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Abstract Introduction: The objective of the study was to evaluate the accuracy
of two- and three-dimensional (2D, 3D) transthoracic echocardiography (TTE), 2D
transesophageal echocardiography, and computed tomography angiography (CTA)
compared with cardiac magnetic resonance imaging (CMR) in normal dogs and to as-
sess repeatability of 2D and 3D TTE for the assessment of left ventricular (LV) and
left atrial (LA) dimensions.
Animals: The study was performed on six healthy dogs.
Materials and Methods: Transthoracic echocardiography, transesophageal echocar-
diography, CTA, and CMR were performed on each dog. Right ventricular (RV) and LV
volumes (in systole and diastole), ejection fraction (EF), and LA and right atrial (RA)
volumeswere assessed. Repeatability and intrarater and interratermeasurements of
variability were quantified by average coefficient of variation (CV) for 2D and 3D TTE.
Results: No clinically relevant differences in LV volume were detected between CMR
and all modalities. Importantly, 3D TTE had the lowest CV (6.45%), correlated with
(rs ¼ 0.62, p ¼ 0.01), and had the highest overlap in distribution with CMR (OVL
(R.C. Fries).
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Abbreviations

2D two-dimensional
3D three-dimensional
CI confidence interva
CMR cardiac magnetic r
CTA computed tomogra
CV coefficient of varia
EDV (mL) end-diastolic volu
ESV (mL) end-systolic volum
EF (%) ejection fraction
IV intravenous
L-4CH left apical four-ch
LA left atrium
LA:Ao left atrium-to-aort
LV left ventricle
OVL (%) overlapping distribu
R-4CH right parasternal fo
RA right atrium
RV right ventricle
SMOD Simpson’s method o
TEE transesophageal ec
TTE transthoracic echoc
>80%). Left ventricular EF and LA size via CTA compared best with CMR and RVand RA
volumes were best estimated by 3D TTE. Assessment of LV and LA volumes via 3D
TTE had moderate repeatability (15e21%) compared with LV M-mode measurements
and 2D LA-to-aortic ratio (<10%), respectively. For LV size, interrater CV for 3D
TTE (19.4%) was lower than 2D TTE (23.1%).
Conclusions: Measurements of LV, RV, and RA volumes via 3D TTE and LA volume and
LV EF assessed by CTA compared best with CMR. Three-dimensional echocardiogra-
phy had lower interrater and intrarater CV compared with 2D TTE.
ª 2018 Elsevier B.V. All rights reserved.
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Introduction

Transthoracic echocardiography (TTE) is the
standard for non-invasive assessment of cardiac
function, anatomy, and pathology. Standard
imaging planes have been described for two-
dimensional (2D) TTE and transesophageal echo-
cardiography (TEE) in dogs [1,2]. However, avail-
ability of newer modalities such as real-time
three-dimensional (3D) echocardiography, com-
puted tomography angiography (CTA), and cardiac
magnetic resonance imaging (CMR) warrants their
validation in normal canine hearts.

Accuracy of left ventricular (LV) volume and
ejection fraction (EF) derived from 2D TTE and 2D
TEE images is limited by image orientation, geo-
metric assumptions, and boundary tracing errors
[3]. Real-time 3D TTE, CTA, and CMR avoid geo-
metric assumptions and modeling, and CTA and
CMR can acquire images in any orientation [4,5].
Transthoracic 3D echocardiography also avoids
geometric assumption; however, it is constrained
to standard imaging windows. Cardiac magnetic
resonance imaging is considered the non-invasive
reference standard for cardiac function and mass
in humans and the preferred imaging modality
when precise quantification is vital [6,7]. Several
human studies have validated 3D TTE for anatom-
ical and functional assessment of the heart [8e10].
Few studies have attempted validation of 3D
TTE or CTA for canine hearts [11e13]. These
studies reported notable correlations between 3D
TTE and LV mass and volume on excised canine
hearts or were validated using antiquated 3D
technology [14,15]. Furthermore, the role of 3D
TTE in human cardiology has expanded to include
comprehensive assessment of the right heart
[16e19].

Owing to limitations of 2D TTE in accurately
assessing heart anatomy and function, improved
non-invasive imaging modalities are desirable.
Modalities such as 3D TTE and CTA are promising
great potential for assessing human cardiac anat-
omy and function [20e22]. Agreement with a ref-
erence standard is an essential component for
assessment of any modality; however, the ability
to consistently replicate images as a single
observer, and between observers, is vital for clin-
ical application, particularly for individual longi-
tudinal patient monitoring and design and analysis
of clinical studies. Given the limited availability
and need for general anesthesia for TEE, CTA, and
CMR, we sought to determine the variability of 2D
TTE and 3D TTE for commonly assessed cardiac
parameters and determine the optimal number of
repetitions required per modality when assessing
these parameters. We hypothesized that 3D TTE,
2D TEE, and CTA would compare more closely with
a CMR reference standard than 2D TTE and 2D
TTE would be more repeatable than 3D TTE.



Animals, materials, and methods

This study was approved by the Institutional Ani-
mal Care and Use Committee and the Clinical
Research Review Committee at Texas A&M
University.

Animals

Six, adult, female mixed breed dogs (18e25 kg),
from an X-linked nephropathy research colony at
Texas A&M University College of Veterinary Medi-
cine and Biomedical Sciences, were used. Dogs
were heterozygous carriers for the genetic disorder
affecting glomerular basement membrane colla-
gen, which cardiac involvement is not reported
[23e26]. Enrolled dogs were considered to have
healthy normal hearts based on history, physical
examination, thoracic radiographs, 2D TTE, Doppler
systemic blood pressure, biochemistry panel, com-
plete blood count, and urinalysis.

