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A B S T R A C T   

Quantitative approaches to improve lung ultrasound (LUS) vertical artifacts (VA) interpretation using total signal 
intensity (ITOT) are not widely available for clinical practice. In this study, we aimed to i) develop a mathematical 
algorithm to extract ITOT as a post-hoc LUS analysis and ii) confirm ITOT utility by conducting laboratory VA 
research using an in vitro model with different acoustic channels. 

The ITOT was extracted from static and conventional LUS imaging recorded from in vitro models after varying 
the amount of water content or the pores size of the phantom, compared to a control condition. 

The defined algorithm was able to calculate the ITOT from all phantoms. Mean ITOT showed statistically 
significantly different values across phantom categories. 

We demonstrate that ITOT may be able to differentiate the in vitro acoustic channels formed by increased water 
content from those with small size pores. However, the utility of this semi-quantitative tool in clinical practice or 
other LUS imaging data sets remains unclear.   

1. Introduction 

The usefulness of lung ultrasound (LUS) as a monitoring tool 
increased worldwide after the COVID-19 pandemic, mainly in intensive 
care and emergency settings [1]. LUS enables monitoring of the lung 
interstitium for changes in aeration loss patterns by identifying B-lines, 
white lung patterns, and consolidations [1,2]. These features compose 
the majority of LUS scores validated in pneumonia [2] and reflect the 
increasing inflammatory interstitial edema seen during the time course 
of severe acute distress respiratory syndrome (ARDS) [1,2]. In addition 
to pleural effusion in heart failure [2], diffuse B-lines were also recog-
nized in acute coronary syndrome when associated with cardiogenic 
pulmonary edema [3]. 

In the last few years, several advances have been achieved regarding 
the biophysics of the B-lines. Despite their relevance as a marker of 
regional lung deaeration, vertical artifacts (VA) cannot be entirely 
explained by the lung interstitial edema [4,5]. Consequently, a recent 
consensus established technical ultrasound (US) settings that must be 
considered and reported for an adequate VA evaluation in clinical 

practice [6,7]. The present knowledge about VA modulates the clinical 
practice interpretation, whereas in the past, their presence almost every 
time meant increased lung interstitial fluid, reported as lung B-lines [1]. 

Recently, Mento et al. [8] reviewed the literature and suggested that 
quantitative approaches to LUS data, like spectroscopy [9], should 
improve VA clinical interpretation in the future. Previously, Mento and 
colleagues [10] described a multifrequency LUS approach to record VA 
with a linear probe after defining sequential probe pulses with different 
center frequencies (3, 4, 5 and 6 MHz) via a programmable platform 
[11]. They then, extracted the mean native frequency, mean bandwidth 
and mean total signal intensity (ITOT) to differentiate pulmonary fibrosis 
VA from pulmonary edema VA. The authors [10] based their reasoning 
on the higher attenuation of LUS echoes in patients with increased 
fibrotic content (i.e. pulmonary fibrosis) rather than those with water or 
inflammatory fluids (i.e. pulmonary edema). In fact, using the metric of 
ITOT, the researchers were able to detect the lower intensity VA from 
patients with pulmonary fibrosis with a sensitivity and specificity of 
92%. Despite their significant findings, such methodology is not widely 
available. 

* Corresponding author. Critical Care Department, Hospital Garcia de Orta EPE, Almada, Portugal. 
E-mail address: jlleotte@gmail.com (J. Leote).  

Contents lists available at ScienceDirect 

WFUMB Ultrasound Open 

journal homepage: www.journals.elsevier.com/wfumb-ultrasound-open 

https://doi.org/10.1016/j.wfumbo.2024.100035 
Received 13 October 2023; Received in revised form 7 February 2024; Accepted 8 February 2024   

mailto:jlleotte@gmail.com
www.sciencedirect.com/science/journal/29496683
https://www.journals.elsevier.com/wfumb-ultrasound-open
https://doi.org/10.1016/j.wfumbo.2024.100035
https://doi.org/10.1016/j.wfumbo.2024.100035
https://doi.org/10.1016/j.wfumbo.2024.100035
http://crossmark.crossref.org/dialog/?doi=10.1016/j.wfumbo.2024.100035&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


WFUMB Ultrasound Open 2 (2024) 100035

2

For this reason, we defined a mathematical algorithm to further 
validate the ITOT as a post-hoc LUS analysis. Secondly, we performed 
laboratory VA experiments with different acoustic traps to confirm the 
utility of ITOT. 

