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Abstract

Background: There is currently a lack of reference intervals (RIs) for the novel mea-

sures like 3-dimensional (3D) echocardiography or speckle-tracking strain for assess-

ment of right ventricular (RV) structure and function.

Objectives: To generate RIs and to determine the influence of age, heart rate, and

body weight (BW) on various RV function indices using a dedicated RV software for

3D RV end-diastolic volume (EDV), end-systolic volume (ESV), ejection fraction (EF),

global and free wall RV longitudinal strain (RVLS), end-diastolic area (RVEDA), end-

systolic area (RVESA), fractional area change (FAC), tricuspid annular plane systolic

excursion (TAPSE), and tissue Doppler imaging (TVI)-derived systolic myocardial

velocity of the lateral tricuspid annulus (S0).

Animals: Healthy adult client-owned dogs (n = 211) of various breeds and ages.

Methods: Prospective study. Reference intervals were estimated as statistical predic-

tion intervals using allometric scaling for BW-dependent variables. Right-sided (upper

limit) or left-sided (lower limit) 95% RIs were calculated for every variable. Inter- and

intraobserver variability was determined.

Results: Most variables showed clinically acceptable repeatability with coefficient of

variation less than 10. Upper or respectively lower RI after allometric scaling to nor-

malize for different BWs were: EDVn ≤ 2.5 mL/kg0.942, ESVn ≤ 1.2 mL/kg0.962,

TAPSEn ≥ 4.5 mm0.285, RVEDAn ≤ 1.4 cm2/kg0.665, RVESAn ≤ 0.8 cm2/kg0.695, and

TVI S0n ≥ 5.6 cm/s/kg0.186. The calculated limits for indices without allometric nor-

malization were: EF > 42.1%, FAC > 30.0%, free wall RVLS < �20.8%, and global

RVLS < �18.3%.

Abbreviations: 2D, 2-dimensional; 3D, 3-dimensional; BSA, body surface area; BW, body weight; CLSI, Clinical and Laboratory Standards Institute; CV, coefficient of variation; EDV, RV end-

diastolic volume; EF, ejection fraction; ESV, RV end-systolic volume; FAC, fractional area change; HR, heart rate; LV, left ventricle; MRI, magnetic resonance imaging; PH, pulmonary

hypertension; PIs, prediction intervals; RI, reference interval; RV, right ventricle; RVEDA, RV end-diastolic area; RVESA, RV end-systolic area; RVLS, right ventricular longitudinal strain

STE, speckle-tracking echocardiography; TAPSE, tricuspid annular plane systolic excursion; TTE, transthoracic echocardiography; TVI S0 , tissue Doppler imaging-derived systolic myocardial

velocity of the lateral tricuspid annulus.
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Conclusions: Echocardiographic RIs for RV structure and function are provided.

K E YWORD S

canine, heart dimensions, prediction intervals, repeatability, volumetric measurements

1 | INTRODUCTION

Quantitative assessment of cardiac function focuses on the left ven-

tricle (LV) with the right ventricle (RV) being less well studied. The RV

plays an important role in many diseases affecting left heart,1,2 right

heart,3,4 and causing pulmonary hypertension (PH).5-7

Accurate assessment of the RV is challenging because of its com-

plex geometry. The strong apical trabeculation, crescent shape, and a

missing fibrous continuity between its inlet and outlet areas make it

difficult to determine RV structures using echocardiography.8-10

Although magnetic resonance imaging (MRI) represents the non-

invasive reference standard for imaging cardiac function and mass in

human medicine as well as in dogs,11-13 echocardiography remains the

commonly used noninvasive method for evaluation of cardiac and RV

function. Because of its noninvasive nature, its wide accessibility, and

no need for general anesthesia, echocardiography is well established

for the assessment of RV function.

Some of the commonly used variables for RV function are

M-Mode-derived tricuspid annular plane systolic excursion (TAPSE),14

fractional area change (FAC),15 and tissue Doppler imaging (TVI)-

derived systolic myocardial velocity of the lateral tricuspid annulus

(S0).16 A more recently introduced variable is strain measurement

derived by speckle-tracking echocardiography (STE). Using this

method, regional and global myocardial deformation can be evaluated,

allowing conclusions about RV systolic function.17

Another promising variable in humans is RV volume derived by

3-dimensional (3D) transthoracic echocardiography (TTE). There is

good agreement between RV volumetric quantification using cardiac

MRI and 3D TTE, the latter resulting in smaller volumes.10,18-20 Similar

results have been achieved in animals where, despite of its slight

underestimation, 3D TTE is a good alternative for quantification of RV

volumes because of its excellent agreement with cardiac MRI.13,20

Strain measurements and 3D volume offer relevant advantages over

conventional methods such as TAPSE or FAC. Strain provides an angle-

independent variable21 evaluating the entire RV without only including

1 regional segment compared to TAPSE or TVI S0. 3D TTE provides

accurate volume quantification avoiding geometrical assumption.13,20

Studies are needed providing reference intervals (RIs) for 3D TTE

derived RV volumes in dogs. There are several studies that estimated

RI in dogs for conventional variables such as TVI S0 , TAPSE, and

FAC.3,14,22,23 In healthy dogs, 2-dimensional (2D) RV transverse strain

and strain rate was assessed24 as well as RIs for RV longitudinal strain

(RVLS) values.3,22,25,26 However, these studies used software

designed for the LV.

