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Abstract

Background: The effective arterial elastance (Ea) to left ventricular (LV) end-systolic

elastance (Ees) ratio (Ea/Ees) is an index of the interaction between LV and systemic

arterial systems, left ventricular-arterial coupling (VAC). The Ea is an index of total

arterial load of the LV, whereas Ees is an index of LV systolic function. In humans,

inappropriate VAC based on increased Ea/Ees estimated using echocardiography is

associated with more advanced heart disease severity.

Hypothesis: Left ventricular-arterial coupling assessed by echocardiographic estima-

tion of Ea/Ees is associated with disease severity in dogs with myxomatous mitral

valve disease (MMVD).

Animals: Ninety MMVD dogs and 61 healthy dogs.

Methods: Prospective cross-sectional study. The MMVD dogs were classified into

stages B1, B2, or C according to American College of Veterinary Internal Medicine

guidelines. Effective arterial elastance was echocardiographically estimated using the

formula: mean blood pressure/(forward stroke volume/body weight). End-systolic

elastance was echocardiographically estimated using the formula: mean blood pres-

sure/(LV end-systolic volume/body weight). The ratio Ea/Ees was calculated.

Results: The ratio Ea/Ees was higher in stage B2 dogs than in healthy dogs and dogs

stage B1 (both P < .0001), and higher in stage C dogs than in healthy dogs and dogs

in the other 2 stages (healthy vs C and B1 vs C, P < .0001; B2 vs C, P = .0005). Multi-

variable logistic regression analysis showed that Ea/Ees and the peak velocity of early

diastolic transmitral flow to isovolumic relaxation time ratio were independent predic-

tors of stage C among echocardiographic indices in MMVD dogs.

Abbreviations: A0 , peak velocity of the late diastolic wave of myocardial velocity; A, peak velocity of the late diastolic wave of transmitral flow; ACVIM, American College of Veterinary Internal

Medicine; CV, coefficient of variation; E0 , peak velocity of the early diastolic wave of myocardial velocity; E, peak velocity of the early diastolic wave of transmitral flow; Ea, effective arterial

elastance; Ees, left ventricular end-systolic elastance; ESV, left ventricular end-systolic volume; FSV, forward stroke volume; IVRT, isovolumic relaxation time; LA/Ao, left atrial to aortic ratio;

LVIDDN, left ventricular end-diastolic internal diameter normalized for body weight; LVIDSN left ventricular end-systolic internal diameter normalized for body weight; MBP, mean blood

pressure; MMVD, myxomatous mitral valve disease; PI, prediction interval; S0 , peak velocity of the systolic wave of myocardial velocity; VAC, left ventricular-arterial coupling.
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Conclusions and Clinical Importance: Inappropriate VAC assessed by ech-

ocardiographically estimated Ea/Ees is associated with advanced disease severity in

dogs with MMVD.

K E YWORD S

dogs, Ea/Ees, elastance, heart failure, mitral regurgitation

1 | INTRODUCTION

Myxomatous mitral valve disease (MMVD) is the most common acquired

heart disease of dogs in many countries.1,2 Progressive myxomatous

degeneration of mitral valve apparatus leads to mitral regurgitation, which

eventually can cause severe left-sided volume overload, ultimately leading

to left-sided heart failure and death.1,2

The interaction between the left ventricle and systemic arterial

systems is termed left ventricular-arterial coupling (VAC). It is related

to the pump efficiency of the left ventricle, and the deterioration of

VAC plays an important role in the pathophysiology of various heart

diseases.3,4 In humans, VAC has been assessed invasively by obtaining

left ventricular pressure-volume loops during cardiac catheterization

to determine the effective arterial elastance (Ea) to the left ventricular

end-systolic elastance (Ees) ratio (Ea/Ees).3,4 End-systolic elastance is

an index of left ventricular systolic function and has been determined

as the slope of the end-systolic pressure-volume relationship of left

ventricular pressure-volume loops obtained during acutely altered

loading conditions.3,4 Effective arterial elastance is an index of the

total arterial load of the left ventricle, and has been determined as the

ratio of the left ventricular end-systolic pressure to the left ventricular

stroke volume.3,4 Recently, in humans, Ea/Ees has been noninvasively

estimated by echocardiography using various approaches.3,5-8 Nota-

bly, previous studies found that inappropriate VAC on the basis of

increased Ea/Ees estimated by echocardiography is associated with a

more advanced heart failure function class (New York Heart Associa-

tion function class) or poorer prognosis in human patients with heart

disease.7,8

To our knowledge, echocardiographic estimation of VAC has not

been reported in dogs with naturally occurring heart disease. Our aim

was to determine the VAC status estimated by echocardiography in

dogs with MMVD. Our hypothesis was that inappropriate VAC

assessed by echocardiographic estimation of Ea/Ees would be asso-

ciated with advanced disease severity in dogs with MMVD.

