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Abstract Although parameters of right ventricular (RV)

size and function are clinically important, echocardio-

graphic assessment of this chamber is complex. Existing

quantitative approaches rely on manual measurements

performed on different images, and are thus time-con-

suming. Consequently, in clinical practice, qualitative

assessment is usually used instead. We tested a new ap-

proach for automated measurements of RV size and func-

tion using speckle tracking by comparing them to the

conventional manual methodology. Transthoracic images

were obtained in 149 patients with a wide range of RV size

and function, and were analyzed by an expert using con-

ventional techniques to obtain RV end-diastolic and end-

systolic areas, fractional area change, dimensions (basal

and mid-cavity diameters and length), tricuspid annular

plane systolic excursion and peak systolic velocity. Same

parameters were obtained using the semi-automated soft-

ware (Epsilon Imaging), which requires tracing of the RV

endocardial boundary in a single frame in the RV focused

view. Fifteen patients were excluded due to image quality

(90 % feasibility). Time required for the automated ana-

lysis was approximately 30 s per patient, compared to

4 min for conventional analysis. The parameters obtained

with the semi-automated approach were in good agreement

with manual measurements: r-values 0.79–0.95 for RV size

and 0.70–0.74 for function indices and biases of 2–22 % of

the mean measured values, which were comparable to the

intrinsic variability of the conventional technique. In con-

clusion, the semi-automated technique is feasible, fast and

provides quantitative parameters of RV size and function,

which are comparable to conventional measurements.
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Introduction

Although parameters of right ventricular (RV) size and

function are clinically important, assessment of this cham-

ber is complex. Until recently, RV assessment was qualita-

tive only and thus subjective and experience dependent. The

new guidelines from the American Society of Echocar-

diography have emphasized the importance of quantitative

assessment of RV size and function and encouraged making

these measurements standard in clinical practice [1]. Pre-

vious studies have shown that RV measurements provide

important prognostic and therapeutic information in patients

with heart disease [2–9]. However, current quantitative ap-

proaches rely on manual measurements performed on a

variety of images, including endocardial boundary tracings

on 2D images for chamber area and dimensions, measure-

ments of tricuspid annular plane systolic excursion (TAPSE)

on M-Mode images and tricuspid annular velocity on tissue

Doppler images (S’). This methodology is time-consuming

and experience dependent. As a result, in clinical practice,

visual qualitative assessment of RV size and function is

usually used instead, despite the clear benefits of a quanti-

tative assessment. Accordingly, development of new tools

for fast, accurate and reproducible measurement of RV in-

dexes would address an important clinical need.
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Several automated software packages for the evaluation of

the left ventricle were developed and tested over the past two

decades [10–26], but very little has been published regarding

automated analysis of the right ventricle [27–30]. However,

new vendor-independent computer software for automated

assessment of RV size and function has been recently de-

veloped, aimed at facilitating the workflow in busy clinical

laboratories and in core laboratories running clinical trials

that involve RV measurements. This new software is based

on endocardial tracking throughout the cardiac cycle using

ultrasound speckle-tracking technology, and is attractive

because of its speed and ease of use, as it requires minimal

user input. In addition to the traditional indices of RV size

and function, the new software also measures RV strain, a

novel index of RV function, which has recently been shown

useful as a diagnostic tool in a variety of clinical settings.

The aim of this study was to assess the feasibility, ac-

curacy and reproducibility of the new semi-automated

software in patients with a wide range of RV size and

function, compared to a reference standard of conventional

manual measurements.

Methods

We retrospectively identified 149 adult patients with a wide

range of RV size and function, who had a clinically indi-

cated transthoracic echocardiogram that included the apical

RV focused view. The only predefined echocardiographic

exclusion criterion was inadequate quality of the apical RV

focused view. In all these patients, comprehensive 2D and

Doppler echocardiographic images were acquired by an

experienced sonographer using the iE33 imaging system

(Philips Healthcare, Andover, MA). The study was ap-

proved by the Institutional Review Board of the University

of Chicago Medical Center.

