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Abstract Introduction/objectives: In humans with impaired right-sided cardiac
function, the caudal vena cava (CVC) diameter serves as a marker of venous conges-
tion. This study aimed to investigate whether ultrasonographic CVC variables could
identify the presence of right-sided congestive heart failure (R-CHF) in dogs with
right-sided heart disease (RHD).
Animals: Fifty client-owned control dogs and 67 dogs with RHD were enrolled. The
dogs with RHD were subdivided into the non-R-CHF (n ¼ 43) and R-CHF (n ¼ 24)
groups.
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Abbreviations

Ao aorta
BSA body surface area
CI confidence interva
CVC caudal vena cava
CVP central venous pre
IVC inferior vena cava
LD longest diameter

cava area
LD max longest diameter o

vena cava area du
LD min longest diameter o

vena cava area du
MMVD myxomatous mitra
PH pulmonary hyperte
RA right atrial
RAP right atrial pressur
R-CHF right-sided congest
RHD right-sided heart d
Materials and methods: We measured and compared the ultrasonographic CVC vari-
ables and echocardiographic variables among the groups. Receiver operating char-
acteristic (ROC) curve analysis was performed to calculate the sensitivity and
specificity of the variables at optimal cutoff values.
Results: We obtained the highest accuracies of the ratio of the shortest diameter
(SD) of the minimal CVC area to the aorta diameter (Ao) during inspiration
[SD(min)/Ao] and of the ratio of SD(min) to the longest diameter of the minimal
CVC area during inspiration [LD(min),SD/LD(min)], with high sensitivities, specifici-
ties, and an area under the ROC curve greater than 0.925.
Conclusions: In addition to the echocardiographic assessment of right-sided cardiac
function, the CVC variables in this study, especially SD(min)/Ao and SD/LD(min),
would be useful diagnostic indices for identifying R-CHF in dogs with RHD.
ª 2020 The Author(s). This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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RV right ventricular
RVTX right ventricular Tei index
SD shortest diameter perpendicular to the

longest diameter of the caudal vena
cava area

SD/LD ratio of SD to LD
SD/LD(min) Ratio of SD min to LD min
SD max shortest diameter perpendicular to the

longest diameter of the maximal caudal
vena cava area during expiration

SD min shortest diameter perpendicular to the
longest diameter of the minimal caudal
vena cava area during inspiration

SD (min)/Ao ratio of SD min to Ao diameter
TAPSE tricuspid annular plane systolic excursion
TTFE peak velocity of early diastolic trans-

tricuspid flow
TR tricuspid regurgitation
Introduction

Impaired right-sided heart function has been
reported to be associated with poor prognosis in
human patients with various cardiac diseases, such
as ischaemic heart disease, dilated cardiomyop-
athy, mitral regurgitation, and pulmonary embo-
lism [1e7]. Decreased tricuspid annular plane
systolic excursion (TAPSE), elevated right ven-
tricular (RV) end-diastolic diameter, and altered
peak longitudinal strain of the RV free wall are
known to be poor prognostic indicators in human
patients with such cardiac diseases [1e4,7].

Right ventricular Tei index (RVTX) and TAPSE are
the independent predictors of mortality in dogs
with arrhythmogenic RV cardiomyopathy and
myxomatous mitral valvular disease (MMVD) [8,9].
Previous studies have shown that various echo-
cardiographic variables can be used to predict left-
sided congestive heart failure in dogs with MMVD
or dilated cardiomyopathy [10e14]. Echocardio-
graphic variables of the left atrium, such as left
atrial size, left atrial strain, and peak early dia-
stolic mitral inflow velocity, are good indicators of
prognosis and disease severity in dogs with MMVD
[10e13].

Recent studies have shown that several echo-
cardiographic variables of right-sided cardiac
function were altered in dogs with pulmonary
hypertension (PH), MMVD, or arrhythmogenic RV
cardiomyopathy [15e21]. However, only a few
studies have investigated the relationship between

http://creativecommons.org/licenses/by-nc-nd/4.0/
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echocardiographic variables and the presence of
right-sided congestive heart failure (R-CHF) in dogs
[20,21].

Most patients with R-CHF demonstrate elevated
right atrial (RA) pressure (RAP) and central venous
pressure (CVP) [22]. Pressure overload, volume
overload, myocardial failure, inflow obstruction,
and pericardial disease can all lead to R-CHF [23].
The caudal vena cava (CVC) in dogs, or the inferior
vena cava (IVC) in humans, is a vessel with high
compliance whose size and shape vary with changes
in CVP [24,25]. The diameter of the CVC, or the IVC,
is correlated with RAP and CVP [24e26]. In human
medicine, a large IVC diameter and low IVC respi-
ratory variability accurately indicate high RAP [27].
Thus, the IVC diameter, IVC respiratory variability,
and ratio of the minor to major axes of the IVC area
serve as diagnostic markers of R-CHF in human
patients with chronic heart failure [26,28,29]. The
CVC diameter, ratio of the CVC diameter to the
aorta (Ao) diameter, and CVC respiratory variability
have been investigated in dogs; however, these
studies were not related to heart diseases
[24,30e32]. No study has investigated the ratio of
the minor to major axes of the CVC area in dogs. In
dogs, R-CHF has been diagnosed on the basis of the
presence of ascites and a visual confirmation of
dilatation of the CVC on ultrasonographic exami-
nation [20,21]. However, these evaluations are
rather subjective and diagnostic cutoff values of
ultrasonographic CVC variables for the assessment
of R-CHF have not been investigated in dogs.

