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Critical Review of Current Approaches for
Echocardiographic Reproducibility and Reliability

Assessment in Clinical Research
Anna Lisa Crowley, MD, Eric Yow, MS, Huiman X. Barnhart, PhD, Melissa A. Daubert, MD,
Robert Bigelow, PhD, Daniel C. Sullivan, MD, Michael Pencina, PhD,

and Pamela S. Douglas, MD, Durham, North Carolina

Background: There is no broadly accepted standard method for assessing the quality of echocardiographic
measurements in clinical research reports, despite the recognized importance of this information in assessing
the quality of study results.
Methods: Twenty unique clinical studies were identified reporting echocardiographic data quality for deter-
minations of left ventricular (LV) volumes (n = 13), ejection fraction (n = 12), mass (n = 9), outflow tract diam-
eter (n = 3), and mitral Doppler peak early velocity (n = 4). To better understand the range of possible
estimates of data quality and to compare their utility, reported reproducibility measures were tabulated,
and de novo estimates were then calculated for missing measures, including intraclass correlation coeffi-
cient (ICC), 95% limits of agreement, coefficient of variation (CV), coverage probability, and total deviation
index, for each variable for each study.
Results: The studies varied in approaches to reproducibility testing, sample size, and metrics assessed and
values reported. Reported metrics included mean difference and its SD (n = 7 studies), ICC (n = 5), CV
(n = 4), and Bland-Altman limits of agreement (n = 4). Once de novo estimates of all missing indices were deter-
mined, reasonable reproducibility targets for each were identified as those achieved by themajority of studies.
These included, for LV end-diastolic volume, ICC > 0.95, CV < 7%, and coverage probability > 0.93 within
30 mL; for LV ejection fraction, ICC > 0.85, CV < 8%, and coverage probability > 0.85 within 10%; and for
LV mass, ICC > 0.85, CV < 10%, and coverage probability > 0.60 within 20 g.
Conclusions: Assessment of data quality in echocardiographic clinical research is infrequent, andmethods vary
substantially. A first step to standardizing echocardiographic quality reporting is to standardize assessments
and reporting metrics. Potential benefits include clearer communication of data quality and the identification
of achievable targets to benchmark quality improvement initiatives. (J Am Soc Echocardiogr 2016;29:1144-54.)

Keyword: Reproducibility in echocardiography
Cardiac ultrasound has the potential to contribute critically important
imaging end points in clinical cardiovascular research. However, its
use is limited by real and perceived suboptimal measurement repro-
ducibility. One notable example of poor data reliability is the
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which reported a large percentage of nonassessable echocardio-
graphic data (up to 50% for Doppler tissue imaging parameters)
and low interobserver reproducibility results (coefficient of variation
up to 72%), making the trial findings difficult to interpret.1

Additionally, comparison among studies is difficult, because a variety
of statistical approaches to assess variability have been reported in the
literature.2 Some studies report coefficient of variation (CV),1,3 while
others report the Pearson correlation coefficient,3,4 percentage error,5

or the intraclass correlation coefficient (ICC).2,6-8 Of note, the
American Society of Echocardiography Cardiovascular Technology
and Research Summit developed a roadmap for 2020 that included
the goals of (1) documenting the reproducibility of quantitative
echocardiographic biomarkers and (2) developing reproducibility
standards for echocardiography core laboratories.9

In response to this roadmap, the aims of the present study were to
(1) determine the range of reproducibility methods in use, (2) calcu-
late not-reported reproducibility metrics for selected variables across
representative studies to compare these results, and (3) determine if
these findings hold implications for establishing a standard of preci-
sion for echocardiography in clinical research.
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Abbreviations

ANOVA = Analysis of
variance

CP = Coverage probability

CV = Coefficient of variation

ICC = Intraclass correlation

coefficient

LOA = Limits of agreement

LV = Left ventricular

TDI = Total deviation index
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METHODS

Overview

A representative cohort of
studies was identified to capture
the range of metrics used to
assess reproducibility and their
corresponding results for six vari-
ables: left ventricular (LV) end-
diastolic volume, LV end-systolic
volume, LV ejection fraction, LV
mass, LV outflow tract diameter,
and mitral diastolic inflow peak
early velocity. Of these, studies
with sufficient reported data were selected to calculate missing but
commonly reported reproducibility metrics with reasonable assump-
tions. On the basis of these findings, estimates of reasonably achiev-
able targets for these metrics are proposed for each variable.
Cohort Selection

To identify a sample of studies reporting metrics for echocardio-
graphic reproducibility, a PubMed search was performed using the
following search terms: ‘‘echocardiographic reproducibility,’’ ‘‘LV ejec-
tion fraction,’’ ‘‘interstudy echocardiography reproducibility,’’ ‘‘echocar-
diography core lab,’’ and ‘‘echocardiographic LV mass correlates’’ (see
Supplemental Table 1 and Figure 1). Only human studies published
in Englishwith data providing quantitative assessments of the reproduc-
ibility of continuous variables were included. In addition, a review of
each study’s cited references was performed to identify additional rele-
vant studies. Finally, unpublished results from our own core laboratory
reproducibility testing were included. Each studywas reviewed in detail
to identify the study population, types and variables of reproducibility
assessed, number of echocardiograms analyzed, and reported repro-
ducibility metrics. If other commonly used reproducibility metrics
were not reported, we determined if sufficient data were provided in
the articles to make reasonable assumptions to calculate the other de
novo estimates of data quality. Only those studies with sufficient data
for us to report all commonly used reproducibility metrics for a given
variable were included in the cohort for analyses.
Statistical Analysis

Descriptive statistics including mean and SD of the overall popula-
tion were extracted from the selected published results. If only the
reproducibility population was reported, then the descriptive statistics
for the reproducibility population were used for the overall population.
We also extracted any reported mean and SD of paired differences of
measurements on the same subject (and assumed that the mean differ-
ence was zero if not reported) and all data presented on reproducibility
methods, including (1) ICC, (2) 95% limits of agreement (LOA), (3)
CV, (4) coverage probability (CP), and (5) total deviation index
(TDI). These indices were selected on the basis of a previous review
of agreement indices for assessing and improving measurement repro-
ducibility in an echocardiography core laboratory setting.2

Any indices not reported were calculated with specific approaches
detailed in the Appendix, such that a complete range of indices were
available for each variable in each study. Although the specific for-
mula for each of the indices has been reported previously2 and is pro-
vided in the Appendix, we provide below a brief description and
interpretation of these indices.
ICC. ICC has been the most popular index used to report reliability in
the medical literature. Although there are different versions of ICC de-
pending on different assumed analysis of variance (ANOVA) models,
the original ICC based on a one-way ANOVA model with subject ef-
fect is still the most commonly reported index and is the ICC used
in this study. It is defined as the ratio of between-subject variability to
total variability (sum of between-subject variability and error vari-
ability). For the case of two observers, the error variability is equal to
half of the variance of the differences of measurements by the two ob-
servers. ICC values range from�1 to 1. Interpretation of the ICC is that
the larger the ICC value, the better the reproducibility. However, the
definition of adequate and inadequate reproducibility on the basis of
ICC is controversial. Landis and Koch provided adjectives of ‘‘substan-
tial’’ for values between 0.6 and 0.8 and of ‘‘almost perfect’’ for values
between 0.81 and 1.0, although these cut points are arbitrary and sub-
jective. Intuitively, if the error variability is small relative to the between-
subject variability, then the ICC value will be high (close to 1).
Because of the relativeness of this index, an artificially high or low

