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Background: Pulmonary hypertension (PH) is common in dogs with myxomatous mitral valve disease (MMVD) but its

effect on clinical outcome has not been investigated.

Hypothesis/objectives: The presence of PH worsens the outcome in dogs with MMVD. To compare survival times of dogs

with MMVD and PH to those without PH.

Animals: Two hundred and twelve client-owned dogs.

Methods: Case review study. Medical records of dogs diagnosed with ACVIM stage B2 and C MMVD between January

2010 and December 2011 were retrospectively reviewed. Long-term outcome was determined by telephone interview or from

the medical record. End of the observation period was March 2013. PH was identified if tricuspid regurgitation peak velocity

was >3 m/s.

Results: Two hundred and twelve were identified. Eighty-three dogs (39%) had PH. PH was more commonly identified in

stage C compared to B2 (P < .0001). One hundred and five (49.5%) dogs died during the observation period. Median sur-

vival time for the entire study population was 567 days (95% CI 512–743). Stage C (P = .003), the presence of PH

(P = .009), left atrial to aortic root ratio (LA/Ao) >1.7 (P = .0002), normalized left-ventricular end-diastolic diameter

(LVEDn) >1.73 (P = .048), and tricuspid regurgitation pressure gradient (TRPG) >55 mmHg (P = .009) were associated with

worse outcomes in the univariate analyses. The presence of TRPG >55 mmHg (HR 1.8 95% CI 1–2.9; P = .05) and LA/

Ao > 1.7 (HR 2 95% CI 1.2–3.4; P = .01) remained significant predictors of worse outcome in the multivariate analysis.

Conclusions and Clinical Importance: In dogs with MMVD, moderate to severe PH worsens outcome.
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Pulmonary hypertension (PH) is a common compli-
cation in dogs affected by myxomatous mitral valve

disease (MMVD).1 PH caused by left-sided heart failure
(HF) is initially the consequence of passive back trans-
mission of increased left-ventricular filling pressure to
the pulmonary capillaries. This stage is generally consid-
ered reversible. However, if pulmonary venous pressure

remains increased or continues to increase, pulmonary
artery vasoconstriction and then pulmonary artery and
vein remodeling might occur, at which time PH can
become irreversible.2 Right-heart catheterization is con-
sidered the “gold standard” for diagnosis of PH.3 In
veterinary medicine, right-heart catheterization is rarely
performed in routine practice, and echocardiography is
the standard noninvasive technique for the diagnosis of
PH.4 PH is associated with a worse prognosis in human
patients with left-sided HF, including those with
MMVD.5,6 In veterinary medicine, there are currently
no data regarding the prognostic importance of PH in
dogs with MMVD. Accordingly, we hypothesized that
dogs with stage B2 and C MMVD and echocardio-
graphically identified PH have shorter survival time
than dogs with MMVD that do not have PH. The
objective of this study was to compare survival times of
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Abbreviations:

CHF congestive heart failure

CI confidence interval

E max peak velocity of E wave of transmitral flow

HR hazard ratio

Edt E-wave deceleration time of transmitral flow

HF heart failure

LA/Ao left atrial to aortic root ratio

LVEDDn normalized left-ventricular end-diastolic diameter

LVESDn normalized left-ventricular end-systolic diameter

MMVD myxomatous mitral valve disease

TR velocity of tricuspid regurgitation

PH pulmonary hypertension

RVenl right-ventricular enlargement

TRPG peak tricuspid regurgitation pressure gradient
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dogs with PH to those without PH in a population of
dogs with ACVIM stages B2 or C MMVD.7

Materials and Methods

The medical records of dogs examined between January 2010

and December 2011 at seven referral cardiology centers in United

States , Italy and Sweden, were reviewed. Search criteria included

dogs with ACVIM stage B2 or C MMVD with or without an

echocardiographic diagnosis of PH.

Inclusion Criteria

Dogs with ACVIM Stage B2 or Stage C MMVD that had been

subject to physical examination, thoracic radiography, and echo-

cardiography were considered for inclusion in the study popula-

tion. Echocardiographic inclusion criteria were: 2-D detection of

mitral valve prolapse, any degree of mitral valve leaflet thickening

or both; color Doppler identification of any degree of mitral valve

regurgitation; and M-mode left-ventricular fractional shortening

>20%; left aortic root ratio (LA/Ao) > 1.5,8 normalized end-dia-

stolic left-ventricular diameter >1.73, or both.9 The presence of tri-

cuspid valve regurgitation (TR) was an absolute inclusion

criterion; all included dogs had color Doppler evidence of TR.