In the present study, we aimed to compare the
ultrasonographic CVC and echocardiographic vari-
ables of right- and left-sided cardiac function
between healthy control dogs and dogs with right-
sided heart disease (RHD), with and without R-
CHF. Furthermore, we aimed to assess the ability
of these variables to identify the presence of R-
CHF in dogs with RHD.
Animals, materials, and methods

Animals

Client-owned dogs with RHD and clinically healthy
dogs were prospectively enrolled into the study
betweenAugust 2015 andMarch 2018 at AsapAnimal
Clinic. The study was approved by the Animal Ethics
Committee of the University of Miyazaki, and all
clients were informed of the details of the study and
provided written consent forms.

Dogs were determined as clinically healthy
(group 1) based on the absence of any clinical
signs, absence of abnormal findings on physical
examination, electrocardiography, echocardiog-
raphy, and abdominal ultrasonography, negative
results of heartworm antigen test, and absence of
medication history within 4 weeks before study
enrolment.

Dogs diagnosed with RHD underwent the follow-
ing diagnostic tests: physical examination, heart-
worm antigen test, abdominal ultrasound,
conventional transthoracic echocardiography, and
electrocardiography. Dogs were enrolled into the
RHD group if they had any one of the following
conditions based on thediagnostic tests: heartworm
disease with/without PH, PH of unknown origin,
left-sided heart disease with PH, or pulmonary
stenosis. Dogs with RHD were included in this study
regardless of their cardiac medication history. Dogs
with RHD were excluded if they had any one of the
following conditions that are not related to primary
RHD: the presence of pericardial disease, RV inflow
obstruction due to a cardiac tumour, or left-sided
heart disease without PH.

The RHD group was subdivided into two groups:
RHD without R-CHF (group 2) and RHD with R-CHF
(group 3). If ascites was not present, a dog was
categorised into group 2. If abdominal fluid was
observed on abdominal ultrasound, peritoneal fluid
analysis via paracentesis was performed to confirm
transudative ascites and blood test (i.e., complete
blood count and plasma chemistry panel) was per-
formed to rule out hypoalbuminemia (<1.5 g/dL;
normal range: 2.5e4.1 g/L) or any non-cardiac
conditions that can cause transudative ascites
(e.g., liver failure). If transudative ascites related
to RHD was present based on these examinations,
the dog was categorised into group 3.

PH was defined as a peak tricuspid regurgitation
(TR) jet velocity greater than 2.8 m/s and/or a
pulmonary regurgitation jet velocity greater than
2.2 m/s [33] on echocardiologic examination. The
severity of PH was classified into the following
three categories based on the TR pressure gra-
dient: mild PH (TR pressure gradient between 31.4
and 50 mmHg), moderate PH (50e75 mmHg), and
severe PH (>75 mmHg) [33]. Pulmonary stenosis
was defined as a spectral Doppler pulmonary
velocity greater than 1.6 m/s on echocardio-
graphic examination [34].

Ultrasonographic measurements of aorta
and CVC variables

Views
All ultrasonographic examinations were per-
formed by a single experienced sonographer (TF).



Figure 1 Transverse ultrasonographic images obtained via the right intercostal space of a healthy dog (A, C1e3) and
a dog with right-sided congestive heart failure (R-CHF) (B, D1e3). A short-axis ultrasonographic zoomed image of the
maximal caudal vena cava (CVC) during expiration (C2, D2) and minimal CVC during inspiration (C3, D3). The arrows
indicate the longest diameter (LD) and shortest diameter (SD) of the CVC area. The SD was defined as a diameter
perpendicular to the LD. Aorta (Ao) diameter measurements are also shown (C1, D1). LD max: LD of the maximal CVC
area during expiration; LD min: LD of the minimal CVC area during inspiration; PV: portal vein; SD max: SD of the
maximal CVC area during expiration; SD min: SD of the minimal CVC area during inspiration.
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The measurements were recorded using an ultra-
sound scanner,f,g with a 2e8-MHz convex probe.h,i