2 | MATERIALS AND METHODS

The study received ethical approval from the Hokkaido University,

Sapporo, Hokkaido, Japan (Approval No. 18-0152). The study con-

sisted of a clinical cross-sectional study and a repeatability study. Each

owner signed an informed consent form before recruitment into the

clinical cross-sectional study.

2.1 | Clinical cross-sectional study

Dogs that were presented to the Veterinary Teaching Hospital, Grad-

uate School of Veterinary Medicine, Hokkaido University and under-

went echocardiographic examination were prospectively recruited

into the study from April 2017 to August 2018. Recruited dogs under-

went standard echocardiographic studies including B-mode, M-mode,

pulsed-wave Doppler, and color Doppler imaging for various reasons,

including cardiac murmur, clinical signs possibly associated with cardiac dis-

ease (eg, cough, respiratory distress, syncope), and pre-anesthetic assess-

ment. Among the recruited dogs, dogs were included as MMVD dogs in

the study: (a) if they had a systolic cardiac murmur with a point of maxi-

mum intensity over the left cardiac apex and (b) if they were ech-

ocardiographically diagnosed with MMVD on the basis of the identification

of mitral regurgitation by color Doppler imaging with the presence of mitral

valve prolapse or any degree of mitral valve thickening on B-mode imaging.

In addition, among the recruited dogs, dogs were included as healthy dogs

if they had no cardiac abnormalities on the basis of complete physical

examination, measurement of systemic arterial blood pressure, ECG, and

abovementioned standard echocardiographic studies. Dogs were excluded

from the study: (a) if their body weights were >15 kg (the study was

intended to include only small breed dogs), (b) if they had congenital heart

disease, dilated cardiomyopathy, or other acquired heart disease (eg, infec-

tive endocarditis), (c) if they had a hemodynamically relevant arrhythmia (ie,

arrhythmias other than sinus arrhythmia, sinus bradycardia, sinus tachycar-

dia, a single atrial premature complex, or a single ventricular premature

complex), (d) if they had clinically relevant extracardiac disease that

might affect cardiac function or hemodynamics (eg, chronic kidney

disease [plasma creatinine concentration ≥1.4 mg/dL]; azotemia that

had developed after commencement of cardiovascular medications

including loop diuretics was permitted), systemic hypertension (sys-

tolic blood pressure >170 mm Hg), hyperadrenocorticism, or (e) if they

were sufficiently anxious that their motion (eg, trembling) was

deemed likely to make the systemic arterial blood pressure measure-

ment unreliable. Each dog was included only once in the study.

The MMVD dogs were classified into stage B1, B2, or C according to

the American College of Veterinary Internal Medicine (ACVIM) consensus

statement.1 Stage B1 included asymptomatic dogs with MMVD that was

not sufficiently severe to meet echocardiographic criteria of left ventricu-

lar and atrial enlargement and trigger the use of pimobendan to delay the

onset of heart failure (ie, left atrial to aortic ratio [LA/Ao] <1.6 or left ven-

tricular end-diastolic internal diameter normalized for body weight

[LVIDDN] <1.7).1 Stage B2 included asymptomatic dogs with MMVD that
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was sufficiently severe to meet echocardiographic criteria of left ventricu-

lar and atrial enlargement and trigger the use of pimobendan to delay the

onset of heart failure (ie, LA/Ao ≥1.6 and LVIDDN ≥1.7).1 Stage C

included MMVD dogs with current or past clinical and radiographic evi-

dence of cardiogenic pulmonary edema.1

The following data were obtained by owner interviews and physi-

cal examinations: age, sex, body weight, breed, and medical history.

An oscillometric blood pressure device (petMAP graphic, Ramsey

Medical, Inc, Tampa, Florida) was used to obtain systolic, diastolic, and

mean (MBP) blood pressures according to the ACVIM consensus

statement.9 Dogs were manually restrained in ventral or lateral recum-

bency without sedation. An appropriately-sized cuff with a cuff width

30% to 40% of the circumference of the limb cuff site was placed on

the right or left forelimb. Blood pressure measurements were taken

repeatedly until 5 consecutive or nearly consecutive consistent (<20%

variability) values were recorded. The 5 recorded values were aver-

aged and used as the final result of blood pressure measurement.