No RIs for RV strain values using a dedicated RV software and

using a comparably large sample size are available in dogs. Therefore,

the first aim of our study was to determine the effect of body weight

(BW), age, and heart rate (HR) on the RV indices TAPSE, TVI S0 , FAC,

right ventricular area in diastole (RVEDA), and systole (RVESA) and

STE-derived RV global and free wall longitudinal strain as well as 3D

TTE-derived RV diastolic (EDV) and systolic (ESV) volume and RV

ejection fraction (EF).

Based on this information, the second aim was to generate reli-

able RIs of those indices by calculating prediction intervals (PIs).

2 | MATERIALS AND METHODS

The present multicenter study was designed as a prospective analysis.

The study design was reviewed and approved by the Ethics Commit-

tee of the Ludwig-Maximilians-Universität München (permission num-

ber 190-05-11-2019).

2.1 | Animals

Privately owned dogs were presented to the Department of Veteri-

nary Cardiology of the Ludwig-Maximilians-Universität München,

Munich as well as to the Department of Veterinary Sciences of the

University of Pisa and to the Anicura Istituto Veterinario Novara, for

either routine cardiological assessment, breeding examination, or

being recruited to participate in the study.

All dogs were determined to be healthy based on medical history,

complete physical examination, cardiovascular examination, standard

echocardiographic examination, and simultaneous electrocardiogram

(ECG). Only dogs with a body condition score between 4 and 5 (out of

9) were included. Dogs were excluded if any arrhythmia other than

sinus arrhythmia or a history of respiratory or cardiac disease were

present. Other exclusion criteria were medications that affect cardio-

vascular system or abnormal findings on echocardiography including

2D, M-Mode, or Doppler findings. Dogs with trivial valvular regurgita-

tion were not excluded if no abnormalities were detected in ausculta-

tion and the affected valve was morphologically normal.

2.2 | Conventional echocardiographic examination

Echocardiographic examination was performed by experienced board-

certified cardiologists (G. Wess, O. Domenech) or residents under

their direct supervision (T. Vezzosi, J. Eberhard, J. Friederich) using

the following ultrasound units: Philips Epic 7, Vivid iq (GE Healthcare,

Milano, Italy) and Aplio 300 (Canon Medical Systems Europe,
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Zoetermeer, the Netherlands). Dogs were examined in right and left

lateral recumbency without being sedated. An ECG was recorded

simultaneously, and HR was monitored. Routine transthoracic 2D, M-

Mode, and spectral and color flow Doppler echocardiography was

undertaken as described.27

2.3 | Right ventricular systolic function

The left apical 4-chamber view was adapted for an optimized imaging of

the RV.15 Increased frame rates to improve image quality were reached

by keeping the image sector narrow and decreasing depth. Right ventric-

ular areas were determined by tracing the endocardial border from the

parietal tricuspid annulus along the RV free wall to the apex and back to

the septal tricuspid annulus along the interventricular septum at end-

diastole (RVEDA) and end-systole (RVESA).15 The percentage RV FAC

was calculated using the formula: FAC (%) = (end-diastolic area � end-

systolic area) � end-diastolic area � 100.15

TAPSE was measured from a M-mode recording of the lateral

aspect of the tricuspid valve annulus by aligning the M-Mode cursor

parallel to the right ventricular free wall, showing the displacement of

the tricuspid valve plane.14

Peak systolic annular velocity (S0) was measured using Pulsed-

waved TDI velocities of longitudinal myocardial motion at the lateral

tricuspid annulus. To avoid underestimation of velocity, the Doppler

cursor was aligned as parallel as possible to the longitudinal plane of

the RV free wall.22

Myocardial deformation measured by 2D speckle tracking is based

on frame-by-frame tracking of small speckle patterns within the myocar-

dial region of interest on grayscale echocardiographic images.28

Two-dimensional strain measurements were obtained from an

apical 4-chamber view optimized for the right heart. Images from all

centers were analyzed offline using TomTec software (RV 2D cardiac

performance analysis, Image Arena, Munich, Germany). Frame rates

from 73 to 117 Hz were achieved.

The RV endocardium was traced using several points starting

from the parietal tricuspid valve annulus toward the apex and back to

the septal one, beginning with end-systole and followed by end-dias-

tole. The software analysis was performed automatically, but the con-

tour was manually adapted where necessary to ensure adequate

endocardial tracking. The RV free wall and septal wall were divided

into 3 segments (basal, middle, and apical). Strain values were gener-

ated by the software for each of the segments as well as for global

strain from the entire RV. Only strain curves of the endocardial layer

were used. Global RVLS was calculated by averaging peak longitudinal

strain measurements of the 6 segments and free wall RVLS was deter-

mined by averaging values of 3 RV free wall segments6 (Figure 1).