Modality comparison

Dogs were anesthetized using a standardized pro-
tocol: butorphanol 0.2 mg/kg intravenous (IV),
midazolam 0.1 mg/kg IV, propofol 3 mg/kg IV, and
isoflurane (end-tidal volume of 1.5% in oxygen).
Each study was performed sequentially: 2D TTE,
3D TTE, 2D TEE, CTA, and CMR. Hemodynamic
variables, heart rate, blood pressure, and depth of
anesthesia were maintained in a narrow range
throughout: average heart rate, 90e110 beats/
min; ventilator respiratory rate maintained at
8e11 breaths/min and exhaled PCO2 between 25
and 40 mmHg; and mean arterial blood pressure
between 80 and 100 mmHg. As needed, glyco-
pyrrolate (0.005e0.01 mg/kg IV) was administered
to maintain heart rate.

Echocardiographic examinations were per-
formed by a single investigator (R.C.F.) using an
ultrasonographic scannerc equipped with a
phased-array 5 MHz transducer, a matrix-array 3-
V transducer, a 6T TEE transducer, and simulta-
neous electrocardiogram monitoring. Dogs were
positioned in right and left lateral recumbency
on a raised table for dependent imaging and in
right lateral for TEE. Images and loops were
digitally stored and sent to a workstation equip-
ped with softwared for off-line analysis. Echo-
cardiographic methods were analyzed by the
c Vivid E9, GE Medical System, Waukesha, WI, USA.
d EchoPac, version BT09, GE Medical System, Waukesha, WI,

USA.
same investigator (R.C.F.) in a random order,
blinded to patient information and study num-
ber. Measurements were repeated from five dif-
ferent cardiac cycles obtained during the same
anesthetic session, and mean values were used
for statistical analysis.

Two-dimensional transthoracic
echocardiography

All dogs underwent complete TTE that
included 2D, M-mode, spectral, and color flow
Doppler. Images were obtained in accordance with
techniques and imaging planes described else-
where [1]. To assess individual chamber sizes,
images were optimized to include the apex of both
ventricles in the right parasternal long-axis four-
chamber view (R-4CH) and left apical 4-chamber
view (L-4CH), ensuring maximal length of both
ventricles. Both atria were optimized in the L-4CH,
ensuring interatrial and free-wall endocardial
surfaces were visualized. Separate images were
saved if atria or ventricles could not be optimized
simultaneously.

Left ventricular M-mode and left atrium 2D
M-mode images were acquired from 2D TTE as
previously described and included LV internal
dimension in diastole and systole [1]. The left
atrium (LA) to aortic root ratio (LA:Ao) was meas-
ured from 2D and M-mode images as previously
described [1,27].

Left ventricular volume
Monoplane Simpson’s method of discs (SMOD)
measurements of the LV were performed from the
R-4CH and L-4CH as previously described [28].
Manual tracing of the endocardial border in dia-
stole and systole was performed. Papillary muscles
and trabeculae were not traced around and,
therefore, included in LV volume calculation. Vol-
umes and EF were automatically calculated by use
of the summation of 15 elliptical disks utilizing the
EchoPACd system software.

Left atrial volume
The LA maximum volume was calculated using the
modified monoplane SMOD from the L-4CH,
defined as the volume after end LV systole imme-
diately before mitral valve opening (end of iso-
volumetric relaxation). The LA endocardial border
was traced, and volume was calculated by Echo-
PACd software (Fig. 1). The pulmonary vein con-
fluences and LA appendage were excluded.



Fig. 2 Representative snapshot of the workstation
output for right atrial volume determined from the left
apical four-chamber view.
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Right ventricular volume
Monoplane SMOD measurements of the right ven-
tricle (RV) were performed from the R-4CH and
modified L-4CH as previously described [29,30].
Manual tracing of the endocardial border in dia-
stole and systole was performed. Papillary muscles
and trabeculae were not traced around and,
therefore, included in the RV volume calculation.
Volumes and EF were automatically calculated
utilizing the EchoPACd system.

Right atrial volume
The right atrial (RA) maximum volume was calcu-
lated using the monoplane SMOD from the L-
4CH and was defined as the volume after end RV
systole immediately before tricuspid valve opening
(end of isovolumetric relaxation). The RA endo-
cardial border was traced, and a straight line was
drawn between the attachment points of the tri-
cuspid annulus. Volume was calculated automati-
cally by the EchoPACd software (Fig. 2).

Three-dimensional transthoracic
echocardiography

All dogs underwent a complete 3D TTE obtaining
the same images as 2D TTE. Full volume loops of all
cardiac chambers were created using a 3V matrix-
array transducer obtaining pyramidal volumes in
real time over three sequential cardiac cycles with
a frame rate >12 frames per second. The entire
cardiac chamber was displayed simultaneously
using a quad screen layout. Measurements were
performed off-line using four-dimensional semi-
automatic border detection software.d Manual
corrections were performed in cases of egregiously
inaccurate endocardial automated detection.
Fig. 1 Representative snapshot of the workstation
output for left atrial volume determined from the left
apical four-chamber view.
Minor errors were allowed so integrity and accu-
racy of the software could be determined.

Three-dimensional left and right ventricular
volumes
Ventricular volumes were measured from the L-
4CH, optimized for either the LV or RV, as descri-
bed in the preceding Two-dimensional trans-
thoracic echocardiography section. The software
requires identification of end-diastolic and end-
systolic frames and three anatomic landmarks. The
LV landmarks included anterior and posterior
mitral annulus and LV apex. The RV landmarks
included septal and posterior borders of the tri-
cuspid valve and RV apex. Semiautomated border
detection was performed by the software, and
ventricular endocardial borders were tracked
throughout the entire cardiac cycle. Software
computed LV and RV end-diastolic volume (EDV),
end-systolic volume (ESV), and EF by use of a
geometric algorithm that relies on computer arti-
ficial intelligence and pattern recognition, creat-
ing a dynamic cast of the ventricular cavities. The
computer algorithm assumes that when the ultra-
sound is parallel with the ventricular walls, in the
apical views, the apex and insertion points of the
valves are the strongest reflector points and rep-
resent key reference points for automated cardiac
silhouette delineation [31].

