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Abstract

Rationale

Pulmonary function testing (PFT) provides diagnostic information regarding respiratory
physiology. However, many forms of PFT are time-intensive and require patient coopera-
tion. Respiratory inductance plethysmography (RIP) provides thoracoabdominal asyn-
chrony (TAA) and work of breathing (WOB) data. pneuRIP™ is a noninvasive, wireless
analyzer that provides real-time assessment of RIP via an iPad. In this study, we show that
pneuRIP™ can be used in a hospital clinic setting to differentiate WOB indices and breath-
ing patterns in children with DMD as compared to age-matched healthy subjects.

Methods

RIP using the pneuRl was conducted on 9 healthy volunteers and 7 DMD participants
(ages 5—18) recruited from the neuromuscular clinic, under normal resting conditions over
3-5 min during routine outpatient visits. The tests were completed in less than 10 minutes
and did not add excessive time to the clinic visit. Variables recorded included labored-
breathing index (LBI), phase angle (®) between abdomen and rib cage, respiratory rate
(RR), percentage of rib cage input (RC%), and heart rate (HR). The data were displayed in
histogram plots to identify distribution patterns within the normal ranges. The percentages of
data within the ranges (0< ® <30 deg.; median RC %+10%; median RR+5%; 1<LBI<1.1)
were compared. Unpaired t-tests determined significance of the data between groups.

PTM

Results

100% patient compliance demonstrates the feasibility of such testing in clinical settings.
DMD patients showed a significant elevation in ®, LBI, and HR averages (P<0.006,
P<0.002, P<0.046, respectively). Healthy subjects and DMD patients had similar BPM and
RC% averages. All DMD data distributions were statistically different from healthy subjects
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based on analysis of histograms. The DMD patients showed significantly less data within
the normal ranges, with only 49.7% @, 48.0% RC%, 69.2% RR, and 50.7% LBI.

Conclusion

In this study, noninvasive pneuRIP™ testing provided instantaneous PFT diagnostic
results. As compared to healthy subjects, patients with DMD showed abnormal results with
increased markers of TAA, WOB indices, and different breathing patterns. These results are
similar to previous studies evaluating RIP in preterm infants. Further studies are needed to
compare these results to other pulmonary testing methods. The pneuRIP™ testing
approach provides immediate diagnostic information in outpatient settings.

Introduction

Duchenne muscular dystrophy (DMD) is a disabling genetic disorder, due to an X-linked
myopathy that prevents the production of dystrophin, a normal muscle protein. Because of the
recessive genetic mutation, DMD affects mostly boys. However, the severity of muscular dys-
trophies is associated with pathogenic variants in DMD, which encodes the protein dystro-
phin. The phenotype can range from mild to severe, depending on age and disease
progression. Most patients with severe DMD die in their second to third decade from muscle-
associated respiratory and cardiovascular complications [1,2].

Currently, there is no cure for DMD; however, there are promising treatments directed at
symptoms such as scoliosis [3] and respiratory muscle weakness (and overuse of steroids)
[2,4]. Cough-assisted devices for pulmonary hygiene as well as pharmaceutical and gene-
replacement therapies [5] are also available, extending and improving the quality of life.

As a pediatric disorder, DMD clinically presents at around age two years and results in pro-
gressive respiratory muscle weakness [1]. Eventually, these patients experience lung dysfunc-
tion that often leads to chronic respiratory failure and may require long-term ventilatory
support. Therefore, assessment and management of pulmonary function in the DMD popula-
tion is essential to the survival of DMD patients [2,5] and should be routinely performed for
every DMD patient, at least at diagnosis and during follow-up, since interventional therapy
needs to start early in the disease process [1,6]. In this regard, several DMD pediatric studies
have evaluated various pulmonary function testing (PFT) paradigms for respiratory function
analysis in children with neuromuscular disease [7]. Regular use of these tests is recommended
for lung function assessment; however, many forms of PFT are time-intensive and require
patient cooperation, so the feasibility of these tests for providing real-time data in numerous
pediatric clinical settings is limited [8]. Respiratory inductance plethysmography (RIP) pro-
vides thoracoabdominal asynchrony (TAA) and work of breathing (WOB) index data, as well
as patterns of breathing. The RIP technique has been shown in multiple studies to noninva-
sively provide useful diagnostic results in pediatric patients with a variety of respiratory disor-
ders, including asthma, neonatal lung disease, and neuromuscular (NM) disease [9-12]. The
pneuRIP™, a newly developed research tool, is a noninvasive, wireless analyzer that provides
real-time assessment of RIP via an iPad. RIP requires minimal patient cooperation and can be
performed without adding excessive time to the clinic visit.

