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ARTICLE INFO ABSTRACT

Keywords: Objective: To assess the effectiveness of 3 novel lung ultrasound (LUS)-based parameters: Pneumonia Score and
Pneumonia Lung Staging for pneumonia staging and COVID Index, indicating the probability of SARS-CoV-2 infection.
SARS-CoV-2

Methods: Adult patients admitted to the emergency department with symptoms potentially related to pneumonia,
healthy volunteers and clinical cases from online accessible databases were evaluated. The patients underwent a
clinical-epidemiological questionnaire and a LUS acquisition, following a 14-zone protocol. For each zone, a
Pneumonia score from 0 to 4 was assigned by the algorithm and by an expert operator (kept blind with respect to
the algorithm results) on the basis of the identified imaging signs and the patient Lung Staging was derived as the
highest observed score. The output of the operator was considered as the ground truth. The algorithm calculated
also the COVID Index by combining the automatically identified LUS markers with the questionnaire answers and
compared with the nasopharyngeal swab results.

Results: Overall, 556 patients were analysed. A high agreement between the algorithm assignments and the
expert operator evaluations was observed, both for Pneumonia Score and Lung Staging, with the latter having
sensitivity and specificity over 92% both in the discrimination between healthy/sick patients and between sick
patients with mild/severe pneumonia. Regarding the COVID Index, an area under the curve of 0.826 was
observed for the classification of patients with/without SARS-CoV-2.

Conclusion: The proposed methodology allowed the identification and staging of patients suffering from pneu-
monia with high accuracy. Moreover, it provided the probability of being infected by SARS-CoV-2.

Lung ultrasound
Pneumonia score
Lung staging
COVID Index

1. Introduction for the quantitative scoring of disease severity is still debated [10-12].

In 2020, the usefulness of LUS emerged during the pandemic caused

Pneumonia usually involves the outer non-mediastinal pleural sur-
face and progresses through stages. Lung ultrasound (LUS) is a robust
imaging technique able to detect pulmonary changes associated with
pneumonia and their evolution depending on the degree and extent of
consolidation [1]. Indeed, it has been widely used as a non-invasive
bedside technique for identifying, diagnosing and following-up pneu-
monia and other respiratory diseases [2-7]. Although its capability to
provide relevant diagnostic information on pulmonary tissue has been
investigated since the 1990s [8,9], the standardization of a procedure
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by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
[13,14]. The improvement in sensitivity in the early identification of the
associated coronavirus disease (COVID-19) when integrating LUS with
reverse transcription polymerase chain reaction (RT-PCR) has been
recently demonstrated [15]. Moreover, both for the generic pneumonia
management and in the case of COVID-19, LUS has been presented as a
first-line diagnostic imaging, alternative to chest computed tomography
(CT), particularly useful in children, pregnant women, critical patients
and patients in areas with high rates of community transmission [13,16,
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17]. Additionally, CT waiting lists are particularly long, making the
employment of CT for the identification of COVID-19 patients logisti-
cally challenging [18], besides being intrinsically inappropriate because
of the involved radiation, which also hinders its application for the
short-term follow-up.

On the other hand, LUS has not yet been widely adopted among the
routine clinical procedures to face COVID-19 pandemic, probably due to
the lack of automatic and objective approaches, which in fact results in
the need for expert sonographers for scan execution and data
interpretation.

One of the main limitations to an intensive LUS use in the triage
phase is actually the need of experienced operators able to recognize the
characteristic pneumonia patterns, and consequently return its classifi-
cation and staging [19]. Therefore, it would be of utmost importance to
provide the medical community with an advanced technology for the
automatic and operator-independent identification and staging of
pneumonia using quantitative LUS.

A novel technology based on the automatic analysis of ultrasono-
graphic data has been implemented aiming to recognize the character-
istic pneumonia patterns, without requiring experienced sonographers.
Actually, the system guides the operator during the lung echographic
scan, which can involve up to 14 anatomical zones, and automatically
generates a report indicating, for each zone, the level of pneumonia
severity on a scale from O to 4 (where O indicates the absence of the
disease and 4 represents the maximum severity).

