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BACKGROUND: Quantification of patient effort during spontaneous breathing is important to
tailor ventilatory assistance. Because a correlation between inspiratory muscle pressure (Pmus) and
electrical activity of the diaphragm (EAdi) has been described, we aimed to assess the reliability of
surface electromyography (EMG) of the respiratory muscles for monitoring diaphragm electrical
activity and subject effort during assisted ventilation. METHODS: At a general ICU of a single
university-affiliated hospital, we enrolled subjects who were intubated and on pressure support
ventilation (PSV) and were on mechanical ventilation for > 48 h. The subjects were studied at
3 levels of pressure support. Airway flow and pressure; esophageal pressure; EAdi; and surface
EMG of the diaphragm (surface EAdi), intercostal, and sternocleidomastoid muscles were recorded.
Respiratory cycles were sampled for off-line analysis. The Pmus/EAdi index (PEI) was calculated by
relying on EAdi and surface EAdi (surface PEI) from an airway pressure drop during end-expira-
tory occlusions performed every minute. RESULTS: surface EAdi well correlated with EAdi and
Pmus, in particular, after averaging breaths into deciles (R � 0.92 and R � 0.84). When surface PEI
was used with surface EAdi, it provided a reliable estimation of Pmus (R � 0.94 in comparison with
measured Pmus). CONCLUSIONS: During assisted mechanical ventilation, EAdi can be reliably
monitored by both EAdi and surface EMG. The measurement of Pmus based on the calibration of
EAdi was also feasible by the use of surface EMG. Key words: mechanical ventilation; pressure-
support ventilation; electrical activity of the diaphragm; surface electromyography; esophageal pressure.
[Respir Care 2018;63(11):1341–1349. © 2018 Daedalus Enterprises]

Introduction

During patient triggered ventilation, the patient and the
ventilator share the work of breathing. Whereas excessive

ventilatory assistance has been associated with patient-
ventilator asynchrony and muscle atrophy,1,2 low support
can lead to fatigue and might contribute to lung edema and
inflammation because of the negative intrathoracic pres-
sure generated by the respiratory muscles.3,4 Hence, an
approach aimed to titrate ventilator support to maintain an
adequate level of diaphragm activity, the so called muscleDrs Bellani, Bronco, Arrigoni-Marocco, Pozzi, Sala, Eronia, Villa, and
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protective ventilation, has been advocated,5,6 Such a fine-
tuning strategy would require direct, reliable, and contin-
uous monitoring of the pressure generated by the respira-
tory muscles (muscle pressure [Pmus]). Although the
standard method to measure Pmus is based on esophageal
pressure (Pes),7,8 several alternatives have recently become

SEE THE RELATED EDITORIAL ON PAGE 1457

available. The continuous measurement of electrical activ-
ity of the diaphragm (EAdi), by using a dedicated naso-
gastric tube, which records electromyography (EMG) from
the crural diaphragm, provides an excellent tool to monitor
respiratory drive and to detect patient-ventilator asyn-
chrony.9

Moreover, when relying on the linear relationship be-
tween EAdi and Pmus, we demonstrated that their coeffi-
cient of proportionality, called the Pmus/EAdi index (PEI),
also described as neuromuscular coupling, is stable (within
subject) during tidal ventilation, easily computable during
a short expiratory occlusion maneuver, and allows the con-
version of EAdi (in �V) to Pmus (in cm H2O).10,11 How-
ever, because respiratory effort is variably distributed
among the different respiratory muscles (other than the
diaphragm) according to inspiratory load and muscle fa-
tigue,12 surface EMG has been proposed as a promising
technique to extend such analysis to the extradiaphrag-
matic muscles,13 while further reducing the invasivity of
EAdi recordings.

Previous studies on respiratory muscle surface EMG in
healthy volunteers or subjects who were intubated and on
assisted ventilation found a correlation between extradia-
phragmatic muscles electrical activity and respiratory
load,13-16 subjective dyspnea,17 and patient-ventilator asyn-
chrony17,18 At the same time, surface EMG poses addi-
tional and different challenges, such as the correct elec-
trode positioning, the loss of signal power through the
tissues interposed between the muscle and the electrodes,
and the potential interference between electrical signals that
arises from different muscles but that are detected by the
same electrodes. In addition, surface EMG samples diaphragm
activity from a different window: its costal portion.

