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Involvement of Respiratory Muscles During the Timed Inspiratory Effort
Index Measurement With Surface Electromyography
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BACKGROUND: Mechanical ventilation is a life-support therapy that can be associated with respiratory muscle dysfunction that may perturb the weaning process. The timed inspiratory effort
(TIE) index is a recently proposed weaning index that has been reported to be effective in predicting successful weaning. We sought to analyze the respiratory muscle groups involved with
the TIE index measurement utilizing the surface electromyography (sEMG). METHODS: We
conducted a prospective observational study including 46 mechanically ventilated subjects. The
variable analyzed with sEMG was the root mean square (RMS) for correlation with the degree of
recruitment of motor units and strength. The data were obtained along the 60 s of the TIE index
measurement and analyzed in each one of the 3 20-s intervals. Pooled and individual muscle
RMS values were analyzed comparing success and failure groups. P < .05 was considered
significant. RESULTS: The median (interquartile range) age of the participants was 80 (71–87)
y. The pooled sEMG data showed that muscle strength increased over time, following the profile
observed for maximum inspiratory pressure, irrespective of the analyzed group. However, in
line with the findings regarding maximum inspiratory pressure, the RMS medians were statistically higher at every 20-s interval in the success group. Diaphragm strength increased over time,
with values reaching statistically significant differences at the end of the observation period, but
only in the success group. In addition, diaphragm strength was statistically higher during the
whole test in the success group. Finally, there was a substantial increase in sternocleidomastoid
strength over time after 40 s of observation, which was not observed in the scalene muscles.
CONCLUSIONS: Subjects succeeding in a weaning trial had higher muscle strength, confirmed
in the pooled and the individual sEMG analysis. A vigorous diaphragm with low fatigue potential seems essential for successful weaning; the sternocleidomastoid may also be of importance in
this regard. Key words: weaning; liberation; mechanical ventilation; surface electromyography; respiratory muscles. [Respir Care 0;0(0):1–. © 0 Daedalus Enterprises]

Introduction
The failure of the weaning process represents a significant clinical and economic problem.1 Prolonged mechanical
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ventilation has been associated with several complications,
such as ventilator-associated pneumonia, ventilator-induced
diaphragmatic dysfunction, and ICU-acquired weakness.2-4
In recent studies, the timed inspiratory effort (TIE) index, a
predictor for liberation from mechanical ventilation, has
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demonstrated higher accuracy and better performance in
several scenarios in comparison with other indexes such as
rapid shallow breathing index, maximum inspiratory pressure (PImax), and airway-occlusion pressure 0.1 s after the
start of inspiration against an occluded airway.5-7
However, the assessment of respiratory muscle strength
with PImax or the TIE index does not provide information
about the involvement of the various respiratory muscle
groups or the muscle strength generation during these
measurements, leaving the degree of participation of each
muscle segment largely unknown. Surface electromyography (sEMG) might be useful to identify the different
respiratory muscle groups involved in the weaning process.8-12
We hypothesized that the behavior of respiratory muscle
groups may differ between patients who succeed or failed
in a weaning trial from mechanical ventilation. We sought
to analyze the mechanical relationships between the major