All dogs were manually restrained without seda-
tion or anaesthesia in left lateral recumbency. On
the basis of a previous study, a probe was placed
in a transverse position at the 10th to 12th right
dorsolateral intercostal space to acquire the CVC
and Ao measurements [30e32]. If lung
f Hitachi Hi Vision 900, Hitachi Medical Corporation, Tokyo,
Japan.
g Arietta, Hitachi-Aloka Medical, Ltd., Tokyo, Japan.
h EUP-C532, Hitachi Medical Corporation, Tokyo, Japan.
i C35, Hitachi-Aloka Medical, Ltd., Tokyo, Japan.
interference was present, the transducer was
moved one intercostal space caudally. If the right
kidney was identified, the transducer was moved
one intercostal space cranially. A transverse plane
of the CVC and Ao was obtained where they were
perpendicular to the longitudinal plane and the
CVC area was not falsely too large owing to
angulation. The liver was used as an acoustic
window to obtain clear views of the CVC and Ao
(Fig. 1-A, B). Magnified ultrasound images of CVC
and Ao were recorded using the zoom mode of the
ultrasound device. All measurements were
obtained with the dogs lying motionless and
breathing quietly.
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Aorta
Transverse ultrasonographic images of the Ao were
obtained when the Ao and CVC were visible in the
same cross section. The largest Ao diameter was
measured using a frame in which a maximum sub-
jective dimension was observed during the systolic
phase of the cardiac cycle (Fig. 1-C1, D1). The Ao
diameters were measured from three consecutive
cardiac cycles. The mean values were calculated.

Caudal vena cava
The area of the CVC changes depending on respira-
tory phases. It reaches aminimumduring inspiration
and amaximumduring expiration. Ultrasonographic
images of the CVC were obtained at the junction of
the hepatic vein during expiration and inspiration. A
cross-sectional short-axis plane of the CVC per-
pendicular to the long-axis was obtained when the
area was the smallest and not falsely too large
because of angulation. The respiratory phase was
determined according to the ultrasonographic lung-
sliding sign and careful observation of the respira-
tory motion by the restrainer.

Diameter of the minimal CVC area during
inspiration
An ultrasonographic image of the minimal CVC
area during inspiration was obtained. The longest
diameter of the CVC area (LD min) and the shortest
diameter (SD min) perpendicular to the LD min
were measured (Fig. 1-C3, D3) [29,35].

Diameter of the maximal CVC area during
expiration
An ultrasonographic image of the maximal CVC
area during expiration was obtained. The longest
diameter of the CVC area (LD max) and the
shortest diameter (SD max) perpendicular to the
LD max were measured (Fig. 1-C2, D2) [29,35]. For
both the minimal and maximal CVC areas, the LD
and SD during three consecutive respiratory cycles
were measured and the mean of three measure-
ments was calculated for each variable.

The ratio of the shortest diameter of the CVC
area to the longest diameter of the CVC area, the
ratio of the shortest diameter of the CVC area to
the aorta diameter and CVC respiratory
variability
The ratios of SD max to LD max and ratio of SD min
to LD min [SD/LD(min)] as well as those of SD max
to Ao diameter and SD min to Ao diameter
[SD(min)/Ao] were calculated. CVC respiratory
variability was defined as [(SD max � SD min)/SD
max � 100%].
Conventional echocardiographic variables

The same sonographer (TF) performed all echo-
cardiographic examinations using an ultrasound
scannerf,g with a 2e9-MHz sector probe.h,i The
dogs were gently restrained in right and left lateral
recumbency without sedation.

TR severity
The peak systolic TR jet velocity was measured
using continuous-wave Doppler from the echo-
cardiographic view with the highest velocity. The
severity of TR was categorised into three levels
(mild, moderate, and severe) based on the size of
the TR jet on colour flow imaging and a con-
tinuous-wave Doppler envelope of a TR jet in the
left-sided apical four-chamber view. The TR was
considered mild if a thin TR colour Doppler jet
adjacent to the valve closure and a faint parabolic
continuous-wave spectral profile were detected.
The TR was considered moderate when an inter-
mediate TR colour Doppler jet and a dense para-
bolic continuous-wave spectral profile on a
continuous-wave Doppler were observed. The TR
was considered severe if a very large TR jet
reaching the opposite RA wall on a colour Doppler
and a triangular contour TR jet signal on a con-
tinuous-wave Doppler were detected [20].

Pulmonary artery acceleration time to ejection
time
The ratio of the pulmonary artery acceleration
time to the ejection time was measured from a
standard right-sided parasternal short-axis view at
the heart base optimized for the pulmonary artery
using pulsed-wave Doppler [33].

RA area index
The RA area from a left-sided apical four-chamber
view was assessed. The RA area was obtained by
tracing from the lateral aspect of the tricuspid
annulus to the septal aspect, following the RA
endocardium at the end of ventricular systole [20].
Thebody surfacearea (BSA)wascalculatedusing the
following formula:BSA¼ 0.101�bodyweight (kg)2/3

[20]. The RA area indexed to the BSA (RA area index)
was calculated using the following formula: RA area
index (cm2/m2)¼maximal RA area (cm2)/BSA (m2).