Differences between these 2 diaphragmatic portions have
been a long-standing subject of seminal physiologic re-

search, the results of these studies were consistent with
considering these 2 portions as separated muscles with
different embryologic origins,19 segmental innervation,20,21

fiber composition,22 and activation pattern in response to
different physiologic conditions.23,24 This phenomenon has
never been studied in humans on mechanical ventilation,
and its potential clinical relevance is unknown. Therefore,
this study was designed to assess the bedside performance
of costal diaphragm surface EMG in monitoring both EAdi

and Pmus during assisted ventilation. Moreover, we eval-
uated whether the adjunct of extradiaphragmatic inspira-
tory muscle monitoring provides any additional value in
the estimation of subject effort.

Methods

The study was conducted in a general 8-bed ICU of a
university hospital (San Gerardo Hospital, Monza, Italy).
Subjects’ informed consent was obtained according to
the recommendations of our institutional ethical commit-
tee (San Gerardo Hospital Ethical Committee), which ap-
proved the study protocol.

Study Population

Subjects who were intubated or tracheostomized and
receiving pressure support ventilation (PSV) were eligible

Supplementary material related to this paper is available at http://
www.rcjournal.com.
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QUICK LOOK

Current knowledge

Estimating patient effort during patient triggered me-
chanical ventilation allows fine tuning of ventilatory
support to the patient’s needs and prompt recognition of
over and under assistance. Although muscular pressure
calculation by using esophageal pressure is the accepted
standard of effort estimation, this technique poses in-
vasiveness and reliability problems. Electrical activity
of the diaphragm (EAdi) measurement has been vali-
dated as a reliable alternative technique, but it requires
the positioning of a dedicated nasogastric tube.

What this paper contributes to our knowledge

The EAdi can be reliably and noninvasively estimated
by means of surface electromyography during assisted
mechanical ventilation in subjects who are intubated.
EAdi measured with this method can be used to predict
patient effort just like the accepted standard EAdi. In-
corporation of accessory respiratory muscles did not
increase the accuracy of subject effort prediction when
compared with the accepted standard method based on
the esophageal pressure measurement.
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for the study under the following criteria (1) age �18 y;
(2) on mechanical ventilation for �48 h, with an FIO2

�
0.6 and a PEEP � .5 cm H2O; (3) did not receive inotropic
or vasopressor support in the past 24 h; and (4) had a
Richmond Agitation-Sedation Scale score from �2 to 1.
Patients with contraindications to the positioning of a na-
sogastric tube were excluded.

Measurements

A nasogastric tube with electrodes for EAdi detection
(EDI catheter Maquet, Solna, Sweden) was positioned ac-
cording to the manufacturer’s recommendation. In addi-
tion, a balloon (Adult Esophageal Balloon Catheter 47-
9005, Cooper Surgical, Trumbull, Connnecticut) for Pes

was positioned in all the subjects after enrollment.
The surface EMG signals were collected through 4 pairs

of surface electrodes (Kendall 530 Foam Elecrodes, Co-
vidien, Dublin, Ireland) positioned according the follow-
ing scheme (Fig. 1):

1. Lower costal margin, bilaterally on the midclavicular
line, for costal diaphragm (surface EAdi).

2. Second intercostal space, bilaterally on the parasternal
line, for parasternal external intercostal muscles.

3. On the middle third of the sternocleidomastoid muscle,
identified by palpation, on the right or left side, usually
opposite to the medications for a central venous line.