In this study, we hypothesize that pneuRIP™ can demonstrate differential WOB indices
and breathing patterns in children with DMD as compared to age-matched healthy subjects in
a hospital clinic setting. Furthermore, we speculate that the pneuRIP™ testing approach may
provide useful information in both inpatient and outpatient settings and possibly in-home
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Table 1. Characteristics of study groups.

Data of Study Groups

Total

Sex M
F

Age (yr) Mean + SD

DMD Patients

Subject #

NG s W

settings, since information can be transmitted securely to hospital records. From a clinical per-
spective, the new mutation- and gene-specific therapies for NM diseases, like DMD, are likely
to confer long-term therapeutic benefit. Thus, appropriate, noninvasive approaches to assess
respiratory function will be required to follow therapeutic interventions in children with
DMD, particularly the youngest patients who cannot perform standard pulmonary testing. In
this feasibility study, we show that pneuRIP™, can be used to assess lung function and note
differences between children with DMD and healthy subjects.

Methods

This study was approved by the Nemours institutional review board (IRB: Study# 613308),
and all participants gave written consent/assent. As such, written informed consent/assent was
sought from the patients or their parents/guardians (for patients younger than 18 years). All 7
patients were diagnosed genetically and clinically with DMD by our multidisciplinary clinical
team (orthopedics, neurology, genetics, pulmonology, nutrition). Comorbidities in the DMD
study group included obesity (2 patients), obstructive sleep apnea (2 patients), cardiomyopathy
(1 patient), and wheelchair use in 5 of the 7 patients (Table 1).

As shown in Fig 1, respiratory inductance plethysmography using the pneuRIP™, (hard-
ware and software provided by Creative Micro Designs, Newark, DE) was conducted on the 16
male participants (9 healthy subjects and 7 patients with DMD [ages 5-18]). The participants
sat on a chair or medical table for 3-5 min while the device recorded the participant’s quiet
breathing. The pneuRIP™, wirelessly connected with an iPad (Apple, Cupertino, CA) to plot
the data points and calculate the RIP parameters. All data were shown in real-time. After the
tests, the data were saved securely for further analysis. Work of breathing (WOB) indices were
recorded, which included labored-breathing index (LBI), phase angle (®) between abdomen
and rib cage, respiratory rate (RR), and percentage of rib cage input (RC %), as previously
described [8,11]. Heart rate (HR) was measured separately.

RIP physiology and approach

Respiratory inductance plethysmography is a method that measures changes in cross-sectional
area of the rib cage (RC) and the abdomen (ABD) [11]. The method consists of two elastic

Healthy Patients
9 7
9 (100%) 7 (100%)
0 (0%) 0 (0%)
12.7 (£5.2) 12.2 (+4.7)
Age (yr) Race Co-Morbidities Wheelchair users

7 C Snoring no
17 C OSA, Cardio yes
13.5 C OSA, Obesity yes
18 C None yes
11.5 C None yes
14 C Obesity yes
5 C None no

OSA = Obstructive sleep apnea; Cardio = cardiomyopathy; C = Caucasian

https://doi.org/10.1371/journal.pone.0226980.t001
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Healthy Subject Data

NM Patient Data
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Fig 1. Example of pneuRIP ™ operation, hardware, and data display. (A) The pneuRIP™ device uses two bands: one band around the
ribcage and one around the abdomen (illustrated by author (TR). (B) The pneuRIP™ wirelessly connects to an iPad and displays data in
real-time plots. (C) Typical RIP data from a healthy subject. (D) Typical data from a neuromuscular DMD patient (Image modified from
Rahman et al [8]).

https://doi.org/10.1371/journal.pone.0226980.g001

bands, each with an embedded insulated induction wire. Each band is placed around the RC
and the ABD forming a coil (Fig 1A). Alternating current passes through the insulated wires
and generates a self-inductance that oscillates in a cyclic pattern that tracks changes in the
cross-sectional area of each respiratory compartment. Using pneuRIP™,[8], a research device
developed in collaboration with Creative Micro Designs, (Newark, DE) that provided the
hardware transmitter and software (Fig 1B), these inductive signals are transmitted to an iPad
and displayed (Fig 1C & 1D).

