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1. Introduction

Pulmonary fibrosis is a progressive, fatal, inflammatory and fibro-proliferative lung
disease. The main histopathological features of pulmonary fibrosis, best seen at low magnification,
is a heterogeneous appearance with areas of sub-pleural and para-septal fibrosis and
honeycombing (ie, cystic fibrotic airspaces often filled by mucin and variable numbers of
inflammatory cells) alternating with areas of less affected or normal parenchyma, heterogeneously
distributed. In pulmonary fibrosis, interstitial lobular septa are thickened by collagen tissue
accumulation, forming patchy scars and leading to chronic inflammation(Katzenstein and Myers
1998).

Conventional chest radiography and high-resolution computer tomography (HRCT) are the
most common techniques to diagnose pulmonary fibrosis as well as assess treatment efficiency.
High-resolution CT (HRCT) of the chest has been found to be a sensitive and reproducible method
to assess the extent and pattern of pulmonary fibrosis(Luna Gargani et al. 2009; Launay et al. 2006;
Desai et al. 2007). However, they are associated with high radiation, inflated costs and very low
portability. All these disadvantages represent a particular challenge in the context of monitoring,
where repeated evaluations have to be made for a given patient.

Lung ultrasound (LUS) is a non-invasive, cheap and portable modality. LUS has multiple
uses, both in diagnosis as well as intervention. A number of studies show that LUS, as a
consequence of its advantages over radiography and HRCT (no radiation exposure, cost effective
and high portability) can play the primary role in diagnosis and monitoring of fibrosis (Sayed et
al. 2016). However the presence of air-filled alveoli has long been considered a major obstacle to
ultrasound imaging, leading to numerous artefacts. Lately, these artifacts have been recognized to
have some diagnostic potential. The conventional approach of lung ultrasound is based on the
identification of standardized signs(Lichtenstein 2016; Soldati and Sher 2009). Pulmonary fibrosis
is associated with the presence of Ultrasound Lung Comets (ULCs), an echographic artifact
detectable with chest sonography(Luna Gargani et al. 2009; Picano et al. 2006). The images exhibit
multiple comet tails fanning out from the
lung surface as shown in Figure 1(Luna M}»-."'Z,
Gargani etal. 2009; Jambrik etal. 2004). In [ AKX
pulmonary fibrosis, ULCs are generated by |~ il =
the reflection of the ultrasound beam from B 34
thickened sub-pleural interlobular
septa(Reillig and  Kroegel  2003).
However, these artifacts are highly
qualitative, and reading and interpreting
these signs is subjective and operator-
dependent. They’re not observed
consistently, and, being qualitative, they S =

don’t allow for monitoring or staging. fibrosis
Figure 1: Reflections of the ultrasound beam by thickened interlobular

septa give rise to ULCs.
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The quantitative tissue characterization of the lungs has remained a challenge using
acoustic and ultrasound techniques. The presence of air sacs make the lung a highly diffusive,
aberrating and scattering medium. The diffusive nature of the lung destroys the linear relationship
between propagation time and propagation distance thereby making imaging of the parenchyma
impossible. We proposed to leverage these large amounts of scattering.



The proposed approach is based on the following hypothesis: because pulmonary fibrosis is
responsible for changes in the micro-architecture of the parenchyma - thickening of the alveolar
walls, which reduces compliance and elasticity — it can be hypothesized that multiple scattering of
ultrasound waves can be used to detect and quantify these i [COOCo00
changes. In the fibrotic lung, alveolar wall thickening and Tscatter}ng OO0O0OO

reduced amount of air will lead to a reduced number of  short SMFP OO%%%
scattering events, which will be detected and quantified by this normal lung

new approach. The approach relies on the measurement of the —— 8 88888
scattering mean free path (SMFP), which is the mean distance | scatteingdio 6 00 0 ©

