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KEYWORDS Abstract Introduction: Assessment of the right ventricular (RV) function by echo-
Canine; cardiography is important in dogs with pulmonary hypertension (PH). Few reports
Speckle-tracking echo- are available on RV function and dyssynchrony in dogs, especially in the context
cardiography; of precapillary PH.

Strain; Animals: The study included 79 client-owned dogs: 25 dogs with precapillary
Tei index PH and 54 control dogs.

Methods: Dogs with precapillary PH were prospectively enrolled between Decem-
ber 2013 and February 2017. The echocardiographic indices of RV function, includ-
ing RV strain and the dyssynchrony index by speckle-tracking echocardiography,
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were measured. Multivariate analysis was used to determine independent predic-
tors of the RV dyssynchrony index.

Results: Dogs with precapillary PH showed RV dilation, hypertrophy and right atrial
dilation. Impaired echocardiographic indices of RV function, including RV strain,
were observed. In addition, RV dyssynchrony occurred in dogs with precapillary
PH. Multivariate analysis revealed that tricuspid regurgitation velocity and RV dila-
tion were independent predictors of the RV dyssynchrony index.

Conclusions: Echocardiographic RV function indices are impaired in dogs with pre-
capillary PH. In addition, RV dilation and elevated systolic pulmonary arterial pres-
sure estimated by echocardiography are associated with RV dyssynchrony.

© 2018 Elsevier B.V. All rights reserved.

Abbreviations

Ao aorta

El eccentricity index

FAC fractional area change

LA left atrium

Lv left ventricle

MMVD  myxomatous mitral valvular disease

NRVAd normalized right ventricular end-
diastolic area

nRVAs normalized right ventricular end-
systolic area

PA pulmonary artery

PH pulmonary hypertension

RA right atrium

RV right ventricle

RVAd right ventricular end-diastolic area

RVAs right ventricular end-systolic area

RVLS right ventricular longitudinal strain

RV-SD  standard deviation of systolic short-
ening time of right ventricle

RV-SD4 standard deviation of systolic short-
ening time of four mid-basal right
ventricular segments

RV-SD6 standard deviation of systolic short-
ening time of six right ventricular
segments

RVWTd right ventricular wall thickness in
diastole

SPAP systolic pulmonary arterial pressure

SST systolic shortening time

STE speckle-tracking echocardiography

S’y peak systolic tricuspid annular
velocity

TAPSE  tricuspid annulus plane systolic
excursion

TR tricuspid regurgitation

Introduction

Pulmonary hypertension (PH) is a progressive and
life-threatening disease characterized by an
increase in the pulmonary arterial (PA) pressure and
pulmonary vascular resistance leading to right ven-
tricular (RV) pressure overload, dysfunction and
death [1]. While PH is classified into five major
classes in human medicine [2], a more simplified
classification that distinguishes precapillary PH from
postcapillary PHisused in dogs [3]. Precapillary PH is
defined as PH due to abnormalities of PAs caused by
congenital cardiovascular disease, respiratory dis-
ease, pulmonary thromboembolism, heartworm
disease and hypoxaemia. Conversely, postcapillary
PH is caused by the left-sided heart disease, such as
myxomatous mitral valvular disease (MMVD).

Both precapillary and postcapillary PH are
associated with a poor prognosis in human patients
with heart disease [4—8]. In addition, RV function,
as evaluated by magnetic resonance imaging,
cardiac catheterization and echocardiography has
been found to be associated with clinical outcomes
and cardiac function in human patients with both
precapillary and postcapillary PH [9,10]. Fur-
thermore, RV intraventricular dyssynchrony, which
is associated with abnormalities in the timing of RV
contraction, has been described in human patients
with precapillary PH and has been associated with
marked RV dysfunction and clinical worsening
[11,12]. Therefore, the assessment of RV function
has attracted interest in human medicine.

In the current human guidelines for echocardio-
graphic assessment of the RV size and function, it is
recommended to evaluate RV function using multi-
ple echocardiographic indices, including the peak
systolic tricuspid annular velocity (S’tv), tricuspid
annulus plane systolic excursion (TAPSE), fractional
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area change (FAC), RV Tei index and RV longitudinal
strain (RVLS) by speckle-tracking echocardiography
(STE) [13,14]. In addition, echocardiographic
assessment of RV function has recently emerged in
dogs [15]. The standard deviation of systolic short-
ening time of RV (RV-SD), which is an index of RV
intraventricular dyssynchrony, has recently been
demonstrated to be a good predictor of poorer car-
diac function, clinical worsening and prognosis in
human patients with precapillary PH [16—18].

Postcapillary PH is a factor indicating poor prog-
nosis in dogs with MMVD [19], and several echo-
cardiographic indices of RV function have been used
to assess RV function in dogs with postcapillary PH.
Serres et al. [20] reported that S’y was significantly
impaired in dogs with precapillary and postcapillary
PH. In contrast, Baron Toaldo et al. [21] showed that
S’y did not change in dogs with postcapillary PH due
to MMVD. Tai and Huang [22] reported that TAPSE/
aorta (Ao) was similar to controls in dogs with
chronic respiratory disease, heartworm disease and
MMVD. Conversely, Pariaut et al. [23] showed that
TAPSE was significantly decreased in dogs with
severe PH due to the left-sided heart disease,
heartworm disease and pulmonary disease com-
pared with milder PH and control dogs. Other
researchers have reported that the Tei index, as
measured by pulsed-wave Doppler, was significantly
increased in dogs with precapillary and post-
capillary PH [24]. In addition, we have previously
reported that the Tei index as measured by dual
pulsed-wave Doppler was an independent predictor
of cardiac-related mortality within 1 year in MMVD
dogs with and without PH [25].

