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Brief Group Training of Medical Students in Focused
Cardiac Ultrasound May Improve Diagnostic Accuracy
of Physical Examination
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Background: Physical examination and auscultation can be challenging for medical students. The aim of this
study was to investigate whether a brief session of group training in focused cardiac ultrasound (FCU) with a
pocket-sized device would allow medical students to improve their ability to detect clinically relevant cardiac
lesions at the bedside.
Methods: Twenty-one medical students in their clinical curriculum completed 4 hours of FCU training in
groups. The students examined patients referred for echocardiography with emphasis on auscultation,
followed by FCU. Findings from physical examination and FCU were compared with those from standard
echocardiography performed and analyzed by cardiologists.
Results: In total, 72 patients were included in the study, and 110 examinations were performed. With a stethoscope,
sensitivity to detect clinically relevant (moderate or greater) valvular disease was 29% for mitral regurgitation, 33%
for aortic regurgitation, and 67% for aortic stenosis. FCU improved sensitivity to detect mitral regurgitation (69%,
P < .001). However, sensitivity to detect aortic regurgitation (43%) and aortic stenosis (70%) did not improve
significantly. Specificity was $89% for all valvular diagnoses by both methods. For nonvalvular diagnoses,
FCU’s sensitivity to detect moderate or greater left ventricular dysfunction (90%) was excellent, detection of right
ventricular dysfunction (79%) was good, while detection of dilated left atrium (53%), dilated right atrium (49%), pericardial effusion (40%), and dilated aortic root (25%) was less accurate. Specificity varied from 57% to 94%.
Conclusions: After brief group training in FCU, medical students could detect mitral regurgitation significantly
better compared with physical examination, whereas detection of aortic regurgitation and aortic stenosis did
not improve. Left ventricular dysfunction was detected with high sensitivity. More extensive training is advised.
(J Am Soc Echocardiogr 2014;27:1238-46.)
Keywords: Focused cardiac ultrasound, Pocket sized, Physical examination, Diagnostic accuracy, Medical
students

Although patient history and physical examination, including auscultation, remain the basis of the initial assessment of a cardiac patient,
the limited diagnostic accuracy of the stethoscope is well known.1

From the Faculty of Medicine, University of Oslo, Oslo, Norway (T.M.S., V.R., T.E.);
the Department of Cardiology (T.M.S., S.I.S., T.E.), the Center for Cardiological
Innovation (T.M.S., S.I.S., T.E.), and the Institute for Surgical Research (T.M.S.,
S.I.S., T.E.), Oslo University Hospital, Rikshospitalet, Oslo, Norway; and the
Division of Cardiology, Vestfold Hospital Trust, Tønsberg, Norway (V.R., J.E.O., E.A.).
The study was supported by Centre for Cardiological Innovation, funded by the
Research Council of Norway. T.M.S. received a grant from the Medical Student
Research Program at the Faculty of Medicine, University of Oslo.
Reprint requests: Thor Edvardsen, MD, PhD, FESC, Oslo University Hospital,
Rikshospitalet, Department of Cardiology, Postbox 4950 Nydalen, 0424 Oslo,
Norway (E-mail: thor.edvardsen@medisin.uio.no).
0894-7317/$36.00
Copyright 2014 by the American Society of Echocardiography.
http://dx.doi.org/10.1016/j.echo.2014.08.001

1238

In recent decades, the emerging field of portable ultrasound has challenged the use of the stethoscope. The recent arrival of pocket-sized
devices facilitates true bedside routine use and has created a new
paradigm for the use of ultrasound. The concept of focused cardiac
ultrasound (FCU) has been introduced. Despite their small size and
limited features, pocket-sized scanners have proven diagnostic value
when used as an adjunct to physical examination by experienced
echocardiographers.2-8 Low cost and simplified operation have
opened their potential use to nontraditional cardiac ultrasound
users, and a growing body of evidence suggests that inexperienced
operators also improve bedside diagnosis with such scanners.9-17
However, the amount of training required to reach a given and
standardized level of accomplishment is still a matter of debate. The
prospect of educating and training all physicians represents an
enormous challenge, and the demand for cost-effective training programs may gain in importance.
Few studies have thus far evaluated the use of the pocket-sized
FCU devices in a large group of medical students. Our aim with the
present study was to investigate whether a brief, group-based FCU
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Abbreviations

AR = Aortic regurgitation
AS = Aortic stenosis
FCU = Focused cardiac
ultrasound
LV = Left ventricular
MR = Mitral regurgitation

training course would allow
medical students to improve
their ability to detect clinically
relevant cardiac lesions at the
bedside.
METHODS
Study Population

In this prospective study, 21 medical students from the University
of Oslo, all in their second half of medical school and without prior
echocardiographic experience, were randomly recruited from 104 applicants to complete a standardized 4-hour FCU training program. A total of 72 elective patients already referred for routine echocardiographic
examinations were included in the study, which was conducted in the
Department of Cardiology, Oslo University Hospital, Rikshospitalet
(Oslo, Norway), between February and May 2012. All patients who
were available during the days of inclusion were asked to participate.
Exclusion criteria included practical and medical considerations, such
as lack of consent, shortage of time between scheduled procedures,
and postprocedural or hemodynamically unstable patients. Written
informed consent was obtained from all participants, including patients
and students. The study was approved by the Regional Committee for
Medical Research Ethics and conducted according to the second
Declaration of Helsinki.
Echocardiographic Training
Before attending the training course, the students were encouraged to
study a selection of echocardiographic loops provided online, demonstrating normal cardiac anatomy and common pathologies. The precourse material also featured a compendium describing the cardiac
views in ultrasound and instructions on how to position the transducer to obtain the different views. The course for six trainees at a
time (pilot group of three) consisted of a 45-minute introduction to
cardiac ultrasound with a review of the same echocardiographic loops
that were provided online. The loops demonstrated (which were recorded with an FCU device) are summarized in Table 1 and included
both normal cardiac anatomy and common pathologies. In addition,
the FCU examination protocol was demonstrated in practice, with
emphasis on scanning technique to obtain the cardiac views and
the evaluation criteria for each parameter (Table 2). After the initial
session, the students were given 60 minutes to practice on one
another, to familiarize themselves with the device and to practice obtaining all images according to the protocol. Each student examined
two other students. Furthermore, the students had 75 minutes of
practice on patients in the cardiology ward. These patients were
selected for cardiac pathology. Two students examined each patient
together, and each student pair examined two different patients.
This was followed by 60 minutes of case reviews, in which the recorded images from the ward patients were discussed and compared
with a standard echocardiogram. The students thus were challenged
in image interpretation. Training in electrocardiographic interpretation and auscultation was not involved, as these skills had been taught
in the clinical curriculum.
Study Protocol
The students were blinded to medical and drug history, prior echocardiograms, and other interventions. They completed a sequential
assessment of each patient, consisting of a brief medical history, a
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physical examination, and finally an FCU examination. History was
limited to exploring the presenting symptoms and New York Heart
Association class. Physical examination included inspection (detection of peripheral pitting edema and jugular venous distension), cardiac and lung auscultation, and interpretation of the provided
electrocardiogram. Cardiac murmurs were reported in terms of
location (parasternal or apical), intensity (I–VI), and timing (systolic
or diastolic). Furthermore, the students were asked to suggest if their
auscultatory findings represented mitral regurgitation (MR), aortic
regurgitation (AR), or aortic stenosis (AS) and to classify the lesion
as either mild, moderate, or severe. The cardiac landmarks assessed
by FCU are shown in Table 2. The report sheets for physical examination are in Appendix 1 and 2 (available at www.onlinejase.com) and
FCU examination in Appendix 3 (available at www.onlinejase.com).
Findings from the students’ examinations were compared with a standard echocardiogram as the reference method.
Echocardiographic Equipment and Methods
The FCU examination was performed with the Vscan (GE Vingmed
Ultrasound AS, Horten, Norway). The device is handheld, fits in the
pocket, and consists of a display unit (135  73  28 mm) and
a broad-bandwidth phased-array probe (120  33  26 mm; frequency, 1.7–3.8 MHz). Other specifications include a 3.5-inch flipup display (resolution, 240  320 pixels), a total weight of 390 g,
and approximately 60 minutes of scanning time. The scanner provides
grayscale two-dimensional imaging and color Doppler imaging, automatic gain adjustment, and automatic detection of a full heart cycle for
storage without the need for electrocardiography. Basic measurements can be performed using the provided caliper tool.
Standard echocardiography was performed in the hospital’s echocardiography laboratory by experienced cardiologists, with the highend Vivid E9 or Vivid 7 scanner (GE Vingmed Ultrasound AS). The
investigators were blinded to the result of the FCU examinations.
Data were digitally stored for offline analysis using dedicated software
(EchoPAC; GE Vingmed Ultrasound AS). The evaluation criteria for
the two echocardiographic methods are shown in Table 2.
Data Analysis
As suggested by the Standards for Reporting of Diagnostic Accuracy
statement, diagnostic accuracy was calculated in terms of sensitivity,
specificity, positive and negative predictive value, and k values.18
A cardiac lesion was defined as clinically relevant when it was moderate or greater in severity, which routinely leads to an additional evaluation by standard echocardiography. In addition to presenting
accuracy data with the cutoff for clinically relevant lesions at moderate or greater, results from valvular diagnoses are also presented with
the cutoff at mild or greater pathology to show the total number of
detected lesions.
To compare accuracy among the students, we developed a diagnostic scoring system modified from Decara et al.11 and Panoulas
et al.17 For each true-positive finding of a significant cardiac lesion,
two points were given. For each true-positive finding of a mild lesion,
one point was given. For each true-negative or normal finding, 0.5
points were given. For each false-negative finding, zero points were
given. For each false-positive finding, 0.5 points were deducted. In
cases of underestimation of a lesion (student reports mild when truly
moderate or severe), 0.5 points were still given. In cases of overestimation (student reports moderate or severe when truly mild), 0.5
points were still given. To calculate the diagnostic score, the total score
obtained by the student was divided by the maximum score possible.
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Table 1 Cardiac pathologies demonstrated during the training course
Cardiac pathology

Imaging mode

Cardiac views

Severity levels demonstrated

LV dysfunction

Grayscale

PLAX, A4C

Normal (EF, 60%), moderately impaired (EF, 45%), and
severely impaired (EF, 30%)

Pericardial effusion
MR
AR
AS

Grayscale
Color Doppler
Color Doppler
Grayscale and color Doppler

PLAX, A4C
PLAX, A4C
PLAX, A5C
PLAX, A5C

Mild, moderate, and large pericardial effusion
None, mild, moderate, and severe regurgitation
None, mild, moderate, and severe regurgitation
None, mild aortic sclerosis, moderate stenosis, and severe
stenosis

TR
RV dysfunction
Left atrial dilation
Right atrial dilation
Aortic root dilation

Color Doppler
Grayscale
Grayscale
Grayscale
Grayscale

PLAX, A4C
PLAX, A4C
PLAX, A4C
PLAX, A4C
PLAX, A4C

None, mild, moderate, and severe regurgitation
Normal, moderately impaired, and severely impaired
None, dilated
None, dilated
None, dilated

A5C, Apical five-chamber view; A4C, apical four-chamber view; EF, ejection fraction; PLAX, parasternal long-axis view; RV, right ventricular;
TR, tricuspid regurgitation.

Table 2 Echocardiographic landmarks and evaluation methods by FCU and standard echocardiography
Evaluation method
Landmark

FCU

Standard echocardiography

LV systolic function*

Visual assessment by observing endocardial motion,
overall LV cavity size, and mitral valve excursion,
reported as normal, moderately impaired, or severely
impaired

Pericardial effusion*

By caliper in end-diastole, reported as none, moderate
($0.5 cm), or severe ($1.0 cm)
Visual assessment of the color flow regurgitant jet, reported
as none, mild, moderate, or severe

MR*
AR*

AS*

TR*
RV systolic function*

Left atrial dilation
Right atrial dilation
Aortic root dilation

Visual assessment of the color flow jet and presence of
calcified aortic ring or aortic cusps with reduced
opening, reported as none, mild, moderate, or severe
As described for MR
Visual assessment, reported as normal, moderately
impaired, or severely impaired
Visual assessment, reported as normal or dilated (if greater
than half the size of the LV longitudinal dimension in A4C)
By caliper, reported as normal or dilated (if $3.5 cm at the
sinuses of Valsalva)

LV EF by volume calculations using the biplane method of
disks (modified Simpson’s rule); normal ($55%),
moderately impaired (54%–36%), severely impaired
(#35%)31

Valve morphology, color flow regurgitant jet, vena cava
width, PISA method, CW regurgitant profile, pulmonary
vein flow (MR), peak E velocity (MR), pressure half-time
(AR), diastolic flow reversal in descending aorta (AR)32
CW Doppler measurements of maximal velocity and mean
pressure gradient, including the aortic valve area
estimated by the continuity equation33
RV fractional area change, considered normal ($32%),
moderately impaired (31%–18%), or severely impaired
(#17%)31
Atrial area; normal (<20 cm2) or dilated ($20 cm2)31

A4C, apical four-chamber view; CW, continuous-wave; EF, ejection fraction; PISA, proximal isovelocity surface area; RV, right ventricular;
TR, tricuspid regurgitation.
*Clinically relevant when moderate or greater.

Quality Assessment
For the purpose of assessing feasibility and image quality, two experienced echocardiographers retrospectively reviewed all recorded FCU
images and standard echocardiograms in a blinded fashion and categorized each examination as good, fair, or poor. Note that examinations
already deemed inadequate by the students were omitted (n = 2). To
be classified as good, all four chambers along with the mitral, aortic,
and tricuspid valves had to be visualized from both apical fourchamber and parasternal long-axis views. For valvular assessment, loops
of all three valves both with and without color Doppler had to be avail-

able. For the grading of fair, a prerequisite was satisfactory imaging of the
entire left ventricle and left-sided heart valves, even if only apical or parasternal views were recorded. In case of inadequate or blurred image
quality of both or only one view, the examination was classified as
poor. A criterion for including poor quality recordings was that the
left ventricle could be visualized for functional assessment.
In addition, two experienced echocardiographers interpreted the
FCU images recorded by students to separately assess the students’
interpreting abilities. The accuracy of expert interpretations was
compared with student accuracy.
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Figure 1 Detection of clinically relevant valvular lesions by
stethoscope, FCU, and standard echocardiography.