Dogs were classified as ACVIM stage B2 MMVD if they did not

have present or past clinical signs of congestive heart failure

(CHF) or radiographic evidence of pulmonary edema or pulmo-

nary venous congestion. Dogs were classified as ACVIM stage C

MMVD if they had presented with past or current clinical signs of

CHF in conjunction with past or current evidence of pulmonary

edema, and pulmonary venous congestion on thoracic radio-

graphs.

Exclusion Criteria

Dogs were excluded if they had congenital heart disease or

other acquired cardiovascular disorders such as bacterial endocar-

ditis or dilated cardiomyopathy. Dogs with MMVD without car-

diac remodeling (stage B1) and those with MMVD and

refractory CHF (stage D) were also excluded. Dogs with stage D

have often right-sided HF and decreased right-ventricular func-

tion. In these circumstances, the Doppler-derived estimated pul-

monary artery pressure does not adequately reflect pulmonary

vascular resistance and might underestimate the severity of PH.6

Dogs were also excluded if they had a history of clinically symp-

tomatic systemic diseases or identifiable causes of PH other than

MMVD such as clinically evidence of respiratory disease. Clini-

cally evidence of respiratory disease was defined as the presence

of moderate to marked bronchial, interstitial or alveolar pulmo-

nary pattern in dogs that had diffuse pulmonary crackles on

physical examination. Dogs with tracheal collapse were also

excluded, as were dogs with a history of a positive heartworm

test.

Baseline Data

Data obtained from the case records were: breed, sex, age, body

weight, and treatment at the time of examination. Echocardio-

graphic data retrieved were: normalized left-ventricular end-dia-

stolic (LVEDDn) and end-systolic diameter (LVESDn),9 LA/Ao,

peak E-wave velocity (E max) and E-wave deceleration time (Edt)

of the transmitral flow, peak velocity of tricuspid regurgitation

(peak TR) from whatever echocardiographic view provided the

highest velocity and the presence of right-ventricular enlargement

(RVenl). Right-ventricular enlargement was subjectively assessed

based on 2-D echocardiographic examination. The clinical dataset

was reviewed by a single investigator (MB).

Echocardiographic Measurements

The LA/Ao was obtained from the 2-D short-axis view.8,10

LVDDn and LVESDn were calculated according to Cornell’s

method of allometric scaling: LVEDDn = LVEDD/BW0.294 and

LVESDn = LVESD/BW0.315.9 Right-ventricular enlargement was

subjectively assessed and classified as yes/no. Assessment of TR by

color Doppler was obtained with the aliasing velocity set between

60 and 90 cm/s. When Doppler spectrograms of TR were not

recorded or were not measurable, dogs were considered not

affected by PH if they had trivial TR and there was no evidence of

RVenl. Peak velocity of TR was obtained under color Doppler

guidance. Systolic pulmonary pressure was estimated calculating

the peak tricuspid regurgitation gradient (TRPG) using the simpli-

fied Bernouilli equation: TRPG = 4 9 TR2. PH was diagnosed if

the peak TR velocity was >3 m/s corresponding to a TRPG

<36 mmHg.

Clinical Progress and Survival

Investigators, trained senior veterinary students or veterinary

technician conducted telephone interviews with dog owners or

reviewed medical records to determine the clinical outcome of each

dog. Clinical progression of dogs for which it was not possible to

contact the owner was assessed by review of medical records. Sur-

vival time was counted from the day of diagnosis of stage B2 or C

MMVD to either the day of death or closing time of the study

(March 31, 2013). End-point of the study was death (all causes).

