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Abstract

Background: Inspiratory patient effort under assisted mechanical ventilation is an important quantity for assessing
patient—ventilator interaction and recognizing over and under assistance. An established clinical standard is respira-
tory muscle pressure Py, derived from esophageal pressure (Pes), which requires the correct placement and calibra-
tion of an esophageal balloon catheter. Surface electromyography (SEMG) of the respiratory muscles represents a
promising and straightforward alternative technigue, enabling non-invasive monitoring of patient activity.

Methods: A prospective observational study was conducted with patients under assisted mechanical ventilation,
who were scheduled for elective bronchoscopy. Airway flow and pressure, esophageal/gastric pressures and sEMG
of the diaphragm and intercostal muscles were recorded at four levels of pressure support ventilation. Patient efforts
were quantified via the Prys-time product (PTPyys), the transdiaphragmatic pressure-time product (PTPg;) and the
EMG-time products (ETP) of the two sEMG channels. To improve the signal-to-noise ratio, a method for automatically
selecting the more informative of the sSEMG channels was investigated. Correlation between ETP and PTP s was
assessed by determining a neuromechanical conversion factor Kgyg between the two quantities. Moreover, it was
investigated whether this scalar can be reliably determined from airway pressure during occlusion maneuvers, thus
allowing to quantify inspiratory effort based solely on SEMG measurements.

Results: In total, 62 patients with heterogeneous pulmonary diseases were enrolled in the study, 43 of which were
included in the data analysis. The ETP of the two SEMG channels was well correlated with PTP s (r = 0.79 4+ 0.25 and
r=0.84 % 0.16 for diaphragm and intercostal recordings, respectively). The proposed automatic channel selection
method improved correlation with PTP s (r = 0.87 = 0.09). The neuromechanical conversion factor obtained by
fitting ETP to PTP s varied widely between patients (Kemg = 4.32 £ 3.73 cmmH, 0/ V) and was highly correlated with
the scalar determined during occlusions (r = 0.95, p < .001). The occlusion-based method for deriving PTP s from
ETP showed a breath-wise deviation to PTPys of 0.43 &+ 1.73 cmH,O s across all datasets.

Conclusion: These results support the use of surface electromyography as a non-invasive alternative for monitoring
breath-by-breath inspiratory effort of patients under assisted mechanical ventilation.
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Introduction

In assisted mechanical ventilation, the work of breath-
ing is shared between patient and ventilator. Excessive
assistance, resulting in diaphragmatic dysfunction and
patient—ventilator asynchrony, as well as insufficient
assistance, leading to diaphragmatic fatigue, should be
avoided [1]. In view of this, a new paradigm has been
introduced, termed diaphragm-protective ventilation,
advocating to closely monitor spontaneous breath-
ing effort and to adjust ventilator settings such that an
adequate division of the respiratory workload is reached
[2—-4]. A current clinical standard for quantifying inspira-
tory effort is to measure esophageal pressure Pes and then
derive an estimate of respiratory muscle pressure Ppyg
from this measurement, mainly by correcting for the
influence of the chest wall elastance [3, 5]. Measuring Pes
requires the positioning of an esophageal balloon cath-
eter with adequate filling volumes [6]. Despite its useful-
ness, Pes is still not frequently used in many clinics due to
a number of practical drawbacks [7].

In recent years, the invasive measurement of the elec-
trical activity of the diaphragm (EAdi) has been increas-
ingly embraced as a potential alternative to Pes for
monitoring respiratory effort [1-4, 8]. This signal is also
obtained using an esophageal catheter, which, instead of
a balloon, is equipped with concentric ring electrodes to
measure the electrical fields generated by the diaphragm
during contraction [9, 10]. Contrary to the Pes signal,
which measures the indirect results of force generation
performed by the respiratory muscles, EAdi directly
reflects the neural drive to the diaphragm muscle [11]. To
derive an estimate of Py, from EAdi, Bellani et al. [12]
calculated a Ppys/EAdi index during occlusion maneu-
vers. They found EAdi and Py to be closely correlated
within patients and the ratio of the two measures to be
stable across different ventilation modes and assistance
levels. This enables pneumatic estimates of a patient’s
inspiratory effort to be obtained from EAdi, requiring
occlusions as a calibration maneuver.

In a number of publications, surface electromyography
(sEMG)—sometimes also called transcutaneous EMG—
has been proposed as a completely non-invasive alterna-
tive for monitoring the efforts of some or all inspiratory
and expiratory muscles by means of electrodes placed
on the skin surface [13-19]. Besides the utility of
sEMG measurements for monitoring patient—ventila-
tor asynchrony [20, 21], first attempts have been made
for estimating Ppys based on SEMG measurements. As
with EAdi, there is a patient- and muscle-specific conver-
sion factor that relates the level of sSEMG measured above
a muscle to the force or pressure generated by that mus-
cle. Similar to their earlier study on EAdi, Bellani et al.
[22] identified a Ppyus/SEMG conversion factor during
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occlusion maneuvers and found the resulting sEMG-
based estimate of Ppys to be closely correlated with Prys
derived from P.s when aggregating multiple similar
breaths. After aggregation of breaths, they also found a
high degree of correlation between sEMG and EAdi.