respiratory muscle groups involved in the muscle strength
generation during the TIE index measurement using sEMG
analysis.
Methods
Study Design
We conducted an observational study in invasively ventilated subjects admitted to the adult ICU of the Icaraı́
Hospital, in Niterói, Brazil. This study was approved by
the ethics committee of the University Hospital Antônio
Pedro by Federal Fluminense University (CAAE:
61233416.0000.5243). Family members were informed
about the study to obtain their consent for subject
enrollment.
We recruited subjects with an artificial airway (ie, orotracheal tube or tracheostomy cannula) and receiving invasive
mechanical ventilation for > 24 h who were clinically able
to start the weaning process. Patients were excluded on the
basis of the following criteria: hemoglobin < 10 g/dL, clinical or laboratory evidence of active infection, SaO2 < 90%,
FIO2 > 0.40, hemodynamic instability (ie, heart rate $ 140
beats/min, systolic blood pressure < 90 or > 160 mm Hg),
PaO2 =FIO2 < 150, PEEP > 8 cm H2O, breathing frequency
> 35 breaths/min, tidal volume < 5 mL/kg, pH < 7.3, intracranial hypertension > 15 mm Hg, use of sedation, abdominal surgery at risk of evisceration, acute coronary
artery disease, or unstable heart failure.
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QUICK LOOK
Current knowledge
Liberation from mechanical ventilation requires
assessments of respiratory muscle strength. The timed
inspiratory effort (TIE) index has predicted success in
ventilatory weaning quite accurately. However, little
is known about the sectoral mechanical relationships
of the respiratory muscles with weaning outcomes.
Surface electromyography can provide information
about the degree of participation of each respiratory
muscle group during tests for liberation from mechanical ventilation.
What this paper contributes to our knowledge
The diaphragm and sternocleidomastoid were the main
muscles involved with positives outcomes on assessment with the TIE index. This information may allow
for more specific programming of respiratory therapy
for this population of critically ill patients.
All data were collected between August 2017 and March
2019 by one investigator. Both the TIE index measurement
procedure and the sEMG were performed only on the days
when the researcher in charge and first author of this study
were present at the ICU. During this period, measurements
of the TIE index under monitoring with sEMG were performed in 46 subjects. The intention was to deliberately
choose a similar number of cases of success and failure
among subjects who had undergone TIE index measurements under sEMG monitoring. Two subjects of the success group for technical problems with the signal of sEMG
were excluded, thus resulting in 22 subjects successfully
weaned for final analysis. None of the subjects in the failure
group were excluded (Fig. 1).
Measurement of the TIE Index
A digital vacuometer (Magnamed, São Paulo, Brazil)
with a scale of 300 cm H2O divided into intervals of 0.1 cm
H2O and a time interval measure of 0.01 s was used to measure the PImax and the TIE index. The method used was the
occlusion of the airway during inspiration with a unidirectional valve, with the subjects in the supine position and the
head elevated at 45 .13,14 The cuff was hyperinflated to prevent air leak during measurement. After tracheal aspiration,
subjects remained connected to the mechanical ventilator to
rest for 2 min with FIO2 1.0.5-7,15,16
Following hyperoxygenation, the mechanical ventilator
was disconnected and, after 10 s of spontaneous breathing,
the digital manometer connector was coupled manually at
the end of a normal expiration (at the functional residual
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measurement. The values found for each muscle were
pooled and analyzed in each of the 3 20-s intervals: T1
(0–20 s), T2 (21–40 s), and T3 (41–60 s).

