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 General Audience Abstract 

The studies collected in this dissertation focus on myxomatous mitral valve disease 
(MMVD), which is the most common heart disease in dogs, and the most common cause 
of cardiac-related death in this species. This disease mainly affects one of the heart valves, 
i.e. the mitral valve (MV), impeding its normal functionality. In the studies presented in
this dissertation, we used advanced non-invasive ultrasonographic techniques to
investigate the mechanisms involved in this disease. We hypothesized that a different
shape of the MV in some dogs could contribute to the development of the disease. We
used 3D ultrasounds to build models of the MV and analyze the shape of it. We first
demonstrated that using this technique in dogs was feasible and repeatable, and that the
MV of normal dogs was elliptical and saddle-shaped. We then compared the shape of the
MV of normal dogs, to the shape of the MV of dogs affected with MMVD. We found that
dogs with the disease have a MV that is flatter and more circular. In our next study, we
examined the shape of the MV of a breed of dogs that is predisposed to develop MMVD:
Cavalier King Charles Spaniels (CKCSs). Our study found that healthy CKCSs have an
overall flatter MV when compared with the other breeds, and that the normal MV of
CKCSs is similar to the MV of affected dogs of other breeds. This finding support our
hypothesis that an abnormal shape of the MV could contribute to the development of the
disease. In another study, we saw to evaluate whether we could use 3D ultrasounds for
investigating the shape of the hole that creates on affected MV. We concluded that this
technique still requires more standardization before being used for evaluation of dogs.
In another study, of which some preliminary results are presented in this dissertation, we
are testing how accurate it is to evaluate the pressure of the pulmonary artery using
ultrasonography. We are doing this by comparing this technique to a direct measurement
of the pressures with a catheter in the pulmonary artery. We found that measurements
obtained with the two techniques do not agree very well, which most likely indicates the
evaluation of the pulmonary artery pressure using ultrasonography requires caution.
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Introduction 

Relevance of myxomatous mitral valve disease in the dog 

Myxomatous mitral valve disease (MMVD) is the most common canine cardiovascular disease 

[1,2]. The disease is more prevalent in small breed dogs than in large breed ones, and some small 

breeds are reported with an incidence close to 100% over a dog’s lifetime [3–5]. Reports about 

the prevalence of the disease are however largely influenced by the methodic used for the 

diagnosis (pathologic examination vs. cardiac auscultation vs. echocardiographic examination). 

Detweiler and Patterson in 1965, in an epidemiological study combining clinical and necropsy 

findings focused on dogs’ cardiac diseases, described a prevalence of “chronic valvular disease” of 

almost 55% of all the dogs with heart disease, increasing from 8-11% of dogs in the 5-8 years old 

group, to 20-25% in the 9-12 years old group, and between 30% and 40% in dogs older than 13 

years of age [1]. Although in general small breeds are more affected than large breeds, Cavalier 

King Charles Spaniels have been reported as having an even higher prevalence of the disease. 

Particularly, in this breed is estimated that 50% of the dogs will develop the condition at about 6 

years of age  or earlier [5,6], with recorded prevalence of 100% over 10 years of age [6]. 

The pathophysiology of the disease as well as the valvular degenerative process are well 

described. Valves affected by the myxomatous degeneration undergo a process in which both the 

cellularity, and the matrix deposition increase [7,8], eventually completely disrupting the 

otherwise highly organized ultrastructural architecture of the leaflets. In myxomatous valves, the 

normal interstitial cells shift towards a myofibroelastic phenotype, and increased a-actin positive 

staining phenotype [9,10], along with expression of matrix metalloproteinases and collagenolytic 

enzymes. The consequent decrease in collagen, along with the increase in glycosaminoglycans in 
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diseased area of the valve [11], affect the mechanical and likely the transduction properties of the 

valve. Collagen fibrils, in fact, usually align to the main tensile force acting on a tissue; in diseased 

areas of the myxomatous valves, they become not only more sparse, but they also lose their 

spatial organization [12], therefore decreasing the mechanical stability of the structure (Fig. 1). 

These microscopic structural derangements ultimately lead to macroscopic alterations of the MV 

and its apparatus, ranging in severity and extension as described and classified by Pomerance and 

Whitney [13]. The combination of micro and macroscopic alterations represents a flaw in the 

otherwise perfectly tuned apparatus of the MV, resulting in incomplete apposition of the mitral 

leaflets and therefore the first clinical evidence of the disease, mitral regurgitation. However, it is 

worth mention that given the still unclear etiopathogenesis of the disease, and the profound 

interrelations between abnormal valvular stress and alteration of the MV ultrastructure, it is 

Fig. 1 Photomicrograph of the distal posterior mitral valve leaflet from a 12 year old, male, Maltese dog with severe 
myxomatous valve disease (Whitney stage IV pathology), illustrating the most prominent structural features of this condition- 
increased thickness of the spongiosa from glycosaminoglycan and proteoglycan deposition, and degeneration of the fibrosa. 
Left frame (H & E; Bar = 1 mm) and right frame (Masson trichrome; bar = 1 mm) reveal total loss of the leaflet’s normal 
layered arrangement. Collagen bundles in the fibrosa have undergone disintegration. Only scattered remnants remain which 
are variably displaced throughout the thickened valve stroma, forming swirls throughout the leaflet. These changes contribute 
to the gross appearance of increased opacities in the leaflet, and focal nodular thickening in the leaflet edge. A large, second-
order chorda tendinae associated with this leaflet appears on the left side of the left frame. Center frame is higher magnification 
taken from the area of interest within the box of the left frame. Markedly increased glycosaminoglycan deposition transforms 
the spongiosa into a relatively granular appearing stroma, which contains stellate and spindle-shaped cells, and scant 
mononuclear infiltration within the increased myxomatous content. H & E; Bar = 500 mm). From: P. Fox, J Vet Cardiol, 
2012;14:103–26 
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difficult to discern which alterations are primary characteristics of the disease process, and which 

are secondary to the mechanical imbalance created in the disease status. Experiments on ovine 

models in fact, were able to demonstrate that inducing MR by piercing a mitral leaflet is enough 

to trigger ultrastructural leaflet remodeling similar to the one found in MMVD [14]. Regarding 

annular morphology instead, the changes observed in the same experimental procedure were 

different from the morphological changes reported in natural occurring ischemic and 

myxomatous MR [15,16]. This could indicate that the annular morphological changes found in 

these diseases are more likely primary, rather than secondary to the MR. 

The presence and severity of MMVD in some breeds, i.e. Cavalier King Charles Spaniels (CKCSs) 

and Dachshunds, is highly heritable [17–19]. Particularly, in a Swedish cohort of CKCSs, both the 

proportion of offspring with heart murmurs, and the intensity of the murmurs, were related to 

the ones of the parental generation [18]. An analysis of the data recorded in the context of the 

United Kingdom breed club heart monitoring scheme, revealed high heritability of the murmur 

presence and intensity in four years old CKCSs [17]. For these reasons, is now widely accepted 

that MMVD has a genetically determined component, and identifying and breeding against traits 

that predispose to the disease is crucial. However, using only cardiac auscultation to guide 

selective breeding in United Kingdom and Sweden had been somewhat disappointing [20,21]. On 

the contrary, encouraging results were obtained by the Danish CKCSs breeding program, which 

used an association of echocardiography and cardiac auscultation as screening method [22].  
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The morphology of the mitral valve apparatus 

“The mitral apparatus is a complex, finely coordinated mechanism […]” (Perloff and Roberts 1972) 

[23] which involves the interactions of left atrial wall, mitral annulus, mitral leaflets, chordae

tendinae, papillary muscles, and left ventricular wall. In the case of a healthy individual, these 

components act in harmony in order to provide unidirectional flow from the left atrium to the 

left ventricle tens of thousands of times a day. 

Evidence of the non-planarity of the canine mitral annulus can be extrapolated from invasive 

experiments using dogs models for analyzing the annular motion during the cardiac cycle in the 

early 1970’s [24]. In this study, a picture of the lateral roentgenogram of the lead beads sutured 

to the MV annulus of an experimental dog, clearly do not follow a flat ring fashion, but no mention 

to this annular characteristic can be found in the text of the manuscript. In 1987 Levine postulated 

that the MV annulus was not a mere flat ring, but could resemble more an hyperbolic paraboloid, 

a configuration commonly called “saddle-shape” [25]. Few years later he could clearly demonstrate 

the saddle-shape of the mitral annulus and its implications in the diagnosis of mitral prolapse in 

vivo [26]. Curiously, using an ingenious system for image acquisition, analysis, and offline modeling, 

a tomographic reconstruction of the MV was generated and the saddle-shape of the MV annulus 

was clearly evident (Fig. 2). 

However, a strong push towards further investigations of MV biomechanics derived slightly later 

from the use of ring annuloplasty in the context of MV repair. When enough data on this 

technique was collected, investigators realized that early MV repairs were “[…] associated with 

significant number of repair failures result[ing] from chordal, leaflet, and suture line disruption, 

4



which suggest that mechanical leaflet stress 

plays a significant role [27]” [28]. The 

importance of the morphological 

characteristics of the mitral annulus in the 

valvular biomechanics were investigated both 

by finite element modeling and in 

experimental settings [16,25,28–35]. The 

common finding across the methodologies is 

that the annular shape is a fundamental 

determinant of the stress acting on the MV 

leaflets. Particularly, the non-planarity of the 

annulus plays a key role in minimizing peak leaflet stress, compared to a flat annular configuration. 

Results of the computational studies were confirmed by in-vivo analysis: the calculated annular 

parameter resulting in optimal leaflet stress in the model, were found to be very close to the 

ones measured in healthy individuals, even across different mammalian species [35]. Further 

endorsement arrived then from studies focused on annuloplasty rings with different 

configurations, where saddle-shaped rings, compared to flat ones, were found to augment the 

non-planar shape of the mitral annulus [32] therefore increasing the overall leaflet curvature [28], 

experiencing lower forces [29], and improving leaflet coaptation [31]. At the same time, although 

intrinsically linked to MV annular morphology, also the configuration and morphology of the MV 

leaflets is fundamental in minimizing the stress on the leaflets themselves. Particularly, leaflet 

billowing contributes along with the annular shape in optimizing leaflet curvature and creating a 

Fig. 2 Illustration of topographical map of the leaflet surface 
fitted to traces of the closed leaflets from one subject (upper 
panel), with corresponding line drawing (lower panel). A, 
anterior; P, posterior; LA, left atrium; LV, left ventricle. From: 
R. Levine et al. Circulation, 1989;80:289-298 
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lower-energy status with the annulus and 

chordae tendinae, minimizing stresses on 

the leaflets [36] (Fig. 3). 

 In vitro experiments on canine MVs 

demonstrated that applying an abnormal 

stress on the leaflets could trigger the 

expression of effector proteins and markers 

of myxomatous degeneration [37]. Also, it 

has been demonstrated that the abnormal 

stress caused by piercing otherwise normal 

ovine leaflets causes expression of proteins 

that suggest active matrix and collagen 

reorganization [14]. 

Therefore, investigating the morphology of 

the MV and its apparatus could provide new 

insights in the etiopathogenesis and 

diagnosis of MMVD in dogs, identifying new 

characteristics of the disease which could 

serve as diagnostic factors and breeding criteria. 

Fig. 3 Plot of peak stress versus percent height. The elliptic 
paraboloid (A) and the hyperbolic paraboloid (B; saddle) are 
shown. A, Peak stress for the billowing leaflet model. B, Peak 
stress for the nonplanar annulus model. A flat disc results when 
the parameters for each model, hb [parameter controlling for 
leaflet billowing] and ha [parameter controlling for annulus 
height] respectively, are set to 0. The peak stress of the flat 
disc is 335 MPa in A and B. From: I. Salgo et al. Circulation, 
2002;106:711-717 
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Three-dimensional echocardiography 

The importance of the geometric complexity of cardiac structures, and of their reciprocal 

relationship has always been clear. Therefore, the push for the development of three-dimensional 

(3D) reconstruction from ultrasonographic images started back in the early 1970s [38]. Through 

a constant improvement of informatics calculation speed, and ultrasonographic transducer 

technology, the first mechanically rotating transducers were developed, which then left the step 

to electronic matrix transducers. The following step was for systems to become capable of 

acquiring and showing three-dimensional images at the same time, which lead to the birth of the 

so-called real-time 3D echocardiography. Nowadays, pretty much all the transducers used in 3D 

echocardiography are “fully sampled matrix transducers”, which can be imagined like a grid (matrix) 

of thousands of elements, working together for acquiring and transmitting volumes to the main 

ultrasound unit. Several acquisition modalities have been implemented, the most common being: 

• live 3D

• live 3D zoom

• full volume acquisition

Pros and cons of the different modalities are well described in the textbook of Buck et al. by the 

triangle of interdependency: Volume size, temporal resolution, and spatial resolution represent 

three interdependent characteristics of real-time 3D volumes [39] (Fig. 4). Particularly, 

increasing one of these three factors will inevitably have the tradeoff of reducing the other 

two. For this reason, for example, acquiring images in live 3D mode would have a high 

temporal resolution, i.e. high frame rates expressed in volumes-per-seconds (vps), but the 

volumes that can be imaged are small, and indirectly proportional to the spatial resolution 

obtained; in live 3D zoom mode, an even smaller volume is imaged, obtaining in exchange high 

temporal and spatial resolutions. 

7



The full-volume acquisition instead, as suggested by the name, allows the acquisition of bigger 

volumes, maintaining relatively high frame rates and spatial resolution. In this technique, the 

imaged area is divided into several smaller sectors which are sequentially acquired during 

consecutive cardiac cycles, appropriately timed using the ECG (ECG triggering), and then stitched 

together in order to reconstruct the entire volume. The biggest downside of this technique is 

the possible misalignment of the different sectors, also called stitching artifact. This artifact can 

originate when the position of the cardiac structures relative to the probe varies during the same 

phase of consecutive cardiac cycles. This is usually originated when the cycle length changes beat-

Fig. 4 Principle of interdependency of 3D volume size, temporal and spatial resolution. Upper left: The interdependency is 
expressed by a triangle where all three parameters are connected to each other. The dial knobs between each pair of 
parameters indicate the option for weighting more to the one or the other. Upper right: The three diagrams illustrate the 
effect of the dialing for all possible settings of the three parameters. The upper diagram shows for a given 3D volume size 
the effect of dialing more towards increased spatial resolution causing lower temporal resolution and vice versa. With increasing 
3D volume size (in direction of the size arrow), however, both temporal and spatial resolution have to decrease. Lower part: 
Interdependency between the three parameters is illustrated by the triangle balanced on a center axis point. The preference 
set to a large 3D volume size (top) causes lower temporal resolution (as indicated by the separation between pyramids on 
the right) and lower spatial resolution (as indicated by the three wide-spread lines). The preference set to higher spatial 
resolution (middle) causes smaller 3D volume size at a lower temporal resolution (the higher spatial resolution indicated by a 
larger number of lines with higher density). The preference set to higher temporal resolution (bottom) causes smaller 3D 
volume size and lower number and density of lines. From: T. Buck, A. Franke, M. Monaghan. Three-dimensional 
Echocardiography. Chapter 2 Basic principles and practical application p. 32 – 2015 Springer Berlin Heidelber 
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to-beat (arrhythmias), and when there is excessive movement of the thoracic cavity during 

respiration (Fig. 5). The entity of the stitching varies. Misalignment that are only slight, and affect 

only few sectors, are usually tolerated. In humans and in anesthetized subjects, this artifact is 

usually avoided by performing the acquisition while having the patients holding their breath, or 

pausing respiration. In conscious animals, this is clearly challenging. In our experience, gently 

holding a hand on the chest of the dog to minimize thoracic movement, often is enough to reduce 

the amount o f  cardiac translation motion relative to the probe, and therefore the amount 

of stitching. Another challenge in using this technique in dogs arises from the high prevalence of 

sinus arrhythmia, which continuously changes the cycle length, producing full-volume images with 

stitching artifacts. Therefore, it is important to perform the full-volume acquisition when the 

Fig. 5 Example of a stitching artifact on a “pre–4D” acquisition. On the right of the image two orthogonal images are 
simultaneously shown, representing a right parasternal long-axis and short-axis image of the left ventricle at the level of the 
mitral valve, respectively. On the left, three transverse plane are represented. It can be notice in the image on the right (short-
axis) that the different sectors comprising the image are misaligned generating a stitching artifact along the lines indicated by 
the yellow arrows. The ECG trace on the bottom reveals the presence of sinus arrhythmia, likely causing the stitching artifact. 
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rhythm is more regular, and sometimes a slight stimulation of the dog intended to temporarily 

decrease the vagal tone, can help to obtain stitching-free images. The first veterinary clinical study 

using 3D echocardiography, was published in 2010 [40]. Real-time three-dimensional 

transthoracic echocardiography (RT–3DTTE) was used for estimating end-systolic and end-

diastolic LV volumes and comparing them to conventional methods (two 2D methods and the 

Teichholz method from M-Mode images), finding good agreement between the 2D 

techniques and RT–3DTTE, and confirming an overestimation of the LV volumes by the 

Teichholz method. In the same study, the estimation of LA sizes using RT–3DTTE was also 

investigated and compared to LA/Ao measures, finding increasing differences between the two 

techniques with atrial dilatation. Subsequently, a dedicated comparison of LA measurements 

using RT–3DTTE in 32 healthy dogs [41], revealed that none of the analyzed 2D methods for 

estimating LA sizes indexed to the BW has good correlation with body-weight indexed LA 

volume obtained using RT–3DTTE. In the same study, the better estimate of the volume 

calculated using RT–3DTTE was obtained by allometric scaling of the 2D measurements [41]. 

Lately, an analysis of LV volumes in healthy dogs and dogs affected by MMVD was performed 

[42], and found that end-diastolic and end-systolic LV volumes significantly expand only in 

dogs that are severely affected, and that the central portion of the LV, compared to the 

basilar and the apical ones, is the main contributor to this increase in volumes. Furthermore, 

the LV was found to change shape into a more spherical one, with potential implications on the 

geometry of the MV apparatus. To the best of our knowledge, our group was the first to use 

3D echocardiography for systematically analyzing canine’s MVs in the studies reported in this 

dissertation.  

All the three-dimensional datasets used in the original studies presented in this dissertation (pp. 