In this article, building upon previous sSEMG-related
studies [22], we investigate the relationship between the
respiratory sSEMG signals and Ppys (as well as transdia-
phragmatic pressure Py;) derived from esophageal/gastric
pressure measurements. To this end, we analyze study
data of patients under assisted mechanical ventilation
with endotracheal intubation, who were scheduled for
elective bronchoscopy. Our main objective is to inves-
tigate the estimation of the Py pressure-time product
(PTP) via sEMG by identifying a patient-specific con-
version factor during end-expiratory occlusions. As a
measure for the sSEMG-derived inspiratory effort, we use
the EMG-time product (ETP) which is calculated as the
integral of the EMG curve against an adaptive baseline.
Moreover, we propose and test a novel channel selec-
tion method to leverage the benefit of multiple SEMG
measurement channels being available. As opposed to
previous studies on respiratory sSEMG, we also inves-
tigate the linearity of the SEMG-Pp,s relation and the
quantification of breath-wise efforts without relying on
aggregation.

Methods

Patients

The study was conducted at the department of pneumol-
ogy, cardiology and intensive care of the Klinikum Kon-
stanz (Konstanz, Germany) and registered in the German
Clinical Trials Register (DRKS00021524). The protocol
was approved by the ethics committee of Witten/Her-
decke University (Witten, Germany) and conducted in
adherence to the ethical standards laid down in the Dec-
laration of Helsinki in its most current form. Patients
older than 18 years scheduled for elective bronchoscopy
under mechanical ventilation using flexible endotracheal
tubes were enrolled for the study; exclusion criteria were
pregnancy, severe obesity, neuromuscular disorders,
drug abuse, bleeding diathesis and contraindication for
placement of a nasogastric catheter (esophageal stenosis
and esophageal varices). Signed informed consent was
obtained from patients prior inclusion to the study.

Measurements

A nasogastric double-balloon catheter (Bosch, Gotten-
heim, Germany) was filled according to the recommen-
dations in [6], and esophageal/gastric pressures (Pes, Pga)
were measured with pressure transducers connected to
the proximal end of the catheter. The correct positioning
of the esophageal balloon was confirmed via the airway
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occlusion technique [23]. The surface EMG was meas-
ured using two pairs of pre-gelled Ag/AgCl electrodes
at the following positions: bilaterally at the lower costal
margin on the midclavicular line and bilaterally in the
second intercostal space on the parasternal line [14, 24].
A common electrode was placed above the sternum. The
sEMG signals were amplified and recorded at a sampling
rate of 1000 Hz using a dedicated amplifier and acquisi-
tion software provided by Dréiger (Dragerwerk AG & Co.
KGaA, Liibeck, Germany). The device was also used to
digitize and record the analog signals from the pressure
transducers (Pes and Pg,) at a sampling rate of 200 Hz
(SEMG Base, Dragerwerk AG & Co. KGaA, Liibeck, Ger-
many). The airway flow (V) and pressure (Pay) tracings
from the Dréger V500 ventilator (Dragerwerk AG & Co.
KGaA, Liibeck, Germany) were acquired through the
ventilator’s RS$232 interface at 100 Hz and then synchro-
nized with the remaining signals.

Study protocol

After patients were enrolled in the study, they were
intubated and put on assisted spontaneous ventilation
using a sedation protocol with propofol. All patients
were sedated to a level of moderate/deep sedation cor-
responding to level —3 to —4 of the Richmond agita-
tion sedation scale for the study measurement period.
Oxygen supplementation was titrated as low as possible
to maintain SpO2 of at least 90%. Following the initial
positioning of the esophageal balloon, a series of spon-
taneous inspiratory efforts against occluded airways was
recorded. Initially, patients were ventilated with continu-
ous positive airway pressure (CPAP) on a Dréiger V500
ventilator (Dragerwerk AG & Co. KGaA, Liibeck, Ger-
many). Patients were then switched to pressure support
ventilation (PSV), and three levels of assistance (5, 10 and
15cmH,0) were applied in random order. Throughout
the protocol, a positive end-expiratory pressure (PEEP) of
5 cmH>O was used.

Data preprocessing

Segments strongly affected by artifacts (e.g., due to ven-
tilator fighting and coughing) were manually marked as
invalid and excluded from the analysis. Similarly, meas-
urement errors and artifacts in Pes—e.g., due to peristal-
sis—were marked and the corresponding signal segments
excluded from any analysis involving Pes.

