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Background: Lung ultrasound (LUS) is a safe and non-invasive tool that can
potentially assess regional lung aeration in newborn infants and reduce the
need for X-ray imaging. LUS produces images with characteristic artifacts
caused by the presence of air in the lung, but it is unknown if LUS can
accurately detect changes in lung air volumes after birth. This study compared
LUS images with lung volume measurements from high-resolution computed
tomography (CT) scans to determine if LUS can accurately provide relative
measures of lung aeration.

Methods: Deceased near-term newborn lambs (139 days gestation, term
~148 days) were intubated and the chest imaged using LUS (bilaterally) and
phase contrast x-ray CT scans at increasing static airway pressures (0—-50
cmH;0). CT scans were analyzed to calculate regional air volumes and
correlated with measures from LUS images. These measures included (i) LUS
grade; (ii) brightness (mean and coefficient of variation); and (iii) area under
the Fourier power spectra within defined frequency ranges.

Results: All LUS image analysis techniques correlated strongly with air
volumes measured by CT (p < 0.01). When imaging statistics were combined
in a multivariate linear regression model, LUS predicted the proportion
of air in the underlying lung with moderate accuracy (95% prediction
interval £ 22.15%, r> = 0.71).

Conclusion: LUS can provide relative measures of lung aeration after birth
in neonatal lambs. Future studies are needed to determine if LUS can also
provide a simple means to assess air volumes and individualize aeration
strategies for critically ill newborns in real time.

lung ultrasound (LUS), neonate, respiratory distress at birth, lung aeration, computed
tomography
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Introduction

During fetal development the future airways are liquid-
filled, which is essential for normal lung development (1). At
birth, this liquid must be cleared quickly in order to establish
pulmonary gas exchange and facilitate a healthy transition from
fetal to newborn life. Over 5% of all newborns require assistance
to aerate their lungs, but the optimal type of assistance is
unknown and likely varies between individuals (2). To optimize
respiratory support in individual infants immediately after
birth, real-time feedback is required to monitor the extent
and progression of lung aeration. Imaging techniques that
have been used to quantify lung aeration and liquid clearance
include X-ray imaging (3) and computed tomography (CT) (4).
While these imaging modalities provide detailed and accurate
information on the degree of lung aeration, they expose the
subject to ionizing radiation, making them inappropriate for
repeated measurements in human infants. In contrast, lung
ultrasound (LUS) does not utilize ionizing radiation, is quick,
easy to perform at the bedside and the images are easy to
interpret by clinicians (5-7). In addition, several studies have
shown that LUS predicts the need for surfactant in preterm
infants with respiratory distress syndrome (5, 8-12). However,
it is unclear whether LUS can quantify relative lung aeration
within specific lung regions immediately after birth and detect
subtle changes over time.

Unlike traditional ultrasound, LUS images are largely
comprised of imaging artifacts, which change depending on the
properties of the underlying lung tissue. In a well aerated lung,
the presence of air below the pleura causes the ultrasound beam
to bounce back and forth between the pleura and the transducer,
which creates a series of pleural line echoes, termed A lines
(13) (Figure 1A). If the lung is partially liquid-filled or deflated,
the ultrasound beam can travel deeper into the lung via liquid
or tissue “acoustic channels.” Here, it is thought to reverberate
in the liquid, bouncing between aerated alveoli and creating a
bright line of vertical echoes termed B lines (14). The number,
type and intensity of B lines change depending on the relative
amount of liquid vs. air in the lung (4) (Figure 1A).

Using a LUS grading system adapted from Raimondi et al.
(10, 15), we have recently described the changes in LUS images
in the first 24 h after birth in human infants, which was
assumed to reflect progressive lung aeration and lung liquid
clearance (6, 7). Before the onset of air-breathing, the liquid-
filled lung efficiently conducts ultrasound, producing a true
image of lung tissue that is categorized as Type 0 (Figure 1A).
During the initiation of air breathing, the pleural line is
patchy in appearance and the ultrasound image consists of
speckled hyperechoic areas mixed with hypoechoic lung tissue,
categorized as Type 0.5 (Figure 1A). Soon after birth, tightly

3

packed B lines become visible, creating a “white out” image
classified as Type 1 (Figure 1A). With increasing lung aeration,

these B lines separate into distinct vertical lines and A lines begin
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to appear, which is categorized as Type 2 (6). When the lungs
become well-aerated, which can take from minutes to hours
after birth, B lines disappear and only A lines are visible, which
is categorized as Type 3 (6, 7). These studies have demonstrated
that changes in LUS images are associated with improving lung
function and can predict the future need for surfactant therapy
(5). However, it is not clear whether changes in lung aeration
produce artifacts in LUS images that are consistent during lung
inflation and deflation and whether the changes in LUS images
are sensitive enough to detect small differences in lung aeration.

