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Abstract— The aim of this study was to evaluate the
respiratory muscles efficiency during a progressive incremental
flow (IF) respiratory test in healthy and Chronic Obstructive
Pulmonary Disease (COPD) subjects. To achieve this, the
relationship between mouth Inspiratory Pressure (IP)
increment, which is a measure of the force produced by
respiratory muscles, and respiratory muscular activity
increment, evaluated by means of Mechanomyografic (MMG)
signals of the diaphragm muscle, was analyzed. Moreover, the
correlation between the respiratory efficiency measure and the
obstruction severity of the subjects was also examined. Data
from two groups of subjects were analyzed. One group
consisted of four female subjects (two healthy subjects and two
moderate COPD patients) and the other consisted of ten male
subjects (six severe and four very severe COPD patients). All
subjects performed an easy IF respiratory test, in which small
IP values were reached. We have found that there is an increase
of amplitude and a displacement towards low frequencies in the
MMG signals when the IP increases. Furthermore, it has also
been found that respiratory muscles efficiency is lower when
greater the obstructive severity of the patients is, and it is lower
in women than in men. These results suggest that the
information provided by MMG signals could be used to
evaluate the muscular efficiency in healthy and COPD subjects.

I. INTRODUCTION

HE study of breathing pattern requires the development
of non-invasive techniques. Measuring apparatus (such
as: spirometers, flowmeters, face mask or mouth piece) add
resistance and alters respiratory pattern [1]. Inductive
plethysmography, one of the most utilized non-invasive
techniques for qualitative monitoring of the respiratory
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activity, is not capable to give a quantitative measure of the
respiratory effort without performing previously an
individual and complex calibration of the apparatus.

The surface mechanomyogram (MMG) is a noninvasive
technique that quantifies the low-frequency lateral
oscillations of the muscle fibers during contraction. These
oscillations have been suggested to be a function of the gross
lateral movement of the muscle and smaller lateral
oscillations due to the summation of the muscle fibers
movement from the recruited muscle motor units [2]. In
general, a positive correlation coefficient has been found
between amplitude parameters of the MMG signal and the
force produced by the muscle [2]-[8].

The diaphragm is the main respiratory muscle responsible
for the mechano-respiratory activity. The respiratory
muscular fatigue can be monitored by means of techniques
that study the muscular electric activity in amplitude and
frequency through the electromyographic (EMQG) signal of
respiratory muscles. The main inconvenience of using the
diaphragmatic EMG signal is that a complex and invasive
instrumentation is needed for its implementation (esophageal
electrode catheter). On the other hand, the use of surface
electrodes has great inconveniences due to the contamination
of bioelectric noise coming from other origins, making its
application questionable.

In patients with Chronic Obstructive Pulmonary Disease
(COPD) of type A (lung emphysema), the respiratory
muscular function and the mechanic of the thoracic cage are
very affected. The muscular efficiency (relationship between
electric and mechanic activities of the muscle) is very
reduced, due to the changes in the thoraco-diaphragmatic
space configuration produced by the disease, and that makes
ineffective the muscular contraction, wasting great amounts
of energy.

In a previous work [9] we studied the relationship between
amplitude variations of mouth Inspiratory Pressure (IP) and
amplitude variations of diaphragmatic MMG signals
registered in the left and right hemidiaphragms (MMG_ and
MMGg, respectively). In that work six COPD patients who
performed a progressive incremental flow (IF) respiratory
test were analyzed. The results obtained in that study suggest
that the small IP increments are correlated with amplitude
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variations and displacements towards low frequencies in the
respiratory muscles MMG signals. Furthermore, it was
observed that in very severe patients a greater MMG
muscular activity was needed to achieve the same IP value. It
was found that there is an inverse relationship between the
efficiency of the respiratory muscles and the obstructive
severity of subjects.

The aims of the current study are to (1) define a new
parameter to measure the efficiency of the mechanical
activity developed by the respiratory muscles and evaluate its
behavior as a function of the obstructive severity, and (2)
corroborate the results obtained in [9] increasing the number
of subjects.

II. METHODOLOGY

A. Study population

The study population consisted of four female subjects
(two healthy and two moderate COPD patients) and ten male
subjects (six severe and four very severe COPD patients).
The classification of patients in function of the obstructive
severity was performed considering the standards reported
by [10]. Table I reports the anthropometric data and the
parameters of the pulmonary function tests (PFTs) of the
different subgroups of subjects.