Statistical Analysis
Numeric data are presented as mean 6 SD or, as appropriate, median
(interquartile range) and categorical data as numbers and percentages.
Sensitivity, specificity, and positive and negative predictive value were
calculated using binary variables and are presented as percentages
with 95% confidence intervals. The following statistical analyses
were performed using SPSS version 20 (IBM, Armonk, NY): c2 tests
were used to assess differences in categorical variables. McNemar’
tests were used to compare the sensitivities of the two diagnostic
methods. Two-tailed P values < .05 were considered significant.
Cohen k coefficients were used to measure interrater agreement
for categorical variables. Kappa values < 0.2 were interpreted as indicating slight, 0.21 to 0.4 fair, 0.41 to 0.6 moderate, 0.61 to 0.8 good,
and 0.81 to 1.00 very good agreement.19
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and P = .004, respectively), but there was no difference between
stethoscope and FCU (P = .274).
Table 3 presents diagnostic accuracy for the stethoscope and FCU
examinations. The overall pooled sensitivity to detect clinically relevant valvular disease with a stethoscope was 40%, which improved
to 64% after FCU examination (P < .001). With a stethoscope, sensitivity was 29% to identify clinically relevant (moderate or greater)
MR, 33% for AR, and 67% for AS. Adding the FCU examination
greatly improved sensitivity to detect MR (69%, P < .001).
However, sensitivity to discover AR (43%) and AS (70%) did not
improve significantly. Sensitivity to detect tricuspid regurgitation
was 33% but was assessed only with FCU. Specificity was $89%
for all valvular diagnoses by both screening methods.
Importantly, the majority of clinically relevant cases of MR and AR
were undetected with the stethoscope. In total, 28 (67%) cases of
MR, 13 (62%) of AR, and seven (26%) of AS were missed. By
contrast, only one (5%) clinically relevant case of AR and no cases
of MR or AS were completely undetected with FCU (P < .001).
However, 13 (31%) cases of MR, 11 (52%) of AR, and eight (30%)
of AS were underestimated as being mild with FCU, hence ‘‘clinically
insignificant’’ in the accuracy calculations in which moderate or
greater was used as a cutoff.
For nonvalvular diagnoses (with FCU as the only method), sensitivity to detect moderate or greater left ventricular (LV) dysfunction
(90%) was excellent and detection of right ventricular dysfunction
(79%) was good, while detection of dilated left atrium (53%), dilated
right atrium (49%), pericardial effusion (40%), and dilated aortic root
(25%) was less accurate. Specificity varied from 57% to 94%.
The predictive values confirm substantial accuracy for the detection of MR, AS, and LV dysfunction by FCU but also reveal poor positive predictive values for the detection of pericardial effusion and
right ventricular dysfunction, which were hampered by a considerable
number of false positives.
The level of agreement, expressed as Cohen’s k, further reflects the
above picture, with good agreement for the detection of AS, moderate agreement for the detection of MR and LV dysfunction, fair agreement for right ventricular dysfunction, pericardial effusion, and atrial
dilation and slight agreement for aortic root dilation.
Figure 2A shows the ranges of mean diagnostic scores among the
21 students. The mean value was 0.60 6 0.21. Although the absolute
values of this index are arbitrary, they serve to indicate a notable
dispersion of the accuracy among the students.

RESULTS
In 72 patients, 110 FCU examinations were conducted. In 25 of the
patients, repeat evaluations were performed by two to five students.
The mean age of the patient population was 65 6 16 years, with 52
(72%) men. The mean time required for physical examination was
7 6 2 minutes. Cardiac murmurs were present in 63 patients
(57%), as reported by the students. Of these, 50 (79%) were systolic,
eight (13%) were diastolic, and five (8%) were combined systolic and
diastolic murmurs. The mean FCU examination duration was
17 6 6 minutes. The median time period between standard echocardiography and FCU was 0 days (interquartile range, 0–4 days).
Diagnostic Accuracy
Figure 1 presents the number of patients who were diagnosed with
any form of clinically relevant valvular lesion by the different
screening methods. Significantly more cases were detected by standard echocardiography than by stethoscope and FCU (P < .001

Quality Assessment
Figure 3 shows the differences found in image quality among FCU recordings by students and standard echocardiograms by experts. A total of 22% of FCU examinations were of poor image quality, while
38% were good. In contrast, 92% of standard echocardiographic examinations were of good quality, while 8% were fair (P < .001).
Table 4 presents diagnostic accuracy of expert interpretations
from student-obtained FCU images. The overall sensitivity to detect
significant cardiac lesions was significantly higher for experts than
medical students (81% vs 59%, P < .001). The superior accuracy
of expert interpretations is further illustrated by Figure 2B, which
compares the overall diagnostic scores for students and experts,
calculated from our arbitrary scoring system. The overall expert score
was significantly higher than the overall student score (0.76 vs 0.60,
P < .001).
Figure 4 illustrates some of the key findings, such as the
underestimation of clinically relevant valvular lesions, and provides
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Table 3 Diagnostic accuracy of medical students to detect cardiac pathology by stethoscope and FCU validated by standard
echocardiography
Screening method

Stethoscope

FCU

Cardiac pathology

SE Pos
(total [n])

SM
Pos (n)

Sensitivity (%)
(95% CI)

Specificity (%)
(95% CI)

PPV (%)
(95% CI)

NPV (%)
(95% CI)

k

At least moderate MR
At least mild MR
At least moderate AR
At least mild AR
At least moderate AS
At least mild AS
Overall*
At least moderate MR
At least mild MR
At least moderate AR
At least mild AR
At least moderate AS
At least mild AS
At least moderate TR
At least mild TR
LV dysfunction*
RV dysfunction*
Pericardial effusion*
Left atrial dilation
Right atrial dilation
Aortic root dilation
Overall*

42 (104)
89 (104)
21 (93)
57 (93)
27 (86)
29 (86)
89 (283)
42 (104)
89 (104)
21 (93)
57 (93)
27 (86)
29 (86)
12 (57)
40 (57)
61 (105)
19 (85)
15 (101)
85 (101)
47 (89)
36 (77)
364 (903)

18
21
7
12
19
25
44
36
81
16
49
21
35
6
28
74
36
12
46
35
14
296

29 (16–45)
22 (15–33)
33 (15–57)
19 (10–32)
67 (46–83)
72 (52–87)
40 (30–37)
69 (53–82)
90 (81–95)
43 (23–66)
77 (64–87)
70 (50–86)
97 (80–100)
33 (11–65)
70 (56–81)
90 (79–96)
79 (54–93)
40 (17–67)
53 (42–64)
49 (34–63)
25 (13–43)
59 (54–64)

90 (79–96)
93 (66–100)
100 (94–100)
97 (84–100)
98 (90–100)
93 (82–98)
96 (92–98)
89 (78–95)
93 (66–100)
90 (80–96)
86 (70–95)
97 (87–99)
88 (76–95)
96 (84–99)
100 (77–100)
57 (41–71)
69 (55–78)
93 (85–97)
94 (68–100)
71 (55–84)
88 (73–95)
85 (81–88)

67 (41–86)
95 (74–100)
100 (56–100)
92 (60–100)
95 (72–100)
84 (63–95)
82 (67–91)
81 (63–91)
99 (92–100)
56 (31–79)
90 (77–96)
90 (68–98)
80 (63–91)
67 (24–94)
100 (85–100)
74 (63–83)
42 (26–59)
50 (22–78)
98 (87–100)
66 (48–80)
64 (36–86)
72 (67–78)

65 (54–75)
17 (10–27)
84 (74–90)
43 (32–55)
87 (76–93)
87 (75–95)
78 (72–83)
81 (69–89)
61 (39–80)
84 (74–91)
70 (55–83)
88 (77–94)
98 (88–100)
84 (71–93)
59 (39–76)
81 (62–92)
92 (80–97)
90 (81–95)
27 (17–41)
56 (41–69)
57 (44–69)
75 (72–79)

0.21
0.06
0.44
0.13
0.71
0.68
0.42
0.59
0.68
0.36
0.61
0.71
0.80
0.35
0.58
0.49
0.36
0.36
0.24
0.20
0.13
0.45

CI, Confidence interval; NPV, Negative predictive value; Pos, positive/abnormal findings; PPV, positive predictive value; RV, right ventricular; SE,
standard echocardiography; SM, screening method.
*Moderate or greater pathology.

Figure 2 (A) Ranges of diagnostic scores among the students. The horizontal line is drawn at the mean value of diagnostic score
(0.60). (B) Comparison of overall diagnostic score for students and experts in the interpretation of FCU recordings.
a comparison of image quality between the pocket-sized system and
the high-end system.

DISCUSSION
The present study suggests that medical students, after only 4 hours of
group training, could use FCU as a bedside tool to improve the accuracy of the physical examination. Detection of LV dysfunction was
highly sensitive, and the overall assessment of valvular function was
more accurate than by stethoscope. However, our results also indicate
that the added value of FCU as a screening tool to detect clinically
relevant valvular lesions was limited at this level of experience

(Figure 1). There was a small difference in the number of patients
identified with FCU compared with physical examination.
Some of the findings may be explained by characteristics of the
study group. We note that clinically relevant aortic valve pathology
was relatively uncommon, which may explain why no improvement
in accuracy was found. On the other hand, MR and LV dysfunction
were present in approximately 50%, making the probability of finding
a difference more likely. In addition, the distribution of AS was
different than the distributions of MR and AR in that the vast majority
of cases of AS were severe. Only three cases were mild or moderate.
The murmurs in most patients with AS were probably prominent and
hence easy to identify with the stethoscope. Accordingly, the incremental value of FCU was smaller. Finally, although ‘‘innocent’’ systolic
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Figure 3 Image quality of FCU examinations by medical
students and standard echocardiographic examinations by
experts.
flow murmurs are quite common in the general population and could
possibly affect the specificity of auscultation, the high prevalence of
valvular pathology in our study group may explain why specificity remained high.
The observed underestimation of valvular diseases with FCU indicates a poor discrimination between negligible and clinically relevant
valvular lesions. The fact that expert interpretations of students’ FCU
studies were of superior accuracy suggest that even though suboptimal image acquisition impeded the students’ accuracy, their interpretive abilities were, as expected, also at an inferior level. It has
previously been shown that both skills improve substantially after
only a few weeks of training.20 Although diagnostic accuracy for
aortic valve pathology was not improved, it is likely that additional
training would have resulted in similar improvement.
Our findings are consistent with previous studies, which despite
various training durations and different scanners, demonstrated that
FCU might provide information even in the hands of inexperienced
users.
Alexander et al.10 showed that 20 medical house staff with only
3 hours of FCU training could assess LV function and pericardial effusion with moderate accuracy, whereas assessment of valvular disease
was less accurate. Martin et al.14 reported similar results in a selection
of 10 hospitalists with five training scans. In a study by Croft et al.12
with nine internal medicine residents and in another study by Lucas
et al.13 with eight hospitalists, the training time was increased to
approximately 30 hours, including 15 hours of hands-on practice.
The resulting diagnostic accuracy was excellent for the detection of
LV dysfunction, pericardial effusion, and valvular disease. No selfstudy component was mentioned in these four studies.
Also, a number of studies from Spencer and colleagues have investigated the usefulness of FCU in various settings.11,15,21,22 One study
by Decara et al.11 is of particular relevance to our study, as it demonstrated that 10 fourth-year medical students receiving 10 days of individualized instruction significantly improved their bedside diagnosis
compared with physical examination alone. In this study, the accuracy
for detection of valvular abnormalities was greater than for LV
dysfunction.
Few studies have thus far investigated the use of the newly developed pocket-sized FCU devices by medical students. One was performed by Filipiak-Strzecka et al.,16 in which two medical students
were trained for a total of 25 hours, including 40 training scans.
Assessment for LV function and pericardial effusion was very good,
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and assessment for mitral and aortic valve pathology was good. A
learning-curve effect was noted. In another study by Panoulas
et al.,17 a total of five medical students and three junior doctors
were trained for only 2 hours, including hands-on practice on 10 cases.
Diagnostic accuracy was greatly improved by adding bedside FCU after history, physical examination, and electrocardiography.
Altogether, our study was among those with the shortest duration
of supervised training and the smallest number of training scans. Still,
the results were comparable with those of most of the studies reported above. However, the online precourse component and the
prolonged examination duration may have been compensating factors for the limited training time.
The discussion regarding FCU training requirements remains
controversial. The European Association of Cardiovascular Imaging
stated in a position paper that FCU training should be mandatory,
without specifying details.23 The American Society of
Echocardiography (ASE) recently published new recommendations
regarding FCU.24 Although no specific training requirement could
be provided because of the heterogeneity of former studies, it was
noted that an ‘‘acceptable’’ level of skill might be obtainable with 20
to 30 studies if the scope of acquisition and interpretation were
limited. Moreover, three basic components—didactic education,
hands-on practice in image acquisition, and image interpretation
experience—were proposed. From these recommendations, it is clear
that the training program applied in our study was insufficient, but we
note that all three core components were covered.
Along with the increasing availability of pocket-sized scanners, the
question arises whether echocardiographic training should start during medical school. One-on-one proctored hands-on training is
beyond doubt the best way to acquire such skills, but the possible demand for mass education of entire medical school classes necessitates
novel educational concepts to be developed. In this context, our results may indicate that an online self-study component followed by
hands-on training in a group could be a feasible teaching model,
even though the extent proved to be undersized in the present study.
Various online courses have already been developed, such as the
e-learning platform for pocket-sized ultrasound of the European
Association of Cardiovascular Imaging, along with a number of
commercially available courses.25-28 However, such platforms need
scientific validation, and the significance of sufficient hands-on
training must still be emphasized.
Interestingly, several medical schools have implemented integrated
ultrasound curricula across all years of medical school, in which online
courses and video podcasts are customized to complement the
hands-on teaching sessions.29 For instance, students attending a 4week emergency medicine ultrasound elective are expected to complete $150 studies with $25 in each of the following areas: focused
assessment with sonography in trauma, cardiac, aorta, gallbladder,
kidney, and obstetrics and gynecology. The initial experiences indicated that ultrasound is a valuable teaching tool across all years of
medical school.30
When implementing FCU among inexperienced users, the limited
scope of practice must remain absolutely clear for the individual performing FCU. As stated in the latest FCU recommendations from
the ASE, this method is meant to enhance bedside examinations,
and it is not equivalent to a diagnostic echocardiographic study.
This needs to be communicated to both patients and other health
care professionals. Moreover, the potential impact of failure to refer
patients for complete echocardiographic evaluation, because of
false-negative results on an FCU examination, needs to be considered.24 As long as the operator is aware of these matters, FCU would
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Table 4 Expert interpretations of the FCU recordings
Cardiac pathology

SE Pos (total [n])

FCU Pos (n)

Sensitivity (%) (95% CI)

Specificity (%) (95% CI)

PPV (%) (95% CI)

NPV (%) (95% CI)

k

At least moderate MR
At least mild MR
At least moderate AR
At least mild AR
At least mild AS
At least moderate TR
At least mild TR
LV dysfunction*
RV dysfunction*
Pericardial effusion*
Left atrial dilation
Right atrial dilation
Aortic root dilation
Overall*

43 (102)
84 (102)
22 (97)
52 (97)
29 (99)
14 (58)
49 (58)
59 (101)
18 (82)
12 (104)
90 (106)
43 (85)
38 (97)
368 (931)

43
83
17
46
33
19
46
68
25
13
78
38
40
374

81 (66–91)
95 (88–98)
68 (45–85)
83 (69–91)
97 (80–100)
86 (56–97)
94 (82–98)
92 (81–97)
78 (52–93)
58 (29–84)
84 (75–91)
67 (51–80)
74 (57–86)
81 (77–85)

86 (74–94)
83 (58–96)
97 (89–100)
93 (81–98)
93 (83–97)
84 (69–93)
100 (63–100)
67 (50–80)
83 (71–91)
93 (86–97)
88 (60–98)
79 (63–89)
80 (67–89)
87 (83–89)

81 (66–91)
96 (89–99)
88 (62–98)
93 (81–98)
85 (67–94)
63 (39–83)
100 (90–100)
79 (68–88)
56 (35–75)
54 (26–80)
97 (90–100)
76 (59–88)
70 (53–83)
80 (75–84)

86 (74–94)
79 (54–93)
91 (82–96)
82 (69–91)
98 (91–100)
95 (81–99)
75 (43–93)
85 (67–94)
93 (82–98)
95 (87–98)
50 (31–69)
70 (55–82)
82 (70–91)
87 (84–90)

0.68
0.77
0.71
0.75
0.86
0.62
0.83
0.60
0.53
0.50
0.55
0.46
0.53
0.67

CI, Confidence interval; NPV, negative predictive value; Pos, positive/abnormal findings; PPV, positive predictive value; RV, right ventricular;
SE, standard echocardiography.
*Moderate or greater pathology.