20–76), have been acquired using a full-volume acquisition over four consecutive beats. Briefly, 
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from a left apical acoustic window, correct alignment was assessed by a multi-plane real-time 

view (called “pre – 4D” in our machine), showing two orthogonal long-axis planes along with 

three short-axis sections; the transducer position was optimized so that the two long-axis views 

showed standard apical four- and two-chamber views (Fig. 6). Depth, azimuth and elevation were 

then adjusted in order to focus the ultrasound beam on the mitral apparatus and include the left 

ventricular outflow tract. Acquisition modality was then switched to the multi-beat acquisition 

mode (called “full – 4D” in our machine), and 3D full-volume datasets were acquired from four 

consecutive beats. Three consecutive datasets were stored. When possible, cineloops free from 

artifacts were selected for storage [43]. 

Fig. 6 Acquisition of RT–3DTTE full-volume 
datasets for analysis of the MV. Five 
different planes are visualized 
simultaneously. On the right the two long-
axis views show an apical four-chamber 
view on the left (plane labeled A by the 
ultrasound unit) and two-chambers view on 
the right (plane labeled B). Three short axis 
section are also shown simultaneously on 
the left.
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Offline analysis of three-dimensional mitral valve datasets 

Once the full-volume datasets are acquired, they can be manipulated in order to obtain different 

pieces of information. Modern ultrasound units allow some degree of processing of the 3D 

datasets like cropping, multiplanar reconstructions, perspective views, or distances and areas 

measurements. However, the use of dedicated software specifically created for the manipulation 

of these datasets, usually provides the opportunity of a much thorough, complex, and 

standardized analysis. Two software packages were used for manipulation of 3D datasets in the 

studies comprising this dissertation: 4D MV–Analysis, and 4D Cardio–View, both from TomTec 

Imaging Systems, Unterschleißheim, Germany. The first software guides the operator through the 

identification of some specific landmarks on the 3D datasets, and uses an automated tracking 

algorithm to identify the MV leaflets. A manual review process allows the operator to correct 

possible tracking errors. A 3D model of the MV is then generated (Fig. 7), and a set of 

standardized variables are measured on the model. More details about this software, and 

hyperlinks to online additional content, are presented in the “Methods” section of the paper: 

Assessment of mitral valve morphology using three-dimensional echocardiography. Feasibility and 

reference values (pp. 20–31). The TomTec 4D Cardio–View on the other hand is a more generic 

software which allows cropping, slicing, and measuring of 3D echocardiographic datasets. One of 

Fig. 7 Mitral valve model generated by offline analysis of a 
dog’s RT–3DTTE dataset seen from a side. The mitral 
annulus (orange arrow) and aortic annulus (yellow arrow) 
are indicated, as well as the anterior (green arrow) and 
posterior (red arrow) mitral leaflets. 
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the function of this software, which was used for our study, is the simultaneous visualization of 

three orthogonal planes. The planes can be moved across the dataset in order to identify 

structures of interest, which are then measured from a preferred “en face” view. This approach 

had been proven useful in humans for evaluation of sizes and characteristics of ventricular septal 

defects [44], and atrial septal defects [45]. We used this method to obtain en face views of mitral 

regurgitant orifices in dogs affected by MMVD, and measure the anatomical regurgitant orifice 

area (AROA). More details about this software and the methodology used, are presented in the 

“Methods” section of the paper: Anatomic Regurgitant Orifice Area Obtained Using 3D-

Echocardiography As An Indicator of Severity of Mitral Regurgitation in Dogs With Myxomatous 

Mitral Valve Disease (pp. 59–76) 
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Pulmonary hypertension in dogs affected by myxomatous mitral valve disease  

Pulmonary hypertension is a well-recognized condition in both humans and dogs [46]. Historically, 

PH has been classified as primary or secondary depending on the presence or absence of 

identifiable causes. In dogs, primary PH is a rare condition. Secondary PH can be due to several 

causes, including Dirofilariasis, left-sided heart failure, chronic lung disease and pulmonary 

thromboembolism. Left-sided heart failure is one of the most common causes of PH in dogs [47–

50]. Studies have reported that the prevalence of PH in dogs with MMVD ranges from 14 to 48%, 

representing a clinically relevant condition in dogs with this disease [50–52]. Pulmonary 

hypertension due to left-sided heart failure is initially the consequence of passive back 

transmission of increased left ventricular filling pressure to the pulmonary circulation. This stage 

is generally considered to be reversible. When elevation of left-ventricular filling pressure is 

sustained, a “reactive” increase in pulmonary pressure can occur. This “reactive” phase is due to 

an increase in pulmonary vascular resistance in response to vasoconstrictive stimuli mainly 

mediated by the endothelium, like endothelin–1 release and decrease response to endogenous 

nitric oxide [53]. If the high pressure is maintained, medial hypertrophy with muscolarization of 

arterioles and pulmonary vein “arterialization” [54,55], and intimal fibrosis and dilation both at 

the arterial and at the venous side can occur, resulting in a decreased vasodilatory response [55]. 

In dogs with MMVD, a Doppler estimated systolic pulmonary pressure (PASP) at or above 48 

mmHg, is suggestive of irreversible PH [56]. Interestingly, in humans a similar pressure gradient 

is also associated with poor outcome [57]. In humans with MR, PH has been associated with an 

approximately double the risk of death and heart failure [57], and in patients with 

cardiomyopathies an increase in the hazard of death by 25% has been reported for each 5-mmHg 

increase in mean pulmonary arterial pressure [58]. Furthermore, as an effect of sustained PH, 

14



right ventricular failure can occur, providing as well a two-fold increase in risk of premature death 

[59]. A recent study confirmed that also in dogs with MMVD, PH is associated with a worse 

prognosis, that a PASP greater than 55mmHg is an independent predictor of poor outcome with 

a hazard ratio of 1.8, and that for patients with PASP > 50mmHg the risk of death increases 

linearly with the increase in PASP [60]. 

Right heart catheterization is considered the “gold standard” for diagnosis of PH in humans [61]. 

This technique provides accurate measurements of systolic, diastolic and mean pulmonary 

pressure and gives information on right ventricular function. However, in veterinary medicine, 

right heart catheterization is rarely performed in routine practice, and PH is generally diagnosed 

based on the presence of clinical and echocardiographic signs. Using the simplified Bernoulli 

equation (Pressure gradient = 4 x V2), Doppler echocardiography allows for the definitive 

diagnosis and quantification of PH. As long as the right ventricular outflow tract is not obstructed, 

systolic pulmonary pressure can be estimated by measuring the velocity of the tricuspid 

regurgitation jet (TR). The diastolic pressure can be estimated by examining the pulmonary 

insufficiency jet (PI). In order to obtain estimations of the systolic or diastolic pulmonary pressure, 

right atrial and right ventricular diastolic pressures should be added to the calculated values. The 

right atrial and right ventricular diastolic pressures can be obtained by right heart cardiac 

catheterization or estimated by clinical signs and/or echocardiographic findings. However, most 

of the published studies in veterinary medicine use only the pressure gradient to establish the 

diagnosis of PH, since adding the estimation of atrial or ventricular pressures is reported as having 

controversial effects on improving the accuracy of this estimation [62,63]. There is no agreement 

on the optimal PASP cut-offs for the diagnosis of PH. Normal systolic pulmonary pressure in dogs 

at sea level should be less than 30 mmHg and normal diastolic pressure should be less than 15 
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mmHg [64]. The cut-off proposed by various authors varies from 2.5 to 3.5 m/sec for TR and 

from 2 to 2.2 m/sec for PI. The majority of authors accept a cut-off of 2.8 m/sec for TR and 2.2 

m/sec for PI [46,65]. Early investigations of the accuracy of Doppler echocardiographic estimates 

of right ventricular and PASP provided impressively high correlations [66,67]. However, it has 

been suggested that the results of these carefully controlled studies may not reflect the reality of 

clinical practice [68]. Furthermore, correlation is a measure of linear association, not a measure 

of diagnostic accuracy; high correlations can be identified when agreement between methods is 

poor [69]. Indeed, the accuracy of Doppler echocardiographic estimates has recently been re-

evaluated [68,70,71]. A metanalysis of published data yielded summary measures of correlation 

and diagnostic accuracy that were described as modest [71]. Moreover, in a single-center study 

in which 792 paired echocardiographic and catheterization values were evaluated, limits of 

agreement were broad and, relative to the catheterization standard, echocardiographic data 

resulted in misclassification of clinical categories of pulmonary artery pressures in more than 50% 

of cases [68]. The accuracy of Doppler echocardiography for estimating pulmonary artery 

pressures has been recently investigated in a canine model of PH [72]. In this study, only moderate 

correlation was found between PASP and invasively determined systolic pulmonary artery 

pressure, with the bias between the two techniques increasing along with the entity of pulmonary 

hypertension. Also, of great clinical importance, the PASP would both under- and overestimate 

the actual pulmonary pressure and very wide limits of agreements were reported [72]. The 

accuracy of Doppler echocardiographic estimates of pulmonary artery pressure has not been 

evaluated in dogs with naturally occurring MMVD. Because of the high prevalence of PH reported 

in dogs with MMVD, and the fact that early in the course of its development, PH in patients with 

MMVD may be amenable to therapeutic intervention [56], the accuracy of Doppler 
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echocardiography in estimating pulmonary pressure in dogs with naturally occurring MMVD is of 

great clinical importance. 
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Aims 

The common aim of the studies reported in this thesis was to perform a systematic evaluation of 

the MV of dogs using RT–3DTTE. Particularly, we wanted to explore whether this technique 

could provide new insights for better understanding the etiopathogenesis of the disease and its 

diagnosis, with possible future implications in the management of the disease. 

Specific aims were to: 

• Evaluate feasibility and reproducibility of assessing the MV of dogs using RT–3DTTE and

offline analysis with dedicated software.

• Describe the morphology of the MV and its apparatus in healthy dogs, and provide

reference values for morphologic parameters of the MV.

• Evaluate morphologic differences between the MV of healthy dogs, and the MV of dogs

affected by MMVD at different disease stages.

• Evaluate morphologic differences between the MV of healthy CKCSs and healthy dogs of

other breeds.

• Evaluate the feasibility and reproducibility of calculating the AROA in dogs with MMVD,

and evaluate whether AROA measurements are related to dogs’ disease stage.

Also, preliminary results of a study intended to evaluate the accuracy of estimating pulmonary 

arterial pressure using the simplified Bernoulli equation in dogs affected by MMVD are presented. 
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Abstract Objectives: To evaluate the feasibility of real time transthoracic three-
dimensional echocardiography (RT3DE) for evaluation of normal canine mitral
valves (MVs), and to provide reference values for this technique.
Animals: Forty-three cardiologically healthy, not sedated dogs.
Methods: Transthoracic RT3DE mitral datasets were acquired during two consecu-
tive 6-month periods. The datasets were analyzed using commercially available
software. An MV model was drawn using a semiautomated procedure and MV vari-
ables were obtained and calculated. The ratio between annulus height and
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commissural diameter was used as an index of the annulus’ saddle-shaped non-pla-
narity. After evaluation of associations between measured variables and body size,
the datasets were used to generate reference intervals. Coefficients of variation
(CVs), variance components, and repeatability coefficients were calculated for
the evaluation of intra-observer, inter-observer, and day-to-day variability.
Results: Datasets could be analyzed in 34 of 43 (79%) dogs. 68 percent of datasets
obtained during the first 6-month period could be analyzed and 90% obtained during
the second period could be analyzed. An allometric relationship was identified for
most MV variables. The MV annulus appeared elliptical and saddle-shaped. Inter-
and intra-observer CVs were less than 20%. Coefficient of variation greater than
20% was calculated for the inter-day variation for some variables. Operator and ob-
server were primarily responsible for the variation of most of the variables.
Conclusions: Evaluation of canine mitral valves by transthoracic RT3DE is feasible.
Canine MVs of healthy dogs analyzed using RT3DE are elliptical and saddle-shaped.
Reference intervals for the measured MV variables are proposed.
ª 2016 Elsevier B.V. All rights reserved.

Introduction

The mitral valve (MV) apparatus has a complex,
three-dimensional structure [1e3]. The effect of
geometry on valve stress is well established, [4,5]
and for this reason, MV replacement and repair
techniques that preserve or approximate normal
valve morphology are associated with superior
outcomes [6e8]. Furthermore, it has been

hypothesized that structural alteration of the MV
apparatus has a role in the pathogenesis of myx-
omatous MV disease [5,9]. Specifically, changes in
MV morphology can alter forces acting on valvular
structures, and possibly trigger the activation of
signaling pathways responsible for the valve
degeneration and leakage [9e13]. Studying the
morphology of the MV and its apparatus in vivo is
challenging because the complexity of valvular
structure makes two-dimensional echocardio-
graphic investigation incomplete and sometimes
difficult to interpret. Real-time three-dimensional
echocardiography (RT3DE), allows acquisition and
visualization of volumes, rather than tomographic
planes, in real-time, providing the operator with a
comprehensive, in vivo image of valvular struc-
tures. Moreover, off-line analysis of acquired vol-
umes, provides different perspectives on valvular
structures, and discloses features that could oth-
erwise be missed with conventional 2D examina-
tion. In humans, RT3DE is superior to conventional
2D echocardiography for evaluation of the MV and
is becoming an essential component of the diag-
nostic evaluation of patients prior to MV valvular
surgery [14e19].

The first objective of this study was to evaluate
the feasibility of using transthoracic RT3DE for
assessing the canine MV and its apparatus with a
dedicated software.c Secondly, we wanted to
evaluate inter- and intra-observer variability of the
variables measured on the MV using this technique.
Finally, we wanted to evaluate the morphology of
the MV, and provide RT3DE reference values and
ranges for MV variables in healthy dogs.

Abbreviations

AHCWR annulus height to commissural width
ratio

ALA anterior leaflet area
ALL anterior leaflet length
ALPMD anterolateraleposteromedial annulus

diameter
AnA annulus area
AnCirc annulus circumference
AnH annulus height
APD antero-posterior annulus diameter
BW body weight
CmD commissural diameter
CV coefficient of variation
MV mitral valve
NPA non-planar angle
PLA posterior leaflet area
PLL posterior leaflet length
RT3DE real time transthoracic three-

dimensional echocardiography
SI annulus sphericity index
TnA tenting area
TnH tenting height
TnV tenting volume

c 4D MV-Analysis 3.1, TomTec Imaging Systems, Unters-
chleissheim, Germany.
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Animals, materials and methods

Animals

During a 1-year period, we prospectively enrolled
dogs recruited from students and staff of the Vir-
giniaeMaryland College of Veterinary Medicine, as
well as dogs presented for echocardiographic
examination to the Veterinary Teaching Hospital of
the same institution. The study period was sub-
divided into two equal 6-month periods, in order to
identify changes in feasibility that might reflect
operator experience. For inclusion, dogs must have
weighed between 5 kg and 40 kg, and were con-
sidered healthy based on owner interview, physical
examination, cardiac auscultation, and conven-
tional echocardiography. Exclusion criteria were:
history of heart disease, a heart murmur with an
intensity greater than 2 on the 6 grade scale,
echocardiographic evidence of heart disease,
clinical evidence of systemic or significant organ
related diseases, or current administration of
medications known to affect the cardiovascular
system. The presence of trivial pulmonic or tri-
cuspid regurgitation did not constitute exclusion
criteria in our patients. We excluded dogs that

were uncooperative and that would have required
sedation in order to undergo echocardiographic
examination. This study was approved by the
Institutional Animal Care and Use Committee at
Virginia Tech, VA (IACUC #14-141).

Echocardiographic examination

Dogs were gently restrained in right and left lateral
recumbency on an echocardiographic scanning
table in order to acquire standard 2D, M-mode,
Doppler and RT3DE datasets using an ultrasound
unit.d An electrocardiogram was recorded simul-
taneously with the echocardiographic examina-
tion. Standard echocardiographic planes were
visualized [20], and images and cineloops were
stored for off-line analyses. Briefly, color Doppler
mapping of a right parasternal long-axis view was
used in order to evaluate the presence or absence
of mitral regurgitation and to subjectively assess
the MV for evidence of thickening or prolapse. M-
mode examination of the left ventricle was direc-
ted by a 2D right-parasternal short-axis view, while
the left atrial to aortic root ratio was obtained

Fig. 1 Pre 4D mode. Five different planes are visualized simultaneously. Two long-axis views (on the right), and
three short-axis views. For standardizing the acquisition process, the probe was oriented so that the two long-axis
views showed an apical four-chamber view on the left (plane labeled A by the ultrasound unit) and two-chambers view
on the right (plane labeled B).

d Artida, Toshiba Medical Systems, Tokyo, Japan.
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from 2D echocardiographic images of the base of
the heart as previously described [21]. Color Dop-
pler mapping of a left-parasternal apical four-
chamber view was used to further evaluate the
competence of the MV and for acquiring RT3DE
datasets using a fully sampled matrix array trans-
ducer.e With regard to the RT3DE datasets, correct
alignment was assessed by a multi-plane real-time
view (pre 4D), showing two orthogonal long-axis
planes along with three short-axis sections; the
transducer position was optimized so that the two
long-axis views showed standard apical four- and
two-chamber views (Fig. 1). Depth, azimuth and
elevation were then adjusted in order to focus the
ultrasound beam on the mitral apparatus and
include the left ventricular outflow tract. Acquis-
ition modality was then switched to full 4D mode,
and 3D volume datasets were acquired using
information from four consecutive beats. Three
consecutive datasets were stored. When possible,
cineloops free from artifacts were selected for
storage. Six dogs were randomly selected from
those recruited from students and staff using a
random number generator, and they underwent a
second echocardiographic examination within
8 hours from the first one, in order to analyze the
variability between two acquisitions. All datasets
were acquired by a single operator (MB).