Semi-automated image analysis

Digital cine loops of the apical RV-focused views were

analyzed using the new dedicated software (EchoInsight,

Epsilon Imaging, Ann Arbor, MI) (Fig. 1). The user input

consisted of initialization of the RV endocardial border in a

single frame (Fig. 1a). The software then performed auto-

mated border refinement and tracking throughout the car-

diac cycle (Fig. 1b, c). The software provides the user with

an opportunity to visually check the endocardial tracking

and correct the boundaries if necessary until tracking is

judged as accurate. However, in this study, no such ad-

justments were performed, in order to determine the ac-

curacy of a truly automated analysis.

The software uses the RV endocardial boundaries to quan-

tify RV area throughout the cardiac cycle by automatically

tracking intramyocardial speckles frame-by-frame. End-sys-

tole was defined by the software as the frame that depicts the

smallest RV area. The analysis resulted in a number of con-

ventional quantitative indices of RV size and function, in-

cluding: end-diastolic area (EDA) (Fig. 1b), end-systolic area

(ESA) (Fig. 1c), fractional area change (FAC), RV dimensions

(RV basal diameter, RV mid-cavity diameter and RV length)

(Fig. 1d), TAPSE [Fig. 1a (red arrow)] and RV basal free-wall

segment peak systolic excursion velocity (S’).

Reference measurements

The automated measurements were compared with refer-

ence values obtained using conventional methodology

based on manual measurements (Fig. 2), which were per-

formed according to the recommendations of the American

Society of Echocardiography [1]:

• RV ESA and EDA were obtained by tracing the RV

endocardium at end-systole and end-diastole from the

annulus, along the free wall to the apex, and then back to

the annulus, along the interventricular septum (Fig. 2a,

b). Care was taken to trace the free wall between the

trabeculae and the compacted myocardium.

• RV FAC was defined as (EDA - ESA)/EDA 9 100

(in % of EDA).

• RV dimensions (Fig. 2c): The basal diameter was

measured as the maximal short-axis dimension in the

basal one-third of the right ventricle seen on the

4-chamber view. The mid-cavity diameter was mea-

sured in the middle one-third of the right ventricle at

the level of the papillary muscles. The longitudinal

dimension was drawn from the plane of the tricuspid

annulus to the RV apex.

• TAPSE was measured by placing an M-mode cursor

through the tricuspid annulus and measuring the

amplitude of longitudinal motion of the annulus in

systole (Fig. 2d).

• S’ was measured using pulsed tissue Doppler imaging

(systolic excursion velocity) in an apical 4-chamber

view highlighting the RV free wall with the sample

volume placed on the free-wall side of the tricuspid

annulus. To minimize the effects of noise in the

velocity curves, peak velocity was measured in the

middle of the Doppler tracing (Fig. 2e).

Reproducibility analysis

Both semi-automated and manual measurements were re-

peated in a randomly selected subgroup of 30 patients by

two experienced readers for purposes of reproducibility

analysis. This included repeated measurements by the same

observer, at least 1 month later, as well as measurements
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by a second independent observer, both blinded to all prior

measurements. Inter-observer and intra-observer variability

were calculated as an absolute difference between the

corresponding pair of repeated measurements as a per-

centage of their mean in each patient and then averaged

over the entire study group.

Statistical analysis

Data were expressed as mean ± SD for descriptive statistics.

Inter-technique comparisons included linear regression with

Pearson’s correlation and Bland–Altman analyses to assess

the bias and limits of agreement with the reference technique.

The calculated biases were compared with the intrinsic

variability of the manual reference technique in order to

better appreciate the level of inter-technique agreement.

Results

Automated analysis of RV size and function was feasible in

134 of 149 patients (90 %). The remaining 15 patients were

excluded because of suboptimal apical RV focused views

(10 %). Of the 134 patients, 38 were males, mean age was

56 ± 17 years, and BSA was 1.82 ± 0.24 m2. Time re-

quired for the automated analysis was approximately 30 s

per patient on a standard personal computer, compared to

approximately 4 min required for the conventional

analysis.