2.4 | 3D TTE derived RV volume

The technical facilities for recording 3D images were only available at

1 center (LMU Munich). To generate 3D images, a X5-1 and X7-2

matrix probe was used. A single-beat examination was performed

with frame rates from 29 to 77 Hz.

ECG was recorded simultaneously and the left-apical 4-chamber

view was optimized for the RV as described above. Harmonic imaging

technique was used. Imaging sector and elevation was kept as narrow

as possible to optimize image quality.

Due to the requirement of the 3D software, it was necessary that at

least half of the LV remained in the image section, since the LV is

required for RV volume generation. Loops were recorded and RV volume

was generated offline using TomTec software (4D RV-Function 2).

Several anatomic landmarks are required to calculate RV volumes:

first, markers were placed at the LV apex and in the center of the

mitral valve as well as at the RV apex and in the center of the tricuspid

valve. Second, the aortic valve leaflets in the LV outflow tract and

the RV in short axis were determined (Figure 2). Subsequently, the

endocardial borders were tracked automatically by the software in

long-axis as well as in short axis at basal, medial, and apical levels in

end-systole and end-diastole followed by manual adjustment if neces-

sary. A 3D dynamic RV model was generated. Inflow and outflow tract

as well as papillary muscles and trabeculae were included in RV vol-

ume.20,29 A complete RV volume was generated throughout the entire

cardiac cycle, and end-diastolic volume (EDV), end-systolic volume

(ESV), stroke volume (SV), and EF were determined as described.30

2.5 | Statistical analysis

Outliers were detected as described by Tukey's method,31 categoriz-

ing outliers as “outside” and “far out” values. All observed outliers

were visually inspected and only excluded if an error in measurement

was found or if the image quality was too poor to generate reliable

measurements.

We evaluated intraobserver and interobserver measurement vari-

ability with the coefficient of variation (CV), based on 9 randomly

selected dogs. For intraobserver measurement variability, each RV

variable of each selected dog was measured twice by 1 investigator.

For interobserver measurement variability, each variable of each

selected dog was measured by 2 different investigators (G. Wess and

E.K. Feldhütter), blinded to each other's results.

For evaluating possible influences of age and HR on the RV vari-

ables, we estimated multiple linear regression models.32 These “RV
models” included BW as additional control variable, because many

cardiac dimensions vary depending on size and BW of the dog. Visual

inspection of the model errors showed no substantial deviation from

the model assumptions.

The estimation of RIs is based on additional regression models

where the RV variables are only dependent on some weight measure.

As described, previous studies found approximate linear relations

between (a) cardiac volumes and BW, (b) cross-sectional areas (eg,

RVEDA and RVESA) and body surface area (BSA), and (c) cardiac linear

dimensions (eg, TAPSE) and body length.33 For every RV variable, all

3 relationships were evaluated and the most suitable one was chosen

by visual comparison. Before model estimation, all RV variables were
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logarithmically transformed to achieve a more symmetric distribution.

For the subsequent estimation of PIs based on the regression models,

a back transformation was performed accordingly.

The regression equation is derived from the logarithmic form of

the allometric equation and is of the form

log Yð Þ¼ log cð Þþb log BWð Þ¼ aþb log BWð Þ

where Y represents the RV variables, c = exp(a) the proportionality con-

stant and b the scaling exponent.33 To check the validity of this allome-

tric scaling model, an additional additive regression model with a

potentially nonlinear weight effect was estimated for each RV variable,

based on a nonlinear effect with a P-spline representation,32 as practiced

in recent studies.34 The linear and the additive model were then com-

pared using a likelihood ratio test.32

If only a weak or no correlation with BW was found, weight-

independent upper or lower limits are presented, by calculating

right-sided (upper limit) or left-sided (lower limit) 95% RIs.35 For

weight-dependent variables, where allometric scaling was reasonable,

the linear model was used to determine 95% PIs.32 Additionally to

those PIs, values for each RV index were normalized using the expo-

nents calculated from the allometric scaling model. Subsequently,

upper or lower limits, respectively, were determined for the normal-

ized values as well.

The weight-independent and the additional limits for the regres-

sion models are estimated based on a nonparametric approach. If sam-

ple size is smaller than 120 subjects, a bootstrap approach is used as a

robust method.36,37 For a sample size of more than 120 subjects, the

Clinical and Laboratory Standards Institute (CLSI) guidelines C28-A2

and C28-A3 for estimating percentiles and their 90% confidence

intervals were followed.35 Therefore, percentiles were calculated as

the observations corresponding to rank r = p*(n + 1). For the 90%

confidence intervals of the reference limits, the CLSI guidelines were

followed as well and conservative confidence intervals were calcu-

lated using integer ranks.35

All analyses were performed using the commercially available

software Medcalc (MedCalc, version 19.5.3, Ostend, Belgium), as well

as the open-source software R (R Core Team 2020. R: A language

and environment for statistical computing. R Foundation for

Statistical Computing. URL: https://www.R-project.org, Vienna, Austria).

