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Abstract— The study of mechanomyographic (MMG) signals 
of respiratory muscles is a promising noninvasive technique in 
order to evaluate the respiratory muscular effort and 
efficiency. In this work, the MMG signal of the diaphragm 
muscle it is evaluated in order to assess the respiratory 
muscular function in Chronic Obstructive Pulmonary Disease 
(COPD) patients. The MMG signals from left and right 
hemidiaphragm were acquired using two capacitive 
accelerometers placed on both left and right sides of the costal 
wall surface. The MMG signals and the inspiratory pressure 
signal were acquired while the COPD patients carried out an 
inspiratory load respiratory test. The population of study is 
composed of a group of 6 patients with severe COPD 
(FEV1>50% ref and DLCO<50% ref). We have found high 
positive correlation coefficients between the maximum 
inspiratory pressure (IPmax) developed in a respiratory cycle 
and different amplitude parameters of both left and right 
MMG signals (RMS, left: 0.68±0.11 – right: 0.69±0.12; Rényi 
entropy, left: 0.73±0.10 – right: 0.77±0.08; Multistate Lempel-
Ziv, left: 0.73±0.17 – right: 0.74±0.08), and negative correlation 
between the Pmax and the maximum frequency of the MMG 
signal spectrum (left: -0.39±0.19 – right: -0.65±0.09). 
Furthermore, we found that the slope of the evolution of the 
MMG amplitude parameters, as the load increases during the 
respiratory test, has positive correlation with the %FEV1/FVC 
pulmonary function test parameter of the six COPD patients 
analyzed (RMS, left: 0.38 – right: 0.41; Rényi entropy, left: 
0.45 – right: 0.63; Multistate Lempel-Ziv, left: 0.39 – right: 
0.64). These results suggest that the information provided by 
MMG signals could be used in order to evaluate the respiratory 
effort and the muscular efficiency in COPD patients. 
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I. INTRODUCTION 
HE 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 [1]. The time and frequency domain 
of the MMG signal has been used to study various aspects of 
muscle function. In general, a positive correlation coefficient has 
been found between amplitude parameters of the MMG signal 
and the force produced by the muscle [1]-[7]. 

The respiratory muscular activity and fatigue can be 
assessed by means of the implementation of techniques that 
study the muscular activity in amplitude and frequency 
through the MMG signal of respiratory muscles. The 
diaphragm is the main respiratory muscle responsible for the 
mechano-respiratory activity. In previous works [9]-[14], 
our group has analyzed, in an animal model (dogs), the 
signal acquired by means of a capacitive accelerometer 
placed on the costal wall of the thoracic cage in order to 
register the mechanomyographic (MMG) signal of the 
diaphragm muscle. In these works, a positive correlation has 
been found between amplitude parameters of the 
diaphragmatic MMG signal and the respiratory effort 
assessed by means of the inspiratory pressure.  

In [15] these results were extrapolated to human 
experiments in a study of diaphragmatic MMG signals 
acquired during a non fatiguing incremental flow respiratory 
test in a population of severe Chronic Obstructive 
Pulmonary Disease (COPD) patients. In patients COPD the 
respiratory muscular function and the mechanic of the 
thoracic cage are very affected. The muscular efficiency 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. 

The aim of the present work is to evaluate the 
performance of the diaphragmatic MMG amplitude and 
frequency parameters acquired during a fatiguing 
incremental load respiratory test in order to assess the 
respiratory muscular function in COPD patients. 
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II. METHODOLOGY 

A. Study population 
The study population consisted of six patients with severe 

COPD, with smoking antecedents and diagnosed by means 
of forced spirometry and TAC illustrative of lung 
emphysema. Table I reports the clinical characteristics and 
the parameters of the pulmonary function tests of this group 
of COPD patients. 

B. Signals and instrumentation 
The subjects were instrumented in order to acquire three 

biomedical signals: the inspiratory pressure (IP) and the 
mechanomyographic signals of the left and right 
hemidiaphragms (MMGl and MMGr, respectively). IP was 
measured with a pressure transducer placed in the tube 
through which the patients breathe. MMGl and MMGr were 
acquired with two Kistler 8312B2 capacitive accelerometers 
placed on the surface of the thoracic cage. The placement of 
the sensors (between the seventh and eighth intercostal 
spaces in the left and right anterior axillary lines) was 
chosen with the intention of obtaining the 
mechanomyographic signal of both left and right 
hemidiaphragms. 

All analog signals were amplified, analog filtered, 
digitized with a 12 bit A/D system at a sampling rate of 4 
kHz, and decimated at a new sampling rate of 200 Hz.  

C. Respiratory protocol 
The six COPD patients performed an incremental 

inspiratory load protocol. During the respiratory protocol the 
subject is seated and breathes through the mouth by means 
of a mouthpiece and a tube, and with a nose clip.  