Processing of Pes and Py,

As the first step towards identifying the pressure Pmyg
from Pes, cardiogenic pressure artifacts were removed
from both the Py, and Pes signals. For this step, a template
subtraction method was employed, cf. [25] for details.
The time course of the transdiaphragmatic pressure Pg;
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was then calculated as the difference between Pg, and Pes.
The pressure Py generated by the respiratory muscles
at each instant was calculated as the difference between
esophageal pressure Pes and the elastic recoil of the chest
wall Py, = Egy, - V. To this end, the chest wall elastance
E. was determined under the highest pressure support
level as described in Additional file 1. Figure 1 provides a
graphical overview of the processing steps undertaken to
estimate Pp,s and Py; based on Pes.

Next, we used the available end-expiratory occlu-
sions to check and correct the scaling of both Pes and
Ppyys. During occlusions, as flow and volume are zero,
the pressure drop in P, can be assumed to be equal to
Ppyys (and the relative drop in Peg), which allows assessing
possible scaling errors in Pe, e.g., due to catheter posi-
tioning errors [23]. Thus, following the balloon position-
ing procedure, we determined a correction factor Kol es
by fitting the esophageal pressure waveform to the air-
way pressure waveform over the course of multiple sub-
sequent occlusions by means of linear regression. In
practice, small scaling errors remain even after proper
positioning, i.e., the factor Kyl is often slightly larger
than one. In the following, we correct for these remain-
ing errors by scaling the Pp,,s waveform with the factor
Koccl,es We determined during occlusions. More details on
the signal preprocessing are provided in Additional file 1.

Preprocessing of the sEMG signals

The ECQG artifact in the two sSEMG channels was removed
using a gating technique. The envelopes of the two sSEMG
channels were then calculated using a moving 250 ms
RMS filter; the diaphragmatic and the intercostal EMG
channels are denoted as EMGy; and EMGipterc, respec-
tively. The envelopes of SEMG measurements often have
an offset in the order of several wV due to measurement
noise. The level of this offset can be assessed during
phases in which the patient is passive, e.g., during expi-
rations. We corrected for these offsets by calculating an
adaptive, time-varying baseline value and subtracting it
from the envelopes, details are given in Additional file 1.
After baseline subtraction, both envelopes were indeed
roughly zero when the patient was almost passive.

Data analysis

Effort-time products

We employed the pressure-time product (PTP) as a
measure of inspiratory effort because it has been shown
to capture patient efforts better than work of breath-
ing (WOB) when little or no volume is generated [5],
e.g., due to missed efforts. To calculate PTP, record-
ings were first segmented into inspirations and expira-
tions using a simple, threshold-based detector that was
directly applied to the Pnys signal. The detector was
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Fig. 1 An overview of the processing pipelines for surface EMG and esophageal/gastric pressure signals. Esophageal pressure (Pes) and gastric
pressure (Pga) are measured simultaneously with the double balloon technique. Cardiogenic artifacts are removed from the raw pressure signals
via template subtraction. The muscular pressure (Pmus) is then calculated as the difference between Pes and the chest wall recoil pressure Pey,
(orange curve, given by the product of the chest wall elastance £,y and the volume signal V). Transdiaphragmatic pressure (Pg) is calculated as
the difference between Pes and Py, curves. The respiratory surface EMG is measured via two pairs of electrodes positioned bilaterally at the second
intercostal space and the costal margin. The envelopes EMGg; and EMGinterc are calculated on the raw ECG-gated signals using a moving RMS filter.
Then, the more informative of the two channels, denoted as EMGsey, is automatically selected and fitted to the airway pressure Py, over the course
of multiple subsequent occlusions, providing a scalar Koccl eme. The estimate Prys em is calculated via the factor Koo eme and a baseline-corrected

EMGgesignal as in Eq. (2)

based on the trigger algorithm proposed by Sinderby
et al. [26], details are provided in Additional file 1. The
breath-wise PTP expressed in cmH;O's was then calcu-
lated as the area under the Ppn,s and Pg; waveforms over
the course of an inspiration. We denote the two resulting
quantities by PTPp,s and PTPy;, respectively. Finally, any
efforts exceeding PTPmys = 20cmH20's were excluded
from further analyses, because such unusually forceful
breaths do not fall into the range of normal tidal breath-
ing targeted in this study and therefore could distort the
results. Analogously to PTP, the two EMG-time products
ETPy; and ETPinterc, expressed in Vs, were calculated by
breath-wise integration of the inspiratory segment of the
two (baseline-adjusted, cf. above) SEMG channels.