To our knowledge, little is known about changes in
multiple echocardiographic indices of RV function,
including RVLS derived from STE, in dogs exhibiting
exclusively precapillary PH. In addition, no report is
currently available on RV dyssynchrony in dogs with
PH. The authors hypothesized that RV dysfunction
and dyssynchrony would occur in dogs with pre-
capillary PH. The primary objective of this study was
to evaluate RV function and RV dyssynchrony by
echocardiography in dogs with precapillary PH
compared with control dogs. In addition, our sec-
ondary objective was to validate factors that influ-
ence RV dyssynchrony in dogs with precapillary PH.

Animals, materials and methods
Animals
Client-owned dogs, referred to the Veterinary

Teaching Hospital of Hokkaido University between
December 2013 and February 2017, were

prospectively evaluated. The owner’s consent for
each dog was obtained before its enrolment in this
study. Pulmonary hypertension was defined as a
maximum continuous-wave Doppler tricuspid
regurgitation (TR) velocity faster than 2.8 m/s or
pulmonic insufficiency velocity faster than 2.2 m/
s, without pulmonic stenosis [3]. Pulmonic stenosis
was excluded when normal blood flow velocity
(1.5 m/s) was obtained at the RV outflow tract by
Doppler echocardiography. Dogs with the left
atrial (LA) dilation (LA to Ao diameter ratio > 1.6)
and a high transmitral early diastolic flow velocity
(>1.0 m/s) were excluded. Dogs of any age and
size of breed were included in the present study.
To investigate the origin of the PH, radiography
was performed in all dogs with PH, and computed
tomography examination was performed in dogs
suspected of respiratory disease and pulmonary
thromboembolism.

Client-owned dogs referred to the Veterinary
Teaching Hospital of Hokkaido University between
December 2013 and February 2017 with no evi-
dence of cardiovascular disorders were included as
control dogs. The purpose for undertaking ultra-
sonographic evaluation of control dogs was pre-
anaesthesia assessment or medical examination.
All control dogs were determined to have a normal
heart anatomy and myocardial function based on
normal findings on complete physical examination,
electrocardiography and standard echocardio-
graphic examinations (including B-mode, M-mode,
pulsed-wave Doppler and colour flow Doppler
imaging). A small thin central TR jet on colour flow
Doppler and a faint TR signal on continuous-wave
Doppler were defined as trivial TR. Dogs with
‘silent regurgitation’ across the tricuspid and pul-
monic valves were not excluded because this is
considered physiological in many healthy dogs
[26].

Echocardiographic measurements

Conventional echocardiographic examinations
were performed with an ultrasound unit® equipped
with a 3—6 MHz sector probe® by an echocardiog-
rapher (K.N.). All dogs were examined without
sedation in the left and right lateral recumbent
positions. An ECG trace (lead Il) was recorded
simultaneously. QRS duration was manually meas-
ured by ECG trace (lead II).

d Artida, Toshiba Medical Systems Corporation, Utsunomiya,
Tochigi, Japan.

€ PST-50BT, Toshiba Medical Systems Corporation, Utsuno-
miya, Tochigi, Japan.
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Figure 1 Echocardiographic images illustrating a technique used to measure echocardiographic indices of RV
function. (A) The peak systolic tricuspid annular velocity was determined by measuring the maximum velocity during
systole using tissue Doppler at the lateral tricuspid annulus from a left apical four-chamber view, (B) tricuspid annulus
plane systolic excursion was determined by measuring the amplitude of tricuspid annulus motion during systole using
the M-mode from a left apical four-chamber view, (C) fractional area change was calculated from a modified left
apical four-chamber view as follows: (RVAd—RVAs)/RVAd x 100%, (D) the Tei index was calculated using tissue Doppler
at the lateral tricuspid annulus from a left apical four-chamber view as follows: (a—b)/b, (E) the eccentricity index
was calculated with a right parasternal short-axis view as follows: long axis (a)/short axis (b) and (F) the right atrial
area was measured by planimetrically tracing end-systole from a modified left apical four-chamber view. RV, right
ventricle; RVAd, RV end-diastolic area; RVAs, RV end-systolic area; Sy, systolic tricuspid annular velocity; TAPSE,
tricuspid annular plane systolic excursion; RA, right atrium; LV, left ventricle.
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The RV diameter and the RV wall thickness in
diastole (RVWTd) were obtained by M-mode
echocardiography from a right parasternal short-
axis view at the level of the papillary muscles.
The RV diameter in diastole was normalized for
body weight using the following equations: nor-
malized RV diameter in diastole = RV diameter in
diastole/(body weight)%33 [27]. The LA and Ao
diameters were obtained from a right parasternal
short-axis view at the level of the LA, and the LA/
Ao ratio was calculated [28]. The LA to Ao
diameter ratio >1.6 was considered indicative of
LA dilation [28]. The PA valve annulus diameter
was obtained from a right parasternal short-axis
view at the level of the PA, and the PA/Ao ratio
was calculated [3]. Pulmonary artery to Ao
diameter ratio >0.98 was considered indicative
of PA dilation [3]. Measurements of transmitral
early diastolic flow velocity were obtained by
pulsed-wave Doppler from a left apical four-
chamber view. The acceleration time to the
ejection time of the PA ratio was measured from
a left cranial parasternal short-axis view [3]. The
peak TR velocity was measured using the echo-
cardiographic view that provided the highest
velocity. The systolic pulmonary arterial pressure
(sPAP) was estimated by calculating the peak TR
gradient using the simplified Bernoulli equation:
SPAP = 4 x peak TR? + right atrial (RA) pressure.
The RA pressure was estimated to be 5 mmHg
when there was no evidence of RA dilation,
10 mmHg if there was RA dilation and no evidence
of right-sided congestive heart failure and
15 mmHg if there was evidence of the right-sided
congestive heart failure [29].