Three-dimensional left and right atrial volumes
Atrial volumes were measured from the L-4CH view
at end-systole, optimized for either atria, as
described in the preceding Two-dimensional
transthoracic echocardiography section. The vol-
ume software requires the investigator to identify
both an end-diastolic and end-systolic frame to
utilize the software. An end-diastolic frame was



selected and measured but not recorded. The
three anatomic landmarks used for the RA
included septal and posterior borders of the tri-
cuspid valve and dorsal border of the RA. Land-
marks for the LA included anterior and posterior
borders of the mitral valve and dorsal border of the
LA. Semiautomated border detection was per-
formed by the software. Software computed LA
and RA EDV, ESV, and EF by use of a geometric
algorithm and created a dynamic cast of the atria.

Two-dimensional transesophageal
echocardiography

The transducer was advanced aborally down the
esophagus into the transgastric position and then
pulled back orally until images of the LV were
obtained from the middle position [2]. A transverse
plane of the middle position allowed acquisition of
a longitudinal 4CH of the LV. Images were opti-
mized for maximum LV chamber size, endocardial
detail, and visualization of the apex. Measure-
ments were performed from this view.

Left ventricular volume TEE
Monoplane SMOD was used to measure LV volume.
End-diastolic and end-systolic frame selection and
measurements were carried out as outlined in the
preceding Two-dimensional transthoracic echo-
cardiography section.

Computed tomography angiography

Computed tomography angiography images were
obtained with a Siemens Biograph mCT 128-slice
PET scanner.e Radiograph scout views were per-
formed for positioning and planning using fully
assisted scanner software. A test IV bolus of 3 mL
non-iodinating contrast agent (Iohexolf) was
injected into the cephalic vein to determine opti-
mal timing for imaging of the LA and LV. Gated
cardiac CTA was performed beginning with a 10 mL
injection of contrast in the cephalic vein followed
by image acquisition trigged to the appearance of
contrast in the RV, allowing for sufficiency delay
and maximum contrast in the LV and LA. Imaging
parameters included 3000-msec gantry rotation
speed, 0.33 mm isotropic resolution, and a voltage
of 120 kV with a current of 117 mA. Scan data were
reconstructed at 0.6-mm slice thickness with 150
e SOMATOM Definition ASþ, Siemens Medical Solutions, Mal-
vern, PA, USA.
f Omnipaque 300TM Iohexol injection, GE Healthcare,

Princeton, NJ, USA.
msec temporal resolution. Images were acquired
during breath holding at end-expiration by turning
the respirator off (average, 8 s), and data were
digitally stored for off-line analysis. All CTA images
were analyzed using a Siemens workstation and
associated software.g Measurements from this
data set of averaged cardiac cycles were measured
3 times, and mean values were used for statistical
analysis.

Left ventricular volume CTA
The LV endocardial boundary was traced semi-
automatically and manually adjusted when nec-
essary. Papillary muscles and trabeculae were
traced around and, therefore, excluded from LV
volume calculation. The software calculated EDV,
ESV, and EF by use of SMOD equation.

Left atrial volume CTA
The LA end-systolic phase was defined as the
largest LA before mitral valve opening. Oblique
multiplanar reformation was performed to obtain
two- and four-chamber views, which were recon-
structed along the LA long axis. Endocardial bor-
ders were manually traced, and the LA appendage
was included, while the pulmonary veins were
excluded from analysis.

Right ventricular volume CTA
This was not performed because of the lack of
contrast.

Right atrial volume CTA
This was not performed because of the lack of
contrast.

Cardiac magnetic resonance imaging

The CMR images were obtained with a 32-channel
whole-body 3T systemh with phased-array cardiac
coils. Gated Flash cine mode was used to acquire
dynamic loops of the heart and stacks of short-axis
images from the aortic root to apex with the fol-
lowing parameters: 5-mm slice thickness with no
gaps, 300 mm field of view, read matrix ¼ 192,
phase matrix ¼ 128, resulting mean pixel
size ¼ 2.2 � 1.9 mm, 50.4 ms repetition time,
2.4 ms echo time, and a 44� pulse flip angle.
Images were acquired during breath holding at
end-expiration by turning the respirator off
g Syngo-X Workplace, Siemens Medical Solutions, Malvern, PA,
USA.
h MAGNETOM Verio; Siemens AG, Healthcare Sector Erlangen,

Germany.



Fig. 3 Representative cardiac magnetic resonance
(CMR) image of the right ventricle and right ventricular
outflow tract from the short-axis plane at the level of
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(average, 12 s) and stored digitally for off-line
analysis. Volumes were calculated using Siemens
Argusi software. Measurements from this data set
of averaged cardiac cycles were measured 3 times,
and mean values were used for statistical analysis.

Left ventricular volume CMR
Volume was assessed from the first basal slice
showing 50% circumference of the LV cavity sur-
rounded by myocardial tissue through the last
apical slice of LV cavity. Endocardial boundary was
manually traced in every slice at end-diastole
(defined visually as the largest LV cavity) and
end-systole (defined visually as the smallest LV
cavity), with papillary muscles and trabeculae
traced around, and, therefore, excluded from the
LV cavity. The software calculated EDV, ESV, and
EF by use of SMOD equation.

Left atrial volume CMR
Volume was measured by a standard short-axis
method, where maximal LA volume was defined as
end ventricular systole immediately before mitral
valve opening. Manual tracing of endocardial bor-
ders of successive slices was performed from the
dorsal wall of the LA to the atrioventricular junc-
tion. The LA appendage was included in LA vol-
ume, whereas pulmonary veins were excluded.
The maximum LA volume was calculated from the
sums of outlined areas using a modification of
SMOD.

Right ventricular volume CMR
Volume was measured in the short-axis plane and
involved manual tracing of endocardial contours
for each short-axis slice at end-systole and end-
diastole from base to apex. The RV base was
defined as the portion of RV (including outflow)
below the tricuspid valve annulus (Fig. 3). Papillary
muscles and trabeculae were traced around and,
therefore, excluded from the RV volume calcu-
lation. The software calculated EDV, ESV, and EF
by use of SMOD equation.