Channel selection

In many patients, a difference in sSEMG amplitudes meas-
ured at the intercostal muscles and at the diaphragm can
be observed. This difference may be attributed to different
breathing patterns, e.g., abdominal or thoracic breathing,
but also to differences in skin-electrode impedance or
subcutaneous tissue thickness. Often the level of base-
line noise differs between the two channels as well. To

exploit the availability of multiple measurement channels
we investigated a simple, automatic method for selecting
the more informative of the two channels based on the
signal-to-noise ratio (SNR). The SNR of the two sEMG
channels was approximated by forming the ratio between
the maximum amplitudes reached during tidal breathing
and the amplitude of the measurement noise; details are
given in Additional file 1. For each patient, the channel
with higher SNR was selected for quantifying inspira-
tory effort. We denote the selected channel by EMGge,
and the corresponding EMG-time product by ETPg,,. The
herein proposed selection method is in contrast to the
approach by Bellani et al. [22], who investigated a differ-
ent channel combination strategy (the addition of avail-
able envelopes) which however did not improve results in
their study.

Neuromechanical conversion factor

In many muscles, an approximately linear relationship
has been observed between an appropriately processed
surface EMG envelope signal and the force generated
by the muscle under observation [27]. Concerning the
respiratory muscles, [28] showed that for very high
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activation levels, the Pg-EAdi relation can become non-
linear. In contrast, in ventilated patients no change in
neuromechanical coupling was found across a large range
of pressure support levels [29]. Similarly, Bellani et al.
[12] reported that the Ppus-EAdi relation could be well
approximated via a linear model within the studied range
of respiratory activities and proceeded to use a linear
conversion parameter, calling it the “Pps/EAdi index”.
Petersen et al. [30] used a linear combination of multiple
respiratory SEMG channels to estimate Ppys reporting
no improvement when employing nonlinear regression
within a physiological range of respiratory loads. Thus,
we calculated a linear neuromechanical conversion fac-
tor, denoted as Kpmg, between the different ETP metrics
and PTPpys by means of regression. This was done by
directly fitting the efforts via the linear regression model

PTPmus = KEMG * ETP + Phjps - Ti (1)

and solving for the unknown parameters Kpmg and Phigs.
Here, Py, is a constant bias term and 7j is the length of
the detected effort, which accounts for the integration of
the bias over the duration of each effort. In that sense, the
parameter Pp;,s represents systemic offsets that the EMG
envelope might have against the muscular pressure curve

Pmus~

Occlusions

As proposed by Bellani et al. [12, 22], we determined a
neuromechanical conversion factor Ko pmg as a sur-
rogate for Kpmg: we fitted the selected sSEMG envelope
EMG; to the airway pressure waveform P, during
multiple subsequent occlusion maneuvers, cf. Fig. 1. The
parameter Kyc Mg is therefore an approximation to
the ‘true’ neuromechanical factor Kepmg, cf. Eq. (1), and
is determined completely non-invasively without rely-
ing on Pes as a reference. Using Koc MG, expressed as
cmH;O/WV, a continuous Pp,ys estimate can be obtained
as

PryusEMG = @ + Kool MG (EMGgel — EMGgel0), (2)

where EMGge g denotes the EMG baseline and « is a
constant correction factor accounting for known sys-
tematic overestimation when determining the neurome-
chanical scalar during occlusions. This overestimation
can be attributed to the isometric configuration of the
diaphragm muscle in the absence of flow, leading to a
higher neuromechanical conversion factor than during
normal breathing. The parameter « is intended to cor-
rect for this systematic deviation. Numerical values for «
were determined on our patient cohort and compared to
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the proposed values from earlier studies [12, 22]. Using
Kocol EMGs the inspiratory effort was estimated via

PTPmusEMG = /Pmus,EMG dt =« « Kocel EMG * ETPgel.
3)

Statistics

Results are expressed as mean =+ standard deviation. Cor-
relation between variables was quantified by means of
Pearson’s correlation coefficient r. Deviations between
PTPmus,eMmG and PTPy,,s were analyzed using the Bland-
Altman limit of agreements with repeated measures [31],
and additionally, the mean absolute deviation (MAD)
is reported as an error metric. A two-tailed Wilcoxon
signed-rank test was used to identify differences between
the channel with the higher SNR, i.e., the selected chan-
nel and the respective other channel with lower SNR.

Results

A total of 62 patients were enrolled in the study, 43 of
which were included in the data analysis. The first nine
patients were excluded due to technical issues. Addi-
tionally, patients were excluded from the analysis if they
met one of the following criteria (respective number of
patients given in brackets): failure to employ the esopha-
geal/gastric catheter (2), technical recording issues (1),
corrupted Pes signal, e.g., due to balloon positioning
issues or Koyecles > 2 (5), and failure of the sEMG car-
diac artifact gating algorithm (2). In one patient, Py, was
not available. This patient was therefore not included in
the Pgi-based results. In two patients, no end-expiratory
occlusions longer than 0.35s were available. These two
patients were therefore only included in the correlation
analysis but not in the calculation of neuromechani-
cal conversion factors or in the comparison of absolute
efforts. Table 1 summarizes the characteristics of the
included patients; Fig. 2 shows an exemplary excerpt of
a recording.

