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Background: Decreased function of the left atrium (LA) is a useful prognostic indicator in dogs with myxomatous mitral

valve disease (MMVD). In humans, LA strain is a novel severity indicator of mitral regurgitation, but its clinical utility in

dogs has not been confirmed.

Objectives: To examine whether LA strain as evaluated with speckle-tracking echocardiography is associated with

MMVD stage in dogs.

Animals: Fifty-two client-owned dogs with MMVD.

Methods: Cross-sectional study. Dogs were classified as stage B1, B2, C, or D, according to the American College of

Veterinary Internal Medicine consensus. Physical examination findings and echocardiographic variables were compared

among the groups. To assess the comparative accuracy of echocardiographic variables in identifying dogs with the presence

or history congestive heart failure (CHF), receiver operating characteristic curves and multivariate logistic analysis were used.

Results: There were no significant differences in parameters of LA strain between B1 and B2 groups. However, LA longi-

tudinal strain during atrial contraction (eA) (median, 19.1%; interquartile range, 15.3–24.3% in B1, 19.6%; 14.1–21.4% in

B2, 6.2%; 3.18–11.2% in C/D) and during ventricular systole (eS) (32.7%; 28.9–39.2% in B1, 35.6%; 31.7–41.9% in B2,

23.6%; 16.9–26.1% in C/D) were significantly lower in stages C/D than in stages B1 and B2. In multivariate logistic regres-

sion analysis, eA and peak early diastolic mitral inflow velocity were identified as independent indicators of stage C/D.

Conclusions and Clinical Importance: eA was the best predictor of the presence or history of CHF. Further studies are

needed to determine the clinical implications of these findings for treatment decisions and prognosis determination.
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The left atrium (LA) plays an important role in
maintaining adequate cardiac performance, interde-

pendently with the left ventricle (LV). The LA modu-
lates LV filling with its reservoir, conduit, and booster
pump functions. First, the LA functions as a reservoir,
receiving blood from the pulmonary veins during LV
systole and isovolumic relaxation. This function is influ-
enced by LV contraction through the descent of the
mitral annulus,1,2 by right ventricle (RV) contraction
through the pulmonary blood flow3 and by LA compli-
ance.4 Secondly, the LA functions as a conduit. Blood
flows passively from the LA into the LV during early
LV diastole and diastasis. Conduit function is influ-
enced by LV relaxation and early diastolic pressure.
Finally, the LA functions as a booster pump. Blood
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Abbreviations:

AIC Akaike’s information criteria

A late diastolic mitral inflow velocity

Am late diastolic velocity of the septal mitral annulus

AUC area under the receiver operating characteristic curve

BW body weight

CHF congestive heart failure

Em early diastolic velocity of the septal mitral annulus

E peak early diastolic mitral inflow velocity

FAC fractional area change

FS fractional shortening

LA/Ao left atrial to aortic root ratio

LAAmax LA maximum area

LAAmin LA minimum area

LAAp LA area pre-atrial contraction

LA left atrium

LVIDd inc% percent increase in LVIDd

LVIDd left ventricular diameter in diastole

LVIDs inc% percent increase in LVIDs

LVIDs left ventricular diameter in systole

LV left ventricle

MMVD myxomatous mitral valve disease

MR mitral regurgitation

ROC receiver operating characteristic

RV right ventricle

Sa strain before atrial contraction

Smax maximum strain

Smin minimum strain

SRA second negative peak strain rate during atrial contraction

SRE first negative peak strain rate during early ventricular diastole

SRS positive peak strain rate during ventricular systole

SR strain rate

STE speckle-tracking echocardiography

eA left atrial longitudinal strain during atrial contraction

eE left atrial longitudinal strain during early ventricular diastole

eS left atrial longitudinal strain during ventricular systole
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flows actively from the LA into the LV during LA con-
traction in late LV diastole. This function is influenced
by LA contractility, LV compliance, and LV end-dia-
stolic pressure.