Statistical Analysis

Baseline descriptive statistics were presented as mean and stan-

dard deviation for normally distributed continuous variables,

whereas non-normally distributed variables were presented as med-

ian and range. Categorical variables were analyzed with Chi-

Square analysis. Between-group analyses of baseline variables were

performed using analysis of variance or test for median as appro-

priate for the error residuals distribution. Effects on survival of

the following variables at baseline were evaluated: ACVIM stage,

presence of PH, LA/Ao > 1.7, LVEDDn > 1.73, LVESDn > 1.4,

TRPG > 55 mmHg. The 55 mmHg TRPG was chosen based on

visual inspection of penalized spline hazard plots of pressure gradi-

ent modeling mortality on a logarithmic scale relative to the abso-

lute value on a linear scale for TRPG suggesting a linear increase

in hazard for values >50 mmHg (Fig 1). Time to event analyses

were carried out in univariate analysis by way of Kaplan–Meier

product limit estimates. Dogs that were lost to follow-up before

closing time of the study were censored after last visit. Cox semi-

parametric regression models were used to generate multivariate

models. When developing multivariate models continuous vari-

ables were categorized by visual inspection of log hazards plotted

on a continuum by way of penalized spline with four degrees of

freedom and based on clinical rationale and previous literature.

Model relative goodness of fits was analyzed by Akaike informa-

tion criterion and compared using a Chi-Square one degree of

freedom test. Tests for proportionality were carried out by visual

inspection of Schoenfeld residuals, negative log estimated SDF,

and formal hypothesis testing of covariate by log (time) interac-

tions followed by Wald Chi-Square statistics and deemed propor-

tional. Additional sensitivity analyses were carried out using

parametric accelerated time failure models affirmatively validating

the Cox proportionality assumptions. All analyses were deemed
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significant at P ≤ .05 and carried out using a commercial soft-

ware.a

Results

Baseline Characteristics

Baseline characteristics for the general population
and for dogs with and without PH are summarized in
Table 1. Two hundred and twelve dogs, 121 (57%)
males (41 neutered) and 91 (43%) females (67 spayed)
from 41 breeds were included in the study. In decreas-
ing magnitude of representation, breeds included: mixed
(n = 48; 23%), Cavalier King Charles spaniel (n = 30;
14%), Dachshunds (n = 16; 7%) and Miniature Poodle
(n = 12; 6%). One hundred dogs were in stage B2
(47%) and 112 (53%) were in stage C of MMVD. PH
was diagnosed in 83 (39%) dogs. Age, weight,
LVESDn, E max and presence/absence of RVenl were
not different between dogs with and without PH. PH
was significantly more common in dogs with stage C
MMVD (24; 29% stage B2, 59; 71% stage C;
P < .001). Dogs with PH had significantly larger left
atria, LVEDDn and TRPG compared to dogs without
PH (Table 1). At baseline, 131 (62%) dogs were receiv-
ing medical treatment for heart disease (41 stage B2
and 90 stage C). Twenty seven dogs received furosemide
in combination with an ACE-I, 48 dogs furosemide in
combination with an ACE-I and pimobendan, 5 dogs
furosemide in combination with an ACE—I, pimoben-
dan and spironolactone. Of dogs that received only a
single drug, one received furosemide, 18 dogs received
an ACE-I, 2 dogs, pimobendan and 3 dogs spironolac-
tone. All dogs received at least an ACE-I, pimobendan
and furosemide after diagnosed with ACVIM stage C.

Survival Analysis and Progression

During the observation period, 105 dogs (49.5%)
died or were euthanized because of refractory CHF. Of
these dogs 26 were ACVIM stage B2 and 79 ACVIM
stage C MMVD. The median survival time was
567 days (95% CI 512–743). Median survival times for

stage B2 and C dogs were 784 days (95% lower CI 576,
upper CI nonestimable) and 491 days (95% CI 440–
561), respectively. The median survival time for dogs
without PH was 758 days (95% CI 527–848) and for
those with PH, 456 days (95% CI 360–567). Of the six
variables used as predictors in the univariate analysis,
ACVIM stage C (HR 1.8, 95% CI 1.2–2.7; P = .003),
the presence of PH (HR 1.6 95% CI 1.1–2.4; P = .009),
LA/Ao > 1.7 (HR 2.4, 95% CI 1.5–4; P = .0002),
LVEDDn > 1.73 (HR 1.7, 95% CI 1–1.7; P = .048),
and TRPG > 55 mmHg (HR 2.3 95% CI 1.4–3.8;
P = .002) were associated with worse outcomes (Figs 1,
2). The presence of TRPG > 55 mmHg (HR 1.8 95%
CI 1–2.9; P = .05) and LA/Ao > 1.7 (HR 2 95% CI
1.2–3.4; P = .01) remained significant predictors of poor
outcome in the multivariate analysis.