In the 43 patients selected for further analysis, the
esophageal scaling factor was found to be close to one
(Koccles = 1.18 £ 0.18), indicating the validity of the
balloon position and filling. The analyzed recording
length per patient was 23.3 & 4.0 min, and the number
of detected efforts in each recording was 454 4 137.
Across all 43 patients, a total of 19540 inspiratory
efforts with a length of 0.89+0.31s were included
for analysis. The average number of analyzed occlu-
sion maneuvers per patient was 4.8 £ 1.5. As expected,
the inspiratory effort measured by PTPpyus/min and
ETPge /min decreased with higher support levels, while
the total ventilator ‘effort’ PTP,y /min increased (Fig. 3).
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Table 1 Clinical characteristics of patients included in the
analysis (n = 43)

Characteristic Result
Age, mean = SD year 64+ 11
Men, n (%) 34(79)
Weight, mean + SDkg 790489
BMI, mean #+ SDkgm— 2646
TLC, mean £ SD | 6.7+£24
VC,mean £ SD| 3614
FEV1 % predicted, mean =+ SD % 82429
Tiffeneau index, mean & SD % 69+ 19
RV, mean £ SD | 34424
RV/TLC, mean £ SD % 45+ 19
iPEEP, mean £ SDcmH,0 21+14
Diagnosis, n (%)

OSAS 4(9)
COPD 16 (37)
GOLD | 2(5)

GOLD II-lit 14 (33)
ACOS 3(7)
Bronchial asthma 5(19)
ILD 7(17)
Lung cancer 20 (47)
Infectious or rheumatic diseases 11(26)

Body-mass index (BMI), total lung capacity (TLC), vital capacity (VC), forced
expiratory volume in 1 s (FEV1), residual volume (RV), intrinsic PEEP (iPEEP),
obstructive sleep apnea syndrome (OSAS), chronic obstructive pulmonary
disease (COPD), asthma-COPD overlap syndrome (ACOS), interstitial lung
disease (ILD). In several patients, multiple pulmonary/systemic diseases were
diagnosed

In most patients, intrinsic PEEP was low, except for
11 patients in which we observed a dynamic intrinsic
PEEP higher than 3cmH;0 (measured during CPAP
ventilation from the Ppy value required to initiate lung
inflation), cf. Table 1 and Fig. 3.

Table 2 provides breath-wise correlations between
the different measures of inspiratory efforts in indi-
vidual patients: we found a good correlation between
ETP and PTPpys (and, thus, between PTPyysemG and
PTPs) as well as PTPy;. To assess the influence of
the SNR-based selection strategy on ETP-PTPp, cor-
relation, we tested for differences between the selected
channels and the respective other channels with lower
SNR and found a higher correlation with PTPp,,s in the
selected channel (p = 0.029). In comparison to always
using either one of the two EMG channels, the auto-
matic selection method increased the correlation with
PTPmyus to 0.87 £0.09. The estimated SNR value was
1.73 £ 0.56 for the diaphragm channel and 1.87 & 0.94
for the intercostal channel. In 25 out of 41 patients, the
intercostal channel was selected as the more informa-
tive of the two channels.
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Neuromechanical conversion factor Kgmg and bias

Table 3 provides numerical results on the neuromechani-
cal factor Kgmg and bias Pyj,g between different ETP
values and PTP,,,s. The neuromechanical factor Kgpmg
varied widely between patients, whereas the bias term
was small. Figure 4 shows the ETPy—PTPnys scatter
diagram for three selected patients with strongly vary-
ing neuromechanical conversion factors Kgmg. For the
automatically selected EMG channel, Kgmg ranged from
0.7cmH;0/uV to 16.8cmHyO/pnV. We found a weak
positive correlation between the neuromechanical factors
calculated for the intercostal and the diaphragm channels
(r = 0.38, p = .014). The selected channels had a smaller
neuromechanical coupling factor and a smaller bias than
the channels with the lower SNR value (p = 0.27 and
p < .001, respectively). For this reason and taking into
account the improved correlation with PTPy,,s, we pro-
ceed to employ ETP,, as the sSEMG-based measure for
the inspiratory effort.

We tested the linearity of the EMG-Pyys relation by
also fitting two nonlinear models to the ETPg-PTPys
data (visualized in the scatter plot in Fig. 4) and compar-
ing it to the linear model in Eq. (1). The two nonlinear
models had an additional quadratic term and an addi-
tional square root term, respectively. For all three mod-
els, we calculated the adjusted coefficient of
determination rzdj. We found a significant (p < .001) but

small  difference  between the linear model
(’”fdj =0.794+0.13) and the two nonlinear models
(r; = 0.80£0.12 and 73y = 0.81+0.10), concluding
that the assumption of linearity is viable in our patient
cohort and over the studied range of activities.