long SMFP[O OO OO0

fibrotic lung

between scattering events (Derode et al, PRL, 2003). In the
healthy, normal lung, the millions of air-filled alveoli are Fino. Bl - filled alveoli. T
. . . 19.2. ue = air-filled alveoll. 10p:
responsible for frequent scattering events, leading to short ;o ni” wave into normal lung
SMFPs. In contrast, in pulmonary fibrosis, due to reduced experiences multiple scatters, so SMFP is
volume of air, and increased volume of tissue, less scattering Shorltl- Bf;ttOTi tﬁ'ﬁ’(fo“cl 'UTQS hfﬁ/e
. smaller aiveoll, Icker alveolar walls,
should be observed. Therefore the SMFP is expected to be .\ fore tissue between alveoli, so

significantly longer in fibrotic lungs than in normal lungs distance between scatters is longer.
(Fig.2).
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3. Accomplishments
Bleomycin Rat Model

Pulmonary fibrosis was created in Sprague-Dawley rats by instilling bleomycin into the
airway. After sedation, rats were intubated with a 12-gauge catheter. Bleomycin 2mg/kg, dissolved
in 100 pl sterile PBS, was administered into the trachea. The rat was extubated and allowed to
recover. The bleomycin causes development of pulmonary fibrosis within 2-3 weeks(Xu et al.
2006; Rojas et al. 2005; Moeller et al. 2008). Rats were studied in groups of n=6 (3 male and 3
female) 2, 3, and 4 weeks after bleomycin administration, to create a range of severity of
pulmonary fibrosis for assessment(Chaudhary, Schnapp, and Park 2006). Six rats (3 male, 3
female) who receive no treatment served as controls.

Animal Preparation for Ultrasound

A total of 24 Sprague Dawley rats (12 male and 12 female) were used in this study
(349+91.76 gms). After sedation, a tracheotomy was performed. Rats were ventilated with a
Harvard rodent ventilator. Anesthesia was maintained with titrated isoflurane. A sternotomy was
performed, both pleural spaces were opened, and the sternal edges spread maximally to expose
both lungs. This had to be done because in the rat, the intercostal space is not large enough to fit
an ultrasound probe. In human applications, we envision a completely non-invasive procedure,
where the probe will be placed at multiple intercostal spaces. In rats, the incision was extended
inferiorly into the abdomen to expose the liver. Heparin was administered intrahepatically to
prevent clotting after the lungs were removed. For the ultrasound measurements, ultrasound
coupling gel was applied directly onto each lung. Ultrasound measurements were taken in rat lungs
in vivo (described below). After the ultrasound data was collected, the rat was euthanized by



cardiectomy under anesthesia. The trachea was clamped at end-inspiration. The heart-lung block
was excised. The heart-lung block was immersed in cold phosphate buffered saline (PBS) for an
ex-vivo CT scan (described below). Following the CT scan, the heart-lung block underwent
inflation fixation for histologic interpretation (described below).

Data Acquisition methodology

All the in-vivo experiments were conducted with a128 element Linear Array Transducer
(Verasonics L11-4v ) connected to a Verasonics Vantage ultrasound scanner. For each animal, 10
ultrasound data sets were acquired to assess repeatability and reproducibility. The transducer was
placed on the exposed lung using an approximately 2 mm layer of coupling gel. All of the elements
of the array were fired one by one, transmitting a 2 cycle pulse with a central frequency of 7.8
MHz (300kPa in water) into the medium. For each transmit, the backscattered signals were
collected on all 128 elements of the array. This gave us access to the spatial spread of the transient
pressure field. The sampling frequency of the data acquired was 62.5 MHz and the total data
acquisition time was set to 40 ps. This enabled the acquisition of a 128 by 128 by 2500 impulse
response matrix (IRM) H (t) whose individual elements hij (t) are the N? impulse responses of the
medium. H (t) was then processed using the methodology earlier described by Tourin et al and
Aubry et al.(Aubry and Derode 2007; Tourin et al. 2000). For simplicity purpose, the origin time
(t=0) was set to the arrival of the first backscattered wave for every single receiving transducer.
The IRM’s reciprocity feature is exploited to generate the anti IRM represented by HA (t). This is
done using a simple matrix manipulation as shown.