2. Material and methods 

We created an in vitro model to generate VA [12,13] from structures 
with different porosities. The superficial layer consisted of a mixture of 
gelatin and sugar-free Metamucil with a ratio of 3:1 per liter of water to 
recreate the subcutaneous tissue with 2 cm of thickness. To simulate the 
well-defined and homogenous pleura, a translucent plastic was applied. 
For the air-lung interface, as reported by others [13,14], we used two 
damp sponges after evaluating their pores and septa size through elec-
tron microscopy (Fig. 1). The first sponge had 278 μm mean-diameter 
pores (±106 μm), intertwined by 10 μm septa. The second sponge had 
190 μm mean-diameter pores (±70 μm), also spaced by 10 μm septa. The 
two different pore size sponges were selected to produce different in-
tensity echo reflections as already reported in the in vitro experiments [8, 
10,11]. The mean pore and septa sizes were extracted from ten photo-
graphs of each sponge. Consequently, water was added to the sponges as 
follows: i) to the first sponge, 10 mL of water to obtain the control 
phantom (Fig. 1B) and 30 mL of water to obtain the flooded phantom 
(Fig. 1B); ii) to the smaller pore sponge phantom (Fig. 1C), 10 mL of 
water. We constructed ten phantoms of each phantom category. An iron 
structure 10 cm high and a metal base with a flexible aluminum arm at 
the top were used to fixate the probe over the phantoms without 
movement (Fig. 1) To warrant a motionless probe during recordings, a 
gyroscope was attached to the iron structure as reported previously 
[13]. 

For US image acquisition, the MicrUs EXT-1H beamformer (Telemed, 
Vilnius, Lithuania) was used to produce echo waves through a micro-
curvilinear probe with a 20-mm radius and 5 mm lateral dimension, 
system frequency of 4 MHz, field of view of 46a or 97 mm with a focal 
length of 20 mm, with 64 piezoelectric elements (code MC8-4R20S-3, 
Telemed). The US signal was recorded with a 40 MHz bandwidth sam-
pling frequency, a frame rate up to 120 Hz and the signal was converted 
to digital using an 8-bit converter before being exported in DICOM 
format. 

US images were recorded using the following settings: mechanical 
index of 0.5; depth of 70 mm; one focal depth (on the gelatin to sponge 
interface); the power of − 10 dB; gain of 90%; equal level of time gain 
compensation across depth, standard line density, a dynamic range of 
66 dB, without tissue equalization or optional post-processing tools. 
DICOM clips were recorded with 5 s duration and the first 30 frames of 
each clip were excluded to ensure the stable performance of the probe. 

In the in vitro static models, VAs were defined as triangular shape 
with a vertex originating from the homogenous ‘pleural line’, extending 
to the triangle base on the bottom of the screen, blurring reverberation 
artifacts. For the small pore phantom and control phantom categories, 

US images were selected if they showed one or two VAs, and for the 
flooded phantom category, images with at least five VAs were selected. 

The ITOT (dB) was calculated as described in equation (1) [10]: 

ITOT = 20 log10

(

Apix

∑

i,j
10

ROIB(i,j)
20

)

Eq. 1  

where Apix is the area of a pixel (3.6 × 10− 3 mm2), i and j indexes refer to 
the pixel in ROIB located at the i-th row and j-th column, and ROIB(i, j) is 
the intensity value (in dB) of the pixel located at the i-th row and j-th 
column. After computing the US intensity signal, an empirically deter-
mined threshold of − 20dB was defined to reduce the influence of data 
noise. 