Discussion

Results of this study demonstrate that echocardio-
graphic evidence of PH is common in dogs with AC-
VIM stage B2 and C MMVD and that it is associated
with a poorer prognosis. Prevalence of detectable and
quantifiable PH in these population of dogs was 39%.
Previous studies have reported a prevalence of PH in
dogs with MMVD between 14 and 53%.11–14 One possi-
ble reason for the difference observed between studies is
the use of a different TR velocity cut off to establish the
presence of PH. In this study PH was diagnosed if TR
velocity was more than 3 m/s. Other studies have used
a lower cut off.12,13 Prevalence of the disease is also
related to the population studied. One large study,
reported a lower prevalence of PH in a population of
617 dogs with different stages of MMVD.12 However,
in that study, more than half of the included dogs had
a mild form of MMVD not associated with cardiac
remodeling. Two studies have reported that the preva-
lence of PH was associated with severity of
MMVD.12,15 Similarly, in this study, dogs with stage C
MMVD had a significantly greater prevalence of PH
compared to dogs in stage B2. This is not surprising as
PH with left-sided heart disease is initially the conse-

A B

Fig 1. (A) Penalized spline (df = 4) hazard plots of pressure gradient modeling death on a logarithmic scale relative to the absolute value

on a linear scale for trans–tricuspidal pressure gradient (TRPG). Visual inspection suggest a linear increase in the hazard for values of

TRPG > 50 mmHg. Yellow graph lines represent 95% Confidence interval (95% CI). (B) Graph depicting survival times as Kaplan–Meier

curves for TRPG greater and less than 55 mmHg.
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quence of passive back transmission of increased left-
ventricular filling pressure to the pulmonary capillaries.2

Accordingly, humans and animals with more severe
mitral regurgitation, and therefore higher left-atrial
pressure, have an increased risk of developing PH. In
our study about one third of dogs with PH were in
stage B2; this finding suggests that a certain number of
dogs considered pre-clinical for left-sided HF have high
left-atrial pressure. Dogs with stage B2 MMVD repre-
sents a population that is heterogeneous with respect to
cardiac remodeling; in some dogs, cardiac enlargement
is mild and in others, severe, despite the fact, that clini-
cal signs are, by definition, absent. Therefore, it is possi-
ble that dogs with more severe remodeling have higher
left-atrial pressure and are actually in left-sided HF but
clinical signs were missed by the owner. More objective
measures of clinical signs might help identify this subset
of dogs. Recently two studies have suggested that rest-
ing respiratory rate represent a useful objective clinical
variable to identify dogs with left-sided HF.14,16

Univariate analysis indicated that stage of the disease,
left-atrial enlargement, left-ventricular enlargement,
presence of PH and a TRPG > 55 mmHg were predic-
tors of survival. However, only left-atrial enlargement
and a TRPG > 55 mmHg were predictors of death in
the multivariate analysis. In dogs with MMVD, left-
atrial size is related to severity of MR and is an inde-
pendent predictor of progression and death.17–19 Degree
of left-atrial enlargement has also been associated with
severity of PH in dogs with MMVD.12,15 The fact that
PH was not an independent predictor of death in multi-
variate analysis is likely because of the fact it is corre-
lated with left-atrial enlargement. However,
TRPG > 55 mmHg remained an independent negative
predictor of survival. If pulmonary venous pressure
remains increased or continues to increase in humans
and animals with left-sided HF, local and systemic
release of angiotensin II, tumor necrosis factor, endo-
thelin-1 together with impaired nitric-oxide mediated
pulmonary vasodilation lead to pulmonary artery and
vein remodeling and the process becomes irreversible.2

In these humans and animals, pulmonary vascular resis-

tance is increased and they develop PH that is out of
proportion to left-atrial pressure or, “reactive PH.”3 A
systolic pulmonary arterial pressure >50 mmHg has
been reported to be associated with poor outcome in
human beings with MMVD.5 In dogs with MMVD, a
TRPG at or above 48 mmHg suggests the presence of
irreversible PH.15 Another study in humans with cardio-
myopathies demonstrated that each 5-mmHg increase in
baseline of mean pulmonary arterial pressure, increased
hazard of death by 25%.20 Similarly, in this study,
visual inspection of spline curve for TRPG shows that
there is a linear increase for the risk of death with
TRPG more than 50 mmHg (Fig 2). Concomitant
chronic respiratory diseases, such as tracheal collapse,
chronic bronchitis or interstitial lung disease, also com-
monly affect small breed dogs with MMVD.21 These
diseases might contribute to the development of PH in
dogs with MMVD. Therefore, it is possible that PH in
some of the dogs included in this study could be
induced by concomitant respiratory disease. However,
none of the included dogs had a history, clinical signs,
and radiographic evidence of severe respiratory disease
and this study did not include dogs of breeds known to
be predisposed to interstitial lung disease. Moreover,
our results show that dogs with more advanced MMVD
were more likely to have PH. These data indirectly sup-
port the contention that MMVD is most likely the
cause of PH in this sample population.