RV fractional area change
The RV fractional area change was measured from
the left-sided apical four-chamber view. The RV
area measurements were obtained by tracing the
RV endocardial border at end-systole and end-
diastole while tracing the border to exclude the



j The R Foundation for Statistical Computing, version 2.13.0,
Vienna, Austria.
k JMP Pro, version 12.0.1, SAS Institute Inc., Cary, NC, USA.
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papillary muscles from the tracing. The fractional
area change percentage was calculated as follows:
(RV end-diastolic area � RV end-systolic area)/RV
end-diastolic area � 100% [36].

Transtricuspid inflow velocity
In the left-sided apical four-chamber view, we
detected the peak velocity of early diastolic
transtricuspid flow (TTFE) and late diastolic
transtricuspid flow. We measured the peak systolic
velocity of the lateral tricuspid annular motion, as
well as the peak early and late diastolic velocities
of the lateral tricuspid annular motion as deter-
mined using pulsed-wave tissue Doppler imaging.
The ratio of TTFE to the peak velocity of early
diastolic tricuspid annular motion determined
using pulsed-wave Doppler was calculated.

Normalised TAPSE
We measured TAPSE from an M-mode recording
with an M-mode cursor carefully aligned parallel to
the RV free wall using the left-sided apical four-
chamber view. We calculated the normalised
TAPSE as follows: normalised TAPSE ¼ TAPSE/
[body weight (kg)0.33] [37].

Right ventricular Tei index
Using a dual pulsed-wave Doppler system, the
RVTX was calculated as the sum of the isovolumic
contraction time and the isovolumic relaxation
time divided by the RV ejection time [38]. We
acquired left-sided parasternal short-axis images
using dual-phase pulsed-wave Doppler and
obtained tricuspid inflow and pulmonary arterial
flow spectra during the same cardiac cycle.

Normalised left ventricular internal dimension in
diastole
In assessing the left-sided heart, we measured the
left ventricular internal diameter at end-diastole
on an M-mode echocardiogram in the right-sided
parasternal short-axis view. We calculated the
normalised left ventricular internal dimension in
diastole using the following equation: normalised
left ventricular internal dimension in
diastole ¼ left ventricular internal diameter at
end-diastole (cm)/[body weight (kg)]0.294 [39].

Mitral annulus velocity on Doppler tissue imaging
The early and late diastolic transmitral inflow veloc-
ities were measured in the left-sided apical four-
chamber view using a pulsed-wave Doppler system.
We alsomeasured the peak systolic and the early and
late diastolic velocities of the longitudinal left ven-
tricular wall motion at the septal and lateral mitral
annulus with pulsed-wave tissue Doppler imaging.
Statistical analysis

The chi-square test or Fisher’s exact test was
used to compare demographic categorical vari-
ables. All continuous variables were tested for
the normality of distribution of the data using
the ShapiroeWilk test. Normally distributed
data are presented as mean � standard devia-
tion; non-normally distributed data are pre-
sented as median and interquartile range. A p-
value less than 0.05 was considered significantly
different.

When comparing variables between two
groups, in addition to the ShapiroeWilk test,
the F-test of equality of variances was used to
assess the homogeneity of variances. If the
data were normally distributed and had the
same variance, Student’s t-test was used. If the
data were not normally distributed, the
ManneWhitney U-test was used. When com-
paring continuous variables among the three
groups, Bartlett’s test was used to assess the
homogeneity of variances. One-way analysis of
variance was used if both the assumptions of a
normal data distribution and homogeneity of
variances were verified. The KruskaleWallis
test was used if the assumption of a normal
data distribution and/or the assumption of
homogeneity of variances was not verified. Post
hoc multiple comparisons among the three
groups were performed using Bonferroni cor-
rection, and a p-value less than 0.0167 was
considered statistically significant.

The relationship between body weight and Ao
diameter and the relationship between body
weight and CVC variables in group 1 were assessed
using Spearman’s rank correlation coefficient
analysis. A p-value less than 0.006 was considered
statistically significant to reduce the risk of a type
1 error.

Receiver operating characteristic (ROC) curve
analysis was performed to calculate the sensi-
tivity and specificity of the measured ultra-
sonographic CVC and echocardiographic
variables at optimal cutoff values to identify
the presence of R-CHF in dogs with RHD (group
2 and 3). The area under the ROC curve was
used to assess the diagnostic accuracy for
identifying R-CHF in dogs with RHD. All stat-
istical analyses were performed using commer-
cial software packages.j,k



Table 1 Signalment, clinical status of cardiovascular diseases, medication history, and causes of right-sided
heart disease of dogs included in the study.

