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BACKGROUND: Vibration response imaging (VRI) is a novel imaging technique and little is
known about its characteristics and diagnostic value in idiopathic pulmonary fibrosis (IPF). The
aim of this study was to investigate the features of VRI in subjects with IPF. METHODS: We
enrolled 23 subjectswith | PF (42—74 y old) and 28 healthy subjects (42—72 y old). Subjects with | PF
were diagnosed by lung biopsy and underwent VRI, spirometry, lung diffusion testing, and chest
x-ray or computed tomography, which entailed assessment of the value of VRI indices. RESULTS:
Thetotal VRI score correlated statistically with single-breath carbon monoxide diffusing capacity
percent predicted (r = —0.30, P = .04), but not with FVC percent predicted, FEV, percent
predicted, and FEV,/FVC (r = —0.27, —0.22, and 0.19; all P > .05). Compared with healthy
subjects (17.9%), 20 subjects with 1PF (86.96%, P < .01) presented with significantly increased
crackles. The difference in quality lung data in all lung regions was unremarkable (all P > .05),
except for the upper right and lower left lobes (P < .05). Overall, VRI parameters yielded accept-
able assay sensitivity and specificity. Maximum energy frame was characterized by the highest
diagnostic value (sensitivity, 1.00; specificity, 0.82), followed by presence of abundant crackles
(sensitivity, 0.70; specificity, 0.96). Total VRI scorewasnot a sensitiveindicator of | PF, owing to low
assay sensitivity (0.70) and specificity (0.64). CONCLUSIONS: VRI may be helpful to discriminate
between IPF subjects and healthy individuals. Maximum energy frame and abundant crackles
might serve asadiagnostictool for | PF. Key words: idiopathic pulmonary fibrosis; pulmonary function;
pulmonary breathing imaging diagnosis system; vibration response imaging. [Respir Care
2014;59(7):1071-1077. © 2014 Daedalus Enterprises]

Introduction

Idiopathic pulmonary fibrosis (IPF), characterized by
dyspnea on exertion, hypoxia, restrictive ventilatory dys-
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function, reduced diffusing capacity, and pulmonary fibro-
sis on chest computed tomography, has been increasingly
recognized as a diversity of disorders involving the pul-
monary interstitium and/or parenchyma. The accepted stan-
dard of diagnosis of IPF relies on lung biopsy, and diag-
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nosis can be achieved by chest imaging and lung function
tests.t In addition, the fact that measurement of diffusing
capacity failed to identify the presence of IPF2 suggested
that conventional invasive measures might have limited
significance. In this regard, development of a novel non-
invasive technique with improved diagnostic power is ur-
gently indicated.

Vibration response imaging (VRI) is anovel technique in
which the diagnostic information is derived from the vibra-
tion energy superimposed on the respiratory cycles. The tur-
bulent air and vibration generated within the airways can be
sengitively captured by the sensors, thus allowing for a non-
invasive, radiation-free, and convenient approach to be clin-
ically applied. The VRI measurement has been increasingly
applied for the diagnosis of respiratory diseases, including
COPD,34 asthma,5 airway foreign body,® pleural effusion,”
and pneumonia8 Furthermore, VRI plays a role in the as-
sessment of lung function in regions of interest,® intervention
treatment of pulmonary diseases,® screening of candidates
for lung surgery,** and monitoring of postintubation condi-
tions.20 Unfortunately, whether VRI has a high diagnostic
value for IPF remains has not been sufficiently studied. We
hypothesized that subjects with IPF may have distinct char-
acteristics compared with heathy subjects and that the major
VRI indices, as previous studies suggested, are useful in the
diagnosis of IPF.

Consequently, we sought to determine the characteris-
tics and diagnostic value of VRI in subjects with IPF,
thereby offering a rationale for clinical application.

Methods
Subjects

Werecruited 51 subjects, including 23 subjects with | PF
(4274 y old) from the out-patient clinics and 28 healthy
subjects (42—72 y old) from the health check-up center of
the First Affiliated Hospital of Guangzhou Medica Uni-
versity, between September 2011 and January 2012. Thein-
clusion criteria for subjects with I|PF comprised (1) subjects
of either sex with IPF,12 (2) pathologic characteristics of |PF
as clinicaly diagnosed by typical chest computed tomogra
phy, and (3) absence of miscellaneous severe systemic dis-
eases. Those subjects with rib cage or spina deformity, skin
lesions, or limited understanding were excluded.

