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Abstract

Lung ultrasound surface wave elastography (LUSWE) is a novel noninvasive technique for
measuring superficial lung tissue stiffness. The purpose of this study was to develop LUSWE for
assessing disease progression for patients with interstitial lung disease (ILD). In this study,
LUSWE was used to measure the changes of lung surface wave speeds at 100 Hz, 150 Hz and 200
Hz through six intercostal lung spaces for 52 patients with ILD. Patients’ mean age was 63.1

+ 12.0 years (range 20-85, 23 male and 29 female). The follow up interval was 9.2 + 3.5 months
depending on each patient’s return appointment and availability. The disease progression of each
patient was evaluated clinically between the follow-up and the baseline tests using a 7-point Likert
scale that includes 3 grades of improvement (mild, moderate, marked), unchanged, and 3 grades of
worsening (mild, moderate, marked). Clinical assessments were based on changes of pulmonary
function tests (PFT) together with high-resolution computed tomography (HRCT),
echocardiograms, and clinical evaluations. This study demonstrates correlations between the
changes of lung surface wave speed and clinical assessments. The changes of lung surface wave
speed at lower lateral and posterior lung portions showed good correlation with clinical
assessments. LUSWE provides quantitative global and regional changes of lung surface wave
speed that may be useful for quantitative assessment of disease progression of ILD.
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INTRODUCTION

Ultrasonography is not widely used for clinically assessing lung disease. Most of the energy
of the ultrasound wave is reflected from the lung surface because of large differences in
acoustic impedance between lung parenchyma and air inside the lung. Ultrasonography
evaluation of the thorax is limited to evaluating structures outside of the lung such as pleural
fluid, thoracic superficial masses, or adenopathy (Volpicelli 2013). Lung ultrasonography is
the standard for diagnosing pleural diseases and is very useful in the emergency and critical
care settings (Hakimisefat 2010, Mathis 2008). Lung ultrasound imaging typically presents
artifacts such as A-lines and B-lines and features such as lung sliding and lung point
(Hakimisefat 2010). These artifacts and features may be used to assess various lung
disorders including lung fibrosis (Sperandeo, et al. 2009), pneumothorax (Noble 2012), and
lung consolidations (Barillari 2011). However, analysis of these artifacts is qualitative and
relies on visual interpretation, which is subject to inter-operator variability (Corradi, et al.
2016).

We have developed a lung ultrasound surface wave elastography (LUSWE) technique to
measure superficial lung tissue stiffness safely and quickly (Clay, et al. 2018, Zhang, et al.
2017, Zhang, et al. 2017, Zhang, et al. 2017). In LUSWE, a 0.1 second harmonic vibration at
a given low frequency between 100 Hz and 200 Hz is generated on the chest wall of a
subject using a handheld vibrator. The ultrasound probe is positioned about 5 mm away from
the indenter of the vibrator in the same intercostal space to measure the generated surface
wave propagation on the lung in that intercostal space. The measurement of surface wave
speed on the lung is determined from the change in wave phase with distance and
independent of the location of wave excitation on the chest wall.

We are evaluating LUSWE for assessing patients with interstitial lung disease (ILD) in a
prospective clinical research study. Patients with ILD have fibrotic and stiff lungs leading to
symptoms, especially dyspnea, and may eventually lead to respiratory failure (Coultas, et al.
1994). Many ILDs typically are distributed in the peripheral, subpleural regions of the lung
(Desai, et al. 2004, Wells, et al. 1993). The superficial distribution of lung fibrosis is
especially suited for LUSWE. Diagnosis of lung fibrosis can be difficult, especially early in
the disease course, because the symptoms are nonspecific (most commonly shortness of
breath and a dry cough) (Loscalzo 2010, Mathis 2008, Sperandeo, et al. 2009). High-
resolution computed tomography (HRCT) is the clinical standard for diagnosing lung
fibrosis (Mathieson, et al. 1989, Verschakelen 2010), but it substantially increases radiation
exposure for patients. Various HRCT scanning techniques were proposed to reduce the dose
(Mayo 2009). Lung fibrosis results in stiffened lung tissue. However, HRCT does not
directly measure lung stiffness.