Figure 4 Image quality from a pocket-sized ultrasound system (top) compared with a high-end system (bottom). (A) Echogenic patient. (B) Moderate MR graded as mild by student. (C) Moderate AR graded as mild by student. (D) Aortic sclerosis.

hardly cause any adverse patient outcome. On the contrary, it could
be used to detect unsuspected or asymptomatic disease. If not detected, the patient is not worse off for not having had the examination. If a false positive were reported, the negative consequences
would be mitigated by the imperative that all positive findings would
be confirmed with standard echocardiography. However, as stated
by the ASE, the the implications of following up on abnormalities detected by the routine use of FCU at the time of physical examination, many of which would be false positives, also need to be
considered.24

Limitations
The mean FCU duration of 17 minutes is a major limitation and seems
very long and inappropriate in a clinical setting. FCU is undoubtedly
not feasible if significant extra time would be added to the physical
examination. Nevertheless, in this study, the main focus for the
students was to obtain all images according to the protocol, rather
than completing the examination as quickly as possible. Therefore,
a time limitation was not applied. The small number of training scans
may also partially explain the prolonged acquisition time. Future
studies could shorten this duration significantly, for instance, by
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omitting imaging windows and targets of analysis and by increasing
training time, to establish a clinically useful protocol.
We did not collect exact data to scientifically determine the value,
extent, or variability of the self-study module before the course. Most
students, however, reported 1 to 3 hours of learning. In addition, no
posttest component was involved in this module, although this is
advised in the latest FCU recommendations of the ASE.24
The study population was recruited from a tertiary hospital, where
patients have a high prevalence of cardiac disease. This was suitable
for the purpose of our study but limits the generalizability of our
results.
In the physical examination protocol, identification of the apex
impulse and palpation of the precordium were not included.
Consequently, assessment for systolic LV dysfunction was performed
only by FCU examination, not by physical examination.
The reference method for this study was the review reports from
standard echocardiography performed and reviewed by different cardiologists, and a certain degree of interrater variability must be anticipated. FCU examinations were intended to take place with as short
as possible an interval to standard echocardiography, to avoid hemodynamic alterations between examinations.
CONCLUSIONS
After brief group training, FCU with a pocket-sized scanner allowed a
selection of medical students to detect clinically relevant MR significantly better compared with physical examination. However, the detection of AR and AS suffered from considerable underestimation of
severity and accordingly did not improve significantly. LV dysfunction
was also detected with high sensitivity. Although the group model
educated a large number of students in an effective manner, the small
number of training scans per student limited performance and prolonged acquisition times. Therefore, more extensive training is advised.
SUPPLEMENTARY DATA
Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.echo.2014.08.001.
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Abstract Pocket-size imaging devices may represent a
tool for fast initial cardiac screening in the emergency
setting. Pocket-size cardiac ultrasound (PCU) examinations
performed by experienced echocardiographers yield
acceptable diagnostic accuracy compared to standard
echocardiogram (SE). However, the success of this method
when used by unselected non-cardiologists remains unexplored. The current study studies the diagnostic accuracy of
PCU when used by unselected internal medicine residents
with minimal training. All residents were given a 2-hour
introductory course in PCU (Vscan) and reported PCU
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results for up to 15 predefined cardiac landmarks. These
were arbitrarily divided into 3 priority groups, such that left
ventricle (LV) and pericardium were of first priority.
Diagnostic accuracy [sensitivity/specificity and negative/
positive predictive values (PPV/NPV)] and agreement were
evaluated using a subsequent SE as reference. During a
9.2 months period a total of 303 patients were included in
the study, the majority on the basis of presenting with chest
pain or suspected heart failure. In the pooled LV and
pericardial (1st priority) data, sensitivity/specificity/PPV/
NPV were 61/92/70/89 % respectively. Similar specificities and NPVs were observed for the 11 remaining indices,
as were lower sensitivities and PPVs. The best PCU sensitivity (76 %) was attained for the assessment of LV wall
motion abnormalities. Overall agreement was k = 0.50.
PCU examination performed by internal medicine residents
with minimal training could provide a suitable means of
ruling out cardiac pathology, as reflected in the high
specificities and NPVs. It is not, however, a satisfactory
tool for identifying patients with various cardiac disorders.
Keywords Pocket-size  Echocardiography 
Accuracy  Sensitivity  Specificity  Resident
Introduction
The European Association of Echocardiography (EAE)
defines pocket-sized imaging devices as echo machines
with limited functions [two-dimensional (2D), color
Doppler] and a simple measurement package [1]. These
machines do not therefore provide physicians with the
ability to perform a standard echocardiogram (SE), but they
may represent a tool for rapid point-of-care decision
making. They can be regarded as an advanced stethoscope
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providing bedside evaluation of abnormalities in myocardial and valvular function, as well as a means of locating
the presence of pericardial effusion. Pocket-size cardiac
ultrasound (PCU), when used by experienced echocardiographers, yields acceptable diagnostic accuracy compared
to SE, with sensitivity, specificity, and/or predictive values
near or over 90 % [2, 3], and acceptable agreement in
detecting LV pathology [4]. After a decade of lap-top
imaging devices, several studies have been able to verify
that non-cardiologists with 3–20 h training have achieved
good, accurate findings [5–7].
The purpose of the present study was to assess the
performance of a newly developed PCU device when
used by unselected residents working on-call in a medical
department. We hypothesized that residents, after a short
period of training similar to the lap-top studies above,
could utilize PCU in a variety of clinical settings,
including the diagnosis of impaired cardiac function, but
primarily the diagnosis of abnormal LV function and
pericardial effusion. We aimed to assess the diagnostic
accuracy of PCU, expressed in terms of sensitivity,
specificity, predictive values and agreement. As a reference standard, a subsequent blinded SE conducted by an
expert was used.

Methods
This is a cross-sectional validation and diagnostic accuracy
study following the entire staff of residents in an internal
medicine department performing PCU after completing a
predefined, limited training period. The study was conducted in accordance with the Declaration of Helsinki, and
has been approved by the Regional Committees for Medical and Health Research Ethics in Norway. The study is
written in accordance with the standards for reporting of
diagnostic accuracy studies (the STARD statement) [8].

Study protocol
Pocket-size cardiac ultrasound screening of patients was
performed by internal medicine residents working on call
outside of the hospital’s normal hours. The only inclusion criterion for PCU patient screening was that residents found a clinical indication to perform a PCU,
primarily upon patient admission, but also in hospitalized
patient acute scenarios. The residents were asked to
complete a form after each PCU examination in accordance with the cardiac diagnoses to be evaluated (listed
in Table 1). It was stressed that no clinical decisions
should be made based on PCU findings alone, such that
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patient management would be performed according to
established hospital routines. As such, the study was not
designed to evaluate the additional clinical value of PCU
in terms of patient management.
After written consent was obtained, a reference SE was
performed (blinded to the PCU results) by one of three
experienced level III echocardiographers [9] at the earliest
opportunity the following weekday. Reproducibility data
in our laboratory has been published and the coefficients
of variation for inter-observer variability (JEO and EA)
were 4.6 % for LV end-diastolic volume, 5.9 % for LV
end-systolic volume and 4.0 % for LV ejection fraction
[10].
Exclusion criteria for the reference SE were poor PCU
image quality (all four first priority landmarks not visualized), lack of informed consent, significant hemodynamic
changes between PCU and SE (not predefined, but in each
case decided by a consensus based on intravenous fluid
administration, treatment with diuretics or other medications, or cessation or initiation of arrhythmias) or if the
patient had been discharged before a SE could be
performed.
The devices used
The PCU examinations were performed using a Vscan
pocket-size ultrasound device. The SE was performed with
the Vivid E9 scanner (GE Vingmed Ultrasound, Horten,
Norway).
Residents and PCU training
All residents in the department received PCU training and
thereafter participated in the study. There were two residents on-call outside normal hours; one in the emergency
room and one in the coronary care unit (CCU). Two Vscan
devices, one at each location, were available at all times.
The residents were given a 2-hour training program.
First, a 1-hour bedside group session (5–6 residents per
group) included practical demonstrations of both the Vscan
and of image acquisition from the apical (4-chamber,
2-chamber and long axis) and subcostal views. The parasternal view (long axis) was also demonstrated and the first
session incorporated hands-on practice. This was followed
by a 1-hour individual hands-on training session which also
included the demonstration of a complete SE. During both
sessions, image interpretation was explained according to
the required evaluation protocol apparent from Table 1. No
systematic teaching sessions were undertaken during
patient inclusion, although feedback was given upon
consultation.
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Table 1 Echocardiographic landmarks and evaluation by pocket-size cardiac ultrasound (PCU) and standard echocardiogram (SE)
Pocket-size cardiac ultrasound

Standard echocardiogram

Visually (no/yes), A4C, LAX

Volume calculations using the biplane method of
disks (modified Simpson’s rule) [16]c

Priority 1
LV EF (\40 %)
LV dilated
LV WMA

Visually (no/yes), A4C, LAX, A2C
Calliper [5 mm in end-diastole in any view (no/yes)

Pericardial effusion
Priority 2
Aortic stenosis?

Calcified aortic ring and/or aortic cusps with
reduced opening together with a systolic
murmur (no/yes)

CW Doppler measurements of maximal velocity and
mean pressure gradient, including the aortic valve
area estimated by the continuity equation [17]

Aortic regurgitationa

Visual assessment of the jet area (no/yes) in
accordance with the ASE guidelines from
2003 [18]

Predominantly by vena contracta measurements.
Additionally, the pressure half time method was
incorporated when grading AR [19, 20]

Mitral regurgitationa
Aortic dilation
Priority 3
RV AF (\30 %)
RV dilated

Calliper C4.0 cm, (no/yes)
Area fraction in A4C [14]c

Visually (no/yes), A4C

b

Single plane area measurements in A4C [14]c

RV WMA

Visually (no/yes), A4C

Tricuspid regurgitationa
LA dilatedb

As described for aortic and mitral regurgitation
Visually (no/yes), A4C

RA dilatedb
Vena cava inferior

Biplane area-length method from A4C and LAX
[21]c
Single plane area-length method from A4C [14]c

The diameter (calliper) in inspirium and expirium. Reported as normal, collapsed or dilated

LV left ventricle, EF ejection fraction, WMA wall motion abnormalities, RV right ventricle, AF area fraction, LA left atrium, RA right atrium,
PCU pocket-size cardiac ultrasound, SE standard echocardiogram, A4C apical 4-chamber view, LAX apical long axis view, A4C apical
2-chamber view, CW continuous wave Doppler, ASE American Society of Cardiology, AR aortic regurgitation
a

CModerate

b

For the RV, LA and RA, chamber dilation was arbitrarily defined as the chamber in question being greater than half the size of the LV
dimension in the 4-chamber view
c
Normal values for chamber dimensions and contractility in our echolab have been published previously [22]

Priority of landmarks to be studied and their evaluation
by both methods
Presented in Table 1 are the echocardiographic diagnoses
and landmarks which were to be visualized and evaluated,
the methodological evaluations of the two methods, as well
as the priority given to each diagnosis. A consensus was
reached amongst the authors that the diagnoses to be
studied should be subdivided into three priority groups on
the basis of their potential clinical importance and the ease
of obtaining good quality images. First priority was given
to left ventricular (LV) systolic function and dimension, as
well as the finding of pericardial effusion or not. If such an
assessment was deemed unfeasible by the resident, the
examination affected was not reported in the study.
Statistics
Statistical analyses were performed using SPSS for Windows, version 17 (IBM SPSS Statistics, IBM Corporation,
Armonk, NY, USA). A Shapiro–Wilk test was used to test

variables for the assumption of normality. Continuous
variables with a near normal distribution are presented as
either mean followed by standard deviation (SD) or range
where appropriate, whereas data with a skewed distribution
is presented as median followed by interquartile range
(IQR). Categorical data is presented in terms of proportions. An independent samples t test was used for the
comparison of normally distributed continuous data, while
for skewed continuous data an independent sample Mann–
Whitney U test was used. Proportions were analyzed using
a Chi square test. Two-tailed p-values lower than 0.05 were
considered statistically significant.
Accuracy was reported as sensitivity, specificity and
positive/negative predictive values (PPV/NPV). Accuracy
was calculated with for each diagnosis using binary no/yes
variables and is presented as percentage (95 %CI). This
was also done for each priority group, for the examination
clusters (cumulative by resident) and the pooled data of all
diagnoses. Agreement was calculated using Cohen’s Kappa
coefficient for inter-rater agreement (k) for categorical
variables. Kappa values of less than 0.2 were interpreted as
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‘slight’ agreement, 0.21–0.4 as ‘fair’, 0.41–0.6 as ‘moderate’, 0.61–0.8 as ‘good’ and 0.81–1.00 as ‘very good’.
The proportion of diagnoses studied within the three
priority groups was calculated as: Number of actual registrations divided by all potential landmarks to be studied 9 100 (%).

Results
Patient screening started September 6th 2011 and ended
June 8th 2012 (9.2 months). A flow chart depicting the
number of screened (n = 435), included (n = 303) and
excluded (n = 135) patients is provided in Fig. 1. There
were no exclusions for low quality PCU imaging. Appendices I–IV show flow charts (for each of the first priority
diagnoses) reporting the number of participants who, having satisfied the inclusion criteria, did/didn’t undergo index
tests and/or the reference standard.
Clinical characteristics of 303 included versus 132
excluded patients screened with PCU are summarized in
Table 2. The latter group was approximately 7 years
younger and had a larger proportion of males. The most
frequent factors indicating the need for PCU reported were
chest pain and suspected heart failure (Table 3).
All 26 internal medicine residents participated in the
study. The average resident experience was 1.6 years
(range 0–6), with 3 residents (12 %) reporting previous
experience with cardiac ultrasound. The number of examinations per resident is presented in Fig. 2 as a histogram
with a median of 14 examinations per resident (range
0–57). Sixteen residents (62 %) performed more than one
examination per month.
The mean (SD) PCU examination duration was 8.3
(3.9) min and the median (IQR) time period from PCU to
reference SE was 8 (2–16) h. Pathology was found in 16 %
of all cardiac indices studied, as opposed to 19 % with SE
(p \ 0.001).
Diagnostic accuracy
Data on diagnostic accuracy in the three priority groups is
presented in Table 4. In the pooled data of diagnoses the following diagnostic accuracy was found (95 %CI); sensitivity 54
(50–58) %, specificity 92 (91–93) %, PPV 64 (60–68) % and
NPV 89 (88–90) %. Overall agreement was k = 0.50. There
were no differences between diagnostic accuracy data from
patients with versus without atrial fibrillation (p = 0.15).
Priority group 1
The fraction of diagnoses and landmarks studied was 92 %
in priority group 1. Table 4a shows the diagnostic accuracy
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Fig. 1 A flow chart showing those patients screened with PCU
subsequently found to be eligible for reference standard examination.
A full flowchart is presented for each of the first priority cardiac
indices in electronically available appendices. Excluded patients have
been stratified according to the reason for their exclusion. PCU
pocket-size cardiac ultrasound, LV left ventricle, EF ejection fraction,
WMA wall motion abnormalities

of each of the cardiac diagnoses in this group. Sensitivity
and PPV were greatest for the diagnosis of LV wall motion
abnormalities. Specificity was C88 % for all diagnoses.
NPV was greatest for the diagnosis of pericardial effusion:
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Table 2 Characteristics of the study population
Included

Excluded

p value

Number of cases

303 (69.7)

132 (30.3)

–

Male

185 (61)

95 (72)

0.03

76 (25)

27 (21)

0.30

Age (years)

73 (56–83)

66 (48–81)

0.007

BMI (kg/m2)

25 (23–28)

n.a.

