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Abstract

Purpose: This study was a quality-control study of resting and exercise Doppler echocardiography (EDE) variables
measured by 19 echocardiography laboratories with proven experience participating in the RIGHT Heart
International NETwork.

Methods: All participating investigators reported the requested variables from ten randomly selected exercise stress
tests. Intraclass correlation coefficients (ICC) were calculated to evaluate the inter-observer agreement with the core
laboratory. Inter-observer variability of resting and peak exercise tricuspid regurgitation velocity (TRV), right
ventricular outflow tract acceleration time (RVOT Act), tricuspid annular plane systolic excursion (TAPSE), tissue
Doppler tricuspid lateral annular systolic velocity (S’), right ventricular fractional area change (RV FAC), left ventricular
outflow tract velocity time integral (LVOT VTI), mitral inflow pulsed wave Doppler velocity (E), diastolic mitral
annular velocity by TDI (e’) and left ventricular ejection fraction (LVEF) were measured.
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Results: The accuracy of 19 investigators for all variables ranged from 99.7 to 100%. ICC was > 0.90 for all observers.
Inter-observer variability for resting and exercise variables was for TRV = 3.8 to 2.4%, E = 5.7 to 8.3%, e’ = 6 to 6.5%,
RVOT Act = 9.7 to 12, LVOT VTI = 7.4 to 9.6%, S’ = 2.9 to 2.9% and TAPSE = 5.3 to 8%. Moderate inter-observer
variability was found for resting and peak exercise RV FAC (15 to 16%). LVEF revealed lower resting and peak
exercise variability of 7.6 and 9%.

Conclusions: When performed in expert centers EDE is a reproducible tool for the assessment of the right heart
and the pulmonary circulation.

Keywords: Right ventricle, Pulmonary hypertension, Exercise echocardiography

Background
Exercise Doppler echocardiography (EDE) is standard
practice for the evaluation of patients with coronary ar-
tery disease. The procedure is now increasingly used for
the assessment of the right heart and the pulmonary cir-
culation [1–5]. Echocardiography of the right heart
mainly relies on estimates of right chambers dimensions
(diameters/areas/volumes) and function (i.e. fractional
area change, tricuspid annular plane systolic excursion
(TAPSE) and of tissue Doppler–derived tricuspid lateral
annular systolic velocity (S’) [2, 3]. Furthermore it esti-
mates the components of the pulmonary vascular resist-
ance equation, that is pulmonary artery pressure (PAP)
from the maximum tricuspid regurgitation velocity
(TRV), or the right ventricular outflow tract (RVOT) ac-
celeration time (Act) of PA flow, wedged PAP from the
ratio of transmitral flow E and mitral annulus e’ waves
and cardiac output (CO) from the left ventricular out-
flow tract (LVOT) aortic flow. The RIGHT Heart Inter-
national NETwork (RIGHT-NET) study was designed to
comprehensively define limits of normal in right heart
function and pulmonary circulation hemodynamics dur-
ing EDE (diagnostic value) and to investigate the impact
of abnormal responses on clinical outcome in individuals
with overt or at risk of developing pulmonary hyperten-
sion (prognostic value) [6, 7]. The present report aims to
provide a quality control analysis of left, right heart and
pulmonary circulation resting and EDE measurements
among 19 echocardiography laboratories with proven
experience participating in the RIGHT-NET study [6, 7].

Methods
The echocardiography Core laboratory of the Institute of
Clinical Physiology-CNR in Pisa (LG) coordinated the
quality control procedure of all investigators at different
centres participating in the RIGHT-NET study. Each
center designated one operator that performed or re-
ported at least 100 stress echocardiography studies per
year. All readers were certified by national and/ or inter-
national societies. The quality control process was de-
signed to be simple, reproducible and sustainable. The
echocardiography Core laboratory issued a User Manual

with a detailed description on how to measure each par-
ameter, according to the most recent American and
European Recommendations and Guidelines [8–11]. The
User Manual was sent to all Participating Centers in-
cluding the reference for transthoracic echocardiography
assessment. All participating centers followed the
recommended standard operational procedures in terms
of data storage (data format, transfer procedure), and
data processing (software used and measurement
procedures). All operators performing and reading echo-
cardiographic exams adhered to the quality control
protocol. The echocardiography Core laboratory sent
ten complete echocardiographic examinations in
DICOM format through a safe file sharing platform
(Fig. 1). All participating investigators were invited by
email to join the platform, which was protected by user-
specific passwords. The platform includes also detailed
instructions on how to start the training and allows
downloading and uploading of external files. Each reader
was blinded to core laboratory measurements and to
clinical history of the patients. All images and videos
were completely anonymized to protect patients’ confi-
dentiality’, in compliance with the EU’s General Data
Protection Regulation 2018 [6].