The S’y was obtained by tissue Doppler at the
RV free wall tricuspid annulus from a left apical
four-chamber view (Fig. 1). Tricuspid annulus
plane systolic excursion was generated from the
M-mode recording with a cursor over the RV free
wall tricuspid annulus from a left apical four-
chamber view (Fig. 1). The TAPSE was normalized
to the body weight as follows: nTAPSE = TAPSE/
(body weight)®-3® [27]. The RV end-diastolic area
(RVAd) and RV end-systolic area (RVAs) were
obtained from a modified left apical four-chamber
view optimized for the right heart by tracing the
RV endocardium in systole and diastole via the RV
free wall to the apex and back to the annulus,
along the septum. To obtain a modified left apical
four-chamber view, the transducer was rotated
until the maximal plane of the RV basal diameter
was obtained. The RV should not be fore-
shortened, and visualization of the left ventricular
(LV) outflow tract should be avoided [13,15]. The
FAC was calculated as (RVAd—RVAs)/RVAd x 100%

(Fig. 1). Right ventricular end-diastolic area and
RVAs were normalized according to the following
equation [30]: normalized RVAd (nRVAd) and
RVAds (nRVAs) = RVAd and RVAs/body surface
area. The RV Tei index was calculated as the sum
of the isovolumic contraction time and isovolumic
relaxation time divided by ejection time. The
ejection time was defined as the S'ry duration,
and the sum of the isovolumic time was derived by
subtracting the S‘ry duration from the time
interval between the end of the late diastolic
tricuspid annulus velocity and the onset of the
early diastolic tricuspid annulus velocity on the
basis of tissue Doppler recordings (Fig. 1) [13]. To
evaluate LV compression, the eccentricity index
(El) was measured as the ratio of the long-axis to
short-axis diameters of the LV from a right para-
sternal short-axis view at the level of papillary
muscle obtained at end-systole (Sys El) and end-
diastole (Dia El) (Fig. 1) [22]. The RA area was
measured by planimetrically tracing end-systole
from the lateral aspect of the tricuspid annulus to
the septal aspect, excluding the inferior and
superior vena cava and RA appendage, from a
modified left apical four-chamber view optimized
for the right heart [31] (Fig. 1). The RA area was
normalized according to the following equation
[31]: normalized RA area = RA area/body surface
area.

Right ventricular longitudinal strain and RV-
SD analysis by STE

The RVLS and RV-SD were analysed using con-
ventional echocardiographic greyscale from a
modified left apical four-chamber view optimized
for the right heart [13,15] with a frame rate of
>200 frames/s. To optimize the frame rate, the
imaging sector was narrowed, and the depth was
reduced. Three consecutive cardiac cycles were
acquired and digitally stored, and the images
were analysed using offline software.” The region
of interest was obtained by manually tracing the
RV endocardial border at the level of the septum
and free wall at end-diastole and adjusted to
incorporate the entire RV wall myocardial thick-
ness. The RV free wall and septum were divided
into three segments each (basal, middle and
apical) and further divided into inner and outer
layers. The RVLS is a measurement of myocardial
tissue deformation and defined as the change in
length of region of interest relative to its original

f 2D Wall Motion Tracking, Toshiba Medical Systems Corpo-
ration, Utsunomiya, Tochigi, Japan.
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length. The RVLS is expressed as a negative per-
centage, and negative strain values describe
shortening of the region of interest [32]. The
RVLS was obtained for the six RV segments at the
maximum peak of the software-generated strain
curves of the inner layer.

Global RVLS was automatically calculated by
averaging peak longitudinal strain values observed
in six segments (basal, middle and apical segments
of RV free wall and septum), and the free wall
RVLS and septal RVLS were calculated by averaging
peak longitudinal strain values of the three seg-
ments (basal, middle and apical segments) of the
RV free wall or septum. In addition, the global
RVLS was also calculated by averaging the peak
longitudinal strain values observed in four mid-
basal segments of the RV, and the free wall RVLS
and septal RVLS were calculated by averaging peak
longitudinal strain values observed in two mid-
basal segments of the RV free wall or septum
(Fig. 2). The systolic shortening time (SST) was
calculated from the QRS onset to the maximum
longitudinal strain of each of the RV segments. The
RV intraventricular dyssynchrony was derived by
calculating the standard deviation of the SST of six
segments (RV-SD6) or standard deviation of the SST
of four mid-basal segments (RV-SD4) using offline
software’ (Fig. 2), and each RV-SD was corrected
for the RR interval according to Bazett’s formula:
Corrected RV-SD = RV-SD//RR interval [33].