–

Heart rate

80 (68–95)

80 (69–100)

0.66

130 (120–160)

0.52

80 (69–90)

0.18

N (%)

Atrial fibrillation

detecting RV disease yielded a high NPV with narrow
confidence intervals. For RV wall motion abnormalities
and RV dilation, NPVs were the highest calculated. In
terms of detecting pathology in the group as a whole,
sensitivity, specificity, PPV, NPV was 52, 91, 59, and 88 %
respectively.
Agreement

Median (IQR)

Systolic BP (mmHg)

130 (120–155)

Diastolic BP (mmHg)

80 (65–87)

N number, IQR interquartile range, BMI body mass index, BP blood
pressure
Table 3 Reported clinical symptom/symptom combination necessitating a pocket-size cardiac ultrasound (PCU) examination (included
patients only)
N (%)
Chest pain

133 (43.9)

Heart failure

87 (28.7)

Occult infection (endocarditis)

13 (4.3)

Pulmonary embolism

11 (3.6)

Pericarditis

11 (3.6)

Arrhythmia

10 (3.3)

Pathology of the aorta
Murmur

8 (2.6)
8 (2.6)

ECG with ST-segment abnormalities

7 (2.3)

Pericardial effusion

6 (2.0)

Dehydration

5 (1.7)

Other

4 (1.3)

N number, ECG electrocardiogram

range of 84–96 %. The PPVs ranged between 60 and 80 %.
Taken as a whole, in the pooled data of priority 1 diagnoses
the sensitivity, specificity, PPV and NPV was 61, 92, 70,
and 89 % respectively.
Priority group 2
The proportion of second priority landmarks studied was
63 % (Table 4b). Correct diagnosis sensitivity was
30–52 %, whilst specificities were the highest calculated in
the cohort. For all these diagnoses, NPV was higher than
85 %. Overall, the sensitivity, specificity, PPV and NPV
was 44, 92, 44, and 92 % respectively.
Priority group 3
In priority group 3 (Table 4c), 59 % of all potential diagnoses were studied. The diagnostic accuracy in terms of

As shown in Table 4, agreement expressed as k ranged
from 0.17 to 0.64 and was highest for LV wall motion
abnormalities. Of the 15 diagnoses studied, one had a
kappa value categorized as ‘good’, 9 as ‘moderate’, 4 as
‘fair’ and one as ‘slight’. Agreement calculated from the
pooled data of diagnoses in each of the priority groups was
k = 0.56 for group 1, k = 0.47 for group 2 and k = 0.45
for group 3.
Table 5 explores the overall ability of residents over
time, where only data from the first priority diagnoses is
presented. The residents’ 1 to 9th, 10th to 19th and so forth
examinations are clustered with an apparent trend for
improvement in sensitivity, specificity, PPV and k by the
increasing number of performed examinations.

Discussion
The present study demonstrates that the ability of unselected internal medicine residents with limited PCU training to detect patients with impaired cardiac function,
pericardial effusion and valvular heart disease by PCU was
insufficient. The method proved, however, an acceptable
means of indentifying patients with a normal echocardiogram; hence those with negative findings had a higher
probability of normal cardiac condition. The best diagnostic accuracy was obtained in the majority of the cardiac
indices arbitrarily given first priority, both during training
and in the examination protocol. Such diagnoses were a
LVEF \40 % and the presence of LV WMA.
Only two-thirds of the residents undertook more than
one monthly examination during the study period, indicating that the PCU was underused. Prinz et al. [11] have
shown that an untrained cardiology fellow who underwent
intense training and received continuous feedback over
8 weeks greatly improved PCU agreement with the reference method. Our study was not designed to compare the
diagnostic accuracy of PCU by residents with different
training levels, nor is it a learning curve comparison
between frequent and infrequent users. Cut-off points in
terms of these factors could not therefore be obtained, but
we see a trend indicating improved accuracy from
increasing volume of performed examinations, even with
the low level of training and feedback applied in this study.
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Fig. 2 A histogram of the
number of examinations
performed per resident during
the study period (303 included
patients only). The horizontal
line is drawn as a cut-off
between residents having
performed more or less than one
examination per month

This trend thus indicates an improvement with time since
those with a higher number of examinations will have
gained a better experience during the study period than
those with fewer examinations. Clearly, future studies of
unselected residents are needed in order to assess the
association between training level, number of examinations
and diagnostic accuracy.
In this context, a recent consensus document [12] has
suggested that non-cardiologists should follow a far more
extensive training programme than that applied in the
present study. Consisting of a 40-hour introductory course,
350 reviewed examinations and the independent performance of C75 PCU examinations, this programme
resembles the present EAE protocol for basic competence
[9]. Such a programme would be challenging to implement
in a large group of residents in a general hospital. It
requires time to be set aside which would otherwise be
spent on patients, and until outcome studies and cost/benefit analyses are presented, hospital administrations might
be reluctant to initiate a programme of this magnitude.
The two major symptoms necessitating a PCU were
acute chest pain and dyspnoea (potential heart failure). It is
vital for both conditions that LV pathology and pericardial
effusion are recognised or ruled out. In chest pain patients
without significant ST-T changes in the electrocardiogram,
the early detection of LV wall motion abnormalities (where
PPV was found to be relatively high) may identify patients
with severe coronary artery stenosis needing rapid invasive
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management. In dyspnoeic patients it is prudent to identify
those with impaired LV systolic function compatible with
heart failure, where an important differential diagnosis
could be severe pulmonary embolism with RV dilation and
hypokinesia. In terms of the distinction between heart
failure with decreased LVEF and pulmonary embolism, it
is of interest that the specificity and NPV for both LV and
RV disease are high (notably wall motion abnormalities
and dilation), which indicates PCU’s value in terms of
ruling out significant ventricular disease. The PPV for LV
wall motion abnormalities and LV EF \40 % was moderate to high (a positive test is reliable in about 75–80 % of
cases), but the rather low sensitivity of LVEF was disappointing. Furthermore, finding pericardial effusion would
be quite helpful in the assessment of both conditions. The
low sensitivity for this diagnosis was therefore disappointing as the missed diagnosis of significant pericardial
effusion may have serious consequences. This underlines
the importance of a control SE in cases where there is
either unexplained dyspnoea or x-ray evidence of
cardiomegaly.
To the best of our knowledge, this is the first study to
evaluate PCU performance as attained by unselected
internal medicine residents with varying motivations and
skill. The results suggest that the level of training offered is
not such that PCU be used as a stand-alone tool in diagnostics of cardiac pathology. The rather extensive examination protocol applied includes diagnoses such as aortic
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Table 4 Results from pocket-size cardiac ultrasound (PCU) examinations as performed by internal medicine residents with minimal training.
Validated by a standard echocardiogram (SE)
PCU & SE
Nregistrations

PCU
Nabnormal

SE
Nabnormal

Sens
(95 %CI) %

Spes
(95 %CI) %

PPV
(95 %CI) %

NPV
(95 %CI) %

k

LV EF (\40 %)

283

62

81

57 (45–68)

92 (87–95)

74 (61–84)

84 (79–89)

0.53

LV dilated

293

40

52

46 (33–60)

93 (89–96)

60 (43–75)

89 (84–92)

0.43

LV WMA

261

93

96

76 (66–84)

88 (82–92)

79 (69–86)

86 (80–91)

0.64

Pericardial effusion

282

21

20

45 (24–68)

95 (92–98)

43 (23–66)

96 (92–98)

0.40

Aortic stenosis?

194

31

42

52 (37–68)

94 (89–97)

71 (52–85)

88 (82–92)

0.51

Aortic regurgitationa

187

4

10

30 (8–65)

99 (96–100)

75 (22–99)

96 (92–98)

0.41

Mitral regurgitationa

250

24

39

41 (26–58)

96 (92–98)

67 (45–84)

90 (85–93)

0.44

Aortic dilation

169

9

10

30 (8–65)

96 (92–98)

33 (9–69)

96 (91–98)

0.28

(a) Priority 1

(b) Priority 2

(c) Priority 3
RV AF (\30 %)

146

8

24

21 (8–43)

98 (92–99)

63 (26–90)

86 (79–91)

0.25

RV dilated

240

32

20

65 (41–84)

91 (87–95)

41 (24–59)

97 (93–99)

0.44

RV WMA

149

11

9

56 (23–85)

96 (91–98)

46 (18–75)

97 (92–99)

0.46

Tricuspid regurgitationa

144

12

29

31 (16–51)

97 (92–99)

75 (43–93)

85 (77–90)

0.36

LA dilated

265

85

94

62 (51–71)

84 (78–89)

68 (57–78)

80 (73–85)

0.47

RA dilated

214

57

57

61 (48–74)

86 (79–91)

61 (48–74)

86 (79–91)

0.47

Vena cava

84

22

27

37 (20–58)

79 (63–83)

46 (25–67)

73 (60–83)

0.17

Number of registered PCU examinations of each landmark, n abnormal findings by PCU and SE, kappa value for inter-rater agreement between
the two methods and the respective sensitivity, specificity, positive predictive and negative predictive value for detection of cardiac pathology by
PCU
N number, Sens sensitivity, CI confidence interval, Spec specificity, PPV positive predictive value, NPV negative predictive value, k Cohen’s
kappa for inter-rater agreement, LV left ventricle, EF ejection fraction, WMA wall motion abnormalities, RV right ventricle, AF area fraction
a

CModerate

Table 5 Overall accuracy over time (number of performed examinations per resident) to correctly evaluate the first priority diagnoses
N examinations by
resident

PCU & SE
Nregistrations

PCU
Nabnormal

SE
Nabnormal

Sens
(95 %CI) %

Spes
(95 %CI) %

PPV
(95 %CI) %

NPV
(95 %CI) %

k

1–9 examinations

600

197

129

53 (45–62)

73 (69–77)

35 (28–42)

85 (81–88)

0.22

10–19 examinations

333

116

67

55 (43–67)

70 (64–76)

32 (24–41)

86 (81–90)

0.20

20–29 examinations

140

50

45

62 (47–76)

77 (67–85)

56 (41–70)

81 (71–88)

0.38

30–35 examinations

50

15

13

62 (32–85)

81 (64–91)

53 (27–78)

86 (69–95)

0.41

Number of registered PCU examinations, n abnormal findings by PCU and SE, kappa value for inter-rater agreement between the two methods
and the respective sensitivity, specificity, positive predictive and negative predictive value for detection of cardiac pathology by PCU for the first
priority diagnoses. The data is clustered so that each resident’s 1st to 9th, 10th to 19th and so forth examinations are pooled
N number, PCU pocket-size cardiac ultrasound, SE standard echocardiogram, Sens sensitivity, CI confidence interval, Spec specificity, PPV
positive predictive value, NPV negative predictive value, k Cohen’s kappa for inter-rater agreement

stenosis, quantification of valvular regurgitations, atrial
chamber dilation and extensive RV studies for which PCU
is unsuitable given the lack of advanced measurement
capabilities.
However, with the differences in diagnostic accuracy
between priority groups in mind, we would argue that PCU
can be used as an additional diagnostic tool in the initial

patient assessment for ruling out a limited number of cardiac diagnoses, such as LV dysfunction and pericardial
effusion (the first priority diagnoses in this study). With
reference to the Prinz et al. [11] study, intense and focussed
PCU training is required, as is a detailed examination
protocol linked to specified symptoms explaining how to
interpret the findings.
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The low sensitivity and PPV of PCU is important to
notice, and underline that PCU should not replace the SE,
but rather only be used in emergency settings whenever the
SE is unavailable.

Study limitations
A subsequent SE examination was only feasible in twothirds of those screened with PCU. This was a result of
both administrative and medical factors. A lower proportion of excluded patients might have been achieved if all
SEs could have been performed blindly by an expert on
short notice following the initial PCU.
Comparison of PCU and SE is complicated by their
means of assessment; the former is performed by novices
using visual assessments only, whilst the latter is performed
by experts who in addition also perform quantitative measurements. Clearly, these discrepancies preclude the possibility of excellent diagnostic accuracy. An alternative might
have been to use PCU performed by an expert as reference,
as in the clinical PCU study of Panoulas et al. [13]. InterPCU comparisons would then be solely based upon visual
assessments of chamber sizes, LVEF and the colour flow
area of regurgitant jets. Following in-depth debates about
the value of such eye-ball assessments, current guidelines
recommend quantitative measurements for the evaluation of
chamber sizes and function [14], as well as for valvular
regurgitations [15]. We would therefore argue that SE must
still be regarded as the gold standard, although the data
obtained for inter-observer agreement for LV volumes from
our previous study indicate that even this method is hampered by potential inaccuracies.

Conclusions
The hypothesis that unselected internal medicine residents
could utilize PCU successfully in a variety of clinical settings could not be confirmed. We found PCU to be infrequently used by residents, and with an overall low
sensitivity. A fair diagnostic accuracy was observed for LV
systolic function and LV wall motion abnormalities, which
were arbitrarily chosen as first priority evaluation landmarks. The PCU method provides a suitable means of
ruling out significant disease, as was reflected in its high
specificity and NPV.
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a b s t r a c t
Background: Recent developments in 3-dimensional echocardiography (3DE) have resulted in smaller probes,
faster data acquisition and wider applicability. In spite of this, there is still an ongoing debate as to its ability
to provide additional information to 2DE in general hospital clinical practice.
Methods: A systematic literature search in EMBASE and MEDLINE was performed in order to identify original
articles comparing the two techniques. Studies with a blinded comparison between 2DE and 3DE against a
“gold standard” were included; these studies comprised patients with well deﬁned inclusion and exclusion
criteria. The number of patients, selection criteria, echo manufacturer, cardiac disorder, and types of comparisons, along with “gold standard” and principal results were compared.
Results: A total of 836 original articles were identiﬁed, of which 35 were screened for eligibility. 20 studies
from 18 publications were included for analysis. The results for LV assessment and reproducibility were clearly in favour of 3DE. In valvular heart disease the superiority of 3DE was also apparent, but was less convincing
due to patient selection, methodological problems and the application of questionable “gold standards”.
Conclusions: In patients with a regular heart rhythm and for whom it was possible to obtain good quality images the introduction of 3DE has improved the accuracy and reproducibility of LV volume and EF measurements. The results for valvular heart disease are still controversial. It does not seem justiﬁable to introduce
3DE into common cardiac practice. Further studies are needed in order to support such an implementation.
© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
The introduction of a 3-dimensional (D) matrix array probe in
2003 allowed rapid and real-time acquisition of 3D images. Since
then this technique has improved, resulting in smaller probes and
faster data acquisition. In spite of the wide applicability of 3D echocardiography (E), there is still a debate ongoing as to whether it provides additional information to 2DE in general clinical practice.
Established indications for 3DE are the visualization of mitral valve
morphology for optimal surgical reconstruction of regurgitant lesions,
guidance during surgery and catheter-based procedures. In hospitals
without cardiac surgery, however, the clinical scenario is quite different from that in cardiac intervention centres. Central tasks in daily
practice are the assessment of left ventricular (LV) function and the
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severity of valvular heart disease. The introduction of 3DE requires
greater skill and training, and as such has a demanding learning
curve. Introducing 3DE into common cardiac practice is therefore
still a controversial debate.
The premise of this review was to explore whether 3DE systems
perform better than 2DE in the transthoracic (TT) assessment of LV
volumes and valvular disease. Such information might be of importance for the future echocardiographic patient management, especially as the 3DE technique is under continuous development. In order to
avoid bias due to older systems, the review exclusively comprises
publications from the last 5 years.
2. Methods
We aimed to include studies with a head-to-head comparison of contemporary
echocardiographic systems where patients were admitted to TTE for assessment of
either LV systolic function or valvular heart disease. Study participants should have
been consecutively referred to TTE, with the results obtained with the two methods
having been validated against a “gold standard”. English-language original articles published between 2007 and 2012 were assessed for eligibility. Reviews, guidelines, recommendations, abstract-only, single case reports and letters-to-editor were not included.

