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Abstract 

Background: Inappropriate ventilator assist plays an important role in the development of diaphragm dysfunction. 
Ventilator under‑assist may lead to muscle injury, while over‑assist may result in muscle atrophy. This provides a good 
rationale to monitor respiratory drive in ventilated patients. Respiratory drive can be monitored by a nasogastric cath‑
eter, either with esophageal balloon to determine muscular pressure (gold standard) or with electrodes to measure 
electrical activity of the diaphragm. A disadvantage is that both techniques are invasive. Therefore, it is interesting to 
investigate the role of surrogate markers for respiratory dive, such as extradiaphragmatic inspiratory muscle activ‑
ity. The aim of the current study was to investigate the effect of different inspiratory support levels on the recruit‑
ment pattern of extradiaphragmatic inspiratory muscles with respect to the diaphragm and to evaluate agreement 
between activity of extradiaphragmatic inspiratory muscles and the diaphragm.

Methods: Activity from the alae nasi, genioglossus, scalene, sternocleidomastoid and parasternal intercostals was 
recorded using surface electrodes. Electrical activity of the diaphragm was measured using a multi‑electrode nasogas‑
tric catheter. Pressure support (PS) levels were reduced from 15 to 3  cmH2O every 5 min with steps of 3  cmH2O. The 
magnitude and timing of respiratory muscle activity were assessed.

Results: We included 17 ventilated patients. Diaphragm and extradiaphragmatic inspiratory muscle activity 
increased in response to lower PS levels (36 ± 6% increase for the diaphragm, 30 ± 6% parasternal intercostals, 41 
± 6% scalene, 40 ± 8% sternocleidomastoid, 43 ± 6% alae nasi and 30 ± 6% genioglossus). Changes in diaphragm 
activity correlated best with changes in alae nasi activity (r2 = 0.49; P < 0.001), while there was no correlation between 
diaphragm and sternocleidomastoid activity. The agreement between diaphragm and extradiaphragmatic inspiratory 
muscle activity was low due to a high individual variability. Onset of alae nasi activity preceded the onset of all other 
muscles.

Conclusions: Extradiaphragmatic inspiratory muscle activity increases in response to lower inspiratory support 
levels. However, there is a poor correlation and agreement with the change in diaphragm activity, limiting the use of 
surface electromyography (EMG) recordings of extradiaphragmatic inspiratory muscles as a surrogate for electrical 
activity of the diaphragm.
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Background
Diaphragm dysfunction frequently develops in critically 
ill patients [1–3]. Among other factors, inappropriate 
ventilator assist plays a prominent role in the pathogen-
esis. Ventilator under-assist may lead to muscle injury, 
while over-assist may result in muscle atrophy [4–9]. 
This provides a good rationale to monitor respiratory 
effort in ventilated Intensive Care Unit (ICU) patients 
[10–13]. Calculation of muscular pressure (Pmus) based 
on changes in esophageal pressure and chest wall elastic 
recoil pressure is considered the gold standard to moni-
tor respiratory effort [14, 15]. Electrical activity of the 
diaphragm (EAdi), acquired with a nasogastric catheter 
with multiple electrodes, has been used to quantify res-
piratory effort as well [10–12]. Although electromyo-
graphy (EMG) does not directly reflect effort, a linear 
correlation between Pmus and EAdi has been reported 
[16]. However, both techniques are invasive and the 
multi-electrode esophageal catheter is only available 
with one specific ventilator (Servo-i/u). However, EAdi 
can also be obtained using surface electrodes [17, 18], 
although with specific challenges, especially in obese 
patients, or after abdominal surgery. Therefore, it is of 
interest to investigate surrogate markers for respiratory 
drive, such as activity of extradiaphragmatic inspiratory 
muscles [19].