Statistical analysis

The normality of the distribution of the data was
tested with a Shapiro—Wilk test. Continuous data
are reported as median (interquartile range), and
categorical data are reported as counts (pro-
portions). The comparison of group characteristics
and echocardiographic indices were performed
using Wilcoxon rank-sum tests for continuous var-
iables and with the Fisher’s exact test for cate-
gorical variables. The correlation between the TR
velocity and echocardiographic indices of RV
function; RV-SD and QRS duration, TR velocity,
sPAP estimated by echocardiography and RV and
RA morphologic variables; RV-SD and other echo-
cardiographic indices of RV function were eval-
uated by Spearman’s rank correlation coefficient
analysis.

To assess the independent predictor of RV-SD4, TR
velocity, normalized RV diameter in diastole, nRVAd,
nRVAs, Sys El, Dia El, RVYWTd, normalized RA area and
QRS duration were included in multiple linear
regression analysis with forward stepwise selection
and Akaike information criterion.

All statistical analyses were performed using
computer software.® A p-value of less than 0.05
was considered significant.

Results

Clinical characteristics in dogs with pre-
capillary PH

Among the 79 dogs included in this study, 25 dogs
had precapillary PH and 54 were control dogs.
Dogs with precapillary PH belonged to 13 differ-
ent breeds, with Welsh corgi being the most fre-
quently represented (n = 5), followed by
Miniature dachshund and Chihuahua (n = 3 each);
Shih tzu, Yorkshire terrier, West Highland white
terrier and mixed breeds (n = 2 each) and a
Shetland sheepdog, Miniature schnauzer, Ameri-
can cocker spaniel, Cavalier King Charles spaniel,
Toy poodle and Shiba inu (n = 1 each). Eleven of
25 dogs with precapillary PH had respiratory dis-
ease with concurrent radiographic or computed
tomographic evidence of pulmonary alveolar or
interstitial infiltrates, five dogs had congenital
heart disease (patent ductus arteriosus, ven-
tricular septal defect and atrial septal defect),
one dog had acute pulmonary thromboembolism
with concurrent computed tomographic evidence
of PA occlusion, one dog had suspected pulmonary
thromboembolism with concurrent echocardio-
graphic evidence of a large thrombus inside the
RV and one dog had heartworm disease. In six
dogs, the left heart disease was excluded,
although the cause of PH could not be
determined.

Conventional echocardiographic variables in
dogs with precapillary PH and control dogs

Conventional echocardiographic characteristics of
the two groups are summarized in Table 1. On
echocardiography, 22 dogs with precapillary PH
had TR, and eight dogs had pulmonic insuffi-
ciency. Seventeen dogs with precapillary PH had
main PA dilation (PA/Ao diameter ratio > 0.98),
and 16 dogs showed septal flattening. In dogs with
precapillary PH, the age, heart rate, QRS dura-
tion, TR velocity and sPAP estimated by echo-
cardiography were significantly higher than those
in control dogs. Dogs with precapillary PH showed
RV and PA dilation, RV hypertrophy and RA

¢ JMP version 8.0, SAS Institute Inc., Cary, NC, U.S.A.
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Figure 2 Echocardiographic images illustrating a technique used to measure STE indices. The RV free wall and
septum were automatically divided into three segments (apical, middle and basal), respectively. (A) Global RVLS was
calculated by averaging peak longitudinal strain values in four mid-basal segments of RV with a left modified apical
four-chamber view, (B) the free wall RVLS was calculated by averaging peak longitudinal strain values in two mid-
basal free wall segments of the RV, (C) septal RVLS was calculated by averaging peak longitudinal strain values in
two mid-basal septal segments of the RV and (D) the standard deviation of SST of four mid-basal RV segments was
calculated and corrected for the R—R interval (Bazett’s formula). The coloured arrows indicate each segmental SST.
STE, speckle-tracking echocardiography; RV, right ventricle; RVLS, RV longitudinal strain; AL, apical lateral free wall;
AS, apical septum; BL, basal lateral free wall; BS, basal septum, ML, middle lateral free wall; MS, middle lateral

septum; SST, systolic shortening time. White lines indicate averaging peak longitudinal strain values.

dilation based on echocardiography findings.
Although several RV function indices, such as the
NTAPSE, FAC and the Tei index, were significantly
impaired, the other RV function indices, including
the S’tv and TAPSE, were not altered in dogs with
precapillary PH.

Speckle-tracking echocardiographic varia-
bles in dogs with precapillary PH and control
dogs

Three dogs with precapillary PH had inadequate
images of the apical segment for STE. In contrast,
segmental RVLS using four mid-basal segments and
RV-SD4 was obtained in all dogs with precapillary PH.

Dogs with precapillary PH showed a decreased
global, free wall and septal RVLS, longer free wall
SST and increased RV-SDé6 and RV-SD4 (Fig. 3 and
Table 1).