F IGURE 1 Illustration of strain measurement using STE. (A) Definition of the endocardial borders of the RV. (B) The software generates Strain
curves of all 6 segments. Strain values are given as peak (PK), end-systolic (ES), and time to peak (TTP). RV, right ventricle; STE, speckle-tracking
echocardiography
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Additive regression models in R were estimated with function “gam”
from package “mgcv.”38 Linear models with function “lm” from package

“stats.” A P value of less than .05 was considered statistically significant.

3 | RESULTS

A total of 223 dogs were included from October 2014 until July 2020

and all of them were ≥12 months of age and consisted of heteroge-

neous breeds and BWs. Eleven dogs were excluded due to poor image

quality. Two hundred and eleven dogs remained in the study, among

which 59 breeds and mixed breeds were represented. The most repre-

sented breed were mixed breed (n = 44), followed by Labrador

Retriever (n = 21), Golden Retriever (n = 16), Australian Shepherd

(n = 13), Boxer (n = 9), Jack Russell Terrier (n = 8), Dachshund

(n = 7), Chihuahua (n = 6), Yorkshire Terrier (n = 5), Border Collie

(n = 5), Doberman Pincher (n = 4), French Bulldog (n = 4), Irish Wolf-

hound (n = 4), Vizsla (n = 3), White Swiss Shepherd Dog (n = 2),

Weimaraner (n = 2), Shetland Sheepdog (n = 2), Rhodesian Ridgeback

(n = 2), Pug (n = 2), Miniature Australian Shepherd (n = 2), Malinois

dog (n = 2), Lagotto Romagnolo (n = 2), Labradoodle (n = 2), English

Springer Spaniel (n = 2), English Bulldog (n = 2), Cocker Spaniel

(n = 2), and 31 other breeds, each with 1 representative.

One hundred and twenty-six dogs were female and 86 dogs were

male. The median age was 54 months (range, 12-169 months) and the

median bodyweight 21.6 kg (range, 1.78-64.5 kg). The HR varied

between 40 and 240 beats per minute (bpm) (median: 93 bpm). Trivial

valvular regurgitation was observed by color Doppler imaging of the

tricuspid valve (n = 3), the aortic valve (n = 1), the mitral valve (n = 3),

and pulmonic valve (n = 1). Two dogs had a mildly accelerated aortic

flow velocity observed by PW-Doppler with a maximal velocity of

1.9 m/s. 3D images (EDV, ESV, and EF) were taken of a total of

116 dogs, with EF ranging from 41.1% to 62.7%. Free wall RVLS strain

was obtained in 206 dogs and values ranged from �17.93% to

�51.56%. Global RVLS strain was obtained in 208 dogs and ranged

from �14.6% to �46.18%. For area measurements (RVEDA, RVESA,

F IGURE 2 (A) Identification of anatomic landmarks in end-diastole in the left-apical 4-chamber view. Markers were placed as shown at the
LV apex and in the center of the mitral valve as well as at the RV apex and in the center of the tricuspid valve. Followed by the landmarks of the
short axis, aortic valve leaflets in the LV outflow tract were determined as well as the RV in short-axis. (B) Automatically tracing of the
endocardial borders by the software in long-axis as well as in short axis at basal, medial, and apical levels in end-systole and end-diastole followed
by manual adjustment if necessary. A 3D dynamic RV model including complete RV volume determination with EDV, ESV, SV, and EF is generate.
EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; LV, left ventricle; RV, right ventricle; SV, stroke volume
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and FAC), a total of 211 dogs were evaluated and FAC ranged from

23.15% to 62.98%. For TAPSE and TVI S0 measurements, a total of

206 and 189 dogs, respectively, were included.

Intraobserver measurement variability was good for all variables

with CV less than 10%. Interobserver measurement variability was

also good with all variables showing a CV less than 10%, except FAC

(CV = 11.2%) and ESV (CV = 11.2%).

FAC (P < .01) and TVI S0 (P < .001) correlated positively with HR,

while RVEDA (P < .001) and RVESA (P < .001) showed a negative cor-

relation with HR. All other variables did not show a significant correla-

tion with HR. Only free wall RVLS (P < .01), EF (P = .05), and RVEDA

(P = .02) displayed a mild negative correlation with age. All results of

linear regression analysis are summarized in Table 1.

Some variables, including EF, FAC, free wall RVLS, and global

RVLS, showed only a very weak or no relevant weight dependence.

The remaining variables (TAPSE, TVI S0 , EDV, ESV, RVEDA, RVESA)

were weight-dependent. For those, the most suitable scaling parame-

ter was determined by visual inspection of the scatter plots. As

expected, TAPSE and TVI S0 correlated best with body length (BW
1
3Þ,

EDV, and ESV with bodyweight (in kg) and RVEDA and RVESA with

BSA (BW
2
3Þ.

In Figure 3, the comparison between the allometric scaling model

and the additive model is displayed. Apparently, the allometric scaling

model fits better for every investigated variable. Results of linear

regression analysis of allometric scaling are shown in Table 2. Subse-

quently, PIs related to BW for EDV, ESV, TAPSE, RVEDA, RVESA, and

TVI S0 were calculated and summarized in Table 3. The following

upper limits were generated for normalized variables: A value of EDVn

≤2.5 mL/kg0.942, ESVn ≤1.2 mL/kg0.962, TAPSEn ≥4.5 mm/kg0.285,

RVEDAn ≤1.4 cm2/kg0.665, RVESAn ≤0.8 cm2/kg0.695, and

TVI S0n ≥5.6 cm/s/kg0.186 were considered normal.