Variables Healthy
Group

RHD group Overall p-
value

Group 1 Group 2 Group 3

Total number n 50 43 24
Age (years) Median [IQR] 4 [1.5e8]a 12

[10e13.5]b
12 [9e14]b <0.001

Sex Male/female 25/25 25/18 12/12 0.698
Body weight (kg) Median [IQR] 5.9

[3.8e9.8]ab
5.0

[3.8e8.8]a
8.7

[7.4e11.8]b
0.017

TR grade Mild/moderate/severe (n) e 11/19/9a 1/5/18b <0.001
Presence of PH Absent/present e 3/40 1/23 0.547
Severity of PH estimated from
TRPG

Mild/moderate/severe (n) e 18/16/5a 3/10/10b 0.002

Medication Receiving medication (n) e 19 11 0.650
ACE inhibitor (n) e 10 6 0.680
Pimobendan (n) e 12 4 0.233
Loop diuretics (n) e 4 6 0.087

Sildenafil (n) e 5 4 0.830
Spironolactone (n) e 0 1 0.358
Amlodipine (n) e 4 2 0.633

Cause of RHD HWD with PH (n) e 9 13 0.006
MMVD complicated with HWD and

PH (n)
e 3 1 0.547

MMVD complicated with PH (n) e 15 5 0.177
PH of unknown origin (n) e 13 4 0.176

Pulmonary stenosis
Mild/moderate/severe (n)

e 2/1/0 0/0/1 0.678

Values with different superscripted letters (a and b) indicate significant differences between groups (p<0.0167).
ACE, angiotensin-converting enzyme; HWD, heartworm disease; IQR, interquartile range; MMVD, myxomatous mitral valvular
disease; PH, pulmonary hypertension; RHD, right-sided heart disease; TR, tricuspid regurgitation; TRPG, tricuspid regurgitation
pressure gradient.
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Results

Study group characteristics in dogs with RHD
and in healthy dogs

In total, 117 dogs were enrolled: 50 healthy dogs
(group 1) and 67 dogs with RHD. Among the dogs
with RHD, 43 dogs did not have R-CHF (group 2)
and 24 dogs had R-CHF (group 3). Table 1 shows the
signalment, clinical status of cardiovascular dis-
eases, medication history, and causes of RHD. The
proportions of pure breeds to mixed breeds were
45/5 in group 1, 34/9 in group 2, and 11/13 in
group 3. The distribution of small-sized (<10 kg),
medium-sized (10 to <30 kg), and large-sized
(�30 kg) dogs was 38/11/1 in group 1, 38/5/0 in
group 2, and 15/9/0 in group 3 (the list of breeds is
provided in Supplementary Table A available in
Supplementary Material online). Dogs in group 1
(median [interquartile range]: 4 [1.5e8] years)
were significantly younger than those in group 2
(12 [10e13.5] years) and 3 (12 [9e14] years) (both
p<0.001). The body weight significantly differed
among the three groups (p¼0.017); however, dogs
in group 3 (median [interquartile range]: 8.7
[7.4e11.8] kg) had a significantly greater body
weight than dogs in group 2 (5.0 [3.8e8.8] kg,
p¼0.003). The sex distribution did not significantly
differ among the three groups (p¼0.698).

In the 67 dogs with RHD (groups 2 and 3), the
causes of RHD (Table 1) were heartworm disease
with PH (n ¼ 22), MMVD complicated with PH
(n ¼ 20), PH of unknown origin (n ¼ 17), MMVD
complicated with heartworm disease and PH
(n ¼ 4), and pulmonary stenosis (n ¼ 4). The
number of dogs with heartworm disease (n ¼ 13) in
group 3 was significantly higher than that in group
2 (n ¼ 9) (p¼0.006). In total, 94.0% of the dogs
(63/67) with RHD (group 2 and 3) were diagnosed
with PH based on the TR and/or pulmonary
regurgitation pressure gradient. With respect to
the severity of PH based on the TR pressure gra-
dient, group 2 had 18 dogs with mild PH
(mean � standard deviation: 40.7 � 5.1 mmHg), 16
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dogs with moderate PH (59.7 � 6.9 mmHg), and
five dogs with severe PH (94.3 � 13.7 mmHg).
Group 3 had three dogs with mild PH
(39.6 � 8.0 mmHg), ten dogs with moderate PH
(60.7 � 8.6 mmHg), and ten dogs with severe PH
(95.6 � 13.9 mmHg). One dog (1/63) was diag-
nosed with PH based on a pulmonary arterial valve
regurgitation gradient of 41 mmHg because of the
absence of a TR jet. No significant differences
were observed in the type of cardiac medications
between group 2 and 3 (p¼0.650, Table 1).

Ultrasonographic CVC variables and conven-
tional echocardiographic variables in dogs
with RHD and in healthy dogs

The ultrasonographic CVC variables and echo-
cardiographic variables of the right- and left-sided
heart are summarised in Table 2. The SD max, SD
min, ratio of SD max to Ao diameter, SD(min)/Ao,
ratio of SD max to LD max, and SD/LD(min) were
significantly higher in dogs in group 3 than in
healthy dogs (group 1, all p<0.001) and dogs in
group 2 (all p<0.001). The CVC respiratory varia-
bility in group 3 was significantly lower than that
in group 1 (p<0.001) and group 2 (p<0.001). With
respect to the echocardiographic variables of the
right-sided heart, the peak TR velocity and peak
pulmonary regurgitation velocity in group 3 were
significantly higher than those in group 2 (Table
2).