During the exhalation the tube allows the air outlet 
without obstruction. However in the inspiration the tube is 
blocked out by a valve which allows us to hang small 
weights. To inhale air the subject must perform an 
inspiratory pressure to open up the valve by lifting the 
weights. The test begins with quiet respiration at basal tidal 
volume (without any load), and every two minutes it is 
added a load of 50 grams (equivalent to a generation of 10 
cmH2O of inspiratory pressure, approximately). The test 

ends when the subject can not hold the inspiratory load. In 
this way, during the respiratory test there is an intense 
breathing pattern and at the end of the test respiratory 
muscle fatigue is reached. During the realization of the 
respiratory tests, the medical personnel instruct to the 
patients in order to perform correctly the protocol and to 
maintain constant the rhythm and intensity of the breathing 
activity. 

The increment of the respiratory load causes an increase 
of the inspiratory pressure and of the respiratory muscular 
effort. This increase in the respiratory muscular effort can be 
analyzed by means of the MMG signals. 

Fig. 1 shows an example of the IP, MMGl and MMGr 
signals corresponding to an incremental inspiratory load 
protocol. As it can be seen, during the test the respiratory 
effort (assessed by means the inspiratory pressure) increases 
approximately 10 cmH2O every 2 minutes. 

The duration, number of respiratory cycles, weight 
supported and maximum inspiratory pressure reached during 
the inspiratory load test by each patient are shown in Table 
II. The inspiratory load protocol was repeated two times for 
each patient, except for the sixth patient (COPD6).  

TABLE I 
PATIENTS CHARACTERISTICS AND PARAMETERS OF THE PULMONARY FUNCTION TESTS 

 Age (years) Height (cm) Weight (kg) FEV1 % ref. FVC % ref. %FEV1/FVC DLco % ref. Kco % ref. 
COPD1 51 166 53 18 49 28.63 18 39 
COPD2 65 162 58 24 42 41.17 38 60 
COPD3 75 167 72 36 52 48.62 42 56 
COPD4 74 164 45 35 56 43.66 44 70 
COPD5 67 173 77 22 43 34.63 42 54 
COPD6 77 166 79 44 62 49.41 63 65 

Me ± STD 68.2 ± 9.6 166.3 ± 3.7 64.0 ± 14.0 29.8 ± 10.0 50.7 ± 7.7 41.0 ± 8.1 41.2 ± 14.4 57.3 ± 10.7 
FEV1 = forced expiratory volume over one second, FVC = forced vital capacity, FEV1/FVC = proportion of the forced vital capacity exhaled in the first 

second, DLco = carbon monoxide diffusing capacity, Kco = carbon monoxide transfer coefficient % ref= percentage regarding the predicted value, 
Me = mean, STD = standard deviation. 

TABLE II 
DURATION, NUMBER OF CYCLES AND MAXIMUM INSPIRATORY 

PRESSURE DEVELOPED IN THE RESPIRATORY TESTS 

Patient Duration 
(s) 

Number of 
cycles Load (g) 

Maximum 
IP 

(cmH2O) 
COPD1a 387 127 100 33.4 
COPD1b 457 143 100 34.7 
COPD2a 677 211 200 54.4 
COPD2b 749 262 250 63.6 
COPD3a 459 191 100 35.3 
COPD3b 622 216 200 56.2 
COPD4a 648 242 200 55.6 
COPD4b 623 256 200 50.2 
COPD5a 384 110 100 30.3 
COPD5b 383 122 100 31.8 
COPD6a 290 112 50 24.2 

Me ±  
STD 

516.3 ± 
151.6 

181.1 ± 
59.8 

145.5 ± 
65.0 

42.7 ± 
 13.4 

IP = Inspiratory Pressure, Me = mean, STD = standard deviation. 



  

D. Signal Processing 
Identification of respiratory cycles and detection of initial 

and final time of diaphragm muscle contraction was made 
by means of the IP signal. In each respiratory cycle the 
maximum inspiratory pressure (IPmax) achieved was 
determined. In order to quantify the changes in amplitude 
and frequency in the MMG signals, four parameters were 
estimated in both MMGl and MMGr signals:  

- the root mean square (RMS) 
- the Rényi entropy with α=0.5 (H) 
- the Multistate Lempel-Ziv coefficient (LZM) 
- the Maximum Frequency (fmax)  

The explanation of the Rényi entropy and MLZ 
estimation techniques are detailed in [14] and [15], 
respectively. 

The relationship between the IP parameter (IPmax) and 
MMG parameters (RMS, H, LZ and fmax) were analyzed by 
means of the Pearson correlation coefficient. 

III. RESULTS 
Correlation coefficients between the maximum inspiratory 

pressure developed (IPmax) and the diaphragmatic MMG 
parameters (RMS, H, MLZ and fmax) for the six COPD 
patients analyzed are shown in Table III.  