The most accurate and representative index for charac-
terizing LA mechanical function is the evaluation of vol-
ume–pressure curves.5 However, obtaining these curves
requires combined invasive measurements, which limits
their use to experimental studies. In contrast, echocardio-
graphy is a simple and widely available tool that has been
increasingly used for the noninvasive assessment of LA
function.6 The maximum size of the LA as assessed with
2D echocardiography is one of the best indicators of
prognosis and severity in dogs with myxomatous mitral
valve disease (MMVD).7–9 Decreased LA booster pump
function as indicated by fractional area change (FAC) is
a more precise indicator of severity and prognosis of
MMVD than maximum LA size in dogs.10,11

LA strain and strain rate (SR) describe the longitudi-
nal shortening and lengthening of the LA wall, allowing
the quantification of all 3 LA functions: as reservoir,
conduit, and booster pump. Speckle-tracking echocar-
diography (STE) is a novel, angle-independent imaging
method that allows assessment of strain and SR using
the tracking of acoustic speckle patterns. In humans,
assessing LA strain with STE is feasible and repro-
ducible,12 and LA strain is a useful severity indicator of
mitral regurgitation (MR).13–15 The clinical feasibility
and reproducibility of tissue Doppler imaging16 and
STE17 in evaluating LA strain and SR in normal dogs
have been reported. However, the clinical utility of
these methods in veterinary medicine remains unclear.

The aim of this study was to examine whether STE-
derived indicators of LA strain and SR are associated
with MMVD stage in dogs.

Materials and Methods

Animals

Client-owned dogs with MMVD were enrolled prospectively

between December 2013 and April 2015 at Hokkaido University

Veterinary Teaching Hospital. All of the dogs included in this

study underwent physical examination, routine hematology, and

blood biochemistry with minimum database consisting of packed

blood cell volume, total protein, ALT, blood urea nitrogen, crea-

tinine, sodium, potassium, and chloride concentrations, thoracic

radiographs, and echocardiography. Dogs with atrial flutter or fib-

rillation and those with other concurrent cardiac disease, such as

cardiomyopathy, infective endocarditis, or congenital cardiac dis-

ease, were excluded.

Myxomatous mitral valve disease was classified as stage B1, B2,

C, or D in each dog based on clinical signs, echocardiographic

examination, and thoracic radiographs, according to the American

College of Veterinary Internal Medicine consensus. Stage B1

includes dogs without clinical signs of MMVD, and radiographic

and echocardiographic evidence of LA enlargement (left atrial to

aortic root ratio [LA/Ao] < 1.6). Stage B2 includes animals with

echocardiographic evidence of LA enlargement (LA/Ao > 1.6), but

without clinical signs of MMVD. Stages C and D include dogs with

the presence or history of clinical and radiographic signs of left-

sided congestive heart failure (CHF). Stages C and D dogs were uni-

ted into 1 group (group C/D) because of the small sample size.

Echocardiography

Echocardiography was performed in all dogs by an experienced

veterinarian (KN) with an ultrasound unita equipped with a

4.4–6.2 MHz sector probe.b Dogs were not sedated and were

gently restrained in left and right lateral recumbency during the

examination.

The LA/Ao was obtained from the right parasternal short-axis

2D view on the first frame after closure of the aortic valve as pre-

viously described.18,19 The LV diameter in diastole (LVIDd) and

LV diameter in systole (LVIDs) were measured on the M-mode

echocardiogram from the right parasternal short-axis 2D view with

concomitant ECG registration. M-mode values were used to derive

the fractional shortening (FS) and the percent increase in LVIDd

(LVIDd inc%) and LVIDs (LVIDs inc%), according to the

following equation: % increase = 100 9 (observed dimen-

sion � expected normal dimension)/expected normal dimension.

Expected normal dimensions were calculated according to the fol-

lowing equations: expected normal LVIDd = 1.53 9 (body weight

[BW])0.294 and expected normal LVIDs = 0.95 9 (BW)0.315.20

From the left apical 4-chamber view, pulsed wave Doppler was

used to measure the peak early (E) and late (A) diastolic mitral

inflow velocity and tissue Doppler was used to measure the early

diastolic (Em) and late diastolic (Am) velocity of the septal mitral

annulus.

Parameters of LA phasic function as indicated by FAC were

determined as previously reported.21 LA area was measured with

planimetry in the left apical 4-chamber view by tracing the endo-

cardial border, excluding the confluence of the pulmonary veins.

LA area was measured at 3 time points: at ventricular end-systole

as LA maximum area (LAAmax), at the onset of the P wave on

the ECG as LA area pre-atrial contraction (LAAp), and at ventric-

ular end-diastole as LA minimum area (LAAmin). Total, passive,

and active FAC of the LA were calculated as follows:

total FAC ¼ 100� ðLAAmax � LAAminÞ=LAAmax

passive FAC ¼ 100� ðLAAmax � LAApÞ=LAAmax

active FAC ¼ 100� ðLAAp � LAAminÞ=LAAp

Total, passive, and active FAC are indicators of LA reservoir,

conduit, and booster pump functions, respectively.