The scatter plot in Figure 4 displays the 95% PIs and the regres-

sion line of selected variables normalized to BW using the

corresponding scaling exponent.

For all other variables, which are widely weight-independent,

upper or lower limits were generated. For EF and FAC, values above

42.1% and 30.0% were considered normal, respectively. In terms of

strain, values lower (ie, more negative) than �20.8% for free wall and

�18.3% for global RVLS were considered normal.

To verify our results, we subsequently calculated how many dogs

were under or above the calculated lower or upper limits for each var-

iable: regarding the volumetric measurements, in EDVn fell 5 out of

116 dogs (4.3%) and in ESVn 7 dogs (6.0%) above the upper limit. In

EF fell 6 dogs (5.2%) under the lower limit. In case of the area mea-

surements, 9 out of 211 dogs (4.3%) were above the upper limit at

RVEDAn, 11 dogs (5.2%) at RVESAn and 16 dogs (7.6%) under the

lower limit at FAC. Ten dogs out of 206 and 189 (4.8% and 5.3%)

showed lower TAPSEn and TVI S0n values, respectively, than the cal-

culated lower limits are. Looking at 2D strain, 12 out of 206 dogs

(5.8%) and 13 out of 208 dogs (6.2%) had decreased strain values in

free wall and global RVLS, respectively.

4 | DISCUSSION

This study generates reference values for global and free wall right

ventricular strain and RV 3D volume using a software that is especially

designed for the RV. The number of dogs involved is larger than in

previous studies.22,25 As the RV becomes increasingly important in

clinical evaluation of dogs with heart disease, it is currently more nec-

essary to have reliable reference values available.

All variables showed a good repeatability, but only inter- and

intraobserver measurement variability was evaluated in this study.

This reflects only 1 component of variability what needs to be consid-

ered when thinking of variability and repeatability of these variables.

As with all echocardiographic measurements, the quality depends

largely on the experience and competence of the investigator. The

echocardiographic examination should therefore be performed by a

TABLE 1 Correlation coefficients derived by multiple linear regression analyses

Bodyweight Age Heart rate

Partial correlation P value Partial correlation P value Partial correlation P value

EDV 0.92 <.001 �0.16 .08 0.02 .81

ESV 0.91 <.001 �0.10 .03 0.05 .6

EF �0.18 .5 �0.18 .05 0.01 .93

Free wall RVLS 0.12 .1 0.16 .03 �0.09 .19

Global RVLS 0.12 .1 0.12 .08 �0.06 .37

TAPSE 0.65 <.001 �0.01 .97 0.08 .24

RVEDA 0.88 <.001 �0.16 .02 �0.25 <.001

RVESA 0.84 <.001 �0.07 .35 �0.25 <.001

FAC �0.29 .04 �0.03 .86 0.39 .01

TVI S0 0.45 <.001 0.07 .33 0.28 <.001

Abbreviations: EDV, 3D RV end-diastolic volume; EF, ejection fraction; ESV, 3D end-systolic volume; FAC, fractional area change; Free wall RVLS, free wall

RV longitudinal strain; Global RVLS, global RV longitudinal strain; RVEDA, RV end-diastolic area; RVESA, RV end-systolic area; TAPSE, tricuspid annular

plane systolic excursion; TVI S0 , tissue Doppler imaging-derived systolic myocardial velocity of the lateral tricuspid annulus.

FELDHÜTTER ET AL. 13



well-trained cardiologist. Only FAC and ESV had CV higher than 10%.

The sometimes poorly traceable endocardial borders in systole could

explain the relatively low repeatability of ESV. This fact emphasizes

once again how important a high image quality is for the generation of

3D loops.

Acquiring 3D volumes of the RV includes the entire RV, including

inflow, outflow, and apical region, without being dependent on geo-

metric assumptions. Therefore, it can be an important index for RV

assessment in diseases that lead to RV volume or pressure overload

or systolic dysfunction, such as PH.5-7 The reduction in RV systolic

function in dogs with PH might result in consequences for treatment

or life expectancy. Also in dogs with myxomatous mitral valve disease,

the RV function indices might serve as additional prognostic factors.1

In human patients with arrhythmogenic right ventricular

cardiomyopathy (ARVC), RV free wall strain reduction is associated

with structural disease progression and therefore with treatment and

follow-up decisions.39 In people with dilated cardiomyopathy (DCM),

RV dysfunction results in poor clinical outcome.40 Therefore, it is of

clinical importance to be able to accurately determine the function

and size of the RV.