Our previous papers were to demonstrate the feasibility of LUSWE for assessing ILD by
comparing the measurements between the patients and healthy control subjects. After
baseline testing, these patients are followed up with LUSWE testing when they return for
routine clinical appointments. The purpose of this study is to evaluate the change of surface
wave speed in the follow-up of LUSWE and correlate it with clinical scores based on
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pulmonary function test (PFT) and high resolution computed tomography (HRCT) so as to
validate the use of LUSWE for tracking the disease progression.

MATERIALS AND METHODS

Lung ultrasound surface wave elastography (LUSWE)

In LUSWE, a 0.1s harmonic vibration at a frequency is generated on the skin of the chest
wall in an intercostal space (Figure 1a). The resulting wave propagation at that frequency
travels through the intercostal muscle and propagates on the surface of the lung. The wave
motions on the selected locations on the lung surface are noninvasively measured using our
ultrasound-based method (Zhang, et al. 2017). The phase change with distance of the
harmonic wave propagation on the lung surface is analyzed, and from which the surface
wave speed is measured,

Ar

Lo

c,=2nf

where Aris the distance of two measuring locations, A¢ is the wave phase change over
distance, and fis the frequency.

The measurement of wave speed can be improved by using multiple phase change
measurements over distances. The regression of the phase change A¢ with distance Arcan be
obtained by “best fitting” a linear relationship between them, and the equation is

AP =aAr+p, (2)

where Ag¢ denotes the value of Ag on the regression for a given distance of Az, and a is the
regression parameter.

The surface wave speed can be estimated by
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where ¢, is the estimation of wave speed from the regression analysis.

Measurement of lung surface wave speed is noninvasive. Representative LUSWE analysis
for a patient is shown in Figure 1(b). The wave mations are measured at eight locations on
the lung surface. The normal component of the lung surface motion can be analyzed by
cross-correlation analysis of the ultrasound tracking beams (Hasegawa and Kanai 2006,
Zhang, et al. 2018). In this study, eight locations over a length of approximately 10-12 mm
on the lung surface were used to measure the normal component of the lung surface motion.
The tissue motion is measured at these locations in response to the harmonic wave excitation
on the chest wall. A high pulse repetition rate of 2000 pulse/s is used to detect tissue mation
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in response to the wave excitation at 100, 150, or 200 Hz. A Verasonics ultrasound system
(\Verasonics, Inc; Kirkland, WA\) is used that collects up to a few thousand imaging frames
per second by using a plane-wave pulse transmission method.

The surface wave speed on the lung is estimated by determining the change in wave phase
with distance along the lung surface. The lung motion at the first location is measured and
used as a reference. The wave phase delay of the lung motions at the remaining locations,
relative to the reference at the first location, is used to measure lung surface wave speed. The
surface wave speed is estimated by the phase changes simultaneously at the 8 locations.
Figure 1(c) shows a representative wave speed at 100 Hz for the patient in the left second
intercostal space. The surface wave speed was 3.43 = 0.26 m/s (mean = standard error from
the regression analysis) at 100 Hz for the patient. The wave speed on the lung surface is
determined by analyzing ultrasound data directly from the lung. Therefore, the wave speed
measurement is local and independent of the location and amplitude of excitation.

