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Abstract—Various lung ultrasound (LUS) scanning modalities have been proposed for the detection of B-lines, also
referred to asultrasound lung comets, which are an important indication of extravascular lungwater at rest and after
exercise stress echo (ESE). The aim of our study was to assess the lung water spatial distribution (comet map) at rest
andafterESE.WeperformedLUSat rest and immediately after semi-supineESE in135patients (45women, 90men;
age 62± 12y, resting left ventricular ejection fraction5 41± 13%)withknownor suspected heart failure or coronary
artery disease. B-lines weremeasured by scanning 28 intercostal spaces (ISs) on the antero-lateral chest, 2nd–5th IS,
along with the midaxillary (MA), anterior axillary (AA), mid-clavicular (MC) and parasternal (PS) lines. Complete
28-region, 16-region (3rd and 4th IS), 8-region (3rd IS), 4-region (3rd IS, only AA andMA) and 1-region (left 3rd IS,
MA) scans were analyzed. In each space, the B-lines were counted from05 black lung to 105white lung. Interpret-
able images were obtained in all spaces (feasibility5 100%). B-lines (.0 in at least 1 space) were present at ESE in
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93 patients (69%) and absent in 42. More B-lines were found in the 3rd IS and along AA and MA lines. The B-line
cumulativedistributionwas symmetric at rest (right/left5 1.10) and asymmetricwith left lung predominanceduring
stress (right/left 5 0.67). The correlation of per-patient B-line number between 28-S and 16-S (R2 5 0.9478), 8-S
(R2 5 0.9478) and 4-S scan (R2 5 0.9146) was excellent, but only good with 1-S (R2 5 0.8101). The average imaging
and online analysis time were 5 s per space. In conclusion, during ESE, the comet map of lung water accumulation
follows a predictable spatial pattern withwet spots preferentially alignedwith the third IS and along the AA andMA
lines. The time-saving 4-region scan is especially convenient during stress, simplydismissing dry regions and focusing
onwet regions alone. (E-mail: picano@ifc.cnr.it) � 2017World Federation for Ultrasound inMedicine&Biology.

Key Words: Exercise, Lung, Stress, Water.
INTRODUCTION

Stress echocardiography (SE) is a cost-effective imaging
modality recommended by the most recent European So-
ciety of Cardiology and American College of Cardiology
Foundation/American Heart Association guidelines for
evaluation of coronary artery disease (CAD) and heart
failure (HF) patients (Montalescot et al. 2013;
Ponikowski et al. 2016; Wolk et al. 2014; Yancy et al.
2013). However, the information provided by SE
extends beyond wall motion assessment and takes full
advantage of the versatility of the technique to include
a dynamic assessment of mitral insufficiency,
pulmonary pressures, diastolic function and B-lines
(Picano and Pellikka 2014). In particular, B-lines (also
referred to as ultrasound lung comets) can be assessed
by lung ultrasound (LUS) and provide a direct, positive
imaging of extra-vascular lung water, a physiologic vari-
able of well-established diagnostic and prognostic value.
Only recently have B-lines entered the echocardiography
(Jambrik et al. 2004; Picano et al. 2006) and later, stress
echocardiography laboratory (Agricola et al. 2006;
Pratali et al. 2012; Scali et al. 2017). Although
experience in the field of stress-LUS is still relatively
new, it has great potential to expand the diagnostic spec-
trum of SE (Picano and Pellikka 2016; Picano and Scali
2017). As recognized also by recent North American
and European recommendations on the use of SE
beyond ischemic heart disease, the demonstration of B-
lines seems a feasible way for showing that exertional
dyspnea is related to pulmonary congestion (Lancellotti
et al. 2016). The presence of B-lines during exercise oc-
curs in approximately 2 out of 3 patients with well-
compensated heart failure with reduced ejection fraction
and identifies those with more advanced functional
impairment and poorer outcome in the short term. The
prognostic stratification achieved with stress B-lines is
more effective than that provided by resting B-lines,
which are present in approximately 1 out of 3 patients
(Scali et al. 2017).