This was computed in MATLAB (MathWorks, MA, USA) algorithm 
(available in supplementary material). The maximum signal amplitude 
from the region of interest (ROI) was used as the reference value. The 
ROIs were drawn three times around different VA within each phantom 
to ensure data reproducibility. Two authors (MT and JL), were 
instructed to manually draw the ROIs within the inner border of the VA 
(Fig. 2) from the upper part including the ‘pleura’ mimic line to the 
bottom part of the US image. 

Mean ITOT was calculated from 3 ROI measurements. The average 
ITOT were compared using the One-Way ANOVA test after satisfying test 
assumptions. Statistical analyses were performed using SPSS Statistics, 
version 24 (IBM, Armonk, NY, USA). A p-value <.05 was considered to 
indicate statistical significance. 

3. Results 

Fig. 2 shows an example of each US imaging recorded for each 
phantom category. The defined algorithm was able to calculate the ITOT 
of the selected ROIs from all phantoms. The algorithm was shown in 
supplementary material (algorithm files, 1 to 3). Fig. 2B shows a boxplot 
chart with the descriptive statistics of the mean ITOT in each attempt 
grouped by phantom categories. In addition, Table 1 also shows the 95% 
confidence interval of mean ITOT. On the first attempt (left boxplot on 
Fig. 2B), mean ITOT showed statistically significantly different values 
across phantom categories (Welch’s F(2, 14.777) = 78,985; p < .0005). 
In this attempt, there was an increase in mean ITOT from − 14,9 ± 2,6 in 
the small pore phantom category to − 6,0 ± 0.6 in the flooded phantom 
category and to − 9,3 ± 1,2 in the control phantom category (p < .0005). 
The statistics of all attempts showed similar results and were described 
inTables 1 and 2 of the supplementary material (tables). 

4. Discussion 

Our main findings were the development of a semi-quantitative, post- 
hoc open tool able to extract the ITOT from VA obtained with conven-
tional US imaging instead of using a more complex US acquisition sys-
tem. Secondly, we confirmed previous observations [10] that the ITOT of 

Fig. 1. Experimental setup with a custom probe holder above the phantom (A). The in vitro model was based on two sponges (B, C) placed below a gelatin/met-
amucil mixture. 
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VA is dependent on the amount of water content and pore diameter. 
LUS in clinical practice is based on a qualitative and subjective 

evaluation. Nonetheless, recent developments suggest using quantita-
tive approaches to estimate the alveolar geometry and lung surface 
roughness after varying the probe’s center frequency [8–10,15,16]. VA 
is generated by the reflection of the emitted echo waves, where they can 
penetrate (due to low tissue impedance), producing scatters that bounce 

backward towards the US probe [5,14]. The reflection intensity from the 
scattering is influenced by the three-dimensional volume and geometry 
of the object through which the echo waves have passed [15,16]. In our 
work, we used the water volume within two different spaces (dimension 
and geometry) allowing echo waves transmission by decreasing the 
amount of attenuated waves along the in vitro model depth (i.e. acoustic 
channel). 

Fig. 2. An ultrasound frame example of each phantom variant. Note the vertical artifacts (VA) present in control phantom (left image), flooded phantom (middle 
image) and small pore phantom (right image). On each frame, was showed an example of the selected regions of interest (ROI) in blue. The lateral parts of the models 
with irregular “pleura” were ignored. Total signal intensity of the VA extracted from ten phantoms of each variant and ROIs were drawn three times for different VA. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Descriptive statistics from total signal intensity extracted from a category of phantom’s (N = 10), named as a control phantom group (CP) flooded phantom group (FP) 
and small pore phantom group (SP). The total intensity was extracted after selecting a region of interest that included the vertical artifact. This procedure was done 
three times (attempts from #1 to #3) using different vertical artifacts.  

Total Intensity/Attempt Phantom   95% Confidence Interval   

Mean (SD) Std. 
Error 

Lower bound Upper bound Min. Max. 