LA strain and SR were analyzed with 2DSTE. For each

analysis, 2D cine loops from the left apical 4-chamber view

were obtained with simultaneous ECG trace recording (lead II)

to be analyzed with offline softwarec originally designed to con-

duct LV analysis.22,23 The depth and sector width were mini-

mized for frame-rate maximization (between 96 and 164 frame

per second). A frame corresponding to the end-diastolic phase

was selected, and the endocardial border of the left atrium was

manually defined using a point-and-click technique. Epicardial

surface tracing was automatically generated by the system, creat-

ing a region of interest that was manually adjusted to cover the

full thickness of the myocardium. After processing, the LA

myocardium was separated into 6 segments. The software auto-

matically produced time-longitudinal strain and time-longitudinal

SR curves for each segment and their averaged values (global

strain and SR) (Fig 1). A cine loop preview was used to con-

firm whether the internal line of the region of interest followed

the LA endocardial border throughout the cardiac cycle. If the

internal line stopped following the endocardial border, it was

manually adjusted. LA strain was measured at 3 time points:
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minimum strain at a negative peak during the ventricular end-

diastolic phase (Smin), maximum strain at a peak during the

ventricular systolic phase (Smax), and strain before atrial con-

traction (Sa) on the global strain curve (Fig 1A). Left atrial lon-

gitudinal strain during ventricular systole (eS) was calculated as

an indicator of reservoir function, strain during ventricular early

diastole (eE) as an indicator of conduit function, and strain dur-

ing atrial contraction (eA) as an indicator of booster pump

function, as follows:

eS ¼ Smax � Smin

eE ¼ Smax � Sa

eA ¼ Sa � Smin

Strain rate was measured at a positive peak during ventricu-

lar systole (SRs), a first negative peak during early ventricular

diastole (SRE), and a second negative peak during atrial con-

traction (SRA) (Fig 1B). The mean of 3 consecutive cardiac

cycles was calculated for all variables of LA function. The intra-

and interobserver variations in strain variables in healthy Beagle

dogs obtained by this method showed adequate repeatability

and reproducibility (all intraobserver coefficient of variation was

under 15% and interobserver coefficient of variation was under

20% in all strain variables with 6 dogs and 2 observers) (data

not yet published).

Statistical Analysis

Measurements are presented as the median (interquartile

range). An overall difference between groups was determined

with the Kruskal–Wallis test; posthoc multiple comparisons were

Fig 1. LA longitudinal strain (A) and strain rate (B) curves of a dog in stage B1 obtained on the apical 4-chamber view. Six strain and

strain rate curves color-coded according to the defined myocardial segment are shown. White lines represent the averaged global strain and

strain rate. (A) Minimum strain (Smin), maximum strain (Smax), and strain before atrial contraction (Sa) were obtained to calculate LA lon-

gitudinal strain during ventricular systole (eS), ventricular early diastole (eE), and atrial contraction (eA). (B) Strain rate (SR) was measured

at a positive peak during ventricular systole (SRs), a first negative peak during early ventricular diastole (SRE), and a second negative peak

during atrial contraction (SRA).
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made with the Steel–Dwass test for continuous variables. Fish-

er’s exact test was used for categorical variables. The relation-

ships between different parameters were assessed with

Spearman’s correlation analysis. To assess the comparative accu-

racy of different echocardiography variables in differentiating

patients with a history of CHF (stage C/D) versus those with-

out a CHF history (stage B1/B2), receiver operating characteris-

tic (ROC) curves and the respective area under the ROC curve

(AUC) were calculated. Predictors of heart failure were assessed

with binary logistic regression analysis. The effect of retaining

or dropping variables from the model was assessed with

Akaike’s information criteria (AIC) scores. AIC scores are sta-

tistical criteria that enable logistic regression model comparisons:

the smaller the AIC, the better the model. For multivariate

analysis, 5 echocardiographic variables without high correlation

were selected based on the results of univariate analysis and a

stepwise forward selection method with the lowest AIC was per-

formed. All statistical analyses were performed with commer-

cially available statistical software.d,e A 2-sided P value < .05

was considered significant.