The extradiaphragmatic inspiratory muscles support 
the diaphragm to maintain adequate ventilation, but each 
muscle has specific other tasks. For instance, the alae nasi 
and genioglossus maintain upper airway patency [20–
22], the parasternal intercostals stabilize the chest wall 
and facilitate rotation of the trunk [23, 24], while the sca-
lene and sternocleidomastoid are involved in rotation of 
the head and flexion of the neck [25]. In previous studies, 
surface EMG has been used in ventilated ICU patients to 
evaluate activity of the extradiaphragmatic inspiratory 
muscles, including alae nasi, parasternal intercostals [26], 
scalene [26, 27], sternocleidomastoid and genioglossus 
[26–28]. Overall, these papers concluded that monitoring 
of respiratory drive in ventilated ICU patients by surface 
EMG is feasible and useful. However, the effect of differ-
ent levels of ventilator support on the relation between 
diaphragmatic and extradiaphragmatic inspiratory mus-
cle activity was not studied in detail, as well as a com-
parison on individual patient level between activity of the 
diaphragm and extradiaphragmatic inspiratory muscles.

Therefore, the aim of the current study is to investi-
gate in invasively ventilated ICU patients the recruitment 

pattern of extradiaphragmatic inspiratory muscles with 
respect to the diaphragm in response to different inspira-
tory support levels and to evaluate agreement between 
activity of the extradiaphragmatic inspiratory muscles 
and the diaphragm.

Methods
Study population
This study was conducted in a mixed ICU of the Rad-
boud University Medical Center. Adult patients mechani-
cally ventilated for at least 3 days, with a NAVA catheter 
(Maquet Critical Care, Sölna, Sweden) in situ and inspir-
atory support ≤ 10  cmH2O, positive end-expiratory pres-
sure (PEEP) level ≤ 10  cmH2O and  FiO2 < 0.60, were 
recruited. Exclusion criteria were hemodynamic instabil-
ity [i.e. systolic blood pressure < 100  mmHg; heart rate 
< 50 or > 120 beats/min and use of high-dose vasopres-
sors (i.e. norepinephrine > 0.2  µg/kg/min)]. Based on 
previous physiological studies from our group [29–32], a 
convenience sample of 17 patients was considered appro-
priate. The institutional review board waived informed 
consent as risks associated with this study were negligi-
ble. Patients or patient surrogate decision-makers were 
informed about the study purpose and design.

Study protocol
This was a prospective clinical study. All patients were 
ventilated with a Servo-i ventilator (Maquet Critical Care, 
Sölna, Sweden). Activity from the alae nasi, genioglossus, 
scalene, sternocleidomastoid and parasternal intercostals 
was continuously measured as described below. Pressure 
support (PS) level was reduced every 5  min with steps 
of 3  cmH2O, from 15  cmH2O to 3  cmH2O. The duration 
of 5 min for each study step was considered appropriate 
as it has been shown previously that respiratory drive 
adapts within 5 min of altered loading [30, 33, 34]. PEEP, 
inspiratory rise time, cycle-off criteria and trigger sensi-
tivity were maintained as dictated by clinical protocol.

Data acquisition
Flow was acquired by placing a single use flow sensor 
(Hamilton Medical AG, Bonaduz, Switzerland) between 
the endotracheal tube and Y-piece of the ventilator cir-
cuit, connected to a pressure transducer (range ± 50 kPa, 
Freescale Semiconductor, Tempe, AZ, USA). The pres-
sure transducer was connected to the auxiliary channel 
(1.4  μV/bit, amplification factor: 1) of the Porti 24 data 
acquisition system (22 bits, TMSi; The Netherlands).

