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Abstract—This study explored the use of parasternal
second intercostal space and lower intercostal space
surface electromyogram (sSEMG) and surface mechanomyo-
gram (sMMG) recordings (SEMG,... and sMMGy. a;
and sEMG;;. and sMMG)., respectively) to assess
neural respiratory drive (NRD), neuromechanical (NMC)
and neuroventilatory (NVC) coupling, and mechanical
efficiency (MEff) noninvasively in healthy subjects and
chronic obstructive pulmonary disease (COPD) patients.
SEMG,ara; SMMG,,,;n, SEMG)ic, SMMG;., mouth pressure
(Pmo), and volume (V;) were measured at rest, and
during an inspiratory loading protocol, in 16 COPD
patients (8 moderate and 8 severe) and 9 healthy
subjects. Myographic sighals were analyzed using
fixed sample entropy and normalized to their largest
values (fSESEMGpara%maxs fSESMMGpara%maxs fSEs-
EMGlic%maxs and fSESMMGlic%max)' fSESMMGpara%maxs
fSESEMG ,.r29% max; @nd fSESEMGi;.max Were significantly
higher in COPD than in healthy participants at rest.
Parasternal intercostal muscle NMC was significantly
higher in healthy than in COPD participants at rest, but
not during threshold loading. P,,.-derived NMC and MEff
ratios were lower in severe patients than in mild patients or
healthy subjects during threshold loading, but differences
were not consistently significant. During resting breathing
and threshold loading, V;-derived NVC and MEff ratios were
significantly lower in severe patients than in mild patients
or healthy subjects. sMMG is a potential noninvasive
alternative to sEMG for assessing NRD in COPD. The ratios
of P,,, and V; to sMMG and sEMG measurements provide
wholly noninvasive NMC, NVC, and MEff indices that are
sensitive to impaired respiratory mechanics in COPD and
are therefore of potential value to assess disease severity
in clinical practice.
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[. INTRODUCTION

SSESSMENT of respiratory muscle function provides
Ainsights into the physiological basis of breathlessness
and disease severity in chronic respiratory diseases, such as
chronic obstructive pulmonary disease (COPD) [1]. The clin-
ical utility of neural respiratory drive (NRD) and neurome-
chanical coupling (NMC) indices derived from measures of
esophageal crural diaphragm electromyogram (oesEMGy;) and
transdiaphragmatic pressure (Pg4;) is however limited by the
invasiveness of these measurements, the discomfort for patients,
and the need for special training of physicians. Surface elec-
tromyography (sEMG) recorded over the parasternal second
intercostal space (SEMGy,:,) and over lower intercostal spaces
(sEMGj;.) provides a robust measure of the load on the respira-
tory muscles, and therefore an alternative, wholly noninvasive,
measure of NRD in laboratory and clinical settings [2]-[6].
Additionally, surface mechanomyography (sMMG) recorded
over the parasternal second intercostal space (SMMG,,,,) and
over lower intercostal spaces (SMMGy;.), using accelerometers
on the skin surface, represents inspiratory muscle fiber vibration
during contraction and has been proposed to provide noninvasive
indices of inspiratory muscle force generation [6]-[9]. The
use of SEMGpara, SMMGp,a10, SEMGi;ie, and SMMGy;,. signals,
together with measurements of mouth pressure (P,,) and vol-
ume (V;), to obtain noninvasive indices of NMC, neuroventi-
latory coupling (NVC), and mechanical efficiency (MEff) has
been evaluated in healthy subjects [9], [10] but not in COPD
patients.

The aim of the present study was to explore the use of
SEMGypara, SMMGyara, SEMGii, and SMMG;. recordings to
assess and compare levels of NRD, NMC, NVC, and MEff
measured noninvasively in a sample of healthy subjects and
COPD patients.

We hypothesized that measurements of SEMGpara, SEMGijc,
SMMG_ara, and SMMGg;. would be higher in COPD patients
compared to healthy controls and inversely related to air-
flow obstruction, reflecting increased respiratory muscle acti-
vation. We furthermore hypothesized that the corresponding
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noninvasive indices of NMC, NVC, and MEff would be lower
in COPD patients than in healthy controls.

Il. METHODOLOGY
A. Ethics Statement

This prospective observational study was granted research
ethics committee approval (NRES Committee London — Dul-
wich 05/Q0703) and was conducted in accordance with the
principles of the Declaration of Helsinki at a single center
(King’s College Hospital, London, United Kingdom). All sub-
jects provided their written consent before participation.

B. Study Subjects

COPD patients were recruited prospectively from an outpa-
tient clinic. All had a clinician diagnosis of COPD (>10-pack
year smoking history and forced expiratory volume in 1 second
(FEV)) to forced vital capacity (FVC) ratio <0.7) [11] and were
clinically stable without COPD exacerbation within the preced-
ing 6 weeks. Healthy subjects were recruited by advertisement.