ICC value can be obtained if the between-subject variability is small
or high, respectively, even though the error variability is the same.
This drawback can be visualized in Figure 2 with two examples of
20 pairs of hypothetically generated LV ejection fractions. In
Figure 2A, the first observer’s readings were randomly generated
with values from 10% to 90%. The second observer’s readings were
obtained by adding or subtracting 10% to the first reader’s readings
so that the difference between the two observers is always equal to
610%. The ICC for these data is estimated to be very high
(ICC= 0.91; 95%CI: 0.79 to 0.96). In Figure 2B, 20 pairs of hypothet-
ical LV ejection fraction readings were also generated randomly.
However, in this case, the first observer’s readings were randomly
generated between values of 55% and 65%. The second observer’s
readings were also obtained by either adding or subtracting 10 from
the first observer’s readings. As a result, the difference between the
two readers again is always equal to 610%. However, the ICC for
the second example is estimated to be very low (ICC = 0.15; 95%
CI: �0.29 to 0.54). On the basis of ICC, one would conclude that
there is excellent reproducibility in the first data set but poor reproduc-
ibility in the second data set. In fact, the reproducibility is the same for
both data sets, because the differences between the two readers are al-
ways equal to610%. The low ICC value in Figure 2B is due to the rela-
tively small between-subject variability in the data. Even though this
drawback has been recognized in the statistical literature, there is insuf-
ficient recognition of this drawback in themedical literature, and it con-
tinues to be a popular index for reporting reliability. We direct the
interested reader to a previous publication2 in which different repro-
ducibility metrics were explored more thoroughly.
Ninety-Five Percent LOA. The 95% LOA of Altman and Bland29

are a popular tool for examining agreement between two measure-
ments on the same subject because of their intuitive appeal. The
95%LOA are centered on themean difference; assuming that the dif-
ferences are normally distributed, 95% of the differences would fall
within these limits. Asymmetric limits imply some bias, and themagni-
tude of the limits indicates the magnitude of disagreement for 95% of
the subjects. Smaller limits imply better reproducibility. A Bland and
Altman plot, such as Figure 2A or 2B, plotting average versus differ-
ence, is used to display the data visually. For both the two hypothetical
data sets in Figure 2, the estimated 95% LOA are�9.81% and 7.81%.
This also implies that 95% of differences are within 610%.
Within-Subject CV. Only the within-subject CV is used for assess-
ing reproducibility. The CV is defined as the within-subject SD (i.e.,
the square root of error variability or half of the SD of differences)



Figure 1 PubMed search strategy to identify studieswith quantitative echocardiographic reproducibility data on LV end-diastolic and
end-systolic volumes (n = 13),4,10-21 LV ejection fraction (LVEF) (n = 12),11-19,21-23 LV mass (n = 9),10-12,14,15,17,18,24,25 LV outflow tract
(LVOT) dimension (n = 3),10,26,27 and mitral inflow Doppler early velocity (n = 4).5,11,18,28 Of these, studies with sufficient reported data
to enable further calculations were selected to calculate missing but commonly reported reproducibility metrics with reasonable
assumptions.
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divided by the population mean. The smaller the within-subject CV,
the better the reproducibility. By definition, the CV depends on the
population mean, and its value could be artificially small or large for
a study with a large or small population mean, even though the error
variability is the same. For the two generated data sets in Figure 2, the
estimated within-subject SD is equal to 2.25% because of the same
differences of the two observes, but the estimated population means
are 43.3% and 59.5%, respectively, resulting in a larger within-subject
CV (0.052 or 5.3%) for the first data set than the within-subject CV
(0.038 or 3.8%) for the second data set.
CPand TDI. CP and TDI are two agreement indices, with equivalent
concepts, to measure the proportion of cases within a boundary for
allowed differences. Intuitively speaking, a reasonable criterion to
judge whether reproducibility is satisfactory would be to require
that an overwhelming majority (e.g., 95% or 80%) of the absolute dif-
ferences be within a preset acceptable difference (i.e., prespecified
acceptablemeasurement error). The probability of the observed abso-
lute differences falling within the acceptable difference is the CP for
the given acceptable difference. The higher the CP, the better the
reproducibility. Estimation of the CP can be accomplished simply
by using the proportion of paired absolute differences falling within
limits that are considered acceptable. In the hypothetical data in
Figure 2, the CP for the acceptable difference of 10 is equal to
100% because the paired absolute differences are all equal to 10. If
data are available, a CP curve can be constructed by plotting the
observed absolute differences versus the corresponding estimated
CPs connected with lines. One can then choose an acceptable differ-
ence and find the corresponding estimated CP in the curve.



Figure 2 (A) The difference in LV ejection fraction (LVEF) measurements between 20 pairs of randomly generated LVEF measure-
ments is displayed on the y axis, and the average between the two LVEF measurement is displayed on the x axis. The first measure-
ment has values ranging from 10% to 90%. The secondmeasurement is always equal to610 of the first measurement. The ICC in this
example is 0.91. (B) The difference in LVEFmeasurements between 20 pairs of randomly generated LVEFmeasurements is displayed
on the y axis, and the average between the two LVEF measurement is displayed on the x axis. The first measurement has values
ranging from 55% to 65%. The second measurement is always equal to 610 of the first measurement. The ICC in this example is
0.15. However, the data in both (A) and (B) represent the same the reproducibility, because the differences between the two readers
are always equal to 610%. The low ICC value in (B) is due to the relatively small between-subject variability in the data.
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Therefore, the CP curve provides a visual spectrum of measurement
error for different acceptable differences. For the hypothetical data in
Figure 2, the estimated CP curve is the straight line connecting two
points: (0, 0) and (10%, 100%). If data are not available, the CP curve
can be constructed, assuming that the differences are normally distrib-
uted, by using reported or imputed mean and SD. This latter
approach is used for the computed CP curves presented in the
‘‘Results’’ section for the chosen studies, because the original data
were not available. Comparisons of CP curves would be available
in the future by using relative area under the curve.30
Sometimes it may be difficult to prespecify the acceptable differ-
ence. If we believe that the observers are making quality measure-
ments, and they represent the best achievable measurements for a
given parameter, then it is of interest to know the range within
which an overwhelming majority (e.g., 95% or 80%) of the
observed absolute differences would be expected to fall. This ex-
pected absolute difference is called TDI (for a given probability
as the measure of majority). We used 80% and 95% as the given
probability in this study. In Figure 2, the estimated TDI would 10
for both cases.



Table 1 Reported and calculated measures of echocardiographic reproducibility of LV end-diastolic volume measurements

Data source Population studied;

Reproducibility typereference

Overall population Reported and calculated results for reproducibility agreement indices

n

Mean

mL (SD) n

Mean

difference

mL (SD) ICC 95% LOA CV (%) CP*

TDI† 80%,

95%

A. Hypertension; intraobserver/

interstudy11
81 132.5 (40.0) 81 0.0 (21.2) 0.86 �41.5, 41.5 11.3 0.844 27.1, 41.5

B. Myocardial infarction and

normal; interobserver17
24 184.8 (45.6) 24 0.0 (12.8) 0.96 �25.0, 25.0 4.9 0.981 16.4, 25.0

C. Mixed LV hypertrophy, heart

failure, and normal volunteers;

intraobserver/interstudy12

60 180.0 (65.0) 60 0.9 (13.5) 0.98 �25.6, 27.4 5.3 0.973 17.3, 26.5

D. Heart failure; interobserver4 1,460 222.4 (68.8) 67 8.9 (24.8) 0.94 �39.7, 57.5 7.9 0.744 33.8, 51.6

E. Cancer; interobserver19 56 88.0 (25.0) 56 0.0 (23.3) 0.56 �45.7, 45.7 18.8 0.988 29.9, 45.7

F. Elderly community population;
intraobserver18

40 95.7 (39.0) 20 �4.3 (7.8) 0.98 �19.6, 11.0 5.8 0.801 11.5, 17.4

G. Mixed normal volunteers, heart

failure, aortic stenosis;

interobserver10

10 198.3 (61.3) 10 0.31 (17.1) 0.96 �28.3, 28.9 6.1 1.000 22.9, 38.0

Reported data are in boldface type, and extrapolated data are in regular type. General guidelines for statistical test interpretation are as follows: the

ICC ranges between �1 and 1, with higher values indicating better reproducibility; the CV ranges from 0 to infinity, with smaller values indicating
better reproducibility; the CP ranges from 0 to 1, with higher values indicating better reproducibility; and the TDI ranges from 0 to infinity, with

smaller values indicating better reproducibility.