Analytical techniques that measure the brightness [mean
pixel intensity (MPI)] of artifacts in LUS images have been
utilized in adult preclinical (4) and clinical (16) models to
estimate relative amounts of air and liquid in the lungs.
However, pulmonary edema in pediatric and adult models (17)
is fundamentally different to the liquid-filled airways at birth
(1). Thus, it is unclear whether these analytical techniques
are able to accurately monitor lung aeration in newborns at
birth. One aim of this study was to determine if a qualitative
LUS grading system (6, 7, 10) can accurately monitor lung
aeration in newborn lambs. This was achieved by comparing
LUS images to the gold standard for quantifying air, tissue
and liquid volumes, high-resolution phase-contrast computed
tomography (CT) scans (18). Using this imaging technique
allowed for accurate calculations of lung volumes in the lung
region being imaged by LUS. We also aimed to develop an
analytical model that uses this grading system in addition to
other aspects of LUS images, to quantify the volume of air in
the lungs of newborn lambs.

Materials and methods

Animal ethics

All experimental procedures were approved by both Monash
University’s Animal Ethics Committee and conducted in
accordance with the National Health and Medical Research
Council (NHMRC) Australian code of practice for the care and
use of animals for scientific purposes (19).

Experimental procedure

Near term fetal lambs (~139 days of gestational age, term
~148 days) were delivered and euthanized immediately with
an overdose of sodium pentobarbitone before the onset of
breathing. Lung development at this gestational age is equivalent
to a near term to early term human infant. They were then
intubated with a 4.5 mm cuffed endotracheal tube. A syringe
was used to withdraw as much lung liquid from the lungs
as possible, via the trachea, before 15 mL/kg of lung liquid
(and normal saline if required to make up the difference) was
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Type O: Type 0.5: Speckled Type 1: White out Type 2: B lines Type 3: Alines
Hepatisation pleural line (arrows) .
> Increasing
lung
B aeration
FIGURE 1

(A) Grading system used to describe the evolution of lung ultrasound images during the transition to air-breathing adapted from Raimondi et al.
(10), as previously used by Blank et al. (7). Type 0: "hepatization,” the ultrasound beam does not encounter air, as it passes through liquid and
soft tissue. The pleural line is either extremely thin or hypoechoic. Type 0.5: “speckled” pleural line, patchy hyperechoic appearance with poor
definition and is not horizontal in orientation. This image is transiently visible in neonates after the initiation of breathing, but before the
establishment of the pleural line. Type 1: "white-out lung,” associated with respiratory distress syndrome. Type 2: vertical "B lines” arising from
the pleural line (brackets), with areas of horizontal A-lines (arrows). Type 3: horizontal “A-lines,” encountered when the US beam bounces
between an aerated lung and the US transducer. (B) Example lung ultrasound image with two regions of interest (ROI; area below the pleural
line, not including acoustic shadows) selected. A region of interest with a 2 cm depth is highlighted in green, a 3 cm depth is highlighted in

orange, and a 4 cm depth is highlighted in yellow

then reintroduced via the endotracheal tube. This was done
to standardize the amount of airway liquid volumes between
animals, which can vary considerably (1). Care was taken to
avoid any air from entering the lung during this process.