Echocardiographic examinations were performed by 1 operator

(TO) using a commercially available ultrasonographic machine with a

3 to 6 MHz sector probe and simultaneous ECG recording (Artida,

Canon Medical Systems Corp., Ohtawara, Tochigi, Japan). Dogs were

manually restrained in right and left lateral recumbency without

sedation. All data were digitally stored and analyzed off-line by

1 investigator (TO). Echocardiographic examinations and analysis

were performed without blinding to clinical data and dog identity.

Heart rate was determined using RR intervals between 5 consecutive

cardiac cycles on ECG at the time when aortic Doppler flow was

recorded. From a right parasternal short axis view at the chordae

tendineae level, left ventricular M-mode variables including left ven-

tricular end-diastolic and end-systolic internal diameters and left

ventricular fractional shortening were measured using the leading

edge-to-leading edge method. Left ventricular end-diastolic internal

diameter normalized for body weight (LVIDDN) was calculated using

the following formula: left ventricular end-diastolic internal diameter

(cm)/body weight (kg)0.294.1,10 Left ventricular end-systolic internal

diameter normalized for body weight (LVIDSN) was calculated using

the following formula: left ventricular end-systolic internal diameter

(cm)/body weight (kg)0.315.10 From a 2-dimensional image of the

right parasternal short-axis view at the aortic root level, LA/Ao was

determined.1 Briefly, at a frame soon after the end of the T wave on

ECG, the aortic diameter was measured from inside edge to inside

edge along the junction of the noncoronary and left coronary cusps,

and the left atrial diameter was measured from inside edge to inside

edge on the same line as the aortic diameter (ie, Swedish method).1

From a left apical 4-chamber view, transmitral Doppler indices

including peak velocities of the early diastolic (E) and late diastolic

(A) waves and the E to A ratio (E/A) were recorded. When E and A

waves were partially fused, only E was recorded. From a left apical

4-chamber view, tissue Doppler indices including peak velocities of

the early diastolic (E0), late diastolic (A0), and systolic (S0) waves of

myocardial velocity were recorded with sample volume positioned at

the lateral mitral annulus. When E0 and A0 waves were partially

fused, only E0 was recorded. No dogs had completely fused E0 and A0

waves. The E to E0 ratio (E/E0) was calculated. From a left apical

5-chamber view, the isovolumic relaxation time (IVRT) was deter-

mined with a sample volume of 6 to 8 mm placed at an intermediate

position between the left ventricular inflow and outflow tracts.11

The E to IVRT ratio (E/IVRT) was calculated.

The Ees was estimated using the following formula: MBP/(left

ventricular end-systolic volume [[mL]/body weight kg]).5,6 The left

ventricular end-systolic volume (ESV) was determined using the

monoplane Simpson method of disc from a 2-dimensional image of

the left apical 4-chamber view.12 Briefly, in the end-systolic frame,

defined as the frame before mitral valve opening, manual tracing

along the endocardial border with papillary muscles included in the

ESV calculation from the septal side of the mitral annulus to the

other side was performed. Then, the left ventricular maximal length

was measured from the middle of the mitral annuli to the endocardial

border of the left ventricular apex. After these procedures, ESV was

calculated automatically by the ultrasonographic machine.12 The Ea

was estimated using the following formula: MBP/(forward stroke

volume [mL]/body weight [kg]).13,14 The forward stroke volume

(FSV) was calculated by multiplying the time velocity integral of the

aortic Doppler flow by the aortic luminal area. The aortic Doppler

flow was recorded from the subcostal 5-chamber view with sample

volume placed just distal to the aortic valve and manually traced to

obtain the time velocity integral. The aortic luminal area was deter-

mined by tracing the aortic lumen on the 2-dimensional image of the

right parasternal short axis view at the aortic root level,15 which was

used for the determination of LA/Ao. The Ea to Ees ratio (Ea/Ees)

was determined. As described above, ESV and FSV were normalized

for body weight (ie, divided by body weight) for the determination of

Ees and Ea, respectively. This was done because linear regression

analysis after logarithmic transformation of the data indicated that

the relationships between body weight and each of ESV and FSV

were linear in the healthy dogs enrolled in the study; the scaling

exponent (b) in the allometric equation (Y = aXb) was close to 1 for

ESV (b = 1.13) and FSV (b = 0.85).10 Forward cardiac output was cal-

culated by multiplying FSV by heart rate and normalized for body

weight by dividing it by body weight.

The mean of 5 consecutive cardiac cycles was calculated for ESV

and FSV, and the mean of 3 consecutive cardiac cycles was calculated

for the other conventional echocardiographic indices.