Image analysis

Each study was analyzed off-line by a single
operator (GM) using a workstation equipped with
a dedicated software.c Three-dimensional data-
sets were imported and an MV model was drawn
using a semi-automated procedure. Two orthog-
onal planes corresponding to a four- and a two-
chamber view were visualized and their ori-
entation was manually adjusted (Fig. 2), if nec-
essary; end-diastolic and end-systolic frames
were identified and marked, and a mid-systolic
frame was selected for the analysis as required
by the software. The visible aspects of the mitral
annulus were identified and labeled in the two
aforementioned planes (Fig. 2A and B). The cen-
ter of the aortic valve was identified and labeled
in the short-axis plane, and, in an apical five-
chamber view, the visible aspect of the aortic
annulus was also identified and labeled (Fig. 2C).
Finally, as defined by TomTec software, the
coaptation point of mitral leaflets was identified
in the same view. The model was developed from
these landmarks (Videos 1 and 2) after which the

dataset was manually reviewed in order to verify
the correct tracing of the mitral annulus and
leaflets contours, and to correct contingent
tracing errors. The following variables were
automatically measured and derived (Figs. IeXII,
data available in Supplemental Data on-line):
antero-posterior annulus diameter (APD), ante-
rolateraleposteromedial annulus diameter
(ALPMD), commissural diameter (CmD), annulus
sphericity index (SI) calculated as APD/ALPMD,
annulus height (AnH), annulus circumference
(AnCirc), annulus area (AnA), tenting height
(TnH), tenting area (TnA), tenting volume (TnV),
anterior leaflet length (ALL), anterior leaflet area
(ALA), posterior leaflet length (PLL), posterior
leaflet area (PLA), non-planar angle (NPA). The

Fig. 2 Image alignment and landmarks identification.
(A and B) Two orthogonal planes are visualized and a line
is positioned to align the center of the mitral valve and
the left ventricular apex (green bar). On the same
images, the visible aspects of the mitral annulus are
marked (red circles). (C) A third plane is then auto-
matically visualized, and the visible aspect of the aortic
annulus is identified (red circle). LA, left atrium; LV, left
ventricle; AV, aortic valve.

e PST-25SX matrix-array transducer, Toshiba Medical Systems,
Tokyo, Japan.
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variables TnH and TnA are reported by the soft-
ware as absolute numbers and represent the dis-
tance between APD and the valve closure line,
and the 2D area lying between APD and the leaflet
contours in AP direction, respectively; TnV is the
volume enclosed by the MV annulus and the
leaflets.f The ratio of AnH and CmD (annulus
height to commissural width ratio [AHCWR]) was
calculated. The relationship between annular
height and CmD expressed by this ratio has been
used as an index of saddle-shaped non-planarity
of the mitral annulus [5]. For each of six randomly
selected dogs, the first acquired dataset was
analyzed twice by two different observers (GM
and MB), and the second acquired dataset was
analyzed twice by one observer (GM) and once by
the other (MB) in order to assess inter- and intra-
observer variability, as well as inter-acquisition
variability. Repeated analyses of the datasets by
the same observer and repeated analyses by the
two different observers were conducted at least 1
day apart from each other and in random order.
It was not possible to conceal patient identifiers
from the investigators, but both observers were

blinded to the results of previous analyses,
as well as analyses performed by the other
observer.

Data analysis

Data were analyzed using a commercially available
software.g Normal distribution of data was visually
assessed using normal quartile plots. Differences in
sex proportions between the group of analyzed
dogs, and the group of not analyzed ones were
evaluated using Fisher’s exact test; differences in
age and body weight (BW) between these two
groups were evaluated using a ManneWhitney U
test and an unpaired Student’s t-test, respec-
tively. Simple linear regression analysis was used in
order to investigate the association between each
variable and body size. Each variable was
regressed against BW and body surface area;
additionally, a log10 transformation was applied
both to the echocardiographic variable and to BW,
and a linear regression of the two transformed
variables was evaluated. For those variables
showing a significant association to body size, R-

Table 1 R2 and p-values of the linear regression analyses.

Dependent variablea Independent variable

BW BSA log10BW

R2 p-value R2 p-value R2 p-value

APD 0.50 <0.0001 0.51 <0.0001 0.55 <0.0001
ALPMD 0.45 <0.0001 0.47 <0.0001 0.54 <0.0001
CmD 0.42 <0.0001 0.44 <0.0001 0.51 <0.0001
SI 0.02 0.4697 0.01 0.5077 0.01 0.6473
AnH 0.05 0.1951 0.06 0.1511 0.07 0.1209
AnCirc 0.49 <0.0001 0.51 <0.0001 0.57 <0.0001
AnA 0.47 <0.0001 0.49 <0.0001 0.58 <0.0001
TnH 0.00 0.8150 0.01 0.6607 0.00 0.7588
TnA 0.02 0.4888 0.03 0.3630 0.05 0.1931
TnV 0.04 0.2318 0.06 0.1659 0.16 0.0204
ALL 0.36 0.0002 0.38 0.0001 0.41 <0.0001
ALA 0.36 0.0002 0.39 <0.0001 0.47 <0.0001
PLL 0.07 0.1253 0.08 0.1075 0.11 0.0571
PLA 0.24 0.0029 0.25 0.0025 0.34 0.0003
NPA 0.02 0.4561 0.01 0.5409 0.00 0.7167
AHCWR 0.01 0.4924 0.01 0.5311 0.01 0.5916

Each echocardiographic variable was regressed against body weight (BW) and body surface area (BSA); additionally a linear
regression was performed after log10 transformation of both variables. Where a significant association to body size (p < 0.05) was
present, regression of log10 transformed variables consistently had a higher R2, suggesting an allometric relationship.
APD, antero-posterior annulus diameter; ALPMD, anterolateraleposteromedial annulus diameter; CmD, commissural diameter;
SI, annulus sphericity index calculated as APD/ALPMD; AnH, annulus height; AnCirc, annulus circumference; AnA, annulus area;
TnH, tenting height; TnA, tenting area; TnV, tenting volume; ALL, anterior leaflet length; ALA, anterior leaflet area; PLL, pos-
terior leaflet length; PLA, posterior leaflet area; NPA, non-planar angle; AHCWR, annulus height to commissural width ratio.
a Log10 transformed variables were used in the regression against log10BW.

f Adapted from TomTec Imaging Systems, personal communi-
cation, March 2015. g JMP Pro 11, SAS Institute Inc., Cary, NC, 1989e2013.
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squared values, used a measure of goodness of fit
of the model, were consistently higher for linear
regressions of log10 transformed variables (Table
1). Based on this finding, an allometric relation-
ship was assumed and the terms of the allometric
equation Y ¼ a " (BW)b were defined from the
regression as follows: the slope of the regression is
the scaling exponent (b), while the antilog (log#1)
of the intercept, is the proportionality constant
(a). For these variables, predicted values and 95%
prediction intervals for a range of BWs were
developed. Normality of data was visually assessed
and confirmed with a ShapiroeWilk test. Normally
distributed data are presented as mean $ standard
deviation (SD), while non-normally distributed

data are presented as median (mini-
mumemaximum). Fisher’s exact test was used to
compare the proportions of analyzable datasets
between the two study periods. A p < 0.05 was
considered significant. Coefficients of variation
(CV) were calculated from the datasets analyzed
twice by the same operator, the datasets analyzed
by two different operators, and the datasets
acquired from the same dog at different times, in
order to evaluate intra-observer, inter-observer
and inter-acquisition variability. The CVs were
calculated using the square root of the variance
and the mean derived from repeated measure-
ments on each dog; average and SD of the six CVs
derived for each variable were then calculated.
Furthermore, a nested random effects model was
used for estimating the variance components of
dog, day of acquisition (inter-acquisition),
observer (inter-observer), and repeated measure-
ments on the same image (intra-observer), on the
variation of 3D variables, and for calculating
repeatability coefficients [22].

Results

During the entire 1-year study period, 43 dogs met
the inclusion criteria. Thirty-two dogs were owned
by students and staff of the veterinary college,

Table 2 Sex, age, BW, HR, and VR of the enrolled and analyzed dogs.

Sex (M/F) Age (y) BW (kg) HR (bpm) VR (vps)

Enrolled (n ¼ 43) 15/28 3.9 (1.0e12.9) 18.4 $ 7.3 112.8 $ 25.8 23.4 (19.5e32.3)
Analyzed (n ¼ 34) 11/23 4.3 (1.1e12.9) 18.4 $ 6.1 113.2 $ 25.6 23.6 (19.5e32.3)

Normal distributed data are presented as mean $ standard deviation, while not normally distributed one are presented as median
(minimumemaximum).
BW, body weight; HR: heart rate (beats per minute [bpm]); Vps, volumes per second; VR, volume rate (volumes per second).

Fig. 3 Number of included dogs by weight group.

Fig. 4 Mitral valve models. (A) Atrial view of the mitral valve model. The elliptical shape can be noticed. CmD,
commissural diameter; Ao, aortic annulus; APD, antero-posterior annulus diameter; ALPMD, ante-
rolateraleposteromedial annulus diameter. (B) Lateral view of the mitral model. The saddle shape can be noticed. LA,
left atrial side of the valve; LV, left ventricular side of the valve; TnH, tenting height; TnA, tenting area (dashed);
AnH, annulus height; Ao, aortic annulus.
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Table 3 Mean values, 95% prediction intervals and terms of the allometric equation for dogs of varying weights.

BW APD ALPMD CmD AnCirc AnA TnV ALL ALA PLA

4 1.64
(1.32e2.04)

1.82
(1.48e2.26)

1.72
(1.35e2.2)

5.80
(4.7e7.15)

2.46
(1.63e3.69)

0.37
(0.12e1.22)

1.03
(0.72e1.47)

1.34
(0.77e2.34)

1.49
(0.83e2.72)

6 1.86
(1.49e2.31)

2.05
(1.66e2.54)

1.95
(1.53e2.5)

6.56
(5.32e8.09)

3.15
(2.08e4.73)

0.48
(0.16e1.59)

1.20
(0.83e1.7)

1.76
(1.01e3.06)

1.86
(1.03e3.39)

8 2.03
(1.63e2.52)

2.23
(1.81e2.77)

2.14
(1.67e2.73)

7.15
(5.8e8.83)

3.75
(2.48e5.63)

0.57
(0.19e1.91)

1.34
(0.93e1.9)

2.12
(1.22e3.69)

2.17
(1.21e3.97)

10 2.17
(1.75e2.7)

2.39
(1.93e2.96)

2.29
(1.8e2.93)

7.65
(6.21e9.44)

4.30
(2.84e6.45)

0.66
(0.22e2.21)

1.45
(1.01e2.06)

2.46
(1.41e4.28)

2.45
(1.36e4.48)

12 2.30
(1.85e2.86)

2.52
(2.04e3.12)

2.43
(1.9e3.11)

8.09
(6.56e9.98)

4.80
(3.17e7.2)

0.75
(0.25e2.48)

1.55
(1.08e2.2)

2.77
(1.59e4.82)

2.71
(1.51e4.95)

14 2.41
(1.94e3)

2.64
(2.13e3.27)

2.55
(2e3.26)

8.48
(6.87e10.46)

5.27
(3.48e7.91)

0.82
(0.27e2.74)

1.64
(1.14e2.33)

3.07
(1.76e5.34)

2.94
(1.64e5.38)

17 2.56
(2.06e3.18)

2.79
(2.26e3.46)

2.71
(2.12e3.47)

8.99
(7.29e11.09)

5.93
(3.92e8.9)

0.93
(0.31e3.11)

1.76
(1.22e2.5)

3.48
(2e6.06)

3.27
(1.82e5.98)

20 2.69
(2.16e3.35)

2.93
(2.37e3.63)

2.85
(2.24e3.65)

9.44
(7.66e11.65)

6.55
(4.33e9.83)

1.04
(0.35e3.45)

1.87
(1.3e2.66)

3.88
(2.23e6.75)

3.57
(1.99e6.53)

25 2.88
(2.32e3.58)

3.13
(2.53e3.88)

3.06
(2.4e3.91)

10.10
(8.19e12.46)

7.50
(4.96e11.25)

1.20
(0.4e3.99)

2.03
(1.41e2.89)

4.49
(2.58e7.82)

4.03
(2.25e7.37)

30 3.05
(2.45e3.79)

3.30
(2.67e4.09)

3.24
(2.54e4.15)

10.68
(8.66e13.17)

8.38
(5.54e12.57)

1.35
(0.45e4.48)

2.17
(1.51e3.09)

5.06
(2.91e8.81)

4.45
(2.48e8.14)

35 3.20
(2.57e3.98)

3.45
(2.8e4.28)

3.40
(2.67e4.35)

11.19
(9.07e13.8)

9.21
(6.08e13.81)

1.49
(0.5e4.95)

2.30
(1.6e3.27)

5.60
(3.22e9.75)

4.84
(2.7e8.85)

40 3.33
(2.68e4.14)

3.59
(2.91e4.45)

3.55
(2.78e4.54)

11.65
(9.45e14.37)

9.99
(6.59e14.98)

1.62
(0.54e5.4)

2.42
(1.68e3.43)

6.12
(3.51e10.65)

5.21
(2.9e9.52)

Proportionality
constant (a)

1.07
(0.86e1.33)

1.21
(0.98e1.50)

1.11
(0.87e1.42)

3.81
(3.09e4.70)

1.06
(0.70e1.59)

0.15
(0.05e0.5)

0.62
(0.43e0.88)

0.54
(0.31e1.42)

0.70
(0.39e1.28)

Scaling
exponent (b)

0.308 0.295 0.315 0.303 0.608 0.645 0.369 0.658 0.544

Individual mean values and reference intervals for a body weight (BW) can be calculated using the equation: Y ¼ a " (BW)b where Y is the variable of interest, and a and b are
proportionality constant and scaling exponent, respectively, relative to that variable.
APD, antero-posterior annulus diameter; ALPMD, anterolateraleposteromedial annulus diameter; CmD, commissural diameter; AnCirc, annulus circumference; AnA, annulus area; TnV,
tenting volume; ALL, anterior leaflet length; ALA, anterior leaflet area; PLA, posterior leaflet area.
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while 11 were referred to the veterinary teaching
hospital of the same institution. Data regarding
sex, age, BW, heart rate, and volume rate are
presented in Table 2, while distribution of the dogs
into the different weight classes is presented in
Fig. 3. Females (n ¼ 23) were overrepresented
compared to males (n ¼ 11). Datasets were of
analyzable quality in 34 patients (79%); however,
when the study was divided into two 6-month time
periods, 68% of datasets (analyzable/acquired: 15/
22 datasets) could be analyzed during the first
period, while 90% of the datasets acquired during
the second period were of sufficient quality to be
analyzed (analyzable/acquired: 19/21 datasets).
This increase was not statistically significant
(p ¼ 0.08). There was no significant difference in
sex proportions (p ¼ 0.70), age (p ¼ 0.61), and BW
(p ¼ 0.99) between the 34 analyzed dogs and the 9
not analyzed.

As shown in Fig. 4, the MV of healthy dogs, as
visualized in-vivo using RT3DE had an elliptical
annulus, with the APD smaller than the ALPMD,
resulting in an SI of 0.916 $ 0.06. The MV annulus
had a saddle-shape, with its anterior part elevated
compared to the rest of the valve by
0.576 $ 0.168 cm (AH), and was non-planar with an
NPA of 152.31 $ 14.63% and AHCWR of
0.209 $ 0.054. In mid-systole, when all the anal-
yses were performed, the leaflets were concave
when viewed from the atrial side of the annulus.
While the anterior leaflet was longer than the
posterior in almost all (32 of 34) of our dogs (ALL/
PLL ratio: 1.682 $ 0.507), the area of the anterior
leaflet was greater than that of the posterior
leaflet in 19 of 34 dogs (ALA/PLA ratio
1.122 $ 0.403).

The following variables were significantly asso-
ciated with BW after logarithmic transformation,
APD (r2 ¼ 0.55, p < 0.0001), ALPMD (r2 ¼ 0.54,
p < 0.0001), CmD (r2 ¼ 0.51, p < 0.0001), AnCirc
(r2 ¼ 0.57, p < 0.0001), AnA (r2 ¼ 0.58,
p < 0.0001), TnV (r2 ¼ 0.16, p ¼ 0.0204), ALL
(r2 ¼ 0.41, p < 0.0001), ALA (r2 ¼ 0.47,
p < 0.0001), PLA (r2 ¼ 0.34, p < 0.001). For these
variables, 95% prediction intervals for representa-
tive classes of BW were derived and reported in
Table 3. The following variables were not related
to body sizes and are reported as mean $ SD:
SI ¼ 0.96 $ 0.06, AnH ¼ 0.57 $ 0.17 cm,
TnH ¼ 0.45 $ 0.20 cm, TnA ¼ 0.85 $ 0.39 cm2,
PLL ¼ 1.13 $ 0.26 cm, NPA ¼ 152.31 $ 14.63%, and
AHCWR ¼ 0.21 $ 0.05.

Results of the repeatability analyses are repor-
ted in Tables 4 and 5. Inter- and intra-observer CVs
were less than 20% for all the variables analyzed,
while CVs greater than 20% were calculated for

inter-acquisition TH, TA, TV, and ALA variability.
Variance component analysis identified observer as
the principal source of variation for APD, ALPMD,
TnV, TnA, CmD, ALA, and ALL. Operator was
identified as the principal source of variation of
NPA, AnCirc, AnA, AnH, TnH, PLA, PLL, and
AHCWR. The inter-acquisition, or day-to-day var-
iation, was the main component for the variation
in the measurements of SI.

Discussion

In this study, we demonstrated that transthoracic
RT3DE is a feasible technique for in vivo morpho-
logic assessment of the MV in healthy dogs. In
humans, RT3DE is an established technique for
evaluating MV, and it has been demonstrated to
provide fundamental additional information,
compared to conventional 2D echocardiography,
when assessing patients with valvular diseases
[23]. In veterinary medicine, RT3DE has been

Table 4 Intra-observer, inter-observer and inter-
acquisition coefficients of variation of the variables
measured.

Variable Coefficients of variation
(%, mean $ standard deviation)

Intra-
observer

Inter-
observer

Inter-
acquisition

APD 4 $ 2 7 $ 3 9 $ 2
ALPMD 4 $ 2 3 $ 2 8 $ 2
CmD 4 $ 4 5 $ 5 10 $ 4
SI 5 $ 3 5 $ 4 5 $ 3
AnH 17 $ 8 9 $ 9 17 $ 8
AnCirc 3 $ 3 4 $ 3 7 $ 3
AnA 6 $ 4 9 $ 6 13 $ 4
TnH 15 $ 11 12 $ 8 28 $ 11
TnA 14 $ 12 17 $ 10 26 $ 12
TnV 10 $ 4 15 $ 15 23 $ 4
ALL 6 $ 3 8 $ 7 15 $ 3
ALA 11 $ 7 14 $ 11 26 $ 7
PLL 3 $ 3 10 $ 11 8 $ 3
PLA 11 $ 6 17 $ 16 10 $ 6
NPA 6 $ 6 5 $ 5 10 $ 6
AHCWR 17 $ 11 12 $ 11 20 $ 11

APD, antero-posterior annulus diameter; ALPMD, ante-
rolateraleposteromedial annulus diameter; CmD, commis-
sural diameter; SI, annulus sphericity index calculated as
APD/ALPMD; AnH, annulus height; AnCirc, annulus circum-
ference; AnA, annulus area; TnH, tenting height; TnA,
tenting area; TnV, tenting volume; ALL, anterior leaflet
length; ALA, anterior leaflet area; PLL, posterior leaflet
length; PLA, posterior leaflet area; NPA, non-planar angle;
AHCWR, annulus height to commissural width ratio.
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successfully utilized for evaluation of the left and
right ventricle [24,25], left atrium [26], and to
characterize congenital anomalies [27]. The fea-
sibility reported in literature for using RT3DE for

Table 5 Results of the variance components
analysis.