C. Measurements

Post-bronchodilator spirometry (FEV1, FVC, and FEV,/FVC
ratio) was measured in all subjects in accordance with stan-
dard clinical guidelines [12]. FEV; and FVC values were ex-
pressed as percentages of predicted values (FEV;% predicted
and FVC % predicted, respectively) calculated with reference
to Global Lung Function Initiative (GLI-2012) prediction equa-
tions [13]. COPD patients were sub-classified into two groups
based on FEV;: COPD~ 5o (FEV; > 50 % predicted, n = 8)
and COPD_5y (FEV; < 50 % predicted, n = 8). Dyspnea
was assessed in all patients using the modified British Medical
Research Council (mMRC) dyspnea scale [14].

SEMG,;» and sSEMG;;. were recorded using surface elec-
trodes, one pair placed over the second intercostal space bilater-
ally (SEMGpara) [2], [15], and the other pair placed over the sev-
enth or eighth right intercostal spaces, between the mid-axillary
and the anterior axillary lines (SEMGi;.) [6], [16]. SMMGara
and sMMGg;. were recorded using two triaxial accelerometers
attached to the skin with adhesive rings, one over the second
intercostal space on the right (SMMG,,), and another close
to the SEMGy;. electrodes over the lower intercostal spaces
(sMMGg;.) [6], [7]. Airflow was measured with a pneumota-
chograph and P,,, was measured with a differential pressure
transducer connected to a side port of the pneumotachograph.
All signals were recorded continuously during all stages of the
protocol.

D. Study Protocol

1) Maximal Inspiratory Maneuvers: First, all subjects per-
formed a maximal static inspiratory pressure maneuver against
an occluded mouthpiece [1] (PImax), and a maximal inspiration
to total lung capacity [2], [17]. These maneuvers were repeated
several times to ensure maximal volitional effort. Subjects were
sitting upright with a nose clip.

2) Inspiratory Threshold Loading Protocol: After the max-
imal inspiratory maneuvers, all subjects performed an inspi-
ratory threshold loading protocol. Inspiratory threshold loads
of 12 %, 24 %, 36 %, 48 %, and 60 % of the subject’s
PImax were generated with an electronic inspiratory muscle
trainer (POWERbreathe K5; POWERbreathe International Ltd,
Southam, U.K.) connected to the pneumotachograph. Subjects
were sitting with a nose clip and breathed through a mouthpiece
attached to the pneumotachograph. First, baseline measurements
were recorded for a minimum of 2 min of resting breathing.
Then, the POWERbreathe was connected to the pneumotacho-
graph and the threshold loads were imposed. At each load, 30
breaths were performed and followed by a short resting period.
Subjects rated their breathlessness intensity on the modified
Borg scale (mBorg) at the end of each load [18].

E. Data Analysis

1) Calculation of Myographic Fixed Sample Entropy Time-
Series: The three mechanomyographic signals provided by each
triaxial accelerometer were root sum squared to obtain one
mechanomyographic vector magnitude signal. The amplitude
of all myographic signals was then analyzed using fixed sam-
ple entropy (fSampEn), a technique that can track amplitude
variations of a signal with the advantage of being very robust
to cardiac artifacts, as previously described [5]-[7]. SEMGpara,
SEMGi;c, and vector magnitude SMMG,, and sSMMGj; sig-
nals were converted to fSampEn using the fSampEn parameters
proposed in [19], thus obtaining fSESEMGy,,;,, fSESEMGi;c,
fSESMMG 414, and fSESMMG;. time-series.

2) Calculation of Neuromechanical and Neuroventilatory
Coupling and Mechanical Efficiency Parameters: The respira-
tory phases were identified using a zero-crossing detector on the
Puo signal. All signals were visually examined and respiratory
cycles containing unusual pressure patterns or low quality myo-
graphic signals were rejected. Ten cycles were automatically
selected, as previously described [6], for resting breathing and
each inspiratory threshold load, resulting in 60 cycles for each
subject. Mean inspiratory Py, and area under the curve of the
inspiratory flow trace (inspiratory volume V;) were calculated
for each cycle. The level of inspiratory muscle activity was
calculated for each cycle as the inspiratory mean fSESEMG 4,4,
fSESEMGi;c, fSESMMG,,;a, and fSEsMMG;;.. These values
were expressed as percentages of the respective largest values
obtained during either the inspiratory threshold loading protocol,
the PImax maneuver, or the inspiratory lung capacity maneuver
(fSESEMGpara%maXs fSESEMGliC%maXs fSESMMGpara%max,
and fSESMMGy;¢%max)-

NMC indices were calculated as in:

fSESMMG ara%maz
NMC —para — . 0 :
MMG-p fSEsEMGpara%maI W
fSEsMMG;;.%max
NMCy, —lic = ’
MMG-1 fSEsEMGlic%m(ﬂ' ( )
Pmo
NMCPﬁDara = Waads (3)

fSESEMGpaTa%ma:C
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NVC indices were calculated as in:

NVl = St ©

MEff indices were calculated as in:
MEffo-pore = ottt O
MES e = F5poiron— ®
MEffv-para = Tgpont Mvé,m%m ©)
MESfv = mepmmia—— (0

Coupling indices, as in (1)-(6), described relationships be-
tween the electrical activation of inspiratory muscles, repre-
sented by SEMG, and the resulting mechanical output, repre-
sented by either sSMMG, P, or V;. These indices therefore
involved measures of different nature and represented how well
myoelectrical activation was translated into a mechanical re-
sponse. Efficiency indices, as in (7)-(10), described however
relationships between two measures of the same nature, i.e.,
two mechanical measures, and represented how efficient was the
translation of the mechanical activation of inspiratory muscles
into global mechanical output.