At rest, LUS scanning for B-lines has been per-
formed with a wide range of sites from extensive 72- on
antero-lateral and posterior chest (Barskova et al.
2013), to a complete 28- (Coiro et al. 2015; Mallamaci
et al. 2010; Miglioranza et al. 2013), simplified
8- (Platz et al. 2016) or ultra-simplified 4- (Enghard
et al. 2015) region scans. The standard stress-LUS tech-
nique has been the 28-site complete scan (Agricola
et al. 2006; Scali et al. 2017), even in settings outside
HF (Platz et al. 2016) when performed outdoors under
extreme environmental conditions (Frassi et al. 2008;
Pratali et al. 2010), but if LUS scanning has to become
a part of a comprehensive SE study, imaging and
analysis time is a limiting factor for acceptance.
Therefore, we analyzed the feasibility and value of 5
analysis protocols for imaging B-lines during stress,
comparing head-to-head the complete 28-site scan
(28-S), the 16- (16-S), the 8- (8-S), 4- (4-S) and the
single-site (1-S) scan in 135 consecutive patients with
known or suspected HF or CAD. Patients were referred
to exercise SE in 3 high-volume, quality-controlled labora-
tories in 3 countries (Italy, Russian Federation and
Bulgaria) of the SE2020 study network, which is an
ongoing large-scale, prospective, international, multicenter
effectiveness study on SE in and beyond CAD (Picano et al.
2017). The primary aim of the study was to describe, on the
basis of the 28-S scan, the spatial distribution of lung water
in resting conditions and during stress. The secondary aim
was to compare various scanning protocols to identify the
most convenient one (i.e., with the best trade-off between
simplicity and accuracy) for adoption and large-scale
validation and dissemination.

METHODS

Study population
In this prospective study, we evaluated 135 patients

(45 women, 90 men; age 626 12 y; left ventricular ejec-
tion fraction 41 6 13%, mean 6 SD) recruited by 3 cen-
ters of the SE2020 network (Pisa-Cisanello, Italy; St.
Petersburg, Russia; and Sofia, Bulgaria). The inclusion
criteria were (i) age .18 y; (ii) referral for either HF or
CAD; (iii) no severe mitral regurgitation, because this
condition may determine an asymmetric distribution of
lung water accumulation, with predominant involvement
of the right upper lobe (Schnyder et al. 1993); (iv) patient
capable of exercise; (v) absence of congenital heart dis-
ease; (vi) willingness to give informed consent.

mailto:picano@ifc.cnr.it
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No patient was excluded because of a poor-quality
LUS study at rest or during exercise.

All 135 patients underwent ESE testing as part of a
clinically driven characterization. Written informed con-
sent also allowing scientific utilization of observational
data, respectful of privacy rights, was obtained from all
patients before clinically driven testing. The study proto-
col was reviewed and approved by the institutional ethics
committee as a part of the SE 2020 study.

Lung ultrasound
In the3 centers,weused commercially available ultra-

sound machines (IE 33, Philips, Medical Systems, And-
over, MA, USA; with a 2.5- to 3.5-MHz phased-array
sector scan probe or Vivid E9, GE Healthcare, USA, man-
ufactured in Horten, Norway, equipped or standard M5 S
transducer with second harmonic technology). The depth
was adjusted according to the body habitus of the patient,
with thin patients requiring less depth and obese patients
needing greater depth to visualize the pleural line. A
B-line was defined as a discrete laser-like vertical hypere-
choic reverberation artifact that arises from the pleural
line extending to the bottom of the screen without fading
and moving synchronously with lung sliding
(Lichtenstein et al. 1997; Volpicelli et al. 2012). We
analyzed the anterior and lateral hemithoraces, scanning
along the parasternal (PS), mid-clavicular (MC), anterior
axillary (AA) and midaxillary (MA) lines. A total of 28
chest sites were scanned and the total number of B-lines
was recorded as the cumulative B-line score (Jambrik
Fig. 1. The complete map of a 28-site scan of the antero-later
spatial refer
et al. 2004). A detailed description of the scanning proced-
ure and scanning sites is also available in a 2-min movie
from our laboratory on YouTube (The incredible ULCs—
ultrasound lung comets; available at http://www.youtube.
com/watch?v57y_hUFBHStM; accessed March 30,
2017). The sequence of scanning sites is shown in
Figure 1. The exercise LUS study was started immediately
at the end of exercise. The patient was in the left semi-
supine position for transthoracic echocardiogram (TTE).
LUS scanning was performed in the supine position at
rest (before exercise) and soon after exercise (with the pa-
tient again resuming the supine position, Fig. 2).