Results

A total of 52 dogs with MMVD were enrolled,
including 24 dogs (4 Pomeranians, 4 chihuahuas, 3
Miniature Schnauzers, 2 Miniature Dachshund, 2 Shi
Tzus, 2 Malteses, 1 Toy Poodle, 1 Yorkshire Terrier,
and 5 others) in stage B1, 15 dogs (4 Chihuahuas, 2
Cavalier King Charles Spaniels, 2 Papillons, 2 Minia-
ture Schnauzers, 1 Maltese, 1 Shih Tzu, and 3 others)
in stage B2, 10 dogs (2 Shih Tzus, 1 Chihuahua, 1 Mal-
tese, 1 Miniature Schnauzer, 1 Yorkshire Terrier, and 4
others) in stage C, and 3 dogs (1 Shih Tzu, 1 Miniature
Dachshund, and 1 Maltese) in stage D. Table 1 shows
the demographic data, physical examination results, and
radiographic and echocardiographic characteristics of
the study population.

The echocardiographic variables of each study group
are also shown in Table 1. For the conventional

Table 1. Clinical and echocardiographic characteristics of dogs with MMVD at different stages (ACVIM consen-
sus).

B1 (n = 24) B2 (n = 15) C/D (n = 13)

Age (years) 10a (8–11) 10b (9–13) 12b (11–14)
Sex (male/female) 15/9 10/5 10/3

Body weight (kg) 4.5a (3.4–6.5) 4.6a (3.2–7.0) 5.9a (4.0–7.5)
Heart rate (bpm) 138a (114–144) 150a (124–167) 139a (115–157)
LA/Ao 1.44a (1.27–1.50) 1.92b (1.73–2.15) 2.44c (2.29–2.83)
Medication

ACE inhibitor* 1 (4.2%) 4 (26.7%) 11 (84.6%)

Pimobendan* 1 (4.2%) 1 (6.7%) 11 (84.6%)

Diuretics* 1 (4.2%) 2 (13.3%) 12 (92.3%)

LVIDd inc% �0.21a (�11.8– 4.69) 15.5b (5.05–36.3) 40.0b (25.4–48.4)
LVIDs inc% �21.0a (�43.3–�6.75) �13.3ab (�17.6–9.96) 9.32b (�0.29–24.2)
FS (%) 50.7a (41.8–58.4) 50.8a (42.1–55.4) 46.0a (43.8–51.6)
E (cm/s) 66.5a (55.5–92.5) 97b (84–118) 158c (126–176)
A (cm/s) 65a (59.3–83.8) 94b (82–110) 87ab (51.5–121)
E/A 1.01a (0.86–1.30) 1.01a (0.79–1.29) 1.92b (1.37–2.78)
Em (cm/s) 6.6a (5.2–8.0) 8.2ab (6.4–9.0) 9.0b (8.4–10.3)
Am (cm/s) 8.1a (5.4–9.5) 7.8a (7.1–10.7) 6.2a (5.4–10.2)
Sm (cm/s) 8.3a (6.7–10.0) 8.9a (8.2–10.4) 9.1a (7.5–10.5)
E/Em 11.1a (8.8–13.2) 13.2ab (10.2–16.7) 14.7b (13.4–20.0)
Total FAC (%) 59.7a (55.4–65.4) 61.9a (58.4–66.8) 44.6b (35.5–50.9)
Passive FAC (%) 27.8a (20.0–35.2) 35.4a (26.9–38.2) 27.7a (25.6–31.6)
Active FAC (%) 46.1a (38.6–50.1) 44.5a (37.9–49.8) 18.9b (11.4–26.7)
eS (%) 32.7a (28.9–39.2) 35.6a (31.7–41.9) 23.6b (16.9–26.1)
eE (%) 12.7a (9.9–18.4) 16.8a (13.3–22.7) 13.3a (11.7–17.8)
eA (%) 19.1a (15.3–24.3) 19.6a (14.1–21.4) 6.2b (3.18–11.2)
SRS (/s)† 1.97a (1.70–2.43) 2.26a (1.98–3.52) 1.72a (1.39–1.91)
SRE (/s)† 2.17a (1.85–2.77) 2.80a (1.88–3.87) 1.33a (1.17–2.30)
SRA (/s)† 3.09a (2.14–3.94) 3.92a (2.58–4.22) 1.04b (0.75–1.49)