Variance components analysis

Variablea Component Variance
component

% Of
total

RC

ADP(i) Dog 0.01 23.60 0.20
Acquisition 0.00 13.77 0.15
Inter-observer 0.01 35.48 0.25
Intra-observer 0.01 27.14 0.22
Total 0.02 100.00 0.41

ALPMD(i) Dog 0.00 0.00 0.00
Acquisition 0.00 14.16 0.12
Inter-observer 0.01 47.13 0.22
Intra-observer 0.01 38.71 0.20
Total 0.01 100.00 0.33

CmD(i) Dog 0.00 0.00 0.00
Acquisition 0.00 18.52 0.14
Inter-observer 0.01 53.60 0.24
Intra-observer 0.00 27.87 0.17
Total 0.01 100.00 0.33

SI Dog 0.00 0.00 0.00
Acquisition 0.00 44.94 0.18
Inter-observer 0.00 11.27 0.09
Intra-observer 0.00 43.80 0.18
Total 0.01 100.00 0.27

AnH Dog 0.00 12.73 0.15
Acquisition 0.00 0.00 0.00
Inter-observer 0.00 0.00 0.00
Intra-observer 0.02 87.27 0.38
Total 0.02 100.00 0.41

AnCirc(i) Dog 0.02 14.02 0.41
Acquisition 0.01 7.89 0.31
Inter-observer 0.05 31.70 0.61
Intra-observer 0.07 46.39 0.74
Total 0.15 100.00 1.09

AnA(i) Dog 0.01 12.96 0.22
Acquisition 0.01 10.39 0.20
Inter-observer 0.02 36.38 0.37
Intra-observer 0.02 40.26 0.39
Total 0.05 100.00 0.62

TnH Dog 0.00 0.00 0.00
Acquisition 0.01 30.45 0.22
Inter-observer 0.00 10.77 0.13
Intra-observer 0.01 58.77 0.31
Total 0.02 100.00 0.41

TnA Dog 0.00 0.00 0.00
Acquisition 0.01 6.07 0.22
Inter-observer 0.05 51.35 0.64
Intra-observer 0.04 42.58 0.59
Total 0.11 100.00 0.90

TnV(i) Dog 0.00 13.20 0.09
Acquisition 0.00 0.00 0.00
Inter-observer 0.01 73.86 0.22
Intra-observer 0.00 12.94 0.09
Total 0.01 100.00 0.26

Table 5 (continued )

Variance components analysis

Variablea Component Variance
component

% Of
total

RC

ALL(i) Dog 0.01 36.31 0.23
Acquisition 0.00 14.87 0.15
Inter-observer 0.01 40.34 0.25
Intra-observer 0.00 8.48 0.11
Total 0.02 100.00 0.39

ALA(i) Dog 0.01 27.03 0.26
Acquisition 0.00 7.22 0.13
Inter-observer 0.02 52.13 0.36
Intra-observer 0.00 13.61 0.18
Total 0.03 100.00 0.50

PLL Dog 0.00 5.98 0.17
Acquisition 0.01 13.95 0.25
Inter-observer 0.01 12.01 0.24
Intra-observer 0.04 68.06 0.56
Total 0.06 100.00 0.68

PLA(i) Dog 0.00 3.30 0.11
Acquisition 0.01 21.83 0.29
Inter-observer 0.00 6.51 0.16
Intra-observer 0.03 68.36 0.51
Total 0.05 100.00 0.62

NPA Dog 27.52 15.62 14.54
Acquisition 54.83 31.12 20.52
Inter-observer 0.00 0.00 0.00
Intra-observer 93.83 53.26 26.85
Total 176.18 100.00 36.79

AHCWR Dog 0.00 8.19 0.04
Acquisition 0.00 0.44 0.01
Inter-observer 0.00 0.00 0.00
Intra-observer 0.00 91.36 0.13
Total 0.00 100.00 0.14

Variance components, percentages of total variance, and
repeatability coefficients were calculated for each variable
using a nested random effects model. Dog, two different
acquisitions, two different observers, and two repeated
measurements from the same observer were used as effects.
APD, antero-posterior annulus diameter; ALPMD, ante-
rolateraleposteromedial annulus diameter; CmD, commis-
sural diameter; SI, annulus sphericity index calculated as
APD/ALPMD; AnH, annulus height; AnCirc, annulus circum-
ference; AnA, annulus area; TnH, tenting height; TnA,
tenting area; TnV, tenting volume; ALL, anterior leaflet
length; ALA, anterior leaflet area; PLL, posterior leaflet
length; PLA, posterior leaflet area; NPA, non-planar angle;
AHCWR, annulus height to commissural width ratio; RC,
repeatability coefficient.
a Variables that demonstrated a significant association with

bodyweighthadbeen indexedusing theallometric scaledbody
weight before the analysis, and are indicated followed by (i).
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assessing MVs in humans is variable. Some studies
report percentages close to the one of this study,
while others report feasibility of almost 100%
[17,28,29]. In this study, in order to optimize the
image quality, 3D datasets were created using a 4-
beat acquisition, that means that the ultrasound
unit stitches together information derived from
four consecutive beats. As a consequence, panting
and sinus arrhythmia can result in poor image
quality. These phenomena are more common in
dogs than in humans, therefore, when compared
to human studies, the feasibility reported in this
study should be considered in this context. Over
time, there was an improvement in the quality of
our datasets; although the difference was not
statistically significant, the proportion of analyz-
able datasets was greater during the second period
of the study. This suggests a learning curve in the
acquisition and analysis process that should be
taken into account when using this technology.

In this study, APD, ALPMD, CmD, AnCirc, AnA,
TnV, ALL, ALA, PLA, were related to dogs’ body
sizes in an allometric fashion, with scaling expo-
nents close to 1/3 for linear measurements and 2/3
for areas. The independence from dogs’ BW of
AnH, TnH, TnA, and PLL is unexpected, and
requires further investigation. A possible explan-
ation is that these variables are somehow intrinsic
characteristics of the MV, which are preserved over
the range of BW analyzed in this study. Another
explanation could be that the strength of the
association to body size is less than for the other
variables, and the sample size was inadequate to
identify a small but real linear association. The
importance of annular geometry in diminishing MV
stress, has been demonstrated in humans [5], and
morphologic characteristics of the MV annulus had
been extensively described in this and other spe-
cies using different techniques [2,5,30e32]. This
study reports for the first time that in vivo the MV
annulus of normal dogs had a saddle shape, with an
AHCWR of 0.21 $ 0.05. This value is approximately
the same value reported in healthy humans [33].
The conservation of the saddle-shape morphology
across species suggests that this morphology of MV
provides a mechanical advantage for the function
of the valve [5,7]. Our study also demonstrated
that the MV annulus of normal dogs in vivo is
elliptical, with an AP diameter smaller than the
ALPM one. The ratio between the two annular
diameters, referred here as SI, is commonly used
to describe this characteristic of the annulus, and
the value of 0.92 is higher than the one reported in
dogs by anatomical measurements [3]. This dif-
ference is expected, and already reported by other

investigators, and can be explained by an effect of
the fixation process that shrinks the heart [34].

Most of the variables appeared to have an
acceptable repeatability, with intra-observer,
inter-observer and inter-acquisition CVs lower
than 20%. The higher coefficients of variation
reported for some variables measured from two
datasets acquired from the same dog at different
times, could reflect either an actual day-to-day
physiologic variation, or a technical limitation due
to the relatively low acquisition frame rate, that
could lead to the measurement of the valve in
slightly different time-points of the cardiac cycle
in the two different acquisitions. However, when
the variance components were analyzed, day-to-
day variation was mainly responsible for the vari-
ability of the SI only, while the variation of the
other variables was mainly attributable to oper-
ator and observer.

Limitations

The main limitation of this study is the small
sample size, as the generation of more accurate
and precise reference intervals would require a
larger population; however, prediction intervals
had been derived only for a range of weights close
to the one represented by our population of dogs
(4e40 kg). Moreover, the limited number of data-
sets analyzed, is partially due to the presence of a
learning curve and, as we report, it could be
improved with the consolidation of the new tech-
nique with time. The limited numbers of dogs
(n ¼ 6) chosen for performing the repeatability
study was low but consistent with the extant vet-
erinary literature [35e37]. Furthermore, the rel-
atively low frame-rate could have caused some
datasets to be measured in slightly different pha-
ses of the systole. Because changes in shape of the
MV during systole have been reported in humans
[29], the slightly different timing of the measure-
ments could have influenced our results, and could
have contributed to day-to-day variability.

Conclusions

In conclusion, evaluation of canine MVs using
RT3DE is feasible, has an acceptable repeatability,
and provides additional information compared to
conventional echocardiography. Based on RT3DE
assessment, MVs of healthy dogs analyzed are
elliptical and saddle-shaped. Reference intervals
for the measured MV variables are proposed. Given
the importance of MV geometry, in the context of
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pathophysiology of MMVD, and recent advance-
ments in MV repair, the in-vivo study of MV mor-
phology requires further attention.
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Video
number

Video title Description

Video 1 Mitral model. After identification of
specific landmarks, a
three-dimensional mitral
model is generated by
the software.

Video 2 Overlay of mitral
model and
three-dimensional
image of
the heart.

The video shows the
three-dimensional image
of the left atrium, mitral
valve and left ventricle
with the superimposition
of the mitral model
created using the same
acquisition.
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Mitral valve morphology assessed by
three-dimensional transthoracic
echocardiography in healthy dogs and
dogs with myxomatous mitral valve
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Abstract Objective: To assess differences in morphology of the mitral valve (MV)
between healthy dogs and dogs affected by myxomatous mitral valve disease
(MMVD) using real-time transthoracic three-dimensional echocardiography (RT3DE).
Animals: Thirty-four were normal dogs and 79 dogs were affected by MMVD.
Methods: Real-time transthoracic three-dimensional echocardiography mitral data-
sets were digitally recorded and analyzed using dedicated software. The following
variables were obtained and compared between healthy dogs and dogs with MMVD
at different stages: antero-posterior annulus diameter, anterolateral-
posteromedial annulus diameter, commissural diameter, annulus height, annulus
circumference, annulus area, anterior leaflet length, anterior leaflet area, poster-
ior leaflet length, posterior leaflet area, non-planar angle, annulus sphericity in-
dex, tenting height, tenting area, tenting volume, the ratio of annulus height and
commissural diameter.
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Results: Dogs with MMVD had a more circular MV annulus compared to healthy dogs
as demonstrated by an increased annulus sphericity index (p¼0.0179). Affected
dogs had a less saddle-shaped MV manifest as a decreased annulus height to com-
missural width ratio (p¼0.0004). Tenting height (p<0.0001), area (p<0.0001), and
volume (p<0.0001) were less in affected dogs.
Conclusions: Real-time transthoracic three-dimensional echocardiography analysis
demonstrated that dogs affected by MMVD had a more circular and less saddle-
shaped MV annulus, as well as reduced tenting height area and volume, compared
to healthy dogs. Multiple variables differed between dogs at different stages of
MMVD. Diagnostic and prognostic utility of these variables, and the significance
of these changes in the pathogenesis and natural history of MMVD, require further
attention.
ª 2017 Elsevier B.V. All rights reserved.

Introduction

Themorphology of themitral valve (MV) is complex,
with some morphologic characteristics considered
fundamental to themaintenance of proper function
[1e3]. Because normal MV morphology limits the
stresses imposed on the valve during each cardiac
cycle [4e6], a disruption of normal MV shape could
be involved in the pathogenetic mechanisms that
induce myxomatous degeneration of the valve, or

predispose to this disease process [7e10]. In fact,
alterations in MV morphology are known to result in
abnormal stress on the valve [11e13]. These
unbalanced mechanical forces acting on the valve,
may induce signaling pathways that modulate
myxomatous degeneration, and differences in MV
morphology may explain variation in the propensity
for disease development [7,10,14e16]. Real-time
transthoracic three-dimensional echocardiography
(RT3DE) allows a non-invasive and comprehensive
assessment of cardiac structures in-vivo [17,18].
Off-line analysis of MV datasets acquired using
RT3DE has provided new insights into MV morphol-
ogy and function in human myxomatous mitral
valve disease (MMVD) [19e21]. We recently repor-
ted the feasibility and repeatability of RT3DE for
assessing the MV of dogs and provided reference
values for this species [22]. The objective of this
study was to compare, using RT3DE, the MV mor-
phology of canine patients with different stages of
MMVD to findings in healthy dogs.

Animals, materials and methods

Animals

In this study, we prospectively enrolled dogs pre-
sented for echocardiographic examination to the
Veterinary Teaching Hospital of the Virgin-
iaeMaryland College of Veterinary Medicine, as
well as dogs owned by students and staff of the
same institution between August 2013 and Sep-
tember 2015. To be enrolled in this study, dogs had
to be either healthy, or affected by MMVD; each
dog’s health status was determined by an owner
interview, a physical examination that included
thoracic auscultation, and echocardiography.
Diagnosis of MMVD was based on the presence of
thickened and/or prolapsing mitral leaflets on 2D

Abbreviations

AHCWR annulus height to commissural width
ratio

AnH annulus height
BW body weight
MMVD myxomatous mitral valve disease
MR mitral regurgitation
MV mitral valve
nALA normalized anterior leaflet area
nALL normalized anterior leaflet length
nALPMD normalized anterolateral-

posteromedial annulus diameter
nAnA normalized annulus area
nAnCirc normalized annulus circumference
nAPD normalized antero-posterior annulus

diameter
nCmD normalized commissural diameter
NPA non-planar angle
nPLA normalized posterior leaflet area
nTnV normalized tenting volume
PLL posterior leaflet length
RT3DE real-time transthoracic three-

dimensional echocardiography
SI annulus sphericity index
TnA tenting area
TnH tenting height
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echocardiography and the presence of mitral
regurgitation (MR) identified using color Doppler
imaging. Dogs affected by MMVD were classified
according to the guidelines of the American Col-
lege of Veterinary Internal Medicine [23]. Left
ventricular enlargement was defined as normal-
ized left ventricular end-systolic or end-diastolic
dimension exceeding 1.26 and 1.85, respectively
[24]. Left atrial enlargement was defined as a left
atrial volume indexed to body weight (BW) greater
than 1.1mL/kg [25], or left atrium to aortic root
ratio greater than 1.5 [26]. Dogs with clinical evi-
dence of severe systemic diseases known to affect
the cardiovascular system were excluded from this
study. Dogs with other acquired or congenital
cardiovascular abnormalities were excluded as
well, even in cases in which the anomaly under-
went correction.

Echocardiographic examination

The dogs underwent standard 2D, M-mode and
Doppler echocardiographic examination while
gently restrained in right and then left lateral
recumbency [27]. An electrocardiogram (ECG) was
acquired simultaneously. A right-parasternal long-
axis view and a left-apical four-chamber view were
used for 2D evaluation of MV thickening and pro-
lapse, as well as for color Doppler identification of
the presence or absence of MR. Left ventricular
end-systolic and end-diastolic dimensions were
measured from M-mode images that were directed
by a 2D right-parasternal short-axis view. Left atrial
to aortic root ratio and left atrial volumes were
obtained as previously described [25]. Left-apical
acoustic windows were used to acquire RT3DE
datasets using a full matrix-array transducer with
3D capabilitiesd connected to the same ultrasound
unit.e Three-dimensional datasets were acquired
using a multi-plane view for guidance: two
orthogonal long-axis planes and three short-axis
sections were visualized and gain, field depth,
focus, azimuth, and elevation were optimized for
best visualization of the mitral apparatus. Care was
taken to ensure inclusion of the aortic annulus in
the acquisition volume. Switching then to full 4D
mode, 3D volume datasets were acquired using
four consecutive beats and at least three datasets
were stored.

Image analysis

Echocardiographic studies were evaluated for
presence/absence of MMVD and disease staging by
a board certified cardiologist (MB, JA, SL). Using
commercially available software,c each RT3DE
dataset was analyzed offline by a single operator
(GM). Mitral models were created using a semi-
automated procedure as previously described
[22], and they were then reviewed to check and
correct tracing errors. Variables relating to the MV
apparatus were automatically measured and
derived. Variables known to be significantly rela-
ted to body size were indexed using the following
formula:

normalized variable ¼
variable
BWexp

where ‘exp’ represents the scaling exponent
derived from a previous study on 34 healthy dogs
[22]. The following variables were then obtained:
normalized antero-posterior annulus diameter
(nAPD; exp ¼ 0.308), normalized anterolateral-
posteromedial annulus diameter (nALPMD;
exp ¼ 0.295), normalized commissural diameter
(nCmD; exp ¼ 0.315), annulus height (AnH), nor-
malized annulus circumference (nAnCirc;
exp ¼ 0.303), normalized annulus area (nAnA;
exp ¼ 0.608), normalized anterior leaflet length
(nALL; exp ¼ 0.369), normalized anterior leaflet
area (nALA; exp ¼ 0.658), posterior leaflet length
(PLL), normalized posterior leaflet area (nPLA;
exp ¼ 0.544), non-planar angle (NPA), annulus
sphericity index (SI) calculated as APD/ALPMD,
tenting height (TnH), tenting area (TnA), normal-
ized tenting volume (nTnV; exp ¼ 0.645). The
ratio of AnH and CmD (AHCWR) was calculated as
an index of saddle-shape and non-planarity of the
mitral annulus [6]. The software used in this study
reports TnH as absolute values; therefore, all
datasets were reviewed and negative values were
used to represent TnH that extended from the
mitral annulus into the left atrium. TnV was
measured only on the ventricular side of the
annulus, and null values were reported by the
software for volumes smaller than 0.

Data analysis

Data were analyzed using commercially available
software.f Between groups, differences in the
proportion of males were evaluated using Fisher’s
exact test. Normal distribution of data was

c 4D MV-Analysis 3.1, TomTec Imaging Systems, Unters-
chleissheim, Germany.
d PST-25SX matrix-array transducer, Toshiba Medical Systems,

Tokyo, Japan.
e Artida, Toshiba Medical Systems, Tokyo, Japan. f JMP Pro 11, SAS Institute Inc., Cary, NC, 1989e2013.
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assessed by visual inspection and confirmed using a
ShapiroeWilk test. Homoscedasticity was visually
inspected and confirmed using a Levene’s test.
Normally distributed data are presented as
mean " standard deviation, while data that are
not normally distributed are presented as median
(minemax).