The aim of this study was to introduce this new methodology and to
preliminarily investigate its usefulness and accuracy in pneumonia
evaluation and staging, by addressing two main primary objectives: (i)
assessing the accuracy of a novel LUS-measured parameter (Pneumonia
Score) in the scoring of pneumonia in each analysed point with respect to
the corresponding scoring performed by an expert operator; (ii) assess-
ing the effectiveness of a derived parameter (Lung Staging) in the total
staging of pneumonia, again with respect to an expert operator. As
secondary objective, the performance of a further novel index (COVID
Index), related to the probability that the observed pneumonia was due
to SARS-CoV-2 infection, was evaluated.

2. Materials and methods
2.1. Study design and setting

This study was performed in collaboration with the Emergency and
Admission Department (DEA) of the “Vito Fazzi” Hospital in Lecce
(Italy), the Spallanzani Hospital in Rome (Italy) and the San Matteo
Hospital in Pavia (Italy). The recruited patients were both healthy vol-
unteers and patients with lung infections of various aetiology. The pa-
tients underwent a LUS scan using the SensUS Touch — EcovidUS version
device (Amolab Srl, Lecce, Italy), equipped with the Lung 19 software
module and provided in an “open” configuration, specific for research
purposes.

The enrolment period lasted from April 15th to May 31% 2020. To
reach the required sample size, as detailed later in text, additional
clinical cases were obtained from clinical databases freely accessible
online, such as Butterfly, Grepmed and ThePocusAtlas (available at
butterflynetwork.com, grepmed.com and thepocusatlas.com,
respectively).

The resulting dataset was randomly split into two equal-sized sub-
datasets, which were separately used: the first to implement the algo-
rithm with the clinical parameters described below (cf. “Outcome”
paragraph) and the second as an independent cohort to validate their
performance.

The protocol was approved by the institutional review board. All
patients provided an informed consent and all data were immediately
anonymized. The study was conducted in accordance with the principles
of the Declaration of Helsinki for clinical research involving human
subjects.
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2.2. Selection of participants

The eligibility criteria for the inclusion in the study were: both
women and men; all ethnicities; age >18 years; healthy volunteers or
subjects who referred to the point of care for triage because of one or
more of the following conditions: (i) Travel/residence history in the
areas with a high rate of COVID-19 transmission; (ii) Exposure to pa-
tients with fever or respiratory symptoms who were in the areas with a
high rate of COVID-19 transmission; (iii) Epidemiological associations
with COVID-19 infection; (iv) Clinical manifestations of COVID-19
infection such as fever, cough, hypoxemia or other respiratory symp-
toms, radiographic features of pneumonia (such as ground glass opacity
or patchy consolidation in the lungs), normal or decreased number of
white blood cells, decreased lymphocyte count in the early stage of
disease, etc.

2.3. Measurements

The recruited patients underwent a clinical and epidemiological
questionnaire prior to the ultrasound acquisition, outlined as an adap-
tation of the World Health Organization seroepidemiological investi-
gation protocol for COVID-19 infection [20], in order to collect
information about concomitant symptoms (i.e.: fever; sore throat; res-
piratory symptoms including cough, difficulty in breathing and
wheezing; loss or alteration of smell and taste; diarrhea) and likelihood
of exposure to SARS-CoV-2 (i.e.: travel or residence in a country with
local transmission in the 14 days prior to the onset of symptoms; close
contact with probable or confirmed cases in the 14 days prior to the
onset of symptoms).