The surface EMG electrodes were connected to the phys-
iologic amplifier device Dipha 16 (Inbiolab, Groningen,
NL), which amplified (gain 20), prefiltered between 0 and
200 Hz, sampled at 500 Hz, and then wirelessly transmit-
ted the surface EMG signals to a dedicated acquisition
system, which also collected outputs from the ventilator
(airway pressure and flow) and pressure transducer (air-
way and Pes). Additional information (see http://www.
rcjournal.com) provides more technical details about sig-
nal processing. Briefly, the raw surface EMG signal was
filtered and cleaned of electrocardiogram artifacts by
using a gating procedure. The envelope of the root
mean square of the signal over a 250 ms period was
taken as surface EAdi. Data were continuously recorded
during the study and were stored on a hard drive
for off-line analysis by using a dedicated device and
software (Dipha Software, Dräger Medical, Luebeck,
Germany).

Study Protocol

At the beginning of the study, the balloon position
and inflation were checked according to the standard
calibration procedure.25 The subjects underwent a pro-
tocol in which, after baseline condition (baseline step),
they were studied during an increase and a reduction of
pressure support (PS) by 4 cm H2O (high PS and low PS
steps). Every step lasted 20 min. During each step, once
per minute, during an end-expiratory occlusion, a single
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Fig. 1. Electrode positioning on the chest wall and general setup of the channel recordings. Paw � airway pressure; VT � tidal volume;
EAdi � electrical activity of the diaphragm.
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inspiratory effort was recorded. Afterward, the subjects
were briefly sedated and switched to controlled me-
chanical ventilation, with a tidal volume of 6 – 8 mL/kg
to measure partitioned compliance of the respiratory
system with end-expiratory and end-inspiratory occlu-
sions. FIO2

was left unchanged throughout the study
protocol.

Data Analysis

Traces were analyzed off-line by using LabChart
(ADInstruments, Sydney, Australia). For each step, 40 re-

spiratory cycles were manually selected and the mean,
maximum, minimum, and maximum-minimum values were
calculated during both inspiration and expiration (auto-
matically defined according to airway flow direction) for
the 3 surface EMG channels, EAdi, and Pmus. The Pmus

waveform was calculated as the difference between Pes

and the chest-wall elastic recoil curve (equal to the instant-
by-instant product of the tidal volume and chest-wall elas-
tance) derived during the phase of controlled mechanical
ventilation (Fig. 2). Additional information provides more
detail about off-line data processing. For an example of
obtained waveforms, see http://www.rcjournal.com.
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Fig. 2. Methodological issues of the 3 different modalities of muscular pressure (Pmus) calculation applied in the study. Pes-based
method (B) Esophageal pressure (Pes) is measured during tidal ventilation by an esophageal balloon, and Pmus is calculated as the
instant-by-instant difference between Pes and the chest-wall elastic recoil curve (equal to the instant-by-instant product of the tidal
volume and chest-wall elastance, derived during the phase of controlled mechanical ventilation). EAdi-based Method (C) Electro-
myography (EMG) of the diaphragm is continuously recorded through a dedicated nasogastric balloon, sampling crural diaphragm
electrical activity (EAdi). Then, during a brief occlusion maneuver, the ratio between airway pressure (Paw) drops (which, in absence
of flow, is equal to Pmus) and the corresponding EAdi signal (which is the electrical activity that the diaphragm requires to generate
Pmus) is calculated. This index, the Pmus/EAdi Index (PEI), indicates how much cm H2O of pressure the diaphragm can produce for
every V of electrical activity and is stable within any patient at different levels of inspiratory effort, which thus allows reliably conversion
of the V of electrical activity into cm H2O of Pmus. Finally, during tidal ventilation, EAdi is instant by instant converted in Pmus
calculated as the product of EAdi and the corresponding PEI. Surface EMG-based method (D) Electrical Activity of the diaphragm is
continuously recorded trough a couple of surface electrodes positioned at the lower costal margin, bilaterally on the midclavicular line,
sampling costal diaphragm electrical activity (surface EAdi). With the same procedure of EAdi, Pmus/surface EAdi is calculated and
during tidal ventilation it is used for the instant-by-instant conversion of surface EAdi in Pmus.
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Data Aggregation

With the aim of reducing the noise present at the single
breath level, we aggregated data from respiratory cycles
characterized by a similar inspiratory effort. For this
purpose, Pmus that corresponded to every respiratory cycle
was calculated, and the values were grouped into 10 in-
cremental deciles. Then, in every subject, respiratory cy-
cles that belonged to each decile were aggregated and the
corresponding values of EMG signals were averaged. In
this way, we obtained 10 clusters of breath per subject
characterized by similar and progressively increasing val-
ues of inspiratory effort: the lowest for the cluster of breaths
with a Pmus that corresponded to the first Pmus decile, the
highest for those that belonged to the cluster that corre-
sponds to the 10th Pmus decile.