The intra-observer and inter-observer variability of
the B-line scores was previously assessed by 2 indepen-
dent observers (who had received standardized training)
in a set of 20 consecutive patients resulting in, respec-
tively, 5% and 6% at rest and 5% and 8% at peak stress
(Scali et al. 2017). On a set of 20 video clips selected
as a part of the quality control process of the SE 2020-
B-line subproject, the 3 accredited readers (Mc.S., A.Z.
and I.S.) all had$95% concordance with core laboratory
reading on the presence and number of B-lines (judged
concordant: core laboratory reader61) in a set of 20 clips
coming from 6 laboratories. The intra-class correlation
coefficient of each of the 3 readers with core laboratory
reading was .0.95. The cardiologist-echocardiographer
performing the test interpreted the B-lines. The procedure
for acquisition between centers was standardized through
a web-based learning module and all readers passed the
quality control for both regional wall motion analysis
al chest. The V4-V5-V6 lead position is also shown for
ence.

http://www.youtube.com/watch?v=7y_hUFBHStM
http://www.youtube.com/watch?v=7y_hUFBHStM
http://www.youtube.com/watch?v=7y_hUFBHStM


Fig. 2. Schematic diagram of standard TTE plus LUS-SE for
B-lines. B-lines are acquired immediately before starting and
immediately after stopping exercise. During stress, wall motion
is imaged continuously. LUS 5 lung ultrasound; SE 5 stress

echocardiography; TTE 5 transthoracic echocardiogram.
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and B-lines reading upstream to starting data collection.
The results for each space were entered in the data bank
at the time of testing and sent to the core laboratory for
analysis by an operator blinded to the study hypothesis
and patient clinical data.
Terminology and numbering of spaces
The numbering and terminology adopted for

scanned chest spaces was previously detailed and exten-
sively adopted by us and other groups (Coiro et al. 2015;
Fig. 3. The simplified scan. Sampling sites superimposed o
Miglioranza et al. 2013; Picano et al. 2006). The spaces
are numbered following the standard Latin direction of
reading, from left-to-right margin, from top-to-bottom,
and from the left page (right lung) to right page (left
lung, the sternum being in the middle). The scanning is
symmetric, with the exception of the 5th IS, present on
the right lung but missing on the left lung, because the
corresponding lung spaces are shadowed by the cardiac
scan area.

Each space is univocally identified by a number 1–28,
and more intuitively, by a straightforward alphanumeric
code allowing immediate description of the horizontal
and vertical alignment of the space. The first item of the
code is a letter, R or L, identifying the right or left lung.
The second item is an Arabic numeral, indicating the IS
(2–5) and therefore the horizontal coordinate. The third
item is a 2-letter code, indicating the vertical coordinate,
from side margin to center: MA, AA, MC and PS.
Exercise stress echocardiography
All patients underwent semi-supine bicycle ESE

according to the protocol recommended by European
Association of Echocardiography (EAE) guidelines
(Lancellotti et al. 2016). Graded bicycle was performed
starting at an initial workload of 20 W and lasting for
n computerized tomography chest scan (lower panel).



Table 1. Main characteristics of the patients

Age (y) 62 6 12
Men 90 (67%)
Dilated cardiomyopathy 76 (56%)
Post-ischemic cardiomyopathy 52 (39%)
Others (CAD, valvular, HCM) 7 (5%)
Resting wall motion score index 2.09 6 0.60
Peak wall motion score index 1.71 6 0.64

CAD 5 coronary artery disease; HCM 5 hypertrophic
cardiomyopathy.
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2 min; the workload increased stepwise by 10 Wat 2-min
intervals. Electrocardiogram and blood pressure were
continuously monitored. Criteria for interrupting the
test were severe chest pain, diagnostic ST-segment shift,
fatigue, excessive blood pressure increase (systolic blood
pressure 240 mmHg, diastolic blood pressure
120 mmHg), limiting dyspnea, maximal predicted heart
rate or significant arrhythmias. The maximum rate-
pressure product (heart rate 3 systolic blood pressure)
and exercise time (min) were also evaluated. Echocardio-
graphic imaging was performed from parasternal long-
axis view, short-axis view and 4- and 3-chamber view,
using conventional 2-D echocardiography. Wall motion
score index was calculated in each patient at baseline
and peak stress, according to the recommendation of
the American Society of Echocardiography (ASE) and
the EAE from 1 (normal) to 4 (dyskinetic) in a 17-
segment model of the left ventricle (Lancellotti et al.
2016). All physicians and nurses involved were trained
in basic life support and advanced cardiac life support.
Data analysis
The data of individual spaces were entered in the