Correlation analysis
The correlations between TR velocity and echo-

cardiographic indices of RV function are summarized
in Table 2. In dogs with precapillary PH, FAC, the Tei

index, global RVLS, septal RVLS, RV-SD6 and RV-SD4
were moderately correlated with the TR velocity.

The correlations between RV-SD and RV mor-
phologic and electrical variables, estimated sPAP
by echocardiography and RA area are summarized
in Table 3. The RV-SDé6 was moderately correlated
with nRVAd, nRVAs, Sys El, Dia El and sPAP but was
not correlated with RVWTd or QRS duration in dogs
with precapillary PH. The RV-SD4 was moderately
correlated with nRVAd, nRVAs, Sys El, Dia El, sPAP,
and normalized RA area but was not correlated
with RVWTd or QRS duration.

The correlations between RV-SD and the other
echocardiographic indices of RV function are sum-
marized in Table 4. The correlation analysis revealed
that RV-SD6 was moderately correlated with global
RVLS, free wall RVLS, septal RVLS, FAC and the Tei
index, and RV-SD4 was moderately correlated with
global RVLS, septal RVLS, FAC and the Tei index.

Multiple linear regression analysis
Multiple linear regression analysis revealed that TR

velocity and nRVAs were independent predictors of
the RV-SDé6 (TR velocity, B = 0.37, p=0.012; RVAs,
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Table 1 Comparison of clinical and echocardiographic variables in 25 dogs with precapillary pulmonary hyper-

tension and 54 control dogs.

Variables Precapillary PH n Control n p
Male/female 12/13 25 28/26 54 .44
Age (year)® 12 (9—13) 24 9 (8—10) 54 .005
Body weight (kg) 6.9 (3.7—-10.1) 25 5.3 (3.3-8.7) 54 .31
Heart rate (bpm)® 136 (110—147) 25 92 (80—111) 54 <.001
Mean BP (mmHg) 115 (100—135) 16 109 (97—119) 40 .10
QRS duration (msec)® 60 (56—62) 25 57 (53—59) 54 .03
Right heart failure® 4 (16.7%) 0 (0%) .01
Medication
Sildenafil 4 (16.0%) 0 (0%)
Beraprost sodium 3 (12.0%) 0 (0%)
Prednisolone 3 (12.0%) 0 (0%)
Echocardiography
TR velocity (m/s)® 3.7 (3.1—-4.5) 22 2.3 (2.2-2.5) 10 <.001
Systolic PAP (mmHg)? 58.9 (44.5—-82.3) 22 26.1 (22.9—-33.6) 10 <.001
RA pressure
5 (mmHg) 12 (48.0%) 54 (100%)
10 (mmHg) 9 (36.0%) 0 (0%)
15 (mmHg) 4 (16.0%) 0 (0%)
PR velocity (m/s) 3.0 (2.4-3.5) 8 1.8 (1.8—1.8) 1 .18
LA/Ao 1.37 (1.25—1.43) 25 1.39 (1.27—1.50) 54 .43
RV and RA morphologic variables
nRVIDD? 0.60 (0.46—0.88) 24 0.41 (0.36—0.48) 54 <.001
nRVAd (cm?/m?)? 18.5 (15.6—28.2) 25 11.3 (8.9—-13.7) 54 <.001
nRVAs (cm?/m?2)? 11.9 (9.5—19.9) 25 6.8 (4.9-8.4) 54 <.001
Sys EI* 1.35 (1.21—1.50) 24 0.95 (0.91—-0.98) 50 <.001
Dia EI* 1.45 (1.14—1.64) 25 1.02 (0.98—1.05) 50 <.001
PA/Ao0® 1.15 (0.99—1.24) 22 0.87 (0.80—0.93) 33 <.001
RVWTd (mm)? 4.8 (3.5-6.9) 23 3.0 (2.5-3.7) 54 <.001
nRAA (cm?/m?)? 8.9 (7.5—13.3) 25 5.6 (4.5—7.1) 54 <.001
RV function index
S’y (cm/s) 10.5 (8.4—12.6) 24 9.7 (8.4—12.8) 53 .90
TAPSE (mm) 8.1 (7.2—-10.7) 25 9.2 (7.9—-11.4) 52 .10
nTAPSE® 0.45 (0.35—-0.58) 25 0.53 (0.46—0.62) 52 .04
FAC (%)? 32.9 (24.9-37.2) 25 42.4 (35.5—47.6) 54 <.001
Tei index® 0.70 (0.56—0.83) 23 0.52 (0.47—0.55) 53 <.001
AT/ET® 0.28 (0.22—-0.34) 25 0.38 (0.35—-0.41) 54 <.001
STE variables (6-segment)
Global RVLS x —1 (%)* 12.0 (7.7—14.3) 22 17.1 (15.8—18.8) 54 <.001
Free wall RVLS x —1 (%)* 12.2 (8.5—16.1) 22 18.4 (17.1-20.7) 54 <.001
Septal RVLS x —1 (%)? 8.6 (6.3—12.2) 22 15.6 (13.9—16.5) 54 <.001
Free wall SST (msec) 215 (186—251) 22 192 (178—214) 54 .05
Septal SST (msec) 206 (184—242) 22 190 (176—218) 54 .10
RV-SDé6 (msec)? 27.2 (16.3—70.8) 22 16.6 (10.0—20.3) 54 <.001
STE variables (4-segment)
Global RVLS x —1 (%)* 12.6 (9.1—16.6) 25 19.6 (16.9—21.5) 54 <.001
Free wall RVLS x —1 (%)* 13.3 (11.1—-16.9) 25 21.3 (19.0—-23.7) 54 <.001
Septal RVLS x —1 (%)? 10.3 (7.9—14.8) 25 17.0 (15.1—18.8) 54 <.001
Free wall SST (msec)? 217 (190—244) 25 190 (181—214) 54 .03