Two sets of comparisons were performed. We
first compared the group of healthy dogs to one
comprising all dogs affected by MMVD. We then
classified MMVD affected dogs based on disease
severity [23], and compared four different groups:
healthy dogs, dogs in stage B1, dogs in stage B2 and
dogs in stage C.

Healthy vs. all affected dogs: When the
assumptions of homoscedasticity and normally
distributed residuals were met (age, AnH, TnH,
AHCWR), Student’s t-test was used to compare
variables obtained from healthy dogs to those from
the group that comprised all affected dogs. For
some variables, these assumptions were met only
after square root transformation (PLL, TnA, nTnV).
When these assumptions were not met despite
transformation of the data, the ManneWhitney U
test (BW, SI) or Welch’s t-test (nAPD, nALPMD,
nCmD, nAnCirc, nAnA, nALL, nALA, nPLA, NPA)
were used as appropriate.

Healthy vs. stages of MMVD: When the
assumptions of homoscedasticity and normally
distributed residuals were met (age, nALPMD,
nCmD, AnH, nAnCirc, NPA), analysis of variance
was used to compare variables obtained from
healthy dogs to those from the groups that repre-
sented the different stages of MMVD. When the
null hypothesis was rejected, post hoc analysis was
through the use of the TukeyeKramer honest sig-
nificant difference test. For some variables, the
assumptions of analysis of variance were met only
after square root transformation (nAnA, nALL,
nALA, nPLA, TnA, TnV, AHCWR). When these
assumptions were not met despite transformation
of the data (BW, nAPD, SI, PLL, TnH), the Krus-
kaleWallis test was used, followed by Dunn’s
multiple comparisons test.

A corrected p-value of <0.05 was considered
significant for all the tests.

Results

In this study, 113 dogs were enrolled; 61 were
female and 52 male. The most represented breeds
were mixed breed (25), Cavalier King Charles
Spaniel (11), Beagle (7), Border Collie (7),

Dachshund (5), Shih Tzu, (5) and less than five dogs
for each of 33 other breeds. Thirty-four dogs were
healthy, while 79 were affected by different stages
of MMVD: 29 dogs were in stage B1, 39 in stage B2,
and 11 in stage C. Sex, age, BW and most repre-
sented breeds of healthy dogs and dogs affected
by MMVD are reported in Table 1. The proportion of
males in the group of healthy dogs and dogs
affected by MMVD did not differ, even when the
latter group was subdivided based on disease
stage. Healthy dogs were younger compared to
dogs with MMVD grouped as a whole and also
younger when compared to dogs in each of the
disease stages. Dogs in stage B1 were younger than
dogs in stage B2. Healthy dogs weighed more than
dogs with MMVD and than the subgroup of dogs in
stage B2 and in stage C. Likewise, dogs in stage B1
weighed more than dogs in stage B2 and in stage C.

Mean values of the measured and calculated
RT3DE variables from healthy dogs and all dogs
affected by MMVD are presented in Table 2. A sig-
nificant difference between healthy dogs and dogs
with MMVD was found for all variables analyzed
except for nPLA. Compared to healthy dogs, dogs
affected by MMVD had a greater nAPD, nALPMD,
nCmD, nAnCirc, nAnA, nALL, nALA, NPA, and SI. On
the other hand, AnH, PLL, TnH, TnA, nTnV, and
AHCWR were smaller in dogs with MMVD, compared
to healthy dogs (Fig. 1, Fig. 2A and Fig. 2B).

When disease stage was taken into account,
dogs in stage B1 had a significantly smaller AnH,
TnH, TnA, and nTnV compared to healthy dogs.
Dogs in stage B2, compared to both healthy dogs
and dogs in stage B1, had a significantly greater
nAPD, nALPMD, nCmD, nAnCirc, nAnA, nALL, nALA,
SI, and smaller TnH, TnA, nTnV. Furthermore, dogs
in stage B2, compared to healthy dogs, had a
smaller AnH and AHCWR, but a greater NPA. Dogs
in stage C, compared to all the other groups, had a
greater nALPMD, nAnCirc, nAnA, nPLA. Also, dogs
in stage C had a significantly greater nAPD, nCmD,
nALL, nALA, SI, and a smaller TnH, compared to
healthy dogs and dogs in stage B1. Compared to
healthy dogs, dogs in stage C also had a greater
NPA, and smaller AnH, TnA, nTnV, and AHCWR.
Values of TnH and SI among different stages of
MMVD are presented in Figure 2C and D. Tenting
volume was less than 0, and therefore not calcu-
lated by the software, in 18 dogs affected by MMVD
(two in stage B1, thirteen in stage B2, and three in
stage C). Tenting height was considered negative
(i.e. measured on the atrial side of the APD) in 15
dogs affected by MMVD (two in stage B1, eight in
stage B2, and five in stage C) (Table 3).
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Discussion

For the first time in the veterinary literature, we
report the results of an extensive, non-invasive in-
vivo analysis of MV morphology using RT3DE in dogs
affected by MMVD. This study showed that the
morphology of the MV, assessed by RT3DE, of dogs
affected by MMVD was different from that of
healthy dogs; the morphology also differed in dogs
at different stages of disease severity (Fig. 2C and
D). These changes involved several aspects of the
MV apparatus.

Mitral annulus: The annuli of affected dogs
were larger than those of healthy dogs, as dem-
onstrated by larger diameter, circumference and
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Table 2 Measured and calculated variables in
healthy dogs and dogs affected by MMVD. Normally
distributed data are presented as mean " SD, while
not normally distributed data are presented as
median (minemax).

Variable Healthy dogs
(n ¼ 34)

MMVD dogs
(n ¼ 79)

nAPDa 1.07 (0.86e1.28) 1.22 (0.70e1.85)***
nALPMDa 1.21 " 0.11 1.33 " 0.19***
nCmDa 1.12 " 0.12 1.25 " 0.18***
AnH (cm) 0.58 " 0.17 0.44 " 0.18***
nAnCirca 3.80 " 0.33 4.19 " 0.63***
nAnAa 1.08 (0.68e1.42) 1.28 (0.55e2.80)***
nALLa 0.62 " 0.10 0.71 " 0.15*
nALAa 0.56 (0.30e0.80) 0.67 (0.32e1.47)***
PLL (cm) 1.09 (0.69e1.50) 0.91 (0.43e2.02)**
nPLAa 0.70 (0.33e1.04) 0.71 (0.30e1.62)
NPA ($)a 151.48 " 14.05 159.91 " 10.17**
SIb 0.92 (0.80e1.11) 0.94 (0.75e1.13)*
TnH (cm) 0.43 " 0.19 0.14 " 0.16***
TnA (cm2) 0.84 (0.25e1.56) 0.31 (0.01e1.41)***
nTnV (cm3) 0.15 (0.04e0.39) 0.06 (0.00e0.21)***

(n ¼ 61)
AHCWR 0.21 " 0.05 0.17 " 0.06***

nAPD, normalized antero-posterior annulus diameter;
nALPMD, normalized anterolateral-posteromedial annulus
diameter; nCmD, normalized commissural diameter; AnH,
annulus height; nAnCirc, normalized annulus circumference;
nAnA, normalized annulus area; nALL, normalized anterior
leaflet length; nALA, normalized anterior leaflet area; PLL,
posterior leaflet length; nPLA, normalized posterior leaflet
area; NPA, non-planar angle; SI, annulus sphericity index;
TnH, tenting height; TnA, tenting area; nTnV, normalized
tenting volume; AHCWR, annulus height to commissural
width ratio; MMVD, myxomatous mitral valve disease; SD,
standard deviation.
*p<0.05 vs. healthy dogs.
**p<0.01 vs. healthy dogs.
***p<0.001 vs. healthy dogs.
a Groups have been compared using a Welch’s t-test.
b Groups have been compared using a ManneWhitney U

test.
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area; moreover, dogs with MMVD had more circular
annuli (Fig. 1B), compared to the elliptical annuli
of healthy dogs (Fig. 1A), as suggested by the SI
being closer to one. This finding is in accordance
with results from studies in humans with MR
[28,29]. These changes were found in dogs in stage
B2 and stage C, while no difference was present
between healthy dogs and dogs with stage B1,
confirming 2D echocardiographic findings pre-
viously reported [30]. Interestingly, both healthy
and affected dogs had an SI that was larger than
that reported in healthy humans [20,31] and much
closer to that of people with MR of different eti-
ologies [5,32]. Although studies unbiased with
respect to body size, referral, breed, and meth-
odology are lacking, it is likely that the prevalence
of MMVD is greater in dogs than in humans [33,34].
MV shape has a role in optimizing leaflet apposition
and the forces exerted on the papillary muscles
[35,36]; therefore, the findings of this inves-
tigation raise the possibility that morphometric
characteristics of the MV could contribute to an

increased risk of development of MMVD in the dog.
However, this is merely speculation and further
study would be required to address this.

The annulus of dogs affected by MMVD also
lacked a saddle-shape, as demonstrated by smaller
AnH, wider NPA, and smaller AHCWR (Fig. 1C and
D). The height of the annulus was reduced in dogs
without cardiac remodeling while it was not found
to be different among the different stages of dis-
ease, suggesting that this change occurs either
early in course of the disease, or that it is a pre-
disposing factor for its development. The AHCWR is
often used as single surrogate of the annular
saddle-shape, and is reported to be smaller in
humans with MR, although diverse values have
been reported in the human literature both for
normal individuals and for those with MR. The
discrepant values for this variable between dif-
ferent studies could possibly be attributed to the
use of different techniques for obtaining the
measurement [6,37,38]. In this study the AHCWR
values for healthy and diseased dogs were very

Table 3 Measured and calculated variables in healthy dogs and dogs affected by MMVD at different stages of
severity. Normally distributed data are presented as mean " SD, and differences between groups analyzed using
analysis of variance followed by a TukeyeKramer honestly significant difference test.

Variable Healthy dogs
(n ¼ 34)

Dogs affected by MMVD (stages of MMVD)

B1 (n ¼ 29) B2 (n ¼ 39) C (n ¼ 11)

nAPDa 1.07 (0.86e1.28) 1.06 (0.70e1.33) 1.26 (1.06e1.85)***,yyy 1.43 (1.05e1.81)***,yyy
nALPMD 1.21 " 0.11 1.22 " 0.16 1.36 " 0.17***,yy 1.50 " 0.20***,yyy,{
nCmD 1.12 " 0.12 1.13 " 0.14 1.29 " 0.16***,yyy 1.40 " 0.20***,yyy
AnH (cm) 0.58 " 0.17 0.45 " 0.16* 0.45 " 0.19* 0.40 " 0.16*
nAnCirc 3.80 " 0.33 3.77 " 0.48 4.34 " 0.54***,yyy 4.79 " 0.63***,yyy,{
nAnA 1.08 (0.68e1.42) 1.05 (0.55e1.73) 1.39 (0.79e2.80)***,yyy 1.71 (0.97e2.70)***,yyy,{
nALL 0.62 " 0.10 0.60 " 0.09 0.76 " 0.16***,yyy 0.81 " 0.11***,yyy
nALA 0.56 " 0.13 0.54 " 0.14 0.76 " 0.23***,yyy 0.88 " 0.21***,yyy
PLL (cm)a 1.09 (0.69e1.50) 0.89 (0.43e2.02) 0.91 (0.48e1.45) 0.97 (0.68e1.45)
nPLA 0.70 (0.33e1.04) 0.62 (0.30e1.40) 0.73 (0.36e1.62) 1.07 (0.60e1.59)**,yyy,{
NPA ($) 151.48 " 14.05 157.38 " 10.94 161.04 " 9.70** 163.78 " 8.59*
SIa 0.92 (0.80e1.11) 0.91 (0.75e1.02) 0.96 (0.87e1.09)**,yy 0.95 (0.89e1.13)*,y
TnH (cm)a 0.43 (0.09e0.81) 0.23 (%0.07e0.62)* 0.09 (%0.35e0.29)***,yy 0.02 (%0.08e0.51)***,y
TnA (cm2) 0.84 (0.25e1.56) 0.38 (0.02e1.41)*** 0.25 (0.04e0.78)***,y 0.27 (0.01e0.73)***
nTnV (cm3) 0.16 " 0.08 0.10 " 0.05** (n ¼ 27) 0.05 " 0.03***,yy (n ¼ 26) 0.08 " 0.07** (n ¼ 8)
AHCWR 0.21 (0.07e0.30) 0.17 (0.04e0.30) 0.17 (0.05e0.31)* 0.12 (0.06e0.23)**

nAPD, normalized antero-posterior annulus diameter; nALPMD, normalized anterolateral-posteromedial annulus diameter; nCmD,
normalized commissural diameter; AnH, annulus height; nAnCirc, normalized annulus circumference; nAnA, normalized annulus
area; nALL, normalized anterior leaflet length; nALA, normalized anterior leaflet area; PLL, posterior leaflet length; nPLA,
normalized posterior leaflet area; NPA, non-planar angle; SI, annulus sphericity index; TnH, tenting height; TnA, tenting area;
nTnV, normalized tenting volume; AHCWR, annulus height to commissural width ratio.
*p<0.05 vs. healthy dogs.
**p<0.01 vs. healthy dogs.
***p<0.001 vs. healthy dogs.
yp<0.05 vs. stage B1 dogs.
yyp<0.01 vs. stage B1 dogs.
yyyp<0.001 vs. stage B1 dogs.
{p<0.05 vs. stage B2 dogs.
a Groups have been compared using a KruskaleWallis test followed by Dunn’s multiple comparisons test.
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similar to the ones recently reported using three-
dimensional transesophageal echocardiography in
humans with and without MR [37]. Normal AHCWR
is known to provide an optimal distribution of
stresses on the leaflets and chordae tendineae [6].
This is also supported by recent human studies, in

which the choice of more physiologic, saddle-
shaped annuloplasty rings is encouraged over flat
ones [11,39e41], as saddle-shaped rings offer
improved leaflet coaptation [42,43]. This finding
suggests a possible role of annulus planarity in the
predisposition and stratification of MMVD severity

Figure 2 Box and whiskers plots of nTnV (A) and AnH (B) of dogs without (MMVD ¼ 0) and with (MMVD ¼ 1) MMVD,
and TnH (C) and SI (D) of dogs at different stages of disease severity. The box encompasses the 3rd and 1st quartile
and the horizontal line represents the median; whiskers extend from the end of the box to "1.5 times the inter-
quartile range. MMVD, myxomatous mitral valve disease; TnH, tenting height. *p<0.05 vs. healthy dogs; **p<0.01 vs.
healthy dogs; ***p<0.001 vs. healthy dogs; yp<0.05 vs. stage B1 dogs; yyp<0.01 vs. stage B1 dogs.

Figure 1 Atrial (A, B) and lateral (C, D) view of mitral valve models of a healthy dog (A, C) and a dog affected by
myxomatous mitral valve disease (MMVD) (B, D). Healthy dogs have a more elliptical annulus (A) while dogs with MMVD
have a more circular one (B). Furthermore, in healthy dogs the saddle shape is more evident (C) than in dogs with
MMVD (D) that have a smaller annulus height. Tenting height and tenting area are reduced in dogs with MMVD (D)
compared to healthy dogs (C). Ao, aortic annulus; APD, antero-posterior annulus diameter; ALPMD, anterolateral-
posteromedial annulus diameter; CmD, commissural diameter; LA, left atrial side of the valve; TnA, tenting area
(dashed); AnH, annulus height; LV, left ventricular side of the valve; TnH, tenting height.
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and prognosis, and for this reason, further inves-
tigation is needed. Furthermore, it should be
stressed that non-planarity of the MV annulus has
important implications for the correct identi-
fication and evaluation of mitral prolapse using
conventional 2D echocardiography, and should be
taken into account when diagnosing prolapsing
leaflets with this technique [1].

Mitral leaflets: The anterior mitral leaflets of
dogs affected by MMVD had greater length and
area (nALL and nALA) than did healthy dogs.
However, both of these characteristics were evi-
dent only in dogs with more advanced stages of
MMVD (stages B2 and C), while healthy dogs and
dogs in stage B1 did not differ with respect to nALL
and nALA; these findings are in agreement with 2D
echocardiographic findings reported by Wesse-
lowski et al. [30]. The posterior leaflet, on the
other hand, was shorter in affected dogs than in
normal ones, while differences in area were not
found. When affected dogs were classified based
on stage of MMVD, however, the PLL was not dif-
ferent between groups or when compared to
healthy dogs, while the nPLA was greater in dogs in
stage C compared to all the other groups. These
differences between anterior and posterior MV
leaflet, are probably related to the nature of the
canine disease, known to affect the anterior
leaflet more severely and more often than the
posterior [44], while bi-leaflet involvement is more
common in dogs with more advanced disease [45].
It is also noteworthy that the PLL was not indexed
to the BW, because previous studies of healthy
dogs failed to detect a relationship between PLL
and body size [22]; however the dogs affected by
MMVD in this study weighed significantly less than
the healthy ones and a difference in PLL due to
this difference cannot be excluded.

Tenting height, area and volume were sig-
nificantly reduced in affected dogs compared to
healthy ones. This finding can be explained by a
combination of leaflet prolapse and flattening of
the valvular apparatus. In fact, for the software
used in this study, it is necessary to perform the
analyses during mid-systole when prolapse, if
present, reduces the space between the annular
plane and leaflets (i.e. tenting). Our data contrast
with what has been reported in humans with
functional MR [46,47], where the lack of coapta-
tion is caused by tethering and excess tenting of
the valve. Surprisingly, our findings are also in
contrast with what has been reported in humans
with mitral prolapse, using a similar technique
[48]. However, the variability in techniques of
image acquisition, off-line analyses, and pop-
ulations involved in these studies need to be taken

into account and do not allow a straightforward
comparison of these data.

Limitations

The relatively small number of dogs involved in
this study, particularly in the stage C group that
included just 11 dogs, was a limitation. Groups also
differed with respect to age and BW, and although
the effect of BW was minimized by appropriate
standardization when necessary, controlling for
the age of the subject was not attempted in this
study. Additionally, as required by the software
used, all measurements were performed during
mid-systole; while this could be considered the
optimal phase of the cardiac cycle for evaluation
of annular structure and the presence of prolapse,
the coapted position might not be optimal for
evaluation of the individual leaflets. Moreover, the
relatively low volume rate (i.e. volumes acquired
per second, 3D analog of the frame rate in con-
ventional 2D ultrasonography) reported for this
technique in other studies, in association with the
heart rate of dogs undergoing an echocardio-
graphic examination, could cause the analyses to
be performed at different phases of systole for
different dogs. We did not attempt to standardize
the therapy in the different groups, and evaluation
of the effect of different therapies on MV mor-
phology was beyond the scope of this study. The
results must be considered in the context of mul-
tiple comparisons which increase the likelihood
that a type I statistical error may occur. Statistical
corrections that reduce the family wide error rate
reduce power, and were not applied because the
detected differences were directionally con-
sistent, the p-values were generally very low and
because the work is novel. Finally, the cross-
sectional nature of this study did not allow us to
determine whether the differences detected were
the cause or the consequence of the pathophy-
siologic processes involved in MMVD, or if any of
the variables have prognostic utility.