Reading sessions
The echocardiography core laboratory randomly selected
10 cases including healthy subjects and at least one
group of patients with overt and/or at risk of pulmonary
hypertension (PH), according to clinical classification of
PH (Table 1) [12]. Echocardiographic examinations were
performed with commercially available equipment on all
subjects (Vivid E9, GE Healthcare, Milwaukee, WI,
USA). Data were collected on patients undergoing EDE
on a semi-recumbent cycle ergometer with an incremen-
tal workload of 25W every 2 min up to the symptom-
limited maximal tolerated workload including resting,
50W, peak stress and recovery acquisition, as previously
described [6]. All operators directly measured the re-
quested parameters by uploading the same ten cases
from the web platform to their echocardiography ma-
chine. The DICOM format enabled to perform
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assessment of variables in the respective centres. All op-
erators were then asked to enter their measurements in
a dedicated excel file, which was then sent to the Coord-
inating Center for analysis. Table 2 provides the list of
the left and the right heart parameters measured by all
operators. The gold standard value for each measure-
ment was established by the values measured by the
echocardiography Core laboratory, according to the rec-
ommendations for echocardiographic assessment of the
left and right heart by the American Society of Echocar-
diography/European Association of Cardiovascular Im-
aging [8–11].

Statistical analysis
Statistical analysis was performed using standard soft-
ware (MedCalc version 14.8.1, MedCalc Software Ltd.,
Belgium; SPSS version 20.0, SPSS, Inc., Chicago, IL).
Continuous variables were described by mean values ±
standard deviation (SD). Normal distribution of the con-
tinuous values was assessed by the Kolmogorov-Smirnov
test. Accuracy (in %) for each observer was estimated by
comparison with the reference standard (core lab read-
ing). Intra-class correlation coefficient (ICC) was calcu-
lated along with the 95% confidence interval, in order to
quantify the reliability of measurement process. An ICC

Table 1 Demographic and clinical characteristics of 10 subjects
included in quality control procedure
Variable Value

Mean ± SD

Age (years) 67.2 ± 11.3

Sex (male/female) 2/8

BSA (m2) 1.7 ± 0.2

BMI (Kg/m2) 25.2 ± 2.2

Systolic blood pressure (mmHg) 129 ± 24

Diastolic blood pressure (mmHg) 77 ± 12

Heart rate (bpm) 74 ± 11

Diagnosis

Healthy subjects 1

vPAH 1

CTD 1

CHD 1

Patients with CAD risk factors 2

LHD 2

Lung disease 1

Post-PE 1

BSA, body surface area; BMI, Body Mass Index; CAD, coronary artery disease; CHD,
congenital heart disease; CTD, connective tissue disease; LHD, left heart disease
(coronary artery disease and heart failure); PAH, pulmonary arterial hypertension;
Post-PE, post-pulmonary embolism; risk factors (hypertension, dyslipidaemia); SD,
standard deviation. Data are expressed as number, mean ± SD

Fig. 1 Quality control procedure
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Table 2 List of parameters measured in the quality control procedure, A Left Chambers Parameters. B Right Chambers Parameters
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Table 2 (Continued)

AcT acceleration time; ED end-diastolic; ES end-systolic; IVC inferior vena cava; PA pulmonary artery; RA right atrial; Rec recovery; RV right ventricular; RVOT right
ventricular outflow tract; TAPSE tricuspid annular plane excursion; TDI tissue Doppler imaging; TRV trans-tricuspid valve regurgitation velocity; VTI velocity
time integral
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of > 0.8 indicated good agreement, ICC > 0.9 indicated
excellent agreement with the core lab. Inter-observer
variability among 19 observers were examined for rest-
ing and peak exercise TRV, RVOT Act, TAPSE, S’, right
ventricular fractional area change (RV FAC), LVOT
velocity time integral (VTI), mitral early inflow pulsed
wave Doppler velocity (E), early diastolic mitral annular
lateral and septal velocity by TDI (e’), left ventricular
ejection fraction (LVEF). Data are presented as mean of
the absolute and relative differences (in %) between mea-
surements of all nineteen observers, and ICC for each
single parameter was calculated along with the 95% con-
fidence interval.
Intra-observer agreement was tested in 2 observers

who volunteered to repeat the measurement session on
2 separate days and ICC was calculated.