#1 CP − 9.33 (1.16) 0.36 − 10.16 − 8.50 − 11.25 − 7.43 
FP − 5.94 (0.59) 0.19 − 6.36 − 5.52 − 7.19 − 5.35 
SP − 14.88 (2.60) 0.82 − 16.73 − 13.02 − 19.43 − 11.43 

#2 CP − 9.58 (1.98) 0.63 − 11.00 − 8.16 − 12.69 − 7.14 
FP − 4.24 (2.05) 0.65 − 5.70 − 2.77 − 7.56 − 1.50 
SP − 16.62 (4.35) 1.38 − 19.73 − 13.50 − 23.91 − 10.04 

#3 CP − 10.23 (2.24) 0.70 − 11.83 − 8.62 − 13.54 − 7.14 
FP − 7.18 (1.75) 0.55 − 8.43 − 5.92 − 9.70 − 5.12 
SP − 16.92 (4.22) 1.33 − 19.94 − 13.90 − 21.90 − 10.89 

CP – Control Phantom; FP – Flooded Phantom; SD – Standard deviation SP – Small pore Phantom; STD – Standard. 
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We were able evaluate the different scattering spaces content after 
recording US imaging with a curvilinear probe with a system frequency 
of 4 MHz from three groups of in vitro phantom categories. VA obtained 
from phantom categories were morphologically different (Fig. 1). In the 
control condition, the VA showed hyperechoic homogenous horizontal 
lines parallel to the ‘pleura’, whereas after increasing the water content, 
confluent VAs were shown to have lower echogenicity and broadening 
width with depth. On the other hand, after decreasing the pore’s size 
diameter, VAs showed sparse and non-homogenous lines in the deeper 
part. Our findings are concordant with the numerous in vitro, ex vivo, and 
in vivo reports [9] that concluded that the VA morphology varies after 
altering the porosity (or density), alveolar geometry [15], and tissue 
roughness [16]. 

In our study, VA offline analysis was done to extract the ITOT after 
delineating an ROI from the ‘pleura’ line (considered the ITOT = 0 dB) 
until the end of the VA on depth. Due to the definition of ITOT, different 
sizes of ROI might lead to different ITOT values. A robust definition of the 
ROI is therefore crucial to ensure comparability of results. In this work, 
we extended the ROI to the end of the image, sometimes including pixels 
without any visually appreciable artifact towards the outer border of the 
image. To reduce the influence of such pixels, an empirically determined 
threshold of − 20 dB was applied, removing pixels with intensity lower 
than − 20 dB. 

The mean values of ITOT revealed a distinct pattern between the two 
tested phantom categories (large pores with high water content versus 
small pores with low water content). When increasing the water content, 
the confluent VA led to ITOT more closely related to the ‘pleura’ line 
signal. Whereas the roughly and sparsely defined VA after decreasing 
the size of the pores led to a hypoechoic signal, with high mean ITOT 
(more negative in relation to the ‘pleura’ line signal). Mento et al. [10], 
described the utility of this measure to provide an indirect estimation of 
the air spaces’ dimensions either in fibrotic lungs [10] or experimental 
models with peripheral air-space dimensions above 340 μm [16], 
although VAs were recorded using a sequence of frequencies. In this 
study, we used a conventional system to record US images. 

We chose to use ITOT as the central parameter of this study due to its 
quantitative nature. In a clinical setting, using a quantitative measure 
can not only remove potential subjective biases but also allow inter-site 
comparability. In fact, implementing these ‘online’ measures could 
provide bedside insight into lung density. During ITOT calculation, we 
applied a − 20dB empirical threshold upon inspection of the recorded 
LUS images, where the background noise was determined to be around 
the − 20dB level. Applying the threshold means that pixels below this 
value were not included in the ITOT which falls in line with previous 
reports of ITOT [9,10,16]. In further studies, the data noise removal 
should use standardized post-processing tools for systematical evalua-
tion of the noise level. 

LUS VA morphology may vary with pleural irregularities, probe 
center frequency, probe type, US settings, alveolar geometry and content 
[4,5,10]. Therefore, the utility of the described tool in either other US 
imaging data sets or clinical practice remains unproven. 

In sum, we described the utility of the ITOT to provide information 
about acoustic channels content that originate LUS VA after using a post- 
hoc and semi-quantitative tool. 
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