Due to its special geometry, 3D images are particularly important

for correct assessment of the RV. Echocardiographic methods used to

calculate LV volumes, such as the Simpson's Method of Disks (SMOD)

exclude the RV outflow tract and are therefore not recommended

during routine assessment of the RV in humans.15

Two-dimensional or “speckle tracking” strain is a newer method

that allows tissue tracking to occur in 2 dimensions. It allows global

and regional strain to be measured using frame by frame tracking of

F IGURE 3 Comparison of the linear regression (blue lines) and the additive model (black lines) for each RV function index. Upper and lower

prediction intervals and the means are displayed as dashed and solid lines, respectively. RV, right ventricle

14 FELDHÜTTER ET AL.



unique “speckles” within the myocardium produced by interference

between scattered ultrasound waves. Free wall RVLS values were

higher than global RVLS, which is consistent with other studies.3,41 In

humans, it is recommended to only use free wall RVLS as a default

variable.42 Although the ventricular septum contributes substantially

to RV systolic function, it remains primarily a part of the LV.42 Since

some studies proved that free wall RVLS correlated better with RV EF

obtained by MRI than global RVLS,41 it might also be advisable in dogs

to use the RV free wall for RVLS measurements for the assessment of

systolic function of the RV. We evaluated only longitudinal strain

measurements because the longitudinal axis seems to accurately

reflect the global contractile function of the RV.43 In general, a distinc-

tion can also be made between endocardial myocardial and epicardial

strain measurements, related to the different layers of the cardiac

walls. For several reasons, we took only endocardial strain measure-

ments into consideration. First, there were practical reasons for this:

the endocardial layer of the RV is the best to visualize and therefore

most accurate to determine and follow over the cardiac cycle. Second,

the RV differs from the LV in its wall structure: while the wall of the

LV includes 3 layers, the RV consists only of 2 layers, the superficial

(subepicardial) and the deep (subendocardial) layer.44 The fibers of the

superficial layer are arranged circumferentially and the fibers of the

subendocardial layer are longitudinally aligned from base to apex.

Additionally, the subendocardial layer contributes about 80% to the

RV contraction.41,44 In human medicine deformation of the endocar-

dial layer is more important than in the other layers and that the level

of endocardial strain detection by the software is probably the most

important factor.45 Therefore, longitudinal strain of the endocardial

layer should accurately represent RV systolic function.

Technically, the endocardial layer is also the most suitable one to

track and follow over the cardiac cycle.

In contrast to other studies, we observed no relationship between

BW and strain measurements.3,22 The calculated normal values of

�20.8% for free wall and �18.3% for global RVLS are comparable to

other studies in humans.46 Also in dogs, similar results have been

found in the past: normal strain values of �19.0% ± 3.1 for free wall

RVLS and �15.3% ± 2.7 for global RVLS have been published.3 In

another study, strain was normalized to BW and normal values

between �20.2% and �24.7% for free wall RVLS were received.22 It

might be important that more negative strain value reflects better sys-

tolic function.

For EF, values above 42.1% were considered normal. This value is

close to the normal value in human medicine, which is 45% for EF.16

The lower normal value of 30% for FAC measurements is comparable

with the results of other studies, where 41% ± 83 or 32% to 69%22

were stated normal. In those studies, FAC was normalized to

BW. Due to the very weak correlation and the visual inspection of the

scatter plot, we decided against normalization in the present study.

Our calculated normal value is comparable to human medicine, where

it is also reported to be 35%.16 The values of FAC measurements

show a relatively high variance. This could be explained by easily

occurring measurement deviations followed by differences in FAC

values up to 5% to 15%.

For all other variables, weight-dependent PIs using allometric

scaling were calculated and are shown in Table 3. Without calcula-

tions, cardiologists can quickly find out whether the dog is within the

reference range.

This regression model is a widely accepted procedure in order

to create reference values in dogs.33,34 The regression model was

more accurate than the additive model, because the latter model

calculated especially in the lower weight segments too wide ranges

of PIs, which could lead to false or inaccurate estimations in small

dogs. However, the PIs must be interpreted with caution in larger

dogs approximately >40 kg, since comparatively few dogs were

included, and the regression model has therefore a wide range of

normal PIs.

Additionally, upper respectively lower limits for normalized indi-

ces to bodyweight using the corresponding exponent were proposed.

Cardiologists can therefore decide which approach to use.

Heart rate correlated positively with FAC and TVI S0 , while a neg-

ative correlation was found between HR and RVEDA and RVESA. This

observation should be considered in dogs with high or low HRs.

Area measurements such as RVEDA correlated best with BSA

and that is consistent with results from previous studies.5,47 Vezzosi

et al therefore proposed the RVEDA index, as already used in human

medicine.5

In order to obtain accurate measurements, it is very important to

avoid foreshortening of the RV, as this can lead to incorrect measure-

ments. Therefore, a modified apical 4-chamber view optimized for the

RV should be used, if right heart disease is suspected.

There are several limitations of the present study. First, there is

no follow-up available of the examined dogs and no blood pressure

measurements were performed. Therefore, it cannot be excluded that

the dogs will develop heart disease during their lifetime. Second,

although a comparatively large number of dogs was included to gener-

ate the PIs in the present study, an even larger number would cer-

tainly provide a higher representation of the broader dog population,

especially at the upper and lower edges of the weight ranges. The

TABLE 2 Results of linear regression analysis of allometric scaling
using the formula: log10_Variable = a + b * log10_BW

RV function index a b R2

RVEDA �0.004 0.665 0.839

RVESA �0.296 0.695 0.761

TAPSE 0.790 0.285 0.521

EDV 0.235 0.942 0.866

ESV �0.095 0.962 0.852

TVI S0 �1.076 0.186 0.216

Note: a: constant, b: scaling exponent, and R2: coefficient of

determination.