Results
Nineteen observers completed all reading sessions.
Figure 2 shows a summary of the accuracy (in %) of each
center compared with the gold standard core lab for all
parameters at rest and at peak of exercise. The average
accuracy of 19 readers for all parameters was excellent
in about 99.8% (range from 99.7 to 100%) (Table 3). ICC
was > 0.9 for all observers. The average agreement of the

19 readers for all parameters was excellent (ICC = 0.98).
Therefore there was no need to conduct personal feed-
back and a second slot of measurements for anyone.
Moreover the average agreement among readers
remained excellent at rest and at peak exercise for all
measurements (ICC = 0.98 and 0.99, respectively)
(Table 4). Inter-observer variabilities among all observers
for main exercise TTE measurements were reported in
Table 5. Close inter-observer variabilities were found for
both resting and peak exercise TRV (3.8 and 2.4%)
(ICC = 0.97 and 0.98), RV S’ (2.9% for both) (ICC = 0.95
for both), E (5.7 and 8.3%) (ICC = 0.99 and 0.98) and e’
(6 and 6.5%) (ICC = 0.97 for both). Inter-observer
variabilities of the RVOT Act and LVOT VTI were of
9.7% (ICC = 0.95) and 7.4% (ICC = 0.98) at rest, 12%
(ICC = 0.92) and 9.6% (ICC = 0.97) at peak exercise, re-
spectively. TAPSE showed less resting (5.3%) (ICC =
0.97) than peak exercise variability (8%) (ICC = 0.95).
LVEF revealed lower resting and peak exercise mean
relative differences of 7.6 and 9% (ICC = 0.99 and 0.98),
respectively. Moderate inter-observer variability was
found for resting and peak exercise RV FAC (15 and
16%, respectively) (ICC = 0.82 and 0.80) (Table 5).
The intra-observer quality control analysis revealed an

excellent ICC of 0.97 (95% Confidence Interval: 0.96 to

Fig. 2 Accuracy of each center compared with the gold standard core lab for all, right and left parameters (a), for all parameters at rest and peak
(b), for right paramaters at rest and at peak (c) and for left parameter at rest and at peak (d)
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0.99). All ICC > 0.95 remained excellent at rest and at
peak exercise for all measurements, except for RV FAC
(ICC = 0.85 and 0.82, respectively). Each ICC showed p
value < 0.0001.

Discussion
Before any acquisition of pooling echocardiographic data
for research and clinical applications, a process of quality
control and reading harmonization measurements
should be undertaken [13–16]. The present results dem-
onstrate that a rigorously designed protocol with a
strong focus on quality assurance and certification can
yield very strong ICC and limited variability among the
19 participant experienced centers to a large prospective
EDE study of the right heart and the pulmonary
circulation.

Previous studies
The inter-observer variability during EDE right heart
and pulmonary circulation studies may be not negligible.
Few such studies have been previously reported and all
were mono-centric [3, 17]. Argiento et al. reported in
124 healthy subjects (62 women and 62 men; age 37 ±
13 yrs) (single center study) an inter-observer variability
for pulmonary artery systolic pressure (PASP) and car-
diac output (CO) estimates of 1.9 and 4.9% at rest, and
7.9 and 13.9% at maximum exercise, respectively [18].
D’Alto et al. reported in 90 healthy subjects (45 male,

mean age 39 ± 13 years) inter-observer variabilities be-
tween two readers at rest and peak exercise of 1.9 and
7.9% for PASP, 4.9 and 13.9% for stroke volume, 2.6 and
6.8% for TAPSE, and 5.4 and 8.7% for S′, respectively
[19]. Kusunose et al. reported in a subgroup of 15 ran-
domly selected subjects with isolated moderate to severe
mitral regurgitation a close inter- and intra-observer
variability for resting TAPSE (8.8%) and exercise TAPSE
(9.5%) [20]. As these data remain limited, more valid-
ation appeared necessary for a multi-centric study like
the RIGHT-NET.