2.2 | Repeatability study

Six intact female beagle dogs (age, 1-3 years; body weight, 9.2-14.5 kg)

that were part of a research colony at the investigators' laboratory were

used in the repeatability study. All dogs were confirmed to be healthy

and to have no cardiac abnormalities on the basis of complete physical

examination, ECG, and standard echocardiographic studies including B-

mode, M-mode, pulsed-wave Doppler, and color Doppler imaging.

Each dog underwent echocardiographic examinations and blood

pressure measurements on 3 different days 1 week apart conducted

by 1 operator (TO). On a given day, each dog was examined 3 times
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(8 am-12 pm, 12-4 pm, and 4-6 pm). During each examination, Ees,

Ea, and Ea/Ees were estimated as described above.

2.3 | Statistical analysis

Statistical analysis was performed using commercially available soft-

ware (JMP pro version 14.0.0, SAS Institute, Inc, Cary, North Carolina;

IBM SPSS Statistics version 21, IBM Corp, Armonk, New York). The

level of significance was set at P < .05.

In this clinical cross-sectional study, the normal distribution of con-

tinuous data was confirmed using the Shapiro-Wilk test. Continuous

data are reported as mean (SD) for normally distributed data and

median (interquartile range [IQR]) for non-normally distributed data.

The overall difference among stages was determined by 1-way analysis

of variance for normally distributed data and using the Kruskal-Wallis

test for non-normally distributed data. Post hoc multiple comparisons

were performed by Tukey's honest significant difference test for nor-

mally distributed data and using the Steel-Dwass test for non-normally

distributed data. For categorical data, the overall difference among

stages was determined using Fisher's exact test and post hoc multiple

comparisons were made using Fisher's exact test with Bonferroni cor-

rection. Multivariable logistic regression analysis was performed to

determine independent predictors of stage C in MMVD dogs. Explana-

tory variables with P < .20 on univariable logistic regression analysis

including heart rate, conventional echocardiographic indices, Ees, Ea,

and Ea/Ees were selected and a stepwise forward selection method

with an entry criterion of P < .05 was used. The Hosmer-Lemeshow

test was performed to evaluate the goodness-of-fit of the generated

model. Multicollinearity of explanatory variables in the generated model

was assessed using the variance inflation factor. The 95% prediction

intervals (PIs) of Ees, Ea, and Ea/Ees were computed from the data in

the healthy dogs using the Reference Value Advisor with the robust

method with Box-Cox transformation.16,17

In the repeatability study, within-day and between-day coefficients

of variation (CVs) were determined using the following linear model:18

Yijk = μ+dayi +dogj + day× dogð Þij + εijk

where Yijk represents the kth value measured for dog j on day i, μ rep-

resents the general mean, dayi represents the differential effect of

day i, dogj is the differential effect of dog j, (day × dog)ij represents

the interaction term between day and dog, and εijk represents the

model error. The within-day SD was estimated as the residual SD of

the model, whereas the between-day SD was estimated as the SD of

the differential effect of day. The corresponding CVs were calculated

by dividing each SD by the mean.

3 | RESULTS

In this clinical cross-sectional study, 90 MMVD dogs including 38 in

stage B1, 32 in stage B2, and 20 in stage C, and 61 healthy dogs

were included. At the time of echocardiographic examinations, car-

diogenic pulmonary edema was present in 7 dogs in stage C and it

had been successfully controlled using cardiovascular medications in

13 dogs in stage C. Demographic data, medical history, and results

of blood pressure measurements are shown in Table 1. In MMVD

dogs, the most commonly represented breed was Chihuahua

(n = 26), followed by Pomeranian (n = 9), Toy Poodle (n = 9), Maltese

(n = 6), Miniature Dachshund (n = 6), and Shih Tzu (n = 6). In healthy

dogs, the most commonly represented breed was Chihuahua

(n = 13), followed by Miniature Dachshund (n = 9), Yorkshire Terrier

(n = 6), mixed breed (n = 5), Miniature Schnauzer (n = 4), and Pomer-

anian (n = 3). Age was older in stages B1, B2, and C than in healthy

dogs. Sex and body weight were not different among the stages.

The MMVD dogs in the more advanced stage were more likely to

have received cardiovascular drugs. Eight dogs in stage C were not

receiving any diuretic. Among them, 5 dogs underwent echocardio-

graphic examinations before discharge on PO cardiovascular drugs

including a loop diuretic for home care after the diagnosis of cardio-

genic pulmonary edema. In the other 3 dogs, after cardiogenic pul-

monary edema had been successfully controlled using angiotensin-

converting enzyme inhibitors, pimobendan, and diuretics, diuretics

could be tapered and finally discontinued before echocardiographic

examinations. These 3 dogs were successfully tapered off diuretics

2, 3, and 8 months before echocardiographic evaluations. The MBP

was not different among stages.