A, late diastolic mitral inflow velocity; ACE, angiotensin-converting enzyme; ACVIM, American College of Veterinary Internal Medi-

cine; Am, late diastolic velocity of the septal mitral annulus; E, peak early diastolic mitral inflow velocity; Em, early diastolic velocity of the

septal mitral annulus; eA, left atrial longitudinal strain during atrial contraction; eE, left atrial longitudinal strain during ventricular early

diastole; eS, left atrial longitudinal strain during ventricular systole; FAC, fractional area change; FS, fractional shortening; LA/Ao, left

atrial to aortic root ratio; LVIDd inc%, percent increase in left ventricular diameter in diastole; LVIDs inc%, percent increase in left ven-

tricular diameter in systole; SRA, left atrial longitudinal strain rate during atrial contraction; SRE, left atrial longitudinal strain rate during

early ventricular diastole; SRS, left atrial longitudinal strain rate during ventricular systole; SR, strain rate.

Continuous data are expressed as median (interquartile range). Values with different superscripted letters indicate statistically significant

differences between groups.

*Indicates significant difference between groups (P < .05).
†Evaluations of 8 dogs in the B1, 6 dogs in the B2, and 7 dogs in the C/D.
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variables, LA/Ao and E wave velocity increased signifi-
cantly with advancing stage. Although there were no
significant differences in parameters indicating reservoir
function (total FAC and eS) or booster pump function
(active FAC, eA, and SRA) between B1 and B2 groups,
these values were significantly lower in the C/D group
(Figs 2 and 3). SR could be measured in 8 of 24 dogs
in the B1 group, in 6 of 15 in the B2 group, and 7 of 13
in the C/D group, because the exact peak of each phase
could not be determined due to the corrugation of the
SR curve in some dogs.

Variables indicating LA strain were significantly cor-
related with age, heart rate, and some conventional
echocardiographic variables (Table 2). There were sig-
nificant correlations between eS and total FAC
(R = 0.748), eA (R = 0.763), and SRA (R = 0.824), and
between eA and active FAC (R = 0.711). The correla-
tion between LA/Ao and eS was weak (R = �0.433);
that between LA/Ao and eA was moderate
(R = �0.684).

The ROC curves and the corresponding AUC were cal-
culated to facilitate comparison of the accuracy of the

Fig 2. LA global strain curves of dogs in stages B1 (A), B2 (B), and D (C). Minimum strain (Smin), maximum strain (Smax), and strain

before atrial contraction (Sa) were obtained to calculate LA longitudinal strain during ventricular systole (eS), ventricular early diastole

(eE), and atrial contraction (eA). Note the severely decreased eA of the dog in stage D.

Fig 3. LA global strain rate curves of dogs in stages B1 (A), B2 (B), and D (C). Strain rate (SR) was measured at a positive peak during

ventricular systole (SRs), a first negative peak during early ventricular diastole (SRE), and a second negative peak during atrial contraction

(SRA). Note the progressively decreased SRA.
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echocardiographic variables in identifying dogs in stage C/
D. As shown in Table 3, the highest accuracy was obtained
with eA, followed by E, active FAC, and LA/Ao.

Based on univariate logistic regression analysis, 5
variables, including eA, E, LA/Ao, LVIDd inc%, and
E/A, were selected for multivariate logistic regression

Table 2. Correlates of echocardiographic variables.

eS eE eA

P R P r P r

Age .001 �0.397 0.041 �0.258 .013 �0.312

Body weight .35 0.86 .15

Heart rate .55 0.11 .024 �0.283

LA/Ao <.001 �0.433 0.37 <.001 �0.684

LVIDd inc% .007 �0.337 0.043 0.256 <.001 �0.681

LVIDs inc% .003 �0.366 0.44 <.001 �0.583

FS .40 0.38 .72

E .009 �0.326 0.093 <.001 �0.637

A .28 0.036 0.265 .54

E/A <.001 �0.409 0.94 <.001 �0.520

Em .091 0.079 <.001 �0.478

Am .014 0.317 0.45 .010 0.331

Sm .50 0.19 .67

E/Em .51 0.12 .95

Total FAC <.001 0.748 0.030 0.302 <.001 0.645

Passive FAC .27 <0.001 0.561 .55

Active FAC <.001 0.605 0.71 <.001 0.711

eS <0.001 0.517 <.001 0.763

eE <.001 0.517 .51

eA <.001 0.763 0.51

SRS
a .001 0.598 0.007 0.511 .073

SRE
a <.001 0.642 <0.001 0.709 .073

SRA
a <.001 0.824 0.37 <.001 0.632

A, late diastolic mitral inflow velocity; Am, late diastolic velocity of the septal mitral annulus; E, peak early diastolic mitral inflow veloc-