Calculation of Pmus From Surface EMG

Finally, we evaluated the possibility of relating the Pmus

to the EAdi, as already demonstrated, by means of the PEI,
which indicates the amount of pressure developed by the
respiratory muscles for each �V of EAdi. This value was
also computed for surface EAdi with calculation of the
corresponding PEI (surface PEI � Pmus/surface EAdi) and
Pmus (surface Pmus � surface EAdi � surface PEI/1.25)
(Fig. 2). The coefficient 1.25 accounts for the known sys-
temic overestimation of PEI calculated in the absence of

flow (during an occlusion maneuver of 2–3 s, or in any
case long enough to capture only a single inspiratory ef-
fort) above that obtained during tidal ventilation.10 More-
over, to assess the contribution of accessory muscles in
generating Pmus, we repeated the same above-mentioned
calculation by using the sum of the inspiratory muscles
(diaphragm, intercostals, and sternocleidomastoid) electri-
cal activities (surface Pmus,sum).

Statistical Analysis

Statistical analysis was performed by SPSS v. 21 (SPSS,
Chicago, Illinois). To assess the effect of each variable on
the surface EMG signal, a 2-way analysis of variance for
repeated measures was performed. A correlation between
variables was assessed by means of linear regression.
P � .05 was considered statistically significant. If not
otherwise specified, data are shown as mean � SD.

Results

Fourteen subjects were enrolled in the study. Before the
study, the subjects were on mechanical ventilation for
12 � 19 d, with a PEEP of 10 � 2 cm H2O, a FIO2

of
0.42 � 0.19, and a PaO2

/FIO2
of 235 � 60 mm Hg. Char-

acteristics of the population are reported in Table 1. Be-
cause all findings regarding muscular activity were not
different whether we considered the mean value, the max-
imum value, or the swing during the inspiration (maxi-
mum–minimum), we presented only mean inspiratory val-
ues. More detailed characteristics on the enrolled subjects

Table 1. Demographic and Clinical Characteristics of Enrolled
Subjects

Characteristic Result

Age, mean � SD y 56 � 12
SAPS II, mean � SD 39 � 8
SOFA score, mean � SD 8 � 4
Men, n (%) 12 (80)
ICU admission diagnosis, n (%)

Pneumonia 6 (40)
ARDS 4 (26)
Sepsis 3 (20)
Trauma 1 (7)
Cardiac arrest 1 (7)

ICU survival, n (%) 13 (86)
PaO2

/FIO2
, mean � SD mm Hg 235 � 60

Clinical PEEP, mean � SD cm H2O 10 � 2
Clinical pressure support, mean � SD cm H2O 7 � 2
Intubation, mean � SD d 12 � 19
CRS, mean � mL/cm H2O 51 � 28
BMI, mean � SD kg/m2 25 � 4

SAPS II � Simplified Acute Physiology Score II
SOFA � Sequential Organ Failure Assessment
BMI � body mass index
CRS � compliance of the respiratory system

Table 2. Correlation Coefficient at the Single-Subject Level
Between EAdi and Surface EAdi

Subject No.
R Coefficient for EAdi/surface EAdi Correlation

Single Breath Aggregated Breaths

1 0.507 0.851
2 0.770 0.950
3 0.874 0.943
4 0.890 0.977
5 0.907 0.990
6 0.809 0.975
7 0.654 0.837
8 0.759 0.961
9 0.387 0.922
10 0.832 0.974
11 0.839 0.982
12 0.466 0.926
13 0.516 0.813
14 0.921 0.993

EAdi � electrical activity of the diaphragm
surface EAdi � electrical activity of the diaphragm by using surface electromyography

SURFACE EMG TO DETERMINE INSPIRATORY EFFORT
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is provided in Supplementary File 3 (see http://www.
rcjournal.com).