The signals recorded by the pneuRIP™ from the elastic bands (Fig 1C & 1D) are mostly
sinusoidal where each point is characterized by a magnitude and a phase. The magnitude rep-
resents the compartment change in volume and the phase angle defines the shift in RC and
ABD signals. Typically, clinicians visually inspect the signals to see if the RC and ABD signals
are synchronous. The pneuRIP™ device records and displays the magnitude and phase of the
signals and quantifies the absolute and relative movement of the RC and ABD through the
extraction of WOB indices that are defined as follows:

1. Percent rib cage (RC%), which is a ratio of the absolute magnitude of RC signal to the
sum of the absolute magnitudes of the RC and ABD signals [8,11]. The RC%, shown in
equation (1), defines RC contribution to tidal volume and is presented as a percent of the
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combined RC and ABD volume changes.

[RC]

RC% = ———
° 7 |RC| + |ABD|

where |RC]| is the magnitude of the signal recorded from the ribcage and |ABD)| is the mag-
nitude of the signal recorded from the abdominal compartment. The average RC% for a
healthy subject (Fig 1C) is close to 50%, indicating that the RC and the ABD are contribut-
ing about the same amount to tidal volume. However, in Fig 1D, average RC% is 60%, indi-
cating that RC is providing a greater contribution to tidal volume than ABD. The RC% in
this case is outside the normal range (Age 5-18 yr] determined by Rahman et al [8] and
Balasubramaniam et al [13] for sitting subjects.

. Labored breathing index (LBI) (equation 2), which is a measure of respiratory effort due to

asynchronous breathing [8, 11]. LBI is a ratio that is an estimate of WOB effort.

t t

|RC|, + |ABD],

LBl — |RC|inphase + |ABD|inphase

where |RC|; and |ABD)|; are the magnitudes of the RC and ABD compartment signals at any
instant of time (t), while |[RC|""* and |ABD|"™"* are the magnitudes when the signals are
in-phase. The denominator is the tidal volume (Vr), which is the sum of the absolute values
of the RC and ABD signals, as recorded. The numerator is the maximum compartmental
volume and is the sum of the absolute values of the RC and ABD signals when in unison.
When the RC and ABD signals are asynchronous as in Fig 1D, (LBI = 3.18) the LBI is larger
than 1.0. In Fig 1C, since the signals are in-phase, the tidal volume and the maximum com-
partmental volume are almost the same and LBI = 1.03 which is close to 1.0 and normal
[8,13].

. Phase difference (¢) [8,11], which is a measure of synchrony between RC and ABD com-

partments. The phase angle (®) between the RC and ABD is calculated by normalizing the
signals over 20 samples. The ¢ is then calculated by equation 3, expressed as follows:

S x(n)y(n)
VIS xS y ()’

¢ = cos”

where x represents RC,y represents ABD, and n is the number of samples.

When the signals from the RC and ABD are synchronized as seen in (Fig 1C), the difference
in phase (¢ = 27 degrees) is in the normal range of 0 < ¢ < 30 degrees [8,13]. However, the
phase difference increases when the two signals become asynchronous as shown in (Fig
1D). The average phase difference reported for the two plots in Fig 1D indicates asyn-
chrony, since ¢ = 151 degrees, which is outside the normal range.

. Respiratory rate in breaths per minute. This was determined by a fast Fourier transform

(FFT) algorithm to generate the average magnitudes for each frequency of the RC and ABD
signal. From these calculations, an array is generated from which the largest value is
selected, as well as amplitudes within 20% of this value. Finally, we compute a weighted
average using indices of these values. This value is the frequency multiplied by 60 to obtain
breaths per minute.