Significant differences between groups 1 and 3,
as well as between group 2 and 3 were found
(Table 2) in the RA area index (p<0.001 and
p<0.001, respectively), RVTX (p<0.001 and
p<0.001, respectively), TTFE (p<0.001 and
p<0.001, respectively), ratio of TTFE to the peak
velocity of early diastolic tricuspid annular
motion as determined by pulsed-wave Doppler
(p<0.001 and p<0.001, respectively), RV frac-
tional area change (p<0.001 and p¼0.001,
respectively), normalised TAPSE (p<0.001 and
p<0.001, respectively), and peak velocity of
systolic lateral tricuspid annular motion as
determined by pulsed-wave Doppler (p<0.001
and p¼0.002, respectively). With respect to the
left-sided heart, significant differences between
groups 1 and 3, as well as between group 2 and 3
were found in the normalised left ventricular
internal dimension in diastole value (p¼0.002 and
p¼0.001, respectively) and late diastolic veloc-
ities of the longitudinal left ventricular wall
motion at the septal mitral annulus with pulsed-
wave tissue Doppler (p¼0.006 and p¼0.005,
respectively).
Correlation analyses between body weight
and aorta diameter and between body
weight and CVC variables in the healthy dogs

The results of correlation analyses between body
weight and Ao diameter/CVC variables in group 1
are summarised in Supplementary Table B, avail-
able in Supplementary Material online. Aorta
diameter (r ¼ 0.922, p<0.001), SD max (r ¼ 0.872,
p<0.001) and SD min (r ¼ 0.723, p<0.001) had
strong positive correlations with body weight.

No significant correlations were found between
body weight and the following CVC variables: ratio
of SD max to Ao diameter (r ¼ 0.264, p¼0.064), SD
min/Ao (r ¼ 0.287 p¼0.043), ratio of SD max to LD
max (r ¼ 0.136, p¼0.346), SD/LD (min) (r ¼ 0.263,
p¼0.065), and CVC respiratory variability
(r ¼ �0.184, p¼0.202).

Diagnostic accuracy of ultrasonographic CVC
and echocardiographic variables for identi-
fying right-sided congestive heart failure in
dogs with RHD.

The results of the ROC curve analyses are available
in Supplementary Table C in Supplementary
Material online. Ratio of SD min to Ao diameter at
a cutoff value of 0.957 identified the presence of
R-CHF in dogs with RHD with a sensitivity of 75.0%
(95% confidence interval [CI]: 53.3e90.2%), a spe-
cificity of 88.4% (95% CI: 74.9e96.1%), and an area
under the ROC curve of 0.928 (95% CI:
0.870e0.987). In addition, SD/LD(min) at a cutoff
value of 0.665 identified the presence of R-CHF in
dogs with RHD with a sensitivity of 91.7% (95% CI:
73.0e99.0%), a specificity of 83.7% (95% CI:
69.3e93.2%), and an area under the ROC curve of
0.925 (95% CI: 0.865e0.986).
Discussion

Our results showed that several ultrasonographic
CVC variables and echocardiographic variables
related to the right- and left-sided heart functions
significantly differed between dogs with RHD
without R-CHF and dogs with RHD with R-CHF. Most
ultrasonographic CVC variables in this study would
be useful echocardiographic variables to identify
the presence of R-CHF in dogs with RHD.

Ultrasonographic examination of the IVC is a
routine, non-invasive diagnostic method of esti-
mating RAP and CVP in humans [26,40]. The CVC
variables, such as the ratio of SD to Ao diameter



Table 2 Ultrasonographic caudal vena cava variables and echocardiographic variables from 117 dogs.