The median values of all parameters were calculated for the
ten cycles of resting breathing and each inspiratory threshold
load.

Data were analyzed in MATLAB (The MathWorks, Inc.,
vR2020a, Natick, MA, USA).

F. Statistical Analysis

All data are expressed as median and interquartile range.
Comparison of anthropometric and clinical data of healthy
subjects, COPD- 5¢ patients, and COPD 5 patients was made
using Kruskal-Wallis tests, followed by multiple pairwise com-
parisons with Tukey-Kramer adjusted p-values.

Measures of respiratory pressures, breathing pattern, breath-
lessness, and inspiratory muscle activity were analyzed using
linear mixed models. Three models were defined for each mea-
sure, all with group (healthy, COPD~ 59 or COPD_5(), load,
and the interaction between group and load as fixed effects.
Regarding by-subject random effects, one model was defined
with random intercepts, another with correlated random inter-
cepts and random slopes for load, and a third one with uncorre-
lated random intercepts and random slopes for load. The model
with the lowest Akaike information criterion (AIC) value was
selected, and the standardized Pearson residuals were used to
detect outliers. All three models were then refitted with outliers
excluded, and again the model with the lowest AIC value was

selected as the best model. The statistical significance of all
coefficients representing each fixed effect was tested using an
F-test. Significant interactions between group and load factors,
and significant group factor effects were followed by multiple
pairwise F-tests with Benjamini-Hochberg-adjusted p-values to
determine which groups were different at each load level and
across loads.

Relationships between FEV; and measurements of resting
inspiratory muscle activity, and between SEMG- and sMMG-
derived measures of NRD, NMC, NVC, and MEff were analyzed
by simple linear regression analysis.

[ll. RESULTS

Sixteen COPD patients and nine healthy controls were stud-
ied. Anthropometric and clinical data are summarized in Table .

A. Respiratory Pressures, Breathing Pattern, and
Breathlessness

PImax was significantly lower in the COPD _ 5 patients (33.0
(29.8-38.2) cmH50) compared to both the healthy subjects
(64.0 (53.0-81.0) cmH50, p = 0.02) and COPD- 5, patients
(71.0 (51.2-81.2) cmH>0, p = 0.02). Reflecting these baseline
differences in PImax, the peak P, generated during the inspi-
ratory threshold loading protocol was significantly lower in the
COPD_5¢ patients than in the COPD~ 5y and healthy control
groups across inspiratory loads (Fig. 1a).

V; was significantly lower in the COPD 5 patients than in
the COPD-+ 59 and healthy control groups from 12 % to 60 %
PImax (Fig. 1b). V; was also significantly lower in the COPD-. 5
than in the healthy control group at the two highest inspira-
tory loads. COPD patients reported significantly higher mBorg
breathlessness intensity values than healthy subjects throughout
the inspiratory threshold loading protocol (Fig. 1c).

B. Measurements of Inspiratory Muscle Activity

Representative recordings in a healthy subject and a COPD
patient are shown in Fig. 2.

1) Inspiratory Muscle Activity At Rest: During resting
breathing fSESMMG, ara%max Was significantly higher in
COPD_5( (26.1 (18.3-30.8) %, p = 0.046) and COPD+ 5¢ (22.2
(14.8-33.1) %, p = 0.046) patients compared to healthy subjects
(15.5(12.5-17.5) %). fSESEMGpara%max and fSESEMGiico4max
were also significantly higher during resting breathing in
COPD_5p (36.5 (24.2-41.1) % and 29.2 (26.8-35.7) %, respec-
tively) (p < 0.001) and COPD- 5 (23.3 (19.1-30.2) %, p = 0.01,
and 23.3 (13.3-43.4) %, p = 0.03, respectively) patients than
in healthy subjects (10.1 (7.2-13.8) % and 10.3 (6.9-14.0) %,
respectively). Although resting fSESMMG;;c%max values were
lower in healthy subjects, there were no statistically significant
differences between groups.

There were statistically significant negative correlations be-
tween FEV,% predicted and resting fSESEMGpara%max (I =
-0.68, p < 0.001), resting fSESEMGiic%max (r = -0.61, p =
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TABLE |

ANTHROPOMETRIC AND CLINICAL DATA FOR HEALTHY SUBJECTS AND COPD PATIENTS

Healthy subjects COPD:5 patients COPD<s patients p-value
Number of subjects 9 8 8
Male (%) 55.6 75.0 62.5
Age (yrs) 64 (63-67) 70 (65-73) 66 (63-68) 0.28
BMI (kg/m?) 24.3 (23.8-29.0) 27.6 (23.4-29.5) 25.1(20.2-26.2) 0.62
FEV, (% predicted) 112.9 (107.3-114.4)#*  56.2 (55.2-64.0) * 34.5(33.2-40.0) * <0.001
FVC (% predicted) 116.4 (108.5-121.0) * 104.4 (95.1-109.1) 84.4 (80.7-94.9) * 0.02
FEV//EVC (%) 79.3 (74.4-82.4) #* 452 (37.3-51.6) % 30.1 (28.5-39.7) * <0.001
mMRC grade NA 2.0 (2.0-3.5) 2.5(1.0-3.0) 0.80

Data are expressed as median (interquartile range).