The raw data for the ®, RC%, RR, and LBI of each participant were displayed in histogram

plots to identify distribution patterns within the normal ranges [8,13]. The percentages of data
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values within the normal ranges were compared between healthy volunteers and DMD
patients.

Data analysis

All 16 participants were males aged 5-18 years, studied for up to 5 min. with RIP measure-
ments every 0.1 sec. Quantitative WOB indices over time were aggregated for each subject.
Summarized data were presented in tabular form as mean and standard error (SEM). A two-
sample (unpaired) t- test was performed to compare mean aggregated WOB indices between
the healthy and DMD groups. Box plots, as well as Shapiro-Wilk tests, of aggregated WOB
indices were performed, and no deviation from normality was observed.

The distribution of WOB index measurements within their respective normal ranges [13]
was summarized for each subject as percentages. A two-sample t-test was performed to com-
pare the mean percent differences in WOB index measurements within the normal range
between healthy and DMD patients. Based on the recent review of normative RIP indices [13]
for sitting subjects [Ages 5-18] and our previous study [8], we established tight criteria for the
normal ranges: mean @ (0 < ® < 30) degrees; median RC% * 10%; median RR + 5%, and
mean LBI (1 <LBI < 1.1). In addition, histograms of each participant’s ®, RC%, RR, and LBI
were plotted to compare the shape of the data distribution between study groups. All tests
were two tailed with a level of significance of P < 0.05. Statistical software SPSS version 23
(IBM, Armonk, NY) and Excel 2016 (Microsoft, Redmond, WA) were used to perform the sta-
tistical analysis and data plotting.

Results

With regard to the feasibility of noninvasive pulmonary testing, it is noteworthy that all sub-
jects were compliant with performing RIP studies using prneuRIP™ (100% compliance). The
participants in this study were separated into two groups: 7 DMD patients and 9 healthy chil-
dren. The two-sample (unpaired) t-test results comparing mean and SEM of aggregated WOB
indices between the healthy and DMD groups are shown in Table 2. The variables include the
WOB indices (@, RC %, RR, LBI) and HR. As shown, DMD patients had a statistically signifi-
cant elevation in @, LBI, and HR averages (P < 0.006, P < 0.002, P < 0.046, respectively). RR
and RC% means in healthy subjects and DMD patients were not different (for complete data,
see S1 Table).

After the initial analysis, data from each participant were plotted into histograms, one each
for @, RR, RC %, and LBI. Once plotted, the ® histograms showed two clear patterns. The first
pattern, seen mostly in the healthy participants’ histograms, depicted a single clustering of
data, typically below 30 degrees. The second pattern, seen mostly in the DMD patients” histo-
grams, is more diffuse, with bi-modal separation. The second pattern displays the data dispers-
ing far beyond the typical range of normal data. It was determined that a similarly diffuse
distribution pattern was emerging on all the parameter histograms for the DMD patients. As

Table 2. Data analysis of mean and SEM of WOB indices and heart rate.

Factors Phase Angle Respiratory Rate % Ribcage Labored Heart Rate (B/
(degrees) (Br/min) Contribution Breathing Index min)

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Healthy 23.40 4.33 11.75 1.22 56.07 2.57 1.07 0.02 80.56 2.70

Patient 60.18 10.41 11.39 0.88 46.28 4.21 1.23 0.04 94.14 5.24
P Value 0.006 0.818 0.074 0.002 0.046

https://doi.org/10.1371/journal.pone.0226980.t002
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Fig 2. Histograms showing differences in phase angle and percent ribcage contribution: healthy subject vs. patient with DMD. (A)
Phase angle histogram of a healthy subject; 71.7% of the data values are within the normal range (0 < ¢ < 30) degrees. (B) Phase angle
histogram of a DMD patient; only 27.0% of the data values are within the normal range (0 < ¢ < 30) degrees. (C) Percent of ribcage
contribution histogram of a healthy subject; 83.1% of the data values are within the normal range with median being 55% (45% < RC% <
65%). (D) Percent of ribcage contribution histogram of a DMD patient; 37.0% of the data values are within the normal range with median

being 49%.