Human study protocol

Human studies were approved by the Mayo Clinic Institutional Review Board (IRB). The
subject is tested in a sitting position. The lung testing takes about 20-30 minutes. Both lungs
of the subject are tested through six intercostal spaces. The upper anterior lungs are tested at
the second intercostal space in the mid-clavicular line. The lower lateral lungs are tested at
one intercostal space above the level of the diaphragm in the mid-axillary line. The lower
posterior lungs are tested at one intercostal space above the level of the diaphragm in the
mid-scapular line. Ultrasound imaging is used to identify the lungs and select appropriate
intercostal spaces to measure the upper and lower lungs. A 0.1-second harmonic vibration is
generated by the indenter of the handheld shaker (Model: FG-142, Labworks Inc., Costa
Mesa, CA 92626, USA) on the chest wall. The excitation force from the indenter is much
less than 1 Newton and the subject only feels a small vibration on his/her skin. The indenter
of the handheld shaker is placed on the chest wall in an intercostal space. The ultrasound
probe is positioned about 5 mm away from the indenter in the same intercostal space to
measure the resulting surface wave propagation on the lung. An ultrasound probe L11-4
with a central frequency of 6.4 MHz is positioned about 5 mm away from the indenter in the
same intercostal space to measure the resulting surface wave propagation on the lung. A
Verasonics ultrasound system (Merasonics V1, Verasonics, Inc., Kirkland, WA 98034, USA)
is used in this research. Images of the lung and skin are acquired by compounding 11
successive angles at a pulse repetition frequency (PRF) of 2 kHz. The lung is tested at total
lung capacity when the subject takes a deep breath and holds for a few seconds. The surface
wave speeds are measured at three excitation frequencies of 100 Hz, 150 Hz, or 200 Hz.
Three measurements are performed at each location and at each frequency. A small tissue
motion in tens of um is enough for sensitive ultrasound detection of the generated tissue
motion. The 100 Hz wave motion is stronger than those of higher frequency waves. The
higher frequency waves have smaller wave length but decay more rapidly over distance than
the lower frequency waves. The frequency ranges chosen in this study consider the wave
motion amplitude, spatial resolution, and wave attenuation.

Ultrasound Med Biol. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 5

Patient’s baseline and follow up tests

Each participant completed an informed consent form. Patients were enrolled in this
research based on their clinical diagnoses. 91 patients with ILD were enrolled from Mayo
Clinic Departments of Rheumatology and Pulmonary and Critical Care Medicine. Patients’
mean age was 62.4 + 13.0 years (range 20-85, 39 male and 52 female). These patients were
confirmed ILD patients with clinical assessments together with pulmonary function tests
(PFT) and high resolution CT scans. These ILD patients also had various diseases including
systemic sclerosis (SSc) or scleroderma, rheumatoid arthritis, connective tissue disease,
idiopathic pulmonary fibrosis, anti-synthetase, Sjégren’s syndrome, polymyositis, and
systemic lupus erythematosus. We have performed follow-up tests on 52 patients. In this
paper, we are analyzing the baseline and follow up tests for these 52 patients. Patients’ mean
age was 63.1 + 12.0 years (range 20-85, 23 male and 29 female). The follow up interval was
9.2 £+ 3.5 months depending on each patient’s return appointment and availability.

Clinical assessment of disease progression

The disease progression of each patient was evaluated between the follow-up and the
baseline test using a 7-point Likert scale that includes 3 grades of improvement (mild,
moderate, marked), unchanged, and 3 grades of worsening (mild, moderate, marked)
(Clements, et al. 2000). A numerical scale of (-3 -2 -1 01 2 3) is used to score the changes
of disease for each patient. Therefore, a score of —2 means moderate improvement. Clinical
scores were based on changes of pulmonary function tests. The TLC, FEV1 and DLCO
percent predicted changes were used over 1 — 3 years depending on the data available. Other
clinical findings such as HRCT, echocardiograms, and clinical assessments were also used to
score the change of patient’s status.

Quantitative assessment of disease progression using LUSWE

RESULTS

The change of lung surface wave speed is analyzed,

C.=(C,-C)[Cp @

where C,is the change of surface wave speed, C; is the surface wave speed measured at the
baseline, and G, is the surface wave speed measured at the follow up.