The lamb’s chest was shaved and it was secured upright
in a custom-built frame for CT imaging of lambs. The frame
was placed on the CT stage in experimental hutch 3 of the
Imaging and Medical Beamline at the Australian Synchrotron.
Fiducial markers were placed on both sides of the chest
immediately cranial to the region imaged by ultrasound and
used to identify regions imaged by LUS in the CT images.
Imaging commenced approximately 1-4 h after the lamb was
culled. LUS images were acquired as 3-s DICOM clips with
a Phillips CX-50 ultrasound machine and an L3-12 linear
transducer, with a frame rate of 15 images per second, a gain
of 74 and harmonics turned off. LUS images and a CT scan
were acquired prior to aeration, when the lungs were liquid-
filled, before the endotracheal tube was connected to a small
animal ventilator (4DMedical, Australia) (20). Nitrogen gas
(rather than air or oxygen) was used to aerate the lungs to
avoid oxygen diffusion out of the airways during imaging. The
gradual loss of oxygen from the airways would reduce lung gas
volumes during imaging, creating motion artifacts in the CT
images. Aeration (with 100% nitrogen) was commenced using
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a static mean airway pressure of 15 cmH,O for approximately
2 min. The endotracheal tube was clamped, LUS images were
acquired and a CT scan performed before the endotracheal
tube was unclamped. The airway pressure was then increased
by 5 cmH,O and the process was repeated until a maximum
airway pressure of 50 cmH, O was reached. After this, the airway
pressure was gradually decreased back to atmospheric pressure
in 5-10 cmH, O increments, with airway reflooding expected to
occur at low pressures. A CT scan was performed if a change
was seen in the LUS image. Finally, as much gas as possible was
suctioned out of the endotracheal tube using a 50 mL syringe,
the endotracheal tube was clamped, and another LUS and CT
scan was performed.

Each CT scan was comprised of 1,800 propagation-based
phase contrast X-ray images acquired through 180 degrees of
rotation using monochromatic synchrotron radiation tuned to
45 keV. The length of each CT scan was approximately 1
min. Propagation-based phase contrast was used to provide
exceptional contrast between air and tissue/liquid in the lungs
(18). The X-ray source-to-sample distance was ~140 m and
the sample-to-detector distance was 3.0 m. An Eiger2 X CdTe
2M-W (Dectris, Ltd., Switzerland) photon-counting detector
was used, which provided a 311 mm wide by 38 mm field
of view, and a pixel size of 75 pwm, which was sufficient to
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fully resolve all but the smallest airways (alveoli) of the lungs.
The limited height allowed only a section of the lamb’s chest
to be imaged. The magnetic field strength of the beamline’s
wiggler insertion device was set to 1.4 T and a 12 mm thick
aluminum filter was placed before the sample to reduce the
flux to the highly sensitive detector. At the conclusion of each
imaging sequence, flat-field images were acquired to correct for
variations in beam intensity.

Computed tomography reconstruction
and analysis

Before CT reconstruction, each projection image was pre-
processed using the flat field images and a phase retrieval
algorithm was applied (21) to remove the phase contrast
effects and significantly boost the signal-to-noise ratio (18).
A custom interpolation function was also used to remove
vertical bands created by gaps between modules in the detector
that otherwise produce strong CT ring artifacts. The CTs
were then reconstructed using filtered back-projection with the
XTRACT software (CSIRO, Australia).

Reconstructed CT scans were cropped to only include the
region directly in line with the ultrasound probe, using the
fiducial marker as a guide. To calculate air volumes, the gray
values attributed to air (<0.15 m~') were isolated in each
reconstructed slice to produce binary images. CT scans were
imported into 3D Slicer (Harvard University and National
Institutes of Health, USA) and segmentation tools (draw, paint,
fill between slices) were used to define the boundary of the
lung. Within the lung segmentation, the threshold tool (with
the given threshold used in the binary images) was used to
differentiate air from tissue and liquid. The markup, fill between
slices and logical operators (subtract) tools were then used to
define regions of lung tissue and air within 1 cm of the pleural
line. This depth was chosen as it excluded large vessels and
airways that would interfere with volume calculations, and the
ultrasound beam would be unlikely to penetrate deeper than 1
cm in a partially aerated lung (14, 22). The segment statistics
tool was used to determine the number of air voxels within
this segment, which was then used to calculate the proportion
of air in the most superficial 1 cm region of the lungs (the
number of air voxels divided by the total number of voxels in
that lung region).

Lung ultrasound image analysis

Lung ultrasound images were analyzed using the

following techniques.

1 Qualitative scoring: LUS images were graded using a
previously described grading scale (7, 10) (Figure 1A)
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by two blinded researchers (DB, EP). Where there
was disagreement between the grade allocated by the
two researchers, a third researcher (SB) was used as a
tiebreaker.