Relationship Between EAdi and surface EAdi

As a first step, we assessed the correlation, on a subject-
by-subject basis, between EAdi and surface EAdi. We
showed in all the subjects, a significant correlation (albeit
with a large variability in the slopes), when considering
both single breaths (mean R � 0.72 � 0.36) and aggre-
gated data. The aggregation of data led to very high cor-
relation coefficients (mean R � 0.93 � 0.12) between
EAdi and surface EAdi. Single-subject correlation between

EAdi and surface EAdi for aggregated and non aggregated
data are shown in Table 2. The correlation in 2 represen-
tative subjects is shown in Figure 3.

Calculation of Pmus

We compared Pmus measured by Pes with the Pmus cal-
culated by means of the product of EAdi (expressed as
EAdi or surface EAdi) by using the corresponding PEI
(PEIEAdi/1.25 or surface PEI1.25) to obtain the relative value
of Pmus (Pmus EAdi and surface Pmus). A pictorial view of
this process is illustrated in Figure 2. Both these measures
proved to be tightly correlated with Pmus measured from
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Pes (R � 0.72, P � .001, slope of 0.81 for EAdi; and
R � 0.64, P � .001, and slope of 1.01 for surface EAdi).
The mean error for the 2 Pmus measures by surface EMG
in respect to Pes were 1.5 cm H2O (95% Confidence Interval
from �3.3 to 6.3 cm H2O) for EAdi and 0.86 cm H2O
(95% Confidence Interval from � 3.8 to 5.5 cm H2O) for
surface EAdi (Fig. 4). When taken together, these findings
indicated that it was possible to compute the value of Pmus

from the surface EAdi signal after a PEI value was ob-
tained during an end-expiratory hold. When taking into
account the electrical activity that arises from the acces-
sory muscles (to calculate surface Pmus, sum) this method
did not significantly improve the estimation of Pmus com-
pared with its direct measurement based on Pes (R � 0.63,
slope 0.93), with 95% CI for the difference between the 2
methods (based on Pes and on EAdi, surface, sum)
of � 5.05 cm H2O (from �4.31 to 5.7 cm H2O). Addi-
tional information provides a graphic illustration of the
precision of the 3 methods in predicting Pmus (see Supple-
mentary File 4 at http://www.rcjournal.com).

Discussion

The main findings of this paper can be summarized as
follows: in subjects undergoing assisted mechanical ven-
tilation, EAdi can be reliably monitored by surface EMG,
which provides data comparable with the transesophageal
technique. Again, the measurement of Pmus based on the
calibration of EAdi was also feasible by using surface EMG,
although incorporation of the electrical activity from ac-
cessory muscles did not improve the accuracy of Pmus

estimation.

Detection of inspiratory effort in the ICU setting is im-
portant to individualize the ventilatory assistance of pa-
tients undergoing assisted mechanical ventilation.26 The
breathing effort of these patients in the ICU can be esti-
mated by measuring the electrical activity of the respira-
tory muscles, which, until now, has mainly been derived
by relying on the measurement of Pes or EAdi. The mea-
surement procedures for both Pes and EAdi require the
introduction of an esophageal probe, which has some po-
tential drawbacks, including invasiveness, cost and tech-
nical challenges, and the inability to place a probe in some
patients due to clinical reasons. As illustrated, compared
with these techniques, surface EMG only requires the place-
ment of surface electrodes.