BMI = body mass index, COPD~ 50 = chronic obstructive pulmonary disease patients with a forced expiratory volume in 1 second
value greater than or equal to 50 % predicted, COPD 59 = chronic obstructive pulmonary disease patients with a forced expiratory
volume in 1 second value lower than 50 % predicted, FEV; = forced expiratory volume in 1 second, FVC = forced vital capacity,
mMRC = modified British Medical Research Council, * or # = p-value < 0.05. Spirometry was performed after bronchodilation.
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Fig. 1. Peak mouth pressure (P.,0) (a), inspiratory volume (V;) (b),

and modified Borg breathlessness score (mBorg) (c) during inspiratory

threshold loading in healthy subjects and chronic obstructive pulmonary disease patients with a forced expiratory volume in 1 second value greater
than or equal to 50 % predicted (COPD- 5¢) or lower than 50 % predicted (COPD5¢). Symbols represent data medians and bars represent data

interquartile ranges. Asterisks indicate statistically significant differences

0.002), resting fSESMMG,ara%max (r = -0.48, p = 0.02), and
resting fSESMMGg;c%max (r = -0.46, p = 0.02) (Fig. 3).

NMC and NVC ratios were also different between healthy
subjects and COPD patients. NMCyvia-para Was significantly
higher in healthy subjects (1.6 (1.2-2.2)) compared to both
COPD_5p (0.8 (0.5-1.2), p < 0.001) and COPD~ 54 (1.0 (0.7-
1.3), p < 0.001) patients during resting breathing. There were
also significant differences (p < 0.01 in all cases) in NVCpara
and NVCy;. between healthy subjects (0.08 (0.06-0.11) and 0.09
(0.07-0.11), respectively), COPD~ 5 patients (0.05 (0.04-0.06)
and 0.04 (0.04-0.06), respectively), and COPD . 5 patients (0.02
(0.02-0.02) and 0.02 (0.01-0.03), respectively).

Significant positive correlations were observed at rest (see
Fig. 9 in the Appendix) between FEV;% predicted and
NMCMMG-para (r = 045, pP= 002), NMCMMG—lic (I‘ = 0.42,
p = 0.04), NMCp_para (r = 0.44, p = 0.03), MEffy_para (r =
0.53, p = 0.006), MEffy_j;c (r = 0.55, p = 0.004), NVCpara
(r=0.61, p=0.001), and NVCj;. (r = 0.70, p < 0.001).

2) Inspiratory Muscle Activity During Inspiratory Thresh-
old Loading: fSESMMG,.ra%maxs  ISESMMGiic%max,

(+ for p-value < 0.05 and xx for p-value < 0.01).

fSESEMGpara%max, and fSESEMGiicymax values increased
progressively at each successive stage of the inspiratory
threshold loading protocol in healthy subjects and in
COPD npatients (Fig. 4a-4d). Strong to very strong positive
correlations were obtained between fSESEMG,,ra%max and
fSESMMG 510%max (r = 0.8, p < 0.001), and between
fSESEMGi;c%max and fSESMMGi;comax (r = 0.78, p < 0.001)
(Fig. 4e and 4f respectively).

In healthy subjects, the transition from the baseline rest-
ing breathing to the first inspiratory load (12 % PImax)
was associated with a proportionately greater increase in
fSESEMGpara%max compared to fSESMMGara%max- A cor-
responding significant decrease in NMCyvig-para during the
transition from rest to 12 % PImax (Fig. 4g) was seen. Subse-
quent, increases in fSESMMG,4;a%max Were in proportion to
increases in fSESEMG,4,2%max between successive inspiratory
loads and only small, nonsignificant changes in NMCyrvig-para
from 12 % to 60 % PImax were seen.

By contrast, in COPD.5y and COPD-j5q patients,
fSESMMG ,,1a%max increased in proportion to increases
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Fig. 2. Sensor positioning for data acquisition. Representative recordings in a healthy subject (left) and a chronic obstructive pulmonary disease
patient (right) with a forced expiratory volume in 1 second value of less than 50 % predicted. Top to bottom: airflow, mouth pressure (P.,.), second
intercostal space surface electromyography (SEMG,a:a), lower intercostal space surface electromyography (SEMGi;c), second intercostal space
surface mechanomyography (sMMGy,..a), and lower intercostal space surface mechanomyography (sMMGi;.). Two respiratory cycles are shown
for quiet resting breathing and inspiratory threshold loading at 12 %, 24 %, 36 %, 48 %, and 60 % Plmax. Negative flow values correspond
to inspiratory phases. Fixed sample entropy time-series are shown for the myographic signals (fSESEMGp.ra, fSESEMGi;c, fSESMMGy,.ra, and
fSESMMGi;c).
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Fig. 3. Relationship between forced expiratory volume in 1 second (FEV;) and normalized mean fixed sample entropy of surface mechanomyo-
graphy and electromyography recorded over the second intercostal space (fSESMMG,ara%max and fSSESEMGpara%max, respectively) (a and c)
and over lower intercostal spaces (fSESMMGiic%max and fSSESEMGiicmax, respectively) (b and d) during resting breathing, in healthy subjects
and chronic obstructive pulmonary disease patients with a FEV; value greater than or equal to 50 % predicted (COPD-~ 50) or lower than 50 %
predicted (COPD 5). Normalization was performed using the largest values obtained during either the inspiratory threshold loading protocol, the
PImax maneuver, or the inspiratory lung capacity maneuver. Simple linear regression analysis was performed for each relationship.
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Inspiratory muscle activity, measured as normalized mean fixed sample entropy of surface mechanomyography and electromyography