TABLE I
PATIENTS CHARACTERISTICS AND PARAMETERS OF THE PULMONARY
FUNCTION TESTS

Females Males
 Healthy  Moderate  Severe  Verysevere
Age (yrs) 75407  645+177  T2.8+4.1 65.8+9.4
FEV % 108 £22.6 60.5+4.9 40.0 £6.5 25.2+10.8
FEV,/FVC 785+ 2.1 56.5 £10.6 49.112.9 36.4+£9.03
DLCO% 81.0+£8.5 77.5+£29 60.7 £19.6 39.6 £ 16.0
KCO% 76.5+4.9 84 £32.5 63.7+11.8 58.8 £13.7

FEV, = forced expiratory volume over one second, FVC = forced vital
capacity, FEV/FVC = proportion of the forced vital capacity exhaled
in the first second, DLCO = carbon monoxide diffusing capacity, KCO
= carbon monoxide transfer coefficient, PIMmax = Maximum Pressure
value obtained in Maximal Inspiratory Pressure maneuvers (PIM), % =
percentage regarding the predicted value.

B. Signals and instrumentation

The subjects were instrumented to acquire IP signal and
MMG_, and MMGg, signals. IP signal was measured with a
pressure transducer placed in the tube through which the
patients breathe. MMGy and MMGgy signals were acquired
with two Kistler 8312B2 capacitive accelerometers placed
on the surface of the thoracic cage. The sensors were placed
between the seventh and eighth intercostal spaces in the left
and right anterior axillary lines, respectively.

All analog signals were amplified, analog filtered,
digitized with a 12 bit A/D system at a sampling rate of 2

kHz, and decimated at a sampling rate of 200 Hz for MMG
signals and 50 Hz for IP signal.

C. Respiratory protocol

All subjects performed a progressive incremental flow
respiratory test. This test is very suitable for patients with
very severe obstructive respiratory problems because there is
no need to achieve high levels of IP. With the guide of a
medical staff instructor the subjects progressively increase
the rhythm and intensity of breathing from basal tidal volume
until they reach almost their vital capacity. Later the rhythm
and intensity of the breathing progressively are decreased
until reach again quiet respiratory breathing at basal tidal
volume. This process is realized two or three times for each
subject. In [9] the IF respiratory test was described more
detailed and an example of both IP and MMG signals was
shown. Table II shows the duration,
respiratory cycles, and the maximum IP reached during the
IF respiratory test.

the number of

TABLE II
DURATION, NUMBER OF CYCLES AND MAXIMUM INSPIRATORY
PRESSURE DEVELOPED IN THE RESPIRATORY TESTS

Females Females

Healthy Moderate Severe Very severe

Numberof )y iyn 1115£92 1217281  140.6+35.4
cycles
Duration (s) 198.9 £ 86.1 323.5+£40.3 286.8 £ 43.9 354.4 £ 62.6
Max. IP
7.22+3.6 2.61 £0.5 4.0 £0.7 345104
(cmH20)

D. Signal Processing

An automatic algorithm for detecting the respiratory
cycles and the initial and final time of diaphragm muscle
contraction from IP
respiratory cycle the maximum IP (IP,,) was estimated.
Four MMG parameters were estimated in each respiratory
cycle in both hemidiaphragms. Three of these parameters
measure the signal amplitude: the root mean square (RMS),
the Rényi entropy with 0=0.5 (H,) [11], and the Multistate
Lempel-Ziv coefficient with 500 states (MLZ) [12]. The
fourth parameter measures the frequency content: the
maximum frequency (fmax) that corresponds with the 95 %
of the energy of the spectrum.

The relationship between the variations of 1P, and the
variations of MMG parameters was analyzed by means of
Pearson correlation coefficient. The respiratory muscles
efficiency is estimated as the slope of the linear regression
line of this relationship (AIP.,.c / AMMG amplitude
parameter). The correlation between this efficiency measure
and the PFTs parameters was computed to evaluate the
relationship between the respiratory muscular efficiency and
the obstructive severity of the subjects.

signal was performed. In each
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TABLE III
CORRELATION COEFFICIENTS BETWEEN INSPIRATORY PRESSURE AMPLITUDE AND THE MMG PARAMETERS

Left MMG Right MMG
""" RMS  H  IzZM  fmax _ RMS  H LZM  fmax
Females  0.845+0.066 0.866+0.062 0.844+0.064 -0.700£0.24 0.777+0.090 0.813£0.119 0.750£0.172  -0.686+0.228
Males 0.8174£0.189  0.833£0.178 0763 +0307 -0.489+0.298 0.856+0.064 0.878+0.044 0.845+0.064 -0.532+0.312

Mean values and standard deviation of correlation coefficients between maximum inspiratory pressure amplitude and MMG parameters. RMS = Root Mean
Square, H = Rényi entropy, MLZ = Multistate Lempel-Ziv, fmax = Maximum frequency.