Keywords: Ventilated critically ill patients, Respiratory drive, Electrical activity of the diaphragm, Extradiaphragmatic 
inspiratory muscle activity, Surface electromyography
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EAdi was obtained using a multi-electrode nasogas-
tric catheter. Correct positioning of the catheter was 
obtained using standard software supplied with the 
ventilator by the manufacturer. Electrical activity 
from the extradiaphragmatic muscles was recorded 
using wet gel silver–silverchloride surface electrodes, 
30 ×  22  mm in diameter  (Ambu® Blue sensor N, Bal-
lerup, Denmark). Recording locations were cleaned to 
improve signal to noise ratio. For the alae nasi, elec-
trodes were placed on each side of the nose. For the 
genioglossus electrodes were placed just below the chin 
and above the hyoid bone. Electrode placement of the 
sternocleidomastoid and scalene was guided by ultra-
sonography and electrodes were placed in the lower 
thirds of the muscles [35]. For the parasternal inter-
costals, the active electrode was placed in the second 
intercostal space 3 cm lateral from the sternum and the 
reference on an adjacent rib. A ground electrode was 
placed on the patient’s wrist. Visual feedback for all 
(EMG) signals was available.

EAdi was acquired with a Porti 16 data acquisition 
system (22 bits, TMSi; The Netherlands) with unipolar 
electrophysiological channels (71.5 nV/bit, amplifica-
tion factor: 20). EMG from extradiaphragmatic muscles 
was acquired with a Porti 24 data acquisition system 
(22 bits, TMSi; The Netherlands) with bipolar electro-
physiological channels (71.5 nV/bit, amplification fac-
tor: 20). Flow and EMG signals were digitized with a 
sample frequency of 2048 Hz and stored synchronously 
on a hard disk using Portilab (TMSi; The Netherlands). 
Offline analysis was performed with Matlab (R2014b, 
The Mathworks, Natick, Massachusetts, USA).

Offline signal processing
EAdi was processed as described previously [30]. Sur-
face EMG signals were band-pass filtered using a 
25–500 Hz second-order Butterworth filter. If present, 
ECG artifacts were removed from the EMG using a 
wavelet-based adaptive filter [36]. From each recording 
(i.e. from every muscle and PS level) at least 10 breaths 
free of artifacts were selected at the end of each period. 
For each period the root mean square of the EMG was 
determined with a time averaging period of 2 ms. Fur-
ther smoothing was obtained by applying a moving 
average filter with a window size of 200  ms to obtain 
a mean EMG envelope. An example of processing of 
the EMG signal is given in Additional file 1: Figure S1. 
Inspiratory efforts were detected from the flow signal 
and segmented in epochs time-locked to the inspira-
tory efforts. These epochs started 1 s before the inspira-
tory effort and terminated 1.5  s after the onset of the 
inspiratory effort [37].

Parameter calculation
Respiratory rate, tidal volume, minute ventilation and 
inspiratory time were calculated from the flow signal. A 
threshold was determined visually from the mean EMG 
envelops to detect onset, peak and end of muscle activ-
ity (Additional file  1: Figure S1). The maximal ampli-
tude of muscle activity during inspiration was defined 
as  EMGpeak. In addition, area under the curve of muscle 
EMG activity was calculated from onset of muscle activ-
ity till muscle activity was reduced to 70% of  EMGpeak, 
multiplied with respiratory rate  (EMGAUC/min). Both 
parameters were normalized to muscle activity at pres-
sure support level 3  cmH2O (% PS3). Timing of onset, 
peak and end of muscle activity were calculated relatively 
to the onset time of EAdi (Additional file 1: Figure S1).

Statistical analysis
To compare the magnitude and timing of respiratory 
muscle activity between PS levels, one-way analysis of 
variance for repeated measures was performed (Fried-
man test). Post-hoc analysis was performed with Dunn’s 
Multiple Comparison test, to correct for multiple com-
parisons. Repeated observation analysis was performed 
to investigate whether changes in diaphragm activity 
would also result in the same changes in extradiaphrag-
matic inspiratory muscle activity [38]. EAdi and surface 
EMG for each of the extradiaphragmatic inspiratory 
muscles were compared using Bland–Altman analysis. 
For all tests, a two-tailed P < 0.05 was considered signifi-
cant. Data are presented as mean ± standard error of the 
mean (SEM) for parametric data or median (interquartile 
range) for non-parametric data. Statistical analyses were 
performed with Prism 5 (Graphpad software, San Diego, 
CA, USA).