https://doi.org/10.1371/journal.pone.0226980.9002

presented in the data analysis section, the normal ranges [8,13] of each variable were used to
compare and contrast distribution patterns. Typical histogram plots for ® and RC% are shown
in Fig 2 along with the normal range [8,13]. The plot of the healthy subject clearly shows a clus-
tering of measured data points within the normal range while the patient’s data values are
more variable. As shown in Fig 2, the phase angle histogram of a healthy subject demonstrated
that 71.7% of the phase data values are within the normal range (0 < ¢ < 30 degrees), whereas
only 27.0% of the phase data values for the DMD patient are within the normal range [8,13].
Also shown, the RC% histogram of a healthy subject demonstrated that 83.1% of the data val-
ues are within the normal range (45% < RC% < 65%) with a median of 55%; in contrast, only
37.0% of the RC% data values for the DMD patient are within the normal range.

For additional evaluation, the percentage of RIP data values within the normal range for
each participant was calculated and averaged for comparison (Table 3). Unpaired t-tests deter-
mined significance of RIP data between each study group. All DMD data distributions were
statistically different from healthy subjects based on the analysis of histograms. While the
healthy subjects had an average of 82.06% @, 88.71% RR, 73.81% RC%, and 87.30% LBI of the
RIP data within normal ranges, the DMD patients showed significantly less RIP data within
the normal ranges, with only 49.7% ® (P < 0.004); 48.0% RC% (P < 0.008); 69.2% RR
(P < 0.044), and 50.7% LBI (P < 0.002).
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Table 3. Histogram data of mean (SEM) and median (+/- percentile) WOB indices expressed as percent within the normal range*.

Factors | Phase Angle Mean 0<®<30 Respiratory Rate Median RR | % Ribcage Contribution Median RC% Labored Breathing Index Mean
degrees +5% +10% 1<LBI<1.1

Healthy 82.06% (5.12%) 88.71% (5.17%) 73.81% (6.78%) 87.30% (4.42%)

Patient 49.71% (8.28%) 69.22% (6.94%) 48.02% (6.55%) 50.68% (8.21%)

P Value 0.004 0.044 0.008 0.002

*Normal Ranges based on data from Rahman et al [8] and Balasubramaniam et al [13]

https://doi.org/10.1371/journal.pone.0226980.t003

Discussion

Due to the degenerative nature of DMD, patients require constant monitoring of symptoms
starting from young ages. Many pulmonary function tests are demanding and rely on patient
cooperation, so these tests are not applicable for those patients with DMD who cannot cooper-
ate with standard pulmonary testing due to their age or disability. In contrast, pneuRIP™
technology offers an effortless, noninvasive pulmonary assessment that can be completed dur-
ing outpatient visits, or possibly within the home, with minimal patient cooperation or dis-
comfort as demonstrated in multiple neonatal studies [10-12].

This study analyzed DMD patients’ data against age-matched healthy control data, as well
as established age-matched data from previously reported studies [8,13], with a primary out-
come that pneuRIP™ can demonstrate differential WOB indices and breathing patterns
between these groups of children in a hospital clinic setting. Also of note, all patient studies
were completed within the regularly scheduled clinic visit. In addition, there was 100% compli-
ance with subjects completing testing.

As shown above in tabular and graphic format, the initial analysis found that DMD patients
displayed elevated means in @, LB, and HR compared to healthy age-matched controls
(Table 2). In a recent emergency department study, Giordano et al [14] reported that @, LBI,
and HR were all elevated in patients who were admitted to the hospital for asthmatic exacerba-
tions as compared with those discharged. One could speculate that the increase in HR may be
associated with an increase in cardiac output due to the elevation in phase angle and labored
breathing in both studies.