In a previous paper,10 we showed a tight correlation
between EAdi and Pmus, which suggested that detection of
the EAdi can be sufficient to estimate the total inspiratory
effort. The current results also showed that surface EMG
could be effectively used to reliably detect the EAdi and
the pressure generated with high accuracy. We aggregated
data on an individual basis according to deciles of Pmus.
With this procedure we aimed to reduce noise by creating
10 clusters of breaths with a similar inspiratory effort (ie,
with a Pmus that falls into a specific percentile). This pro-
cedure increased the performance of the correlation be-
tween the electromyographic signal and the power of Pmus

prediction by surface EMG. This is consistent with the
evidence that, due to noise, a real-time (breath by breath)
quantification of patient effort would be less reliable than
an average value throughout a predefined period.

The Bland-Altman plot revealed that the discrepancy
between surface EMG–derived Pmus and the standard value
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derived from Pes would be, in 95% of occurrences,
within �3.8 and 5.5 cm H2O. We believe that such a
measurement error would be entirely acceptable for clin-
ical practice, in which the goal is to ascertain the magni-
tude of the pressure generated by the patient and, hence,
applied on the respiratory system. Even if the surface EMG
technique carries a few cm H2O error, this is unlikely to
significantly affect the global picture.

It is known that a prolonged increased work of breath-
ing causes a large activation of the accessory muscles,
whereas the diaphragm responds to an acute increase of
the respiratory load.27 Other studies found that surface
EMG of upper-airway dilator (alae nasi), neck, and rib-
cage inspiratory muscles similarly respond to the level of
ventilatory support provided.17 When we took into account
the electrical activity that arose from accessory muscles in
the generation of the total Pmus, we found that this ap-
proach did not significantly improve the accuracy of the
technique (when using Pmus as reference) compared with
the use of the surface EAdi value only. It is possible,
however, that the levels of support we used or the duration
of the periods were not sufficient to induce a more-effec-
tive recruitment of these muscles, whose role should be
ascertained in other populations (eg, difficult-to-wean sub-
jects or subjects with obstructive disease).

Our results showed that, in the subjects on mechanical
ventilation with a wide range of inspiratory effort, the
signals coming from crural (EAdi) and costal (surface EAdi)
correlated well. It is worth noting that these findings do
not necessarily exclude the fact that the activation pattern
of these 2 diaphragm portions could be different, as pre-
viously hypothesized.23,24 The study was not specifically
addressed to this topic, and the subjects have been studied
in a wide, but still physiologic, range of inspiratory effort
and so were not challenged enough to develop muscle
fatigue, which could have caused a different activation of
the 2 diaphragm portions. That could have avoided recog-
nizing a little difference of uncertain clinical importance.
This topic should be the subject of further physiologic
studies.

To the best of our knowledge, this is one of the first
attempts of using surface EMG to detect the activity of
inspiratory muscles in subjects undergoing assisted me-
chanical ventilation. Even though our results were encour-
aging, more studies are needed to improve the quality of
surface EMG signals and to understand its real usefulness
in the management of patients on ventilation.

The study had some limitations that must be taken into
account. We enrolled a relatively small sample size, which,
however, was comparable with that of other similar phys-
iologic studies and was sufficient to establish the correla-
tion of the novel technique with references such as Pmus

and EAdi. Our cohort of subjects had relatively mild lung
injury, and all were in stable condition so that they could

tolerate a wide range of PS without developing respiratory
distress. Moreover, we excluded patients with obstructive
disease from the study, in which monitoring of the respi-
ratory load is of paramount importance during assisted
ventilation, since this monitoring can help to avoid an
excessive effort to trigger the ventilator due to the pres-
ence of intrinsic PEEP.

Moreover, although obesity was not an exclusion crite-
rion, the mean body mass index of the enrolled subjects
was 25 kg/m2, so these results might not be extrapolated to
patients who are obese. Also, some patients could not be
enrolled because the positioning of the electrodes was un-
attainable, such as in the presence of abdominal drainage,
recent laparotomy, or substantial diaphoresis.

Conclusions

This study showed that electrical activity of the costal
diaphragm can be reliably and noninvasively monitored by
using surface EMG during assisted ventilation. The signal
derived from the surface is tightly related to esophageal-
based measurement of crural electrical activity. Both meth-
ods can be used to reliably calculate Pmus.
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