ity; Em, early diastolic velocity of the septal mitral annulus; eA, left atrial longitudinal strain during atrial contraction; eE, left atrial longitu-
dinal strain during ventricular early diastole; eS, left atrial longitudinal strain during ventricular systole; FAC, fractional area change; FS,

fractional shortening; LA/Ao, left atrial to aortic root ratio; LVIDd inc%, percent increase in left ventricular diameter in diastole; LVIDs

inc%, percent increase in left ventricular diameter in systole; SRA, left atrial longitudinal strain rate during atrial contraction; SRE, left

atrial longitudinal strain rate during early ventricular diastole; SRS, left atrial longitudinal strain rate during ventricular systole; MMVD,

myxomatous mitral valve disease; SR, strain rate.

This study included 52 client-owned dogs with MMVD; 24 dogs were classified as stage B1, 15 as stage B2, and 13 as stage C/D.
aEvaluations of 8 dogs in the B1, 6 dogs in the B2, and 7 dogs in the C/D.

Table 3. AUC and optimal diagnostic cutoffs between stages B1/B2 and C/D.

Variable Cutoff AUC [95% CI] Sensitivity Specificity AIC

eA (%) 11.8 0.990 [0.94–1.00] 1.00 0.96 16.3

E (cm/s) 114 0.982 [0.91–1.00] 1.00 0.90 19.9

Active FAC (%) 26.8 0.967 [0.89–0.99] 1.00 0.90 24.9

LA/Ao 2.16 0.963 [0.83–0.99] 0.92 0.93 26.8

SRA (/s)a 1.49 0.959 [0.72–1.00] 0.86 1.00 14.2

eS (%) 28.4 0.941 [0.87–0.99] 0.92 0.84 33.0

Total FAC (%) 46.8 0.934 [0.84–0.98] 1.00 0.80 32.5

LVIDd inc% 21.3 0.899 [0.78–0.96] 1.00 0.79 40.7

LVIDs inc% �6.12 0.852 [0.69–0.94] 0.92 0.69 45.0

E/A 1.53 0.842 [0.61–0.95] 0.77 0.92 39.7

Em (cm/s) 8.3 0.840 [0.66–0.93] 0.92 0.70 45.5

A, late diastolic mitral inflow velocity; AIC, Akaike’s information criteria; AUC, area under the receiver operating characteristic curve;

E, peak early diastolic mitral inflow velocity; Em, early diastolic velocity of the septal mitral annulus; eA, left atrial longitudinal strain dur-

ing atrial contraction; eS, left atrial longitudinal strain during ventricular systole; FAC, fractional area change; LA/Ao, left atrial to aortic

root ratio; LVIDd inc%, percent increase in left ventricular diameter in diastole; LVIDs inc%, percent increase in left ventricular diameter

in systole; SRA, left atrial longitudinal strain rate during atrial contraction; MMVD, myxomatous mitral valve disease; SR, strain rate.

This study included 52 client-owned dogs with MMVD; 24 dogs were classified as stage B1, 15 as stage B2, and 13 as stage C/D.
aEvaluations of 8 dogs in the B1, 6 dogs in the B2, and 7 dogs in the C/D.
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analysis. Subsequently, eA and E were identified as inde-
pendently correlating with stage C/D (Table 4).

Discussion

The present study demonstrates that LA longitudinal
strain during atrial contraction (indicator of booster
pump function) and during ventricular systole (indicator
of reservoir function) was lower in dogs with CHF due
to MMVD than in those without CHF. Although the
LA enlarges in accordance with the ACVIM stage, LA
strain was maintained until the onset of CHF.

Impaired LA booster pump function evaluated with
strain imaging is related to the presence of heart failure
symptoms in hypertrophic cardiomyopathy23 and aortic
stenosis24 in humans. Whether the reduced LA booster
pump function in heart failure patients results from
impairment of LA intrinsic contraction or from LA
afterload mismatch (elevated LV end-diastolic pressure)
remains unclear.