Right atrial volume CMR
Volume was measured by a short-axis method,
where maximal RA volume was defined as end-
systole immediately before tricuspid valve open-
ing. Manual tracing of endocardial borders of suc-
cessive slices was performed from the dorsal wall
of the RA to the atrioventricular junction. The RA
appendage was included in the RA volume,
whereas the caudal and cranial vena cava were
i Argus, Siemens AG, Healthcare Sector Erlangen, Germany.
excluded. The maximal RA volume was calculated
from sums of the outlined areas using a mod-
ification of SMOD.
Variability

Five, conscious, unsedated dogs underwent com-
plete 2D TTE and 3D TTE examinations by four
investigators. Each dog had five complete studies
performed by each investigator over 2e7 days. The
right and left parasternal views of the LV and LA
were obtained and measured as described in the
preceding Two-dimensional transthoracic echo-
cardiography, Three-dimensional transthoracic
echocardiography, and M-mode sections. Exam-
iners obtained and measured only their own
images either on the echocardiographic machine
used to acquire the images or an EchoPacd

workstation.
One additional investigator obtained five com-

plete 2D TTE and 3D TTE studies on one dog over 2
days. Three different investigators (R.C.F., S.G.G.,
A.B.S.), blinded to each other’s results, performed
measurements on these studies.
Statistical analysis

Three data sets were obtained to quantify agree-
ment and variability of the imaging modalities. All
data sets were used to examine at least two
questions. Each question used several statistical
the heart base, apical to the tricuspid valve. The right
ventricular outflow tract is outlined by the blue arrows.
LV, left ventricle; RV, right ventricle.



Table 1 Descriptive statistics for echocardiographic, computed tomographic, and magnetic resonance imaging
parameters in six adult mixed breed dogs.

Six adult mixed breed dogs, mean body weight ¼ 25.2 kg (min ¼ 21.9; max ¼ 28.9)

Variable Unit N Mean Standard deviation Median Min Max

LVEDV_CMR mL 18 48.50 5.980 50.00 41.00 54.00
LVEDV_3D mL 30 45.37 5.666 46.00 34.00 53.00
LVEDV_R-4CH mL 30 46.50 3.893 46.50 39.00 54.00
LVEDV_L-4CH mL 30 46.73 6.051 46.00 35.00 57.00
LVEDV_CT mL 18 48.67 5.980 49.50 38.00 60.00
LVEDV_TEE mL 30 49.23 5.770 50.50 38.00 62.00
LVESV_CMR mL 18 21.56 2.791 21.00 18.00 28.00
LVESV_3D mL 30 22.10 3.055 22.00 16.00 28.00
LVESV_R-4CH mL 30 21.30 2.493 22.00 17.00 25.00
LVESV_L-4CH mL 30 21.80 3.188 22.00 14.00 29.00
LVESV_CT mL 18 22.50 2.936 22.50 17.00 27.00
LVESV_TEE mL 30 21.87 3.550 21.50 16.00 29.00
LV_EF_CMR % 18 55.38 5.478 54.61 48.00 66.04
LV_EF_3D % 30 51.09 5.430 51.86 39.02 58.97
LV_EF_R-4CH % 30 54.09 4.970 54.26 44.44 61.70
LV_EF_L-4CH % 30 53.22 4.922 53.52 44.44 62.26
LV_EF_CT % 30 53.51 5.456 53.49 43.18 65.31
LV_EF_TEE % 30 55.57 5.147 56.5 46.94 65.38
LA_CMR mm 18 21.78 1.833 22.00 18.00 25.00
LA_3D mm 30 19.57 3.390 18.50 14.00 26.00
LA_CT mm 18 22.56 2.202 22.00 19.00 28.00
LA_2D mm 30 23.97 5.147 24.00 18.00 32.00
RVEDV_CMR mL 18 29.33 6.324 26.50 21.00 39.00
RVEDV_3D mL 30 20.83 5.187 21.50 13.00 30.00
RVEDV_R-4CH mL 30 12.13 2.300 12.00 8.00 16.00
RVEDV_L-4CH mL 30 12.20 3.210 12.00 7.00 19.00
RVESV_CMR mL 18 13.94 2.754 14.00 9.00 18.00
RVESV_3D mL 30 11.33 3.315 11.00 7.00 19.00
RVESV_R-4CH mL 30 6.20 1.495 6.00 4.00 10.00
RVESV_L-4CH mL 30 5.50 1.456 5.00 3.00 8.00
RV_EF_CMR % 18 51.95 6.983 54.30 37.04 59.09
RV_EF_3D % 30 44.98 10.748 46.55 25.00 60.00
RV_EF_R-4CH % 30 48.12 12.740 50.00 35.71 66.67
RV_EF_L-4CH % 30 53.27 13.165 56.35 22.22 70.59
RA_CMR mm 18 21.56 3.203 20.00 17.00 29.00
RA_3D mm 30 18.00 5.058 17.00 11.00 29.00
RA_2D mm 30 13.23 3.287 13.50 8.00 18.00

3D, three-dimensional; AP, apical four-chamber; CMR, cardiac magnetic resonance imaging; CT, computed tomography; L-4CH,
left apical four-chamber; LA, left atrium; LVEDV, left ventricular end-diastolic volume; LV_EF, left ventricular ejection fraction;
LVESV, left ventricular end-systolic volume; R-4CH, right parasternal four-chamber; RA, right atrium; RVEDV, right ventricular
end-diastolic volume; RV_EF, right ventricular ejection fraction; RVESV, right ventricular end-systolic volume; TEE,
transesophageal.
analyses. Questions, data, and primary analyses
are summarized in Table 5.