The inclusion criteria for healthy subjects comprised:
(1) nonsmokers of either sex, (2) normal chest radiograph,
(3) normal spirometry and diffusing capacity, (4) absence
of upper respiratory tract infection within 4 weeks, and (5)
no evidence of other chronic cardiopulmonary diseases.
All subjects gave written informed consent prior to the
study. This study protocol was approved by the ethics
committee of the First Affiliated Hospital of Guangzhou
Medical University (protocol 2012-26).
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Current knowledge

Vibration response imaging (VRI) is a novel technique
in which the diagnostic information is derived from the
vibration energy superimposed on the respiratory cy-
cles. The turbulent air and vibration generated within
the airways are captured by sensors, alowing for a
noninvasive, radiation-free way to evaluate lung dis-
ease. The clinical use of VRI is not routine.

What this paper contributes to our knowledge

VRI was able to discriminate between subjects with
idiopathic pulmonary fibrosis and healthy individuals.
The maximum energy frame during VRI along with
abundant crackles could be used as a diagnostic tool for
idiopathic fibrosis.

Study Protocol

This was a single-center study. All consecutive clinicaly
stable subjects (characterized by no significant change
[< 20%) in the frequency of cough, sputum volume, spirom-
etry, and degree of dyspnea) underwent chest x-ray/clinical
diagnosis by typical chest computed tomography, VRI, spi-
rometry, and measurement of diffusing capacity, in this or-
der. Biopsy was scheduled when clinically stable, at least 3
months after the initial screening. For healthy subjects, the
need to perform chest x-ray was waived. These subjects re-
quired subsequent analysis on the VRI indices.

Lung Function Testing

Spirometry (Quark 4, COSMED Co Ltd, Rome, Italy)
and measurement of diffusing capacity using the single-
breath carbon monoxide washout method were conducted
according to the 2005 guidelines of the American Thoracic
Society and the European Respiratory Society.13.14

Briefly, FVC, FEV,, FVC percent predicted, FEV; per-
cent predicted, and FEV;/FVC were analyzed by spirom-
etry. At least 3 (no more than 8) maneuvers were per-
formed, with variations between the best 2 maneuvers of
< 5% or 150 mL in FVC and FEV,. The maximum FVC
and FEV, values were reported.

The carbon monoxide diffusing capacity (D, o) and the
single-breath D, o percent predicted were analyzed by the
single-breath carbon monoxide washout technique. The in-
terval between 2 consecutive measurements was not lessthan
4 min, and the variation coefficient for single-breath D o
should be < 10% or 3 mL/min/mm Hg. Single-bresth D, o
was reported based on the mean of the 2 measurements.
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Fig. 1. Placement of vibration response imaging.

Brief Overview of VRI

By employing an array of specific sensors placed in an
orderly manner on the pulmonary projection regions of the
subject’s back, the VRI lung system (Deep Breeze Ltd,
Or-Akiva, Isradl) is capable of capturing the changes in
vibration, as reflected by the constantly altered air flow
(Fig. 1). This entails simulation of primitive mechanical
signals that alow transformation into digital signals for
deriving the band-pass filtered images based on immediate
sampling, thus reflecting dynamic variation in the breath-
ing cycles. The major indices and their significance are
introduced in the VRI analysis section (see below and the
supplementary materials at http://www.rcjournal.com).

Critiques of VRI

VRI testing was performed in a quiet, noise-free cham-
ber. After a5-min resting period, subjects were seated, and
2 sensor arrays were placed on their backs. These sensor
arrayswere placed bilaterally in parallél at the longitudinal
and vertical axes (= 1.0 cm) and at least 2.5 cm away from
the spine. The top-row sensors were positioned 1.5-2.0 cm
superior to the shoulder blade. Subjects were instructed to
breathe normally via the mouth during a 12-s recording
(3-5 respiratory cycles). Forced exhalation or miscella
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neous artifacts should be avoided. Subsequent tests were
conducted at 1-2-min intervals. This was followed by se-
lection of a smooth vibration energy curve and maximum
energy frame (MEF) image for further analysis. Test tol-
erability was assessed by inquiry about subject discomfort
during measurement.