Variables Healthy group n RHD group Overall p-value

Group 1 Group 2 n Group 3 n

Ao diameter (mm) 7.5 [6.4e8.7]a 50 7.4 [6.0e9.3]a 43 8.2 [6.9e9.6]a 24 0.372
SD max (mm) 5.7 [4.5e6.9]a 50 5.8 [4.6e7.6]a 43 10.5 [8.7e11.7]b 24 <0.001
SD min (mm) 3.9 [3.0e4.8]a 50 3.5 [2.5e5.5]a 43 8.5 [7.6e10.3]b 24 <0.001
SD max/Ao 0.74 [0.66e0.82]a 50 0.82 [0.66e1.03]a 43 1.24 [1.09e1.40]b 24 <0.001
SD min/Ao 0.51 [0.41e0.59]a 50 0.47 [0.35e0.77]a 43 1.06 [0.97e1.13]b 24 <0.001
SD/LD (max) 0.54 [0.49e0.61]a 50 0.66 [0.55e0.76]b 43 0.90 [0.83e0.95]c 24 <0.001
SD/LD (min) 0.39 [0.30e0.46]a 50 0.43 [0.32e0.60]a 43 0.82 [0.72e0.89]b 24 <0.001
CVC respiratory variability (%) 33.8 [23.2e39.4]a 50 32.7 [23.8e50.6]a 43 12.7 [10.2e15.7]b 24 <0.001
Peak TR velocity (m/s) NA 3.57 [3.24e3.98]a 39 4.22 [3.66e4.91]b 24 0.002
Peak PR velocity (m/s) NA 2.85 � 0.62a 12 3.37 � 0.47b 12 0.032
TAPSE (cm) 1.02 [0.84e1.22]a 50 1.02 [0.86e1.20]a 40 0.99 [0.82e1.10]a 20 0.684
nTAPSE 0.56 � 0.06a 50 0.59 � 0.11a 40 0.47 � 0.09b 20 <0.001
RA area index (cm2/m2) 7.55 [6.63e8.20]a 50 9.62 [8.42e12.42]b 40 19.42 [16.00e23.83]c 20 <0.001
RV FAC (%) 54.9 � 7.9a 50 52.4 � 13.7a 40 40.2 � 12.3b 21 <0.001
RV S0 (cm/s) 15.4 � 4.2a 50 14.4 � 4.9a 42 10.7 � 3.7b 22 <0.001
RV E0 (cm/s) 11.0 � 3.0a 50 9.9 � 2.9a 42 10.0 � 3.4a 22 0.212
RV A0 (cm/s) 12.6 � 3.7a 50 13.9 � 5.0a 42 11.5 � 5.5a 22 0.134
RVTX 0.23 [0.18e0.26]a 50 0.34 [0.24e0.40]b 42 0.53 [0.43e0.59]c 21 <0.001
TTFE (m/s) 0.50 [0.45e0.59]a 50 0.51 [0.42e0.57]a 42 0.78 [0.68e0.85]b 20 <0.001
TTFA (m/s) 0.54 � 0.16a 50 0.66 � 0.20b 42 0.63 � 0.24 ab 20 0.005
RV E:E0 4.72 [4.00e5.78]a 50 5.54 [4.21e6.42]a 41 7.70 [5.73e9.62]b 20 <0.001
Peak PA velocity (m/s) 0.89 [0.78e0.98]a 50 0.82 [0.69e0.94]a 40 0.73 [0.62e0.98]a 24 0.192
AT (ms) 76.0 [69.0e82.0]a 50 53.5 [45.0e64.5]b 40 48.0 [40.3e52.3]b 24 <0.001
AT:RVET 0.43 [0.40e0.46]a 50 0.33 [0.30e0.39]b 40 0.31 [0.27e0.34]b 24 <0.001
LVIDDN 1.46 � 0.15a 50 1.55 � 0.37a 43 1.17 � 0.55b 24 0.002
TMFE (m/s) 0.68 [0.58e0.77]a 50 0.68 [0.56e0.93]a 43 0.58 [0.48e0.97]a 21 0.614
TMFA (m/s) 0.60 [0.53e0.70]a 50 0.76 [0.62e0.90]b 43 0.72 [0.61e0.89] ab 21 0.002
MV sep S0 (cm/s) 9.0 [8.1e12.4]a 50 9.1 [7.3e10.2] ab 43 7.7 [7.1e9.4]b 19 0.038
MV sep E0 (cm/s) 8.7 [7.3e10.4]a 50 8.2 [6.0e9.4] ab 43 7.2 [6.2e8.2]b 19 0.031
MV sep A0 (cm/s) 7.9 [6.8e9.5]a 50 8.2 [6.6e11.1]a 43 6.4 [5.3e7.8]b 19 0.009
MV lat S0 (cm/s) 11.9 [9.7e13.4]a 50 11.3 [9.6e13.5]a 36 12.5 [10.8e13.7]a 16 0.656
MV lat E0 (cm/s) 10.0 [8.9e12.7]a 50 8.9 [7.6e10.7]b 36 11.0 [7.6e13.2] ab 16 0.034
MV lat A0 (cm/s) 9.5 [7.5e11.8]a 50 10.0 [8.6e12.7]a 36 9.0 [7.7e10.5]a 16 0.252