Summary statistics (N, mean, median, standard
deviation, skew, kurtosis, and ShapiroeWilk and
AndersoneDarling tests of normality) were calcu-
lated for all data sets by investigator, modality,
and dog. Where appropriate, summary statistics
were also calculated for all investigators by
modality, for all dogs by investigator and modality,
and all dogs by modality for all investigators. Time
entered as repeated measures for multiple imaging
sessions for an investigator and modality and for
multiple measurement sessions for each inves-
tigator and modality. Investigators chose their own
times for acquiring and measuring images and the
order in which images from different modalities
were evaluated, and such random ordering was not
considered.



Table 2 Comparison between magnetic resonance imaging and echocardiographic and computed tomographic
variables in healthy dogs.

Parameter Method Mean Unit IQR 95% Confidence limits OVL CV R_Spearman p

LVEDV 3D �3.13 mL 10.00 �6.29 0.02 0.8048 6.20% 0.61 0.01
LVEDV R-4CH �2.00 mL 5.00 �5.16 1.16 0.7804 7.10% 0.47 0.05
LVEDV L-4CH �1.77 mL 7.00 �4.92 1.39 0.8106 5.30% 0.00þþþ 0.10
LVEDV CT 0.17 mL 6.00 �3.36 3.70 0.8384 8.10% 0.00þþþ 0.85
LVEDV TEE 0.73 mL 9.00 �2.42 3.89 0.8654 7.80% 0.44 0.07
LVESV 3D 0.54 mL 4.00 �2.61 3.70 0.8273 6.70% 0.63 0.01
LVESV R-4CH �0.26 mL 4.00 �3.41 2.90 0.8465 8.90% 0.00þþþ 0.30
LVESV L-4CH 0.24 mL 4.00 �2.91 3.40 0.8117 9.00% 0.53 0.02
LVESV CT 0.94 mL 4.00 �2.59 4.47 0.8121 10.40% 0.55 0.02
LVESV TEE 0.31 mL 6.00 �2.85 3.47 0.8319 12.20% 0.00þþþ 0.36
LV_EF 3D �4.30 % 7.59 �7.45 �1.14*** 0.7782 8.80% 0.67 0.01
LV_EF R-4CH �1.29 % 8.20 �4.45 1.86 0.9124 8.40% 0.00þþþ 0.74
LV_EF L-4CH �2.16 % 8.84 �5.40 1.66 0.8622 7.50% 0.00þþþ 0.68
LV_EF CT �1.87 % 6.86 �5.32 1.00 0.8827 9.00% 0.61 0.01
LV_EF TEE 0.18 % 6.57 �2.97 3.34 0.9238 9.40% 0.00þþþ 0.06
LA 2D 2.19 mL 4.00 �0.97 5.35 0.6364 10.00% 0.00þþþ 0.31
LA 3D �2.21 mL 5.00 �5.37 0.95 0.5689 7.20% 0.00þþþ 0.34
LA CT 0.78 mL 2.00 �2.75 4.31 0.8955 8.70% 0.00þþþ 0.68
RVEDV 3D �8.5 mL 10.00 �11.66 �5.34*** 0.5793 11.40% 0.86 0.01
RVEDV R-4CH �17.2 mL 3.00 �20.36 �14.0*** 0.0424 14.70% 0.00þþþ 0.68
RVEDV L-4CH �17.13 mL 5.00 �20.29 �13.9*** 0.1002 14.90% 0.00þþþ 0.09
RVESV 3D �2.61 mL 4.00 �5.77 0.55 0.6511 15.10% 0.66 0.01
RVESV R-4CH �7.74 mL 2.00 �10.90 �4.59*** 0.1321 20.20% 0.12 0.63
RVESV L-4CH �8.44 mL 3.00 �11.60 �5.29*** 0.0863 17.30% 0.30 0.22
RV_EF 3D �6.97 % 19.17 �10.12 �3.81*** 0.7093 23.60% 0.46 0.06
RV_EF R-4CH �3.83 % 16.25 �6.99 �0.67*** 0.7706 24.90% 0.00þþþ 0.20
RV_EF L-4CH 1.33 % 18.72 �1.83 4.48 0.6560 21.20% 0.00þþþ 0.57
RA 2D �8.32 mL 6.00 �11.48 �5.17*** 0.2407 11.90% 0.00þþþ 0.29
RA 3D �3.56 mL 9.00 �6.71 �0.40*** 0.5740 12.10% 0.00þþþ 0.88

Data are presented as the mean difference from cardiac magnetic resonance imaging (CMR) (modalitydCMR).
***p > 0.05.
þþþ No significant correlation with CMR.
3D, three-dimensional; AP, apical four-chamber; CT, computed tomography; CV, coefficient of variation; IQR, interquartile range;
L-4CH, left apical four-chamber; LA, left atrium; LVEDV, left ventricular end-diastolic volume; LV_EF, left ventricular ejection
fraction; LVESV, left ventricular end-systolic volume; OVL, overlapping of the distributions; R-4CH, right parasternal four-
chamber; RA, right atrium; RVEDV, right ventricular end-diastolic volume; RV_EF, right ventricular ejection fraction; RVESV,
right ventricular end-systolic volume; TEE, transesophageal.
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Descriptive statistics and preliminary repeated-
measures analysis of variance (RMANOVA) analyses
were obtained using Systat 13.1.j Correlations,
final ANOVA and RMANOVA, coefficient of variation
(CV), and the overlapping coefficient (OVL) were
carried out using SAS 9.4k. Where possible, pub-
lished (RM) ANOVA models were modified for data
setespecific variable names and numbers of
investigators and images. The OVL was estimated
using previously published SAS code [32]. The OVL
is a direct measure of the proportion (0e1) or
percent (0%e100%) of overlap of two distributions
j Systat Inc., San Jose, CA, USA.
k SAS Institute Inc., Cary, NC, USA.
and does not require that random samples come
from the same distribution or have Gaussian dis-
tributions [32]. The OVL is closely related to the
effect size and for normal distributions to several
other measures [33]. The CV is a unitless ratio of
the standard deviation to the mean, s/m, which is
commonly defined as the noise-to-signal ratio.
Multiplying 100, the CV is then the simple pro-
portion n/100. The trend in n (CV) with sample size
for assessing optimal repetitions was determined
by logistic regression. Repeatability was defined as
the average CV for all investigators for 2D and 3D
TEE parameters. Intrarater CV was determined
from one randomly selected investigator, and
interrater CV was determined by using the first



Table 3 Repeatability, intrarater and interrater
variability of two-dimensional and three-dimensional
transthoracic echocardiographic indices of left ven-
tricular and left atrial size.