The device used to perform the LUS scan consisted of a battery based
ultra-portable ultrasonographic unit and a convex probe operating at the
nominal frequency of 3.5 MHz. The Lung 19 software module integrated
in the device included a novel proprietary algorithm for the automatic
recognition of the characteristic patterns of pneumonia, whose working
principle is detailed in the next paragraph. The LUS acquisition was
guided by the software, which had most of the presets pre-configured
with locked values (e.g., tissue harmonics off). The only unlocked pa-
rameters were depth, focus and gain: depth (ranging from 90 to 210
mm) was set according to the patient’s BMI; focus was set as close as
possible to the pleural line level; gain value was selected by the operator
to obtain the better visualization of the pleura and possible pneumonia
markers. In general, the locked preset values combined with the indi-
cated setting of depth, focus and gain resulted in a quick and effective
acquisition procedure, also in presence of potentially challenging situ-
ations (e.g., obese patients). A water-soluble and hypoallergenic
coupling gel, e.g. Aquasonic® 100 Ultrasound Gel (Parker Laboratories,
Fairfield, NJ, USA), was used for the probe-skin coupling. The probe was
suitably preserved from contamination through the use of a latex probe
cover. Moreover, the employed portable ultrasound device was easily
sanitized before and after each use with disinfectant wipes.

The LUS acquisition protocol was fully guided by a software interface
and was based on the 14-zones method [21], namely 7 zones per side
(left and right). However, because one of the main scopes of the adopted
methodology is to perform a quick diagnosis, a minimum of four zones
was considered sufficient in the triage phase, although the acquisition of
more zones was allowed and left to the clinician judgement. The location
and the minimum number of zones were selected according to recent
studies already available in the literature [22]. Each acquired zone was
scanned with the probe in longitudinal and transversal direction, with
12 frames acquired per scan (thus, a total of 24 frames per zone were
acquired). In detail, for each patient, the following zones could be ac-
quired: (1) Posterior portion of the lower quadrant of the right lung; (2)
Posterior portion of the middle quadrant of the right lung; (3) Posterior
portion of the upper quadrant of the right lung; (4,5,6) Same as (1,2,3)
for the left lung; (7) Sub-axillary portion of the lower quadrant of the
right lung; (8) Sub-axillary portion of the upper quadrant of the right
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lung; (9,10) Same as (7,8) for the left lung; (11) Anterior portion of the
lower quadrant of the right lung; (12) Anterior portion of the upper
quadrant of the right lung; (13,14) Same as (11,12) for the left lung. A
snapshot of the software interface after the acquisition is reported in
Fig. 1. The same zones and the same images were evaluated by both the
algorithm and the expert operator, in order to make the assigned scores
fully comparable.

2.4. Outcomes

The algorithm automatically analysed each frame through specific
morphological filters and thresholds based on the geometrical distri-
butions of the pixels in each image in order to automatically recognize
the presence of the following signs: focal, multi-focal, confluent B-lines
or "lung comets"; small or consistent consolidations (in particular: small
multifocal, intralobular or interlobular with possible dynamic aerial
bronchogram consolidations); A-lines; pleural effusions.

The working principle of the proposed method is shown in Fig. 2. For
each acquired zone on the patient chest, the algorithm assigns a Pneu-
monia Score value through the procedure described below.

For each considered anatomical zone, each image is segmented
through the following steps (applied to either longitudinal and trans-
versal acquisitions and illustrated in Fig. 3a for the case of a transversal
image):

. Preliminary image validation, based on grey level and geometrical
feature analysis, in order to verify the image suitability for the sub-
sequent processing steps and to discard possible images of insuffi-
cient quality.

. Image pre-processing, consisting in grey level adjustment and image
cutting and resizing (Fig. 3b).

. Search for ‘raw’ target structures (i.e., anatomical landmarks, echo-
graphic markers and signs), based only on pixel cluster positions and
their grey level intensity values, where the term ‘raw’ indicates that
this first attempt of marker segmentation may necessitate further
refinements because the identified pixel clusters could contain some
imperfections due to background noise (Fig. 3c).