This study has some limitations. First, diagnosis of
PH was only based on peak velocity of TR. Right-
heart catheterization is considered the “gold standard”
for the definitive diagnosis of PH.3 However, in veteri-
nary medicine right-ventricular catheterization is rarely
performed in routine practice and PH hypertension is
generally diagnosed based on the presence of clinical
and echocardiographic findings. Moreover, peak veloc-
ity of TR is affected by right-ventricular contractil-
ity.3,4 In this study, we reported if the right-ventricle
was subjectively enlarged but right-ventricular function
was not assessed. Second, TRPG might be underesti-
mated in some dogs because of technical difficulties in
obtaining an ideal alignment with eccentric tricuspid

Table 1. Descriptive statistics for all 212 dogs, dogs without pulmonary hypertension (PH), and dogs with PH

All (n = 212) No PH (129) PH (n = 83) P-Value

Age (years) (n = 212) 10.6 � 2.6 10.6 � 2.6 10.7 � 2.7 .94

Sex (F/M) (n = 212) 91/121 (43%/57%) 55/74 (43%/57%) 36/57 (43%/57%) .91

Weight (kg) (n = 212) 8.6 (1.2–80.7) 9.1 (1.2–80.7) 7.7 (1.6–67) .19

ACVIM stage (n = 212) 100 B2 (47%) 76 B2 (59%) 24 B2 (29%) .0022

112 C (53%) 53 C (41%) 59 C (71%) .0023

LA/Ao (n = 211) 2 (1.3–3.9) 1.9 (1.3–3.2) 2.3 (1.4–3.9) <.0001
LVEDDn (n = 211) 2.02 (0.8–2.9) 1.9 (0.9–2.9) 2.1 (0.8–2.9) .006

LVESDn (n = 211) 1.05 (0.2–1.9) 1.04 (0.4–1.9) 1.04 (0.2–1.8) .877

E peak (m/s) (n = 117) 1.28 � 0.40 1.3 � 0.3 1.42 � 0.37 .08

TRPG (mmHg) (n = 191) 33.2 (1.4–98.4) 24.1 (1.4–35.5) 46.2 (36.0–98.4) <.0001
RV enlargement (yes/no) (n = 123) 15 (12%) 7(47%) 8 (53%) .067

P-value is referring to differences between dogs with and without PH. No PH, no pulmonary hypertension, ACVIM stage, class of heart

failure according to ACVIM classification; LA/Ao, left-atrial to aortic root ratio; LVEDDn, normalized left-ventricle end-diastolic diame-

ter indexed; LVESDn, normalized left-ventricle end-systolic diameter indexed; E peak, peak velocity of E wave of transmitral flow; TRPG,

tricuspid regurgitation pressure gradient; RV, right ventricle.
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regurgitant jets. In this study assessment of TR was
obtained from the echocardiographic view providing
the highest peak velocity and best alignment. Third,
TR might not be present in all dogs with PH. Fourth,
this study has a retrospective design. Retrospective
studies increase the risk of uncontrolled systematic
errors. Furthermore, because of the retrospective
design, all variables were not available at the baseline.
Finally, because of the many combinations of drugs
administered, and the retrospective nature of the study,

it was not possible to analyze the effects of treatment
in the studied population. However, all stage C dogs
were treated with standard treatment including an
ACE-I, pimobendan and furosemide after their inclu-
sion in the study.

Clinical Relevance

This study demonstrated that PH is a commonly
associated with stage B and C MMVD in dogs and that
the presence of PH is associated with an increased risk
of death. Furthermore, the finding that about one third
of dogs with PH in this study were classified as ACVIM
stage B2 suggests that this stage of the disease includes
a heterogeneous group of dogs.

Footnote

a SAS 9.3 (Cary, NC 2013).
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