Parameter Repeatability Interrater
CV

Intrarater
CV

EDV_2D L-4CH 15.1% 15.1% 15.1%
ESV_2D L-4CH 27.9% 31.0% 28.0%
Grand Ave_2D
L4CH

21.5% 23.0% 21.6%

EDV_3D L-4CH 18.9% 16.8% 13.8%
ESV_3D L-4CH 23.2% 21.9% 23.3%
Grand Ave_3D
L4CH

21.1% 19.4% 18.6%

LVIDD_MMODE 5.6% 7.3% 5.6%
LVIDS_MMODE 11.9% 12.5% 11.9%
Grand
Ave_MMODE

8.8% 9.9% 8.8%

LAAO_2D 9.0% 10.6% 9.0%
LA_3D 15.1% 21.2% 15.1%

Data are displayed as the average coefficient of variation.
2D, two-dimensional; 3D, three-dimensional; coefficient of
variation, CV; EDV, end-diastolic volume; ESV, end-systolic
volume; grand ave ¼ (CV diastole þ CV systole)/2; L-4CH,
left apical four-chamber; LA, left atrium; LAAO, left atrium
to aorta ratio; LVIDD, left ventricular internal diastolic
dimension; LVIDS, left ventricular internal systolic dimen-
sion; MMODE, motion mode echocardiography.

Table 4 Repeatability of parameter measurement.

Parameter CV LL UL

LV_2D L-4CH 8.9% 7.0% 12.5%
LV_3D L-4CH 8.6% 6.7% 12.0%
LV_MMODE 4.3% 3.4% 5.9%
LAAO_2D 9.5% 7.4% 13.3%
LA_3D 12.0% 9.6 16.8%

Data are displayed as the grand average coefficient of var-
iation for n ¼ 25.
CV, coefficient of variation; grand ave ¼ (CV diastole þ CV
systole)/2; L-4CH, left apical four-chamber; LA_3D, left
atrial volume three-dimensional; LAAO_2D, left-atrial-to-
aorta ratio; LL, lower limit; LV_2D, left ventricular volume
two-dimensional, LV_3D, left ventricular volume three-
dimensional; LV_MMODE, left ventricular dimension motion
mode echocardiography; UL, upper limit.
study day of all dogs from each of the
investigators.

Results

All dogs were safely anesthetized with no adverse
events. The mean anesthesia time was 205 min
(�standard deviation 48). Parameters and results
for all dogs are summarized in Table 1.
Left ventricular volume

Mean differences, 95% confidence interval (CI),
and OVL between each modality and CMR were not
statistically significant different. Specifically, 3D
TTE systolic and diastolic dimensions had the
lowest average CV (6.45%), highest average OVL
(>80%), and correlated in both systole and diastole
with CMR. Diastolic and systolic CTA means were
closest to CMR with the smallest interquartile
range; however, only systolic dimensions were
correlated (rs ¼ 0.55, p ¼ 0.02). All modalities had
acceptable average CV of <15% (Table 2).

Left ventricular EF

Computed tomography angiography and 2D TEE
had high OVL (>86%) and mean differences close
to zero; however, only CTA was correlated
(rs ¼ 0.61, p ¼ 0.01) with CMR. Ejection fraction
was underestimated by all modalities except 2D
TEE. Only 3D TTE had a notably small (�4.30%)
(p ¼ 0.025) mean difference for EF but was cor-
related with CMR (rs ¼ 0.67, p ¼ 0.001).

LA size

Mean difference in LA volume, OVL, CV, and cor-
relation was similar for 2D TTE and 3D TTE. Over-
all, CTA was closest to CMR with high OVL (90%) but
did not correlate (p ¼ 0.68).

Right ventricular volume

All modalities underestimated RV EDV and ESV. All
2D TTE estimates of mean RV volume in systole and
diastole were significantly different than CMR,
with low OVL, high CV, and no correlation. For 3D
TTE, mean difference of RV ESV was insignificant;
however, mean difference of RV EDV was sig-
nificant (p ¼ 0.001). Three-dimensional TTE had
moderate OVL (58e65%) and correlated with CMR
(rs ¼ 0.66e0.86, p ¼ 0.002). The CV for 3D TTE
estimates of RV EDV and ESV were 11.4% and
15.1%, respectively.

Right ventricular EF

The 2D TTE estimates of RV EF from the L-4CH had
a mean difference closest to zero and the CI con-
tained zero. This view had moderate OVL (66%) but
did not correlate with CMR (p ¼ 0.57). The CV for
RV EF was >21% for all modalities.



Table 5 Summary of clinical questions, data collected, and primary statistical analyses performed.

Data set Question Primary analyses Result

(a) A single observer
measured heart chambers
and function in six dogs
using multiple modalities
under one anesthetic event
(2D TTE, 3D TTE, 2D TEE,
CTA, CMR)

(1) Agreement between CMR
and other modalities

Spearman and Pearson
correlations

All data in
Tables 1 and 2

Repeated measures analysis
of variance

(2) Repeatability (within each
modality)

CV
Bland Altman, OVL,

descriptive statistics (mean
difference from CMR,

interquartile range, 95%
confidence intervals)

(b) Four observers obtained
their own images and made
their own measurements of
the LV and LA in five dogs.
Each dog was imaged in 5
separate sessions over 3
days

(2) Repeatability (within an
observer and modality)

CV by modality, dog,
replicate

All data in Table 3

(3) Repeatability (between
observers within a modality)

(c) A single observer obtained
images on one dog in five
separate sessions over 3
days and three different
observers measured the
same images.