(continued on next page)
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Table 1 (continued)

Variables Precapillary PH n Control n p
Septal SST (msec) 199 (174—235) 25 189 (174—215) 54 .52
RV-SD4 (msec)? 24.1 (18.4—68.8) 25 12.7 (7.4—17.7) 54 <.001

AT/ET, acceleration time to ejection time of pulmonary artery flow ratio; BP, blood pressure; BSA, body surface area; Dia El,
eccentricity index at end-diastole; FAC, fractional area change; LA/Ao, left atrium to aorta diameter ratio; nRAA, normalized RA
area; nRVAd, normalized RV end-diastolic area; nRVAs, normalized RV end-systolic area; nRVIDD, normalized RV diameter in
diastole; nTAPSE, normalized tricuspid annular plane systolic excursion; PA/Ao, pulmonary artery to aorta diameter ratio; PAP,
pulmonary arterial pressure; PH, pulmonary hypertension; PR, pulmonic regurgitation; RA, right atrium; RVLS, RV longitudinal
strain; RV-SD4, standard deviation of systolic shortening time of 4 mid-basal segments of RV; RV-SD6, standard deviation of
systolic shortening time of 6 RV segments; RVWTd, RV wall thickness in diastole; SST, systolic shortening time; S’1y, systolic
tricuspid annular velocity; STE, speckle-tracking echocardiography; Sys El, eccentricity index at end-systole; TAPSE, tricuspid
annular plane systolic excursion; TR, tricuspid regurgitation; RV, right ventricle.

Data are expressed as the median (interquartile range) for continuous data or number (percentage) for categorical data.

@ Values between the two groups differed significantly (p<0.05).

Figure 3

Long. Strain Inner

Representative images of STE from a 2-year-old castrated male Chihuahua (control dogs) (A) and a 12-

year-old spayed female American cocker spaniel with precapillary PH due to acute pulmonary thromboembolism
(B). (A) Global RVLS was —18.4%, free wall RVLS was —21.6%, septal RVLS was —15.1%, and RV-SD4 was 16.0 msec. (B)
Global RVLS was —6.7%, free wall RVLS was —7.5%, septal RVLS was —6.7%, and RV-SD4 was 101.8 msec. Free wall
segments (ML and BL) were delayed compared with septal segments (MS and BS). STE, speckle-tracking echo-
cardiography; RV, right ventricle; RVLS, RV longitudinal strain; PH, pulmonary hypertension; RV-SD4, standard devi-
ation of systolic shortening time of four mid-basal segments of RV; BL, basal lateral free wall; ML, middle lateral free

wall; MS, middle lateral septum; BS, basal septum.

B = 0.57, p<0.001). Tricuspid regurgitation
velocity and nRVAs were independent predictors of
the RV-SD4 (TR velocity, p = 0.42, p=0.003; RVAs,
B = 0.51, p<0.001).

Discussion

The main finding of this study is that echocardio-
graphic indices of RV function, including FAC, the
Tei index and RVLS derived from STE, are impaired
in dogs with precapillary PH. In addition, these
dogs showed severe RV dyssynchrony assessed by
RV-SD6, and RV-SD4 derived from the STE and RV
dyssynchrony was associated with RV dilation and
an elevated sPAP.

To our knowledge, the present study is the first
to describe RVLS values derived from STE in dogs
with precapillary PH. The present findings are
comparable to previous reports in human patients
with precapillary PH [34—36]. Speckle-tracking
echocardiography is a novel quantitative method
for assessment of the regional and global myo-
cardial deformation based on greyscale B-mode
images. This method can be used to evaluate the
ventricular performance without being influenced
by angle dependence or geometric assumptions
[37]. In human patients with precapillary PH, RVLS
is negatively correlated with PA pressure and pul-
monary vascular resistance [34,38,39] and has
been reported to be a good predictor of a poor
outcome, reduced cardiac function and clinical
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Table 2 Correlation analysis of tricuspid regur-
gitation velocity and echocardiographic indices of the
right ventricular function in 25 dogs with precapillary
pulmonary hypertension.