VRI Analysis

VRI analysis was conducted according to the vibration
energy graph, dynamic image, MEF, quality lung data
(QLD), envelope of acoustic signal (EVP), and presence
of wheezes or crackles, for which definitions are provided.
The images of each individual were rated, for calculation
of the total score, based on the features as outlined. (See
online supplementary material.) The normal VRI images
are shown Figure 2.

Statistical Analysis

Data were analyzed using SPSS 16.0 (SPSS, Chicago,
[1linois). Continuously distributed variableswere presented
as mean *= SD following test of normality. The Student
t test or chi-square test was used to compare the differ-
ences between both groups, depending on the distribution
pattern of variables. Spearman correlation analysis was
applied to analyze the correlation between VRI and spi-
rometric parameters and diffusing capacity. The diagnostic
performance of VRI total score, MEF, and presence of
crackles was compared. P < .05 was defined as statisti-
cally significant.

Results
Baseline Demographic Characteristics

Subjectswith IPF did not differ statistically from healthy
subjects in terms of age (P = .82) and height (P = .18).
The differences in weight and male-to-female ratio were
significant (both P < .05) but not clinically important.
Lung function parameters, including FVC (P < .01), FVC
percent predicted (P < .01), FEV, percent predicted
(P < .01), and single-breath D, oo percent predicted
(P < .01), in IPF subjects were significantly lower than
those in healthy subjects, with the exception of a higher
FEV,/FVC (P < .01) (Table 1).

Dynamic Image

The VRI total score correlated with single-breath D, oo
percent predicted (r = —0.30, P = .04) (Fig. 3), but not
with FVC percent predicted (r = —0.27, P = .06), FEV,
percent predicted (r = —0.22, P = .13), and FEV,/FVC
(r =019, P = .19).
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Fig. 2. Schematic diagrams of normal vibration response images. A: Maximum energy frame image showing typical distribution of vibration
energy as reflected by the grayscale. B: Quality lung data image calculated for frames 5671, showing distribution of vibration energy at
different pulmonary fields. C: Dynamic image showing synchronized vibrations without evidence of bouncing. D: Vibration energy graph
showing similar individual breathing cycle. E: Envelope of acoustic signal (EVP) image showing synchronized vibrations with equal amplitude.

Table 1. Baseline Characteristics

Healthy IPF
Characteristic (?1”21 Y (f]ugl S5, Suatisics P
Mean = SD  Mean = SD
Age (y) 5586+ 171 5643+ 186 —-023 .82
Height (cm) 1575+ 147 16052+ 161 —014 .18
Weight (kg) 5805+ 189 6594+ 163 309 < .01
Maleffemale ratio () 7/21 1310 -227 02
FVC (L) 282+012 216+153 352 < .01
FVC % predicted 10368+ 215 6845+343 902 < .01
FEV, (L) 220+011 186+013 005 .34
FEV, % predicted ~ 99.69+ 1.83 7181+ 354 532 < .01
FEV,/FVC 080+001 08 +001 359 <.01
Snglebreath D o 8881+ 218 4468+374 1063 < .01
% predicted
Total score 1557+ 055 1717+049 —215 .03

Maximum vibration 191+0.07 1.72*0.06 1.93 .06
energy

* For the chi-square test; the Student t test was applied for all other comparisons.
IPF = idiopathic pulmonary fibrosis
Dy co = carbon monoxide diffusing capacity

Features of MEF Image

The MEF image of healthy subjects evidenced a com-
paratively even distribution of the vibration energy, as
reflected by the gradient of grayscales. The grossly sym-
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Fig. 3. Correlation between diffusing capacity of carbon monoxide
percent predicted measured by the single-breath method
(DiLco-se%pred) @nd the vibration response imaging (VRI) total score.
A = controls; * = interstitial lung disease (ILD) group.