*The CP is the proportion of subjects or values that fall within the preset acceptable paired absolute difference of 30 mL.
†The TDI is the absolute paired difference with the desired CP of 80% and 95%.
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Barnhart et al.,2 who compared the pros and cons of various
reproducibility metrics, concluded that the CP is the preferred index
for assessing reproducibility. This conclusion was based on the
computational simplicity of this index, its ability to identify discor-
dant measurements to provide guidance for review and retraining,
and its consistent evaluation of data quality across multiple re-
viewers, populations, and continuous as well as categorical data.
All statistical analyses were performed using SAS version 9.4 (SAS

Institute, Cary, NC).
Figure 3 A comparative graphical display of the reproducibility
data for echocardiographically determined LV end-diastolic vol-
ume is shown for the studies identified in Table 1.4,10-12,17-19

The computed CP (in percentage on the y axis) curves for a
range of pairwise differences (in milliliters on the x axis) for
echocardiography-determined LV end-diastolic volume is based
on an assumed normal distribution of the difference (except for
study G, for which the curve was estimated from the data). If an
acceptable pairwise difference of 60 mL is selected, then all
seven studies achieved a CP of almost 100%. However, if an
acceptable pairwise difference of 10 mL is selected, then the
CPs ranged from about 25% to about 75%. The dotted vertical
line represents an acceptable pairwise difference of 30 mL, a
value for which the majority of studies achieved a CP of >80%.
RESULTS

Cohort Selection

Figure 1 details the search strategy used to identify 20 unique studies re-
porting reproducibility data for LVend-diastolic volume, LVend-systolic
volume, LV ejection fraction, LV mass, LV outflow tract diameter, and
mitral diastolic inflow peak early velocity. Individual study details
regarding reproducibility types, number and type of observer, sample
size, and statistical indices used are listed in Supplemental Table 1.

Interestingly, there were a variety of different approaches to repro-
ducibility assessments (interacquisition [n = 1], interobserver only
[n = 1], both interobserver and intraobserver [n = 6], intersite vari-
ability [n = 1], intrasubject-interstudy variability [n = 5], and temporal
drift [n = 2]), with different numbers of subject echocardiograms re-
viewed for reproducibility testing, ranging from 10 to 83 (or ranging
from <1% to 100% of the overall study sample size), and different
types of observers (sonographers, physicians, core laboratory, and
site) (Supplemental Table 1). Reported metrics included mean differ-
ence and its SD (n = 7 articles), ICC (n = 5), CV (n = 4), and LOA
(n = 4). Finally, none of the 20 studies cited a benchmark to allow
the reader to interpret their findings regarding the quality of the repro-
ducibility.
Comparison of Reproducibility Results

Of the 20 unique studies identified in Figure 1, sufficient quantita-
tive echocardiographic data on reproducibility were available for
us to compute the missing reproducibility metrics on LV volumes
(n = 6), LV ejection fraction (n = 7), LV mass (n = 7), LV outflow



Table 2 Reported and calculated measures of echocardiographic reproducibility of LV end-systolic volume measurements

Data source Population studied;

reproducibility typereference

Overall population Reported and calculated results for reproducibility agreement indices

n

Mean

mL (SD) n

Mean

difference

mL (SD) ICC 95% LOA CV (%) CP*

TDI† 80%,

95%

A. Hypertension; intraobserver/

interstudy11
75 31.3 (15.8) 75 0.0 (11.6) 0.73 �22.7, 22.7 26.2 0.990 14.8, 22.7

B. Myocardial infarction and

normal; interobserver17
24 100.4 (46.7) 24 0.0 (4.5) 1.00 �8.9, 8.9 3.2 1.000 5.8, 8.9

C. Mixed LV hypertrophy, heart

failure, and normal volunteers;

intraobserver/interstudy12

60 87.0 (70.0) 60 0.9 (14.0) 0.98 �26.5, 28.3 11.4 0.968 18.0, 27.5

D. Heart failure; interobserver4 1,460 160.7 (60.4) 67 7.6 (23.3) 0.93 �38.1, 53.3 10.3 0.779 31.5, 48.0

E. Cancer; interobserver19 56 37.0 (17.0) 56 0.0 (10.5) 0.81 �20.5, 20.5 20.0 0.996 13.4, 20.5

F. Elderly community population;
intraobserver18

40 41.4 (36.8) 20 0.4 (5.2) 0.99 �9.8, 10.6 8.9 1.000 6.7, 10.2

G. Mixed normal volunteers, heart

failure, aortic stenosis;

interobserver10

10 133.4 (62.6) 10 2.6 (12.2) 0.98 �19.7, 24.8 6.5 1.000 13.7, 21.2

Reported data are in boldface type, and extrapolated data are in regular type. General guidelines for statistical test interpretation are as follows: the

ICC ranges between �1 and 1, with higher values indicating better reproducibility; the CV ranges from 0 to infinity, with smaller values indicating
better reproducibility; the CP ranges from 0 to 1, with higher values indicating better reproducibility; and the TDI ranges from 0 to infinity, with

smaller values indicating better reproducibility.

*The CP is the proportion of subjects or values that fall within the preset acceptable paired absolute difference of 30 mL.
†The TDI is the absolute paired difference with the desired CP of 80% and 95%.

Table 3 Reported and calculated measures of echocardiographic reproducibility of LV ejection fraction

Data source Population studied;

reproducibility typereference

Overall population Reported and calculated results for reproducibility agreement indices

n

Mean

% (SD) n

Mean

difference

% (SD) ICC % LOA CV (%) CP*

TDI† 80%,

95%

A. Hypertension; intraobserver/
interstudy11

78 77.3 (7.8) 78 0.0 (3.3) 0.91 �6.4, 6.4 3.0 0.998 4.2, 6.5

B. Myocardial infarction and

normal; interobserver17
24 47.3 (11.2) 24 0.0 (3.8) 0.94 �7.4, 7.4 5.7 0.992 4.9, 7.4

C. Mixed LV hypertrophy, heart

failure, and normal volunteers;

intraobserver/interstudy12

60 57.0 (20.0) 60 �0.3 (6.1) 0.95 �12.3, 11.7 7.6 0.898 7.8, 12.0

D. Oncology; interobserver13 35 59.6 (7.3) 35 �0.2 (9.5) 0.79 �18.8, 18.4 11.3 0.707 12.2, 18.6

E. Aortic stenosis; interobserver22 592 52.6 (13.6) 30 0.0 (6.4) 0.89 �12.5, 12.5 8.6 0.883 8.2, 12.5

F. Cancer; interobserver19 56 61.0 (6.0) 56 0.0 (5.7) 0.56 �11.1, 11.1 6.6 0.923 7.3, 11.1

G. Elderly community population;
intraobserver18

40 59.5 (13.9) 20 �2.3 (5.2) 0.93 �12.5, 7.9 6.2 0.922 7.3, 11.1

Reported data are in boldface type, and extrapolated data are in regular type. General guidelines for statistical test interpretation are as follows: the
ICC ranges between �1 and 1, with higher values indicating better reproducibility; the CV ranges from 0 to infinity, with smaller values indicating

better reproducibility; the CP ranges from 0 to 1, with higher values indicating better reproducibility; and the TDI ranges from 0 to infinity, with

smaller values indicating better reproducibility.