Author's personal copy
V. Ruddox et al. / International Journal of Cardiology 168 (2013) 1306–1315
2.1. Systematic search strategy
We searched two electronic databases, EMBASE and MEDLINE from January 1,
2007 to January 14, 2012. In addition, a search for articles ahead of print (Epub) was
performed in PubMed on April 25, 2012. Our search strategy combined text words
and subject headings to identify reports relating to the assessment of LV function,
left sided valvular heart disease and associated cardiac diseases by 3DE, as apparent
from the search strategy in the Additional ﬁle I. The reference lists from 19 identiﬁed
reviews on LV assessment and/or left sided valvular lesions retrieved from the search
(Additional ﬁle II) and 4 EAE/ASE recommendations [1–4] were also scanned in order
to identify any relevant publications.
Three investigators (VR, MB and JEO) independently reviewed all titles and abstracts to identify potentially eligible articles and resolved discrepancies by repeated
review and discussion.
2.2. Study selection criteria
Studies included in the review needed to have a blinded comparison of 2DE and
subsequent 3DE in the same patients. The method applied as “gold standard” needed
to be reported in detail. This was not required for studies on reproducibility of LV
parameters, which represented a pure comparison between the two methods only.
Studies needed to have selected patients admitted to TTE as part of the routine in the
hospital. We required an arbitrary minimum of two studies per valvular lesion. If that
was not applicable, we chose to include studies with valuable information as a compromise in order to obtain such a minimum.
We prospectively chose to exclude the following: studies based upon bi- or
tri-plane recordings with 2DE probes, studies on structural abnormalities for the planning of surgical procedures in patients already selected for cardiac surgery, studies on
highly selected patients undergoing percutaneous valvular repair and studies including
survivors of the index hospital events who had to give their informed, written consent
to be followed up.
2.3. Inter-study comparisons between 3DE and 2DE
For LV assessment, data on LV end-diastolic volume, LV end-systolic volume and
ejection fraction (EF) were collected. In the severity grading of aortic (AS) and mitral
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stenosis (MS) calculations of aortic (AVA) and mitral valve area (MVA) were searched.
In aortic (AR) and mitral regurgitation (MR) studies the severity grades were needed
to have been assessed from vena contracta (VC) width measured by 2DE, VC area by
3DE and on the effective regurgitant oriﬁce area (EROA) by the reference method
chosen as “gold standard”. In addition, MR evaluation could also be estimated from
the regurgitant volume as obtained from adding the velocity time integral (VTI)
obtained with continuous wave (CW) Doppler.

3. Results
3.1. Study selection
The study selection process is presented in Fig. 1. A total of 836
citations were identiﬁed in the search, of which 825 were unique records and an additional 11 from other sources. Of the 35 full-length
original articles screened, 18 were accepted. Two incorporated both
LV assessment and reproducibility [5,6]. Accordingly, 20 studies
were included in the review, of which 5 were collected from other
sources. The 17 excluded articles are listed in Additional ﬁle III. Studies
retrieved from other sources are marked with add-on in the text.
In total, excluding the article comprising reproducibility data only
[7], 927 patients were examined with 2DE and 3DE vs. a “gold standard” (or a “comparative approach”) in 17 studies (range 15–178
patients). In addition, 82 individuals were examined in 3 studies exploring the reproducibility of LV volumes and EF. The following echocardiographic systems were used: Sonos 7500 with Tomtec software
(n=8), Philips IE 33 with various versions of Q-Lab software (n= 8),
General Electric (GE) Vivid 9 with 4D AutoLVQ software (n=1) and
a combination of Sonos 5500 and Acuson 128 XP using Q-Lab software
(n=1).

Citations identified through
database screening, n = 825

Additional citations identified through other
sources, n = 11
Total number of records,
n = 836

Citations screened, n = 836
Citations excluded based upon titles and
abstracts, n = 801
Full text articles assessed for
eligibility, n = 35

Full text articles excluded, n = 17
No head-to-head comparison between
2DE vs. 3DE: n = 8
No "gold standard" or" comparative
approach": n = 6
Highly selected patients to undergo cardiac
surgery for valvular heart disease: n = 3

Studies included: n = 20*

* 2 studies have been assessed for both LV accuracy and reproducibility [5,6]. Hence, the number of
publications is 18.
Fig. 1. Flow of information obtained from a systematic search of 2 databases (MEDLINE and EMBASE) as well as PubMed (Epub ahead of print), with the addition of citations identiﬁed through other sources. Abbreviations: 2DE = 2 dimensional echocardiography; 3DE = 3 dimensional echocardiography; LV= left ventricle.
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3.2. Study characteristics
3.2.1. Inclusion and exclusion criteria in the comparative studies — Fig. 2
In all but one of the 6 studies selected for LV quantiﬁcation a
prerequisite was sinus rhythm. Common exclusion criteria were
poor quality images, atrial ﬁbrillation (AF) and signiﬁcant cardiac
co-morbidities. Although the studies incorporated 3DE measurements
based upon 4–7 consecutive beats, only two reported that the inability
to hold breath was an exclusion criterion.
In 2 of 11 studies on valvular disease, an unknown number of patients with AF were included, provided they were normofrequent and
without stitch artefacts. Otherwise, the pattern of exclusion criteria
was quite similar to the LV studies, except from a larger percentage
exclusions for inability to hold breath.

3.2.2. Left ventricle assessment — Table 1
In a follow-up study of post-myocardial infarction (MI) patients
with various degrees of LV dysfunction, Jenkins et al. [5] (add-on)
found that correlations with magnetic resonance imaging (MRI) for
changes in LV parameters were superior for 3DE compared to 2DE.
The same study group [6] (add-on) published a study on the accuracy of LV volume measurements with and without the use of echo
contrast in patients with a history of MI. The non-contrast results
were clearly in favour of 3DE, and the use of contrast enhanced the
performance of both echo methods.
In the study of Chukwu et al. [8] (add-on) data on differences in
measurement errors is provided for normal and post-MI patients
examined with 2DE and voxel-based 3DE. With 2DE the accuracy of
measurements was limited by image position, geometric assumption
and boundary tracing. The two former may be addressed using 3DE,
which had a superior accuracy when compared with 2DE in both
study subgroups.
Caselli et al. [9] included patients from an out-patient clinic who
were followed up in terms of major cardiovascular events, which
occurred in 31 patients (17%). The predictive baseline values of LV volumes and EF measured by 3DE were clearly superior to those obtained
with 2DE.

In a study of patients with ischaemic cardiomyopathy and LV
aneurysm by Marsan et al. [10], Bland–Altman analysis revealed a
systematic underestimation of LV volumes for both 3DE and 2DE vs.
MRI, with the largest bias occurring between 2DE and MRI.
Muraru et al. [11] (add-on) included patients referred for routine
echocardiography and LV function assessment. The data presented
in Table 1 is from a subset of 23 patients with clinical indication for
MRI, which was then used as “gold standard”. An underestimation
of LV volumes was observed with the two echo methods vs. MRI,
with this only being signiﬁcant for 2DE. Linear regression and bias
with Bland–Altman analyses for LV volumes and EF vs. MRI were superior for 3DE as compared with 2DE.
3.2.3. Left ventricle reproducibility — Table 2
In the study by Jenkins et al. [5] variability was determined by
using the same set of images obtained by two methods, 2DE and
3DE, by two separate sonographers in 20 patients. For intra-observer
variability measurements on the same dataset were repeated by
the same sonographer an average of 1 week apart. Intra-observer variability was rather similar between the two methods, whereas interobserver variability was better for 3DE than 2DE. Signiﬁcant interand intra-observer agreements for LV volumes were found for 3DE,
but not for 2DE.
The same group [6] studied another 20 patients for inter-observer
variability. Table 2 presents data for non-contrast examinations. The
only signiﬁcant difference was found for LV end-diastolic volume
measured by 2DE.
In the normal reference study of Aune et al. [7] (add-on), 20 randomly selected individuals underwent two separate 2DE and 3DE examinations two to four weeks apart. The echocardiographers had no
access to previous images or results (blinded study). Another 22 individuals were examined in the same way, where endocardial tracings
from the ﬁrst examination but no results were available during the
second examination (unblinded study). Unblinded reproducibility
was far better with both methods. 3DE volumes were automatically
stitched from 4 to 5 beats as opposed to 2DE where 6 beats were
manually traced and averaged for each parameter. Data acquisition
took 5 min with 3DE and 20–30 min with 2DE.

Fig. 2. The distribution of common exclusion criteria in the 17 selected studies for the quantiﬁcation of LV volumes and valvular disease for comparison between 2DE and 3DE in
general practice. Abbreviations: LV = left ventricle; QI = quality imaging; AF = atrial ﬁbrillation; BH = breath hold.
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Table 1
Left ventricle assessment.
Study

n pts. (machine)

Gold standard

Type of comparison

Jenkins et al. [5]

50 PMI (Sonos 7500, Tomtec)

MRI

Changes in LVV and EF one
year post MI

Parameter

△LVEDV
△LVESV
△LVEF
Jenkins et al. [6]

50 PMI (Sonos 7500, Tomtec)

MRI

Accuracy of non-contrast
echo measurements
LVEDV, ml
LVESV, ml
LVEF, %

Chukwu et al. [8]

35 N 34 PMI
(Sonos 7500, Tomtec)

MRI

Error of boundary tracing
LVEDV
LVESV
LVEF

Caselli et al. [9]

Marsan et al. [10]

178 consecutive out-pts.
(Sonos 7500, Tomtec)

52 pts with LV aneurysm
(Philips IE 33 Q-Lab 6.0)

45 months
relationship
to MACE

Hazard ratio of LV
measurements
for MACE

MRI

Mean LVV and EF with 2DE,
3DE and MRI

LVEDV
LVESV
LVEF

LVEDV, ml
LVESV, ml
LVEF, %
Muraru et al. [11]

23 (GE Vivid E9 4D
AutoLVQ, corrected)

MRI

Comparison of mean LVV
and EF with 2DE, 3DE
and MRI

LVEDV, ml
LVESV, ml
LVEF, %

Results
Correlations of changes vs. MRI
2DE
3DE
r = 0.02 (p = 0.90)
r = 0.47 (p b 0.01)
r = 0.17 (p = 0.24)
r = 0.44 (p b 0.01)
r = −0.03 (p = 0.87)
r = 0.58 (p b 0.01)
Mean deviations from MRI (SD)
2DE
3DE
−41 (21)
−6 (14)
−22 (18)
0 (3)
−2 (4)
0 (3)
Percentage errors vs. MRI
2DE
Voxel-based 3DE
36 (N) 33 (PMI)
3 (N) 8 (PMI)
52 (N) 41 (PMI)
10 (N) 11 (PMI)
21 (N) 27 (PMI)
7 (N) 18 (PMI)
Hazard ratios for MACE
2DE
3DE
n.s.
1.014, p = 0.014
1.047, p = 0.031
1.018, p = 0.003
n.s.
0.032, p = 0.0194
Mean values (SD)
2DE
3DE
247 (71)
267 (75)
180 (74)
193 (71)
29 (11)
29 (10)
Mean values (SD)
2DE
3DE
110 (30)⁎
126 (34)
49 (17)⁎
51 (17)
55 (9)
52 (7)

MRI
288 (87)
213 (91)
28 (12)
MRI
137 (36)
65 (20)
53 (8)

Abbreviations: PMI = post-myocardial infarction patients; MRI = magnetic resonance imaging; LVV = left ventricle volume; EF = ejection fraction; MI = myocardial infarction;
LVEDV = left ventricular end-diastolic volume; LVESV = left ventricular end-systolic volume; LVEF = left ventricle ejection fraction; 2DE = 2 dimensional echocardiography;
3DE = 3 dimensional echocardiography; SD = standard deviation; N = normals; MACE = major cardiovascular events.
⁎ p ≤ 0.01, paired t test compared with MRI values.

3.2.4. Aortic valve area in aortic stenosis
For many years AVA has been calculated with 2DE using the continuity equation. The method chosen as “gold standard” for AVA in the
pioneering study of Skjaerpe et al. [12] was the Gorlin formula [13].
For the present review studies with 3DE measurements of the left ventricular outﬂow tract (LVOT) area combined with CW Doppler for the
continuity equation have been termed “hybrid”, as opposed to “direct”
when AVA was measured with 3DE-derived planimetry.
3.2.4.1. Hybrid studies — Table 3A. Gutierrez-Chico et al. [14] examined
41 consecutive patients referred to an invasive cardiology department with a maximal transaortic gradient > 20 mm Hg. The “gold
standard” was measurement of AVA with the Gorlin formula during

a left–right cardiac catheterization. For 2DE AVA was calculated
with the continuity equation. In the 3DE study LV stroke volume
was derived from semi-automated border detection. AVA was then
calculated by dividing LV stroke volume by the Doppler VTI through
the aortic valve. Based upon intraclass correlation coefﬁcients 3DE
had both a better linear association and an absolute agreement with
Gorlin than 2DE. The 3DE AVA was slightly underestimated, but its
range was of no clinical importance.
Khaw et al. [15] studied 83 patients with moderate to severe AS.
The “gold standard” was invasive measurements in 29 patients applying the Gorlin formula. 2DE-guided M-mode echo was used to determine LVOT diameter in the parasternal long axis view. With 3DE a
perpendicular plane was chosen at the level of transition from the

Table 2
Left ventricle reproducibility.
Study

n pts.

Assessment of variability

Jenkins et al. [5]

20

Agreement based upon mean
differences (SD)

Jenkins et al. [6]

20

20

Signiﬁcant differences between
observers (SD)
Coefﬁcients of variation (%)
a) Blinded study

22

b) Unblinded study

Aune et al. [7]

Parameters

Intraobserver variability

Interobserver variability

2DE

3DE

2DE

3DE

LVEDV, ml
LVESV, ml
LVEF, %
LVEDV, ml
LVESV, ml

−11 (50)
−1 (37)
−3 (16)
n.a.
n.a.

15 (44)
−6 (24)
5 (10)
n.a.
n.a.

32 (48)
17 (28)
1 (19)
138 (43)–152 (42), p = 0.02
83 (33)–85 (33), n.s.

−7 (53)
2 (23)
−1 (11)
212 (64)–212 (62), n.s.
126 (62)–127 (61), n.s.