. Identified ‘raw’ target structures undergo dedicated processing steps
based on a series of image filtering procedures and morphological
operations, including in particular median filtering, pixel erosion/

Close
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dilatation, and hole filling, in order to finally detect the sought target
structures (Fig. 3e-f).

. Storing of the coordinates of the target structures, in order to obtain
their dimensions and relative positions (Fig. 3g).

Once all the images belonging to the considered zone underwent the
segmentation process through the above listed steps, in the parameter
extraction phase the algorithm compares all the dimensions and relative
positions resulting from step 5 and calculates the characteristic features
of the detected structures (e.g., number of B-lines, width of the B-lines
and of the white lung, dimensions of the consolidations, etc.). The
Pneumonia Score associated to the examined anatomical zone is
computed from these parameters based on the criteria reported later in
this paragraph. The maximum of the Pneumonia Score values obtained on
a given patient is then labelled as Lung Staging. The outcomes of the
parameter extraction phase, combined with the information deriving
from the questionnaire, are finally used to estimate the COVID Index as
detailed later in the text.

For each analysed zone, the Pneumonia Score, ranging from 0 to 4,
was assigned by the algorithm on the basis of the identified pneumonia
signs (see also Fig. 4). This score expressed the following disease grades:
“0” in case of no disease, with presence of A-lines and absence of vertical
artefacts (Score 0 in Fig. 4); “1” in case of early stage of the disease, with
less than 3 focal B-lines (Score 1 in Fig. 4); “2” in case of intermediate
stage of disease, with diffused and multifocal B-lines (Score 2 in Fig. 4);
“3” in case of advanced stage of the disease, with diffused and multifocal
B-lines and initial subpleural consolidations and white lung pattern
(Score 3 in Fig. 4); “4” in case of very severe stage of the disease, with
diffuse and multifocal B-lines and lung consolidations (Score 4 in Fig. 4).
Then, the Lung Staging was obtained as the highest Pneumonia Score
identified during the examination, and consequently it ranged from 0 to
4 as well. This diagnostic parameter represented the overall staging of
the disease as a global assessment of the lung health status. Of note, the
adopted software was thought and designed to give the operator the
possibility to correct the Pneumonia Score values assigned by the algo-
rithm. However, this function was inhibited in the device used for the
present study, since the purpose was to validate the automatic algorithm
with respect to the scores assigned by the expert operator, employing a
“double-blind” approach. For this reason, changes to the automatically
assigned scores were never made in any step of this study.
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Fig. 1. Software interface after the acquisition. The image is a screenshot of the automatic data elaboration of the results, including Pneumonia Score, Lung
Staging and COVID Index values. The main panel of the user interface shows the acquired B-mode images.



Respiratory Medicine 189 (2021) 106644

I 9 6
$ 0
$ 0 L$ 3's
$ 9 ) 6-
6- 9
$ 0 $ 0
* 6 $ 0
0 9 $
6) $ 6
0 $
6 3 > 8
$ " 8% 5
) &) /$ / > /5%
$ $ 3,,5%
&- , & 3.,5% 9 3485
$ 9 3#85 @2A 6
1 $ $ - ) & |
$ 6 % ! & B=5 ) &) / 8
: $ N & 3 ! & £ 8% 8 <
3 $ 1 $ /8% /8 < 28% 65 ! & |
E * E ) &)
E $ $ 6 $ ! & /
E * ) &) /
0 @ A5 $ & $
) ! & / 8
3 ' 5 6 6$
6 ( N & |
: $ N & /
) &) /8 $ ! & |
! 6 78;8 7762= :868=
$ ) &) /6-
9 6- ! & |/
! 3 ) &) /
& 3& 5 @7%; A6
9 ! 56 | 7
,! & |/ ?;=%
8 ) & % 863
! & | (
! $ 5%
&- , &56 " 868@<A6
- ".# 1 &/8 ?3-
! 1 9% 6% 9% 5 ' ) )
163" ) # % $1 56


