Variables r p
S’tv (cm/s) —0.32 .16
TAPSE (mm) —0.12 .60
nTAPSE —0.02 .94
FAC (%)° —0.49 .022
Tei index® —0.55 .013
6-segment global RVLS x - 1 (%)? —0.54 .012
6-segment free wall RVLS x - 1 (%) —0.34 .13
6-segment septal RVLS x - 1 (%)* —0.61 .003
RV-SD6 (msec)? 0.71  <.001
4-segment global RVLS x - 1 (%)? —0.59 .004
4-segment free wall RVLS x - 1 (%) —0.31 .16
4-segment septal RVLS x - 1 (%)® —0.60 .003
RV-SD4 (msec)® -0.71  <.001

S’1v, systolic tricuspid annular velocity; nTAPSE, normalized
tricuspid annular plane systolic excursion; TAPSE, tricuspid
annular plane systolic excursion; FAC, fractional area
change; RVLS, RV longitudinal strain; RV, right ventricle; RV-
SD6, standard deviation of systolic shortening time of 6 RV
segments; RV-SD4, standard deviation of systolic shortening
time of 4 mid-basal segments of RV.
@ p< 0.05.

Table 3 Correlation analysis of the standard devi-
ation of systolic shortening time of four mid-basal
right ventricular segments and QRS duration, tricus-
pid regurgitation velocity, systolic pulmonary arterial
pressure and right ventricle and atrium morphologic
variables in 25 dogs with precapillary pulmonary
hypertension.

RV-SD6 RV-SD4

r p R p
QRS duration (msec) -0.03 .89 0.02 .93
TR velocity (m/sec) 0.70° <.001 0.71% <.001

Variables

Systolic PAP 0.68° <.001 0.76° <.001
nRVIDD 027 .22 036  .082
nRVAd (cm?/m?) 0.59° .003 0.63% <.001
nRVAs (cm?/m?) 0.65° <.001 0.71* <.001
Sys El 0.44° .035 0.44° .030
Dia El 0.53* .008 0.50° .011
RVWTd 0.33 .13 030 .17
nRAA 0.39  .060 0.60° <.001

RV, right ventricle; RV-SD6, standard deviation of systolic
shortening time of 6 RV segments; RV-SD4, standard devia-
tion of systolic shortening time of 4 mid-basal segments of
RV; TR, tricuspid regurgitation; PAP, pulmonary arterial
pressure; nRVIDD, normalized RV diameter in diastole;
nRVAd, normalized RV end-diastolic area; nRVAs, normalized
RV end-systolic area; Sys El, eccentricity index at end-
systole; Dia El, eccentricity index at end-diastole; RVWTd,
RV wall thickness in diastole; nRAA, normalized RA area.
@ p< 0.05.

Table 4 Correlation analysis of the standard devi-
ation of systolic shortening time of four mid-basal
right ventricular segments and the other echo-
cardiographic indices of the right ventricular function
in 25 dogs with precapillary pulmonary hypertension.

Variables RV-SD6 RV-SD4
r p r p
S’rv (cm/s) 0.03 .90 -0.04 .85
TAPSE (mm) -0.03 .90 -0.05 .83
nTAPSE -0.04 .84 -0.03 .90
FAC (%) —0.49% .015 —0.53% .002
Tei index —0.58* .004 —0.55" .007
6-segment —0.52° .010
global RVLS x - 1 (%)
6-segment —0.43% .036
free wall RVLS x - 1 (%)
6-segment —0.44° .034
septal RVLS x - 1 (%)
4-segment —0.59% .002
global RVLS x - 1 (%)
4-segment —0.37 .068
free wall RVLS x - 1 (%)
4-segment —0.51% .010

septal RVLS x - 1 (%)

RV, right ventricle; RV-SDé, standard deviation of systolic
shortening time of 6 RV segments; RV-SD4, standard devia-
tion of systolic shortening time of 4 mid-basal segments of
RV; S’ty, systolic tricuspid annular velocity; nTAPSE, nor-
malized tricuspid annular plane systolic excursion; TAPSE,
tricuspid annular plane systolic excursion; FAC, fractional
area change; RVLS, RV longitudinal strain.
@ p< 0.05.

worsening [34—36]. Further studies are necessary
to clarify whether RVLS is useful for assessing
haemodynamic changes and prognosis in dogs with
precapillary PH.

This study provides the first description of RV
dyssynchrony in dogs with precapillary PH. We
applied both a six-segment and four-segment RV
model to assess RV dyssynchrony. Some dogs had
inadequate images of apical segments in the
present study. The reason for the inadequate
images of apical segments might be related to RV
dilation or tachypnoea. In several previous human
studies, a four-segment RV model was applied in
patients with precapillary PH [16,17]. Conversely,
one previous human study demonstrated that RV-
SDé was a stronger prognostic index than RV-SD4
in patients with precapillary PH [18]. Therefore,
further studies are needed to determine which
dyssynchrony index is superior for assessing RV
dyssynchrony.

In the present study, RV dyssynchrony deter-
mined by RV-SD6 and RV-SD4 occurred in dogs with
precapillary PH, and these dogs had a longer free
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wall SST and similar septal SST compared with
control dogs. These results agree with those of
human studies by Marcus et al. [11] and Kaloger-
opoulos et al. [12], which demonstrated that free
wall systolic delay assessed by magnetic resonance
imaging and STE occurred in patients with pre-
capillary PH. This indicates that RV dyssynchrony
in dogs with precapillary PH is also caused by free
wall systolic delay.