metric pattern of the vibration energy could be noted
bilaterally (Fig. 4A). In contrast, subjects with |PF dem-
onstrated a totally different pattern from healthy sub-
jects. This included bilaterally constrained regions of
vibration energy, triangle-like distribution of maximum
energy that was restricted to and intensified in the lower
|obes, and weakened intensity of vibration energy in the
upper lobes (Fig. 4B). Such features were not found in
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Fig. 4. Maximum energy frame (MEF) images. A: MEF of a healthy female subject. B: MEF of a female subject with interstitial lung disease.
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Fig. 5. Envelope of acoustic signal (EVP) curve in a female subject
with interstitial lung disease.

miscellaneous respiratory diseases, ie asthmaand COPD
(data not shown).
EVP Image

Like healthy subjects, subjects with IPF demonstrated a
dlight inconsistency between EVP signals in the right and
left lungs (Fig. 5).
Adventitious Lung Sounds

Twenty subjects with IPF (20/23, 87%) presented with
significantly increased crackles (bluedotsin Fig. 6A) com-

pared with healthy subjects, of whom 5 (17.9%, P < .01)
presented with minor crackles (Fig. 6B).

RespirRATORY CARE @ JuLy 2014 VoL 59 No 7

Quality Lung Data

The difference in QLD in al lung regions was unre-
markable (all P > .05), except for the upper right and
lower left lobes (P = .01) (Table 2).

Diagnostic Power of Major VRI Indices

Overdl, VRI parameters yielded acceptable assay sen-
sitivity and specificity. MEF was characterized by the high-
est diagnostic value, followed by presence of abundant
crackles. The VRI total score did not appear to be a sen-
sitive marker indicative of |PF. The diagnostic indices of
EVP and QLD could not be derived and were therefore not
analyzed in this study (Table 3).

Discussion

Our data showed that, compared with vibration energy
images in healthy subjects (see Fig. 2), |PF subjects were
characterized by bilaterally constrained vibration energy,
triangle-like distribution of maximum energy that was re-
stricted to and intensified in the lower lobes, and weak-
ened intensity of vibration energy in the upper lobes. There
was a positive correlation between the VRI total score and
single-breath D, o percent predicted. |PF subjects also
had an increased number of crackles as the adventitious
lung sounds compared with healthy subjects. MEF and
presence of abundant crackles were the VRI indices with
highest diagnostic value.

IPF comprises a diversity of diseases characterized by
various clinical and imaging features. Typicaly, restric-
tive ventilatory dysfunction (reduced FVC and FEV, yet
norma FEV,/FVC) and reduced diffusing capacity (low
single-breath D, o) may be readily identified in most sub-
jects, particularly those with increased disease severity.
Although there is limited literature regarding the detailed
interpretation of changes observed in VRI indices, it is
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Fig. 6. Adventitious lung sound. A: abundant crackles (blue dots) in a female subject with interstitial lung disease. B: minor crackles (blue

dots) in a healthy female subject.

Table 2.  Comparison of QLD in Both Groups

QLD
Lur_lg Healthy Grou| IPF Grou|
Region (n i 28), P (n= 23)!o :
Mean = SD % Mean = SD %

Upper right 8.25 = 0.99 12.1 +1.09 .01
Middle right 17.6 + 0.59 17.8 + 0.92 .84
Lower right 20.0 = 1.77 19.7 = 1.69 91
Tota right 45.8 = 1.98 49.6 = 1.88 .18
Upper left 12.4 + 0.62 14.0 = 1.03 17
Middle left 19.9 + 0.98 199 + 1.19 .68
Lower left 214 +1.08 17.0 = 1.18 .01
Tota left 542 +1.98 50.7 = 1.89 21

QLD = quality lung data
IPF = idiopathic pulmonary fibrosis

Table 3.  Diagnostic Power of Mgjor Vibration Response Imaging
Indices
,. Positive  Negative
Parameter Sensitivity Specificity Y‘I’rtl’gg(‘ S Likelihood Likelihood
Ratio Ratio
Total score  0.696 0.643 0.339 0.783 0.536
MEF 1.000 0.824 0.824 0.739 1.000