Results
Seventeen patients with a NAVA catheter for clinical rea-
sons were consecutively enrolled. Mean body mass index 
was 25.9 ± 1.7  kg/m2. Other patient characteristics are 
shown in Table 1. No adverse events were reported dur-
ing the study.

Response of the extradiaphragmatic inspiratory muscles 
to different levels of inspiratory support
Reducing inspiratory PS level increased respiratory fre-
quency, and decreased tidal volume and minute venti-
lation (Table  2). PS level did not affect inspiratory time 
(Table  2). As expected,  EAdipeak increased while lower-
ing PS level (Fig.  1). In general, the extradiaphragmatic 
inspiratory muscles  EMGpeak followed a similar pattern 
(Fig.  1), although the responses varied strongly among 
muscles and patients (Additional file  1: Figure S2). 
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Table 2 Ventilatory parameters at different support levels

Values are represented as mean ± SEM

PS pressure support level

*Significant difference with PS 15, $significant difference with PS 12 (P < 0.05)

PS 15 PS 12 PS 9 PS 6 PS 3

Tidal volume/kg (mL/kg) 7.2 ± 0.6 6.6 ± 0.6 6.2 ± 0.5* 6.1 ± 0.5* 5.8 ± 0.4*$

Respiratory rate (breaths/min) 24 ± 2 25 ± 2 27 ± 2 27 ± 2* 27 ± 2*

Minute ventilation (L) 10.9 ± 0.8 10.6 ± 0.8 10.5 ± 0.9 10.6 ± 1.0 10.3 ± 0.9*

Inspiratory time (s) 0.86 ± 0.07 0.83 ± 0.06 0.83 ± 0.07 0.86 ± 0.07 0.84 ± 0.06

Diaphragm
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)
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*$ *$ * *$ *$ *

Fig. 1 Extradiaphragmatic inspiratory muscle activity increases when lower support levels are applied (P < 0.05). The peak electromyography 
 (EMGpeak) values are normalized to activity at 3  cmH2O pressure support (PS). Values are represented as median (interquartile range). The number 
of subjects in which EMG parameters could be determined differed per muscle and PS level. Globally, for the alae nasi N = 14, genioglossus N = 
10, scalene N = 16, sternocleidomastoid and diaphragm N = 17, and parasternal intercostals N = 15. *Significant difference with PS 3, $significant 
difference with PS 6 (P < 0.05)
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 EMGAUC/min provided similar results (Additional file  1: 
Figure S3). In several patients, extradiaphragmatic inspir-
atory muscle activity could not be detected: alae nasi (N 
= 3), genioglossus (N = 7), scalene (N = 1) and paraster-
nal intercostal muscles (N = 2).

Relationship between EAdi and extradiaphragmatic 
inspiratory EMG
Calculation of correlation coefficients with repeated 
observations showed the highest positive correlation 
between  EAdipeak and alae nasi  EMGpeak (r2 = 0.49; P < 
0.001), with  EMGpeak expressed as percentage relative to 
PS 3  cmH2O. This was followed by the parasternal inter-
costals  EMGpeak (r2 = 0.44; P < 0.001) and genioglossus 
 EMGpeak (r2 = 0.42; P < 0.001). A poor correlation was 
found between  EAdipeak and scalene  EMGpeak (r2 = 0.30; 
P < 0.001), whereas no correlation was found between 
 EAdipeak and sternocleidomastoid  EMGpeak. On individ-
ual patient level, large differences were observed between 
the changes in diaphragm and extradiaphragmatic inspir-
atory muscle activity (Fig. 2).

Bland–Altman analyses (Additional file  1: Figure S4) 
showed that the bias between EAdi and surface EMG 
for each of the extradiaphragmatic inspiratory muscles is 
small; however, the 95% limits of agreement are large due 
to individual differences. Regardless of the level of sup-
port the limits of agreement remain large.