recorded over the second intercostal space (fSESMMG,ara%max and fSESEMGara%max, respectively) (a and c) and over lower intercostal spaces
(fSESMMGi;c%max and fSESEMGi;c%max, respectively) (b and d) during inspiratory threshold loading, in healthy subjects and chronic obstructive
pulmonary disease patients with a forced expiratory volume in 1 second value greater than or equal to 50 % predicted (COPD-~ 5¢) or lower
than 50 % predicted (COPD5(). Normalization was performed using the largest values obtained during either the inspiratory threshold loading
protocol, the PImax maneuver, or the inspiratory lung capacity maneuver. Relationship between sEMG- and sMMG-derived measures of inspiratory
muscle activity (e and f). Inspiratory muscle neuromechanical coupling, measured as the ratios of fSESMMGara%max 10 fSESEMGpara%max
(NMCnviG-para) (9) and fSESMMGiic%max t0 fSESEMGiic%max (NMCniva-ic) (h). Symbols represent data medians and bars represent data
interquartile ranges. Asterisks indicate statistically significant differences (« for p-value < 0.05 and «x for p-value < 0.01).

in fSESEMG,ara%max both during the transition from rest
to the first inspiratory load and during successive inspiratory
loads up to 60 % PImax. Variations in NMCyinva-para across
successive stages of the inspiratory threshold loading protocol
were therefore small and nonsignificant (Fig. 4g).

There were no significant variations in NMCynvig.jic be-
tween different stages of the inspiratory threshold loading pro-
tocol in either healthy subjects or COPD patients (Fig. 4h).
There were also no significant differences in NMCyrvig-para
or NMCyinve-tic between healthy controls and COPD patients
during threshold loading.

The P,,,,-derived ratios for myographic signals recorded over
the second intercostal space, i.e., MEffp_,,, and NMCp_para,
were significantly lower in COPD 5, patients than in COPD- 5
patients during threshold loading (Fig. 5a and 5¢). MEffp_para
was also significantly lower in COPD_j5q patients than in
healthy subjects. Similar trends were observed for MEffp_j;. and
NMCp_j;. (Fig. 5b and 5d), but differences between COPD 5,
patients and either healthy subjects or COPD- 5y patients were
less marked for signals recorded over lower intercostal spaces
than for signals recorded over the second intercostal space.
The lower P,,-derived ratios observed in COPD_5( patients
compared to COPD-+ 5 patients and healthy subjects reflected
the higher amount of NRD these patients needed to gener-
ate a given amount of inspiratory pressure (see Fig. 10 in
the Appendix).

COPD_5( patients also had significantly lower V;-derived
ratios for myographic signals recorded over the second inter-
costal space, i.e., MEffy_p.ra and NVC,,;,, than COPD- 5
patients and healthy subjects during threshold loading (Fig. 6a

and 6¢). For signals recorded over lower intercostal spaces, there
were significant differences in MEffy._j;c and NVCy;. between
all groups (Fig. 6b and 6d).

Strong to very strong positive correlations were found
between SEMG-derived indices of NMC and NVC (i.e.,
NMCp_para, NMChp_iic, NVCpara, and NVCj.) and the
corresponding SMMG-derived indices of MESf (i.e., MEffp_p, 4,4,
MEffP_liC, MEffv_pam, and MEffv_liC) (Flg 7).

IV. DISCUSSION

This is the first study to use a combination of surface elec-
tromyography and surface mechanomyography to compare neu-
romechanical coupling, neuroventilatory coupling, and mechan-
ical efficiency of the chest wall respiratory muscles in COPD
and in health in a wholly noninvasive manner. This is also the
first study to describe the use of parasternal second intercostal
space mechanomyography to quantify the load on the respiratory
muscles in COPD. A glossary of abbreviations is included in
Table I (Appendix).

fSESMMGara%max- fSESEMGpara%max- and
fSESEMGi;c%max Were significantly higher in COPD patients
compared to values recorded in healthy subjects at rest,
and there was a significant inverse correlation between
FEV,% predicted and fSESEMG,ara%max> ISESEMGiic%max;
fSESMMGpara%max’ and fSEsMMGiicomax- NMCMMG—para’
but not NMCynvigoiic, Was significantly higher in healthy
subjects than in COPD patients at rest, and there were no
significant differences between groups in NMCyinvg-para OF
in NMCynvaoiic at inspiratory loads equivalent to between
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Fig. 5.