As a next step, we investigate the possibility to esti-
mate Kpymg during occlusions. The two scalars Kpmg
and Kycq,emg were highly correlated (r = 0.95, p < .001,
slope = 0.84), cf. Fig. 5. The ratio KemG/Kocc,EMG Was
0.81 + 0.23, which indicates a systematic overestimation
of the neuromechanical conversion factor determined
during occlusions, which was also previously recognized
by [12, 22] and prescribed to the changed configuration
of the diaphragm during occlusions. Therefore, in Eq. (3),
we use the correction factor & = 0.8 to account for the
deviation, (which coincides with the correction factor
given by [12, 22], who proposed 1/1.25).

Inspiratory effort estimation

The breath-wise deviation between the sEMG-derived
measure PTPpusemg and the Peg-derived reference
PTPus was calculated across all efforts from all data-
sets containing long occlusions (m = 18 341 efforts and
n = 41 patients). As the data included multiple meas-
urements from each patient and substantially different
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Fig. 3 Effect of different pressure support levels on muscular and airway pressure-time products (PTPmyus and PTPay,), EMG-time products of the
diaphragm, intercostal and selected channel (ETPgj, ETPinterc, ETPsep), minute ventilation (MV), dynamic intrinsic PEEP (iPEEP) and the sSEMG-derived
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length of the segment. Each point corresponds to one patient and one pressure support level. In ETPjerc, three outliers > 400 wVs/min from a
single patient are not shown within the plotting range. Numerical values (mean =+ SD) of the data are reported in Additional file 2
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Table 2 Pearson correlation coefficient r between different metrics of inspiratory effort, considering all observed breaths in individual
patients (mean + SD), n = 43 (and n = 42 where P is involved)

ETPinterc ETPsel PTPmus,EMG PTPmus PTPgi
ETP4; 0.74 £0.27 0.89 £0.16 0.89 £0.16 084 £0.16 084 £0.16
ETPinterc - 0864028 0864028 0.79 £ 0.25 0.77 £ 026
ETPsy * - 10+00 0.87 £0.09 086 £0.10
PTPmusEMG * * - 0.87 £ 0.09 0.86 4+ 0.10
PTPrus * * * - 0.97 £0.05

The included effort metrics are: muscular and transdiaphragmatic pressure-time products (PTP s and PTPg)), EMG-time products of diaphragm, intercostal and
selected channel (ETP;, ETPinterc, ETPse) and SEMG-derived muscular pressure-time product (PTP s evc). Entries marked with  are given by symmetry.

Table 3 Neuromechanical conversion factors and biases of
SEMG-derived effort metrics against PTPmys, n = 41

15
ETPd’\ ETPinterc ETPseI i
~
Kemg (€cmH0/pnV) 448 £3.89 4.71 £4.07 4324373 ON 10
Ppias (cmH>0) 138+ 1.63 116 £ 216 0.69 £ 143 %
O
Both parameters (Kgyi and Ppias) were determined by fitting the different ETP ~
metrics to PTP s via the linear regression model in Eq. (1). The parameter Py, g 5
represents systemic offsets of the EMG signal againstP s x"‘"
0

0 5 10 15
Kocet,emc (cmH20/1V)

CU; 125 Fig. 5 Correlation between neuromechanical conversion factor
T determined during multiple subsequent occlusions Kyclemc and the
g 10.0 reference value Kgyi determined by directly fitting the selected EMG
~ channel (ETPsg) to PTPmys. Each point represents one patient
= 75
3
ElL 5.0
g
ot 2.5
h
0.0
0 1 2 3 4
ETPg (nVs)
Fig. 4 TheETP4—PTPn s relation in three selected patients with
Kewmg ranging from 1.8 cmH,O0/pnV to0 6.1 cmH,O/pV. In all three 7.5
patients, biases were small (the absolute value of Py;ss was smaller 50

than 0.6 cmH;0) and biases were removed in this plot via the term
Ppias - Ti. The correlations between ETP4; and PTP s were r = 0.94
(dark green), r = 0.95 (orange) and r = 0.86 (blue)

N
o

9

PTPmus — PTPmus,emc (cmH20's)

numbers of breaths, the mean and standard deviation of 50 10
differences were calculated using a variant of the classi- ' 15
cal Bland-Altman method accounting for repeated meas- o 5 10 5 20
ures [31]. The breath-wise deviation between PTP s EMG (PTPus + PTPuus.emc) /2 (cmH20's)
and PTP s was 0.43 4+ 1.73 cmH;O s and the MAD was . T '

T Fig. 6 Bland-Altman plot for SEMG-derived PTP s emc Via Eq. (3)
1.23cmH0O's. As a last step, we evaluated the deviation against PTPymus. The plot depicts m = 18 341efforts from n = 41
between PTPmus,EMG/Mmin and PTP s /min values calcu- patients, each point represents one breath. The limits of agreement
lated by aggregating all efforts within each pressure sup- were calculated using the Bland-Altman method for repeated

measurements, cf. [31]. The mean and 95% interval are visualized via

port level and found an error 0f10.3 & 33.0 cmH,O s/min
the solid grey line and dashed grey lines, respectively

and an MAD of 23.9cmH0 s/min. The Bland-Altman
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plots in Figs. 6 and 7 show that the occlusion-based esti-
mator provides approximations to the inspiratory effort
within clinically acceptable bounds and with a small bias.