e for i>j, hi*=-hij;
e fori=j, hii=0;
e fori<j, hi*=hij;

H (t) and HA (t) were then processed to obtain D from the incoherent intensity.
Analytically, the incoherent intensity can be represented as

2
line(X,T) = I(T)exp(———),(Eq.1)

Where X represents the distance between emitter and receiver. The Diffusion constant D
is an indicator of the diffusivity of the multiple scattering medium. Equation (1) clearly establishes
that D can be retrieved by plotting the incoherent intensity as a function of X and T. The incoherent
intensity is averaged over all emitter receiver couples separated by the same distance. At each time
window, the backscattered incoherent intensity linc is fitted with a Gaussian curve and the variance
of the Gaussian fit represents the dynamic growth of the diffusive halo given by(W?(T) = 2DT).
Once D is extracted, the transport mean free path L* is evaluated based on equation 2.

*
D= VE;L (Eq.2)

High Resolution CT Scanning and Scoring

In order to optimize the resolution, ex-vivo high resolution CT scans were performed rather
than imaging lungs in the alive, sedated, breathing animal. A high resolution preclinical CT system
(CT 120, TriFoil Imaging, Inc. Chattsworth, CA) was used to acquire micro-CT images on lung



specimens. The entire lung was removed from deceased rats, inflated, and closed at the airway.
Images were immediately taken after lung collection with x-ray energy of 100 kVp, current of
50mA, 100 ms of exposure time, and 2x2 binning. Images were reconstructed using Feldkamp
reconstruction algorithm to create isotropical CT images with nominal resolution of 50 um. Final
images were converted to DICOM format with Hounsfield unit (HU). Before imaging, the lung
block was inflated manually with air by syringe to a volume that visually approximates the volume
of the lung block at end-inspiration when it was removed. It should be noted that compliance will
be different for each lung block, depending on the amount of fibrosis. Inflation at the imaging
facility to a particular inspiratory pressure or precise volume is not possible. Volume will change
because lung cells remain viable for hours after circulatory arrest, so oxygen consumption is
ongoing. With a respiratory quotient of 0.8 (CO2 production to O2 consumption), the volume of
air in the lung block will diminish with time, so inflation was required. Imaging were taken within
10 min of inflation for all the specimens.

Severity of lung fibrosis was scored blindly from 0-4 based on visual assessment on fibrotic
tissue volume based on the Ashcroft scale, with 0 being no fibrosis, 1 being small local fibrosis
affecting less than 15% lung volume, 2 being local medium fibrosis affecting up to quarter of lung
volume, 3 being large amounts of fibrotic tissue affecting up to 50% lung volume, 4 being diffusive
fibrosis affecting multiple lung lobes with more than 50% lung volume.

Histology and Scoring

After each CT scan, the lung blocks were subjected to inflation-fixation. Lung blocks were
submerged in paraformaldehyde for 24-48 hours, then washed and stored in 70% ethanol. A
paraffin section of lung, stained either by Hematoxylin and Eosin (5 micron sections stained with
H&E) or by a trichrome method, was systematically scanned using a microscope with a 10x
magnification. Each successive field was individually assessed for severity of interstitial fibrosis.
Severity of lung fibrosis was studied on the Ashcroft scale (0-8 scaling) and then converted to a O-
4 scale(Robbe et al. 2015; Hiibner et al. 2008; Ashcroft, Simpson, and Timbrell 1988). After
examining the whole section, the mean score of all the fields were taken as the fibrosis histology
score for the section. A veterinary lung pathologist provided a qualitative score based on the
alveolar wall thickness in a masked manner.