Further analysis of individual histograms of each participant’s RIP data showed two clear
patterns in the distribution of samples: a distinct clustering or a diffused spread. Analysis of
the percentage of RIP values within the normal ranges [8,13] demonstrated a clear disparity
between healthy subjects’ tight, single-distribution clustering and DMD patients’ more dif-
fused, even bi-modal, distributions. Although this is the first RIP pattern distribution study
involving children with DMD, a previous study involving pre-term infants on noninvasive
respiratory support (spontaneous breathing) noted a similar diffuse, bi-modal pattern in
phase-angle data distribution [10]. The infant study showed that WOB indices in newborns
with respiratory insufficiency receiving high-flow nasal cannula and nasal continuous positive
airway pressure demonstrated a similar @ data pattern (bi-modal clustering). Although the
disease process and ages are clearly different, we also observed this distribution pattern in our
patients with DMD. However, it is noteworthy that both preterm infants and patients with
DMD have compromised restrictive lung problems and weak respiratory muscles. On this
basis, we speculate that patients with DMD may use a similar strategy for conserving muscle
effort and minimizing respiratory muscle fatigue. Thus, rather than fatiguing both muscle
groups with continuous synchronous breathing, both preterm infants and DMD patients may
be sparing muscle efforts by switching between rib cage and abdominal contributions to tidal
breathing.
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Gauld et al utilized forced oscillation techniques (FOT) in 12 children (<10 yrs) with spinal
muscular atrophy, over a 3-month period. Although they reported spirometry and peak cough
flow measurements were possible, there was only 30% compliance for spirometry [15]. This
study demonstrates the difficulty some neuromuscular patients have with more demanding
pulmonary function assessments. In addition, they found that the FOT methods detected
abnormal levels of resistance and reactance in SMA patients that worsened over a 12-month
period; there was no correlation with clinical characteristics.

Regarding the severity of respiratory involvement, we and others have previously demonstrated
the utility of RIP measurements in identifying abnormal WOB indices and patterns of breathing
in neuromuscular disorders [9], in preterm infants with RDS [10], in BPD patients in the NICU
[11], and in patients who were admitted to the hospital for asthmatic exacerbations [14]. As noted
herein, infant RDS, bronchopulmonary dysplasia, and asthmatic patient studies demonstrate that
RIP technology can differentiate muscular from non-muscular causes of respiratory insufficiency.

Our study had a few inherent limitations. Since the study was a pilot study to determine whether
pneuRTP™ can demonstrate differential WOB indices and breathing patterns in children with
DMD as compared to age-matched healthy subjects in a hospital clinic setting, the initial results are
based on alimited sample size. Therefore, our study results need to be interpreted with caution in
that our DMD study group may not represent a larger DMD population with respect to key devel-
opmental changes in pulmonary function. We emphasize that our intention was not to look at the
progression of RIP data in the DMD population at this time. However, it is anticipated that these
positive outcomes, with regard to feasibility, test compliance (100% in all consented subjects), and
potential predictability of asynchronous breathing and diffuse breathing patterns will enable us to
perform a much larger prospective study in which preuRIP™ data will be utilized in patient dispo-
sition and therapy guidance. Post-hoc analysis of the enrolled patients, again due to sample size,
did not allow a uniform distribution of patients with regard to age, race, or severity of disease.

In conclusion, in this study we demonstrated the utility of noninvasive pneuRIP™ tech-
niques to measure WOB indices and breathing patterns in children with DMD against age-
matched healthy controls. As reported, patients with DMD showed abnormal results with
increased markers of TAA, WOB indices, and diffuse breathing patterns likely resulting from
neuromuscular weakness. In addition, it is noteworthy that there was 100% patient compliance
using pneuRIP™ instrumentation, demonstrating diagnostic feasibility in a clinical setting and
possibly other hospital settings. The evaluation of TAA breathing pattern distributions in addi-
tion to compromised WOB indices (differences in @, LBI, and HR) using RIP technology may
provide valuable insight in the progression of DMD in children. As noted at the outset, the
pneuRIP™ testing approach may provide useful information in both inpatient and outpatient
settings, and possibly in-home settings, since information can be transmitted securely to the
hospital medical records. Furthermore, from a clinical perspective, the new mutation- and
gene-specific therapies for NM diseases, like DMD, are likely to confer long-term therapeutic
benefit in the future. Thus, appropriate, noninvasive approaches to assess therapeutic outcomes
in respiratory function will be required in children with DMD—particularly the youngest
patients who cannot perform standard pulmonary testing. Finally, further studies should com-
pare both the results from the prneuRIP™ to those of other pulmonary function tests as well as
the results from patients with DMD to those who have other neuromuscular diseases.
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