2 Quantitative scoring: Rectangular regions of interest
(ROIs; lung areas only) were defined manually below
the pleural line and between acoustic shadows formed
by the ribs, to a depth of 2, 3, and 4 cm (Figure 1B).
Python packages SciPy and NumPy were used to
calculate imaging statistics in each of these regions of
interest for each frame in the 3-s ultrasound recordings,
including:

e Mean pixel intensity (MPI)

e Coeflicient of variation (CoV) of pixel intensity

e Fourier transform power spectral analyses along
two orthogonal axes—(i) parallel to the pleural line
and (ii) perpendicular to the pleural line. The axis
parallel to the pleural line aimed to detect the
strength of the B lines, while the axis perpendicular
to the pleural line aimed to detect the strength of the
A lines.

For each imaging statistic, a mean value for each ROI
was calculated for each frame over the whole 3-s ultrasound
clip. In ultrasound recordings with multiple ROIs, a weighted
overall mean was calculated, where each ROI’s contribution
was weighted based on the area of that ROIL To evaluate the
relationship between the proportion of air in the lung and the
imaging statistics identified above, the data were analyzed using:

1. all LUS images,
2. LUS images acquired during lung inflation and,
3. LUS images acquired during lung deflation.

Only type 1 and type 2 images were included in this analysis.

Statistical analysis

We hypothesized that we would see a progressive increase
in LUS type in each lung from type 0, 0.5, 1, 2, to 3
as we increased the inflation pressures incrementally, and
then a decrease in LUS type from 3 back to 0 as inflation
pressures were decreased. Therefore, N = 7 lambs would
provide more than 100 paired observations between LUS
and phase contrast CT measurements and be sufficient for
statistical analysis.

Data were tested for normality using a Shapiro Wilk test.
Descriptive statistics are presented as mean £ SEM if data were
normally distributed, or median (interquartile range; IQR) if
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data were not normally distributed. A two-tailed p-value of
p < 0.05 was considered statistically significant.

Qualitative scoring

The relationship between the proportion of air in the
lungs, the LUS grade, and the mean airway pressure used
were compared using a Kruskal-Wallis test (GraphPad
Prism). The amount of volume loss required to cause a
decrease in LUS grade was analyzed using a paired ¢-test
(GraphPad Prism).

Quantitative scoring

The relationship between each imaging statistic and the
proportion of air in the lungs, in type 1 and 2 images only,
were compared using simple linear regression performed using
the statsmodel package in Python. As the relationship between
the area under the Fourier power spectra curve (parallel to the
pleural line) and volume was found to be logarithmic, data were
linearized on a log scale before performing linear regression.
Separate models were developed to include all data points,
inflation data points only, and deflation data points only.

Combining qualitative and quantitative scoring
in a multivariate linear regression model

A multivariate linear regression model incorporating all
imaging statistics from type 1 and 2 LUS images was produced
using the statsmodels package in Python, with the proportion
of air as the dependent variable. Stepwise backward elimination
was used to select the most significant variables.

Results

Paired CT and LUS images were obtained from a total of
seven lambs (N = 7). From the CT analysis, the maximum
proportion of air achieved in each lung was 63.8 £ 4.9% of total
lung volume (combined air and liquid/tissue space).

Qualitative scoring

All lungs had a type 0 LUS image before ventilation onset
(Table 1 and Figure 2). To achieve each successive LUS
type required significantly higher airway pressures and was
associated with a significantly higher proportion of air, although
the range of measured volumes were very large for images
classified as type 1 or 2 (Kruskal-Wallis test, p < 0.0001; Table 1
and Figures 2, 3A). During lung deflation, a decreasing airway
pressure resulted in a visible decrease in LUS type (From type
2 to type 1) in 10 of 12 lungs, which was associated with a
26.2 + 7.1% decrease from the maximum proportion of air
(Figure 3B; paired t-test, p = 0.12). With suctioning, we were
able to achieve a type 0 LUS image in one lung, which was
associated with a proportion of air of 7.4%.
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Quantitative scoring

There were highly significant linear associations between
each of the four imaging statistics analyzed and the proportion
of air in the lungs (Table 2 and Figure 4). In general, these
relationships were stronger during lung inflation in comparison
to during deflation.

Combining qualitative and quantitative
scoring in a multivariate linear
regression model

The variables included in the final multivariate linear
regression model were:

e CoV (p < 0.0001)
e LUS grade (p = 0.002)

The final model was able to quantify the proportion of air in
the lungs with moderate accuracy (Figure 5). It had an r?-value
0f 0.705 and a 95% prediction interval of &= 22.2%.