Results of echocardiographic examination are summarized in Table 2.

Heart rates were higher in stages B2 and C than in healthy dogs. The

LVIDDN and LA/Ao values increased with disease severity. The LVIDSN

and left ventricular fractional shortening were higher in stage B2 and C

dogs than in healthy dogs and stage B1 dogs. One dog in stage C had a

heart rate so rapid that transmitral E and A waves and myocardial E0 and

A0 waves were partially fused; A and A0 could not be determined in this

dog. No dogs had completely fused E and A waves or fused E0 and A0

waves. The E, E/A, E/E0, and E/IVRT values increased with disease sever-

ity. The E0 and S0 values were higher in stage B2 and C dogs than in

healthy dogs and stage B1 dogs. The A values were higher in stage B1

and B2 dogs than in healthy dogs. The A0 values were higher in stage B2

dogs than in dogs of the other 3 stages. The IVRT values were shorter in

stage C dogs than in dogs of the other 3 stages. The ESV values normal-

ized for body weight were higher in stage B2 and C dogs than in healthy

dogs and stage B1 dogs. The FSV values normalized for body weight

were lower in stage C dogs than in dogs of the other 3 stages. Forward

cardiac output values normalized for body weight were not different

among the stages.

The Ees values were lower in stage B2 and C dogs than in healthy

dogs and stage B1 dogs (Table 2; Figure 1A). The Ea values were

higher in stage C dogs than in dogs of the other 3 stages (Figure 1B).

The Ea/Ees values were higher in stage B2 dogs than in healthy dogs

and stage B1 dogs, and higher in stage C dogs than in dogs of the

other 3 stages (Figure 1C).

On the basis of univariable logistic regression analysis, heart rate,

LVIDDN, LVIDSN, LA/Ao, E, IVRT, E/IVRT, E0 , S0 , E/E0, Ees, Ea, and

Ea/Ees were selected (ie, P < .20) for multivariable logistic regression
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analysis to identify independent predictors of stage C in MMVD

dogs. The A, E/A, and A0 values were not selected despite

their P value on univariable logistic regression analysis (P < .20)

because these indices could not be determined in all enrolled

dogs. In multivariable logistic regression analysis with stepwise

forward selection, among abovementioned indices, Ea/Ees and

E/IVRT were identified as independent predictors of stage C in

MMVD dogs (Table 3).

The 95% PIs for Ees, Ea, and Ea/Ees were: Ees, 86.3-375.3 mm Hg/

mL/kg; Ea, 17.5-45.3 mm Hg/mL/kg; Ea/Ees, 0.05-0.34. The numbers of

dogs for which Ees, Ea, and Ea/Ees were outside of the 95% PIs in each

stage are shown in Table 4.

F IGURE 1 Box and whisker plot showing Ees (1A), Ea (1B), and Ea/Ees (1C) estimated by echocardiography in 90 dogs with MMVD (38 in
stage B1, 32 in stage B2, and 20 in stage C) and 61 healthy dogs. The boxes represent the interquartile range, with the horizontal lines within
each box representing medians. The vertical lines represent ranges. Different lower case letters above the vertical lines indicate significant
differences among stages. B1, stage B1; B2, stage B2; C, stage C; Ea, effective arterial elastance; Ea/Ees, Ea to Ees ratio; Ees, left ventricular end-
systolic elastance

TABLE 3 Multivariable logistic regression analysis to identify
independent predictors of stage C in dogs with myxomatous mitral
valve disease

Variable Odds ratio 95% CI P

Ea/Ees (per 0.1-unit increase) 1.628 1.228-2.158 .0007

E/IVRT (per 0.1-unit increase) 1.070 1.013-1.131 .02

Notes: Hosmer-Lemeshow test χ2 = 3.134, P = .93. This analysis included

90 dogs with myxomatous mitral valve disease, including 38 in stage B1,

32 in stage B2, and 20 in stage C.

Abbreviations: CI, confidence interval; E, peak velocity of the early

diastolic wave of transmitral flow; Ea, effective arterial elastance; Ees, left

ventricular end-systolic elastance; Ea/Ees, Ea to Ees ratio; E/IVRT, E to

IVRT ratio; IVRT, isovolumic relaxation time.
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In the repeatability study, the within-day and between-day CVs for

Ees were 5.4% and 7.6%, respectively. The within-day and between-

day CVs for Ea were 10.7% and 9.5%, respectively. The within-day and

between-day CVs for Ea/Ees were 6.5% and 6.1%, respectively.