*The CP is the proportion of subjects or values that fall within the preset acceptable paired absolute difference of 10%.
†The TDI is the absolute paired difference with the desired CP of 80% and 95%.
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tract diameter (n = 3), and mitral Doppler peak early velocity
(n = 3).

The range of reproducibility values reported or computed for LV
end-diastolic volume is shown in Table 1. Reported values are in bold-
face type, while computed values based on reported data are in reg-
ular type. We also reported unpublished results (in regular type) on
the basis of the actual data from the Duke Clinical Research
Institute Imaging Core Laboratory. The latter data are included
because they are readily available, represent an in-depth assessment
of intraobserver and interobserver reproducibility, and, unlike pub-
lished studies, provide a complete data set that allows the calculation
of all indices without any assumptions or extrapolations. For example,



Table 4 Reported and calculated measures of echocardiographic reproducibility of LV mass

Data source Population studied;

reproducibility typereference

Overall population Reported and calculated results for reproducibility agreement indices

n

Mean

g (SD) n

Mean

difference

g (SD) ICC 95% ICC CV (%) CP*

TDI† 80%,

95%

A. Hypertension; intraobserver/

interstudy11
74 321.5 (79.5) 74 0.0 (42.3) 0.86 �83.0, 83.0 9.3 0.363 54.3, 83.0

B. Myocardial infarction and

normal; interobserver17
24 201.8 (44.7) 24 0.0 (23.7) 0.86 �46.5, 46.5 8.3 0.600 30.4, 46.5

C. LV hypertrophy; intraobserver/

interstudy25
366 242.0 (53.5) 183 �1.7 (19.8) 0.93 �40.5, 37.1 5.8 0.686 25.5, 39.0

D. Young adults; interobserver24 1,189 138.5 (38.6) NR 0.0 (20.8) 0.85 �40.7, 40.7 10.6 0.664 26.6, 40.7

E. Mixed LV hypertrophy, heart

failure, and normal volunteers;

intraobserver/interstudy12

60 195.0 (51.0) 60 8.7 (25.0) 0.88 �40.3, 57.7 9.1 0.549 34.0, 51.8

F. Elderly community population;

intraobserver18
40 156.7 (82.5) 20 �3.2 (20.2) 0.97 �42.8, 36.4 9.1 0.672 26.2, 40.1

G. Mixed normal volunteers, heart

failure, aortic stenosis,
interobserver10

10 257.1 (46.0) 10 �2.27 (24.9) 0.85 �45.1, 40.6 6.8 0.621 33.2, 53.3

NR, Not reported.
Reported data are in boldface type, and extrapolated data are in regular type. General guidelines for statistical test interpretation are as follows: the

ICC ranges between �1 and 1, with higher values indicating better reproducibility; the CV ranges from 0 to infinity, with smaller values indicating

better reproducibility; the CP ranges from 0 to 1, with higher values indicating better reproducibility; and the TDI ranges from 0 to infinity, with

smaller values indicating better reproducibility.
*The CP is the proportion of subjects or values that fall within the preset acceptable paired absolute difference of 20 g.
†The TDI is the absolute paired difference with the desired CP of 80% and 95%.

Table 5 Reported and calculated measures of echocardiographic reproducibility of LV outflow tract dimension

Data source Population studied;

reproducibility typereference

Overall population Reported and calculated results for reproducibility agreement indices

n

Mean

cm (SD) n

Mean

difference

cm (SD) ICC 95% LOA CV (%) CP*

TDI† 80%,

95%

A. Aortic stenosis; interobserver27 20 2.1 (0.2) 20 0.0 (0.1) 0.83 �0.2, 0.2 3.4 0.953 0.1, 0.2

B. Mixed aortic stenosis and normal
volunteers; interobserver26

50 2.1 (0.2) 50 0.1 (0.2) 0.74 �0.2, 0.4 5.0 0.706 0.3, 0.4

C. Aortic stenosis; interobserver10 10 2.1 (0.1) 10 0.0 (0.1) 0.62 �0.2, 0.2 3.0 0.967 0.1, 0.2

Reported data are in boldface type, and extrapolated data are in regular type. General guidelines for statistical test interpretation are as follows: the
ICC ranges between �1 and 1, with higher values indicating better reproducibility; the CV ranges from 0 to infinity, with smaller values indicating

better reproducibility; the CP ranges from 0 to 1, with higher values indicating better reproducibility; and the TDI ranges from 0 to infinity, with

smaller values indicating better reproducibility.
*The CP is the proportion of subjects or values that fall within the preset acceptable paired absolute difference of 0.2 cm.
†The TDI is the absolute paired difference with the desired CP of 80% and 95%.
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with the complete data fromDuke, the actual CP curves are displayed
rather than the extrapolated, smoothed versions due to best-case sce-
nario assumptions we made from the available data in the published
articles. Mean difference ranged from �4.3 to 8.9 mL, while the SD
of differences ranged from 7.8 to 24.8 mL and ICC values ranged
from 0.56 to 0.98. The CV ranged from 4.88% to 18.8%, while the
CP (for an acceptable paired difference of 30 mL) ranged from
0.74 to 1.0.

Figure 3 displays the computed CP curves for a range of pairwise
differences for echocardiographically determined LV end-diastolic
volume. If an acceptable pairwise difference of 60 mL is selected,
then all six studies achieved a CP of almost 100%. However, if an
acceptable difference of 10 mL is selected, then the CPs ranged
from about 25% to about 75%. The dotted vertical line represents
an acceptable pairwise difference of 30mL, a value for which the ma-
jority of studies achieved a CP of >80%.

Similarly, the range of reproducibility values reported or computed
for echocardiographically determined LV end-systolic volume, LV
ejection fraction, LV mass, LVoutflow tract diameter, and mitral valve
Doppler peak early diastolic velocity are shown in Tables 2–6,
respectively. Reported values are in boldface type, while computed
values are not.

Correspondingly, Figures 4–8display the computedCP curves (y axis)
for a range of pairwise differences (x axis) for echocardiographically
derived LVend-systolic volume, LVejection fraction, LVmass, LVoutflow
tract diameter, and mitral valve Doppler peak early diastolic velocity,



Table 6 Reported and calculated measures of echocardiographic reproducibility of mitral Doppler peak early diastolic velocity

Data source Population studied;

reproducibility typereference

Overall population Reported and calculated results for reproducibility agreement indices

n

Mean

cm/sec (SD) n

Mean

difference

cm/sec (SD) ICC 95% LOA CV (%) CP*

TDI† 80%,

95%

A. Hypertension; intraobserver/

interstudy11
88 53.4 (15.1) 88 0.0 (12.9) 0.64 �25.3, 25.3 17.1 0.302 16.5, 25.3

B. General population;

interobserver28
3,022 68.1 (15.7) 58 0.0 (7.8) 0.88 �15.3, 15.3 8.1 0.478 10.0, 15.3

C. Elderly community population;

intraobserver18
40 67.0 (11.0) 20 2.1 (2.2) 0.98 �2.2, 6.4 2.3 0.906 4.0, 5.7

Reported data are in boldface type, and extrapolated data are in regular type. General guidelines for statistical test interpretation are as follows: the

ICC ranges between �1 and 1, with higher values indicating better reproducibility; the CV ranges from 0 to infinity, with smaller values indicating

better reproducibility; the CP ranges from 0 to 1, with higher values indicating better reproducibility; and the TDI ranges from 0 to infinity, with

smaller values indicating better reproducibility.
*The CP is the proportion of subjects or values that fall within the preset acceptable paired absolute difference of 5 cm/sec.
†The TDI is the absolute paired difference with the desired CP of 80% and 95%.