Table 1 shows the summary of the RV size and function

indices measured by the conventional manual and the au-

tomated techniques, as well as the results of the inter-

technique comparisons, including correlation coefficients,

and Bland–Altman analysis derived mean inter-technique

differences (biases) with the corresponding SDs. In addi-

tion, biases and SDs in percent of the mean of the two

measurements are listed (Table 1, right column), to allow

comparisons with the intrinsic variability of each parameter

when measured using the conventional methodology.

Linear regression showed good inter-technique correla-

tion between RV size parameters (areas and dimensions),

as reflected by r-values in the range of 0.79–0.95 (Fig. 3,

top left and middle; Fig. 4, top), and lower but still good

correlations between RV function parameters (FAC,

TAPSE and S’) with r-values between 0.70 and 0.74

(Fig. 3, top right; Fig. 5, top).

Fig. 1 New software for automated analysis of RV size and function

in a normal subject (top) and a patient with RV pressure and volume

overload (bottom). After manual initialization of the RV boundaries

(a), and automated tracking throughout the cardiac cycle, end-

diastolic and end-systolic area automatically measured (b and c), as

well as end-diastolic RV dimensions, including RV length, and basal

and mid-cavity diameters (d, arrows). In addition, RV function

parameters are automatically measured, including TAPSE (a direction

shown as a yellow arrow and amplitude shown as a red arrow) and

RV basal free-wall segment S’ velocity
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Bland–Altman analysis showed that the automated tech-

nique overestimated both end-diastolic and end-systolic ar-

eas (Fig. 3, bottom left and middle) with small biases (3.3

and 4.1 cm2, respectively), corresponding to 11 and 17 % of

the mean measured area. Importantly, the 95 % limits of

agreement (±2 SD of the mean difference) were relatively

narrow (-7 to 13 cm2 for EDA and -5 to 13 cm2 for ESA).

Fractional area change measured by the new system was

underestimated (Fig. 3, bottom right) with a bias of 5.6 %,

corresponding to 21 % of the mean measured FAC value.

The limits of agreement were relatively wide (-22 to

?11 %). The RV dimensions (basal diameter, mid-cavity

diameter and longitudinal length) showed biases of -0.2,

1.0 and -0.3 cm, respectively, and reasonably narrow limits

of agreement: -1.6 to ?1.2 cm, -0.3 to ?2.3 cm, -1.6 to

?1.1 cm, respectively (Fig. 4, bottom). TAPSE showed a

bias of -0.14 cm and limits of agreement from -1.1 to

?0.8 cm, while S’ showed a bias of -0.21 cm/s with limits

of agreement from -5.8 to ?5.7 cm/s (Fig. 5, bottom).

The magnitude of the inter-technique biases in per-

centage of the measured values ranged between 4 and

22 %. The lowest percent errors were noted for S’ (2 %),

Fig. 2 Reference 2D conventional measurements of RV size and

function in a normal subject (top) and a patient with RV pressure and

volume overload (bottom), including end-diastolic and end-systolic

areas (a and b), end-diastolic RV dimensions, including RV length,

and basal and mid-cavity diameters (c), TAPSE (d) and RV basal

free-wall segment S’ peak velocity by tissue Doppler imaging (e),

which was measured in the middle of the Doppler tracing to minimize

the effects of noise (green dots)

Table 1 RV size and function measurements by manual and automated analysis and inter-technique agreement (N = 134)

2D conventional 2D automated Correlation (r-value) Bias ± SD Bias (% mean) ± SD

EDA (cm2) 28 ± 12 31 ± 14 0.94 3.3 ± 5.1 11 ± 16

ESA (cm2) 20 ± 11 24 ± 13 0.95 4.1 ± 4.3 17 ± 18

FAC (%) 33 ± 12 27 ± 11 0.74 -5.6 ± 8.4 -21 ± 31

RV basal diameter (cm) 4.7 ± 1.1 4.5 ± 1.0 0.79 -0.2 ± 0.7 -4 ± 16

RV mid-cavity diameter (cm) 3.6 ± 1.2 4.6 ± 1.2 0.86 1.0 ± 0.6 22 ± 14

RV length (cm) 8.1 ± 1.2 7.7 ± 1.3 0.86 -0.3 ± 0.7 -4 ± 9

TAPSE (cm) 1.8 ± 0.6 1.6 ± 0.6 0.70 -0.1 ± 0.5 -9 ± 29

S’ (cm/sec) 9.4 ± 3.7 9.2 ± 3.9 0.73 -0.21 ± 2.8 -2 ± 30

EDA end diastolic area, ESA end systolic area, FAC fractional area change, RV right ventricle, TAPSE tricuspid annular plane systolic excursion,

S’ RV basal free wall segment systolic excursion velocity
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while FAC and mid-cavity diameter showed the highest

biases (21 and 22 %, respectively).