(3) Repeatability (within an
observer and between
observers measuring the

same images)

CV by modality, dog,
replicate

All data in Table 4

(4) Optimal number of
repetitions required to

establish a representative
mean

Logistic regression of sample
size against the lower and

upper limits of CV

CMR, cardiac magnetic resonance imaging; CTA, computed tomography angiography; CV, coefficient of variation; LA, left atrium;
LV, left ventricle; OVL, overlapping of the distributions; 2D TEE, transesophageal two-dimensional echocardiography; 2D TTE,
transthoracic two-dimensional echocardiography; 3D TTE, transthoracic three-dimensional echocardiography.
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Right atrial volume

Two-dimensional TTE and 3D TTE underestimated
mean RA volume in comparison to CMR. Mean dif-
ferences for RA volume was closest to zero
(�3.56 mL) for 3D TTE with moderate OVL (57%)
but did not correlate with CMR (p ¼ 0.88).

Automated border detection software 3D
TTE

In our study, we deliberately avoided heavy-
handed measurement adjustments whenever an
automated option was available. In instances of
egregious border error (LV-2%, RV-8%, LA-30%, RA-
30%), manual corrections were required.

TTE repeatability

Average CV for repeatability and intrarater and
interrater measurements of variability for selected
LA and LV parameters are summarized in Table 3,
while Table 4 represents the CV of measuring the
same images by 3 investigators. Evaluation of LV
size via M-mode had the highest average repeat-
ability (CV ¼ 8.8%) and lowest average intrarater
and interrater variability for both image acquis-
ition (CV ¼ 9.3%) and measurement (CV ¼ 4.3%).
Average repeatability of 3D TTE image acquisition
(CV ¼ 21.1%) and measurement (CV ¼ 8.6%) was
similar to 2D TTE image acquisition (CV ¼ 21.5%)
and measurement (CV ¼ 8.9%). Average intrarater
and interrater variability of 3D TTE (CV ¼ 18.9%)
was also similar to 2D TTE (CV ¼ 22.3%). Assess-
ment of LA:Ao via 2D TTE had better repeatability
for image acquisition (CV ¼ 9.0%) and measure-
ment (CV ¼ 9.5%) than 3D TTE volume acquisition
(CV ¼ 15.1%) and measurement (CV ¼ 12.0%). M-
mode assessment of LV size in diastole and systole
achieved acceptable precision after five repeated
measurements, while 3D TTE and 2D TTE required
10 and 15 repetitions, respectively.
Discussion

This study is the first direct comparison of 2D TTE,
3D TTE, 2D TEE, and CTA, with CMR for assessment



of cardiac size and function in dogs. Quantification
of cardiac size and function in dogs is most com-
monly performed using 2D TTE alone or in combi-
nation with M-mode and are dependent on
operator technique, acoustic windows, and geo-
metric assumptions regarding heart shape. Volu-
metric methods using 3D TTE, CTA, and CMR in
humans patients have demonstrated substantial
improvements over conventional 2D TTE [5,34,35].
Our study applied multiple statistical methods to
reach conclusions regarding which modalities best
agree with the reference standard, CMR.

We have reported mean differences and CI
between modalities and CMR. However, because
the fractile of a mean varies with the shape of
distribution and sample size, a statistically sig-
nificant difference does not imply anything about
the clinical relevance of the difference between
the modality and CMR. For example, when the
significantly standardized difference (d ) is 0.5
(Cohen’s ‘medium’), the OVL of the distributions
for a modality and CMR is 0.8 (80%), and when
d ¼ 0.8 (Cohen’s ‘large’) the OVL is 0.69 (69%). To
retain qualitative and quantitative meanings of
CMR measurements, an alternative modality must
have both a correlation with and OVL distribution
similar to CMR. The significance of a difference
between means may or may not be clinically rel-
evant when these requirements are met.

Against the CMR reference standard, 3D TTE was
superior to other modalities for assessing LV
dimensions (EDV, ESV): it was reproducible
(CV ¼ 6.2e6.7%), was correlated (rs ¼ 0.61e0.63),
and had high OVLs (81.5e82.7%) with CMR. The CV
and OVL were considered acceptable for CTA, 2D
TTE, and 2D TEE; however, these modalities often
did not correlate with and had large variances
compared to CMR. Differences between mean LV
volumes calculated by 2D TEE and CMR were small;
however, not all parameters (EF, LVESV) corre-
lated. As reported in Table 1, when specifically
evaluating LV volume, most dogs in this study had
an LV size of 50 mL in diastole and 22 mL in systole.
All modalities were within �3 mL (6%) of CMR. In
systole, all modalities had a mean difference from
CMR �1 mL (4.5%). These differences are accept-
able for clinical agreement. Thus, global LV size
and function in normal dogs can be determined
using all modalities, although 3D TTE had the best
overall agreement with CMR.

Quantitative assessment of LA size is important
for risk stratification and prognosis of many car-
diovascular diseases [36,37]. The LA:Ao is a com-
monly used method for detecting LA enlargement
in veterinary practice [27,36]. Quantification of LA
volume may, therefore, be clinically useful
especially if the interrater and intrarater CV are
acceptable or better than LA:Ao, regardless of
correlation with CMR. This study found that,
compared with CMR, CTA estimation of LA volume
was superior to 2D TTE (10% overestimation) and
3D TTE (10% underestimation). Using CTA, LA vol-
ume was overestimated by a clinically acceptable
value of 3.5%, in comparison to CMR, but no
modalities correlated with CMR.

Evaluation of the RV is challenging because of
complex anatomy and mechanics. The cornerstone
of RV assessment is 2D TTE; however, numerous
limitations exist, and it has weak correlation to
CMR [38]. Two-dimensional TTE overlooks RV seg-
ments, such as the RV outflow tract, whereas 3D
TTE and other modalities more accurately esti-
mate RV volume [5]. In our study, RV size was
systematically underestimated by 2D TTE (by 55%)
and 3D TTE (by 28%) in comparison to CMR.
Importantly, 3D TTE correlated in diastole
(rs ¼ 0.86) and systole (rs ¼ 0.66) to CMR with
moderate OVL (58 and 65%). Thus, 3D TTE provides
clinically useful estimates of RV volume compared
with CMR. However, 2D TTE and 3D TTE RV EF did
not correlate. As such, RV function remains a
subjective assessment in most cases.