Figure 4 A comparative graphical display of the reproducibility
data for echocardiographically determined LV end-systolic
volume is shown for the studies identified in Table 2.4,10-12,17-19

The computed CP (in percentage on the y axis) for a range of
pairwise differences (in milliliters on the x axis) is shown for
echocardiography-determined LV end-systolic volume. If an
acceptable pairwise difference of 60mL is selected, then all seven
studies achieved a CP of almost 100%. However, if an acceptable
pairwise difference of 10 mL is selected, then the CP ranged from
about 25% to >90%. Similarly, a dotted vertical line represents an
acceptable pairwise difference of 30mL, a value for which thema-
jority of studies achieved a CP of >80%.

Figure 5 A comparative graphical display of the reproducibility
data for echocardiographically derived LV ejection fraction is
shown for the studies identified in Table 3.11-13,17-19,22 The
computed CP (in percentage on the y axis) for a range of
pairwise differences (in percentage on the x axis) is shown
for echocardiography-determined LV ejection fraction. If an
acceptable pairwise difference of 20% is selected, then all
seven studies achieved a CP of >90%. However, if an accept-
able pairwise difference of 5% is selected, then the CP ranged
47% to 87%. A dotted vertical line represents an acceptable
pairwise difference of 10%, a value for which the majority of
studies achieved a CP of >80%.
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respectively. A dotted vertical line represents an acceptable pairwise
difference value for which the majority of studies achieved a CP of
>80% for LV end-diastolic volume, LV end-systolic volume, LV ejection
fraction, and LVoutflow tract diameter, >50% for LV mass, and >45%
for echocardiography-derived mitral valve Doppler peak early diastolic
velocity.
Proposed Achievable Targets

Review of the reported and calculated data revealed precisionmetrics
that were achieved by a majority of studies (Table 7). The best preci-
sion was achieved for LV end-diastolic volume (ICC > 0.95,
CP > 93% for an acceptable pairwise difference of 30 mL), and the
worst was achieved for mitral valve Doppler peak early diastolic ve-
locity (ICC > 0.8, CP > 45% for an acceptable pairwise difference
of 5 cm/sec) (Table 7).
DISCUSSION

We performed a critical review of current approaches for echocar-
diographic reproducibility and reliability assessment in clinical
research. Our study has three important findings. First, data quality
in echocardiographic clinical research was infrequently reported,
and the statistical methods used to assess it varied substantially.
Second, the range of reported values for each metric was large for
each of the parameters examined, and even within a given study,
the relative data quality varied depending on the metric examined.



Figure 6 A comparative graphical display of the reproducibility
data for echocardiographically derived LVmass is shown for the
studies identified in Table 4.10-12,17,18,24,25 The computed CP (in
percentage on the y axis) for a range of pairwise differences (in
grams on the x axis) is shown for echocardiography-derived LV
mass. If an acceptable pairwise difference of 40 g is selected,
then all seven studies achieved a CP of >60%. However, if an
acceptable pairwise difference of 5 g is selected, then the CP
ranged from 9% to 20%. A dotted vertical line represents an
acceptable pairwise difference of 20 g, a value for which thema-
jority of studies achieved a CP of >60%.

Figure 7 A comparative graphical display of the reproducibility
data for echocardiographically derived LV outflow tract diameter
is shown for the studies identified in Table 5.10,26,27 The
computed CP (in percentage on the y axis) for a range of
pairwise differences (in centimeters on the x axis) is shown for
echocardiography-derived LV outflow tract diameter. If an
acceptable pairwise differenceof 0.4 cm is selected, thenall three
studies achieved a CP of almost 100%. However, if an accept-
able pairwise difference of 0.05 cm is selected, then the CP
ranged from about 20% to 40%. A dotted vertical line represents
an acceptable pairwise difference of 0.2 cm, a value for which the
majority of studies achieved a CP of >80%.

Figure 8 A comparative graphical display of the reproducibility
data for echocardiographically derived mitral valve Doppler peak
early diastolic velocity is shown for the studies identified in
Table 6.11,18,28 The computed CP (in percentage on the y axis)
for a range of pairwise differences (in centimeters per second on
the x axis) is shown for echocardiography derived mitral valve
Doppler peak early diastolic velocity. If an acceptable pairwise
difference of 10 cm/sec is selected, then all three studies
achieved a CP of >50%. However, if an acceptable pairwise
difference of 2 cm/sec is selected, then the CP ranged from
<12% to 45%. A dotted vertical line represents an acceptable
pairwise difference of 5 cm/sec, a value for which the majority of
studies achieved a CP of >45%.

Table 7 Precision metrics achieved by a majority of studies

ICC CV CP

LV end-diastolic volume >0.95 <7 >93%*

LV end-systolic volume >0.90 <12 >90%*

LV ejection fraction >0.85 <8 >85%†

LV mass $0.85 <10 >60%‡

LV outflow tract diameter >0.80 <5 >87%§

Mitral Doppler E velocity >0.80 <12 >45%k

*The CP is the proportion of subjects or values that fall within the

preset acceptable paired absolute difference of 30 mL.
†The CP is the proportion of subjects or values that fall within the

preset acceptable paired absolute difference of 10%.
‡The CP is the proportion of subjects or values that fall within

the preset acceptable paired absolute difference of 20 g.
§The CP is the proportion of subjects or values that fall within the

preset acceptable paired absolute difference of 0.2 cm.
kThe CP is the proportion of subjects or values that fall within the

preset acceptable paired absolute difference of 5 cm/sec.
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Third, achievable precision metrics for the studies identified were
listed for each variable.

Our literature review showed that 571 of 920 articles in echocar-
diographic clinical research did not report reproducibility metrics, and
that when they were used, the statistical methods used to assess data
quality varied substantially. In our sample, five separate approaches to
reproducibility were assessed (intraobserver, interobserver, inter-
study, interacquisition, and temporal drift). Furthermore, the sample
size was not always related to the overall cohort size and varied
from<1%up to 100% of the overall cohort studied. Of note, the sam-
ple used to evaluate reproducibility should increase in size commen-
surate with increases in the expected variation. Last, $10 different
metrics for reproducibility have been reported in the literature. Of
note, some indices may be equivalent but may be named differently,
for example, percentage error and CV. Consensus as to which types
of reproducibility should be assessed, sample sizes needed, and met-
rics that should be reported would lead to a more consistent, uniform
reproducibility process that could potentially improve data quality
and therefore the utility of echocardiographic measurements. The
first step toward this direction was a recent study that examined the
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pros and cons of different agreement and reproducibility indices for
assessing reproducibility in a core laboratory setting.2 The investiga-
tors found that the CP is a preferred method because it is intuitive,
computationally simple, and consistent across different settings.

