discrepancy between the values using the two methods was due to inter-equipment variation 

which needs to be investigated further.     

 

 From the Ht data (Fig. 1) it can be seen that the pre-trial screening Ht values and the values 

obtained on the day that (but before) phlebotomy commenced, were essentially the same and 

well within the reference range of 37 to 55 % (Meinkoth & Clinkenbeard 2000). The anaemia 

model reproducibly produced a decline of Ht to its nadir (at approximately 15 %) by the 4th and 

5th days which is similar to the anaemia experimental model described in the horse (Smith & 

Agar 1976).    
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By comparing the actual and predicted volumes of blood for the final Ht in this small group of 

dogs (Fig. 2), it would appear that the theoretical haemodilution equation described (Bourke & 

Smith 1974) is unsuitable for clinical application in dogs. More work would be needed to 

establish an equivalent predictive equation in this species. Until then, careful monitoring of the 

Ht during the bleeding phase is recommended.     

 

Recovery, from Day 5, was progressive and essentially linear, for the next week (until a Ht of 

30 % was achieved by Day 11). It would appear that after that level of recovery had been 

reached, the stimulus for regeneration abated somewhat and the recovery tailed off quite 

markedly. The original trial design did not include monitoring beyond two weeks, but one dog 

was fortuitously sampled on Day 43 and was found to have an Ht of 42 %. The recovery rate 

was within the range that had been anticipated but the plateau after day 11 was unexpected as 

it had been assumed that a plateau would be reached at a Ht in the 35 to 40 % range.  

 

The current model was adapted from one used to determine the effect of hypoxia in the 

development of nephropathy in the dog (Lobetti et al 1996).  The acute anaemia model can be 

used in many other studies such as the effect of haematinics or cardiovascular drugs, acute 

and subacute blood loss (e.g. gastric ulceration), evaluating the effects of various degrees of 

anaemia on splanchnic Doppler blood flow, the usefulness of cell-counter-derived erythrocyte 

parameters (red cell distribution width and machine-generated reticulocyte counts) in 

haemorrhagic and immune-mediated anaemias as well as studies on canine babesiosis as a 

model for falciparum malaria in humans.      
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APPENDIX B 

 

SELECTION OF UNCOMPLICATED CANINE BABESIOSIS CASES 
 

B.1 Notice to Outpatient Clinicians 

 

 

Dear Outpatient Clinician,  

 

This is to inform you that Doppler ultrasonographic investigations cases of canine babesiosis 

(CB) reported to this Hospital, began with effect from 10th September 2003 and will continue 

until further notice.  

 

The study requires that cases of CB be included / excluded according to the following criteria: 

Inclusion Criteria for outpatients 

• Blood smear is positive for B. canis 

• Haematocrit is below 36% 

• A freshly presented case 

• Owner agrees to participate in the trial 

Exclusion Criteria for outpatients 

• Dog is Doberman, Spaniel, Great Dane or Irish Wolfhound 

• Blood smear is positive for E. canis morulae 

• Presence of epistaxis, petechiation or lymphadenopathy 

• Haematocrit is above 36% 

• Dog is clinically dehydrated 
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• Dog requires immediate blood transfusion 

Exclusion criteria after admission of patient 

• Radiographic evidence of abnormality of the chest, lungs or heart, or 

echocardiographic evidence of the heart that is not related to CB. 

• Ultrasonographic evidence of abnormality of the abdomen, especially the liver, 

spleen and kidneys that is not related to CB. 

 

The study will evaluate the heart and abdominal splanchnic blood flow, and will require three 

hours for completion. The selected dog will be admitted for 24 hours.  

 

If a patient fulfils the criteria listed under I and II, and the owner is willing to participate in the 

study, please call Dr. Lee Koma / admit the patient, and contact any of the following:  

1. Dr. Lee Koma (Tel. 012 529 8221 / Cell phone 072 611 5755), Room 4-64.  

2. Dr. Tim Spotswood (Tel. 012 529 8005 / Cell phone: 082 511 5787), Room 4-52. 

3. Prof. Robert Kirberger (Tel. 012 529 8270 / Cell phone 083 440 8211), Room 4-69. 

 

Thank you for your co-operation and assistance.  