Inspiratory muscle mechanical efficiency and neuromechanical coupling, measured as the ratios of mean mouth pressure to normalized

mean fixed sample entropy of surface mechanomyography and electromyography, respectively, recorded over the second intercostal space
(MEffp_para @and NMCp_para, respectively) (a and c) and over lower intercostal spaces (MEffp_j;c and NMCp_j;c, respectively) (b and d) during
inspiratory threshold loading, in healthy subjects and chronic obstructive pulmonary disease patients with a forced expiratory volume in 1 second
value greater than or equal to 50 % predicted (COPD-+ 5() or lower than 50 % predicted (COPD_5(). Symbols represent data medians and bars
represent data interquartile ranges. Asterisks indicate statistically significant differences (x for p-value<0.05 and xx for p-value<0.01).
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Fig. 6.

Inspiratory muscle mechanical efficiency and neuroventilatory coupling, measured as the ratios of inspiratory volume to normalized mean

fixed sample entropy of surface mechanomyography and electromyography, respectively, recorded over the second intercostal space (MEffy_para
and NVC..a, respectively) (a and c) and over lower intercostal spaces (MEffy_j;c and NVCy;c, respectively) (b and d) during inspiratory threshold
loading, in healthy subjects and chronic obstructive pulmonary disease patients with a forced expiratory volume in 1 second value greater than
or equal to 50 % predicted (COPD~ 50) or lower than 50 % predicted (COPD.5¢). Symbols represent data medians and bars represent data
interquartile ranges. Asterisks indicate statistically significant differences (x for p-value<0.05 and «x for p-value<0.01).

12 % and 60 % PImax. During the inspiratory threshold
loading protocol, P,,-derived ratios of neuromechanical
coupling and mechanical efficiency were lower in severe
COPD patients (FEV; < 50 % predicted) than in moderate
COPD patients (FEV; > 50 % predicted) or healthy subjects,
but differences were not consistently significant. V;-derived

ratios of neuroventilatory coupling and mechanical efficiency,
however, were consistently and significantly lower in severe
COPD patients than in moderate COPD patients or healthy
subjects during resting breathing and the inspiratory threshold
loading protocol. Although the trends observed in these ratios
were similar for recordings from the second intercostal space
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Fig. 7. Relationship between surface electromyography-derived ratios
of neuromechanical (NMCp_para @and NMCp_iic) or neuroventilatory
(NVCpara and NVCiic) coupling and surface mechanomyography-
derived ratios of mechanical efficiency (MEffp_para, MEffp_ic,
MEffv_para, and MEffy_iic) during inspiratory threshold loading, in
healthy subjects and chronic obstructive pulmonary disease patients
with a forced expiratory volume in 1 second value greater than or
equal to 50 % predicted (COPD~50) or lower than 50 % predicted
(COPD<50). Simple linear regression analysis was performed for each
relationship.

and recordings from lower intercostal spaces, there were slight
differences between the two locations. While between-group
differences in Py,,-derived ratios were more consistently
observed using recordings from the second intercostal space,
i.e., SEMGy,;, and SMMG ., differences in Vi-derived ratios
were more marked using recordings from the lower intercostal
spaces, i.e., SEMGj;. and SMMGg;.

The use of respiratory muscle electromyography to derive
quantitative indices of NRD is well-described in the literature.
The observation that fSESEMGy,.1a%max and fSESEMGiic%max
are higher in COPD than in healthy subjects is consistent with
previous work using complementary methodology. Jolley et
al. showed that crural diaphragm electromyographic activity
measured using an esophageal multipair electrode catheter and
analyzed using root mean square rather than fSampEn, was
higher in COPD than in healthy individuals, with significant
relationships between electromyographic measures, spirometric
indices of airway obstruction, and lung hyperinflation [17].
Duiverman et al. measured overall inspiratory muscle activity
in COPD and healthy individuals during an inspiratory loading
protocol by adding the logarithm of the sEMG activity ratio
of the frontal diaphragm, the dorsal diaphragm, the intercostal
muscles, and the left scalene muscle [20]. The SEMG activity
ratio of each specific muscle was calculated as the log ratio
of the mean peak-to-peak inspiratory activity during threshold
loading and the mean peak-to-peak value at baseline. Total

COPD
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Fig. 8. Effect of chronic obstructive pulmonary disease (COPD) on
the translation of neural respiratory drive to ventilation. Altered res-
piratory mechanics in COPD patients causes neuromechanical and
neuroventilatory uncoupling and mechanical inefficiency, which can be
quantified by measuring the electrical (SEMGi;c and sEMG...) and
mechanical (sMMGi;c and sMMGy,...) activity of second intercostal
and lower intercostal muscles, mouth pressure (P.,,), and inspiratory
volume (V;).

inspiratory muscle activity was found to be significantly higher
in COPD than in healthy subjects at the lowest inspiratory
threshold load (7 cmH0) only. Levels of SEMG,,,, activity
were also significantly higher in COPD patients compared with
healthy subjects at the lowest load. Lin ef al. reported that
resting levels of NRD quantified from sEMG,,;, and SEMGi;c
signals converted to root mean square were significantly higher
in COPD patients than in healthy subjects [21]. Although not
directly compared to values in healthy subjects, we have recently
reported increasing values of mean fSESEMG;;. with increasing
COPD severity during an inspiratory threshold loading protocol
[22]. Moreover, SEMG,,,, activity has been observed to track
clinical progress during recovery from COPD exacerbations
in hospitalized patients [3], [23]. These findings are consis-
tent with the hypothesis that SEMGy,,,, and SEMGy;. provide
noninvasive indices of respiratory muscle load-capacity balance
and NRD that are sensitive to impaired respiratory mechanics
in COPD.