Data Analysis and statistical methods

The diffusion constant was calculated from IRM acquisitions. Differences between L*
values obtained from control and fibrotic lungs were tested using the Kruskal-Wallis test with
Dunn’s post-test (data was not normally distributed, so non-parametric analysis was chosen). All
data are presented as mean * standard deviation. All data are presented as mean + standard
deviation. Statistical significance was set a priori at p<0.05 and is graphically depicted on all
figures as (*) for p<0.05, (**) for p<0.01 and (***) for p<0.001. NS to denote non-statistically
significant comparisons. Statistics were performed in MatLab 2018a. All of our quantitative results
will be transmitted to a statistician, from the Dept. of Statistics at NC State university, who will
perform a more thorough statistical study.

Due to the very low penetration in control rat lungs, only the first portion of the variance
plots as a function of time were selected to calculate the Diffusion Constant. This was automated
using the findchangepoints command in MatLab. For a trend to qualify, The R? of the trend should



be greater than 0.4. Data sets were also rejected for post processing if no multiple scattering was
exhibited. This can be attributed to the lung operating at full volume capacity. Thanks to this
observation, we now understand that it is advisable to acquire data in the exhaling cycle to ensure
penetration and observe multiple scattering.

Results
Shown in Figure 3 are examples of the variance plots obtained for a control lung and a
3WK fibrotic lung.
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Figure 3: Variance growth for in-vivo rodent data

For the 3WK fibrosis case, the variance increases more rapidly than for the control case.
This can be attributed to thickened alveolar interstitial spaces which effectively increase the
distance between air scatterers, allowing the wave to diffuse more freely. In the case of the control
rat lungs, the growth of the diffusive halo is highly restricted due to the large air volume present
in the lungs.

] Shown in Figure 4 are the

distributions of L* values obtained in
- 1 control and fibrotic lungs 2, 3, and 4
ol N=6 N=6 T weeks after bleomycin inhalation. It
- can be seen that we are able to

differentiate between control and
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First, these readings are in-vivo and our attempt to acquire at the exhaling stage based on visual
observation could be a potential source of error. Secondly, the lungs (size=3 cm) were much
smaller than the transducer (3.8 cm). This could potentially allow signals from nearby regions to
creep in and artificially increase the L*. This could result in an over prediction of L* which would
not represent a challenge in larger animal models or in humans.

It can also be noted that although significantly different values of L* were found for control
rats and rats exposed to bleomycin, no significant differences can be observed between the
supposedly different stages of fibrosis.

Control Score-1 Score-2 Score-3 Score-4

In order to validate the ultrasound
results, it is important to analyze the CT and
histology scores. Shown in Figure 5 and
Figure 6 examples of CT and histology
images, which were used to estimate fibrosis
severity scores.
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I v

e == £ B £

Figure 6: Histology images and their corresponding scores. Top: H&E staining. Bottom: Trichrome method

As fibrosis progresses, the tissue
starts thickening which can be observed in 4| |
histology images as well as the CT images.
At score 4 of CT, we see higher shades of 3| —_ 1
gray which reflect thickened septa. This is
corroborated by histology images. Shown
in Figure 7 and Figure 8 are the

CT Severity Score

distributions for the fibrosis severity score T -+ 1
for control, 2, 3and 4 Wk fibrosis obtained
from CT and hISIOIOgy Images' Cont;'ol 2WkFib‘rosis 3WkFib;osis 4WkFib;osis
It can be seen from Figures 7 and 8 Figure 7: Severity scores based on bleomycin administration
time (CT)

that maximum amount of fibrosis occurs
after 2 weeks of bleomycin treatment and
after which, fibrosis starts subsiding and is
minimum at 4 weeks. On the other hand, histology also supports a similar claim wherein fibrosis



does peak after 2 weeks of bleomycin administration. Shown in Table 1 are the average severity
scores obtained from histology and CT.