We have performed follow-up tests on 52 patients. In this paper, we analyze the changes of
lung surface wave speed between the follow-up and the baseline tests. Patients’ mean age
was 63.1 £ 12.0 years and the follow up interval was 9.2 + 3.5 months. One patient was
removed due to death and another patient was removed because there was only one set of
data and we could not compare two time points. Most patients had relatively mild changes
(score 1) or moderate changes (score 2). Four patients had marked changes (score 3) but the
number of patients with score 3 is small and the four patients are removed from analysis.
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Table 1(a) shows the surface wave speed measurements for a patient at the baseline for 100
Hz, 150 Hz and 200 Hz and through six intercostal spaces. The patient’s lung was tested on
both sides. The right and left lungs are designated by letters R and L, respectively. The three
intercostal spaces are designated by a number from 1 to 3. The upper anterior lung is
designated by 1. The lower lungs at the lateral and posterior positions are designated by 2
and 3, respectively. Therefore, L1 represents the left anterior lung in the second intercostal
space. Table 1(b) shows the surface wave speed measurements for the patient at the follow
up test. The changes of surface wave speeds between the follow up and the baseline tests are
shown in Table 1(c).

Table 2 is similar to Table 1(c) but with color coded. The red color means increase of wave
speed but the blue color shows the decrease of wave speed. This table presents the change of
wave speed for each frequency and each location. The average global changes of the surface
wave speed for all six intercostal spaces are respectively, 8.70 %, 7.20%, and 2.60% at 100
Hz, 150 Hz, and 200 Hz. The average global change of the surface wave speed is 6.17% for
six intercostal spaces and three frequencies.

Figure 2 shows the correlation of the average global changes of wave speed for the six
locations and three frequencies with clinical scores. Figure 3 shows the correlation of the
average global changes of wave speed for the four locations of lateral and posterior lung
zones (R2, R3, L2, L3) and three frequencies with clinical scores. It can be seen that the
correlations between the average global changes of wave speed and clinical scores for the
lower lateral and posterior lung zones (R? = 0.701) was better than that of six lung zones (R?
=0.012). The slopes of the curve between wave speed change and clinical assessment were
6.057 for the lower lung zones and 0.929 for all lung zones.

DISCUSSION

LUSWE is a safe and noninvasive technique for measuring the surface wave speed of lung.
In LUSWE, the surface wave propagation on the superficial lung tissue is safely generated
by using a gentle mechanical harmonic vibration on the skin of chest wall. Diagnostic
ultrasound is only used for detection of wave propagation along the lung. Therefore,
LUSWE is safe for both generation and detection of lung surface wave propagation (Zhang,
et al. 2017, Zhang, et al. 2018). This technique can be also safely used for noninvasive
measurement of elastic properties of eye (Sit, et al. 2018, Zhou, et al. 2017). Currently, most
shear wave elastography (SWE) techniques use ultrasound radiation force (URF) to generate
tissue motion. However, URF may not be applied to some tissues such as the lung because
the relatively high-intensity ultrasound energy may cause alveolar hemorrhage or lung injury
(Zachary, et al. 2006).

Our results showed that the correlations of the average global changes of wave speed for
four (lateral and posterior) lung portions with clinical scores was better than that for six
(anterior, lateral and posterior) lung portions. This is important because the lung fibrosis
affects more on the lower lobes of lung. This is in agreement with our previous findings that
LUSWE was less sensitive for discriminating normal from abnormal lung at the apices
(Clay, et al. 2018). There was actually more “normal” lung as quantitatively assessed in
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subjects with ILD at the upper lung zones when compared with healthy controls. This may
reflect compensatory hyperinflation of the upper lung as a reaction to basilar-predominant
fibrosis. This makes the argument that the lower lateral and lower posterior lung zones may
be best to assess for the presence of ILD.

Diagnosis of lung fibrosis can be difficult, especially early in the disease course, because the
symptoms are nonspecific (most commonly shortness of breath and a dry cough) (Loscalzo
2010, Mathis 2008, Sperandeo, et al. 2009). Current diagnostic tools include medical history
and physical examination, chest radiography, high-resolution computed tomography
(HRCT), and pulmonary function tests (PFTs) (Ruppel 2009). The findings of physical
examinations are usually nonspecific. ILD may be first suspected after an abnormal chest
radiograph, but in most cases, the radiographs also show nonspecific (nondiagnostic)
findings. HRCT is the clinical standard for diagnosing lung fibrosis (Mathieson, et al. 1989,
Verschakelen 2010), but it substantially increases radiation exposure for patients, even when
using various techniques to reduce the dose (Mayo 2009). In addition, the potential for
frequent HRCT use is limited by its expense. Most ILDs are typically distributed in the
peripheral, subpleural regions of the lung (Desai, et al. 2004, Wells, et al. 1993). LUSWE
provides a noninvasive and safe method for measuring superficial lung tissues for assessing
lung fibrosis.