4 | DISCUSSION

Our results show that inappropriate VAC indicated by an increase in

echocardiographically estimated Ea/Ees is associated with advanced

disease severity in dogs with MMVD. The increase in Ea/Ees in stage

B2 mainly was associated with the decrease in Ees, suggesting that

left ventricular systolic dysfunction mainly contributed to inappropri-

ate VAC in this stage. On the other hand, the increase in Ea/Ees in

stage C was associated with both the decrease in Ees and increase in

Ea, suggesting that both left ventricular systolic dysfunction and

increase in the total arterial load of the left ventricle contributed to

inappropriate VAC in this stage. Our study is the first to estimate VAC

using echocardiography in dogs clinically affected by MMVD.

In humans, several studies have reported that VAC assessed by

cardiac catherization or estimated by echocardiography was associ-

ated with disease severity or prognosis in patients with heart failure

with left ventricular systolic dysfunction.3,7,8 Nonetheless, few studies

have investigated the clinical relevance of VAC in patients with heart

failure associated with mitral regurgitation. A previous study that

enrolled a relatively small number of human patients with chronic

mitral regurgitation found that VAC assessed by cardiac catheteriza-

tion progressively deteriorated, mainly secondary to a progressive

decrease in Ees.14 In the previous study, Ea did not change signifi-

cantly with disease progression but a slight increase in Ea was

observed in patients with more advanced mitral regurgitation.14

Our results on the estimation of Ees suggest that left ventricular

systolic function worsens progressively with disease severity, leading to

inappropriate VAC in stages B2 and C. This finding is in agreement with

the abovementioned study that enrolled human patients with chronic

mitral regurgitation whose left ventricular systolic function was assessed

on the basis of Ees determined by cardiac catheterization.14 Echocardio-

graphic evaluation of left ventricular systolic function in dogs with

MMVD has been performed using conventional indices (eg, left ventric-

ular fractional shortening and ejection fraction) and novel indices (eg,

systolic tissue Doppler velocity, left ventricular systolic strain). However,

evaluation of left ventricular systolic function on the basis of these

echocardiographic indices has been problematic in dogs with MMVD

because of the enhancing effect of volume overload combined with

decreased total left ventricular afterload (distinct from total arterial load)

and increased sympathetic tone on echocardiographic indices of left

ventricular systolic function.19 For example, in a previous study that

included dogs with MMVD, left ventricular fractional shortening and left

ventricular systolic strain determined by 2-dimensional tissue tracking

echocardiography were enhanced in stage B2 and returned to normal in

stage C when compared with results in healthy dogs and stage B1

dogs.19 This normalization of these indices in stage C may indicate left

ventricular systolic dysfunction. In another study, left ventricular systolicT
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velocities recorded from various sites using tissue Doppler imaging were

enhanced or unchanged inMMVD dogs with congestive heart failure when

compared with those in MMVD dogs without congestive heart failure and

those of healthy dogs.20 Furthermore, in the previous study, left-sided vol-

ume overload assessed by LA/Ao was positively correlated with left ven-

tricular systolic velocity recorded by tissue Doppler imaging.20

In our study, Ea was estimated using FSV so that Ea should reflect

the total arterial load of the left ventricle, as in a previous study that

enrolled human patients with mitral regurgitation.14 Although Ea can

be estimated using total stroke volume (ie, left ventricular end-

diastolic volume minus ESV) instead of FSV, so that Ea should reflect

total left ventricular afterload,5-7 Ea estimated by this method is

affected by the low impedance provided by the left atrium in mitral

regurgitation, leading to difficulty in assessing the total arterial load of

the left ventricle and its interaction with the ventricular systolic func-

tion (ie, VAC).14 In addition, if Ea is estimated using the total stroke

volume, Ea/Ees is mathematically related to left ventricular ejection

fraction (ie, Ea/Ees equals [1/left ventricular ejection fraction] −1),

and therefore should not provide additional information to measure-

ment of left ventricular ejection fraction or fractional shortening.3

The results on Ea in our study suggest that the total arterial load

of the left ventricle increases in stage C, leading to more inappropriate

VAC in stage C when compared with stage B2. The total arterial load

of the left ventricle consists of steady and pulsatile components.3,4

The steady component depends largely on peripheral vascular resis-

tance. On the other hand, the pulsatile component is dependent

mainly on the properties of conduit arteries (eg, characteristic imped-

ance of aorta, arterial compliance). In general, Ea is mainly dependent

on the steady component of the arterial load with pulsatile compo-

nents of the arterial load minimally affecting Ea.3,4 Considering the

sympathetic activation and parasympathetic withdrawal associated

with advanced disease severity in MMVD,21 the increase in Ea in

stage C in our study could have been associated with the increase in

peripheral vascular resistance caused by the abovementioned changes

in sympathetic and parasympathetic activity. In addition, in theory, Ea

is highly affected by heart rate (ie, high heart rate leads to high Ea).3,4

Thus, the increase in heart rate associated with the abovementioned

changes in sympathetic and parasympathetic activity also might have

contributed to the increase in Ea in stage C in our study.