4r —_ ]
Rat Type CT Score Histology |
Score sl L _ |
Control 0 0 @ !
g |
2Wk 2.8 2.6 22t 1 1
3Wk 2.2 1.8 g .
(2]
4WK 2 2.25 g’ -+
Table 1: Average severity scores ol |
Cont‘rol 2WkFib‘rosis 3WkFib|"osis 4WkFib‘rosis
We hypothesize that the bleomycin Figure 8: Severity scores based on bleomycin
model is not a permanent model for inducing administration time (Histology)

fibrosis in the rodents. The bleomycin rodent
model hits its peak fibrosis at 2 weeks and eventually starts subsiding. The masked CT and
histology severity scores were also compared to check if both methodologies quantified fibrosis in
a similar manner. Shown in Figure 9 is the comparison between CT and histology scores. The
trend between the CT severity and histology severity score is a positive and significant one, with
p<0.05, strengthening the confidence in the results.

The L* values were compared with histology scores as shown in Figure 10, that the
transport mean free path L* has a positive and significant (p = 0.03) correlation with the histology

severity scores.
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Figure 9: Comparison between histology and

CT scores Figure 102: Comparison between L* values
and Histology severity scores of all 24 rats

4. Impact

We successfully demonstrated that for a Sprague-Dawley rat lung, the transport mean free
path was able to differentiate control from fibrosis. L* was obtained by separating the coherent
and the incoherent backscattered intensities and calculating D which represented the dynamic
growth of the diffusive halo. L* is a representation of how the wave diffuses in the lung
parenchyma. In control lungs, due to the large amounts of air scatterers and large air volume, the
growth of the diffusive halo is restricted leading to low L* values. On the contrary, in fibrotic rat
lungs, the extensive thickening of the interlobular septa allowed for the wave to diffuse freely in



lung parenchyma thereby accentuating the value of the diffusion constant D and L*.

There was a good correlation between SMFP and degree of fibrosis on CT scans, and the
degree of fibrosis assessed by histology. Both assessments were (CT and histology) were done by
independent experts who were not aware of the SMFP measurements. To ensure that each expert
knew what a normal lung looked like, 3 control specimens were identified for each expert. The
other 3 normal lungs were not identified, but were scored “0” by each expert. No fibrotic lung was
assigned a score of zero by either expert. Our data implies that severity of fibrosis assessed
radiographically and by histology was very similar.

This suggests the potential of the diffusivity method to detect and stage lung pathologies
such as pulmonary fibrosis, allowing monitoring response to treatment.

5. Changes/Problems

No changes to the proposed experimental approach were implemented.

No significant problems were encountered. Some minor challenges and learned
phenomena are described here.

First the rat lungs are smaller than the probe, allowing information from the periphery of
the lungs to creep in and over-predicting L* values. This can be seen in the high standard deviations
for L*.

Second, it would be beneficial to trigger the ultrasound scanner with the rodent respirator
to ensure that data is acquired perfectly at the end of the exhaling cycle to ensure maximum
ultrasound penetration into the lung parenchyma.

We believe that in larger animal models, or in humans, combined with a more controlled
experimental environment (acquisition at exhaling), these error bars can be reduced.

It was also noticed that after bleomycin treatment of the rats, fibrosis effects peaked at two
weeks as predicted by CT, histology and L* values. After two weeks, the severity of fibrosis started
diminishing, or at the very least, stopped worsening.

Last, out of the 242 ultrasound data sets acquired, we were only able to extract trends with
R2>0.4 69% of the times. The other 31% didn’t exhibit trends that could allow the assessment of
the transport mean free path (SMFP). This could be attributed to the fact that if the data was
acquired at the peak inhaling stage, the reflection would be too strong and hence penetration would
be lower than what is required for an incoherent trend to be visible.

6. Products, Inventions, Patent Applications, and/or Licenses
No invention was disclosed for the moment, but we will likely pursue a patent application
in the future.

7. Participants & Other Collaborating Organizations
Thomas Egan, MD, MSc
University of North Carolina at Chapel Hill

8. Special Reporting Requirements

Appendices
None
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