Values with different superscripted letters (a, b and c) indicate significant differences between groups (p<0.0167).
Ao, aorta; AT, acceleration time; AT:RVET, ratio of AT to the right ventricular ejection time; CVC, caudal vena cava; FAC, fractional area change; lat, lateral; LD, longest diameter of
the caudal vena cava area; LD max, longest diameter of the maximal caudal vena cava area during expiration; LD min, longest diameter of the minimal caudal vena cava area during
inspiration; LVIDDN, normalized left ventricular internal dimension at end-diastole; MV, mitral valve; MV A0, peak velocity of diastolic mitral annular motion as determined by pulsed-
wave Doppler; MV E0, peak velocity of early diastolic mitral annular motion as determined by pulsed-wave Doppler; MV S0, peak velocity of systolic mitral annular motion as determined
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and the ratio of SD to LD (SD/LD), have been used
to estimate CVP in paediatric patients and have
been reported to be less influenced by body weight
than by the absolute diameter of the CVC, which
increases as a child grows [41e43]. Our study
revealed that the SD(min)/Ao and SD/LD(min)
showed the highest accuracy among all ratios for
identifying R-CHF in various-sized dogs with RHD.
To our knowledge, ultrasonographic assessment of
the CVC in dogs with RHD has been performed only
through a subjective evaluation of CVC enlarge-
ment, and an objective evaluation using diagnostic
standard values has not been reported [44].
Therefore, this is the first study to report that SD/
LD and ratio of SD to Ao diameter would be useful
variables for evaluating venous congestion in dogs.

The RA area index, TTFE, and RVTX were higher
in dogs with RHD with R-CHF than without R-CHF.
The RA area index in dogs has been reported to be
associated with the presence of R-CHF [20]. The
RA area has been shown to be strongly correlated
with the BSA in healthy dogs and humans [20,45].
Thus, normalisation of the RA area to the BSA (i.e.,
RA area index) has been recommended [20,45].
The median and range of the RA area index in
healthy dogs derived from our study (median,
7.55 cm2/m2; range, 5.39e9.23 cm2/m2) were
similar to those in the previous study (median,
7.3 cm2/m2; range, 4.2e10.2 cm2/m2) [20]. In our
study, the RA area index identified the presence of
R-CHF with high accuracy. This finding was con-
sistent with the previous report [20].

With respect to the index of myocardial per-
formance for assessing systolic and diastolic func-
tion, RVTX was positively correlated with
pulmonary vascular resistance in dogs and humans
with PH [18,46]. Increases in TTFE have reportedly
been associated with severity of TR in humans [47].
In our study, 75% of dogs with RHD with R-CHF had
severe TR compared to only 20% of dogs with RHD
without R-CHF. Therefore, higher TTFE in dogs with
RHD with R-CHF than in dogs with RHD without R-
CHF might have been due to more severe TR cases
in dogs with RHD with R-CHF. No previous study has
investigated whether RVTX or TTFE is a useful
echocardiologic index for identifying the presence
of R-CHF in dogs. Our results suggest that RVTX and
TTFE would be useful echocardiographic variables
to identify the presence of R-CHF in dogs with RHD.

Several limitations of our study should be noted.
First, we did not evaluate RV function with right-
sided heart catheterisation, which is necessary for
making a definitive diagnosis of R-CHF. Second, the
dual pulsed-wave Doppler used for the measure-
ment of RVTX currently has limited application and
is not widely available, although previous studies
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have demonstrated good agreement in RVTX
measurements between dual pulsed-wave Doppler
and conventional Doppler [38,48]. Third, our study
included dogs that had received cardiac medi-
cations before study enrolment. The cardiac
meditations could have influenced the volume
status and echocardiographic variables. The med-
ication history did not significantly differ between
dogs with RHD with R-CHF and dogs with RHD
without R-CHF. Thus, the results of statistical
analyses may not have been influenced by medi-
cation history. Fourth, all measurements were
made with the dogs positioned in left lateral
recumbency. It has been reported that the IVC
diameter is influenced by patient positioning in
humans (i.e., left lateral recumbency creates the
smallest diameter, right lateral recumbency cre-
ates the largest diameter, and dorsal recumbency
provides intermediate values for IVC measure-
ment) [44,45]. The effect of patient positioning on
the CVC diameter in dogs has not been inves-
tigated. Thus, patient positioning during CVC
diameter measurements should be taken into
consideration when interpreting the results. Fifth,
we noted a significant difference in body weight
among the groups in our study. Previous studies in
dogs and humans reported that Ao and CVC diam-
eters were influenced by body weight [30,49]. Our
study showed that both Ao and CVC diameters
positively correlated with body weight. Therefore,
the differences in these variables among the
groups may be due to the difference of body
weight. On the other hand, ratio of IVC diameter
to Ao diameter and SD/LD are reported to be less
influenced by body weight [42,50]. Similarly, ratio
of CVC diameter and Ao diameter and SD/LD were
not corelated with body weight in our study and
were highest in dogs with RHD with R-CHF. Sixth,
Darnis et al. (2018) reported that the inter-
operator repeatability of the ratio of SD to Ao
diameter in healthy dogs was poor [30]. Our results
were not affected by inter-operator variability
because only one sonographer performed all
ultrasonographic and echocardiographic examina-
tions. However, the inter-operator repeatability of
the CVC variables in dogs needs to be assessed to
accurately conduct the measurements.
Conclusions

In addition to the echocardiographic assessment of
right-sided heart function, this study revealed that
ultrasonographic CVC variables, such as SD(min)/
Ao and SD/LD(min), could be useful for identifying
the presence of R-CHF in dogs with RHD.
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