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Abstract

Impairment of (inspiratory and expiratory) respiratory muscles is a common clinical finding, not only in patients
with neuromuscular disease but also in patients with primary disease of the lung parenchyma or airways. Although
such impairment is common, its recognition is usually delayed because its signs and symptoms are nonspecific
and late. This delayed recognition, or even the lack thereof, occurs because the diagnostic tests used in the
assessment of respiratory muscle strength are not widely known and available. There are various methods of
assessing respiratory muscle strength during the inspiratory and expiratory phases. These methods are divided
into two categories: volitional tests (which require patient understanding and cooperation); and non-volitional
tests. Volitional tests, such as those that measure maximal inspiratory and expiratory pressures, are the most
commonly used because they are readily available. Non-volitional tests depend on magnetic stimulation of the
phrenic nerve accompanied by the measurement of inspiratory mouth pressure, inspiratory esophageal pressure,
or inspiratory transdiaphragmatic pressure. Another method that has come to be widely used is ultrasound
imaging of the diaphragm. We believe that pulmonologists involved in the care of patients with respiratory
diseases should be familiar with the tests used in order to assess respiratory muscle function.Therefore, the aim
of the present article is to describe the advantages, disadvantages, procedures, and clinical applicability of the
main tests used in the assessment of respiratory muscle strength.

Keywords: Respiratory muscles; Muscle weakness; Diaphragm; Respiratory function tests; Diagnostic tests,
routine.

Resumo

0 acometimento da musculatura ventilatdria (inspiratoria e expiratdria) é um achado clinico frequente, ndo
somente nos pacientes com doencas neuromusculares, mas também nos pacientes com doengas primarias do
parénquima pulmonar ou das vias aéreas. Embora esse acometimento seja frequente, seu reconhecimento costuma
ser demorado porque seus sinais e sintomas sdo inespecificos e tardios. Esse reconhecimento tardio, ou mesmo
a falta de reconhecimento, ¢ acentuado porque os exames diagnosticos usados para a avaliacdo da musculatura
respiratoria ndo sdo plenamente conhecidos e disponiveis. Usando diferentes métodos, a avaliacdo da forca
muscular ventilatoria ¢ feita para a fase inspiratéria e expiratoria. Os métodos usados dividem-se em volitivos
(que exigem compreensio e colaboracio do paciente) e nio volitivos. Os volitivos, como a medida da pressio
inspiratdria e expiratdria maximas, sdo os mais empregados por serem facilmente disponiveis. Os néo volitivos
dependem da estimulacdo magnética do nervo frénico associada a medida da pressdo inspiratdria na boca, no
esofago ou transdiafragmatica. Finalmente, outro método que vem se tornando frequente € a ultrassonografia
diafragmatica. Acreditamos que o pneumologista envolvido nos cuidados a pacientes com doengas respiratorias
deve conhecer os exames usados na avaliacdo da musculatura ventilatéria. Por isso, o objetivo do presente artigo
¢ descrever as vantagens, desvantagens, procedimentos de mensuracdo e aplicabilidade clinica dos principais
exames utilizados para avaliacdo da for¢a muscular ventilatéria.
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diagnosticos de rotina.
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Introduction

Impairment of (inspiratory and expiratory)
respiratory muscles is a common clinical finding,
not only in patients with neuromuscular disease
but also in those with respiratory diseases affecting
the lung parenchyma or airways.("?

Inspiratory muscle weakness can cause
dyspnea® and exertion intolerance. However,
diagnosis is usually delayed, because most
screening protocols for dyspnea do not include
assessment of respiratory muscle strength. In
addition, when assessment of respiratory muscle
strength is performed, it includes tests that yield
a high percentage of false negatives, because
they depend on patient cooperation (volitional
tests). Therefore, for the appropriate investigation
and possible confirmation of respiratory muscle
weakness as a cause of respiratory failure, it is
of paramount importance to be familiar with
non-volitional measures and even with techniques
that are more invasive, such as the measurement
of transdiaphragmatic pressure.

The aim of the present article is to describe the
advantages, disadvantages, procedures, and clinical
applicability of the main diagnostic methods to
assess respiratory muscle strength. Although
we discuss the main measures of respiratory
muscle strength, we do not specifically address
the diagnosis of muscle fatigue. We also do
not describe other related tests that are not
specific or sensitive for confirming the diagnosis
of respiratory muscle weakness, such as spirometry
and arterial blood gas analysis.