Uniqueness of the present study and clinical implications
To the best of our knowledge, this is the largest EDE
multicenter study that comprehensively provides a de-
tailed quality control analysis of both the right heart and
the pulmonary circulation measurements. One major
finding was that the accuracy and agreement were re-
markably high among 19 experienced investigators, with
no significant differences between resting and exercise
measurements. These results provide a valid evidence of
reliability of TRV, E/e’ ratio, LVOT VTI and LVEF dur-
ing exercise. The inter-observer variability of RVOT Act
was higher than that of TRV. RVOT Act measurements
were collected during exercise, in keeping with a recent
report advocating its combination with TRV for the as-
sessment of the pulmonary pressures both at rest and
during exercise [21]. The interest of this combination is
that the feasibility rate of RVOT Act may be higher than
that of TRV [22]. Furthermore our findings suggested
that exercise TAPSE and S′ may be used as reproducible
measures of the RV longitudinal systolic function. Larger
resting and exercise variability of RV FAC may be
caused by plane-dependency and reliance on a complex
definition of the RV endocardial border [23].

Study limitations
Few study limitations need to be discussed. First, the
present study did not validate the echocardiographic
measurements against invasive gold standard evaluation
of the pulmonary circulation (PAP, wedged PAP and
cardiac output), and right ventricular function (indices
derived from pressure-volume loops). Second, accuracy
and precision were defined by comparison only with the
core laboratory measurements. In this regard, it was not
logistically possible to repeat the echocardiographic
examination of the same patient in each participating
center. Third, the study results could have been poten-
tially influenced by the quality images acquired only by
the echocardiography core laboratory. For this reason
we randomly selected 10 cases with different clinical
conditions from a large database to avoid possible bias
of selection of best images. Fourth, the number of pa-
tients studied was relatively small (n = 10). However,

Table 3 Accuracy, ICC and 95% Confidence Interval of each
Center for all parameters
Centers Accuracy (%) ICC 95% Confidence Interval

Lower bound Upper bound

Center 1 100 0.99 0.999 1.000

Center 2 99.9 0.99 0.991 0.997

Center 3 99.7 0.99 0.991 0.998

Center 4 99.8 0.99 0.992 0.998

Center 5 99.9 0.99 0.992 0.997

Center 6 99.7 0.99 0.993 0.998

Center 7 99.9 0.99 0.987 0.995

Center 8 99.6 0.99 0.988 0.996

Center 9 99.9 0.98 0.975 0.990

Center 10 99.7 0.98 0.975 0.996

Center 11 99.9 0.99 0.988 0.995

Center 12 99.7 0.99 0.990 0.997

Center 13 100 0.99 0.994 0.998

Center 14 100 0.99 0.999 1.000

Center 15 99.8 0.99 0.993 0.998

Center 16 100 0.99 0.999 1.000

Center 17 100 0.99 0.999 1.000

Center 18 100 0.99 0.999 1.000

Center 19 99.9 0.96 0.935 0.973

ICC = Intraclass Correlation Coefficient
p value < 0.0001 for each IC

Ferrara et al. Cardiovascular Ultrasound            (2021) 19:9 Page 7 of 11



Table 5 Interobserver variability of main exercise Doppler echocardiographic measurements of all participating centers at rest and
at peak exercise

TRV (cm/s) RVOT Act
(msec)

TAPSE
(mm)

RV S′
(cm/s)

RV FAC
(%)

LVOT VTI
(cm)

E
(cm/s)

e’
(cm/s)

LV EF (%)
MOD

Rest

Mean 282 ± 22 128 ± 28 20.2 ± 2.2 12.2 ± 0.5 58 ± 8 20.5 ± 1.8 59.7 ± 5.3 12.0 ± 1.1 50 ± 4.6

Mean absolute difference 10.6 ± 10.8 13 ± 14 1.1 ± 1.2 0.4 ± 0.5 9.5 ± 7 1.6 ± 1.7 3.5 ± 4.2 0.7 ± 0.9 3.9 ± 3

Mean relative difference, % 3.8 ± 4 9.7 ± 9 5.3 ± 5.5 2.9 ± 3.9 15 ± 10 7.4 ± 7 5.7 ± 6.6 6.0 ± 6.9 7.6 ± 5.8