Although sMMG is the mechanical counterpart of motor
unit electrical activity as measured by SEMG [24], it has been
scarcely used to assess respiratory muscle function. In previous
work, we have demonstrated strong correlations between Pgy; and
mean fSESMMG;;. in healthy subjects during an incremental
inspiratory muscle loading protocol, suggesting that SMMGj;..
could potentially provide a useful noninvasive alternative to
Pg4; for the assessment of inspiratory muscle function [6].
The efficiency of mechanical activation of inspiratory muscles,
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Fig. 9. Relationship between forced expiratory volume in 1 second

(FEV1) and indices of neuroventilatory coupling (NVC) (a and b),
mechanical efficiency (MEff) (c and d), and neuromechanical cou-
pling (NMC) (e, f, and g), in healthy subjects and chronic obstruc-
tive pulmonary disease patients with a FEV; value greater than or
equal to 50 % predicted (COPD~50) or lower than 50 % predicted
(COPD<50). Simple linear regression analysis was performed for each
relationship.

measured as the ratio between peak inspiratory pressure and
fSESMMGj;., has been shown to be lower in COPD patients
than in healthy subjects, decreasing with increasing COPD
severity [7], [8]. Recently, the ratio of bioimpedance amplitude
to mean fSEsSMMGy;., proposed as an alternative measure of the
contribution of mechanical activation of inspiratory muscles to
ventilation, has been found to decrease with increasing COPD
severity [22]. Together with our observations using SMMGy;.
and, for the first time, SMMGy,,», these findings suggest that
noninvasive inspiratory muscle mechanomyography can provide
useful indices of the efficiency of mechanical activation of the
inspiratory muscles in COPD. Indeed, the strong to very strong
correlations found between sEMG and sMMG measurements
during inspiratory loading suggest that sSMMGi;. and SMMG1
may provide useful alternatives to SEMGi;. and SEMGy,,., as
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Fig. 10. Relationship between peak mouth pressure (Pn.) and in-
spiratory muscle activity, measured as normalized mean fixed sam-
ple entropy of surface mechanomyography and electromyography
recorded over the second intercostal space (fSESMMGara%max and
fSESEMGara%max, respectively) (a and c) and over lower inter-
costal spaces (fSEsMMGiic%max and fSESEMGiic%max, respectively)
(b and d) during inspiratory threshold loading, in healthy subjects and
chronic obstructive pulmonary disease patients with a forced expiratory
volume in 1 second value greater than or equal to 50 % predicted
(COPD50) or lower than 50 % predicted (COPD5(). Normalization
was performed using the largest values obtained during either the inspi-
ratory threshold loading protocol, the PImax maneuver, or the inspiratory
lung capacity maneuver.

indices of NRD, as we have previously reported in healthy
subjects [9], [10].

The relationship between sSMMG and sSEMG measurements
represents the first step in the transformation of NRD into
ventilation. Next steps, including the translation of respiratory
muscle shortening and vibration into pressure, and the trans-
lation of pressure into ventilation, depend on several aspects,
such as chest wall geometry, airways resistance, or lung com-
pliance (Fig. 8). Our observations of similar NMCyivig-para
and NMCynvig.iic ratios in healthy subjects and COPD patients,
but impaired neuromechanical and neuroventilatory couplings
(NMCp_para, NMCp._jic, NVCp,ra, and NVCj;.) and impaired
mechanical efficiency (MEffp_para, MEffp_jic, MEffy_para, and
MEfty jic) in severe COPD patients suggest a disconnection
between muscle activation/vibration (measured as SEMG and
sMMG), muscle tension/pressure generation, and inspiratory
airflow, caused by altered respiratory mechanics in COPD
(Fig. 8). This suggests that SEMG and sMMG measures are
not reliable indices of inspiratory muscle pressure generation
in COPD. Since the two measures are muscle-specific (Fig. 8),
SEMG and sMMG can be used to measure the uncoupling of
inspiratory muscle activity from global mechanical output in
COPD. Indeed, this has been demonstrated by the strong to very
strong correlations found between SEMG- and sMMG-derived
indices of NMC, NVC, and MEff. However, sSMMG record-
ings have the advantage, over SEMG recordings, of not being
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influenced by skin preparation, bioelectrical interference from
other muscles, or by power line interference, which makes the
evaluation of respiratory muscle function easier and faster to
perform, and more acceptable in patients. Nevertheless, given
the different nature of SEMG and sMMG signals, representing
different stages of muscle activity, it is worthwhile to record both
signals whenever possible, as their combination can provide
relevant information about impaired inspiratory muscle func-
tion, such as the significant differences observed in this study in
the resting NMCvig-para between healthy subjects and COPD
patients.