Enrolled in the study
48

Statistical Analysis
Successful weaning
24

Unsuccessful weaning
24

Data collection
problems
2

Included in the
final analysis
22

Included in the
final analysis
24

Fig. 1. Flow chart.

capacity level) to the artificial airway, keeping the airway
occluded for a 60-s interval while recording the values corresponding to each inspiratory effort.6,7,13,14,17
The TIE index was calculated as the ratio of the PImax
developed in the last 30 s of a 60-s period of airway occlusion with a unidirectional valve to the time demanded to
reach that value: TIE index ¼ PImax (30 s after start)/time to
achieve this value of PImax. It should be emphasized that
the values of the TIE index were measured but not utilized
for the decision to liberate subjects from mechanical ventilation; however, clinicians were not blinded to the results.
The decision to liberate was only made after a successful
spontaneous breathing trial with a T-piece for 30 min, following the standard ICU protocol.
Procedures for the Capture and Processing the sEMG
Signal
We used sEMG (Miotec, Porto Alegre, Brazil) to capture
and process the muscle electrical signal. This device has 4
channels that allow an integrated analysis of up to 4 muscle
groups. Silver chloride self-adhesive electrodes were used
to record EMG, according to recommendations regarding
standardized EMG signal capture.18 Signals were captured
and automatically potentiated in a frequency capturing a
band of 20–500 Hz. The regions for the placement of the
electrodes were chosen following recommendations of previous studies.10,15,16,18
We selected 4 respiratory muscles to assess the sEMG
signals: right diaphragm, right external intercostals, anterior scalene, and sternocleidomastoid. Values were
analyzed comparing subjects who succeeded or failed in
the ventilatory weaning trial. The root mean square
(RMS) in microvolts/s (mv/s) was used to measure
the magnitude of the sEMG signal and correlated with
the generated force and the torque of each muscle. The
sEMG data were collected for 60 s during the TIE index
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The sample size was calculated to evaluate differences
in the order of 20% as for the RMS values between the
groups with a power of 80% and an alpha error of 5%,
which resulted in a minimum of 36 subjects. Results were
expressed as the median (interquartile range) for nonGaussian distribution. Continuous variables were compared with the Mann-Whitney test. More than 2 paired
samples were compared with the Friedman analysis of
variance complemented by the Wilcoxon test. Categorical
variables were expressed as frequencies and differences
between them as assessed with chi-square or Fisher exact
tests. P < .05 was considered significant. Statistical analysis was performed using SPSS 18.0 for Windows (SPSS,
Chicago, Illinois).
Results
The general characteristics of the 46 subjects included in
the final analysis are shown in Table 1. The median (interquartile range) ages between groups were comparable at 81
(78–87) y versus 79 (49–87) y (P ¼ .24). Data for PImax and
TIE index measurements are shown in Table 2. PImax values
increased over time in both the failure (P < .001) and the
success groups (P < .001). However, the magnitude of
PImax values achieved in successful cases was statistically
higher at all times (P < .001 for every comparison). The
values for the TIE index were also statistically higher in the
success group, at 1.3 (1.1–2.1) versus 0.6 (0.6–0.8) (P <
.001).
In the first step, the RMS values of each group were
pooled to represent the respiratory musculature as a whole
(Fig. 2). In the second step, the RMS values were analyzed
separately for each of the studied muscles: right diaphragm, right external intercostals, anterior scalene,
and sternocleidomastoid. Pooled RMS values increased
over time in the success and failure of ventilatory liberation. In the failure group, values were statistically different only between T3 and T1, whereas the increase
reached statistical differences for every period analyzed
in the success group. The RMS values were higher in
successful weaning subjects for all 3 periods of observation (P < .001).
Considering the major muscle groups, the median
RMS values of the right diaphragm over time were constant in those who failed ventilatory weaning but
increased significantly at the end of the observation period in the success group (Fig. 3A). The RMS values
were higher in subjects with successful weaning in every
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Table 1.

Subject Characteristics

Gender (male/female)
Age, y
APACHE II, % adjusted
Artificial airways (orotracheal tube/tracheostomy)
Duration of mechanical ventilation, d
Diagnosis at ICU admission
Sepsis
Stroke
Acute respiratory failure
Heart failure

All

Failure Group

Success Group

P

26/20
80 (71–87)
36 (24–41)
39/7
8 (4–10)

12/11
81 (78–87)
38 (25–41)
21/3
8 (5–9)

14/9
79 (49–87)
35 (24–40)
18/4
7 (4–11)

.77
.24
.48
.59
.64

15
15
13
3

10
5
7
2

5
10
6
1

.48
.87
.14
.94

Data are presented as n or mean 6 SD. N ¼ 46 subjects; failure group: n ¼ 24; success group: n ¼ 22.

PImax and TIE Index

PImax at T1 (0–20 s)
PImax at T2 (21–40 s)
PImax at T3 (41–60 s)
TIE index

Failure Group

Success Group

21 (12–25)
27 (22–33)*
35 (30–37)*†
0.6 (0.6–0.8)

31 (22–41)‡
61 (40–67)*‡
71 (51–100)*†‡
1.3 (1.1–2.1)‡

Data are presented as median (interquartile range).
* P < .001 versus T1 of the same group.
†
P < .001 versus T2 of the same group.
‡
P < .001 versus failure group at the same time interval.
PImax ¼ maximum inspiratory pressure
TIE ¼ timed inspiratory effort

observation interval, but statistical significance was only
found at T3. For the right external intercostals muscles,
the median RMS values over time remained stable in
both groups (Fig. 3B), although the magnitude of RMS
values was higher in the success group for every 20 s
interval studied.
The behavior of the 2 accessory muscle groups studied
was noted as well. The median RMS values for the anterior
scalene muscle over time (Fig. 3C) significantly increased
over time, but only in the success group; the median RMS
for the sternocleidomastoid muscle over time increased in
both groups of subjects (Fig. 3D). Finally, values for the
success group were significantly higher than in the failure
group for every studied 20-s interval between groups of
accessory muscles (Fig. 3C and 3D).
Discussion
When conducting the weaning process, muscle fitness
should be taken into account to maintain respiratory
autonomy. In this setting, tests that assess muscle strength
and endurance may be particularly useful. Accordingly, the
TIE index, calculated as the ratio of the PImax to the time
demanded to reach that value, is valuable in predicting success in liberation from mechanical ventilation.6,7,13

Failure
Success
P < .001
P = .03
P = .001

RMS of a pool of respiratory muscles (PV, x106)

Table 2.