Discussion

Our results indicate that surface EMG of the respiratory
muscles can be measured reliably and, using our pro-
posed methodology, serves to non-invasively monitor
the breath-by-breath inspiratory effort in mechanically
ventilated patients. Our main findings can be summa-
rized as follows. Firstly, the sSEMG-time product (ETP) of
the selected channel is well correlated with PTP;,s (and
PTPy;) calculated from esophageal/gastric pressure and
has only a small bias against PTPpys. Secondly, using a
linear neuromechanical conversion factor determined
during multiple occlusions, the sEMG-derived breath-
by-breath pressure-time product PTPpyusemg can be
used to estimate PTPp,,s with an acceptably small error
across a large cohort of patients scheduled for bronchos-
copy. Thirdly, the benefit of multiple SEMG channels can
be leveraged via a channel selection method. In clinical
practice, the measurement of patient efforts via SEMGQG is
highly attractive for assessment of inspiratory effort and
PTPpys as it is non-invasive and does not require the
placement of esophageal probes as EAdi and P do.

The main goal of this work was to investigate the quan-
tification of inspiratory effort through sEMG-derived
Ppysema: to this end, we have reported that the devia-
tion of PTPpus,EMmG to PTPmys calculated on a breath-by-
breath basis was 0.43 &+ 1.73 cmH>O s and that the mean

100

(€]
o

'
o
o

-100

PTPmus/min — PTPpus emc/min
(cmH,0's/min)
o

0 100 200
(PTPmus/min 4+ PTPumys,emc/min) /2
(ecmH20's/min)

Fig. 7 Bland-Altman plot for sSEMG-derived PTP s emc /min via Eq.
(3) against PTPyus/min. The plot depicts PTP/minvalues forn = 41
patients and in each patient one point per pressure support level is
plotted, i.e, four points for each patient. The limits of agreement were
calculated using a variant of the Bland-Altman method for repeated
measurements, cf. [31]. The mean and 95% interval are visualized via
the solid grey line and dashed grey lines, respectively
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absolute deviation was 1.23cmH;O's on a large cohort
of patients scheduled for bronchoscopy. We believe that
this accuracy would be acceptable in clinical practice, and
that the proposed method thus enables continuous, non-
invasive assessment of patients’ inspiratory efforts. The
deviation between PTPpusemg/min and PTPpyus/min
values calculated within each support level was
10.3 = 33.0 cmH»O s/min, which is quite low when com-
pared to a clinical value range of 0—250 cmH>O s/min
(and a target range of 100—150cmH;Os/min). The
herein reported accuracy may help to promote the
application of sSEMG in clinical practice. We have also
reported a small bias (see Pp;,s) of breath-wise ETP val-
ues fitted to PTP s by means of linear regression and we
found a small bias in the deviation between PTP s EMG
and PTP,,s. We found the correction for offsets in the
EMG envelopes to play a crucial role in achieving a small
bias between ETP and PTP,,,s. For this offset correction,
we used an adaptive, time-varying baseline.

Our findings corroborate existing evidence for the
validity of respiratory EMG (either measured from
the esophagus or transcutaneously) for quantifying
the inspiratory effort of patients under assisted ven-
tilation. Beck et al. [29] observed a strong correlation
(r = 0.84 + 0.12) between EAdi and Py; in patients under
assisted ventilation. A similarly high correlation was
later reported by Bellani et al. [12] between EAdi and the
total respiratory muscle pressure Pp,s. First encouraging
results regarding the correlation between diaphragmatic
surface EMG and Ppy,s were then reported by Bellani
et al. [22]. Their analysis however relied on the reduc-
tion of measurement noise trough aggregation of similar
breaths. This study is the first to show a high correlation
between the values of the breath-wise SEMG-time prod-
uct and the Pps-time product studied over a wide range
of patient activities without relying on any aggregation of
multiple breaths. Thus, building upon the analysis by Bel-
lani et al. [22], we provide first empirical evidence for the
feasibility of breath-by-breath effort quantification via
SsEMG. We also found that the SEMG-Py,,s relation can
be well approximated using a linear model and that non-
linear models do not provide a substantially better repre-
sentation of the data.

Furthermore, we have provided further evidence for
the validity of the occlusion-based method for determin-
ing the neuromechanical conversion factor Kgmg. Con-
sistent with [12], we found a systematic overestimation
of the factor determined during occlusions and a simi-
lar magnitude for this effect: we also found a correction
factor of 0.8 to be a good choice in most patients. The
systematic overestimation can be explained through the
more favourable configuration of the muscles during iso-
metric contraction and their force—length relationship:
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respiratory muscles attain an increased neuromechanical
efficiency at end-expiration compared to higher lung vol-
umes, at which the muscles are shortened [32, 33].