LVEDV
LVESV
LVEF
LVEDV
LVESV
LVEF

16.0
16.8
11.1
8.6
10.0
6.8

11.3
15.0
6.3
5.7
7.7
6.3

n.a.
n.a.
n.a.
4.6
5.9
4.0

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

Abbreviations: 2DE = 2 dimensional echocardiography; 3DE = 3 dimensional echocardiography; SD = standard deviation; LVEDV = left ventricle end-diastolic volume; LVESV = left
ventricle end-systolic volume; LVEF = left ventricle ejection fraction; n.a.= not available; n.s. = not signiﬁcant.
Head-to-head comparison studies on reproducibility with 2DE vs. 3DE.
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Table 3
Aortic valve area in aortic stenosis.
Study

n pts. (machine)

SV
3DE

2DE

Gold standard

Evaluation

Results

2DE:
3DE:
2DE:
3DE:

A. Hybrid
Gutierrez-Chico et al. [14]

41 (Philips IE 33, SABD)

LV volumes from SABD

CE

Invasive, Gorlin

ICC vs. Gorlin

Khaw et al. [15]

29 (Sonos 7500, Tomtec)

LVOT area +PW Doppler

CE

Invasive, Gorlin

Correlation coefﬁcient vs. Gorlin

B. Direct
Goland et al. [16]

15 (Philips IE 33, Q-Lab)

Volumetric 3DE

CE

Invasive, Gorlin

Mean values for AVA (range), cm2

ICC = 0.626
ICC = 0.846
r = 0.74
r = 0.87

2DE: 0.82 (0.45–1.57)
3DE: 0.82 (0.43–1.63)
Gorlin: 0.76 (0.38–1.25)

Abbreviations: SV = stroke volume; 3DE = 3 dimensional echocardiography; 2DE = 2 dimensional echocardiography; LV= left ventricle; SABD = semiautomated border detection;
CE = continuity equation; ICC = intraclass correlation coefﬁcient; LVOT = left ventricular outﬂow tract; PW = pulsed wave; AVA = aortic valve area.
Studies comparing 3DE with 2DE for severity grading of aortic stenosis using invasive area calculations as the “gold standard”.
A: “Hybrid” measurements with 3DE vs. 2DE measurements of the LV stroke volume combined with continuous wave Doppler recordings of the aortic time velocity integral.
B. A study of direct planimetry of the AVA with 3DE vs. 2DE. Only patients examined invasively have been included.

ﬁbrous to the mobile part of the anterior mitral leaﬂet to represent
LVOT area which was measured by manual contouring and automated area calculation. AVA was subsequently calculated with the continuity equation. Data in Table 3A is presented for the patients who
underwent invasive determination of AVA. The correlation factor for
3DE vs. the Gorlin area was better than the one obtained with 2DE
vs. Gorlin.
3.2.4.2. Direct planimetry of aortic valve area — Table 3B. The study of
Goland et al. [16] included 36 patients with an established diagnosis
of AS. AVA determined by the Gorlin equation from invasive measurements was used as reference. With 2DE the continuity equation was
used. 3DE measurements were performed by direct planimetry of the
optimal cross-section of the aortic valve during its maximal systolic
opening (the view with the smallest aortic oriﬁce). Data presented in
Table 3B is exclusively from the 15 patients who underwent AVA measurements with the Gorlin formula. There was no difference between
2DE and 3DE measurements, and both methods overestimated AVA
on average by 0.06 cm2.
3.2.5. Quantiﬁcation of aortic regurgitation — Table 4
Since the dimension of vena contracta has emerged to represent an
important method to assess the severity of AR, the present literature
search focused on studies comparing VC dimensions measured with
2DE vs. 3DE colour Doppler using a “gold standard” for reference.
Such a study was, however, not detected in the time period chosen
to derive articles from. Although not compatible with all eligibility
criteria, we chose to include two studies as a compromise, since they
provided valuable information in this context. Both used the parasternal
long axis view for VC assessment.
The ﬁrst [17] (add-on) was published in 2005. A direct comparison
between 2DE and 3DE was performed. AR severity with 2DE was

based upon the VC width and in the case of 3DE by VC area. The
“gold standard” was aortography and surgical ﬁndings. Using 2DE
colour Doppler, VC width was measured as the smallest neck of ﬂow
at the aortic valve. In case of more than one AR jet the VC width was
taken as the sum of all individual VC widths. The 3DE colour Doppler
dataset was cropped from the aortic side to the level of VC in a plane
that was exactly perpendicular to the AR jet viewed in the long axis.
Reference assessments of AR severity correlated well for 2DE and
only slightly better for 3DE. The authors suggested the following
criteria for VC area assessment of AR with 3DE: b0.2 cm 2 for grade I,
0.2–0.4 cm 2 for grade II, 0.4–0.6 cm 2 for grade III and >0.6 cm 2 for
grade IV.
One study published in 2010 [18] included only 3DE. The authors
examined 84 patients with AR and excluded 7 due to difﬁculties in
measuring the VC area. The “gold standard” comprised three methods:
1. The AR index (based upon ﬁve 2DE parameters), 2. Aortography,
and 3. Aortic regurgitant volume derived from the difference between
aortic and mitral forward stroke volumes. The early diastolic plane of
the AR jet was chosen for measurements of VC area by 3DE, using
the narrowest portion from a plane that was exactly perpendicular
to the jet. 3DE derived VC area correlated well with all three methods,
with the following cut-off values for VC area suggested: b30 mm 2 for
mild AR, and > 50 mm 2 for severe AR.
3.2.6. Mitral valve area in mitral stenosis — Table 5
Chu et al. [19] screened 50 consecutive patients with calciﬁed MS.
They compared MVA determined by colour-deﬁned planimetry technique performed en face at the smallest annular oriﬁce cross section
with the 2DE derived pressure half time method. An independent
standard was used for reference; MVA by continuity equation. MVA
measured with 3DE had a greater correlation with MVA by the continuity equation than with the pressure half time method (r = 0.86 vs.

Table 4
Aortic regurgitation.
Study

n pts (machine)

AR severity

Gold standard

Evaluation

Results

Fang et al. [17]

56 (Acuson 128 XP/S
or Sonos 5500, Q-Lab)
77 (Philips IE 33,
Q-Lab 5.0)

VCA (3DE) and
VCW (2DE)
VCA (3DE) No
2DE comparison

Aortography in 45 and surgical
ﬁndings in 11 patients
AR index and EROA (2DE)
angiography in 49 pts

Correlations between VCW and
VCA vs. the “gold standard”
Correlations between VCA and
the 3 methods

VCA vs. “gold standard”: r = 0.95
VCW vs. “gold standard”: r = 0.92
Increase of VCA vs. AR severity by
AR index: F = 86, p b 0.001
Increase of VCA vs. angiographic
AR severity: F = 111, p b 0.001
Correlation of VCA vs. EROA:
r = 0.88, p b 0.001

Chin et al. [18]

Abbreviations: AR = aortic regurgitation; VCA = vena contracta area; 3DE = 3 dimensional echocardiography; VCW = vena contracta width; 2DE = 2 dimensional echocardiography;
EROA = effective regurgitant oriﬁce area.
Studies comparing 2DE vs. 3DE with a gold standard in the quantiﬁcation of aortic regurgitation.
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Table 5
Mitral valve area in Mitral stenosis.
Study

n pts (machine)

MS severity

Gold standard

Evaluation

Results

Chu et al. [19]

34 with calciﬁc MS
(Philips IE 33 Q-Lab 4.2)

MVA, colour deﬁned
(3DE) and PHT (2DE)

MVA derived from 2DE
based CE

MVA dimensions with 3DE
and PHT vs. the 2DE CE area

Perez de Isla
et al. [20]

26 with rheu-MS
(Sonos 7500, Tomtec)

MVA with 3DE
planimetry vs. Gorlin

Median MVA from 2DE
planimetry, PHT and PISA

Correlations between 3D MVA
and Gorlin vs. the 2DE median

2DE CE vs. PHTa: 1.75 (±0.46) cm2 vs.
2.01 (±0.52) cm2 (p = 0.04)
2DE CE vs. 3DEa: 1.75 (±0.46) cm2 vs.
1.83 (±0.52) cm2 (n.s.)
MVA 3DE vs. 2DE median MVA:
r = 0.91, p b 0.001
Gorlin MVA vs. 2DE median MVA:
r = 0.72, p b 0.001

Abbreviations: MS = mitral stenosis; MVA = mitral valve area; 3DE = 3 dimensional echocardiography; PHT = pressure half time; 2DE = 2 dimensional echocardiography; CE =
continuity equation; n.s. = not signiﬁcant; PISA = proximal isovelocity surface area.
Studies comparing 2DE vs. 3DE with a gold standard in the assessment of mitral stenosis.

0.59, signiﬁcance not reported), with the pressure half time method
overestimating MVA when compared to the continuity equation.
The study of Perez de Isla et al. [20] was included in the review as a
compromise since it represented a comparison between Gorlin and
3DE-planimetry derived MVA. The median value of MVA, obtained
from three classical non-invasive methods (2DE planimetry, pressure
half time and the proximal isovelocity surface area (PISA) method),
was used as the reference method. 3DE planimetry of the mitral
oriﬁce was performed en face at the ideal cross-section of the mitral
valve during its greatest diastolic opening. Based upon the correlation
factors as apparent from Table 5, the authors conclude that the accuracy of 3DE planimetry is probably superior to the accuracy of the Gorlin
method to assess the severity of MVA. Mean MVA was 1.1 cm 2 (±0.2)
vs. 1.2 cm 2 (±0.4) vs. 1.2 cm 2 (± 0.3) vs. 1.1 cm 2 (±0.3) vs. 1.1 cm 2
(±0.3) for 2DE planimetry, the pressure half time method, PISA, 3DE
planimetry and Gorlin respectively.
3.2.7. Quantiﬁcation of mitral regurgitation — Table 6
Marsan et al. [21] studied the accuracy of 3DE for quantiﬁcation of
functional MR in a head-to-head comparison with 2DE using velocityencoded cardiac magnetic resonance (VE-CMR) as the “gold standard”. Colour Doppler 2DE was performed to measure VC width in
the 4-chamber view and EROA was calculated as circular. EROA
was also calculated as elliptical, by additionally measuring VC in the
2-chamber view. The regurgitant volume was subsequently calculated

as EROA multiplied by the VTI of the regurgitant jet by CW Doppler.
Colour Doppler 3DE was applied for direct measurement in the en
face view of the mitral EROA by manual planimetry of the systolic
frame with the most relevant lesion size. 3DE showed excellent
correlation with VE-CMR in measuring the regurgitant volume. With
2DE this volume was signiﬁcantly underestimated both from the
4-chamber (p = 0.006) and biplane views (p = 0.04) when compared
with VE-CMR.
Little et al. [22] developed an in vitro model of MR, where eight
pulsatile ﬂow rates were driven through 4 differently sized oriﬁces
mimicking VC, which was measured with both 2DE and 3DE. They
found that 3DE derived VC area was superior in assessing the true
oriﬁce compared with VC width measured by 2DE. Overall determination by 3DE was better from the parasternal window equivalent
than from the apical view (p b 0.05).
The same article also describes a clinical study in which 2DE and
3DE were performed on 61 patients with at least a mild MR. The
“gold standard” applied was measurement of EROA based upon the
difference between Doppler derived mitral and aortic forward stroke
volumes. The authors admit that such an EROA represents the mean
oriﬁce area over the whole systolic period whereas VC dimensions
represent instantaneous measurements. 2DE and 3DE Doppler signals
were optimized to distinguish the VC zone from the proximal zone
and a rapidly expanding jet. 3DE was superior to 2DE, although less
apparent than in the in-vitro study. There was good correlation

Table 6
Mitral regurgitation.
Study

n pts. (machine)

MR severity

Gold standard

Evaluation

Results

3D VE-CMR ÷ 2DE Rvol 4CH: ÷ 2.9 (÷18.0 − 12.5)a
3D VE-CMR ÷ 2DE Rvol elliptic: ÷1.6 (÷11.9 − 8.8)a
3D VE-CMR ÷ 3DE Rvol: ÷0.08 (÷7.7 − 7.6)a
Little et al. [22],
0 (Sonos 7500, Digisonics
VCA (3DE)
Oriﬁces with various
Correlations between
3DE-VCA vs. oriﬁce area: r = 0.92, p b 0.001
in vitro
and Tomtec)
VCW (2DE)
shapes and sizes
3DE VCA and 2DE VCW
2DE VCW vs. oriﬁce area: r = 0.56, p = 0.01
(in vitro model)
vs. oriﬁce area
p for correlation difference b 0.001
Little et al. [22],
61 (Sonos 7500, Digisonics VCA (3DE)
EROA from mitral ÷ aortic 2 DE VCW and 3DE
3DE-VCA vs. EROA: r = 0.85, p b 0.001
clinical
and Tomtec)
VCW (2DE)
SV/MR TVI
VCA vs. EROA
2DE-VCW vs. EROA: r = 0.67, p b 0.001
p for correlation difference = 0.01
Yosefy et al. [23] 45 (Sonos 7500, Tomtec)
VCA (3DE)
EROA from mitral ÷ aortic 2DE and 3DE correlations 3DE VCA vs. EROA: central: r2 = 0.92
3DE VCA vs. EROA: eccentric: r2 = 0.86
VCW (2DE)
SV/MR TVI
vs. EORA — central and
2DE VCW vs. EROA: central: r2 = 0.81
eccentric jets
2DE VCW vs. EROA: eccentric: r2 = 0.61
Kahlert et al. [24] 57 (Philips IE 33, Q-Lab 5.0) VCA (3DE)
EROA HS (circular OR)
Correlations 3DE VCA
Mean VCW biplane vs. 3DE VCA: r = 0.90
VCW (2DE
and HE (non-circular OR) vs. biplane 2DE
Biplane VCA vs. EROA HS: r = 0.87
apical biplane) by PISA
VCW agreements EROA
Biplane VCA vs. EROA HE: r = 0.90
with 3DE and 2DE VCA
3DE VCA vs. EROA HS: r = 0.93
3DE VCA vs. EROA HE: r = 0.96
Marsan et al. [21] 64 (Philips IE 33, Q-Lab 6.0) Rvol, ml

3D VE-CMR

Differences in Rvol vs.
3D VE-CMR

Abbreviations: MR = mitral regurgitation; Rvol = regurgitant volume; 3D VE-CMR = 3 dimensional velocity-encoded magnetic resonance; 2DE = 2 dimensional echocardiography;
3DE = 3 dimensional echocardiography; VCA = vena contracta area; VCW = vena contracta width; EROA = effective regurgitant oriﬁce area; SV = stroke volume; TVI= time velocity
integral; HS = hemispheric; OR = oriﬁce; HE = hemielliptical.
Studies comparing the severity of mitral regurgitation with 2DE vs. 3DE based upon measurements of vena contracta with eventual calculations of the mitral effective regurgitant
oriﬁce area and quantiﬁcation of mitral regurgitant volume using a “gold standard” method as reference.
a
Limits of agreement.
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between 3DE VC areas derived from both parasternal and apical windows. In a sub-analysis the advantage of using 3DE over 2DE for the
measurement of VC dimensions was more pronounced in both eccentric jets and in moderate to severe MR.
Yosefy et al. [23] studied patients with>mild MR (by colour doppler)
using the same “gold standard” for EROA measurements as in the
clinical study of Little et al. [22]. Justifying this method they claimed
that quantitative Doppler uses completely independent data and its
correct application was veriﬁed in 10 patients without MR, showing
no signiﬁcant MR volume. With 2DE the VC width was deﬁned as the
narrowest width of the proximal jet measured at or in the immediate
vicinity of the MR oriﬁce at the leaﬂet tips. The largest MR ﬂow area
obtained with 3DE was zoomed and the narrowest neck of the jet
was identiﬁed. The full VC cross sectional area, viewed en face was
planimetered for VC area, which correlated well with EROA for
both central and eccentric jets. For eccentric jets, 2DE overestimated
VC width compared with 3DE and correlated more poorly with
EROA, causing clinical misclassiﬁcation in 45% of such patients.
The study of Kahlert et al. [24] involved patients with mild to severe MR of various aetiologies. They used the PISA method for calculation of EROA as a “comparative approach” for reference. VC width was
measured with 2DE from apical 2-chamber and 4-chamber views,
with VC area derived either as circular (4-chamber) or biplane elliptical (average from 2- and 4-chamber). 3DE data sets were manually
cropped by an image plane that was perpendicularly oriented to the
jet direction. The smallest jet cross-sectional area was identiﬁed as
VC and its area was measured by manual planimetry. The correlation
factors for EROA determined with PISA were better for 3DE than
2DE. The authors suggest increasing the cut-off values for severe MR
from VC width ≥0.7 cm to ≥ 0.8 cm; and from VC area ≥ 0.4 cm 2 to
≥ 0.6 cm 2.
4. Discussion
4.1. LV measurements
This review conﬁrms that 3DE is superior to 2DE both in terms of
the accuracy of LV volumes and EF measurements when using MRI,
and in terms of its association with long term follow-up on cardiac
events as “gold standards”. The reproducibility is also superior, even
when matched against 2DE biplane measurements based upon the
mean of tracing 6 beats per variable. Such a time-consuming procedure, however, is uncommon in daily practice. In spite of all the advantages associated with 3DE image display, one is still left with a
considerable number of patients with poor image quality and AF,
and therefore one must continue to use 2DE for measurements of
LV volumes and EF. Using one beat only, 2DE is a fairly quick and robust method, but is hampered by poorer accuracy and reproducibility.
In a multi-centre study of 756 post-MI patients [25], LV volumes and
EF were measured both at baseline and after 3 months by local investigators using 1 beat, and in a core laboratory averaging 6 beats from
the same recordings on a video tape. Only measurements in the core
laboratory had a signiﬁcant prognostic value for subsequent clinical
endpoints during a 21 month follow-up period [25].
In our literature search we were unable to ﬁnd studies that
reported the percentage of patients who could, whatever the reason,
only be examined with 2DE. A head-to-head comparison of the accuracy and reproducibility of the two methods in patients with AF
would be desirable in this context.
Despite the obvious advantages, 3DE suffers from a number of
technical shortcomings, including difﬁculties in imaging various
parts of the LV because of interference from ribs due to the large “footprints” of 3DE transducers. Recently, smaller transducers have been
developed to overcome this problem. Despite this, one is left with
lower line density and therefore lower spatial resolution of 3DE, and
a lower temporal resolution than 2DE. As reﬂected in this review