Timing of extradiaphragmatic inspiratory muscle activity 
in relation to the diaphragm
Figure  3 shows the recruitment hierarchy of the dia-
phragm and extradiaphragmatic inspiratory muscles. 
Timing is relative to the onset of EAdi. Data were aver-
aged per muscle for the different levels of support, 
because timing was not affected by the level of support.

Onset of alae nasi activity preceded the onset of all 
other muscles. Both peak and termination of electrical 
activity occurred earlier for both the alae nasi and geni-
oglossus compared to the other muscles. In addition, 
parasternal intercostal activity terminated earlier than 
sternocleidomastoid, EAdi and scalene activity.

Discussion
The main finding of the current study is that surface 
EMG of extradiaphragmatic inspiratory muscles does 
not reliably reflect activity of the diaphragm under dif-
ferent levels of inspiratory support. There is a moderate 
to low correlation and low agreement between changes 
in diaphragm and extradiaphragmatic inspiratory muscle 
activity in response to unloading of the respiratory mus-
cles. Furthermore, there are notable differences in timing 
of activation between the diaphragm and extradiaphrag-
matic inspiratory muscles.

Response of the extradiaphragmatic inspiratory muscles 
to different levels of inspiratory support
As expected, activity of the extradiaphragmatic inspira-
tory muscles increased in response to reducing level of 
assist on a group level. Our results are largely in accord-
ance with previous studies in intubated patients. Schmidt 
et  al. reported that parasternal intercostal, scalene and 
alae nasi activity increases when a low inspiratory PS 
level is applied as compared to a high PS level [26]. Cec-
chini et al. [28] showed that both NAVA and PS ventila-
tion reduced alae nasi and scalene activity in proportion 
to the level of assistance. In addition, we found that this 
also holds for the genioglossus, despite that the endotra-
cheal tube bypasses the upper airways. Remarkably, in 
most patients extradiaphragmatic inspiratory muscles 
remain active up to a PS level of 15  cmH2O. Brochard 
et  al. [39] also demonstrated that the sternocleodomas-
toid muscle remains active at high inspiratory PS levels. 
These findings indicate high respiratory drive even at 
high levels of pressure support. High respiratory drive 
despite high levels of inspiratory assist may be explained 
by persistent abnormal arterial blood gas, feedback from 
afferents from the lung and chest wall or systemic inflam-
mation (for review see [40]).

Relationship between diaphragm and extradiaphragmatic 
inspiratory muscle activity
In the current study, we showed with repeated meas-
ures observation analysis that there are only moder-
ate correlations between the changes in diaphragm and 
extradiaphragmatic inspiratory muscle activity (Fig.  2). 
Moreover, we demonstrate that there are large limits of 
agreement for all PS levels when comparing the changes 
in diaphragm and extradiaphragmatic inspiratory mus-
cle activity (Additional file 1: Figure S4). For example, for 
the scalene and diaphragm, the 95% limits of agreement 
are between – 50 and + 50% PS 3 (normalized to mus-
cle activity at PS level 3  cmH2O) for changes in surface 
EMG and  EAdipeak (Additional file 1: Figure S4). In clini-
cal practice, such a measurement error is unacceptable, 
because this means, for example at an average  EAdipeak 
of 50% PS 3 (normalized to muscle activity at PS level 3 
 cmH2O) at PS 15, that there could be either no scalene 
activity or scalene  EMGpeak could be doubled.

The relationship between diaphragm and extra-
diaphragmatic inspiratory muscle activity has been 
addressed previously. These studies reported that the 
recruitment pattern of extradiaphragmatic inspiratory 
muscles is comparable to the diaphragm in response 
to lower inspiratory support levels during noninvasive 
ventilation in healthy subjects [18, 37, 41], patients 
with chronic obstructive pulmonary disease (COPD) 
[18] and ventilated ICU patients [26, 28]. In contrast 