Conclusions

Use of RT3DE has allowed for further elucidation of
the anatomy of the canine MV than previous
imaging modalities have allowed. This study dem-
onstrated that the MV of dogs affected by MMVD
differed from that of healthy dogs in several
morphological aspects. Affected dogs had an
increased sphericity and a decreased saddle shape
of the MV annulus, as well as a decreased tenting
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height, area and volume. This study also demon-
strated significant differences in multiple RT3DE
MV measurements between dogs with varying
severities of MMVD. Further studies are required to
better elucidate the cause vs. effect relationship
between the studied RT3DE measurements and
their impact on both the predisposition to, and the
progression of, MMVD in dogs.
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Abstract 

Objectives: To determine whether the mitral valve (MV) morphology of healthy Cavalier King 

Charles Spaniels (CKCSs) differs from the morphology of healthy dogs of other breeds using 

transthoracic real time 3D echocardiography (RT–3DTTE).

Animals: 35 healthy CKCSs and 41 healthy dogs of other breeds.

Methods: Dogs underwent physical examination, conventional echocardiography, and RT–

3DTTE. RT–3DTTE datasets were analyzed using dedicated software for MV morphologic 

analysis. Morphologic variables were compared between CKCSs and dogs of other breeds. 

Results: The MV of healthy CKCSs has a smaller anterolateral-posteromedial diameter 

(p=0.0387), annulus height (p=0.0021), tenting height (p<0.0001), tenting area (p<0.0001), tenting 

volume (p=0.0001) and area of the posterior leaflet (p=0.0080) compared to healthy dogs of 

other breeds.

Conclusions: The MV of CKCSs is flatter and has reduced tenting compared to the MV of other 

breeds. These morphologic features could confer a mechanical disadvantage, and play a role in 

the predisposition of this breed to the early development of myxomatous mitral valve disease.

44



Abbreviations 

AHCWR annulus height to commissural width ratio 

AnH annulus height 

ANOVA analysis of variance 

BW body weight 

CKCS Cavalier King Charles Spaniel 

MMVD myxomatous mitral valve disease 

MR mitral regurgitation 

MV mitral valve 

nALA normalized anterior leaflet area 

nALL normalized anterior leaflet length 

nALPMD normalized anterolateral-posteromedial annulus diameter 

nAnA normalized annulus area 

nAnCirc normalized annulus circumference 

nAPD normalized antero-posterior annulus diameter 

nCmD normalized commissural diameter 

NPA non-planar angle 

nPLA normalized posterior leaflet area 

nTnV normalized tenting volume 

PLL posterior leaflet length 

RT–3DTTE real-time transthoracic three-dimensional echocardiography 

SI annulus sphericity index 

SLU Swedish University of Agricultural Sciences 

TnA tenting area 

TnH tenting height 

VMCVM VA-MD College of Veterinary Medicine 

45



Introduction 

Compared to other breeds of dogs, Cavalier King Charles Spaniels (CKCSs) have an earlier onset 

of myxomatous mitral valve disease (MMVD), and a higher prevalence of the disease at a given 

age [1–3]. Fifty percent of CKCSs are affected by the age of 6-7 years, and almost 100% are 

affected by the age of 11 [2–4]. Also, it is known that the development and severity of MMVD in 

CKCSs is highly heritable [5].  

The pathology of MMVD has been extensively described, but little is known of the cause or 

mechanisms that trigger the observed pathologic changes. The mitral valve (MV) annulus is a 

hyperbolic paraboloid (commonly described as “saddle-shaped”) [9,10]. This geometry, 

consistent across a number of mammalian species [11], confers a mechanical advantage and is 

important for optimizing leaflet curvature, reducing leaflet stress, and maintaining valve 

competency [11–14]. Differences in MV apparatus morphology and presumably, the mechanical 

forces acting on the valve were suggested as a stimulus for signaling pathways that contribute to 

myxomatous degeneration and its progression [6–8]. Abnormal stresses on canine MV have been 

postulated to play a role in the pathogenesis and progression of MMVD in dogs, since they have 

been directly linked in vitro to an increased expression of myxomatous effector proteins [15]. 

Therefore, a breed-specific difference in MV apparatus morphology may alter mechanical stresses 

on valve leaflets that can activate signaling pathways that contribute to myxomatous degeneration 

and its progression. Data from our laboratory show that the analysis of canine MV using RT–

3DTTE is feasible and repeatable, and that healthy dogs have an elliptical, saddle-shaped MV, with 

parameters defining this shape very similar to those described in healthy humans [10,11,16]. In 

contrast, dogs affected by MMVD have a more circular and flatter MV [17], therefore lacking 

some of the aforementioned favorable geometric characteristics. Based on the results of these 
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studies, we wanted to analyze the MV morphology of healthy CKCSs and compare it to the MV 

morphology of healthy dogs of other breeds. We hypothesized that the MV of CKCSs would 

have morphologic differences compared to dogs of other breeds. 

Animals, Materials and Methods 

Animals: In this study, we prospectively enrolled dogs from two institutions: VA-MD College of 

Veterinary Medicine (VMCVM), and Swedish University of Agricultural Sciences (SLU). After 

interview of the pet-owner, each dog was subject to: physical examination including 

comprehensive cardiac auscultation, conventional 2D / color Doppler echocardiography, and 

acquisition of a RT–3DTTE dataset. To be enrolled in the study, dogs had to be older than 1 year 

of age, and without a history of cardiac disease. Additional inclusion criteria comprised: tolerance 

of a complete echocardiographic examination without need of sedation, absence of evidence of 

MMVD at conventional 2D and color Doppler examination, and acquisition of RT–3DTTE 

datasets free from stitching artifacts. Dogs with murmurs graded 1/6 or 2/6 were not excluded 

provided all inclusion criteria were met.  

Methods: The RT–3DTTE datasets were acquired using two different ultrasound unitsc,d equipped 

with matrix probese,f,g. MMVD was identified when color Doppler echocardiography 

demonstrated a mitral regurgitant jet that was consistently evident in a right parasternal four-

chamber view, and/or a left apical four chamber view, and associated with MV thickening and/or 

prolapse. All RT–3DTTE datasets were imported into a computer workstation equipped with a 

dedicated software for MV analysish, and analyzed offline by a single operator (GM). Mitral models 

were created using a semi-automated procedure, and manually reviewed to identify and correct 

tracing errors, as previously described [10]. Morphologic variables were automatically measured 

and calculated on the MV models, and variables known to be significantly related to body size 
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were scaled using allometric equations reported elsewhere [10]. The following variables were 

obtained: normalized antero-posterior annulus diameter (nAPD), normalized anterolateral-

posteromedial annulus diameter (nALPMD), normalized commissural diameter (nCmD), annulus 

sphericity index (SI) calculated as APD/ALPMD, annulus height (AnH), normalized annulus 

circumference (nAnCirc), normalized annulus area (nAnA), normalized anterior leaflet length 

(nALL), normalized anterior leaflet area (nALA), posterior leaflet length (PLL), normalized 

posterior leaflet area (nPLA), non-planar angle (NPA), tenting height (TnH), tenting area (TnA), 

normalized tenting volume (nTnV). The ratio of AnH and CmD (AHCWR) was calculated as an 

index of non-planarity of the mitral annulus [11]. This study was approved by the Institutional 

Animal Care and Use Committee at Virginia Tech, VA, and by the Ethical Committee for Animal 

Welfare in Uppsala.  

Data analysis: Data describing sex, age, body weight (BW), breed, institution of image acquisition, 

and the values of the MV morphologic variables, were entered into a spreadsheet and analyzed 

using commercially available softwarei. Dogs were divided in two groups: CKCSs and dogs of other 

breeds. CKCSs were subdivided based on the institution at which images were acquired - VMCVM 

(VMCVM-CKCSs), or SLU (SLU-CKCSs). Proportions of males, age, BW, and the MV 

morphologic variables were compared between CKCSs and dogs of other breeds, and between 

VMCVM-CKCSs and SLU-CKCSs. Normal distribution of data was assessed by visual inspection 

of normal quantile plots. Homoscedasticity of data was assessed using a Levene’s test. Normally 

distributed data are presented as mean ± standard deviation, while data that were not normally 

distributed are presented as median (25th – 75th percentile).  

Differences in the proportion of males between two groups were assessed using Fisher’s exact 

test. Differences in continuous variables between two groups were assessed using an unpaired 
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Student’s t-test when data followed a normal distribution, Mann–Whitney U test when data were 

not normally distributed, and Welch’s test when the homoscedasticity assumption was not met. 

Given the finding of an age difference between CKCSs and dogs of other breeds, a possible 

relationship between the MV morphologic variables and age was investigated using simple linear 

regression. A p-value corrected for multiple comparisons ≤ 0.05 was considered significant for 

all tests. 

 

Results 

Seventy-six dogs were enrolled in the study: 35 CKCSs and 41 dogs of other breeds, of which 

the most represented (count ≥ 3) breeds were mixed breed (n=17), Beagle (n=4), and Border 

Collie (n=3). Forty-seven dogs (of which 14 were CKCSs) were enrolled at the VA-MD College 

of Veterinary Medicine, and 29 (of which 21 were CKCSs) were enrolled at the Swedish 

University of Agricultural Sciences. Fifty-three dogs were females (of which 28 were CKCSs), and 

23 were males (of which 7 were CKCSs).  

CKCSs vs dogs of other breeds: Differences between CKCSs and dogs of other breeds are 

summarized in Table 1. There was no difference in proportion of males between CKCSs and 

dogs of other breeds (p=0.085). The median age for all dogs was 3.4 years (2.6 – 5.8 years), and 

CKCSs were significantly younger than dogs of other breeds. The median BW for all dogs was 

10.1 kg (8.5 – 19.5 kg), and CKCSs weighed significantly less than dogs of other breeds. No 

difference was found between CKCSs and dogs of other breeds regarding nAPD, nCmD, SI, 

nAnCirc, nAnA, nALL, nALA, nPLL, NPA, and AHCWR. The nALPMD was significantly smaller 

in CKCSs than in dogs of other breeds. The AnH was smaller in CKCSs, compared to dogs of 
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other breeds (Figure 1), as well as the nPLA was smaller in CKCSs than in dogs of other breeds. 

TnH, TnA, and nTnV were smaller in CKCSs than in dogs of other breeds (Figure 1). 

VMCVM-CKCSs vs SLU-CKCSs: Differences between VMCVM-CKCSs and SLU-CKCSs are 

summarized in Table 2. There was no difference in proportions of males between VMCVM-

CKCSs and SLU-CKCSs (p=0.40). The ages of the VMCVM-CKCs and SLU-CKCS were not 

significantly different, and there was no difference in BW between these two groups. No 

difference was found between VMCVM-CKCSs and SLU-CKCSs in regard to nAPD, nALPMD, 

nCmD, SI, AnH, nAnCirc, nAnA, nALL, nALA, nPLA, NPA, AHCWR. The PLL was significantly 

greater in VMCVM-CKCSs than in SLU-CKCSs. Tenting height, TnA, and nTnV were significantly 

smaller in SLU-CKCSs compared to VMCVM-CKCSs. There was no relationship between age 

Figure 1 Box and whiskers plots of annulus height and tenting variables in Cavalier King Charles 
Spaniels and dogs of other breeds. CKCS=N: Dogs of other breeds; CKCS=Y: Cavalier King Charles 
Spaniels dogs; AnH: Annulus height; TnH: Tenting height; TnA: Tenting area; nTnV: normalized 
tenting volume. The boxes contain the 25th – 75th percentile and the horizontal line within each box 
represents the median. The whiskers extend from the 5th to the 95th percentile. 
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and any MV morphologic variable in the entire study population (all p values >0.16), nor among 

CKCSs (all p values >0.13) and dogs of other breeds (all p values >0.11). 

Table 1 Differences in body weight, age, and MV morphologic variables between Cavalier King Charles Spaniels and dogs of 
other breeds. Normally distributed data are presented as mean ± SD, not normally distributed data are presented as median 
(25th – 75th percentile). Groups were compared with an unpaired Student’s t–test unless indicated by a superscript letter 
beside the variable. 
a = differences analyzed using a Mann–Whitney U test 
b = differences analyzed using a Welch’s test 

Variable CKCSs Other breeds p-value

Agea 2.83 (2.00 – 4.42) 4.67 (3.04 – 6.33) 0.0042

BWb 8.44 ± 1.19 17.70 ± 5.78 <0.0001 

nAPD 1.03 ± 0.12 1.05 ± 0.11 0.3077 

nALPMD 1.13 ± 0.12 1.18 ± 0.13 0.0387 

nCmD 1.07 ± 0.11 1.10 ± 0.13 0.1374 

SIa 0.95 (0.91 – 0.98) 0.92 (0.88 – 0.95) 0.0725 

AnHb 0.46 ± 0.11 0.56 ± 0.17 0.0021 

nAnnCirc 3.63 ± 0.37 3.73 ± 0.36 0.1307 

nAnA 0.98 ± 0.19 1.03 ± 0.19 0.1301 

nALL 0.63 ± 0.11 0.62 ± 0.10 0.5932 

nALA 0.53 ± 0.13 0.55 ± 0.13 0.2569 

PLLb 1.06 ± 0.36 1.05 ± 0.27 0.8449 

nPLA 0.57 ± 0.15 0.66 ± 0.18 0.0080 

NPA 151.27 ± 11.26 151.71 ± 14.14 0.4401 

TnHb 0.26 ± 0.12 0.42 ± 0.18 <0.0001 

TnAb 0.42 ± 0.15 0.79 ± 0.34 <0.0001 

nTnVa 0.09 (0.05 – 0.13) 0.14 (0.10 – 0.20) <0.0001 

AHCWR 0.22 ± 0.05 0.21 ± 0.05 0.8294 
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Table 2 Differences in body weight, age, and MV morphologic variables between Cavalier King Charles Spaniels enrolled at 
the VA-MD College of Veterinary Medicine (VMCVM–CKCSs) and CKCSs enrolled at the Swedish University of Agricultural 
Studies (SLU–CKCSs). Normally distributed data are presented as mean±SD, not normally distributed data are presented as 
median (25th – 75th percentile). Groups were compared with an unpaired Student’s t–test unless indicated by a superscript 
letter beside the variable. 
a = differences analyzed using a Mann–Whitney U test 
 

 
 

  

       Variable  VMCVM–CKCSs  SLU–CKCSs  p-value 

       Agea  2.92 (1.27 – 4.46) 

 

 2.83 (2.13 – 3.79)  0.8926 

BW  8.49 ± 1.27  8.41 ± 1.17  0.8590 

nAPD  1.04 ± 0.14  1.03 ± 0.11  0.3684 

nALPMD  1.16 ± 0.13  1.11 ± 0.11  0.1359 

nCmD  1.09 ± 0.12  1.05 ± 0.10  0.1187 

SI  0.92 ± 0.06  0.95 ± 0.06  0.9001 

AnH  0.45 ± 0.09  0.47 ± 0.12  0.7179 

nAnnCirc  3.71 ± 0.40  3.58 ± 0.34  0.1736 

nAnA  1.02 ± 0.21  0.95 ± 0.18  0.1710 

nALL  0.66 ± 0.11  0.61 ± 0.11  0.1050 

nALA  0.56 ± 0.13  0.50 ± 0.13  0.0942 

PLL  1.43 ± 0.22  0.82 ± 0.19  <0.0001 

nPLA  0.58 ± 0.18  0.55 ± 0.13  0.2937 

NPA  152.05 ± 10.72  150.76 ± 11.84  0.3702 

TnH  0.30 ± 0.11  0.23 ± 0.12  0.0401 

TnA  0.47 ± 0.14  0.38 ± 0.15  0.0290 

nTnV  0.11 ± 0.05  0.08 ± 0.05  0.0212 

AHCWR  0.21 ± 0.04  0.23 ± 0.06  0.8968 
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Discussion 

This study demonstrates that the MV morphology of healthy CKCSs differs from that of healthy 

dogs of other breeds. Specifically, the MV of CKCSs was flatter than in dogs of other breeds, 

having a reduced AnH and reduced leaflet tenting, as demonstrated by reduced TnH, TnA, and 

nTnV (Figure 2). It is known that the morphology of the MV has an effect on the stress acting on 

the leaflets and on the tensioning apparatus [11–14], and therefore an abnormal valvular shape 

could alter the forces applied on the MV during each cardiac cycle. These abnormal stresses on 

canine MV have been postulated to play a role in the pathogenesis and progression of MMVD in 

dogs, since they have been directly linked to an increased expression of myxomatous effector 

proteins (such as α-smooth muscle actin and matrix metalloproteinases), chondrogenic markers 

(such as bone morphogenic protein and collagen type 2), and endogenous serotonin synthesis 

(up-regulation of tryptophan hydroxylase 1) [15]. The differences between the MV morphology 

of CKCSs and dogs of other breeds did not include 3D indexes of annular non-planarity, such as 

AHCWR or NPA, that have been associated with increased leaflet stress [11,13]. However, 

leaflets’ spatial configuration, is another fundamental characteristic that potentially minimizes 

valvular peak stress [11,18]. Interestingly, the four variables found to differ between healthy 

CKCSs and healthy dogs of other breeds (AnH, TnH, TnA, nTnV), are the same four MV 

Figure 2 Mitral valve model obtained using RT–3DTTE and offline analysis of a Cavalier King Charles Spaniel 
(left, A) and a dog of another breed (i.e. Basenji) (right, B). It can be noticed that the leaflet tenting (space 
contained in the red line) and the height of the annulus (blue bar pointed by the blue arrow) are reduced 
in the Cavalier King Charles Spaniel. 
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morphologic variables that our group found altered in a mixed population of dogs affected by 

MMVD without cardiac remodeling (i.e. ACVIM Stage B1) [17]. This finding supports the 

hypothesis that morphologic alterations of the valve could represent factors that predispose to 

the development of the disease, rather than changes that result from disease status, as has been 

proposed in humans [19]. However, a longitudinal study is needed in order to test this hypothesis.  