In human patients with precapillary PH, RV
dilation (RVAd and Dia El), elevated afterload and
a longer QRS duration contributed to RV dyssyn-
chrony [11,16—18]. Our findings are partially con-
sistent with human studies. The results of the
present study demonstrate that there is a sig-
nificant correlation between RV-SD and RV dilation
(nRVAs, nRVAd, Sys El and Dia El) and sPAP esti-
mated by echocardiography. In addition, nRVAs
and TR velocity were independent predictors of
RV-SDé6 and RV-SD4 on multiple linear regression
analysis. While the longer QRS duration has been
reported to contribute to RV dyssynchrony in
human patients with precapillary PH [16], it was
not related to RV-SDé6 and RV-SD4 in the present
study. The reason for this disagreement may be
the difference in the proportion of subjects with a
wide QRS duration, heterogeneity of dogs with
precapillary PH and small sample size. The present
findings suggest that RV dilation and elevated
afterload contribute to RV dyssynchrony in dogs
with precapillary PH.

It has been reported that afterload elevation
induces LV dyssynchrony even in normal subjects
[40]. Additionally, we previously reported that
mild RV pressure overload without RV dilation
caused RV dyssynchrony in dog models of acute
mild RV pressure overload [41]. Furthermore, RV
dilation and elevated afterload increase RV wall
stress according to Laplace’s law. In human
patients with precapillary PH, increased RV wall
stress was associated with RV dyssynchrony based
on magnetic resonance imaging [11]. The combi-
nation of these factors contributes to RV
dyssynchrony.

In the present study, S’tv and TAPSE were not
altered in dogs with precapillary PH. In contrast,
FAC and the Tei index were significantly
impaired. Previous human studies reported that
these echocardiographic indices significantly
decreased and were good predictors of a poor
prognosis in human patients with precapillary PH
[34,36,38,42]. Furthermore, in dogs with pre-
capillary and postcapillary PH, S’tv and TAPSE
were decreased compared with control dogs
[20,23]. One reason for this difference may be
the effect of body weight. Our group and Visser

et al. [44] previously reported that the S’ty,
TAPSE and the Tei index were positively corre-
lated, while FAC was negatively correlated with
body weight [43]. In fact, nTAPSE was sig-
nificantly decreased in dogs with precapillary PH
in the present study. Another reason may be an
angle-dependence and regional analysis of tri-
cuspid annulus of S’y and TAPSE. Given these
findings, the FAC and the Tei index might be more
sensitive to changes in RV haemodynamics and
function than the S’y and TAPSE.

The severity of PH is assessed by Doppler-esti-
mated sPAP in dogs [3,23,45]. However, the esti-
mation of sPAP by echocardiography has technical
limitations. Estimated sPAP cannot be measured in
dogs without a TR. Conversely, echocardiographic
indices of RV function may be applied even in dogs
without TR. In addition, some echocardiographic
indices of RV function, such as FAC, the Tei
index and RVLS, were significantly correlated with
the estimated sPAP in the present study. There-
fore, these indices are useful for assessing the
severity of PH. However, these echocardiographic
indices may be affected by volume overload, such
as TR and pulmonic insufficiency. Indeed, we
determined that echocardiographic indices of RV
function were enhanced by acute volume overload
in healthy Beagles [46]. In the present study, there
was no difference in echocardiographic indices
between control dogs with TR and those without
TR (data not shown). A potential explanation for
this result may be the severity of TR in control
dogs. In the present study, the severity of TR was
mild in all control dogs. Further studies are needed
to clarify the effect of TR on echocardiographic
indices of RV function in dogs with PH.

There remain several limitations in the present
study. First, the number of dogs with precapillary
PH was small. Therefore, the study had limited
power for detecting differences between groups.
Second, the aetiology causing precapillary PH was
heterogeneous. Different effects due to acute or
chronic RV pressure overload on RV function have
been reported in human patients [47]. However,
the effects of different underlying conditions
causing PH (e.g. acute or chronic) on echocardio-
graphic indices of RV function could not be
assessed in the present study. Third, no gold
standard assessment of RV haemodynamics, such
as the right heart catheterisation, was evaluated
in the present study. Therefore, the relationship
between changes in echocardiographic indices and
haemodynamic variables in dogs with precapillary
PH cannot be ascertained. Fourth, dogs with pre-
capillary PH were diagnosed by echocardiography,
and the PA wedge pressure was not measured by
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cardiac catheterisation in the present study. Thus,
the possibility of postcapillary PH could not be
completely excluded. Fifth, some dogs were being
treated with sildenafil and beraprost sodium.
While these drugs possess the potential for
affecting RV function owing to reducing RV after-
load, the effects of these drugs on RV function
have not been clarified in dogs. Further studies are
needed to reveal the effects of medication on RV
function. Sixth, while we evaluated the intra-
observer and interobserver repeatability of RVLS
and RV-SDé6 in healthy Beagles [43], those of RVLS
and RV-SD4 in dogs with precapillary PH were not
clarified. Finally, RV strain and RV-SD4 were
measured using software for LV strain as software
specific for RV strain analysis has not yet been
developed.

Conclusions

In conclusion, some echocardiographic indices of
RV function were significantly impaired, and RV
synchronicity was lost in dogs with precapillary
PH. The echocardiographic indices of RV dyssyn-
chrony may represent a novel diagnostic approach
for detecting PH and might be helpful for eluci-
dating the pathophysiology of RV dysfunction in
dogs with PH.
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