Page 7 of 10Roesthuis et al. Ann. Intensive Care           (2020) 10:67  

to our study, no correlation or agreement analysis were 
reported in most of these studies. In the study by Lin 
et al., there were also large limits of agreement between 
diaphragm and scalene muscle activity during non-
invasive ventilation in COPD patients, whereas the 

parasternal intercostal muscles performed better [18]. 
COPD patients often have high levels of neural res-
piratory drive (for review see [42]) and thereby extra-
diaphragmatic inspiratory muscle activity is easier to 
detect with surface EMG.
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Fig. 2 Relation between diaphragm and extradiaphragmatic inspiratory muscle activity for pressure support (PS) level 15, 12, 9 and 6  cmH2O, with 
peak electrical activity of the diaphragm  (EAdipeak) and peak electromyography  (EMGpeak) normalized to muscle activity at PS level 3  cmH2O (% 
PS3). Each individual patient is depicted in a specific color and marker. The regression lines describing the relation on individual patient level are 
depicted, from which the high variability among patients is clear. 3 points are not shown (PS 6 patient 11 for scalene (scalene  EMGpeak 298% PS 3 at 
 EAdipeak 87% PS 3) and PS 12 and 9 patient 14 for sternocleidomastoid (sternocleidomastoid  EMGpeak 153 and 386% PS 3 at  EAdipeak 45 and 62% PS 
3, respectively), as values were off scale. However, the regression lines shown include these data points
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Taken together, reducing inspiratory assist does not 
have a uniform effect on the diaphragm and extradia-
phragmatic inspiratory muscles. Differences in responses 
among muscles may be partly explained by the fact that 
extradiaphragmatic inspiratory muscles are involved in 
other functions, such as patency of the upper airways, 
rotation of the head, flexion of the neck and stabiliza-
tion of the trunk [20–25]. For the parasternal intercostal 
muscles the same motoneurons are depolarized during 
postural and inspiratory tasks; their output during inspi-
ration is depending on the direction of the rotation of the 
trunk [23]. Furthermore, it has been shown that neural 
respiratory drive is not uniform in healthy subjects, and 
respiratory muscles recruit according to their mechanical 
advantage. In other words, respiratory muscles (or por-
tions of muscles) with the greatest mechanical advantage 
for a specific task will be recruited earlier and to a larger 
extent [43, 44]. It seems plausible that the same is true in 
disease, which could result in differences in recruitment 
of extradiaphragmatic inspiratory muscles and the dia-
phragm with changes in ventilator support. Parthasar-
athy et al. [34] suggested such a hierarchy of respiratory 
muscle recruitment in patients failing a T-piece trial. In 
addition to the diaphragm and intercostal muscles, they 
demonstrated an immediate increase in sternocleido-
mastoid muscle activity with little change thereafter. The 
expiratory muscles are recruited relatively late during 
the T-piece trial: the largest increase in activity occurred 
only after 17–20  min. Finally, drive to the diaphragm 
may underestimate the true respiratory drive due to the 

contribution of the extradiaphragmatic inspiratory mus-
cles, especially in critically ill patients there may be a dis-
crepancy. Respiratory drive can be higher in critically ill 
patients not only due to the load on the respiratory mus-
cles, but also due to metabolic acidosis and hypoxemia, 
brain, lung or chest wall pathologies (for review see [40]).

Timing of extradiaphragmatic inspiratory muscle activity
In healthy subjects there is a clear hierarchy with respect 
to respiratory muscle recruitment [45, 46]. For example, 
upper airway muscles recruit ± 100  ms before the dia-
phragm recruits in healthy subjects [21]. We studied 
more different muscles and applied different PS levels 
as compared to previous studies [26, 27]. The alae nasi 
recruited earlier as compared to other extradiaphrag-
matic inspiratory muscles (132–172  ms) and the dia-
phragm (122 ms). We found no differences in timing of 
the extradiaphragmatic inspiratory muscles between 
ventilator settings. These results were expected based 
on previous studies [26, 27]. Schmidt et al. [27] observed 
that recruitment onset times were similar among the sca-
lene, sternocleidomastoid and genioglossus in mechani-
cally ventilated patients.