III. RESULTS

Mean values and standard deviation of the correlation
coefficients between the IP,,  values and the MMG
parameters are shown in Table III. The results are showed
separated in only two groups (females and males, due to the
small number of subjects in each subgroup. In both groups
similar trends are described. The parameter that reported the
highest correlation coefficients was the Ho parameter,
according with the results obtained in [9].

Table IV shows the correlation coefficients between the
PFTs parameters and the respiratory muscles efficiency. As
it can be seen, in both groups the correlation coefficients for
MMG amplitude parameters are positive. That means that
the greater is the obstructive severity of the subject (a
smaller value in the PFTs) the lower is the respiratory
muscles efficiency: there is a higher augment in the MMG
signals amplitude for the same increment of IP. In contrast,
fmax parameter reported negative correlation coefficient
This suggests a
frequencies with increasing the obstructive severity of

values. displacement towards low
subjects.

A graphic example of the correlation between the forced
expiratory volume in the first second (FEV,) spirometry
parameter and the respiratory muscles efficiency is shown in

Fig. 1. In each group the linear regression line and their

corresponding correlation coefficient is shown (rr match with
females group and ry match with males group). In females
group, healthy subjects are represented by an “*”, and
moderate COPD subjects are represented by a “.”. In males

[T 1]

group, severe COPD subjects are represented by a “x” and
very severe COPD subjects are represented by a “+”. It can
be seen that in both male and female groups the respiratory
muscles efficiency is greater the lower is the severity of the
subject, and the respiratory muscles efficiency is greater in

men than in women.

IV. CONCLUSIONS

In this work diaphragmatic MMG_ and MMGy signals
have been analyzed acquired during a respiratory protocol.
This protocol is of short duration and easy to carry out for
subjects with obstructive respiratory problems such as the
COPD patients. The study was conducted in two groups:
females and males, with the intention of analyzing the
differences of the mechanical activity developed in function
of the obstruction severity in both groups.

It has been observed that the small increments of 1P, that
take place during the tests are correlated with the amplitude
variations and displacements toward low frequencies in the
respiratory muscles MMG signals. Furthermore, the
increasing of MMG amplitude is related with patient
obstructive severity. These results are consistent with the

CORRELATION COEFFICIENTS BETWEEN THE SLOPE VARIATION Og?fIJ];EMI\;/IG PARAMETERS AND THE PULMONARY FUNCTION TESTS PARAMETERS
Group o ors o] LG ] Rght MMG
RMS H LZM fmax RMS H LZM fmax
FEV1% 0.993 0.962 0.947 -0.888 0.956 0.938 0.904 -0.858
2 FEVI/FVC% 0.931 0.745 0.714 -0.624 0.796 0.706 0.652 -0.570
c—é DLCO% 0.388 0.292 0.288 -0.316 0.447 0.314 0.323 -0.280
S KCO% 0034 004 0048 0006 O0.1IS___ 0016 0007 0019
Me £ STD 0.587+0.46 0.48810.45 0.475+£0.44  -0.458+£0.38  0.578+0.38 0.48610.42 0.472%0.39 -0.42210.38
FEV1% 0.688 0.711 0.703 -0.125 0.658 0.612 0.790 -0.048
" FEVI/FVC% 0.427 0.480 0.567 0.122 0.410 0.479 0.680 -0.109
% DLCO% 0.730 0.677 0.516 -0.091 0.692 0.544 0.732 -0.014
S kow o0 oy i o1n ose 0y 02 oo
Me + SD 0.527+0.22 0.49910.27 0.48010.25 -0.057£0.12  0.574%0.13  0.503%0.1 0.617+0.24 -0.033£0.06

RMS = Root Mean Square, H = Rényi entropy, MLZ = Multistate Lempel-Ziv, fmax = Maximum frequency, FEV; = forced expiratory volume over one
second, FVC = forced vital capacity, FEV/FVC = proportion of the forced vital capacity exhaled in the first second, DLco = carbon monoxide diffusing
canacitv. Kco = carbon monoxide transfer coefficient % ref= nercentace recardine the nredicted value. Me = mean. SD = standard deviation.
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Fig. 1 Example of correlation between forced expiratory volume over one second (FEV,%) and the slope of the lineal regression line obtained between
maximal inspiratory pressure and MMG parameters calculated in MMG; (up) and MMGp (down) signals. RMS = Root Mean Square, H = Rényi entropy,
MLZ = Multistate Lempel-Ziv, fmax = Maximum frequency. rr (Females) and ry (Males) = correlation coefficients. Females group: healthy (*) and COPD

moderate EPOC (.), and Males group: severe (x) and very severe (+).

results obtained in [9], where only six severe and very severe
COPD male patients were analyzed. With increasing of the
number of subjects in the males group, the correlation
between amplitude of I[P, and variations of MMG
parameter reported higher means values and lower standard
deviation values than reported in the preliminary study [9].