LA booster pump function is determined by LV com-
pliance, LV end-diastolic pressure, and intrinsic LA
contractility. LA contraction augments LV stroke vol-
ume by approximately 20–30% in normal human sub-
jects and substantially more in the presence of impaired
LV relaxation.25 In atrial fibrillation, LA booster pump
function is lost, diminishing the LA stroke volume by
as much as 20%. Consequently, blood accumulates in
the LA, increasing LA pressure and in turn increasing
pressure within the pulmonary veins. This process pro-
motes fluid shift, initially from the intravascular to
interstitial space and then to the alveoli, culminating in
pulmonary congestion and edema.26 In dogs with MR,
regurgitant jet flow and/or increased LA pressure causes
LA dilation and degeneration, including interstitial
fibrosis, fatty replacement, and chronic inflammation.27–
29 These pathological changes in the LA may contribute
to decreased LA intrinsic booster pump function, lead-
ing to elevation of LA pressure and pulmonary edema.

LA booster pump dysfunction is attributable more to
LA afterload mismatch than to LA intrinsic contraction

abnormalities.30,31 In chronically decompensated MR,
LV stiffness and end-diastolic pressure rise with LA
pressure. This situation contributes to decreased trans-
mitral flow during LA contraction (restrictive pattern).
In human heart failure patients, reduced transmitral A
wave velocity is recovered after reduction in LV filling
pressure with optimal treatment of heart failure.30 This
reversibility of mitral A flow suggests that LA dysfunc-
tion results from LA afterload mismatch rather than
intrinsic LA abnormality.30 Another study demon-
strated that LV filling during LA contraction was signif-
icantly reduced in a dog model of ischemic heart
disease, while LA systolic shortening during atrial con-
traction was not changed.31 The preserved LA systolic
shortening resulted from LA afterload mismatch, which
was closely linked to an increase in the volume of blood
ejected from the LA backward into the pulmonary
veins. These results indicate that the morphological
assessment of LA function is less dependent on after-
load than transmitral blood flow analysis. Further stud-
ies are needed to investigate to what degree the
variables of STE-derived strain imaging are dependent
on afterload.

Active FAC, a measure of LA booster pump func-
tion, was significantly lower in CHF dogs than in those
without CHF in the present study, as in our previous
study.11 There is a significant correlation between eA
and active FAC, but eA has a higher predictive power
for CHF. LA FAC derived from 2D echocardiography
is one of the commonly used measures of LA function
in dogs.10,11,21,32,33 However, the main limitation of LA
FAC is the inability to distinguish between the increase
in LA function due to a larger volume of blood
received/ejected and a real increase in intrinsic LA com-
pliance/contractility.6 We previously demonstrated that
active FAC is increased during volume loading in nor-
mal dogs.34 Although the degree of preload dependency
of eA remains unclear, SRA is confirmed to be a rela-
tively preload-independent parameter.35 The difference
in preload dependency may contribute to the superiority
of eA over active FAC in the present study.

SRA is another measure of booster pump function,
and its superiority to eA as a severity indicator has been
demonstrated in human patients with heart failure and
preserved left ventricular ejection fraction.22 The present
study also showed the utility of SRA, but SRA could
not be obtained in more than half of included dogs; this
was because the exact peak could not be determined
due to the corrugation of the SR curve in some dogs,
especially in early cases. LA strain rate has been less
studied because noises in LA strain rate curves make it
difficult to obtain consistent data in human patients
with various cardiovascular disease.36 In contrast, a pre-
vious study demonstrated the feasibility of evaluating
LA strain and SR with STE in most healthy dogs
(83%) with median heart rate 118 beats/min.17 This dis-
crepancy might result from differences between the stud-
ies in observers, ultrasound machines, software, or dogs
included. Including smaller dogs with MMVD with
higher heart rates might have lowered the feasibility of
strain rate in the present study. Higher frame rate and/

Table 4. Binary logistic regression analysis between
stages B1/B2 and C/D.

Variable

Univariate Multivariate

OR 95% CI P

eA (%) 0.24 0.03–0.60 <.0001
E (cm/s) 1.17 1.07–1.40 <.0001
LA/Ao (%) 1.07 1.04–1.12 –
LVIDd inc% 1.09 1.05–1.16 –
E/A 1.42 1.18–1.84 –

A, late diastolic mitral inflow velocity; E, peak early diastolic

mitral inflow velocity; eA, left atrial longitudinal strain during

atrial contraction; LA/Ao, left atrial to aortic root ratio; LVIDd

inc%, percent increase in left ventricular diameter in diastole;

MMVD, myxomatous mitral valve disease.