Additionally, we found that the range of reproducibility metric
values was large for each variable. The degree of variability in repro-
ducibility metric values did not appear to be uniformly associated
with the either the presence or absence of pathology. Although
part of this variability is attributable to nonuniform processes, part
is also due to the lack of widely accepted reproducibility standards
for echocardiographic variables. In this setting, it is difficult to judge
whether a study has good or acceptable levels of reproducibility if
different indices were used for reporting on the same variable. By
calculating multiple indices of reproducibility for each study, it
became apparent that using different indices may lead to different
conclusions regarding reproducibility. For example, a high ICC sug-
gesting high reproducibility may be accompanied by a CP suggesting
low reproducibility (Table 1, study D). Our findings suggest that re-
porting a panel of indices could more completely represent the
echocardiographic reproducibility based on different indices for a
given variable and study. Furthermore, by including CP metrics,
actionable feedback can be obtained to target retraining efforts
where indicated.31

Finally, by analyzing both reported and imputed metrics, we iden-
tified precision metrics that were achieved by a majority of studies for
each variable. Although determining the standards for the echocardi-
ography community is far beyond the scope of this report, we believe
that these achievable targets may represent a starting point to discuss
and develop standards. Consensus among echocardiographic investi-
gators as to the preferredmethod andminimum acceptable values for
reproducibility would enhance study comparability and provide
benchmarked targets for quality improvement.
Limitations

Although this study has some important findings, some limitations
exist. First, this study is a cross-section of available studies and not a
comprehensive systematic review. As such, not all studies per-
formed similar reproducibility assessments. Comparison among
studies was limited to available data and restricted to intraobserver
and interobserver assessments except as noted. Of note, the studies
included in our analysis were performed or analyzed at highly
reputable echocardiography laboratories. As a result, to the best
of our knowledge, our analysis reflects a cross section of best-
case practices.

Second, to calculate all indices in all studies, data and distributional
assumptions were occasionally made in order to obtain approxima-
tions of unreported index values. For example, no mean differences
between observers were assumed if these were not reported, in order
to generate the least possible amount of variability, and to achieve a
best-case scenario. These results are in normal (not boldface) type
in the tables. Although these computed numbers are not directly esti-
mated from the observed study data, they are reasonable approxima-
tions and allow us to compare reproducibility results across studies on
the basis of different reproducibility indices. The ability to compare
reproducibility results on the basis of different indices also allows a
comprehensive evaluation of data quality in each study, an important
advantage.

Third, we did not examine the relationship between the reproduc-
ibility of measurements and the future replicability of overall study re-
sults. Future studies will need to address this important point.
CONCLUSIONS

In conclusion, our study found that the statistical metrics used to
assess data quality in echocardiographic clinical research vary substan-
tially and are often not reported at all. Additionally, the range of re-
ported values for each metric is large for each of the measurements
examined. Even within a given study, the relative data quality varies
depending on the metric examined. Despite these findings, we iden-
tified reasonable precision metrics that a majority of studies were able
to achieve for the echocardiographic parameters examined and that
most likely represent reasonable targets for echocardiography.
These results are the first step in informing future larger scale studies
and the eventual determination of a universal standard for echocar-
diographic reproducibility. Improving both the perception and reality
of suboptimal echocardiographic measurement variability will benefit
patients, clinical trialists, and echocardiography investigators.
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SUPPLEMENTAL APPENDIX: COMPUTATIONAL DETAILS

ON COMPUTED REPRODUCIBILITY VALUES

Specific computational details for Tables 1–6 and Figures 3–8 are
provided in this appendix for reference. For the overall population
description, the numbers were extracted from each article on the
basis of the reported overall population or on the reproducibility
population if the overall population was not presented. For some
studies, the overall population r reproducibility population
descriptions were only reported by subgroups, and these subgroup
numbers were pooled to compute the overall population statistics.
The calculated results for reproducibility were based on reported
reproducibility values with certain assumptions. We elucidate the
specific details and the assumptions employed. Let Yi1 and Yi2 be
two measurements on subject i by the same observer or different
observers. Then the following definitions were used for the
reproducibility and agreement indices in Tables 2–7:

1. The mean difference is mD ¼ EðYi1 � Yi2Þ and SD of differences is
sD ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

VarðYi1 � Yi2Þ
p

.
2. The ICC is based on the one-way ANOVAmodel of Yij ¼ mþ ai þ eij with

normal distribution of ai � Nð0;s2SÞ and eij � Nð0;s2eÞ. The ICC is defined
as ICC ¼ s2S=s

2
S þ s2e . Note that the overall population mean is EðYijÞ ¼ m

and the overall population variance is VarðYijÞ ¼ s2T ¼ s2S þ s2e . The SD of
difference has the following relationship with the error SD: sD ¼ ffiffiffi

2
p

se .
3. The LOA of 95% are defined as LOAs ¼ mD61:96sD.
4. The within-subject CV (wCV) is defined as wCV ¼ se=m.
5. The CP for a given acceptable difference of d is defined as

pd ¼ ProbðjYi1 � Yi2j#dÞ. Assume that Yi1�Yi2 is normally distributed as
NðmD; s

2
DÞ. Then pd ¼ Fðd� md=sDÞ � Fð�d� mD=sDÞ, where FðxÞ is

the cumulative distribution function.
6. The TDI with CP of p is defined as the solution of the equation

p ¼ ProbðjYi1 � Yi2j#TDIpÞ. With assumption that Yi1�Yi2 is normally
distributed as NðmD; s

2
DÞ, then this equation becomes

p ¼ FðTDIp � md=sDÞ �Fð�TDIp � mD=sDÞ. We used p ¼ 0:80; 0:95

in our computations.

At least two or three reported values in Tables 2–7 were required
to compute the other missing reproducibility and agreement indices
or population characteristics. If the study did not report the mean
difference of paired measurements on the same subject, then 0.0
was assumed as the mean difference. The following scenarios were
employed in our computations:

Scenario 1: If the error SD se was reported but SD of differ-
ences was not reported, then SD of difference is computed as
sD ¼ ffiffiffi

2
p

se.
Scenario 2: If the SD of differences was reported or computed as

above, then the ICC is computed as ICC ¼ ððs2T � s2D=2Þ=s2TÞ, by
computing error variance as s2e ¼ ðs2D=2Þ and the reported overall
population variance was used to estimate the total variability in the
reproducibility study s2T ¼ s2S þ s2e. The LOAs of 95% were
computed as LOAs ¼ sD61:96sD; the wCV was computed as
wCV ¼ ðsD=m

ffiffiffi
2

p Þ with reported population mean m; the CP was
computed as pd ¼ Fðd� md=sDÞ � Fð�d� mD=sDÞ with given d

and normality assumption; the TDI as solution of
p ¼ FðTDIp � md=sDÞ � Fð�TDIp � mD=sDÞ for p ¼ 0:80; 0:95.

Scenario 3: If the ICC and overall population statistics were
reported, then reported overall population variance was used for
the total variability in the reproducibility study s2T ¼ s2S þ s2e to
compute the error variability as s2e ¼ s2Tð1� ICCÞ. This leads to
computation of the SD of differences as sD ¼ sT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1� ICCÞp

.
The computations of LOAs, wCV, CP and TDI follow as in sce-
nario 2.

Scenario 4: If the wCV and the overall population statistics
were reported only, then the error SD was computed as
se ¼ m � wCV where m is the reported overall population mean.
This leads to computation of the SD of differences as
sD ¼ se

ffiffiffi
2

p
. The other indices were then computed as in sce-

nario 2.
Scenario 5: If the ICC and the SD of the differences were re-

ported, but the overall population SD was not reported, then the
overall SD was computed as the overall SD from the reproducibility
study as sT ¼ sD=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1� ICCÞp

.
For all figures, the CP curves were computed with normality

assumption as pd ¼ Fðd� md=sDÞ � Fð�d� mD=sDÞ with d repre-
senting the x axis and pd representing the y axis.