Abbreviations: EDV, 3D RV end-diastolic volume; ESV, 3D end-systolic

volume; RV, right ventricle; RVEDA, RV end-diastolic area; RVESA, RV

end-systolic area; TAPSE, tricuspid annular plane systolic excursion; TVI S0 ,
tissue Doppler imaging-derived systolic myocardial velocity of the lateral

tricuspid annulus.
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number of dogs used for 3D images was lower, as only 1 of our study

centers had the equipment to acquire 3D images.

Third, the reference values generated with this particular soft-

ware can only be compared to a limited extent to values of any other

software and should not be used interchangeable. This primarily con-

cerns strain and 3D volumes.

Even though 3D echocardiography seems to be a promising

imaging method, it is not yet routinely used in veterinary medicine

due to the requirement of special transducers and software.

Furthermore, 3D imaging offers only a limited temporal resolution.

Especially when it comes to higher HRs, the frame rate reduces

image resolution. This fact might be a problem in particular for

smaller dogs with very high HRs. Another point is the susceptibility

to interference with 3D echocardiography. Moving or panting of

the dog can possibly result in poor spatial resolution and stitching

artifacts.20

Further studies are needed to possibly use 3D volume and

strain additionally to other variables for treatment decisions or as

TABLE 3 95% prediction intervals for EDV, ESV, TAPSE, RVEDA, RVESA, and TVI S0 of the right ventricle for dogs of varying weights

Body

weight
(kg) EDV (mL) ESV (mL) TAPSE (mm) RVEDA (cm2) RVESA (cm2) TVI S0 (m/s)

2 3.3 (1.97-5.53) 1.57 (0.9-2.73) 7.51 (5.03-11.22) 1.57 (1.02-2.42) 0.82 (0.46-1.46) 9.54 (5.67-16.05)

4 6.35 (3.84-10.5) 3.05 (1.77-5.26) 9.15 (6.15-13.6) 2.49 (1.62-3.82) 1.33 (0.75-2.35) 10.85 (6.49-18.14)

6 9.3 (5.65-15.31) 4.5 (2.63-7.72) 10.27 (6.91-15.24) 3.26 (2.13-5) 1.76 (0.99-3.11) 11.7 (7.01-19.51)

8 12.2 (7.43-20.03) 5.94 (3.47-10.16) 11.14 (7.51-16.52) 3.95 (2.58-6.04) 2.15 (1.21-3.79) 12.34 (7.41-20.55)

10 15.05 (9.18-24.68) 7.36 (4.31-12.57) 11.87 (8.01-17.6) 4.58 (3-7) 2.51 (1.42-4.42) 12.86 (7.73-21.4)

12 17.87 (10.91-29.28) 8.78 (5.14-14.97) 12.5 (8.44-18.53) 5.17 (3.38-7.9) 2.84 (1.61-5.02) 13.3 (8-22.13)

14 20.67 (12.62-33.84) 10.18 (5.97-17.36) 13.06 (8.82-19.36) 5.73 (3.75-8.76) 3.17 (1.79-5.58) 13.69 (8.23-22.77)

16 23.44 (14.32-38.37) 11.58 (6.79-19.73) 13.57 (9.16-20.11) 6.26 (4.1-9.57) 3.47 (1.97-6.13) 14.04 (8.44-23.34)

18 26.19 (16-42.87) 12.96 (7.61-22.1) 14.03 (9.47-20.79) 6.77 (4.43-10.35) 3.77 (2.14-6.65) 14.35 (8.63-23.86)

20 28.92 (17.67-47.35) 14.35 (8.42-24.46) 14.46 (9.76-21.43) 7.26 (4.75-11.1) 4.06 (2.3-7.15) 14.63 (8.8-24.33)

22 31.64 (19.33-51.8) 15.73 (9.22-26.81) 14.86 (10.03-22.02) 7.74 (5.06-11.82) 4.33 (2.46-7.64) 14.89 (8.95-24.77)

24 34.35 (20.98-56.24) 17.1 (10.03-29.16) 15.23 (10.28-22.57) 8.2 (5.36-12.53) 4.6 (2.61-8.12) 15.13 (9.1-25.17)

26 37.04 (22.61-60.66) 18.47 (10.83-31.5) 15.58 (10.51-23.09) 8.65 (5.66-13.22) 4.87 (2.76-8.59) 15.36 (9.23-25.55)

28 39.72 (24.24-65.07) 19.83 (11.62-33.84) 15.91 (10.73-23.59) 9.08 (5.94-13.88) 5.12 (2.9-9.04) 15.57 (9.36-25.91)

30 42.38 (25.86-69.46) 21.19 (12.42-36.18) 16.23 (10.95-24.06) 9.51 (6.22-14.54) 5.38 (3.05-9.49) 15.77 (9.48-26.25)