This study included 52 client-owned dogs with MMVD; 24 dogs

were classified as stage B1, 15 as stage B2, and 13 as stage C/D.
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or zooming might be needed to get appropriate image.
Further studies are needed to examine the exact cause
of this failure and to improve the feasibility of this tech-
nique.

A combined model with eA and E wave was the best
predictor of CHF in the present study. E wave velocity
is an indicator of peak LA pressure, representing LA
preload. Increased preload augments LA contraction,
according to the Frank–Starling law.37 In other words,
the lower the preload, the weaker the LA contraction.
In the present study, some dogs in stage B1 without E
wave elevation showed low eA similar to those in C/D.
Therefore, this combined model may diminish the draw-
back of eA resulting from its preload dependency.

LA reservoir function as assessed with eS and total
FAC was also a useful predictor of CHF in the present
study. LA reservoir function is modulated by LV con-
traction, RV systolic pressure transmitted through the
pulmonary circulation, and LA relaxation and stiffness.6

Impaired LA reservoir strain in human patients is asso-
ciated with MR severity and worse prognosis.14,15,38

The impairment of LA reservoir function in MR may
be caused by LA fibrosis due to severe LA dilation and
RV dysfunction due to pulmonary hypertension or LV
enlargement. Although the utility of eS as predictor of
CHF was lower than that of eA in this study, the feasi-
bility of using eS in dogs with atrial fibrillation that lack
booster pump function is a major advantage over eA.
Impaired LA reservoir function was demonstrated by
SRS in human patients with persistent atrial fibrillation
who lacked booster pump function,39 and eS was the
only echocardiographic variable associated with
CHADS2 score estimating the risk of stroke in atrial
fibrillation.40

LA conduit function is mainly modulated by LV
diastolic properties (LV relaxation and early diastolic
pressure).6 Both E and E0 velocity, conventional vari-
ables of LV diastolic function, were higher in dogs with
CHF in the present study. In MR, the decrease in LV
relaxation coexists with the increase in the pressure gra-
dient between LA and LV. The more severe the MR,
the greater the LA pressure becomes, leading to the
increase in E wave velocity. Although E0 is considered
as a preload-independent index of LV relaxation,41 E0 is
positively correlated with MR volume in human
patients,42 and was higher in MR dogs with CHF than
in those without CHF.43 LA conduit function as
assessed with eE and passive FAC was not a statistically
useful predictor of CHF in the present study; however,
strain-derived variables of LA conduit function were
decreased with MR severity in humans.38,44 These
results may indicate that LA strain could be less load-
dependent and more reliable for evaluation of LV dias-
tolic function than conventional Doppler-derived vari-
ables.

Some limitations of this study must be considered.
First, no invasive assessment of LA mechanical proper-
ties or afterload was performed to confirm the determi-
nations of reduced LA function. Such assessments must
be the focus of further specific studies. Second, the
study lacked a control group. Investigation into the

reference value of LA function in stage A with the same
ultrasound machine and software used in this study is
needed to strengthen the clinical importance of the LA
strain in dogs with MMVD. Third, the number of dogs
studied was small, especially strain rate, rendering the
study underpowered to detect differences between
groups. Fourth, dogs in stages C and D were united
into 1 group because of the small sample size, making it
impossible to analyze differences between refractory and
nonrefractory dogs. Fifth, the blood pressure was not
evaluated in all dogs. Sixth, strain measurements in the
present study were obtained using the software origi-
nally designed for LV. Measurements obtained by other
ultrasound system or software might be incomparable
with those of the present study. Last, it is possible that
medication use influenced the echocardiographic
indices.

In conclusion, the results of the present study indicate
that LA longitudinal strain was significantly lower in
dogs in the advanced stages of MMVD. LA longitudi-
nal strain during atrial contraction was the best predic-
tor of the presence or history of CHF. LA strain
assessed on conventional echocardiography and radiog-
raphy could add meaningful information to confirm the
presence of CHF in the clinical setting. Further studies
are needed to determine the clinical implications of
these findings for treatment decisions and/or prognosis
determination.
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