Table 2 shows the results of the reproducibility analysis for

EDA, ESA, FAC, Basal RV diameter, mid-cavity RV di-

ameter, RV length, TAPSE and S’ for conventional 2DE and

the automated software. Not surprisingly, for both techniques,

the inter-observer variability was higher than the intra-observer

variability for most indices. Importantly, both intra-observer

and inter-observer variability for the conventional 2DE tech-

nique were higher than for new semi-automated software for

most parameters. Of note, both inter- and intra-observer vari-

ability of the conventional 2DE measurements were higher

than the biases between the new automated technique and the

conventional reference, when expressed in % of the measured

values (Table 1, right column), indicating that the automated

measurements were well within the boundaries of the intrinsic

variability of the conventional reference technique.

Discussion

Because the shape of the left ventricle is axially symmetri-

cal, it is possible to model the 3D shape of this chamber

using simple geometric assumptions and thus obtain

accurate and reproducible measurements from 2D cross-

sectional planes, provided that non-foreshortened views are

available. In contrast, assessment of RV size and function is

more challenging because this chamber has a complex 3D

shape without clear axial symmetry and is thus difficult to

model. This geometry is further complicated by the wider

range of RV loading conditions and greater heterogeneity in

its regional function. As a result, there is not a single gen-

erally accepted method for assessing RV size and function

because each technique has its own limitations. Accordingly,

multiple parameters are used in each patient, as surrogate

measures of RV function, resulting in a rather cumbersome

acquisition and measurement protocols requiring different

views and imaging techniques. Consequently, routine clin-

ical assessment of RV size and function is usually qualita-

tive, and may thus be less accurate when performed by less

experienced readers.

The goal of this study was to validate a new technique

for automated RV assessment, which has the potential to

allow routine quantitative evaluation. With this technique,

the only manual input is initial tracing of the RV bound-

aries in a single frame, after which the software auto-

matically traces the RV endocardial border and directly

measures a number of RV size and function parameters,

Fig. 3 Results of linear regression (top) and Bland–Altman (bottom) analyses for EDA (left), ESA (center) and FAC (right) between the

automated and conventional manual RV measurements
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including EDA, ESA, FAC, dimensions (basal and mid-

cavity diameters and length), TAPSE and S’. To achieve

this goal, we studied 134 patients with a wide range of RV

characteristics, in whom different RV size and function

parameters were compared between the new semi-auto-

mated and conventional reference techniques based on

manual measurements.

Our results showed that the new semi-automated tech-

nique is feasible in the majority of patients, fast and easy to

use, compared to the conventional manual methodology.

Using the new technique, we obtained accurate and ob-

jective measurements of the RV size and function pa-

rameters (Table 1). We found good inter-technique

correlations between RV size parameters (areas and di-

mensions), and lower but still clinically useful correlations

between RV function parameters (FAC, TAPSE and S’).

The semi-automated technique overestimated both end-

diastolic and end-systolic areas with small biases and

relatively narrow limits of agreement. The RV basal di-

ameter and length showed small biases and reasonably

narrow limits of agreement. The mid-cavity RV diameter

measurements showed lower level of inter-technique

agreement, probably because of the lack of a globally ac-

cepted definition of where it should be measured, beyond

what is specified in the RV guidelines as ‘‘measured in the

middle third of the right ventricle at the level of the LV

papillary muscles’’ [1]. FAC measured by the new algo-

rithm was underestimated with a bias that was larger,

probably as a result of compounding of errors in the cal-

culation of FAC from EDA and ESA. Both TAPSE and S’

showed small biases and reasonably narrow limits of

agreement.