 

 

Dr. Lee Koma 

Section of Diagnostic Imaging 

CACS Department 
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B.2 Client information sheet 

 

 

 

  

Your dog has been diagnosed with canine babesiosis (biliary fever); a disease that sometimes 

becomes complicated and may cause death. The aim of this study is to investigate if any 

potential complication can be identified before it occurs, using a new ultrasound technique 

known as Doppler. No complication has been detected in your dog at this stage, which makes 

him/her suitable for the study. It is hoped that this study will improve our understanding, and 

subsequently the care for dogs suffering from biliary fever. 

 

Your dog will have free advanced medical check-up that may give more information on the 

disease not detected by the usual tests. The additional tests will examine the function of the 

heart, and blood flow of the liver, spleen, kidneys, stomach and intestines. These procedures 

are non-invasive, completely safe and free from pain. However, the hair over the lower parts of 

the belly, chest and paws of the dog will be shaved, and about 5 ml of blood will be removed for 

further tests. Chest x-rays will also be made. 

 

This investigation requires the dog to be admitted overnight. During this time, closer 

observation of the progress of its health, as well as its welfare will be provided without any 

additional cost. 
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If, however, we pick up any potential complication or additional disease, you will then be 

phoned, and informed of this. Your consent will be sought for any further treatment that may be 

required and, whose cost you are willing to meet.  

 

If no further problem is detected, we will need to re-admit your dog overnight for a review three 

weeks after the initial discharge from the hospital. No fees will be charged for this review, and 

your dog will get a free vaccination or a small bag of dog feed during this visit.  

 

To follow the progress of your dog, please, feel free to contact: 

1. Dr Lee Koma (Tel. 012 529 8221 / Cell phone 072 611 5755), Room 4-64 OVAH 

2. Dr Tim Spotswood (Tel. 012 529 8005 / Cell phone: 082 511 5787), Room 4-52 OVAH 

3. Prof Robert Kirberger (Tel. 012 529 8270), Room 4-69 OVAH 

 

 

 

 

Signed:  ------------------------------------------------------------ Date: ----------------------- 

 

   OWNER 
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B.3 Client consent form 

 

 

 

 

I, ……………………………......................………. (Full names), the undersigned owner / 

authorised representative (delete not applicable), hereby permit this dog under my care, 

identified as: 

Name: …………………….............…………….. Breed: ……………………………………. 

Age: …………………………….............………. Gender: …………………………………... 

Colour: …………………………………............. 

to participate in the ultrasonographic study for uncomplicated biliary fever. 

 

I have received the information sheet on the study, and fully understand its contents. I am 

aware that my pet will be admitted to the Outpatients Clinic of Onderstepoort Veterinary 

Academic Hospital overnight (24 hours) on each of two occasions: the first being to-day, and 

the second three weeks later. I understand that during each occasion the following procedures, 

all of which are completely safe, will be carried out on my pet at no additional cost: 

1. Hair clipped over areas of the belly, chest and paws 

2. Small amount (5ml) of blood removed 

3. Chest x-rays made 

4. Ultrasonography of the heart and abdomen performed 

 

I am also aware that if any complication or other disease is found, I will be informed, and be 

given opportunity to decide on any recommended further treatment, the cost of which I will 
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meet. I am further aware that I may remove my pet from this study at any time, at my request, 

and this will in no way jeopardise the proper care for my dog. 

 

In the unlikely event of my dog dying, I give permission for a full post-mortem to be performed. 

 

Signed at Onderstepoort on this …… day of ………......................… in the year ……… 

 

 

............................................................... 