Right atrial size was underestimated by 2D TTE
(36%) and 3D TTE (16%) and did not correlate with
CMR. These findings agree with previously reported
differences in human studies [39].

The most commonly used method for assessing
LV size, M-mode, had the highest overall repeat-
ability and lowest intrarater and interrater varia-
bility (<10%). This result is expected given the
ubiquity of this imaging modality as part of
everyday clinical practice for cardiologists. Volu-
metric assessment of the LV is not routinely per-
formed on every patient at our institution, and
therefore, an increase in the CV was expected.
This study shows that despite its novelty, 3D TTE
had similar repeatability and intrarater and inter-
rater CV to 2D TTE. Using 3D TTE, four orthogonal
images are obtained simultaneously, and volu-
metric assessment is performed via automated
software. This decreases the level of observer
subjectivity and may explain why 3D TTE had a
lower CV than 2D TTE. In addition, because 2D TTE
volumes were derived from monoplane SMOD,
variations in image acquisition results in larger
differences via greater geometric assumptions.
Undoubtedly, newer generations of 3D and spe-
cifically border detection software for both 2D TTE
and 3D TTE as well as newer generation 2D and 3D
transducers will further improve accuracy and
interrater and intra-rater variability, which may be
particularly relevant in small patients. Updates to
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both software and transducers have already
occurred since this study was completed. The
authors have used these upgrades and subjectively
think improvements in image quality, frame rates,
and automated border detection are superior.
Even if the exact interrater and intrarater CV
reported herein cannot be expected in every
center, the relative magnitudes provide readers
with approximate expectations.

Finally, we sought to determine the CV for
image measurements. Given the novelty of 3D TTE,
comparison with standard 2D TTE image meas-
urements was important. Three investigators
measured images acquired by a fourth observer (M-
mode, 2D TTE, and 3D TTE). Average CV for
measuring the LV with M-mode was 4.3%, and
although the CV was twice this for 3D TTE (8.6%)
and 2D TTE (8.9%), both are considered accept-
able. Measurements of LA:Ao had lower CV (9.5%)
than 3D TTE LA volumes (12.0%). Subjectively,
automated border detection software often had
difficulty identifying the LA endocardium, partially
explaining this finding, while LA:Ao measurements
are performed routinely making this measurement
common for all investigators.

Commonly, scanners acquire and measure 3e5
images to determine a mean. In this study, 5 stored
images of each parameter were measured by each
of 3 investigators, and this was repeated 5 times
for a total of 25 values per parameter per inves-
tigator. We sought to determine the optimum
number of repetitions required to ensure a repre-
sentative value. Logistic regression indicated that
the upper bound of the CV increases as the number
of measurements decreases. While the average
was minimally changed, the range between lower
and upper bounds increased, and therefore, a
single measurement became an increasingly inac-
curate estimate of the mean. In our study, M-mode
assessment of LV size achieved acceptable pre-
cision (CV � 15%) after 5 repetitions, while 3D TTE
and 2D TTE required 10 and 15 repetitions,
respectively. We defined acceptable precision
based on other previously proposed limits of CV
[40e42]. Particularly, when comparing 3D TTE and
2D TTE, this study highlights how small improve-
ments in repeatability can substantially impact
repetition requirements. These data may be useful
in study design protocols planning to use echo-
cardiographic assessment as an outcome variable.

Limitations of this study include lack of contrast
in RV and RA for CTA images, making assessment of
RV and RA impossible with this modality. For com-
parison between different modalities, all dogs were
placed under general anesthesia. Imaging could not
be performed simultaneously, and the order of
imaging was not randomized. Therefore, despite all
attempts to maintain a consistent hemodynamic
steady state, time under anesthesia could affect
agreement between modalities. The CV within a
modality is not likely increased by the use of gen-
eral anesthesia as image acquisition was performed
over a short period of time with little change in any
hemodynamic parameters; however, because these
patients were immobile, ventilated, and had slow
regular heart rates, the CV may have been
improved, and these values should not be expected
in awake patients. Patients were mechanically
ventilated in our study during imaging of all
modalities. With respect to RV volume and func-
tion, CMR and CTA images were acquired during
end-expiration, while echocardiographic images
were obtained in early-inspiration and throughout
expiration. While peak-inspiration was avoided,
respiratory variation can affect right heart size and
function, and this may have further contributed to
the discrepancy between echocardiography and
CMR parameters. In addition, our results are
dependent on the technology of the automated
border detection software. Since the time of com-
pleting this study, software, especially as it relates
to automated border detection in 2D TTE, has
substantially improved, and the 3D TTE probe has
improved to 4V technology. The 2D image quality
and frame rate of 3D TTE probes are vital to
accuracy and have improved appreciably with the
4V probe. Therefore, our results must be inter-
preted in light of the technology we used. Finally,
we used CMR as the reference standard, and con-
clusions could change using a different modality as
the reference. In addition, when assessing blood
pool volumes of the LV and RV via CMR, papillary
muscles and large trabeculations were excluded,
while they were included for echocardiography.
These are considered standard measurement
techniques for these modalities, and it is unlikely to
significantly change CMR-derived measurements
[43]. As dogs in this study were healthy, and mod-
erately large, it should not be assumed that the
relationships among these modalities are the same
for dogs with cardiac disease or small patients.
Conclusions

This study found that LV size, RV size, RV EF, and
RA size from 3D TTE compared best with CMR. Of
the modalities examined, 3D TTE was typically the
most reproducible and had lower intrarater and
interrater variability than 2D TTE. The CTA esti-
mates of LV EF and LA size compared most favor-
ably with CMR.
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