Discussion

To optimize respiratory support after birth in individual
infants, real-time feedback is required to monitor the extent and
progression of lung aeration. While LUS can accurately estimate
lung liquid volumes in adults with pulmonary edema (16, 17),
neonates have much higher lung liquid volumes (35-40 mL/kg)
(1) and regional variability in airway liquid at birth. This study
has shown that LUS can provide an accurate, relative measure
of lung gas volumes during lung aeration, using a variety of
different approaches to analyze the LUS images.

We used a “gold standard” technique (high resolution phase
contrast CT) for measuring regional air and lung tissue volumes
to assess the capability of LUS to relative lung gas volumes.
Using CT, we found that when the lungs were inflated to
their maximum pressure (50 cmH,O), the proportion of total
lung volume comprised of gas was 63.8 £+ 4.9%, with the
remainder comprised of tissue and liquid. Based on previous
studies (23), this is notably less than would be expected in
a fully aerated newborn lung at this gestational age (75-
80%) (1). However, in our study, the higher relative tissue
volume was expected due to tissue expansion resulting from
the movement of airway liquid into lung tissue, which then
increases tissue pressure (24). In contrast, previous estimates
of airspace and tissue space volumes were obtained from
histological sections from fetal lungs that had not undergone
lung aeration (23) and so no airway liquid will have moved
into lung tissue (25). Instead, much of the liquid will have been
lost during tissue collection and during histological processing
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TABLE1 Mean airway pressures (MAP) and proportions of air required to achieve each LUS grade.

LUS Number of lungs (n = 14) MAP (cmH,O) required Proportion of air (%) Proportion of air (%) in
grade in which this LUS grade to first obtain this LUS required to first achieve all images at this LUS
was observed grade (median, IQR) LUS grade (median, IQR) grade (median, IQR)
Type 0 14 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0-0.0)
Type 0.5 12 15.0 (14.0-15.0) 6.1 (3.4-7.9) 7.2 (4.9-13.2)
Type 1 14 20.0 (18.8-23.0) 20.7 (12.9-25.5) 36.1 (24.8-49.4)
Type 2 12 35.0 (30.0-38.8) 53.7 (45.0-65.5) 67.1 (58.4-75.0)
Type 3 0 N/A N/A N/A
Grade 0 LUS image Grade 0.5 LUSimage  Grade 1 LUS image Grade 2 LUS image
(atmospheric pressure) (MAP 20cmH,0) (MAP 25cmH,0) (MAP 45cmH,0)
I T i = ;;" =
CT
FIGURE 2
Example lung ultrasound images and an axial slice from the corresponding CTs of one animal during the inflation sequence. CT slices are
grayscale (black represents air, light gray represents liquid or tissue, white represents bone).

of the tissue, which involves both tissue dehydration and
rehydration steps.

We found that using a qualitative LUS grading system (6,
10), a type 0 image was only observed when no (or very minimal)
amounts of air were present in the lung. This indicates, with a
high degree of confidence, that the lung region being imaged
is almost completely liquid-filled if a type 0 image is observed.
This is consistent with previous studies, where type 0 images
were only observed in infants before the first breath was taken
(7). Similarly, type 0.5 images were only observed in poorly
aerated lungs and we found that they were associated with only
7.2% (median; IQR 4.9-13.2%) of the lung region being gas
filled. With this image type (0.5), it is possible that liquid in the
airways can form liquid channels through which the ultrasound
beam can travel until it is eventually reflected by small pockets
of aerated alveoli. As these aerated pockets are first present at
varying depths below the pleural line, the ultrasound images
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contain a pleural line that appears speckled, with small portions
of it appearing at various depths in the images (Figure 6). In any
event, a type 0.5 image indicates that the underlying lung tissue
is poorly aerated when acquired during initial lung aeration at
birth, with the airways being mostly liquid-filled (7). As a type
0.5 image consistently indicates poor aeration with a narrow
range of air/tissue proportions, we did not incorporate type 0.5
images into the models developed from imaging statistics.
While type 2 images were consistently associated with better
aeration than type 1 images, the range of air/tissue proportions
measured for both type 1 and 2 images was quite wide, with
significant overlap between the two types (Figure 3A). This is
an important finding, because type 1 images are being used
in clinical research to predict infants requiring intubation after
birth (5, 10) and to guide surfactant therapy. Indeed, in a recent
clinical trial, infants < 32 weeks with a LUS score of > 9
(approximately equivalent to a type 1 image in most of the 6
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FIGURE 3

10.3389/fped.2022.990923

(A) Proportion of air vs. lung ultrasound grade at all data points. Kruskal-Wallis test; **p < 0.001, ***p < 0.0001. (B) Proportion of air measured
via CT at peak aeration pressure and proportion of air measured via CT when a decrease in LUS grade (from type 2 to type 1, termed
“backsliding”) was first observed during the deflation sequence (mean of differences 0.26 4 0.01; p = 0.12).