Abundant 0.696 0.964 0.660 0.870 0.821
crackles

MEF = maximal energy frame

likely that the highly restricted vibration energy shown in
MEF images could have stemmed from restrictive venti-
latory dysfunction. The upper lung lobes may theoretically
have a priority for ventilation, which appeared inconsi stent
with our finding that less vibration energy was focused.
Another major finding of this study was that the VRI
total score correlated positively with single-breath D, 4
percent predicted, a parameter reflecting the diffusing ca-
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pacity, suggesting that subjects with poorer diffusing ca-
pacity are more likely to have aberrant VRI grading. Un-
fortunately, the fact that the total grade of VRI correlated
with neither FVC percent predicted nor FEV; percent pre-
dicted has rendered it difficult to interpret the results, in-
asmuch as these 2 indices clinically remain the major ap-
proaches for determining, at least physiologically, the
severity of IPF.

The significance of VRI total score is compelling. Pre-
vious reports documented that subjects with pneumoniag
and COPD# had amarkedly higher total score than healthy
individuals (see the supplementary materials at http://
www.rcjournal.com), suggesting that an increased total
score might be an insensitive marker of pulmonary dis-
eases. However, higher scores indicating more significant
anomaly were negatively correlated with single-breath
D, co percent predicted. Further studies in a larger popu-
lation are needed to determination whether the VRI total
score may help predict the severity of |PF.

Although IPF subjects had slightly lower maximum vi-
bration energy than healthy subjects, the difference be-
tween the 2 groups appeared statistically insignificant, pos-
sibly because of an insufficient number of subjectsenrolled
in the study. It is also likely that the maximum vibration
energy has a limited diagnostic power for IPF.

QLD did not seem to be an appropriate diagnostic tool
for IPF. Thiswasin line with the fact that, in subjects with
IPF, QLD failed to increase in bilateral lower lobes. The
value of QLD remains to be further investigated in suc-
cessive studies.

Of 23 subjects with IPF who had typical changes in
MEF images in the present study, 6 did not exhibit evi-
dence of restrictive ventilatory dysfunction. Thisled usto
speculate that aberrant VRI indices might precede lung
function decline, rendering VRI a more sensitive tech-
nique for |PF. MEF might be a candidate for the diagnosis
of IPF, inasmuch as changes in MEF images were typi-
cally seen in subjects with IPF but not in healthy subjects.
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MEF images were deemed to be a critical index for diag-
nosis of IPF, particularly when combined with miscella-
neous parameters, including dynamic image, EVP, or ad-
ventitious lung sounds. Furthermore, features of MEF
images in IPF could be readily distinguished from those in
COPD, asthma, and other common respiratory diseases.
(See the supplementary materials at http://www.rcjournal.
com.) This might be because of the capacity of VRI to
display early-stage pulmonary physiological changes,
which were considered to be the consequence of poor
living environments and air pollution. Importantly, none
of the healthy subjects showed changes in the MEF image
typically witnessed in subjects with IPF. It was unlikely
that the high sensitivity of the MEF curve, but not the
remaining VRI indices, was related to the sample size in
our study.

Several mgjor limitations must be considered. First, our
small sample size stemmed from the fact that IPF is a
respiratory disease with a relatively low incidence com-
pared with asthma and COPD. An increased sample size
could render the distinct characteristics of | PF to be clearly
displayed in different levels of disease severity. However,
our major findings remain robust, as the typical VRI man-
ifestations of 1PF could be characterized, and the param-
eter with high diagnostic performance was captured. Sec-
ond, comparison of VRI features between subjects with
| PF and those with other respiratory diseases such as COPD
might advance our understanding of which VRI indices
more specifically reflect restrictive ventilatory dysfunction
and poor diffusing capacity. Third, it would be helpful if
comparisons were made between subjects with interstitial
pulmonary fibrosis and those with miscellaneous subtypes
of IPF. Finally, the increased VRI total score, as men-
tioned previously, might not specifically indicate the pres-
ence of IPF; an investigation into more miscellaneous spe-
cific indices is necessary.

In summary, the VRI technique may be helpful to dis-
criminate between IPF subjects and healthy individuals.
MEF and an abundance of crackles might serve as a di-
agnostic tool for IPF. Further studies that investigate the
features of VRI in IPF subjects with different disease se-
verities and treatment responses are indicated.
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