The use of fSampEn to analyze myographic signals is a
relevant feature of this study. Since fSampEn values depend on
signal complexity and signal amplitude, fSampEn can capture
amplitude changes in SEMG and sMMG signals but is more
robust against cardiac artefacts, since these are much less com-
plex than SEMG and sSMMG signals [5], [25]. Limitations of our
study include the small sample size, but our findings form the
basis for clinical validation studies in larger cohorts of COPD
patients. Studies to define normative values of SMMGy,,,, and
sMMG;;. in healthy subjects are also required. The impact of dy-
namic operating lung volumes, which were not measured in this
study, on the proposed noninvasive SEMG- and sMMG-derived
indices should be also investigated in future studies, since it
has been previously demonstrated that changes in operating
lung volumes, especially end-inspiratory lung volume, affect
inspiratory muscle activity and neuromechanical coupling [26].
Finally, SEMGy;. and SMMG;;. are not specific for the costal
diaphragm and likely represent contribution of extradiaphrag-
matic chest wall and abdominal musculature, particularly during
loaded breathing [6], [27]-[29]. SEMG,,ara and SMMG,,,, are
similarly likely to represent contributions of upper chest wall
and pectoral musculature, in addition to parasternal intercostal
muscle myographic and mechanical activity, during loaded
breathing [30], [31]. Identification of the costal diaphragm in
the lower 71/8™ intercostal spaces is challenging and recording
high quality SEMGy;. and SsMMG;;,. signals requires significant
skill. However, the second intercostal space is more easily acces-
sible, and SEMGyara and SMMGy, recordings, in comparison
with SEMG;j;. and SMMGg;., are less influenced by chest wall
thickness and subcutaneous fat [32], [33], and by crosstalk from
postural chest wall and abdominal muscles [34], [35]. Therefore,
it is relatively easier to acquire high quality SEMG and sMMG
signals over the second intercostal space. The effect of BMI in
sEMG and sMMG measures should however be a focus of future
investigations.

The proposed noninvasive indices of NMC, NVC, and MEff
have been tested at rest and during an inspiratory threshold load-
ing protocol. These indices could be also of potential value to
evaluate therapeutic interventions, such as inhaled bronchodila-
tors, noninvasive ventilation, or inspiratory muscle training,
aimed at reducing intrinsic respiratory mechanical loading in
COPD patients [36]. Indeed, the efficiency of NRD, defined as
the ratio of minute ventilation to the root mean square of invasive
0esEMGyg; measures, has been demonstrated to be a sensitive in-
dex to evaluate the response to inhaled bronchodilators in COPD,
with significant improvements reported after bronchodilation

[37]. The application of the noninvasive indices proposed in
this study in evaluating treatment benefits could therefore be a
subject of future research.

V. CONCLUSION

The findings of this study suggest that sSMMGy;. and, for
the first time, SMMGy,;, are potential noninvasive alternatives
to respiratory muscle electromyography for the assessment of
NRD in COPD. The ratios of P,,, and V; to sMMG and sEMG
measurements provide indices of neuromechanical coupling,
neuroventilatory coupling, and mechanical efficiency in COPD
in a wholly noninvasive manner. These techniques are of po-
tential value for the assessment of disease severity in clinical
practice and provide useful and novel noninvasive research tools
for the study of respiratory mechanics and respiratory muscle
function in health and disease.

APPENDIX

TABLE Il
GLOSSARY OF ABBREVIATIONS

Acronym Definition

AIC Akaike information criterion

COPD Chronic obstructive pulmonary disease
COPD-5 COPD patients with FEV, > 50% predicted
COPD-s COPD patients with FEV; < 50% predicted
FEV, Forced expiratory volume in 1 second
fSampEn Fixed sample entropy

fSESEMGyara

fSESMMG ara fSampEn time-series of SEMGpara, SMMGyara,
fSESEMG;;. SEMGii, and sMMGj;. signals

fSESMMGHC

fSESEMGparatmax

fSESMMG ara%max ~ Normalized mean inspiratory fSampEn values of

fSESEMGiictmax
fSESMMGiicvomax

SEMGara, SMMGpara, SEMGie, and SMMGg;. signals

FVC Forced vital capacity

mBorg Modified Borg breathlessness score

MEff Mechanical efficiency

MEffp.para mean Pr, / SSESMMG aratmax

MEffp.jic mean Py / fSSESMMGiicosmax

MEffV-para Vl/ fSESIVIMC}pam"/umax

ME ffy i Vi / fSESMMGiictmax

mMRC Modified British Medical Research Council
NMC Neuromechanical coupling

NMCumwmc-para FSESMMG paratsmax / TSESEMG paravomax
NMCyimc-tic fSESMMGiicyomax / fSESEMGiicoimax

NMCr_para mean Pr, / SSESEMGiaratsmax

NMCp.jic mean P, / fSESEMG;coimax

NRD Neural respiratory drive

NVC Neuroventilatory coupling

NVCpara V| / fSESEIlepara%max

NVChC Vi / fSESEMGuC%max

0esEMGy; Esophageal crural diaphragm electromyography
Pgi Transdiaphragmatic pressure

PImax Maximal static inspiratory pressure

Pio Mouth pressure

sEMG Surface electromyography

sMMG Surface mechanomyography

SEMGara SEMG and sMMG recorded over parasternal second
SMMG para intercostal space

SEMGi;c sEMG and sMMG recorded over lower intercostal
SMMGg;. spaces

Vi Inspiratory volume
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