28-region scan. The analysis was later performed to
calculate the number of B-lines per each space including
all patients to generate a lung water map and to identify a
gradient in sensitivity across various spaces, separating
wet regions (with the most B-lines) from dry regions
(with the least B-lines). To assess the per-patient
sensitivity of each scan modality in detecting B-lines,
we separately analyzed the 5 scan modes: 28-, 16-, 8-,
Table 2. The scanning protocols

Type of scan 28-S 16-S

Sites (n) 28 16
Location All sites 3–4 IS
Mean scan time (s) 140 80
Per patient sensitivity (n 5 93 with B-lines) n.a. 97.8% (n 5
Per patient specificity (n 5 42 without B-lines) n.a. 100%
Positive predictive value n.a. 100%
Negative predictive value n.a. 95%
R2 value vs 28-S scan / R2 5 0.9

IS 5 intercostal space; LAA 5 left anterior axillary; n.a. 5 not applicable;
4- and the single 1-site scan. The 28-S scan is shown in
Figure 1 and includes all spaces. The 16-S scan includes
the R and L, 3 and 4 IS, with MA, AA, MC and PS lines.
The 8-S scan includes the R and L, 3 IS, with MA, AA,
MC and PS lines. The 4-S scan (R and L, 3, MA and
AA) is shown in Figure 3. The 1-S is limited to L3 MA.
Statistical analysis
Data are expressed as mean 6 standard deviation

(normally distributed data such as age), median and
inter-quartile (25th, 75th) range (non-normally distrib-
uted data, such as B-lines) or percent frequency (categor-
ical data). Non-parametric Spearman correlation
coefficient analysis was used to assess the relation be-
tween B-lines with various scan techniques. Assuming
as the gold standard the presence or absence of B-lines
at S-28 scan, for each scanning technique (S-16, S-8,
S-4 and S-1) we calculated the diagnostic sensitivity,
specificity, positive and negative predictive value accord-
ing to standard definitions. All analyses were conducted
with the Statistical Package for the Social Sciences, v.
12 (SPSS Inc., Chicago, IL, USA).
RESULTS

The demographic, resting echocardiographic and
stress echocardiographic features of the study patients
are reported in Table 1. Interpretable images were ob-
tained in all spaces (feasibility 5 100%).

The imaging and online analysis time (average of
rest and post-stress scan for all patients) decreased
sharply with the reduction in scanning sites, ranging
from a median of 140 s for 28- to 5 s for a 1-site scan.
At per patient analysis (Table 2), the sensitivity
(.0 B-lines in any space) was 100% with 28- and
decreased to 98% with 16-, 96% with 8-, 93.5% with
4- and dropped off to 77% with a 1-region scan
(p, 0.001). The specificity was 100% with all scanning
modalities (Table 2).

The per-space distribution of B-lines at rest and dur-
ing stress is shown in Figure 4. The overall cumulative
B-line number (considering all spaces in all patients)
: Head-to-head comparison

8-S 4-S 1-S

8 4 1
3 IS 3 IS L3 AA
40 20 5

91) 95.7% (n 5 89) 93.5% (n 5 87) 77.4% (n 5 72)
100% 100% 100%
100% 100% 100%
91% 87.5% 66.6%

873 R2 5 0.9478 R2 5 0.9146 R2 5 0.8101

S 5 site.



Fig. 4. Water comet distribution at rest (blue bar) and after stress (red bar). On the x-axis, the scanning sites for left (sites
1–16) and right (17–28) hemithoraces. On the y-axis, the cumulative value of B-lines with complete scan mode (n 5 28
sites) in all patients. All B-lines from all spaces from all tests in all patients are pooled to generate the water distribution.
The higher bars correspond to wet sites (with a relatively higher number of B-lines), the lower bars to dry sites (with a

relatively lower number of B-lines).
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increased on average 3-fold from rest to stress. The in-
crease was about 2-fold on the right lung (cumulative
value 412–974), and almost 4-fold on the left lung
(372–1448). B-line cumulative distribution was asym-
metric with slight right lung dominance at rest (right/
left5 1.10) and pronounced left lung predominance dur-
ing stress (right/left 5 0.67). If the left-sided 4 spaces of
the 5 IS were excluded from analysis, so that the same
symmetric 12 spaces per hemithorax were included, the
R/L lung ratio was 1.05 (balanced) at rest, and 0.65 (high-
ly skewed toward the left) at peak stress.