As with any physiological measurement, obtaining a
signal with a high signal-to-noise ratio (SNR) is crucial
when working with respiratory sSEMG measurements.
Several factors influence the SNR of such a measure-
ment, including (1) the activation patterns of the dia-
phragm and intercostal muscles, (2) the geometry and
conductivity of the biological tissues separating muscle
fibers and recording electrodes and (3) the level of meas-
urement noise at different electrodes due to physiological
and non-physiological interference. A good SNR in either
one of the channels therefore corresponds to a favourable
measurement condition, i.e., substantial muscle activa-
tion with a good transmission of the EMG signal to the
electrode at a low level of noise. In this work, we have
demonstrated that a simple, approximate SNR-based
channel selection method can substantially increase the
SNR of the resulting measurement and thereby increase
the correlation of ETP to both PTPy,,s and PTPy;. This
is in contrast to earlier studies, where different channel
combination techniques have been tested that did not
lead to an improved correlation to Ppys [22] . Our results
support the merit of using multiple SEMG channels to
capture respiratory activity from different muscle groups
and carefully selecting the channel with the more favour-
able measurement condition.

It is currently an open question whether the ratio of
the signal amplitudes observed in the two SEMG chan-
nels has additional diagnostic value. It is well known
that muscle activation might shift from the diaphragm
to accessory muscles under high-stress conditions [22,
34]. However, it is not yet clear whether this effect can
be reliably observed via sSEMG. We have reported a high
correlation between the diaphragmatic and intercostal
sEMG channels (r = 0.74 & 0.27), which might indicate
that muscle recruitment did not change throughout the
protocol. This hypothesis is corroborated by the very
high correlation of Py; and Pmys. In our study, the signal
amplitudes in the intercostal channel were large and esti-
mated SNR of this channel was higher than that of the
diaphragmatic channel. (Thus, the intercostal channel
was selected more often as the more informative chan-
nel.) We therefore hypothesize that this channel contains
important information about the total inspiratory effort
of the patient. The neuromechanical conversion factors
Kgmg for sSEMG varied widely between patients, which
was also previously reported for EAdi [22]. A particular
level of SEMG amplitude can thus correspond to a wide
range of generated muscle pressures, and the absolute
value of the measured SEMG should therefore be inter-
preted cautiously.
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When comparing Pes-derived measures of inspiratory
effort with surrogate measures (EAdi or EMG), it should
always be taken into account that P itself is subject to
measurement errors. These errors may result from, e.g.,
peristalsis, cardiac artifacts or incorrect catheter posi-
tioning. In our study, we have attempted to mitigate the
influence of cardiac interference in the Pes signal by using
our previously described template subtraction method
[25]. Moreover, we have corrected any scaling errors
in the Pes-derived Py reference signal using a factor
Koccles determined by fitting Pes directly to the Py, sig-
nal during multiple subsequent occlusions. We believe
that this additional scaling correction helps to reduce the
influence of esophageal balloon positioning errors. Nev-
ertheless, one should use this approach with caution and
only if multiple subsequent occlusions are available and
the slope between Pes and P,,, is already close to one.

Several limitations of our study must be acknowledged.
Most of the included patients had no severe acute or chronic
respiratory failure despite preexisting pulmonary diseases,
and patients were not ventilated over a prolonged period
of time. This might limit the applicability of our results to
the intensive care setting, since breathing patterns in those
patients differ from those in our population. Moreover, as
this study lacks patients with BMI > 35kg/m? the body
weight (cf. Table 1) was not fully representative for intensive
care units, where obesity is increasingly becoming a com-
mon comorbidity. Also, thoraco-abdominal surgery might
alter the surface recording of respiratory muscles and was
not addressed in this work. Therefore, further studies will
be needed to demonstrate the reliability of SEMG record-
ings for quantifying inspiratory effort in the intensive care
setting. Finally, we have studied a relatively wide range of
respiratory muscle activity and have also included fully
spontaneous breathing under CPAP which has to be taken
into account when comparing the reported correlations.
The studied range of activities was considerably larger than
that of Bellani et al. [12], who included & 4 cmH, O pressure
support from their baseline support level, but similar to the
range studied by Beck et al. [29], who also included CPAP in
most of their patients.

Conclusions

The current clinical gold standard for measuring inspira-
tory effort, P, is invasive and prone to recording arti-
facts and positioning errors. For these reasons, despite
its clinical importance, monitoring of respiratory effort
is still not a standard procedure in many intensive care
units. Our results support the use of surface electromyo-
graphy as a non-invasive alternative for monitoring the
inspiratory effort of patients and may help to promote its
application in clinical practice.
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