and in older studies, both manual and semi-automated contour detection have shown an underestimation of 3DE derived LV volumes vs.
MRI. The most plausible reason for this is that unlike MRI, 3DE cannot
consistently differentiate between the myocardium and trabeculae
[26]. Apparently, an underestimation of LV volumes is even more pronounced with 2DE in most, but not all [7] studies. An explanation for
such a discrepancy is the differences in opinion of operators in terms
of how far into the cavity correct manual tracings should be drawn.
At present there are no uniform recommendations as to how to do
this.
In the recent EAE/ASE recommendations on clinical indications for
3DE [1], measurements of LV volume and EF are “recommended for
clinical practice”, whereas for LV mass there are “promising clinical
studies”. The assessment of LV dyssynchrony is still categorized under
“areas for active research”.
4.2. Aortic valve area in aortic stenosis
The Gorlin formula, used as “gold standard” in the studies selected
by this review, may produce errors of up to 20–40% by including an
empirical constant, the discharge coefﬁcient [27]. Additional errors
may be introduced by incorrect measurements of cardiac output
and pressure drop, while AVA will be underestimated in the presence
of AR. The introduction of MRI, multi-slice computer tomography
(CT) imaging and TEE by 2DE and 3DE has not created a uniform
reference method. Theoretically, AVA measurements from surgical
specimens would be an ideal approach, but due to the aortic cusps
great suppleness, preoperative measurements are not reproducible [28].
In one study the well known problem of measuring correct LVOT
area was avoided by using 3DE derived LV stroke volume from a semiautomatic border detection system [14]. AVA measurements with
such a method are still hampered by the variability of AS jet measurements and potential underestimation of LV volumes. Nevertheless,
both hybrid studies [14,15] demonstrated better correlation for 3DE
than for 2DE vs. Gorlin derived AVAs.
3DE AVA values measured with direct planimetry were not different
from those obtained by the continuity equation in the study by Goland
et al. [16], and were obviously overestimated when compared with
Gorlin. In our experience, AVA measured with direct 3DE planimetry
is heavily inﬂuenced by the gain setting. The development of standardized methods for correct gain setting might reduce this problem.
In the EAE/ASE recommendations on echocardiographic assessment of valve stenosis [2] it is stated that the evidence now supports
the concept that the effective oriﬁce area is the primary predictor of
outcome. Such a notion favours the continuity equation. Based upon
the ﬁndings in the study of Khaw et al. [15], 3DE derived LVOT areas
may be preferable to those calculated from M-mode, which assumes
a circular shape that is not always present.
The indication for 3DE in assessing AVA is categorized under
“promising clinical studies” in the EAE/ASE recommendations [1].
4.3. Aortic regurgitation severity
In the EAE recommendations for the assessment of valvular regurgitation [3] a key point is that measurements of VC width are essential
in order to quantify AR. It also added that the assessment of VC area
by 3DE is “still reserved for research purposes”. The recommendation
to continue using 2DE for this purpose, however, is not in line with
the Chin et al. study [18], which suggested that it is difﬁcult with
2DE to obtain a true VC area derived from VC width due to the technical limitations of the method. Such a position, however, contradicts
the ﬁndings of Fang et al. [17] which showed an excellent correlation
between VC width and angiographic and surgical grading. The theoretical advantage of 3DE is that the whole proximal AR jet can easily
be cropped by any plane that can be positioned exactly perpendicular
to the AR jet.
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To our knowledge, common practice with 2DE has been to assess
AR severity from the colour jet area and length from the apical window. According to the EAE [3] this approach is not currently
recommended, due to the weak correlation with the degree of AR.
In the EAE/ASE summary of indications for 3DE, assessment of AR is
categorized under “unstudied”. In the most recent EAE recommendations it is stated that with 2DE assessment a VC width of b3 mm correlates with mild AR, whereas a width > 6 mm indicates severe AR
[4]. In these recommendations it is further reported that with 3DE, a
VC area b20 mm 2 and a VC area >60 mm 2 have been proposed to deﬁne mild AR and severe AR respectively, using the study of Fang et al.
[17] as reference.
4.4. Mitral valve area in mitral stenosis
As with AR, studies qualifying for this review were surprisingly
scarce, with only one fulﬁlling our inclusion criteria [19]. It comprised
patients with calciﬁed MS only. Measurements of the MVA by the pressure half time method are of limited value, and direct 2DE planimetry is
difﬁcult in calciﬁed lesions. The superior results obtained for 3DE were
probably not surprising, but may differ for patients with rheumatic MS,
where 2DE is most probably a more equal tool. The 3DE colour Doppler
method applied for the MVA measurements in the study of Chu et al.
[19] has, to our knowledge, not gained widespread acceptance, with
the selected “gold standard” somewhat questionable.
The study of Perez de Isla et al. [20] was included as a compromise
in terms of this review. It represented a comparison between Gorlin
and 3DE derived MVA vs. a “gold standard” of the median value from
3 classical 2DE methods. In this study, only patients with rheumatic
MS were included. The assumption that 3DE planimetry may be a
better reference method than Gorlin was debated by Flachskampf
and Klinghammer [29]. They found no evidence that the combined
method agreed more with their deﬁned “gold standard” than one single method, e.g. 2DE. This is also corroborated by very similar MVAs
obtained with the three 2DE methods, 3DE and Gorlin in that study.
As pointed out in the EAE/ASE recommendations [1], the smallest
mitral oriﬁce for area measurements can be identiﬁed and measured
with planimetry, and the clinical indication for 3DE in assessing MVA
is “recommended for clinical practice”. This method, however, requires
careful attention to the gain setting.
4.5. MR severity
The main concern we have of the studies selected is whether these
results can be considered representative for MR patients in general.
Although consecutive patients with various degrees of MR severity
and aetiology have been included, a prerequisite for inclusion has
been “suitable patients” for 3DE imaging, indicating that an unknown
number of unsuitable patients have been excluded. Except from the
study of Kahlert et al. [24], patients with AF were not included. Furthermore, patients with either associated signiﬁcant MS or AR were
excluded.
The challenge of a valid “gold standard” has been clearly demonstrated. In two studies quantitative Doppler was used [22,23], a technique limited by multiple-step calculations of the ﬂow distant from
the regurgitant lesion. The PISA method used in the study of Kahlert
et al. [24] is prone to errors because of complex measurements.
According to Marsan et al. [21], 3D VE-CMR with retrospective
valve tracking is currently the most accurate approach. This method
has been validated both in vitro with ﬂow phantoms and in vivo,
showing excellent reproducibility [30]. The results from the study of
Marsan et al. [21], however, are representative for patients with functional MR and severe LV systolic dysfunction only, and not for MR patients in general.
In AR, the parasternal views are preferred over the apical views
because of better axial resolution [3]. In the selected studies of MR,
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apical views were applied in 3 and parasternal view in one, indicating
that the former view may be preferable.
The EAE/ASE recommendations [1] state that delineation of the
EROA and VC are two of the major strengths of 3DE. As pointed out by
Lancellotti et al. [3], VC measurements are not without problems: As
the regurgitant oriﬁce is dynamic, the VC may change during the cardiac
cycle, and it is theoretically limited by the lateral resolution of colour
Doppler. VC dimensions are small, and the range of difference from
mild to severe MR is quite narrow. In one study the cut-off values for
severe MR were ≥0.6 cm2 for VC area and ≥0.8 cm for VC width [24].
In the study of Marsan et al. [21] mean VC area measured by 3DE was
0.22, with a range of 0.04 to 0.78 cm2. Finally, in both the 2003 [31]
and 2010 EAE recommendations [4] the suggested VC width measured
with 2DE for mild, moderate and severe MR were b0.3 cm, 0.3–0.69 cm
and ≥0.7 cm respectively. There were no suggestions put forward for
assessing the severity of MR based upon 3DE measurements of VC
area. With the small VC dimensions in mind, it seems obvious that
small measurement errors may lead to large percentage of misclassiﬁcations of the severity of MR. The same problem surrounds the use of
VC dimensions to grade the severity of AR.
In the EAE/ASE recommendations [1], evaluation of MR by 3DE is
categorized under “areas of active research”.
One important point which is mainly left undiscussed in the selected studies in this literature review is time consumption. In outpatient
management there is only a limited amount of time for each patient
and the duration of each examination will depend on the technique
applied. The amount of time needed for 3DE data acquisition and interpretation might be greater than that needed to utilize 2DE given
the post processing period. Data on time consumption with the two
methods should be addressed in further studies in order to fully map
the applicability of 3DE to general clinical practice.
5. Risk of bias in the review
Two important sources of within-study bias are sufﬁcient blinding
of data from the two methods and a lack of a generally accepted “gold
standard”. Exclusion of patients with “poor quality” images and/or
atrial ﬁbrillation (AF) will inevitably imply results that are not representative for a general patient population with the same disorder.
Therefore all exclusion criteria have been scrutinized and reported
for each study. Studies without stringent exclusion criteria might be
left unpublished, with the apparent superiority of 3DE overrepresented.
Sources of across-study bias include different criteria for “echogenity”
and the inclusion of patients with AF or not.
An important across-study bias is the variety of “gold standard”
methods, such as invasive measurements, radiological imaging with
MRI, CT or angiography, ﬁndings at subsequent cardiac surgery or autopsy and clinical endpoints from long-term follow-up in relation to
baseline echocardiographic ﬁndings. There is no general acceptance
for the ideal “gold standard” for any of the assessments studied.
Terms like “comparative approach” and “standard reference” have
therefore been accepted.
Although the time period of the literature search was relatively
short, an impressive development of new echocardiographic systems
has taken place, representing a potential “equipment bias” across
studies over time.
6. Study limitations
The review does not comprise an evaluation of studies on
established indications for 3DE, such as morphological evaluation of
the mitral valve with TTE and transoesophageal echocardiography
in patients selected to undergo surgical mitral valve repair. Nor are
studies of 3DE guidance of catheter-based procedures included. The
purpose of the review, however, was to assess if contemporary studies
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give support for a broad introduction of 3DE in the quantiﬁcation of
common disorders with TTE in general practice.
This review is based upon relatively small studies that have included selected patients and used “gold standards” that could be
questionable as representative of the actual pathology in question.
Given the increasing number of patients with AF, it is a drawback
that such patients have, with few exceptions, been excluded from
the studies in this review.
It is striking that echo equipment from the same manufacturer has
been represented in all but one of the studies in this review. The results are therefore mostly representative for Philips Sonos 7500 with
Tomtec software and IE 33 with different versions of Q-Lab software.
The possibility of “manufacturer bias” due to differences in these
hard- and software versions cannot be excluded, but is neither proven
in this review.
The review is only limited to the most common indications for TTE
by 3DE. Other indications for 3DE as evaluated in the EAE/ASE recommendations [31] are assessments of right ventricular function, atrial
volumes and function, tricuspid and pulmonary valves, infective endocarditis and prosthetic valves. None of these indications are classiﬁed as “recommended for clinical practice” at present.
As in all systematic searches, it is a possibility that some studies
have been overlooked. In order to minimize this problem, we scrutinized the reference lists of the most recent recommendations [1–3]
and a total of 19 reviews (Additional ﬁle II). In doing so we included
5 out of 20 eligible studies and 6 out of 18 excluded studies from
additional sources. Accordingly, we cannot exclude that undetected
studies with different results might have inﬂuenced the conclusions
drawn from this review.
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Abstract Recent guidelines regard three-dimensional
echocardiography (DE) derived measurements of left
ventricular (LV) volumes and ejection fraction (EF) as the
method of choice. The feasibility of 3DE and agreement
between 2DE and 3DE was examined. Our hypothesis was
that a number of patients can only be examined with 2DE
in a patient population admitted to a general hospital.
Hospitalised patients referred for echocardiography by
residents on call who found grounds to perform a pocketsized ultrasound examination (PCU) were included. A
subsequent 2DE and 3DE was planned. 3DE was considered unfeasible in the presence of irregular heart rhythm
and poor quality imaging (included inability to hold
breath). Agreement was evaluated with correlation and
Bland–Altman analyses. Of 273 consecutive patients
examined with 2DE, 202 (74 %) had satisfactory 3DE
images for LV volume and EF measurements. Reasons for
exclusion of 71 patients from the 3DE study included
irregular heart rhythm in 58 patients and poor quality
images in 13 patients. Median LV end-diastolic volume
was 146 mL with 3DE and 161 mL with 2DE (p \ 0.001).
The respective values for LV end-systolic volume were
76 mL and 83 mL (p \ 0.001), and for LVEF 48 % and
49 % (p = 0.061). Optimal 3DE assessment of LV
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volumes and EF could only be performed in 3/4 of patients.
A significant overestimation of LV volumes was observed
in terms of 2DE versus 3DE, whereas no such difference
was found for LVEF.
Keywords Left ventricle  Volume  Ejection fraction 
2 Dimensional  3 Dimensional  Echocardiography
Introduction
Left ventricular (LV) volumes and ejection fraction (EF)
have for many years been used as predictors for morbidity
and mortality in a wide range of clinical decision making
scenarios [1–4]. Traditionally, in spite of relatively poor
reproducibility [5, 6], 2-dimensional echocardiography
(2DE) has been the method of choice for these
measurements.
The European Association of Echocardiography (EAE)
and the American Society of Echocardiography (ASE)
have recently recommended 3DE for measurements of LV
volume and EF due to its superior accuracy and reproducibility without the geometric assumptions of 2DE for
assessing LV volumes [7]. To obtain full volume images
free of stitch artifacts for these measurements, 3DE require
echogenic patients, with a regular heart rhythm who are
able to hold their breath for some time. The question is
therefore whether 3DE is unfeasible for a number of
patients, leaving 2DE derived LV volumes and EF as the
only options available.
The aims of this study were to determine the feasibility
of 3DE in patients at a general hospital for LV studies
already completed by 2DE and to explore the correlation
between the two methods. Our hypothesis was that a
number of patients can only be examined with 2DE and
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that there may be significant differences between measurements of LV volumes and EF when compared with
3DE.