20

P = .01

P = .006

P = .007

P = .003

15

10

5

0
T1

T2

T3

Time
Fig. 2. Medians (interquartile range) of the pooled RMS values, a parameter that assesses muscle strength, of the respiratory muscles
in the failure and success groups at T1 (0–20 s), T2 (21–40 s), and
T3 (41–60 s). P <.05 were considered significant. RMS ¼ root mean
square.

The subjects in this study had a median age of 80 y, with
a higher prevalence of males; these data are similar to the
populations treated in ICUs worldwide.19-24 Consistent with
the literature, age tended to be higher in those who failed
weaning (P ¼ .24), a finding that can be explained by the
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Fig. 3. Medians (interquartile range) of the RMS values, a parameter that assesses muscle strength, of the respiratory muscles in the failure and
success groups at T1 (0–20 s), T2 (21–40 s), and T3 (41–60 s). A: Right diaphragm, (B) right external intercostal, (C) anterior scalene, (D) sternocleidomastoid. P <.05 were considered significant. RMS ¼ root mean square.

morphological and functional alteration that affects all the
skeletal muscle system by the aging process.
In line with a previous publication,7,14 the median PImax
values in this study increased over time regardless of the
weaning outcome. However, consistent with better muscle
performance, the median PImax values at any time were
higher in the success group. The median TIE index values
were also substantially higher in the success group, which
was noted in previous studies.7,13,17
The involvement of the muscle groups during the TIE
index measurement with sEMG was evaluated using the
RMS variable, which has a direct relationship with the
degree of motor unit recruitment.25,26 When the pooled
sEMG results were analyzed, muscle strength increased
over time, following the trend observed for PImax, irrespective of the analyzed group (Fig. 2). These results are consistent with several previous studies reporting increases in
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RMS in circumstances of increased ventilatory demand.10,12
In line with the findings regarding PImax values, the RMS
medians were statistically higher at every 20-s interval in
the success group. Our findings allow us to conclude that,
as a whole, muscle strength was always higher in subjects
whose mechanical ventilation liberation was successful,
which is in agreement with previous observations correlating muscle dysfunction with weaning failure.2,3
The strength of the diaphragm, considered the most important muscle in the core group, increased over time, with
values reaching statistically significant differences at the
end of the observation period in the success group. In
addition, the superiority of RMS values in the successful
weaning group were higher in every 20-s interval, but statistically significant differences were restricted to T1 and
T3, perhaps due to data scattering. When this same parameter was analyzed for right external intercostals muscles
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over time, there was no statistically significant strength
gain in any group of subjects. At any interval of observation, however, the magnitude of the force was always
higher in the success group for both muscles. Our observation affirms that the diaphragm is pivotal for the increase in
the PImax in the last 40 s of the TIE index measurement as
reported in previous studies, supporting the concept that diaphragmatic dysfunction induced by mechanical ventilation
may impose substantial difficulties on successful liberation
from mechanical ventilation.3,7,14,17
Analysis of the strength of the accessory muscles indicated that the muscle recruitment of the anterior scalene
grew over time in both subject groups, but significant
differences were only achieved in the success group.
Regarding the sternocleidomastoid, both groups of subjects
showed significant increases over time. In addition, the
strength of the sternocleidomastiod seems to have been decisive for weaning success because there was a substantial
increase in RMS values over time after 40 s of observation,
which not observed with the scalenes. Our findings conform to a previous study that stressed the role of the sternocleidomastoid in quiet and forced breathing.8,11,12
The study has several limitations. The observed sample
was small and predominantly composed of elderly subjects,
which limits the generalizability of the findings. In addition, the number of available electromyography channels
could be higher, which might increase the sensitivity of the
method. Future studies with a larger and younger sample
are necessary to better understand ventilatory muscle physiology during the TIE index measurement.
Conclusions
Our sEMG findings during TIE index measurement indicate that subjects succeeding in a weaning trial had greater
muscle strength, a finding that was confirmed in both the
pooled muscle analysis and the individual muscle analysis.
These findings also suggest that a vigorous diaphragm with
low fatigue potential is essential for successful weaning
and that the sternocleidomastoid as important as the diaphragm in this regard.
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