ICC 0.97 0.95 0.97 0.95 0.82 0.98 0.99 0.97 0.97

95% Confidence interval 0.92–0.99 0.93–0.99 0.92–0.99 0.88–0.98 0.75–0.91 0.95–0.99 0.97–0.99 0.93–0.99 0.93–0.99

Peak exercise

Mean 322 ± 16 92 ± 16 24.2 ± 4.3 20.9 ± 1 59 ± 11 22.0 ± 2.8 82 ± 6.4 21 ± 1,6 57 ± 7

Mean absolute difference 7.7 ± 7.4 11 ± 11 1.5 ± 3 0.6 ± 0.8 9.2 ± 7.7 2.2 ± 2.4 7.3 ± 6.4 1.4 ± 1.2 5 ± 4

Mean relative difference, % 2.4 ± 2.3 12 ± 13 8 ± 14 2.9 ± 3.4 16 ± 14 9.6 ± 10 8.3 ± 7.0 6.5 ± 5.1 9 ± 7

ICC 0.98 0.92 0.95 0.95 0.80 0.97 0.98 0.97 0.96

95% Confidence interval 0.95–0.99 0.89–0.99 0.90–0.99 0.80–0.98 0.74–0.90 0.92–0.99 0.95–0.99 0.93–0.99 0.92–0.99

Legend: Act acceleration time; CH chamber; E, mitral early inflow velocity; e’ early diastolic mitral annular lateral velocity; EF ejection fraction; FAC fractional area
change; ICC intraclass correlation coefficient; LVOT left ventricular outflow tract; MOD biplane method of disks (modified Simpson’s rule); RV right ventricle; RVOT
right ventricular outflow tract; S′, tissue Doppler–derived tricuspid lateral annular systolic velocity; TAPSE tricuspid annular plane systolic excursion; TRV tricuspid
regurgitation velocity; VTI velocity time integral

Table 4 Accuracy, ICC and 95% Confidence Interval of each Center for all parameters at rest and peak

Centers Rest Peak

Accuracy (%) ICC 95% Confidence Interval Accuracy (%) ICC 95% Confidence Interval

Lower bound Upper bound Lower bound Upper bound

Center 1 100 0.99 0.999 1.000 100 0.99 0.999 1.000

Center 2 99.8 0.99 0.978 0.993 99.8 0.99 0.990 0.999

Center 3 99.4 0.99 0.982 0.997 99.9 0.99 0.994 0.999

Center 4 99.8 0.99 0.983 0.997 99.9 0.99 0.993 0.999

Center 5 99.7 0.99 0.984 0.995 99.9 0.99 0.994 0.999

Center 6 99.8 0.99 0.994 0.999 99.9 0.99 0.993 0.999

Center 7 99.9 0.99 0.991 0.997 99.9 0.99 0.993 0.999

Center 8 99.6 0.99 0.981 0.995 100 0.99 0.998 0.999

Center 9 99.8 0.98 0.972 0.991 100 0.99 0.979 0.996

Center 10 99.6 0.98 0.973 0.986 99.8 0.99 0.978 0.996

Center 11 99.9 0.99 0.990 0.997 100 0.99 0.975 0.996

Center 12 99.6 0.99 0.982 0.997 99.9 0.99 0.990 0.998

Center 13 100 0.99 0.995 0.999 100 0.99 0.996 0.999

Center 14 99.9 0.99 0.998 0.999 100 0.99 0.998 0.999

Center 15 99.8 0.99 0.990 0.997 99.9 0.99 0.991 0.999

Center 16 100 0.99 0.999 1.000 99.9 0.99 0.998 0.999

Center 17 99.9 0.99 0.998 0.999 100 0.99 0.998 0.999

Center 18 100 0.99 0.999 1.000 100 0.99 0.998 0.999

Center 19 99.9 0.99 0.975 0.992 100 0.99 0.992 0.999

ICC Intraclass Correlation Coefficient
p value < 0.0001 for each ICC
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each of the 19 participating centers provided a total of
35 left and right heart echo-Doppler variables at rest,
peak exercise and after 5 min of recovery.

Conclusions
When protocols for acquisition and analysis are pro-
vided upfront and in experienced echocardiography la-
boratories EDE represents a reproducible tool to
comprehensively assess the right heart and pulmonary
circulation. This quality control study represents a solid
bedrock for future RIGHT-NET studies, aiming to
evaluate the diagnostic and prognostic role of EDE in
the clinical settings of patients with cardiorespiratory
diseases.
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