The tenting variables were also significantly reduced in the CKCSs enrolled at SLU, when 

compared to the ones enrolled at VMCVM. This difference could arise from several sources. 

First, it might be that the lineages of the two study populations were different. However, 

evaluation of pedigrees was not part of this study, and therefore this is speculation. Also, there 

is no report regarding an earlier development of MMVD among CKCSs in Sweden, compared to 

CKCSs in the Unites States [2,20]. Second, the difference between these two populations of 

CKCSs could reflect inter-operator variability, or differences in equipment used at the two 

centers.  

The differences in age between CKCSs and dogs of other breeds, and between CKCSs of the 

two institutions, should not have had an impact on the results of this study. In fact, simple linear 

regression analysis failed to identify a significant linear relationship between MV morphologic 

variables and the age of the dogs, both among the entire population, and in the four 

subpopulations used for data analysis. Interestingly, this might also suggest that the morphologic 

variables measured in this and previous studies [10,21] are intrinsic characteristics of the MV and 

of its apparatus that do not change throughout the life of the dogs, at least in the range of ages 

analyzed in this study (1 – 10 years); however, given the cross-sectional nature of the study, and 

the fact that dogs were selected based on disease status and therefore have a comparably narrow 

distribution in age, this is speculation. 
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There was also a difference in BW between CKCSs and dogs of other breeds and as previously 

reported, some measurements of MV morphology are significantly related to BW [10]. However, 

in the current study, the variables known to be significantly related to body sizes had been 

standardized using allometric indexes derived from a population of healthy dogs [10], therefore 

eliminating the effect of body sizes on the morphologic variables. 

Limitations 

Datasets analyzed in this study were acquired in two different centers, equipped with two 

different ultrasound units, and by multiple operators. This could have introduced some variability 

in the data. Therefore, the differences in MV morphologies found between CKCSs examined in 

the two centers, could be attributed to a center bias. The influence of these factors should have 

been minimized by the nature of the three-dimensional technique, in which the operator has very 

limited influence on the final dataset. Moreover, one operator using the same software, analyzed 

all the datasets, which should have further minimized the variability. However, an influence of a 

parameter intrinsic to the two different acquisition platforms, such as the volume-rate of the 

acquisition, cannot be excluded. An assessment of the inter-center variation, would require the 

same dog to be examined in both institutions, which was not feasible. Furthermore, dog’s 

pedigrees information were not acquired, therefore whether the CKCSs examined belong to 

different lineages is unknown.  

Conclusion 

The MV of CKCSs, as assessed by RT–3DTTE and offline dedicated analysis, is shorter, has 

reduced leaflet tenting, and has a smaller posterior leaflet, compared to dogs of other breeds. 
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These morphologic differences could represent factors that predispose to early onset of MMVD 

in this breed, but a longitudinal investigation is required in order to confirm this hypothesis. 

Footnotes 

c) Artida, Toshiba Medical Systems, Tokyo, Japan  
d) IE33, Philips Medical Systems, Andover, MA 
e) PST-25SX matrix-array transducer, Toshiba Medical Systems, Tokyo, Japan 
f) X2-7, Philips Medical Systems, Andover, MA 
g) X1-3, Philips Medical Systems, Andover, MA 
h) 4D MV-Analysis 2.3, TomTec Imaging Systems, Unterschleissheim, Germany 
i) JMP Pro 11, SAS Institute Inc., Cary, NC, 1989-2013
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Abstract 

Objectives: to determine feasibility and repeatability of measuring the anatomical regurgitant 

orifice area (AROA) using real-time 3D transthoracic echocardiography (RT3DE) in dogs with 

myxomatous mitral valve disease (MMVD), and to investigate differences in the AROA of dogs 

with different disease severity and in different American College of Veterinary Internal Medicine 

(ACVIM) stages.  

Animals: 81 privately-owned dogs diagnosed with MMVD. 

Methods: the echocardiographic database of our institution was retrospectively searched for dogs 

diagnosed with MMVD and RT3DE dataset acquisition. Dogs were classified into mild, moderate 

or severe MMVD according to a Mitral Regurgitation Severity Score (MRSS), and into stage B1, 

B2 or C according to ACVIM staging. The RT3DE datasets were imported into dedicated 

software and a short axis plane crossing the regurgitant orifice was used to measure the AROA. 

Feasibility, inter- and intra- observer variability of measuring the AROA was calculated. 

Differences in the AROA between dogs in different MRSS and ACVIM stages were investigated. 

Results: The AROA was measurable in 60 datasets out of 81 selected to be included in the study 

(74.1%). The inter- and intra-observer coefficients of variation were 26% and 21%, respectively. 

The AROA was significantly greater in dogs with a severe MRSS compared to dogs with mild 

MRSS (p=0.045). There was no difference between the AROA of dogs in different ACVIM clinical 

stages.  

Conclusions: obtaining the AROA using RT3DE is feasible and might provide additional 

information to stratify mitral regurgitation severity in dogs with MMVD. Diagnostic and 

prognostic utility of the AROA deserves further investigation.  
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Abbreviation Table  

%CV Coefficient of variation 

2DE Two-dimensional echocardiography 

ACVIM American College of Veterinary Internal Medicine 

AROA Anatomic regurgitant orifice area 

BW Body weight 

EROA Effective regurgitant orifice area 

LA Left atrial 

LA:Ao Left atrial to aortic root ratio 

LA Vol/BW Left atrial volume indexed to body weight 

MMVD Myxomatous mitral valve disease 

MR Mitral regurgitation 

MRSS Mitral regurgitation severity score 

MV Mitral valve 

RT–3DTTE Real-time three-dimensional transthoracic echocardiography 
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Introduction 

Myxomatous mitral valve disease (MMVD) is the most common acquired cardiac disease in dogs, 

and the most common cause of congestive heart failure in this species [1,2]. Current classification 

of severity of MMVD in dogs is based on both clinical signs and identification of cardiac remodeling 

by radiographs and echocardiography [3]. In humans, classification of severity of MMVD is mainly 

based on echocardiographic criteria [4] with particular attention posed on quantification of mitral 

regurgitation (MR) [5,6]. In fact, in humans the severity of MR is associated with prognosis in 

patients with MMVD [5,7]. It is unclear whether the severity of MR is an independent predictor 

of survival in dogs with MMVD, however, several studies indirectly suggest that this is also true 

in this species [8–10].  

One of the main factors affecting MR severity is the size of the orifice through which MR occurs 

[11,12]. Cardiac Magnetic Resonance Imaging is considered the gold standard to assess the mitral 

regurgitant orifice, but this technique has several limitations in veterinary medicine including 

requirement for general anesthesia, time, and specific personnel and equipment, therefore 

resulting in elevated costs and poor applicability in clinical settings. Two-dimensional 

echocardiography (2DE), in combination with Doppler based techniques is currently the method 

of choice for non-invasive evaluation of MR in both humans and dogs [4,9,11,13]. However, 

obtaining information about the size of the orifice using 2DE and Doppler techniques could be 

time-consuming, and is demonstrated to suffer from limitations that could arise from 

misalignment of the scanning plane with the regurgitant jet, and shape and direction of the MR jet 

[11].  

In humans, measuring the area of the regurgitant orifice during systole, i.e. planimetry of the 

anatomic regurgitant orifice area (AROA), using real-time three-dimensional echocardiography 
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(RT3DE), proved to be a feasible and accurate way to assess MR [12,14]. Moreover, analysis of 

the AROA has demonstrated several advantages compared to other conventional techniques, as 

it is relatively fast and non-invasive  [4,12,13]. To the best of our knowledge, no attempt has been 

made in veterinary medicine to calculate the AROA using RT3DE in dogs affected by MMVD. 

The aims of this study were: 1) to determine feasibility and repeatability of the AROA 

measurements using real-time 3D transthoracic echocardiography (RT3DE) in dogs affected by 

MMVD; 2) to determine whether the AROA obtained using RT3DE relates to the severity of MR 

assessed by an echocardiographic scoring system (MRSS) [15] and to the American College of 

Veterinary Medicine (ACVIM) clinical staging. 

Animals, Materials and Methods 

The echocardiographic database of the Comparative Cardiovascular Research Lab of the Virginia-

Maryland College of Veterinary Medicine was searched for client-owned dogs referred to the 

Cardiology service of the same institution in a period comprised between July 2013 and June 

2015. Inclusion criteria were: echocardiographic diagnosis of MMVD, availability of RT3DE 

datasets, and availability of a complete echocardiographic examination. The conventional 

echocardiographic examination comprised acquisition of standard M-mode, 2D, and Doppler 

blood flow measurements using standard planes [16] with continuous electrocardiographic 

monitoring using an ultrasound unitc equipped with 1.5–10 MHz phased array transducers. 

Additionally, RT3DE datasets of the mitral valve (MV) were acquired from a left apical acoustic 

window using the same ultrasound unitc equipped with a matrix array transducer.d All the RT3DE 

datasets were acquired using a full-volume four beats acquisition. Myxomatous mitral valve 

disease in included dogs was diagnosed based on the echocardiographic identification of MV 

thickening and/or prolapse in combination with the presence of MR identified by color Doppler. 
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Exclusion criteria were the use of sedative drugs during echocardiographic examination and the 

presence of other acquired or congenital cardiovascular disorders other than MMVD. 

In all dogs, the AROA was measured using commercial dedicated software.e Three-dimensional 

datasets optimized for acquisition of the MV were sorted, and a dataset of appropriate quality 

and free from stitching artifacts crossing the MV was selected for measuring the AROA. Two 

orthogonal long-axis planes and a third plane, orthogonal to the other two, and therefore 

representing a short axis plane, were simultaneously visualized. A mid systolic frame was selected 

for the analysis. When the number of systolic frame was even, the operator arbitrarily chose one 

of the two central frames of the sequence. The long-axis planes were aligned perpendicular to 

the MV leaflets, in order to identify the assumed location of the regurgitant orifice. From this 

view the short axis plane was aligned so that it crosses the center of the regurgitant orifice. In 

this latter plane, the area (in cm2) of the orifice in the MV (AROA) was manually tracked [14] (Fig. 

1). One observer conducted the measurements in all dogs. The number of datasets in which it 

was possible to measure the AROA was recorded and the feasibility of this technique was 

expressed as the percentage of datasets in which the AROA could be obtained over the total 

dogs fulfilling the inclusion criteria. In addition, 9 volume loops from 9 different patients were 

randomly selected among the ones in which the AROA was obtained, and, on these loops, the 

AROA measurement was performed twice by the same observer and also twice by a second 

observer. These data were used to assess intra-observer repeatability and inter-observer 

reproducibility of the AROA.  

All patients were classified according to the ACVIM staging guidelines [3]. Cardiac remodeling 

was defined as presence of echocardiographic evidence of left atrial (LA) enlargement (left atrial 

volume calculated the biplane area-length method [17] indexed to body weight (LA Vol/BW) >1.1 
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ml/kg and/or left atrial to aortic root 

ratio (LA:Ao) >1.5) [15], and increased 

left ventricular end-diastolic dimensions 

(compared to expected dimensions) 

[17]. For each patient, a MR severity 

score (MRSS) was also calculated using a 

previously reported method [15] 

integrated with the LA dimensions, to 

assess overall MR severity. The MRSS of 

this study was therefore determined 

using the following parameters: Color 

Doppler regurgitant jet area [18], peak 

velocity of the mitral inflow [19], left 

ventricular internal dimension in 

diastole  [20], leaflet anatomy [21], density of the continuous wave Doppler MR signal [13], and 

LA enlargement using LA volume (LA Vol/BW) and/or the left atrial aortic root ratio (LA:Ao), 

prioritizing LA Vol/BW (Table 1) [15]. Individual scores for each of the parameters were summed 

to obtain the MRSS, and total score assigned patients to their MR severity class (mild: 4-7, 

moderate: 8-12, severe: >12). Due to our inclusion criteria, dogs in this study could have a MRSS 

ranging from 6 to 17.  

Fig. 1 Obtaining the AROA from RT3DE data set. In a mid-
systolic frame, two orthogonal long-axis planes are moved 
using the pink and the yellow dotted lines parallel to the 
supposed regurgitation orifice and perpendicular to the MV 
leaflets (A and B). The short axis plane (light blue line) is 
aligned so that it crosses the center of the regurgitant orifice 
so that planimetry of the regurgitant orifice area can be 
performed in the short axis surgical view of the mitral valve 
obtained (C). The lower right image shows a 3D overview 
(D). LV, left ventricle; MV, mitral valve leaflets; LA, left 
atrium; AROA, anatomic regurgitant orifice area. 
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Table 1 Classification system for mitral regurgitation severity (MRSS) for dogs with MMVD, based on echocardiographic parameters. 
The score for each variable is calculated and the sum of the scores provides the MRSS. Four MRSS categories are defined: Normal 
(MRSS=3), Mild (4≤MRSS≤7), Moderate (8≤MRSS≤12), Severe (MRSS>12). (Modified from Wesselowski S, Borgarelli M, Bello NM, 
Abbott J. Discrepancies in Identification of Left Atrial Enlargement Using Left Atrial Volume versus Left Atrial-to-Aortic Root Ratio in 
Dogs. J Vet Intern Med 2014;28:1527–1533.) 

   Score   

 Echocardiographic Parameter 0 1 2 3 
Color Doppler regurgitant jet area None, or trivial <20% of LA area 20-40% of LA area >40% of LA area 

Mitral inflow  E wave <1.2 m/s E wave >1.2 m/s 
(dec. time >80 ms) 

E wave >1.2 m/s 
(dec. time <80 ms) 

Left ventricular internal dimension in 

diastole  Normal Enlarged (<20% over upper 

reference limit for BW) 
Enlarged (>20% over upper 

reference limit for BW) 
Leaflet anatomy  Normal Thickening / mitral valve 

prolapse Flail leaflet 

CW Doppler MR jet density None Incomplete/faint Dense  
LA enlargement: 
LA:Ao and LA volume 

LA:Ao ≤ 1.5 AND 
LAvol ≤ 1.1 ml/Kg 

1.5 < LA:Ao ≤ 1.7,  

OR 1.1 < LAvol ≤ 1.3 ml/Kg 
1.7 < LA:Ao ≤ 2.0, 

OR 1.3 < LAvol ≤ 1.5 ml/Kg 
LA:Ao > 2.0, 

OR LAvol > 1.5 ml/Kg 
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Statistical Analysis 

Intra- and inter-observer repeatability of the AROA measurements was calculated as % coefficient 

of variation (%CV). The %CV was calculated for each dog, and is presented as mean (min – max). 

More, a variance component analysis was performed, using a nested random effect model. The 

effects of dog, observer (inter-observer), and measurement instance (i.e. repeated measure on 

the same image by the same observer) were evaluated and are reported as % of total variance. 

The distributions of age, BW and AROA were tested using the Shapiro-Wilk test. Normally 

distributed data are presented as mean ±SD, while non-normally distributed data are presented 

as median (25th – 75th percentile). Baseline characteristics of dogs in which measuring the AROA 

was possible or not were compared using a Chi-Square test, an unpaired Student’s T-test, or a 

Wilcoxon signed rank test, as appropriate for data characteristics and distribution.  

Differences in the AROA between dogs in different MRSS classes, as well as in different ACVIM 

clinical stages were evaluated using a Kruskall-Wallis test. When this test disclosed statistically 

significant differences, post-hoc evaluation with a Dunn’s Test was performed to determine 

differences between individual groups. A level of p≤0.05 was considered significant for all the 

statistical tests. 

Results 

Eighty-one dogs were enrolled in the study, of which 46 (57%) were males and 35 (43%) were 

females, with a mean age of 10.05 ± 2.63 years, and median BW of 9.8 kg (7.3 – 15.2 kg). In 21 

patients the AROA could not be obtained because of poor dataset quality or presence of stitching 

artifacts in the RT3DE examinations. The feasibility of the technique was therefore 74%. 
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The remaining 60 dogs in which the AROA was measurable consisted of 32 males and 28 females, 

with a mean age of 10.25 ± 2.63 years and median BW of 9.6 kg (7.23 – 13.08). Twenty-five 

breeds were represented. 11 dogs were of mixed breed origin. The most common breed was 

Cavalier King Charles Spaniel (n=11), followed by Shih Tzu (n=4), Beagle (n=3), Dachshund (n=3) 

and Lhasa Apso (n=3). The remaining 19 breeds were represented by two or less dogs each. 

Twenty-two dogs were classified as ACVIM Stage B1, 29 as Stage B2, and 9 were classified as 

Stage C. Of the 60 patients, 15 dogs were classified as mild MRSS, 28 dogs as moderate MRSS 

and 17 as severe MRSS. 

Dogs in which it was feasible to measure the AROA had a lower BW than dogs in which the 

AROA was not measurable (p=0.03). Between dogs with or without planimetry of the AROA, 

there was no difference in sex proportions (p=0.28) or age (p=0.27). 

The inter- and intra-observer coefficients of variation of measuring the AROA were 26% (0 - 

64%) and 21% (0 – 35%), respectively. Variance component analysis showed that most of the 

variation was due to observer (41.1%), followed by measurement instance (31.6%) and dog 

(27.3%).  

Fig. 2 Box-and-Whiskers plot of the AROA in different ACVIM clinical 
stages. 
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There was no significant difference between the AROA of dogs in different ACVIM stages 

(p=0.170, Fig. 2). A statistically significant difference was found between the AROA and different 

MRSS classes (p=0.046). The AROA was significantly greater (p=0.045) in dogs with a severe 

MRSS [0.06 cm2 (0.04 – 0.08 cm2)] compared to the ones with mild MRSS [0.03 cm2 (0.02 – 0.06 

cm2)]. There was no significant difference in the AROA between dogs in mild and moderate [0.04 

cm2 (0.03 – 0.06 cm2)] MRSS class (p=0.84) or moderate and severe MRSS (p=0.28) (Fig. 3). 