The spirometry parameters correlate better with the
respiratory muscles efficiency than the gas exchange
parameters. This is more pronounced in males than females.
In this case, the slope of the linear regression line between
the amplitude variations of IP,, and the amplitude
variations of RMS parameter reported in females group the
highest correlation values in both hemidiafragms. On the
other hand, the gas exchange parameters correlate better in
males group than females group. This behavior more
pronounced in the DLCO% parameter of the MMG;.

The results obtained in this work suggest that the
information provided by MMG signals could be useful to
evaluate both the effort and the efficiency of respiratory
muscles in healthy and COPD subjects.

REFERENCES

J. Askanazi, P.A. Silverberg, R.J. Foster, A.I. Hyman, J.
Milic-Emili and J.M. Kinney, “Effects of respiratory apparatus
on breathing pattern”, J. Appl. Physiol.: Respirat. Envirom.
Exercise Physiol. 48, pp. 577-580, 1980.

C. Orizio, “Muscle Sound: bases for the introduction of a
mechanomyogaphic signal in muscle studies,” Crit. Rev.
Biomed. Eng., 21, pp. 201-243, 1993.

M. Petitjean, B. Maton, and J.-C. Cnockaert, “Evaluation of
human dynamic contraction by phonomyography”, J. Appl.
Physiol., 73, pp. 2567-2573, 1992.

(1]

(3]

[4] D. B. Smith, T. J. Housh, G. O. Johnson, T. K. Evetovixh, K.
T. Ebersole, and S. R. Perry, “Mechanomyographic and
electromyographic responses to eccentric and concentric
isokinetic muscle actions of the biceps brachii”, Muscle &
Nerve, 21, pp. 1438-1444, 1998.

J. Celichowski, K. Grottel, and E. Bichler, “Relationship

between mechanomyogram signals and changes in force of

human forefinger flexor muscles during voluntary

contraction”, Eur. J. Appl. Physiol., 78, pp. 283-288, 1998.

C. Orizio, R. V. Baratta, B. He Zhou, M. Solomonow, and A.

Veicsteinas, “Force and surface mechanomyogram frequency

responses in cat gastrocnemious”, J. Biomech., 33, pp. 427-

433, 2000.

M. J. Stokes and P. A. Dalton, “Acoustic myographic activity

increases linearly up to maximal voluntary isometric force in

the human quadriceps muscle,” J. Neurol. Sci., 101, pp.163—

167, 1991.

F. Esposito, D. Malgrati, A. Veicsteinas and C. Orizio, “Time

and frequency domain analysis of electromyogram and

soundmyogram in the elderly,” Eur. J. Appl. Physiol., 73,

pp.503-510, 1996.

L. Sarlabous, A. Torres, J.A. Fiz, J. Gea, J.M. Martinez-

Llorens and R. Jané, “Evaluation of the respiratory Muscular

Function by means of Diaphragmatic Signals in COPD

Patients,” 31th Ann. Conf. IEEE-EMBS, pp: 3925-3928,

2009.

[10] B. R. Celli, W. MacNee and committee members, “Standards
for the diagnosis and treatment of patients with COPD: a
summary of the ATS/ERS position paper” Eur Respir. J.; 23:
pp. 932-946, 2004.

[11] A. Torres, J.A. Fiz, R. Jané, E. Laciar, B. Galdiz, J. Gea and J.
Morera, “Rényi Entropy and Lempel-Ziv Complexity of
Mechanomyographic Recordings of Diaphragm Muscle as
Indexes of Respiratory Effort,” 30th Ann. Conf. IEEE-EMBS,
2008.

[12] L. Sarlabous, A. Torres, J.A. Fiz, J. Gea, B. Galdiz and R.
Jané, “Multistate Lempel-Ziv Index Interpretation as a
Measure of Amplitude and Complexity Changes,” 31th Ann.
Conf. IEEE-EMBS, 2009.

3823



	MAIN MENU
	CD/DVD Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order