At per-space analysis (Table 3), B-lines increased dur-
ing stress, in comparison with rest, in all 28 regions except
Table 3. The per-space distribution of B- line

RMA RAA RMC RPS

2nd IS 6–18 5–12 14–35 21–55
3rd IS 72–196 117–277 13–70 35–61
4th IS 69–177 47–43 5–14 8–16
5th IS 6–11 0–7 3–3 12–7

RMA5 right mid-axillary; RAA5 right anterior axillary; RMC5 right mid
mid-clavicular; LAA 5 left anterior axillary; LMA 5 left mid-axillary; IS 5
Values after stress are given in bold.
2, where they remained unchanged (5 right mid-clavicular)
or even decreased (5 right parasternal). The increase was
.200 lines in absolute values (3 left mid-axillary, 4 left
anterior axillary), and .500% in variation from the base-
line (5 left mid-axillary, 5 left anterior axillary).

The top 3 wet sites (with higher density of B-lines)
were all from the 3 IS, both at rest and during stress
(Table 4).

We found a highly significant (p , 0.0001) correla-
tion between the number of B-lines with 28- in compari-
son with the other scanning modalities, ranging from
excellent (with 16-, 8- and 4-region scans) to good with
the 1-region scan (Fig. 5).
s at rest and after stress (28-region scan)

LPS LMC LAA LMA

2–14 4–13 1–17 6–19
9–36 21–78 94–285 113–311
14–66 21–108 41–242 46–259
n.a. n.a. n.a. n.a.

-clavicular; RPS5 right parasternal; LPS5 left parasternal; LMC5 left
intercostal space; n.a. 5 not applicable.



Table 4. The top-8 wet spots at rest and during stress*

Ranking Rest Stress

First R3 AA (117) L3 MA (311)
Second L3 MA (113) L3 AA (285)
Third L3 AA (94) R3 AA (277)
Fourth R3 MA (72) L4 MA (259)
Fifth R4 MA (69) L4 AA (242)
Sixth R4 AA (47) R3 MA (196)
Seventh L4 MA (46) R4 MA (177)
Eight L4 AA (41) L4 MC (108)

AA 5 anterior axillary; MA 5 midaxillary; MC 5 mid-clavicular.
* In parenthesis, the cumulative B-line score (of all patients) for each

space. All the top-3 spaces belong to 3rd IS (AA and MA) both at rest
and after stress.
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DISCUSSION

In patients with known or suspected HF or CAD, the
wet spots with higher density of B-lines are preferentially
found in the 3rd IS, along the MA and AA lines, both at
rest and during stress. This finding may have methodo-
logic and pathophysiologic implications. From the
viewpoint of resting TTE and SE methodology, the
time-consuming 28-S scan can be conveniently replaced
with the 4-S scan, with a considerable reduction of imag-
ing and analysis time with no significant loss of informa-
tion. From the pathophysiologic viewpoint, stress B-lines
develop and progress potentially in a predictable manner
with a left-sided predominance during semi-supine exer-
cise, when the patient usually bends left for imaging
during effort.
Selecting the right spaces
The evolution of the imaging of lung water follows