Notably, in our study, multivariable logistic regression analysis showed

that Ea/Ees was an independent predictor of stage C among the various

echocardiographic indices evaluated in MMVD dogs. In addition, the deter-

mination of Ea/Ees used in our study can be accomplished easily by using

application software generally provided on commercially available echocar-

diographic machines, and requires <5 minutes. These factors will motivate

further studies to evaluate the prognostic value of Ea/Ees in dogs with

MMVD. In humans with heart disease, Ea/Ees estimated using echo-

cardiography is a promising marker for prognostication and guidance

of treatment,3 although recommendations for clinical use of this index

remain to be established.

Unfortunately, comparison between our data and published experi-

mental data obtained invasively by left ventricular pressure-volume

loops in dogs is difficult for a number of reasons. Firstly, the body sizes

of the dogs enrolled in our study (<15 kg) and dogs used in previous

experimental studies (generally >15-20 kg) are quite different.6 Sec-

ondly, in the previous experimental studies using dogs, general anes-

thesia, mechanical ventilation, thoracotomy, or pericardectomy were

commonly used. Such procedures could have affected Ees, Ea, and

Ea/Ees. Thirdly, in the previous experimental studies that enrolled

dogs, Ea generally was determined using total stroke volume instead

of FSV. Therefore, mitral regurgitation (if present) in heart disease

model dogs makes the comparison between our data and published

experimental data difficult.

Our study had several limitations. Firstly, we did not perform car-

diac catherization for left ventricular pressure-volume loop analysis,

the gold standard for the determination of Ees and Ea. The estimation

accuracy of Ees and Ea in our study may not be high. In our study,

MBP was used for estimation of Ees and Ea because the oscillometric

blood pressure device used in our study was expected to predict MBP

more accurately and precisely than systolic blood pressure.22,23 In

humans, it is more common to use systolic blood pressure instead of

MBP for estimation for these indices.3,7,8 Secondly, the effects of car-

diovascular drugs administered to enrolled dogs on Ees, Ea, and

Ea/Ees are unknown. Thirdly, ours was a cross-sectional study, which

does not prove causality between the deterioration of VAC and dis-

ease severity of MMVD. Fourthly, sample sizes were small. Fifthly,

our study lacked blinding to the clinical data and dog identity at the

time when both a clinical cross-sectional study and repeatability study

were performed. This design feature might have caused bias in calcu-

lation of Ees and Ea in our study.

In conclusion, inappropriate VAC assessed by echocardiographic

estimation of Ea/Ees is associated with advanced disease severity in

dogs with MMVD. Inappropriate VAC indicated by the increase in

Ea/Ees was mainly associated with decreases in Ees in stage B2, and

was associated with both a decrease in Ees and an increase in Ea in

stage C. Multivariable logistic regression analysis showed that Ea/Ees

was an independent predictor of stage C in dogs with MMVD among

the various echocardiographic indices evaluated.

ACKNOWLEDGMENT

Funding provided in part by a Grant-in-Aid for Scientific Research

from the Ministry of Education, Culture, Sports, Science and Technol-

ogy and Japan Society for the Promotion of Science (No. 19K15970).

A portion of this data was presented at the 2019 American College of

Veterinary Internal Medicine Forum, Phoenix, Arizona.

CONFLICT OF INTEREST DECLARATION

Authors declare no conflict of interest.

OFF-LABEL ANTIMICROBIAL DECLARATION

Authors declare no off-label use of antimicrobials.

INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE

(IACUC) OR OTHER APPROVAL DECLARATION

Approval from Hokkaido University, Sapporo, Hokkaido, Japan

(Approval No. 18-0152).

86 OSUGA ET AL.



HUMAN ETHICS APPROVAL DECLARATION

Authors declare human ethics approval was not needed for this study.

ORCID

Tatsuyuki Osuga https://orcid.org/0000-0002-3440-8528

Keitaro Morishita https://orcid.org/0000-0001-8595-4994

Hiroshi Ohta https://orcid.org/0000-0002-3673-4319

Mitsuyoshi Takiguchi https://orcid.org/0000-0001-7648-7036

REFERENCES

1. Keene BW, Atkins CE, Bonagura JD, et al. ACVIM consensus guide-

lines for the diagnosis and treatment of myxomatous mitral valve dis-

ease in dogs. J Vet Intern Med. 2019;33:1127-1140.