Practical limitations of surface EMG
In addition to the poor correlations and low agreement 
between changes in activity between the diaphragm and 
extradiaphragmatic inspiratory muscles in response 
to unloading, there are practical issues that limit the 
applicability of surface EMG to monitor drive to the 
diaphragm. First, we found that in several patients no 
muscle activity could be detected from the genioglossus, 
alae nasi, parasternal intercostals and scalene during the 
whole study protocol. This could be the result from real 
inactivity of the muscles or low signal-to-noise ratio. Sec-
ond, surface EMG is vulnerable to noise (e.g. electromag-
netic noise) and artifacts (e.g. due to movement), these 
cannot be avoided, but the effects can be minimized in 
the preprocessing and analyzing process [47]. Third, the 
technique is technically challenging in obese patients, 
restless patients, or patients with diaphoresis. Note that 
data used in the current study were highly selected. Large 
periods of data were not useful to study breathing activity 
because patients were moving their head or body result-
ing in non-breathing-related muscle activity.

Study limitations
The current study has some limitations. First, we did not 
measure force, only EMG as a measure for respiratory 
drive. Respiratory drive can be evaluated at the bedside 
by several methods (for recent review see [40]). The only 
method to measure the contribution of extradiaphrag-
matic inspiratory muscles to respiration is by surface 
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Fig. 3 Relative onset, peak and termination times of 
extradiaphragmatic inspiratory muscle activity with respect to the 
onset time of diaphragm activity (time = 0 s). There are no differences 
in recruitment times between different PS levels; therefore, data are 
represented as median (interquartile range). For the alae nasi N = 61, 
genioglossus N = 43, sternocleidomastoid N = 69, scalene N = 70, 
parasternal intercostals N = 64 and diaphragm N = 72. *Significantly 
different with other muscles except alae nasi, $significantly different 
with other muscles except alae nasi and genioglossus, #significantly 
different with other muscles except intercostals and alae nasi (P 
< 0.05) . Inspiratory flow started significantly later than inspiratory 
muscle activity (P < 0.05)
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EMG. Therefore, we wanted to evaluate the recruitment 
pattern of extradiaphragmatic inspiratory muscles with 
respect to the diaphragm. Second, we did not measure 
surface EAdi. Bellani et al. [17] demonstrated that surface 
EAdi correlated well with EAdi, although there was a high 
variability in the slopes between patients. They showed 
that respiratory effort could be calculated from surface 
EAdi, but when comparing surface EAdi with esopha-
geal pressure to compute muscular pressure, this resulted 
in low bias but large limits of agreement. Calculation 
of effort from both the diaphragm and extradiaphrag-
matic inspiratory muscles did not result in an improved 
estimation of respiratory effort as compared to EAdi or 
surface EAdi. Third, the study was not blinded. The sig-
nals were analyzed offline, only periods to be analyzed 
were selected manually, while the rest of the analysis was 
performed automatically using a custom-written script. 
Therefore, the unblinded nature is unlikely to affect the 
results. Fourth, accuracy of calculating recruitment times 
depends on the manner in which the threshold for mus-
cle activity is determined, and also on the noise level. 
Therefore, not only relative onset times were computed, 
but also peak and termination times. For all three param-
eters the same trends were found and recruitment times 
were in the same range.

Conclusions
In the current study, we investigated potential surrogate 
markers of diaphragm activity. We demonstrate that 
extradiaphragmatic inspiratory muscle activity increases 
in response to lower inspiratory support levels. How-
ever, we found moderate correlations and low agreement 
between changes in diaphragm activity and extradia-
phragmatic inspiratory muscle activity. Therefore, it is 
concluded that monitoring of respiratory drive is not fea-
sible using extradiaphragmatic inspiratory muscle activ-
ity. We demonstrate that the magnitude and timing of 
muscle activity differ among inspiratory muscles, mak-
ing it very cumbersome to monitor patient–ventilator 
interactions.
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