Supplemental Table 1 Details for the reproducibility methods used for the studies in Figures 1 and 3–8

Study (first author,

population)

Method(s) for

variable

measurement

Overall

study (n)

types of

reproducibility

assessed

No. MD

readers

No.

sonographers

No.

echocardiograms

read for

reproducibility

Statistical methods

reported for

reproducibility

LV end-diastolic volume

Schalla 200121; Mixed
CVD

2D biplane method of disks
(modified Simpson’s rule)

34 Interobserver
Intraobserver

2
1

0 34 Pearson correlation
coefficient

Jenkins 200414; Referred

for echocardiography

2D biplane method of disks

(modified Simpson’s

rule), 3D real-time with
semiautomated

summation of disks

50 Interobserver

Intraobserver

Interstudy

0

0

NR

2

2

NR

20

20

50

Mean difference 6 SD,

Pearson correlation

coefficient

Malm 200416; Known or
suspected heart

disease

2D biplane method of disks
(modified Simpson’s rule)

110 Interobserver
Intraobserver

2
1

0 30
NR

LOA

Tighe 200720; Referred

for SPECT

3D real-time with

semiautomated
summation of disks

64 Interobserver

Intraobserver

>1

NR

1 10

10

Percentile difference

Lu 200815; Normal

children

Cube function of M-mode

linear dimensions, 2D
biplane method of disks

(modified Simpson’s

rule), 3D real-time with

semiautomated
summation of disks

20 Interobserver

Intraobserver

NR NR 20 Percentile difference

Hare 200913; Oncology 2D biplane method of disks

(modified Simpson’s
rule), 3D real-time with

semiautomated

summation of disks

35 Interobserver

Intraobserver

NR NR 10

10

Mean difference 6 SD,

95% CI, ICC,
repeatability coefficient

Studies with sufficient data to extrapolate additional indices and are included in further analyses

Gottdeiner 199511;

Hypertension

Cube function of 2D

targeted M-mode linear

dimensions

96 Interstudy-

intraobserver

1 $1 81 Mean difference 6 SD,

SEM, ICC

Otterstad 199717; MI

and normal

2D biplane method of disks

(modified Simpson’s rule)

24 Interobserver

Interstudy

2 0 24 ANOVA, CV

Grothues 200212; LV
hypertrophy, heart

failure, normal

2D biplane method of disks
(modified Simpson’s rule)

60 Interstudy-
intraobserver

1 NR 60 Mean difference 6 SD, CV
(indexed values only)

Oh 20124; Heart failure 2D biplane method of disks

(modified Simpson’s rule)

1,460 Interobserver NR NR 67 Mean difference 6 SD,

mean percentage
difference6 SD, Pearson

correlation coefficient
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Thavendiranathan

201319; Oncology

2D biplane method of disks

(modified Simpson’s

rule), 3D real-time with
semiautomated

summation of disks

20 Interobserver

Intraobserver

2 NR 20

20

ANOVA, SEM 6 95% CI

Shah 201418; Elderly

community
population

2D biplane method of disks

(modified Simpson’s rule)
(ref ASE guidelines 2005)

and 3D

>6,000 Intraobserver

Temporal drift

Not specified 4 40 Bias 6 SD, CV, ICC

Douglas 201510;
Unpublished Mixed

population

2D biplane method of disks
(modified Simpson’s rule)

Interobserver
Intraobserver

2 15 10
10

ICC, CP

LV end-systolic volume

Schalla 200121; Mixed
CVD

2D biplane method of disks
(modified Simpson’s rule)

34 Interobserver
Intraobserver

2
1

0 34 Pearson correlation
coefficient

Jenkins 200414; Referred

for echocardiography

2D biplane method of disks

(modified Simpson’s
rule), 3D real-time with

semiautomated

summation of disks

50 Interobserver

Intraobserver
Interstudy

0

0
NR

2

2
NR

20

20
50

Mean difference 6 SD,

Pearson correlation
coefficient

Malm 200416; Known or
suspected heart

disease

2D biplane method of disks
(modified Simpson’s rule)

110 Interobserver
Intraobserver

2
1

0 30
NR

LOA

Tighe 200720; Referred
for SPECT

3D real-time with
semiautomated

summation of disks

64 Interobserver
Intraobserver

>1
NR

1 10 Percentile difference

Lu 200815; Normal
children

Cube function of M-mode
linear dimensions, 2D

biplane method of disks

(modified Simpson’s

rule), 3D real-time with
semiautomated

summation of disks

20 Interobserver
Intraobserver

NR NR 20
20

Percentile difference

Hare 200913; Oncology 2D biplane method of disks

(modified Simpson’s
rule), 3D real-time with

semiautomated

summation of disks

35 Interobserver

Intraobserver

NR NR 10

10

Mean difference 6 SD,

95% CI, ICC,
repeatability coefficient

Studies with sufficient data to extrapolate additional indices and are included in further analyses

Gottdeiner 199511;

Hypertension

Cube function of 2D

targeted M-mode linear

dimensions

96 Interstudy-

intraobserver

1 $1 75 Mean difference 6 SD,

SEM, ICC

Otterstad 199717; MI

and normal

2D biplane method of

disks (modified

Simpson’s rule)

24 Interobserver

Interstudy

2 0 24 ANOVA, CV

(Continued )

Jo
u
rn
alo

f
th
e
A
m
erican

So
ciety

o
f
E
ch
o
card

io
grap

h
y

V
o
lu
m
e
2
9
N
u
m
b
er

12
C
ro
w
ley

et
al

115
4
.e3



Supplemental Table 1 (Continued )

Study (first author,

population)

Method(s) for

variable

measurement

Overall

study (n)

types of

reproducibility

assessed

No. MD

readers

No.

sonographers

No.

echocardiograms

read for

reproducibility

Statistical methods

reported for

reproducibility

Grothues 200212; LV

hypertrophy, heart
failure, normal

2D biplane method of disks

(modified Simpson’s rule)

60 Interstudy-

intraobserver

1 NR 20 Mean difference 6 SD, CV

(indexed values only)

Oh 20122; Heart failure 2D biplane method of disks

(modified Simpson’s rule)

1,460 Interobserver NR NR 67 Mean difference 6 SD,

mean percentage
difference 6 SD,

Pearson correlation

coefficient

Thavendiranathan
201319; Oncology

2D biplane method of disks
(modified Simpson’s

rule), 3D real-time with

semiautomated

summation of disks

20 Interobserver
Intraobserver

2 NR 20
20

ANOVA, SEM 6 95% CI

Shah 201418; Elderly

community

population

2D biplane method of disks

(modified Simpson’s rule)

(ref ASE guidelines 2005)
and 3D

>6,000 Intraobserver

Temporal drift

Not specified 4 40 Bias 6 SD, CV, ICC

Douglas 201510;

Unpublished
Mixed population

2D biplane method of disks

(modified Simpson’s rule)

596 Interobserver

Intraobserver

2 15 30

30

ICC, CP

LV ejection fraction

Schalla 200121; Mixed

CVD

2D biplane method of disks

(modified Simpson’s rule)

34 Interobserver

Intraobserver

2

1

0 34 Pearson correlation

coefficient

Jenkins 200414; Referred

for echocardiography

2D biplane method of disks

(modified Simpson’s

rule), 3D real-time with
semiautomated

summation of disks

50 Interobserver

Intraobserver

Interstudy

0

0

NR

2

2

NR

20

20

50

Mean difference 6 SD,

Pearson correlation

coefficient, LOA

Malm 200416; Known or

suspected heart
disease

2D biplane method of disks

(modified Simpson’s rule)

110 Interobserver

Intraobserver

2

1

0 30

NR

LOA, mean difference

Hoffman 200523; Known

or suspected heart
disease

2D biplane method of disks

(modified Simpson’s
rule),

115 Interobserver 3 0 115 ICC, percentage error, 95%

CI

Lu 200815; Normal

children

Cube function of M-mode

linear dimensions, 2D

biplane method of disks
(modified Simpson’s

rule), 3D real-time with

semiautomated
summation of disks

20 Interobserver

Intraobserver

NR NR 20

20

Percentile difference
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Studies with sufficient data to extrapolate additional indices and are included in further analyses