2. Ljungvall I, Häggström J. Adult-onset valvular heart disease. In:

Ettinger SJ, Feldman EC, Côté E, eds. Textbook of Veterinary Inter-

nal Medicine. 8th ed. St. Louis, MO: Elsevier; 2017:1249-1269.

3. Ikonomidis I, Aboyans V, Blacher J, et al. The role of ventricular-

arterial coupling in cardiac disease and heart failure: assessment, clini-

cal implications and therapeutic interventions. A consensus document

of the European Society of Cardiology Working Group on Aorta &

Peripheral Vascular Diseases, European Association of Cardiovascular

Imaging, and Heart Failure Association. Eur J Heart Fail. 2019;21:

402-424.

4. Chirinos JA, Sweitzer N. Ventricular-arterial coupling in chronic heart

failure. Card Fail Rev. 2017;3:12-18.

5. Imasaka K, Tayama E, Tomita Y. Left ventricular performance early

after repair for posterior mitral leaflet prolapse: chordal replacement

versus leaflet resection. J Thorac Cardiovasc Surg. 2015;150:538-545.

6. Tanoue Y, Sese A, Ueno Y, Joh K, Hijii T. Bidirectional Glenn proce-

dure improves the mechanical efficiency of a total cavopulmonary

connection in high-risk Fontan candidates. Circulation. 2001;103:

2176-2180.

7. Ky B, French B, May Khan A, et al. Ventricular-arterial coupling, remo-

deling, and prognosis in chronic heart failure. J Am Coll Cardiol. 2013;

62:1165-1172.

8. Milewska A, Minczykowski A, Krauze T, et al. Prognosis after acute

coronary syndrome in relation with ventricular-arterial coupling and

left ventricular strain. Int J Cardiol. 2016;220:343-348.

9. Acierno MJ, Brown S, Coleman AE, et al. ACVIM consensus state-

ment: guidelines for the identification, evaluation, and management

of systemic hypertension in dogs and cats. J Vet Intern Med. 2018;32:

1803-1822.

10. Cornell CC, Kittleson MD, Della Torre P, et al. Allometric scaling of

M-mode cardiac measurements in normal adult dogs. J Vet Intern

Med. 2004;18:311-321.

11. Schober KE, Bonagura JD, Scansen BA, Stern JA, Ponzio NM. Estima-

tion of left ventricular filling pressure by use of Doppler

echocardiography in healthy anesthetized dogs subjected to acute

volume loading. Am J Vet Res. 2008;69:1034-1049.

12. Meyer J, Wefstaedt P, Dziallas P, Beyerbach M, Nolte I, Hungerbühler SO.

Assessment of left ventricular volumes by use of one-, two-, and three-

dimensional echocardiography versus magnetic resonance imaging in

healthy dogs. Am J Vet Res. 2013;74:1223-1230.

13. Kelly RP, Ting CT, Yang TM, et al. Effective arterial elastance as index

of arterial vascular load in humans. Circulation. 1992;86:513-521.

14. Starling MR. Left ventricular pump efficiency in long-term mitral

regurgitation assessed by means of left ventricular-arterial coupling

relations. Am Heart J. 1994;127:1324-1335.

15. Uehara Y, Koga M, Takahashi M. Determination of cardiac output by

echocardiography. J Vet Med Sci. 1995;57:401-407.

16. Friedrichs KR, Harr KE, Freeman KP, et al. ASVCP reference interval

guidelines: determination of de novo reference intervals in veterinary

species and other related topics. Vet Clin Pathol. 2012;41:441-453.

17. Geffré A, Concordet D, Braun JP, Trumel C. Reference value advisor:

a new freeware set of macroinstructions to calculate reference inter-

vals with Microsoft excel. Vet Clin Pathol. 2011;40:107-112.

18. Chetboul V, Athanassiadis N, Concordet D, et al. Observer-dependent

variability of quantitative clinical endpoints: the example of canine

echocardiography. J Vet Pharmacol Ther. 2004;27:49-56.

19. Mantovani MM, Muzzi RA, Pereira GG, et al. Systolic cardiac function

assessment by feature tracking echocardiography in dogs with myxo-

matous mitral valve disease. J Small Anim Pract. 2015;56:383-392.

20. Tidholm A, Ljungvall I, Höglund K, et al. Tissue Doppler and strain

imaging in dogs with myxomatous mitral valve disease in different

stages of congestive heart failure. J Vet Intern Med. 2009;23:1197-

1207.

21. Rasmussen CE, Falk T, Domanjko Petrič A, et al. Holter monitoring of
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