TABLE 2 Simple linear regression models comparing quantitative LUS scoring methods and the proportion of air in the lungs (Figure 4).

All data points

Inflation data points only

Deflation data points only

Mean pixel intensity (depth of 4 cm in
LUS images)

CoV of pixel intensity (depth of 2 cm
in LUS images)

Power spectral analysis, parallel to
pleural line (depth of 4 cm in LUS
images)

Power spectral analysis, perpendicular

1% =0.634, p < 0.001, 95% prediction
interval £ 24.5%
12 =0.684, p < 0.001, 95% prediction
interval £ 22.8%
2 =0.219, p < 0.001, 95% prediction
interval £ 35.8%

2 =0.555, p < 0.001, 95% prediction
interval £ 27.0%

r= 0.731, p < 0.001, 95% prediction
interval £ 20.7%
12 =0.723, p < 0.001, 95% prediction
interval £ 21.0%
2 =0.234, p < 0.001, 95% prediction
interval =+ 35.0%

2 =0.555, p < 0.001, 95% prediction
interval =+ 26.7%

r2 = 0.550, p < 0.001, 95% prediction
interval + 28.5%
1% = 0.641, p < 0.001, 95% prediction
interval £ 25.4%
r? =0.184, p < 0.001, 95% prediction
interval =+ 38.3%

2 =0.571, p < 0.001, 95% prediction
interval + 27.8%

to pleural line (depth of 4 cm in LUS
images)

different lung regions imaged) soon after birth received early
surfactant therapy, while those with a LUS score < 8 did
not receive surfactant (11). However, based on our CT data,
it is quite possible that some infants with a LUS > 9 may
not have required surfactant therapy, whereas some with a
score < 8 could have benefited from surfactant therapy. We
believe that a better model is required to distinguish between
infants with well-aerated and poorly aerated lungs with a type 1
or 2 LUS appearance, in order to better predict infants at risk of
deteriorating.

Analyzing the LUS images using alternative approaches were
able to more accurately quantify the proportion of air in the
lungs than the grading system in lungs with a type 1 or 2
appearance. The two analytical approaches that provided the
closest association with the air/tissue proportion within the
lung in a multivariate linear regression model were the CoV
(p < 0.001) and LUS grade (p = 0.002). The final multivariate
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model had an 72-value of 0.71 and a 95% prediction interval
of &+ 22.2%, indicating that a combined analysis could be
used to estimate the proportion of air from LUS images with
moderate accuracy. However, as the simple linear regression
model for the CoV has an r?-value of 0.68 and prediction
intervals of + 22.8%, incorporating the LUS grade into the
model introduces a subjective measurement for only a small
improvement in regression accuracy. As such, an analysis using
CoV alone to estimate lung aeration from LUS images would
be appear unbiased and most appropriate. We included all
data points (i.e., both inflation and deflation data) in our
model assessment, because it is unlikely that the inflation or
deflation status of the lung will be known at the time of LUS
imaging. As such, it would be difficult to determine whether
an inflation or deflation model should be applied. For instance,
the association between air/tissue proportion and area under
the power spectra curve for inflation and deflation of the
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FIGURE 4

Moderately strong linear relationships (p < 0.001 for all variables) were observed between the proportion of air in the lungs and mean pixel
intensity in the ultrasound lung spaces to a depth of 4 cm; the coefficient of variation of pixel intensity in the ultrasound lung spaces to a depth
of 2 cm; and the area under the power spectral curve in the direction expected to identify B lines (parallel to the pleural line in Fourier space)
and A lines (perpendicular to the pleural line in Fourier space). Blue line = simple linear regression model, orange lines = boundaries of 95%

prediction interval.
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Actual proportion of air as measured by CT, vs. estimated proportions of air with 95% prediction intervals (orange) as calculated by final
multivariate linear regression models (r2 = 0.71). The blue line represents the estimated proportions of air if the model was perfect (2 = 1).
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FIGURE 6