Systemic progression of tissue fibrosis most often occurs early in the disease course, and
during that time, close monitoring for signs predicting severe organ damage is necessary
(Steen and Medsger 2000). Providing effective treatment for patients with tissue fibrosis
currently is challenged by the lack of clinical methods that accurately and reproducibly
assess fibrosis progression (Lott and Girardi 2011). In this research, we propose a method to
measure the changes of lung surface wave speed for assessing the progression of lung
fibrosis. We demonstrated that the global changes of lung surface wave speed correlated
with clinical assessment of disease progression. Compared with clinical assessment,
LUSWE provides quantitative measurements of changes of lung surface wave speed. In
addition, LUSWE can provide these changes for different intercostal spaces. Local
measurements at each intercostal space may provide sensitive information about disease
progression. Precise measures of lung improvement or deterioration are important,
particularly in the first few years, to determine whether patients are 1) receiving the best
available treatment to suppress the fibrotic process and 2) avoiding toxicities and adverse
effects of medications, which can include immunosuppression. We will continue to improve
this method for assessing disease progression and also assessing patient’s response to
treatment.

We have previously proposed a concept of start frequency for generating the surface waves
in a finite phantom structure (Zhang 2016). It was shown that different standing wave modes
were generated below the start frequency because of wave reflection. However, the pure
symmetric surface waves were generated from the excitation above the start frequency. Our
experiences on multiple tissues suggested us to measure the wave speed starting 100 Hz.
Sometimes, the 50 Hz may generate standing wave due to wave reflection. Also, the
wavelength of the 50 Hz is relative large which needs longer distance to accurately measure
the wave speed. In various situations, we measured the wave speed up to 400 Hz. However,
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the wave decays very quickly over a few millimeters for high frequencies. Therefore, the
current frequency range is standardized for this larger patient study.

The LUSWE was performed through intercostal spaces. LSWE generates a vibration on the
chest between 2 ribs and detects the surface wave propagation in parallel with the ribs.
Therefore, the induced surface wave propagation on the lung should not be affected by the
ribs. However, a directional filter technique was used to remove reflected waves and analyze
wave propagation along the lung surface. Physiologic motions such as heart beat and
respiration may affect the measurements; however, these motions are typically of low
frequency and were removed during data processing using bandpass filter.

In this research, we provide surface wave speeds at 100 Hz, 150 Hz, and 200 Hz. The
elasticity and viscosity of the lung can be estimated from the wave speed dispersion with
frequency. However, lung mass density is unknown for fibrotic lungs. Also, lung density is
dependent on the pulmonary pressure. In this research, a subject is tested at total lung
capacity (TLC) when taking a deep breath and holding. In a paper using an x-ray technique
(Garnett, et al. 1977), lung density was averaged to be 0.32 g/cm3 for healthy lungs. The
measurements were made with the patient sitting either on a chair or in bed and breathing
quietly. Lung density was 0.33-0.93 g/cm? for patients with pulmonary congestion and
edema. In an ex vivo study on sheep lungs (Jahed, et al. 1989), lung density of 0.19-0.26
g/em3 was used. We expect that the lung density of ILD would be higher than that of healthy
lungs. However, there are no data of lung density for ILD patients. Lung mass density is
directly associated with lung pathology. Computed tomography (CT) is the major clinical
imaging modality for assessing various lung diseases. The mechanism of CT is based on the
changes of tissue mass density, but the CT system uses the Hounsfield unit (HU) and not
lung density to image the lung. We are developing a deep neural network (DNN) model to
predict lung mass density on lung phantoms based on the LUSWE measurements (Zhou and
Zhang 2018). We will study how to develop and apply the DNN models for the patient’s
data.