                    (Signature) 
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B.4 Data Sheets 
 
B.4.1 B-mode appearance of organs: 
 
CASE ID:   Date ------------------- Dog’s Name / No. --------------------------- Ht. ---------------------- Exam No. ------------  
 
B.4.1.1 Spleen 
 
Max thickness (mm) -------------------  Diameter of HSV --------------   
 
Shape   1. Normal   2. Deformed 
 
Contour   1. Smooth   2. Irregular 
 
Spleen Vs Renal cortex 1. – 2   2. – 1   3. 0  4. +1  5. + 2      
 
Echotexture  1. Normal   2. Finer   3. Coarser 
 
 
B.4.1.2  Left Kidney 
 
Length (mm) ---------------- Width (mm) ------------ Height (S/A)(mm) --------------- 
    
Shape   1. Normal   2. Deformed 
 
Contour   1. Smooth   2. Irregular 
 
Corticomedullary distinction 1. Distinct   2. Indistinct  3. Absent 
 
Corticomedullary rim sign 1. Absent   2. Indistinct  3. Distinct 
 
R. Cortex Vs Spleen  1. + 2   2. + 1   3. 0  4. – 1  5. - 2 
 
R. Medulla Vs R. Cortex 1. + 2   2. + 1   3. 0  4. – 1  5. - 2 

LESIONS: 

LESIONS: 
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Table B.1 - Arterial numerical data  
 
 

Spectral Doppler Measurements 

Peak Systolic 
Velocity 
(Cm/s) 

End Diastolic Velocity 
(Cm/s) 

Resistivity 
Index (RI) 

 
Pulsatility 
Index (PI) 

 
Time-averaged 
Mean Velocity 

(Cm/s)  

Vessel 

An
gle

 θ 

HR
 (B

/m
in)

  

EC
G-

RR
 

int
er

va
l (m

S)
 

1 2 3 A 1 2 3 A 1 2 3 A 1 2 3 A 1 2 3 A 

AAo  
                       

CA  
                       

 
 

CMA  
                       

 
 

LRA 
                       

 
 

ILA 
                       

 
 

HSA 
                       

 
 

 
AAo = abdominal aorta; CA = coeliac artery; CMA = cranial mesenteric artery; LRA = left renal artery; ILA = interlobar artery; HSA = hilar splenic artery. 
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 Table B.2 - Venous numerical data 
 
 

2D Spectral Doppler Measurements 

Peak Velocity 
(Cm/s) 

Minimum Forward Velocity 
(Cm/s) 

Time-averaged Mean 
Velocity 
(Cm/s)  

 
Peak Reverse Velocity 

(Cm/s) 
 

Ve
ss

el 

An
gle

 θ 

HR
 (B

/m
in)

 

EC
G-

RR
  

Di
am

ete
r (

mm
) 

CS
A 

(m
m2 ) 

1 2 3 A 1 2 3 A 1 2 3 A 1 2 3 A 
 

LRV  
                     

 
 

ILV 
                     

 
 

HSV 
                     

 
 

MPV 
                     

 
 

CVC  
                     

 
 

 
LRV = left renal vein; MPV = main portal vein; CVC = caudal vena cava; HSV = hilar splenic vein; ILV = interlobar vein 
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Table B.3 - Arterial descriptive data 
 
 
 

Doppler Spectra Analysis 
No of Peaks No of Notches Vessel Velocity Profile Status of Spectral 

Window 
Margination of 

Spectral Tracing Systole Diastole Systole Diastole 

AAo         
 

CA         
 

CMA         
 

LRA        
 

ILA        
 

HSA        
 

 
AAo = abdominal aorta; CA = coeliac artery; CMA = cranial mesenteric artery; LRA = left renal artery; ILA = interlobar artery; HSA = hilar splenic artery. 
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Table B.4 - Venous descriptive data 
 
 

Doppler Spectra Analysis 
Vessel Velocity Profile Status of Spectral Window Margination of Spectral 

Tracing 
No. of Peaks in a Respiratory 

Cycle 
No. of Notches in a 
Respiratory Cycle 

LRV  
     

 

ILV 
     

 

HSV 
     

 

MPV 
     

 

CVC  
     

 
 
 
LRV = left renal vein; MPV = main portal vein; CVC = caudal vena cava; HSV = hilar splenic vein; ILV = interlobar vein 
 
 
 
 
 
 