Example of a type 0.5 lung ultrasound image and a slice from the corresponding CT scan, with the medial rib (R1), lateral rib (R2) and fiducial (F)
highlighted in both images. For reference, the heart (H), trachea (T) and sternum (S) are also labeled in the CT. The part of the ultrasound image
closest to the medial rib (Sh) has a sharper pleural line which appears more superficially on the ultrasound image (at a depth of ~0.5 cm), which
corresponds with a better aerated portion of lung on CT—in this section, the ultrasound beam did not travel far before encountering a large,
reflective block of air. The part of the ultrasound image which is closer to the lateral rib (Sp) has a more speckled pleural line, with small sections
of the pleural line appearing at various depths from 0.5 to 2 cm. This corresponds with a more poorly aerated segment of lung on CT. In this
section, the unaerated portions of lung form liquid/tissue channels which the ultrasound beam can travel through, until it gets reflected by small
pockets of air which are present at various depths below the pleural line, creating the speckled appearance in the ultrasound image.

lung, depended upon the direction of analysis (i.e., parallel or
perpendicular to the pleural line). The association was greatest
in one direction during inflation and greater in the alternate
direction during deflation.

No type 3 images were observed during this experiment,
despite using very high inflation pressures of up to 50 cmH,O.
While all the fetal lambs in this study were deceased, we have
previously shown that this does not affect the rate, pattern
or degree of lung aeration, other than requiring a mechanical
ventilator to aerate the lung (3). Nevertheless, death will have
prevented liquid from being cleared from lung tissue via the
lymphatic system and so its continued presence in lung tissue
likely prevented us from observing a type 3 image. In any event,
a type 3 image on LUS is clearly indicative that the lungs are
well aerated with little lung liquid remaining in the airways or
in lung tissue. As type 3 images are often seen within minutes of
birth in healthy newborn infants (7), it is likely that our lambs
had more airway liquid at the onset of lung aeration than most
newborn infants.

It is interesting that the predictive value of LUS images were
considerably better during lung inflation compared with lung
deflation. While the explanation for this finding is not known,
it is possibly a function of hysteresis within the lung increasing
the slope of the pressure-volume curve during lung deflation.
This slope could also be accentuated and may differ across the
lung due to the increased presence of liquid in lung tissue,
which increases inter-alveolar tissue pressures and thereby must
increase the collapsing pressure on alveoli. Indeed, inter-alveolar
tissue is likely to contain considerably less liquid during lung
inflation, than it will at the same airway volume during lung
deflation. In retrospect, it would be very interesting to determine
whether the predictive value of LUS during lung inflation and
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deflation could be improved with surfactant administration
prior to the onset of lung aeration.

While our findings indicate that LUS images can predict the
degree of lung aeration with moderate accuracy, our study has
limitations. To eliminate motion artifacts in the CTs from the
heart and breathing movements, we used deceased fetal lambs
that, as stated above, likely prevented liquid clearance from lung
tissue. Nevertheless, this meant that we were able to aerate the
lungs slowly and progressively without concern for the animals’
gas exchange status and that progressive liquid clearance during
the experiment did not alter the response to lung deflation that
followed lung inflation. Additionally, we only used one type
of ultrasound machine and transducer, and frequency settings
were limited based on the machine. However, we would expect
that our results would be similar using a different ultrasound
machine, although we would need to confirm this. Finally, we
were unable to distinguish between lung liquid retention and
other conditions like atelectasis in the CT scans, although we
expect little to no atelectasis during the inflation portion of the
experiment. Nevertheless, it is possible that these conditions
(such as respiratory distress syndrome or meconium aspiration)
produce different patterns of artifacts on the LUS images, which
could also affect the accuracy of the model.

Conclusion

Our findings clearly demonstrate that LUS can provide
a relative measure of lung aeration in deceased, near-term
newborn lambs. Qualitative grading systems alone accurately
reflected the proportion of gas in the lungs, particularly for
type 0 and 0.5 LUS images. However, using more objective
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imaging statistics (such as the coefficient of variation of pixel
intensity) to estimate the proportion of air from LUS appears
most appropriate for type 1 and 2 images. Future studies are
needed to determine if LUS can also provide a simple means
to assess air volumes and individualize aeration strategies for
critically ill newborns in real time.
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