Methods
This is a prospective cross-sectional feasibility and comparison study of 3DE versus 2DE derived LV volumes and
EF in general cardiology practice. The study was conducted in accordance with the Declaration of Helsinki, and
has been approved by the Regional Committees for Medical and Health Research Ethics (REC) in Norway.
Hospitalised patients referred for echocardiography on
admission to the ward were included. This study is an
extension of a previous study evaluating the use of pocketsize cardiac ultrasound (PCU) by internal medicine residents where 2DE was used as reference [8]. The present
study incorporated a subsequent 3DE shortly after this 2DE
examination. In brief, the only inclusion criterion was that
the resident on call found a clinical indication to perform
PCU on admission. Main clinical reasons for PCU were;
chest pain, heart failure (defined by symptoms and signs
suggestive of heart failure, including pulmonary congestion
on a chest x-ray, irrespective of the LVEF), dyspnoea,
murmur, arrhythmia and suspected endocarditis.
Exclusion criteria from the comparative 3DE (the
present study) were; no informed consent, poor image
quality (inability to visualize C2 LV segments), inability to
hold breath (for 4–6 heart cycles) and irregular heart
rhythm (defined by irregular R–R interval in the electrocardiogram). Patients with atrial fibrillation were included
provided the R–R interval was relatively regular and no
stitch artefact was seen according to both the operator and
subsequent off-line retrospective analyses of all loops
recorded.
On admission and during 2DE and 3DE examinations
clinical data, if atrial fibrillation was present or not and if
the heart rhythm was irregular were recorded. Patient
characteristics including history of cardiac disorders,
hypertension and diabetes mellitus were recorded retrospectively from information present in the medical records.
Due to the present status of recommendations, the 3DE
method was chosen to be the method of reference for
comparisons between LV volumes and EF measurements.
Echocardiographic examinations
Both 2DE and 3DE were performed with a Vivid E9
scanner (GE Vingmed Ultrasound, Horten, Norway) by one
of three level III echocardiographers as defined by the 2009
EAE recommendations for training, competence and
quality improvement in echocardiography [9] (JEO, VR,
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MB). The echocardiographers were blinded to all previous
echocardiographic studies including the PCU and, for 3DE,
the precipitating 2DE. Frame rates were recorded for all
volume calculations.
Volume calculations and EF measurements by 2DE
were performed either bedside or in the echocardiographic
lab using the biplane Simpson method, with manual
delineation of the LV endocardium. This method of
delineation is described in previous studies, both from our
echo laboratory on accuracy and reproducibility [5], as well
as in serial examinations of post-myocardial infarction
patients in multi-centre studies using the predictive value
for outcome from core laboratory measurements of videotapes for LV volumes and EF [10–13].
The 3DE examination was performed within a maximum of 2 h after the 2DE examination. Image acquisition
was performed with the patient lying on the left hand side
with the probe in the apical position. A full LV volume was
stitched from image acquisition of 4–6 cardiac cycles
during breath being hold. Volume calculations and EF
measurements were performed with the on-board software
(4D autoLVQ) directly after image acquisition. Intrinsic
automated border detection in the 4D autoLVQ for the
detection of the endocardial border in end-diastole and endsystole was utilised. Manual corrections were performed
whenever found necessary by the echocardiographer.
All volumes are presented as end-diastolic volume
(EDV) and end-systolic volume (ESV). Our reference
values for 3DE measurements have been published previously [6]. Reference values for 2DE measurements in the
same study population are presented together with the 3DE
derived values in Appendix 1.
Statistics
Statistical analyses were performed using SPSS for Windows, version 17 and 21 (IBM SPSS Statistics, IBM Corporation, Armonk, NY, USA). A Shapiro–Wilk test was
used to test variables for the assumption of normality.
Continuous variables with a near normal distribution are
presented as either mean followed by standard deviation
(SD) or range where appropriate, whereas data with a
skewed distribution is presented as median followed by
interquartile range (IQR). Categorical data is presented as
proportions. An independent samples t test was used for the
comparison of normally distributed continuous data, while
for skewed continuous data a Wilcoxon Signed Ranks test
was used. Proportions were analysed using a Chi square
test. Two-tailed p values lower than 0.05 were considered
statistically significant.
The agreement between 2DE and 3DE derived volumes
(LVEDV and LVESV) and LVEF was analysed using
Pearson correlation coefficient, linear regression analysis
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and Bland–Altman analysis. In the latter, the Bland–Altman plot is presented. These plots were overlain by a
regression line derived from linear regression. To ascertain
the pivoting point in a tendency to over- or underestimate
the parameter in question by 2DE, the linear regression
model fit equation was used to calculate the respective cutoff values for mean (LVEDV, LVESV and LVEF) where
the difference between measurements by 2DE and 3DE
were 0 in the Bland–Altman analyses.

Results
A total of 273 patients were examined with conventional
2DE. The present study comprises of 202 patients examined with both 2DE and 3DE. 3DE was performed within a
median of 5 min (range 0–18) following 2DE. Respective
median frame rates for 2DE and 3DE were 57.7
(53.2–63.4) s-1 and 23 (20–29) s-1. Reasons for excluding
71 (26 %) patients from a comparative 3DE were; poor
image quality (n = 13) and irregular heart rhythm
(n = 58). Thirty patients were not included as consent was
not given.
Comparison of clinical data and the presence of atrial
fibrillation and irregular heart rhythm in the included and
excluded patients are shown in Table 1. Excluded patients
were older, had a female predominance, a higher heart rate
and incidence of atrial fibrillation.
Over a 2 year period (2011–2012) a total of 20,707
patients were hospitalised at our hospital at least once, 551
with atrial fibrillation as their main diagnosis (2.7 %) and
2,775 as concomitant diagnosis (13.4 %), with a total

Table 1 Clinical data and characteristics of the included and excluded patients registered on admission
Included
n = 202
Age [years. Median
(IQR)]

69 (52–79)

Excluded
n = 71

p value

81 (71–87)

\0.001

Male [n (%)]

136 (67.3)

48 (47.5)

0.001

Systolic BP [mmHg.
Median (IQR)]

131 (120–155)

120
(111–157)

0.17

Diastolic BP [mmHg.
Median (IQR)]

80 (70–88)

74 (60–85)

0.085

Heart rate [min-1.
Median (IQR)]

71 (64–82)

78 (70–89)

0.007

BMI [kg/m2. Median
(IQR)]

24.9 (23.1–28.1)

–

–

BSA [m2. Mean (SD)]

1.92 (0.24)

1.87 (0.24)

0.19

Atrial fibrillation [n (%)]
Irregular heart rhythm [n
(%)]

32 (15.8)
0 (0)

48 (67.6)
58 (81.7)

\0.001
–

Table 2 History of cardiac disorders, recorded echocardiographic
findings and co-morbidities in the included 202 patients
n (%)
Heart failure

43 (21)

Previous myocardial infarction

54 (27)

Wall motion abnormalities

72 (36)

Previous revascularization (PCI)

38 (19)

Previous revascularization (CABG)

19 (9)

Diabetes mellitus

29 (14)

Hypertension

81 (40)

Chronic lung disease

29 (14)

Peripheral artery disease

26 (13)

Valve disease (more than mild)
Aortic stenosis

14 (7)

Aortic regurgitation

8 (4)

Mitral stenosis

2 (1)

Mitral regurgitation

29 (14)

PCI Percutaneous coronary intervention, CABG Coronary artery
bypass graft

prevalence of 3,326 (16.0 %). The history of cardiac disorders and co-morbidity recorded on admittance of the 202
included patients are presented in Table 2, showing that
approximately one third of them had suffered from previous myocardial infarction and/or had LV wall motion
abnormalities.
The median (IQR) values for LV volumes and EF
obtained in patients examined with both methods are presented in Table 3, showing significantly higher values for
both LVEDV and LVESV with 2DE versus the reference
method (p \ 0.001 for both). The median values obtained
with 2DE for LVEDV and LVESV were 8 and 10 % higher
than for 3DE. There were no significant differences
between median LVEF measurements.
The head-to-head comparison of 2DE measurements
with those obtained from 3DE are presented as a linear
regression analysis curve fit in Fig. 1a with the Pearson
correlation coefficient for LVEDV, LVESV and LVEF
being 0.775, 0.877 and 0.820 respectively. Bland–Altman
plots including regression lines for all LV parameters are
presented in Fig. 1b.
Table 3 The median (IQR) values for left ventricular volumes and
ejection fraction obtained in patients examined with both two- and
three-dimensional echocardiography
2DE
median (IQR)

3DE
median (IQR)

p value

EDV (mL)

161 (129–203)

146 (116–185)

\0.001

ESV (mL)

83 (60–110)

76 (58–100)

\0.001

EF (%)

49 (39–55)

48 (39–52)

0.061
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Fig. 1 Depicts linear regression and Bland–Altman plots for the
comparison of left ventricular volumes and ejection fraction. a Linear
regression (top) and b Bland–Altman analysis plots (bottom) for
comparison between measurements of end-diastolic volume (EDV)
(left), end-systolic volume (ESV) (middle) and left ventricular
ejection fraction (EF) (right) obtained with manually corrected 3
dimensional echocardiography (DE) and 2DE. In upper panels,

scatter plots with regression line illustrating the correlation between
measurements. In the lower panels, the solid horizontal line in each
Bland–Altman plot represents the mean systematic difference (bias)
between the two methods, whereas the dashed lines indicate the limits
of agreement (95 % confidence interval of differences). The Bland–
Altman plots are overlain by a regression line. EDV End-diastolic
volume, ESV End-systolic volume, pp percentage points

The bias and limits of agreement for LVEDV, LVESV
and LVEF were 15.9 mL (-63.1 to 94.9), 6.0 mL (-41.0 to
53.0) and 1.16 % points (-12.8 to 15.1) respectively. As
reflected in the Bland–Altman linear regression model fit for
LVEF (y = -4.021 ? 0.113x), it is indicated that in
patients with LVEF\36 % measured with 3DE, 2DE had a
tendency to underestimate LVEF. Conversely, LVEF was
overestimated in patients with LVEF C36 % (Fig. 1b, right).
For LV volumes no such pivoting tendency was shown, as
2DE consistently overestimated these irrespective of LV
size (Fig. 1b, left and middle). As apparent from the Bland–
Altman plots, the differences were not overly skewed and
there were neither few large differences nor positive ones
(Fig. 1b).

methods were acceptable, but a significant overestimation
of LV volumes was observed with 2DE.
The study group was selected on the basis of PCU
evaluations by internal medicine residents for subsequent
2DE examinations performed by an expert. Accordingly, a
selection bias in the direction of echogenic patients may
have taken place, which may be reflected in the fact that
only a minority had inadequate image quality for 3DE
measurements. In a real life scenario without such inclusion criteria, the proportion of patients not suitable for 3DE
measurement may actually be higher than in the present
study. Nearly one third of our study group suffered from
atrial fibrillation. This is somewhat higher than the 16 %
total prevalence of atrial fibrillation among patients hospitalised in our department. Either way, the relatively high
incidence of atrial fibrillation in hospitalised patients
highlights the limitations of 3DE.
It should be pointed out, however, that 3DE measurements of LV volumes could be satisfactorily performed in
40 % of those with atrial fibrillation who turned out to have
a relatively regular heart rhythm as judged from the actual
examiner and a retrospective analysis of all loops that had
been stored for further examination.

Discussion
The present study demonstrates that echocardiographic
3DE assessment of LV volumes and EF was feasible in
74 % of patients who had been examined by 2DE. The
main reason for this discrepancy was irregular heart rhythm
largely caused by atrial fibrillation. Correlations between
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Like in other studies in this field [6, 14–16] (Appendix 1)
we did not observe significant differences for LVEF as measured by the two methods. The variability of LVEF between
methods, as the pivotal tendency is testament to, has to the best
of our knowledge not been reported before. As evident from
the Bland–Altman plots (Fig. 1b), this tendency was rather
small and probably not of clinical significance.
The present study corroborates similar observations of
2DE overestimating LV volumes as a study of reference
values for LV volumes and EF in healthy individuals with
both 3DE and 2DE [6] (Appendix 1). In that study the
overestimation of upper normal levels of LVEDV index
assessed with 2DE was on average 26 % among both men
women, and in terms of LVESV index these figures were
37 % among men and 36 % among women.
The differences, however, are not consistent with other
studies which have reported an underestimation of 2DE
derived volumes when compared with 3DE [and magnetic
resonance imaging (MRI)] [14–16]. It must be underlined
that these studies present LV volumes and EF as mean with
large SDs, questioning whether the data actually is normally distributed. To vindicate our point, the calculated
ranges for volumes in these studies are presented in
Appendix 2. As an example, LVESV measured with 2DE
in the study of Greupner et al. [16] ranges from minus
36–139 mL. We therefore question the conclusions of
these studies, and it seems fair to assume that the debate as
to whether 2DE over- or underestimates LV volumes when
compared to 3DE is an ongoing one.
It is well accepted that 3DE measurements underestimate
LV volumes when compared with MRI [7]. According to
Mor-Avi et al. [17] the most plausible reason for this is that
unlike MRI, 3DE cannot consistently differentiate between
the myocardium and trabeculae. In order to avoid underestimation of LV volumes in the present study we left all visible
trabeculae into the LV cavity, a principal method of LV
tracings introduced in the multi-center DEFANT II study
[11]. Better image quality from 2D compared to 3D images
might thus contribute to the differences reported in our study.
This method has also been validated in an accuracy and
reproducibility study [5] as a prerequisite to act as core
laboratory in a multi-center Norwegian outcome trial [1].
In that study all 2DE measurements were performed
2–7 days and 3 months after myocardial infarction. An
increase of indexed LVESV after 3 months had a significant prognostic impact on subsequent events
(3–24 months). This observation was only valid for measurements performed according to the principles used in
our core laboratory, and not for those measurements taken
by the principal investigators in the 32 participating hospitals. Similarly, changes in LV area and geometry, as
deducted from LV endocardial tracings (but not in the long
axis) were mainly related to cardiac morbidity [13].

No consensus statement as to how to trace the LV
endocardial border has been issued, and in view of the
findings of the present study, each echocardiographic laboratory should consider different reference ranges for LV
volume obtained with 3DE versus 2DE.
Study limitations
The study comprises of echogenic patients admitted as an
emergency to a general hospital. The study results may not
therefore reflect general practice. Based upon our previous
practice with normal study populations with normal LV
volumes, a possible bias tending to perform 2DE tracings
too far out into the myocardium cannot be excluded. The
present results were obtained with GE equipment, and a
potential manufacturer bias therefore cannot be ruled out.

Conclusions
In the present study a fourth of patients who had undergone
2DE for assessment of the LV could not undergo 3DE
assessment, mostly due to atrial fibrillation. A significant
overestimation of LV volumes was observed in 2DE
compared to 3DE, whereas no such difference was found
for LVEF. Based on these observations, 2DE is still an
important tool for LV studies. It is essential to introduce
concise recommendations for endocardial traces of the LV
cavity for both 2DE and 3DE echocardiography.
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Appendix 1
Normal ranges for LV volumes and EF obtained with twoand three-dimensional echocardiography.

Appendix 2
Ranges for LV volumes and EF obtained with two- and
three-dimensional echocardiography and MRI in four
studies.
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