32 45.04 (27.47-73.84) 22.55 (13.21-38.51) 16.53 (11.15-24.51) 9.93 (6.49-15.18) 5.62 (3.19-9.93) 15.96 (9.59-26.57)

34 47.69 (29.08-78.21) 23.91 (14-40.84) 16.82 (11.34-24.94) 10.33 (6.76-15.8) 5.86 (3.32-10.36) 16.14 (9.7-26.88)

36 50.33 (30.68-82.57) 25.26 (14.78-43.17) 17.09 (11.52-25.35) 10.73 (7.02-16.42) 6.1 (3.46-10.78) 16.32 (9.8-27.17)

38 52.96 (32.27-86.92) 26.61 (15.56-45.49) 17.36 (11.7-25.75) 11.13 (7.27-17.02) 6.34 (3.59-11.19) 16.48 (9.89-27.45)

40 55.58 (33.85-91.25) 27.95 (16.34-47.81) 17.61 (11.87-26.13) 11.51 (7.52-17.62) 6.57 (3.72-11.6) 16.64 (9.99-27.72)

42 58.2 (35.43-95.58) 29.3 (17.12-50.13) 17.86 (12.03-26.5) 11.89 (7.77-18.2) 6.79 (3.84-12) 16.79 (10.08-27.98)

44 60.8 (37.01-99.91) 30.64 (17.9-52.45) 18.1 (12.19-26.86) 12.27 (8.01-18.77) 7.02 (3.97-12.4) 16.94 (10.16-28.23)

46 63.4 (38.57-104.22) 31.98 (18.67-54.76) 18.33 (12.35-27.21) 12.63 (8.25-19.34) 7.24 (4.09-12.79) 17.08 (10.24-28.47)

48 66 (40.14-108.53) 33.31 (19.45-57.07) 18.55 (12.49-27.54) 13 (8.49-19.9) 7.45 (4.21-13.18) 17.21 (10.32-28.7)

50 68.59 (41.69-112.83) 34.65 (20.22-59.39) 18.77 (12.64-27.87) 13.35 (8.72-20.45) 7.67 (4.34-13.56) 17.34 (10.4-28.93)

52 71.17 (43.25-117.12) 35.98 (20.99-61.7) 18.98 (12.78-28.19) 13.71 (8.95-20.99) 7.88 (4.45-13.94) 17.47 (10.47-29.15)

54 73.75 (44.8-121.4) 37.31 (21.75-64) 19.18 (12.91-28.49) 14.05 (9.18-21.53) 8.09 (4.57-14.31) 17.59 (10.54-29.36)

56 76.32 (46.34-125.69) 38.64 (22.52-66.31) 19.38 (13.05-28.8) 14.4 (9.4-22.06) 8.3 (4.69-14.68) 17.71 (10.61-29.56)

58 78.88 (47.88-129.96) 39.97 (23.28-68.62) 19.58 (13.18-29.09) 14.74 (9.62-22.58) 8.5 (4.8-15.05) 17.83 (10.68-29.76)

60 81.44 (49.42-134.23) 41.29 (24.04-70.92) 19.77 (13.3-29.38) 15.07 (9.84-23.1) 8.7 (4.92-15.41) 17.94 (10.74-29.96)

62 84 (50.95-138.49) 42.62 (24.8-73.22) 19.95 (13.42-29.66) 15.41 (10.05-23.61) 8.9 (5.03-15.77) 18.05 (10.81-30.15)

64 86.55 (52.47-142.75) 43.94 (25.56-75.53) 20.13 (13.54-29.93) 15.73 (10.26-24.12) 9.1 (5.14-16.12) 18.16 (10.87-30.33)

66 89.1 (54-147.01) 45.26 (26.32-77.83) 20.31 (13.66-30.2) 16.06 (10.48-24.62) 9.3 (5.25-16.48) 18.26 (10.93-30.51)

Abbreviations: EDV, 3D RV end-diastolic volume; ESV, 3D end-systolic volume; RV, right ventricle; RVEDA, RV end-diastolic area; RVESA, RV end-systolic

area; TAPSE, tricuspid annular plane systolic excursion; TVI S0 , tissue Doppler imaging-derived systolic myocardial velocity of the lateral tricuspid annulus.

16 FELDHÜTTER ET AL.



prognostic factors for various diseases. Also, we did not include

every RV function variable. Additional variables, such as right ven-

tricular outflow tract fractional shortening, are useful when evaluat-

ing RV function.48

Some breeds, such as sighthounds or Doberman Pinschers,

require their own breed-specific reference values for LV indices and it

should be evaluated if breed specific PIs are also necessary for the

RV.34,49-53

F IGURE 4 Scatter Plots and regression line (middle line) of the normalized RV indices using the calculated exponents. 95% prediction
intervals are displayed (upper and lower lines). (A) End-diastolic volume normalized (EDVn); (B) End-systolic volume normalized (ESVn); (C) End-
diastolic area normalized (EDAn); (D) End-systolic area normalized (ESAn); (E) Peak systolic tissue velocity normalized (TVI S0n); (F) Tricuspid
annular plane systolic excursion normalized (TAPSEn). RV, right ventricle
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