 
 

Fig. 1. Example of signals acquired during the incremental inspiratory load respiratory test: (a) Inspiratory pressure (IP) signal, (b) left diaphragm 
mechanomyographic (MMGl) signal, (c) right diaphragm mechanomyographic (MMGr) signal  

TABLE III 
CORRELATION COEFFICIENTS BETWEEN INSPIRATORY PRESSURE AMPLITUDE AND THE MMG PARAMETERS 

 Left MMG Right MMG 
 RMS H MLZ fmax RMS H MLZ fmax 

COPD1a 0.699 0.760 0.760 -0.599 0.794 0.831 0.760 -0.534 

COPD1b  0.790 0.827 0.820 -0.626 0.805 0.838 0.768 -0.651 

COPD2a 0.738 0.823 0.934 -0.310 0.563 0.671 0.605 -0.707 

COPD2b 0.852 0.870 0.854 -0.268 0.767 0.833 0.800 -0.660 

COPD3a 0.540 0.591 0.688 -0.216 0.570 0.707 0.740 -0.662 

COPD3b 0.693 0.713 0.742 -0.401 0.814 0.878 0.866 -0.848 

COPD4a 0.595 0.692 0.680 -0.528 0.454 0.604 0.613 -0.547 

COPD4b 0.709 0.778 0.783 -0.403 0.662 0.761 0.754 -0.552 

COPD5a 0.660 0.680 0.527 -0.586 0.777 0.816 0.801 -0.626 

COPD5b 0.466 0.542 0.353 0 0.651 0.714 0.693 -0.652 

COPD6a 0.743 0.800 0.835 -0.400 0.733 0.791 0.772 -0.727 

Me ± STD 0.681 ± 0.111 0.734 ± 0.102 0.725 ± 0.164 -0.394±0.190 0.690 ± 0.120 0.768 ± 0.084 0.743 ± 0.079 -0.652±0.091 



  

Positive high correlation coefficients were found for 
MMG amplitude parameters, whereas negative correlation 
coefficients were found for MMG maximum frequency. 
That means that, when the IP increases, an augment of 
amplitude and a displacement towards lower frequencies 
takes place in the MMG signals. This behavior is observed 
in a similar way in both hemidiaphragms (MMGl and 
MMGr) and coincides with the results obtained in a previous 
study [15], in which it was analyzed the behavior of these 
signals during the implementation of an incremental flow 
respiratory protocol (without inspiratory loads). 

Also as in [15], in the comparison of the performance of 
the three analyzed MMG amplitude parameters (RMS, H 
and MLZ), the entropy parameter (H) is the one with better 
average, and the behavior of the RMS parameter in all the 
tests is inferior to the behavior of the H parameter, as 
concluded in [13] in an study of diaphragmatic MMG 
signals acquired in an animal model (dogs). 

Table IV shows the correlation coefficients between the 
slope of the evolution of MMG parameters with the 
increment of IP, and the pulmonary function test parameters 
(FEV1% ref., FVC% ref.,% FEV1/FVC, DLco% ref., and 
Kco% ref.) for the six COPD patients. 

IV. CONCLUSIONS 
In this work diaphragmatic MMG signals acquired during 

an incremental inspiratory load respiratory protocol in a 
COPD patient population have been analyzed. It has been 
observed that as in [15] the increments of inspiratory 
pressure that take place during the test  are correlated with 
increases of amplitude and displacements toward low 
frequencies in the respiratory muscles MMG signals.  

However, unlike in [15], in this study it was not found 
that the behavior of the slope of the variations in amplitude 
and frequency with pressure depends on the severity of the 
COPD patient. Only in the % FEV1/FVC parameter it was 
slightly found that the slope of the increment in amplitude 
was lower in severe COPD patients. 

The results obtained in this work suggest that the 
information provided by MMG signals could be used in 
order to evaluate the respiratory effort and the muscular 
efficiency in COPD patients. 
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TABLE IV 
CORRELATION COEFFICIENTS BETWEEN THE SLOPE VARIATION OF THE MMG PARAMETERS AND THE PULMONARY FUNCTION TESTS PARAMETERS 

 Left MMG Right MMG 
 RMS H MLZ fmax RMS H MLZ fmax 

FEV1 % ref. 0.16 0.33 0.24 -0.02 0.05 0.42 0.42 -0.34 
FVC % ref. -0.17 0.13 0.03 -0.32 -0.39 0.14 0.14 0.15 
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Me ± STD 0.07 ± 0.22 0.18 ± 0.22 0.10 ± 0.22 0.13 ± 0.33 0.04 ± 0.28 0.39 ± 0.22 0.31 ± 0.22 -0.34 ± 0.30 
RMS = Root Mean Square, H = Rényi entropy, MLZ = Multistate Lempel-Ziv, fmax = Maximum frequency, FEV1 = forced expiratory volume over one 

second, FVC = forced vital capacity, FEV1/FVC = proportion of the forced vital capacity exhaled in the first second, DLco = carbon monoxide diffusing 
capacity, Kco = carbon monoxide transfer coefficient % ref= percentage regarding the predicted value, Me = mean, STD = standard deviation. 