Moreover, we found that the reproducibility of this new

technique was better than that of the conventional manual

methodology (Table 2). This is not unexpected because of

the largely automated nature of this new software, wherein

the only source of inter-measurement variability is the

manual initialization of the endocardial boundary. Impor-

tantly, the reproducibility of the mid-cavity diameter,

which was apparently the least accurate among all RV size

parameters, was better for the automated technique. This is

probably because the automated technique is more con-

sistent in the identification of this measurement, whereas

the conventional manual technique relies on the individual

reader’s determination of correct location for this mea-

surement. The relatively wide variability in automated S’

measurements probably reflects the sensitivity of this

measurement to minor variations in the initial tracing of all

Fig. 4 Results of linear regression (top) and Bland–Altman (bottom) analyses for RV basal diameter (left), RV mid-cavity diameter (center) and

RV longitudinal length (right) between the automated and conventional manual RV measurements
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the endocardial boundaries in the RV focused view, com-

pared to the conventional technique that derives this pa-

rameter from pulsed tissue Doppler signal.

Because the conventional RV assessment has its own

inter-measurement variability, when comparing a new

technique to this imperfect reference, one cannot expect a

perfect inter-technique agreement. However, the differ-

ences between RV parameters obtained using the new

semi-automated software and the conventional measure-

ments were smaller than the intrinsic variability of the

conventional measurements. This finding supports the no-

tion that the semi-automated assessment is indeed accurate

compared to the manual reference.

This new technique also reports global and segmental free-

wall longitudinal RV strain values. Strain is a measure of

deformation that is the basic descriptor of both the nature and

the function of cardiac tissue. Strain analysis by echocar-

diography involves tracking features of the myocardial texture

in consecutive images, which is known as speckle tracking

and allows estimation of in-plane myocardial motion and

deformation in two dimensions. Speckle tracking is today

widely accepted in the context of functional assessment of the

left ventricle. In the last few years, there has been increasing

interest in the use of this technique for RV analysis [31–38].

Compared to other markers of function, strain measurements

have been reported to be angle-independent, less load-

sensitive and able to accurately reflect regional deformation.

Thus it has the potential to address each of the major limita-

tions to RV quantification and provide the much needed, ob-

jective, inexpensive and relatively simple measure of RV

function. In this study, strain measurements could not be

compared to a widely accepted independent reference, be-

cause such a reference does not yet exist [39].

One limitation of the new automated RV assessment soft-

ware is that it requires manual tracing of the RV boundaries at

one time in the cardiac cycle, which depends on image quality

and can be reasonably expected to yield inaccurate measure-

ments in patient with suboptimal acoustic windows. Another

limitation of this approach is that it remains intrinsically two-

dimensional and does not take advantage of the recent tech-

nological advances in real-time 3D echocardiography, which

offer accurate measurements of RV volumes and ejection

fraction [40–45]. However, 3D imaging equipment and ex-

pertise necessary for 3D analysis of RV size and function are

not universally available, and 2D techniques, such as this one,

may prove as a useful practical alternative.

A limitation of our study is its retrospective nature, since

we used all patients in our clinical database who had RV-

focused apical 4-chamber views. Since these images were

not specifically acquired for the purposes of this study, it is

likely that in a prospective study, a higher percentage of

images would be of optimal quality. In addition, one may

Fig. 5 Results of linear

regression (top) and Bland–

Altman (bottom) analyses for

TAPSE (left) and S’ (right)

between the automated and

conventional manual RV

measurements
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see as a limitation of this study the fact that measurements

were compared to reference values derived from the same

ultrasound images, as opposed to a completely independent

reference obtained by using a different imaging modality.

Such independent validation needs to be performed in fu-

ture studies.

In summary, we tested one of the first nearly automated

techniques for echocardiographic assessment of RV size and

function. This technique is feasible in the majority of unse-

lected patients, and provides accurate and reproducible

quantitative measurements without relying on reader’s expe-

rience. Accordingly, this technique is well suited for routine

use in busy clinical laboratories, pending further validation.
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