LUSWE may be useful for assessing other lung diseases. Pulmonary edema is a fundamental
feature of congestive heart failure and inflammatory conditions such as acute respiratory
distress syndrome (Picano and Pellikka 2016). The presence of extravascular lung water
(EVLW) predicts a worse prognosis in critically ill patients (Sakka, et al. 2002) and
increased risk of death or heart failure readmission (Coiro, et al. 2015). The features of “B-
lines” are used to evaluate pulmonary edema (Picano, et al. 2006) and congestive heart
failure (Cardinale, et al. 2014). However, analysis of B-line artifacts is qualitative and relies
on visual interpretation which is subject to inter-operator variability (Corradi, et al. 2016).
We have started to evaluate LUSWE for assessing EVLW on patients with heart failure.

CONCLUSION

LUSWE was used to measure the changes of lung surface wave speeds at 100 Hz, 150 Hz
and 200 Hz through six intercostal lung spaces for 52 patients with ILD. The disease
progression of each patient was evaluated clinically between the follow-up and the baseline
tests using a 7-point Likert scale that includes 3 grades of improvement (mild, moderate,
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marked), unchanged, and 3 grades of worsening (mild, moderate, marked). This study
demonstrates correlations between the changes of lung surface wave speed and clinical
assessments. The changes of lung surface wave speed at lower lateral and posterior lung
portions showed good correlation with clinical assessments. LUSWE provides quantitative
global and reginal changes of lung surface wave speed that may be useful for quantitative
assessment of disease progression of ILD.
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Figure 1.

(a) In LUSWE, a 0.1s harmonic vibration at a frequency is generated on the skin of the chest
wall in an intercostal space. The resulting wave propagation at that frequency travels through
the intercostal muscle and propagates on the surface of the lung. The wave motions on the
selected locations on the lung surface are noninvasively measured using our ultrasound-
based method. (b) LUSWE analysis for a patient subject. The wave motions are measured at
eight locations on the lung surface. (c) The wave phase delay of the remaining locations,
relative to the first location, is used to measure the surface wave speed.
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Figure 2.

Correlation of the average global changes of wave speed for the six locations and three
frequencies with clinical scores.
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Figure 3.
Correlation of the average global changes of wave speed for the four locations of lateral and

posterior lung zones (R2, R3, L2, L3) and three frequencies with clinical scores.
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(a) Surface wave speeds at the baseline test for a patient. (b) Surface wave speeds at follow-up testing for same

patient. (c) The changes of surface wave speeds between the second and first tests for the patient.

Surface wave speed (m/s)

100 Hz

150 Hz

200 Hz

1st

R1
R2
R3
L1
L2
L3
R1
R2
R3
L1
L2
L3
R1
R2
R3
L1
L2
L3

(@)

4.43
1.92
3.89
3.92
2.53
2.75
6.74
3.42
3.50
6.71
3.66
4.06
8.41
5.19
6.43
6.31
5.35
4.37

Surface wave speed (m/s)

100 Hz

150 Hz

200 Hz

(b)

2nd

R1
R2
R3
L1
L2
L3
R1
R2
R3
L1
L2
L3
R1
R2
R3
L1
L2
L3

3.51
3.19
3.62
3.36
3.03
2.97
4.57
3.88
5.29
5.43
3.95
4.94
5.99
4.85
6.68
7.51
5.32
5.62

change [%0]

Surface wave speed

100 Hz

150 Hz

200 Hz

R1
R2
R3
L1
L2
L3
R1
R2
R3
L1
L2
L3
R1
R2
R3
L1
L2
L3

-20.79
66.27
-6.99

-14.33
19.94

8.12

-32.16
13.57
51.41

-19.16

7.69
21.82

-28.79

-6.47
3.82
19.01
-0.60
28.63
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Table 2.

The regional changes of surface wave speeds in percentage (%) for each intercostal space with color coded.
The average global changes of the surface wave speed for all six intercostal spaces are respectively, 8.70 %,
7.20%, and 2.60% at 100 Hz, 150 Hz, and 200 Hz. The average global change of the surface wave speed is
6.17% for six intercostal spaces and three frequencies.
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