in the footsteps of other parameters currently used in
Fig. 5. On the x-axis, the number of comets for each patient w
with 16- (black), 8- (purple), 4- (ye
stress imaging, with the initial phase of deregulation fol-
lowed by progressive standardization before widespread
dissemination for clinically driven use. For instance,
regional wall motion analysis in the early days was char-
acterized by the wide variability of left ventricular seg-
ments (with 5, 9, 11 and up to 20 segments). As time
passed, the consensus promoted by scientific societies
was to accept the 17-segment model, which made acqui-
sition simpler, communication easier and understanding
among various imaging modalities more straightforward
(Cerqueira et al. 2002; Lang et al. 2015). What occurred
decades ago for left ventricular segments took place again
in the past decade for B-lines, the ultrasound lung comets
that in a few years gained recognition and acceptance in
cardiology and are now earning international guidelines
and recommendations (Mebazaa et al. 2015). We need
standardization, but we lack the critical information to
rely on an evidence-based choice. The first pathophysio-
logic evidence is that not all spaces were created equal for
lung water accumulation. In other words, the probability
distribution of B-line accumulation is inconsistent across
the 28 regions, but follows a predictable spatial pattern,
with some regions flooded first. These regions are wet
spots, more frequently the elective site of lung water
accumulation. In particular, the L3 MA region can be
used for a 1-S speed scan and represents for lung water
what V5 is for 12-lead echocardiogram (ECG) in detec-
tion of myocardial ischemia during exercise-
electrocardiography testing. For instance, in patients
with single-vessel disease, the sensitivity of exercise-
ECG is 52% using 12 leads, and 50% using only V5
lead (Fox et al., 1984). L3 MA—the V5 of lung
water—is vertically aligned with lead V6. The V5 of
lung water can be especially useful if we think of
ith a 28-site scan. On the y-axis, the corresponding value
llow) and 1-site (cyan) scans.
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(currently in progress) development of devices monitoring
lung water on the basis of imaging or non- imaging ultra-
sound systems, which cannot scan the entire chest surface
but must focus in a spatially limited region to track lung
water accumulation, which is essential for early detection
of impending heart failure decompensation. It is important
to recognize that our data do not necessarily apply to other
forms of exercise (upright bicycle, treadmill), where the
combination of hemodynamic and gravitational stress
determining lung water distribution may vary from
semi-supine exercise with the patient bending leftward
for imaging needs. In addition, LUS evaluates subpleural
water accumulation, and therefore a direct comparison
with lung water distribution observed with other methods
can be difficult.

Comparison with previous studies
Our resting findings are consistent with those of

Jambrik et al. (2004) and Miglioranza et al. (2013),
showing that the wet spot at rest is the R3 AA space.
The right lung water predominance observed at rest is
switched strikingly during stress, with left lung predom-
inance. This may have to do also with the leftward in-
clined position of the patient during semi-supine
bicycle ESE testing, necessary to optimize ultrasound im-
aging but possibly superimposing the gravity stress to the
usual hemodynamic stress of exercise increasing flow and
pressure in the pulmonary circulation (Lewis et al. 2013).
In fact, postural changes may affect the lung water distri-
bution within a few minutes, and B-lines increase in the
supine in comparison with the sitting position in HF pa-
tients (Frasure et al. 2015).

Study limitations
We studied patients with known or suspected HF or

CADwho underwent semi-supine ESE. These data do not
necessarily apply to other forms of pharmacologic stress
or to exercise modalities different from semi-supine, such
as treadmill or upright bicycle. Nevertheless, semi-supine
bicycle is the most convenient and most commonly used
form of stress in the SE laboratory whenever the patient is
able to exercise, and is also recommended for applica-
tions beyond CAD (Lancellotti et al. 2016).

Three observers performed the B-line and SE studies
in three laboratories. However, they had been trained in
SE and B-lines, had established low variability in SE
and B-line reading (Scali et al. 2017) and underwent an
upstream quality control session dedicated to B-lines
before entering the multicenter SE2020 trial, with very
low variability.

The quality control was restricted to the reading of
video clips, not to image acquisition, which may be vari-
able amongoperators.However, the technicalities of acqui-
sition are particularly simple for LUS, because from the
technical viewpoint LUS (for B-lines) is considered the
kindergarten of echocardiography, whereas stress echo
for wall motion analysis is the university—that is, more
complex, time-consuming and requiring higher skills.

CONCLUSIONS

For comet watching in the SE laboratory, 28-,
16- and (to a lesser extent) 8-S scans are exhaustive but
relatively time-consuming. A single-site scan is appeal-
ingly simple and fast but some significant information
is lost. The best trade-off between accuracy and
simplicity is the 4-S scan both at rest and after stress,
when the time pressure is highest and there are so many
things to see and so little time available. In this simplified
form, the comet scan is user-friendly and is now undergo-
ing dissemination and large-scale validation within the
network of the SE2020 study (Picano et al. 2017).
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