Gottdeiner 199511;

Hypertension

Cube function of 2D

targeted M-mode linear
dimensions

96 Interstudy-

intraobserver

1 $1 78 Mean difference 6 SD,

SEM, ICC

Otterstad 199717; MI

and Normal

2D biplane method of disks

(modified Simpson’s rule)

24 Interobserver

Interstudy

2 0 24 ANOVA, CV

Grothues 200212; LV

hypertrophy, heart

failure, normal

2D biplane method of disks

(modified Simpson’s rule)

(ref ASE guidelines 2005)

60 Interstudy-

intraobserver

1 NR 20 Mean difference 6 SD, CV

(indexed values only)

Hare 200913; Oncology 2D biplane method of disks
(modified Simpson’s

rule), 3D real-time

35 Interobserver
Intraobserver

NR NR 10
10

Mean difference 6 SD,
95% CI, ICC,

repeatability coefficient

Douglas 201322; Aortic
stenosis

2D biplane method of disks
(modified Simpson’s rule)

(ref ASE guidelines 2005)

596 Interobserver
Intraobserver

2 15 30
30

ICC, CP

Thavendiranathan

201319; Oncology

2D biplane method of disks

(modified Simpson’s
rule), 3D real-time with

semiautomated

summation of disks

20 Interobserver

Intraobserver

2 NR 20

20

ANOVA, SEM 6 95% CI

Shah 201418; Elderly

community

population

2D biplane method of disks

(modified Simpson’s rule)

(ref ASE guidelines 2005)

and 3D

>6,000 Intraobserver

Temporal drift

Not specified 4 40 Bias 6SD, CV, ICC

LV mass

Jenkins 200414; Referred

for echocardiography

M-mode, 2D, and 3D real-

time (listed in accordance
with ASE guidelines but

methods not specified)

50 Interobserver

Intraobserver
Interstudy

0

0
NR

2

2
NR

20

20
50

Mean difference 6 SD,

Pearson correlation
coefficient, LOA

Lu 200815; Normal

children

Cube function of M-mode

linear dimensions, 2D
area length method, 3D

real-time

20 Interobserver

Intraobserver

NR NR 20

20

Percentile difference

Studies with sufficient data to extrapolate additional indices and are included in further analyses

Gottdeiner 199511;

Hypertension

Cube function of 2D

targeted M-mode linear

dimensions (ref Troy

1972)

96 Interstudy-

intraobserver

1 $1 78 Mean difference 6 SD,

SEM, ICC

Otterstad 199717; MI

and normal

2D area-length method 24 Interobserver

Interstudy

2 0 24 ANOVA, CV

Palmieri 199925; LV
hypertrophy

2D truncated ellipsoid
formula

183 Interobserver
Intraobserver

1–5 $1 183 ANOVA, SEM 6 95% CI

Gardin 200224; Normal Cube function of 2D

targeted M-mode linear
dimensions

1,189 Interobserver

Intraobserver
intratechnician

intertechnician

NR NR NR CV

(Continued )
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Supplemental Table 1 (Continued )

Study (first author,

population)

Method(s) for

variable

measurement

Overall

study (n)

types of

reproducibility

assessed

No. MD

readers

No.

sonographers

No.

echocardiograms

read for

reproducibility

Statistical methods

reported for

reproducibility

Grothues 200212; LV

hypertrophy, heart
failure, normal

2D truncated ellipsoid

formula (ref Devereux
Am J Cardiol 1986)

60 Interstudy-

intraobserver

1 NR 20 Mean difference 6 SD CV

(indexed values only)

Shah 201418; Elderly

community
population

Cube function of 2D linear

dimensions

>6,000 Intraobserver

Temporal drift

Not specified 4 40 Bias 6 SD, CV, ICC

Douglas 201510;

Unpublished Mixed

population

2D truncated ellipsoid

formula

596 Interobserver

Intraobserver

2 15 30

30

ICC, CP

LV outflow tract diameter

Studies with sufficient data to extrapolate additional indices and are included in further analyses

Smith 200427; Aortic
stenosis

2D linear dimension 20 Interobserver
Intraobserver

2 1 20 Mean difference, coefficient
of reproducibility

(percentile difference)

Shiran 200926; Aortic
Stenosis and normal

2D linear dimension 50 Interobserver
Intraobserver

2 readers, not
specified if MDs

NR 10
10

Mean difference6 SD, LOA

Douglas 201510;

Unpublished Aortic

stenosis

2D linear dimension 596 Interobserver

Intraobserver

2 15 30

30

ICC, CP

ICC, CP

Mitral inflow Doppler peak early diastolic velocity

Colan 20125; Dilated

cardiomyopathy and
normal

Not specified 173 Interacquisition

Intraobserver
Intraobserver

drift

Interobserver

(ECL1-ECL2)
Interobserver

(site-ECL)

Interstudy-
intraobserver

1

1
1

2

2

Not specified

2

0
0

0

0

Not specified

171

171
171

171

171

Mean percentage error

Studies with sufficient data to extrapolate additional indices and are included in further analyses

Gottdeiner 199511;

Hypertension

Pulsed-wave Doppler at

mitral annular level in 4-
chamber view

96 Interstudy-

intraobserver

1 $1 88 Mean difference 6 SD,

SEM, ICC

Schirmer 200028;

General population

Pulsed-wave Doppler at the

level of and between the
mitral leaflet tips in 4-

chamber view

3,022 Interobserver

Intraobserver

2

2

0 58

58

Mean difference 6 SD

115
4
.e6

C
ro
w
ley

et
al

Jo
u
rn
alo

f
th
e
A
m
erican

So
ciety

o
f
E
ch
o
card

io
grap

h
y

D
ecem

ber
2
016



Shah 201418; Elderly

community

population

Pulsed-wave Doppler at the

level of the mitral leaflet

tips in 4-chamber view

>6,000 Intraobserver

Temporal drift

Not specified 4 40 Bias 6 SD, CV, ICC

ASE, American Society of Echocardiography; CVD, cardiovascular disease; ECL, echocardiography core laboratory;MD, physician;MI, myocardial infarction; NR, not reported; 3D, three-

dimensional; 2D, two-dimensional; SPECT, single-photon emission computed tomography.
MixedCVD: coronary artery diseasewith andwithoutmyocardial infarction (n= 15), hypertension (n= 15), valvular heart disease (n= 6), dilated cardiomyopathy (n= 4), noncardiac chest pain

(n = 3), and hypertrophic cardiomyopathy (n = 2).

Referred for echocardiography: regional wall motion abnormalities (n = 41 in the overall population and n = 18 in the reproducibility population), hypertension (n = 2 in the overall population

and n = 1 in the reproducibility population), and normal (n = 7 in the overall population and n = 1 in the reproducibility population).
Referred for SPECT: coronary artery disease (n = 24), prior myocardial infarction (n = 18), prior coronary artery bypass surgery (n = 14), prior percutaneous coronary intervention (n = 5),

hypertension (n = 42), diabetes mellitus (n = 15), hypercholesterolemia (n = 39), chest pain (n = 42), family history of coronary artery disease (n = 18), preoperative evaluation (n = 11), pe-

ripheral vascular disease (n = 4), dyspnea (n = 9), tobacco use (n = 5), cardiomyopathy (n = 2), heart failure (n = 5).
Percentile difference = (difference between the measurements/mean of the measurements) � 100%. Percentage error = (SD between 2 measurements/mean of 2 measurements) � 100%.
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