Discussion 

This is the first study aimed to measure the AROA in dogs affected by MMVD using RT3DE. In 

74% of the RT3DE datasets it was feasible to measure the AROA. In the other 26% (21 patients) 

poor image resolution or stitching artifacts did not allow measuring the AROA. The feasibility of 

measuring the AROA reported in human studies is generally higher [4,14,22]. Particularly, Lange 

and colleagues found a feasibility of 95% when measured from the atrial side and 89% when 

measured from the ventricle [4]. This higher feasibility is likely due to the fact that those studies 

were performed using transesophageal echocardiography, which increases resolution and 

Fig. 3 Box-and-Whiskers plot of the AROA in different MRSS classes. The 
asterisk indicates a significant difference. 
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therefore the quality of the datasets, compared to RT3DE. Dogs in which it was feasible to 

measure AROA had a significantly lower BW compared to the ones in which AROA was not 

measurable and this could hypothetically be due to the fact that the same matrix-array transducer 

was used in all patients, which might provide a better resolution and less stitching artifacts in 

smaller patients. This finding is in accordance with a previous report on RT3DE in dogs using the 

same equipment, where the technique proved to be more feasible in smaller dogs, when used for 

analyzing the MV of a mixed canine population.f 

The inter- and intra-observer %CVs for the AROA, and the variance component analysis, suggest 

that the observer contributed the most to the variability. Individual observer preferences on the 

level of zooming, brightness and contrast of the images, and the accuracy in tracing the AROA 

could have contributed to this. Standardizing the technique of measuring the AROA and providing 

more training to observers should be considered in order to improve the variability. However, 

part of the variability could be intrinsic of the technique and equipment used. In fact, the relatively 

low volume rate, when compared to the heart rate of dogs undergoing an echocardiographic 

examination, allows the acquisition of only few systolic frames. The AROA was measured in what 

appeared as a mid-systolic frame but, given the low temporal resolution, it is possible that the 

AROA was measured in different phases of the systole. Since the regurgitant orifice is dynamic 

during the systole [23,24], this could cause variability in the AROA measurement in the same 

dog, or also among our population of dogs. Also, we did not attempt to evaluate intra-patient 

beat-to-beat variability of AROA, which could introduce another source of variation. More, 

individual patients do vary in BW, thoracic conformation, fat percentage and cooperation during 

ultrasound, which causes variation in resolution.  
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In this study patients were classified by both ACVIM staging and MRSS. Although there is little 

conclusive evidence that MR severity can be used as a prognostic factor in veterinary medicine 

as it is in human medicine, there are various studies that support this hypothesis [26–28]. 

Currently, no gold standard exists for quantification of MR severity in veterinary medicine. 

Therefore, a combined assessment with 2DE and Doppler echocardiography is still the method 

of choice for noninvasive evaluation of MR severity [13,25]. The scoring system used in this study, 

is attempting this by combining several established echocardiographic parameters which are 

either associated with a worse prognosis in both pre-clinical and clinical dogs with MMVD 

[9,26,27], or are validated to assess MR severity [13,18,19]. The system has been used in 

veterinary medicine before [15], and it is based on previously published recommendations for 

echocardiographic evaluation of the MR severity in humans and dogs [13,30,31]. Combining the 

parameters allows internal verification of interpretation and takes physiologic conditions that 

could alter the accuracy of certain parameters into account. Ultimately, the MRSS gives the 

opportunity to compare MR severity with the AROA.  

The AROA did not show any difference between ACVIM Stages. This is not an unexpected result. 

In fact, this classification is meant for linking appropriate treatment recommendations to the 

clinical stages, and it does not strictly evaluate MR severity. Although partially related to 

development of clinical sign, MR severity is not the only determinant for the development of 

clinical signs. Hence, it was not expected that the AROA would have been related to ACVIM 

staging, while the difference found between the AROA and MRSS classes mild and severe was 

expected, as it can be hypothesized that a bigger AROA would result in a more severe MR and 

therefore more severe MRSS.  
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Most limitations of this study are related to its retrospective design. Some dogs were excluded 

because they had incomplete echocardiographic studies or RT3DE datasets where of insufficient 

quality. Also, the AROA was not compared to other echocardiographic methods for evaluating 

MR, like the effective regurgitant orifice area (EROA) or the vena contracta width. In human 

medicine, there is good correlation between AROA and EROA and in one study the former was 

found to be more reproducible than the latter, although the bias between the two techniques 

increases in patients with eccentric jets [4,28]. However, it is necessary to underline that in the 

referenced studies AROA was calculated using three-dimensional transesophageal 

echocardiography which has a better spatial resolution compare to RT3DE, but would have 

limited application in clinical veterinary settings.  

Another limitation is that we cannot rule out unconscious bias due to the lack of a blind study 

design. Although ACVIM stage and MRSS score could have been blinded, it is not possible to 

avoid expectations on disease severity based on subjective echocardiographic findings while 

measuring the AROA. Lastly, there is a limited number of dogs enrolled in the study and an 

imbalance in patient groups. In fact, only 9 dogs were in Stage C, against 22 and 29 in B1 and B2, 

respectively. This might have limited our ability to detect differences between these groups. 

According to MRSS classes instead, dogs are more equally distributed, but each individual class 

comprises relatively few dogs. 

Conclusions 

This study shows that it is feasible to obtain the AROA in dogs with MMVD using RT3DE. The 

AROA of patients with severe MR, as assessed by a combination of conventional 

echocardiographic variables, is greater than the one of patients with mild MR. Further 
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standardization of the technique is required to improve inter- and intra-observer variability, and 

investigate the diagnostic and prognostic potential of this variable. 

Footnotes 

c. Artida, Toshiba Medical Systems, Tokyo, Japan

d. PST-25SX matrix-array transducer, Toshiba Medical Systems, Tokyo, Japan

e. 4D Cardio-View 3.0 TomTec Imaging Systems, Unterschleisssheim, Germany

f. G. Menciotti, M. Borgarelli, S. Wesselowski, J. Abbott. Quantitative evaluation of canine mitral

valve in dogs using three-dimensional echocardiography. In: Research Communications of the 24th 

ECVIM-CA Congress. J Vet Intern Med 2015;29:423–484 
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Accuracy of Noninvasively Determined Pulmonary 
Artery Pressure in Dogs with Myxomatous Mitral 
Valve Disease (MMVD) 

G. Menciotti,a M. Borgarelli,a M. Aherne,a J.A. Abbotta

a Department of Small Animal Clinical Sciences, VA–MD College of Veterinary Medicine, 

Blacksburg, VA. 

Disclosure: The present study is still ongoing, and only preliminary results are presented in this 

dissertation. Two different observers measured the invasive pressure tracings and the 

echocardiographic images (JA and MB, respectively), blind to the results obtained by the other 

observer. The pressure values obtained from the same dog with the two techniques were then 

matched by a third observer unrelated to the study, and both dogs’ identity and the nature of 

the technique used for obtaining each value were anonymized. The resulting table of matched 

pairs of pressures was then analyzed. 
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Materials and methods 

Animals: Data presented in this report had been collected from dogs presented for cardiac 

evaluation to the cardiology service of the VA–MD College of Veterinary Medicine. To be 

enrolled in this study, dogs had to weigh 5 kg or more and be affected by MMVD in ACVIM Stage 

B2 or “stable” Stage C [1]. Echocardiographic criteria defining MMVD were: presence of a 

consistent MR jet assessed by Doppler echocardiography associated with evidence of thickened 

and/or prolapsing MV leaflets at 2D echocardiographic examination. Stage B2 was defined by a 

left atrium to aortic root ratio > 1.7 [2] and a normalized left ventricular diameter > 1.7 

(according to Cornell’s method) [3], provided that the patient never had clinical signs of heart 

disease or had never been treated with cardiovascular drugs. Stable stage C was defined as dogs 

with MMVD that have, or have had, radiographic pulmonary edema. Before enrollment, patients 

receiving cardiovascular drugs had to be stable in their treatment, without a change in dosages of 

any drug, for at least 1 month. All dogs enrolled had to have measurable tricuspid regurgitant 

(TR) jet. All dogs enrolled had a normal renal function assessed by blood evaluation of creatinine 

and urea. Dogs with PH not due to MMVD were excluded from the study. 

All dogs enrolled in the study had a consent form signed by the owner. The study was approved 

by the Virginia Tech Institutional Animal Care and Use Committee (IACUC #16-092). 

Methods: Clinical variables: The following clinical variables were collected: breed, sex, age, 

presence/absence of dyspnea, presence/absence of cough, presence/absence of syncope, 

presence/absence of exercise intolerance, drugs currently administered. 

Blood pressure measurement: a cuff of appropriate size was positioned on right or left limb. A 

Doppler probe was positioned under the cuff and once the sound of blood flow was clearly heard 

the cuff was be inflated. The cuff was then slowly de-inflated until blood flow sounds were 
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detected. Dogs were minimally restrained in lateral recumbency during this procedure to prevent 

excessive movement. 

Sedation: To obtain uniform, comparable and more accurate measurements, and to mitigate stress 

during the procedures, all patients were sedated prior to echocardiographic examination and 

cardiac catheterization: an IV catheter was placed in the cephalic or saphenous vein and dogs 

were administered acepromazine (0.03 mg/kg IV) and buprenorphine (0.007 mg/kg IV). This 

sedation protocol is reported not to have significant hemodynamic effects [4].  

Doppler estimation of systolic pulmonary artery (PA) pressure: Systolic PA pressure was estimated by 

the simplified Bernoulli equation using the peak velocity of TR (PASP = 4 x TR2). No attempt to 

add a clinical estimate of right atrial pressure was performed in this preliminary report. 

Echocardiographic examination and cardiac catheterization were performed simultaneously.  

Right ventricular catheterization: Cefazolin (20 mg/kg/IV) was administered immediately before, and 

90 minutes and 8 hours after, catheterization. Dogs were positioned in left lateral recumbency, 

and after infiltration of the subcutis with lidocaine, a sheath-introducer system was aseptically 

placed into the right external jugular vein using the modified Seldinger technique. For recordings 

of intracardiac and intravascular pressures, a multi-lumen, flow-directed catheter equipped with 

a thermistor was connected to a fluid-filled pressure transducer system. Atmospheric pressure, 

with the transducer positioned at the level of the right atrium, was taken as zero-pressure 

reference. The analogue pressure signal was amplified and subject to digital conversion (MP150 – 

BioPac) for display and then storage on a laptop computer. A simultaneously recorded 

electrocardiogram was also digitally stored. Commercially available software (Acqknowledge – 

BioPac) was used to view and analyze the digitally stored data. The catheter was also attached to 

a dedicated cardiac output (CO) computer (Baxter Healthcare Corporation [Edwards Com-2]) 
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for determination of CO by thermodilution, averaging the values obtained by 3 to 5 injections of 

iced 5% dextrose (5cc per injection). The tip of the catheter was sequentially advanced to the 

right atrium, right ventricle, PA and then to the “wedge” position. In general, catheter 

manipulations were guided by observation of the distinctive pressure contours of the relevant 

chambers and vessels. However, fluoroscopy was available to guide or confirm catheter 

placement if necessary. 

Statistical Analysis: Data were visually assessed for normality using normal quantile plots. All 

continuous data followed a normal distribution and are therefore presented as mean ± SD. 

Pearson correlation was generated to evaluate association of between the two methods. Linear 

regression equations were determined and evaluated for goodness of fit (r2). Bland-Altman 

analysis was used to describe the agreement between the two methods, reported as the bias and 

95% limits of agreement. Given the concealed nature of the two methods during this preliminary 

analysis, it was impossible to determine which of the two methods represented the “gold 

standard”, therefore the analysis of receiver operating characteristic curves to determine the 

accuracy of Doppler estimation of systolic PA pressure was not attempted. 
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Results 

Thirteen dogs were enrolled in the study in a period comprised between 5/14/2014 to 2/23/2017. 

Cardiac catheterization failed in 1 of the dogs, due to the impossibility of percutaneously 

puncturing the right jugular vein despite several attempts. One dog was excluded from the data 

analysis because of the impossibility to obtain a clean PA trace.  

Data regarding breed, sex, age, presence/absence of dyspnea, respiratory rate, heart rate, 

presence/absence of cough, presence/absence of syncope, presence/absence of exercise 

intolerance, and treatment are reported in Table 1. The mean age of the examined dogs was 

10.86 ± 3.23 years and the mean body weight was 12.60 ± 6.12 kg. The most represented breeds 

were CKCSs, Whippet, and Mixed breed, with two dogs enrolled per each breed. The remaining 

dogs enrolled in the study were one Bichon Frisee, one Border Collie, one Dachshund, one 

Miniature Schnauzer and one Shetland Sheepdog. The mean blood pressure was 128.61 ± 30.02 

mmHg. At enrollment, 1 dog was reported to have dyspnea, 4 cough, 3 syncope, and 3 exercise 

intolerance. Nine dogs were classified as ACVIM Stage B2 and 2 as ACVIM Stage C at the moment 

of enrollment. Three dogs were receiving pimobendan, 1 dogs an ace-inhibitor (enalapril), and 2 

furosemide. The mean CO was 1.36 ± 0.78 L/min, which represents a mean cardiac index 

(CO/Body Weight) of 113 ± 4 mL/Kg/min. Table 2 represents the 22 matched PA pressures 

obtained from the 11 analyzed dogs. The mean pressure resulting from using “Method X” was 

23.92 ± 9.86 mmHg, while the one resulting from using “Method Y” was 24.67 ± 7.75 mmHg. 
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Variable Value 
Age (years) 10.86 ± 3.23 

Weight (Kg) 12.60 ± 6.12 

Sex (M/F) 5/6 

Breeds 

CKCS (2), 
Whippet (2),  

Mixed Breed (2), 
Bichon Frisee (1), 
Border Collie (1), 
Dachshund (1), 

Min Schnauzer (1), 
Shetland Sheepdog (1) 

IBP 128.61 ± 30.02 

Dyspnea (Y/N) 1/10 

Cough (Y/N) 4/7 

Syncope (Y/N) 3/8 

Exerc. Int. (Y/N) 3/8 

ACVIM (B2/C) 9/2 

Pimobendan (n.) 3 

Ace-I (n.) 1 

Furosemide (n.) 2 

Method X 
(mmHg) 

Method Y 
(mmHg) 

11.6 22.2 

22.6 22.3 

40.8 34.9 

9.5 13.5 

25.8 25.3 

38.7 28.9 

17.0 30.7 

22.3 21.5 

19.6 10.8 

29.6 34.6 

Table 1 – Characteristics of the 11 examined 
dogs. Data are presented as mean ± SD.  
IBP: Invasive blood pressure. The rows 
relative to Pimobendan, Ace-I and 
Furosemide report how many dogs were 
treated with the drug. 

 

Table 2 – Measured and estimated systolic PA pressure. Each row 
reports the systolic PA pressure measured invasively and the one 
estimated using the modified Bernoulli equation applied to peak 
tricuspid regurgitant jet. The type of measurement and the dog 
identifier were anonymized before analysis. 
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Pearson correlation coefficient between the two techniques was 0.6725 (p=0.0234) and the linear 

regression between the measurements obtained with the two techniques is represented in Fig. 

1.  

Fig. 2 represents a Bland-Altman plot of the PA measurements obtained with the two techniques. 

The mean difference between the measurements obtained with the two techniques (Method Y - 

Method X) was 0.75mmHg. The 95% confidence interval of the mean difference included 0, 

indicating the absence of a significant bias. Visual analysis of the plot indicated also absence of a 

trend towards under- or overestimation of one technique respect to the other in the range of 

pressures measured. The upper and lower 95% limits of agreement between the two techniques 

were +15.98mmHg and -14.47mmHg, respectively, which indicates that results obtained by 

Method Y may be 15.98mmHg above or 14.47mmHg below the measurement obtained by 

Method X.  

Fig. 1 Measurements obtained using Method X 
plotted against measurements obtained using 
Method Y. A linear regression line is fitted to the 
data. 
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Comment 

The preliminary analysis reported here indicates that the two techniques used for obtaining the 

systolic PA pressure are significantly related, but they do not present good agreement. The 95% 

limits of agreement reported here are narrower than what previously reported in a canine 

experimental model of pulmonary embolism [5], but it must be noticed that the range of 

pressures examined in the present study is significantly narrower than the one in the 

experimental model. However, the entity of the limits of agreement reported here indicates 

that one method could either underestimate or overestimate the other by about 15mmHg. 

Given the order of magnitude of systolic PA pressures in normal dogs, and dogs with PH, this 

represent a clinically relevant error that can be introduced in the patient’s evaluation. 
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Fig. 2 Bland–Altman plot. The mean of the 
measurements obtained with the two 
methods is plotted against the difference 
between the two measurements. The red 
line represents the mean difference, and 
the dotted red line represent the 95% 
confidence interval of the mean difference. 
The green lines represent the upper (U 
95%) and lower (L 95%) limits of 
agreement. 
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Conclusions 

In conclusion, analyzing the MV of dogs using RT–3DTTE is feasible, repeatable, and provides 

valuable information. The morphology of the MV is generally elliptical and saddle-shaped in 

healthy dogs, with most of the morphologic variables related to the size of the dogs in an 

allometric fashion. Dogs affected by MMVD have a MV with a disrupted morphology, which is 

overall more circular and flatter than the MV of healthy dogs. Some morphologic characteristics 

are related to the severity of the disease. The height of the annulus and the degree of leaflets’ 

tenting are reduced in dogs at early stages of the disease, before significant cardiac remodeling 

has occurred. The MV of healthy CKCSs presents the same morphologic alterations when 

compared to the MV of a mixed population of healthy dogs of other breeds. Given the importance 

of MV biomechanics, and the known link between abnormal valvular stress and development of 

myxomatous degeneration, this supports speculations on whether these morphologic 

characteristics represent predisposing factors for the disease development in dogs. A longitudinal 

study is required in order to confirm this hypothesis. 

From the results of the studies reported here, we can also conclude that RT–3DTTE is a feasible 

way to measure AROA in dogs with MMVD, and that AROA is different between dogs with mild 

and severe MMVD. However, we must also conclude that the technique used in our study is 

poorly repeatable and reproducible, most likely for a lack of standardization of the technique and 

for technical constraints. 

The preliminary and blind nature of the data regarding the accuracy of pulmonary arterial 

pressure estimation using Doppler echocardiography allows for only limited conclusion: the two 
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techniques have wide 95% limits of agreement. Both under- and over-estimation of one of the 

two techniques is present, in some cases reaching magnitudes of 15mmHg. 

Future directions 

In the future, we would like to prospectively enroll CKCSs for a longitudinal study of MV 

morphology and age of onset of the disease. Given the results presented in this dissertation, we 

hypothesize that there will be a relationship between morphologic aspects of the MV and the age 

of onset of MMVD in this breed, with dogs that present a flatter valve presenting an earlier onset 

of the disease. 

We also would like to better standardize the 3D evaluation of the regurgitant orifice of dogs 

affected by MMVD, in order to obtain a reliable index of the severity of the regurgitation, which 

could also have important diagnostic and prognostic implications. 

Lastly, we will continue to enroll dogs in the study evaluating the accuracy of Doppler 

echocardiography for estimating pulmonary artery pressure. When 20 dogs will be enrolled, we 

will analyze the data and we will be able to calculate the accuracy of the Doppler estimation of 

pulmonary artery pressure in dogs with MMVD.
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