Volitional tests for measuring
inspiratory muscle strength

Maximal inspiratory pressure

Maximal inspiratory pressure (MIP) is the
most widely used measure of respiratory muscle
strength in patients with suspected respiratory
muscle weakness.? 1t is determined by measuring
upper airway pressure (mouth for outpatients
and trachea for intubated or tracheostomized
patients) during a maximal voluntary inspiratory
effort. The measured pressure is a composite of
the pressure generated by the inspiratory muscles
and the elastic recoil pressure of the lungs and
chest wall.

http://dx.doi.org/10.1590/S1806-37132015000004474

Advantages

1t uses low-cost, portable equipment; it is
easy and rapid to perform; it is noninvasive;
and it has well-established reference values, in
different populations (lower limit of normal of 60
cmH,0 for females and 80 cmH,0 for males).“®
In addition, since the relationship between lung
volumes and inspiratory muscle strength is not
linear,” the measurement of MIP can diagnose
inspiratory muscle weakness earlier than would
be possible based on changes in lung volumes.

Disadvantages

The maneuver is not intuitive and depends
on patient cooperation. Therefore, a low value
might not mean weakness, but rather a lack
of cooperation. MIP has high coefficients of
intraindividual and interindividual variation (10 to
13%)® and low accuracy for predicting successful
extubation in mechanically ventilated patients.®

How to measure

MIP is measured from RV or from functional
residual capacity (FRC). Since there is an inverse
relationship between lung volume and inspiratory
muscle strength,©® measurements from RV yield
module values that are 30% higher than those
obtained from measurements from FRC. Although
measurements from RV yield higher values, some
physicians and researchers use measurements
from FRC because they more reproducible and
more easily performed by patients. However,
when measurements from FRC are made, it is
necessary that FRC volume be known, because
this volume will affect the pressure generated.

The measurement of MIP can be made with an
analog or digital pressure manometer.('” Digital
devices are preferred over analog devices, given
that the highest MIP value occurs briefly and may
go unnoticed on an analog display (Figure 1).
Measurements are usually made with patients
in a sitting position, with or without nose clips.
Patients are asked to exhale to RV and then
perform a maximal inspiratory effort, sustaining
it for 1 to 2 seconds. To prevent overestimation
of values because of glottal closure and pressure
by the mouth muscles, there should be a 2-mm-
wide opening in the mouthpiece, which can be a
rigid tubular mouthpiece or a rubber mouthpiece.
The latter gives slightly higher values.!"
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Figure 1 - Measurement of MEP and MIP with a digital pressure manometer (model
MVD 300; Globalmed, Porto Alegre, Brazil). In A, positive MEP values. In B, negative

MIP values.

In critically ill intubated patients who are
uncooperative, the optimal measurement of MIP is
made with a one-way valve (it permits exhalation,
but occludes during inspiration) attached to the
tube and takes 25 seconds (Figure 2).0?

In any method, the maneuver should
be repeated 3 to 8 times, and the highest
value recorded will be used for analysis. The
reproducibility of the MIP measurement, with
or without a one-way valve, is 10%.

Clinical applicability

Determining MIP is important in the diagnosis
of inspiratory muscle weakness, which can occur in
pulmonary, cardiac, and neuromuscular diseases.
In addition, the measurement of MIP can aid in
the differential diagnosis of dyspnea®; in the
differential diagnosis of obstructive lung disease
of unknown origin; in assessing response to
cardiopulmonary physiotherapy and rehabilitation;
in prescribing and monitoring respiratory muscle
training">'¥; and, in critically ill patients, in
assessing the possibility and success of weaning
from mechanical ventilation.['?

Sniff nasal inspiratory pressure

The search for a method for the measurement
of inspiratory muscle strength that would overcome
the limitations of MIP, as well as being noninvasive
(avoiding the need for an esophageal balloon),
resulted in the proposal of measuring nasal
inspiratory pressure during a sniff.(® SNIP is

J Bras Pneumol. 2015;41(2):110-123

an acronym for sniff nasal inspiratory pressure.
SNIP measures the joint activity of the diaphragm
and other inspiratory muscles and accurately
reflects esophageal pressure (Pes), having the
advantage of being noninvasive.(>'® However,
the correlation between Pes and SNIP is reduced
when there is significant airway obstruction, which
occurs in asthma and COPD. Electromyographic
studies have shown that, during SNIP, there is
selective contraction of the muscles involved in
breathing, especially the inspiratory accessory
muscles, which demonstrates the specificity of
the test.('”

Although SNIP has a reasonable correlation
with MIP,® the former does not replace the latter
and should be used as an additional measure in
the assessment of inspiratory muscle strength,
because the use of only one test can overestimate
muscle weakness, whereas the use of both tests
reduces the rate of false-positive results for
respiratory muscle weakness by nearly 2000.(1%'9

Advantages

It uses pressure manometers, which are simple
and inexpensive equipment that also measures MIP;
it is easy to perform, because it is based on an
intuitive maneuver, which makes the measurement
more reproducible; and it has well-established
normal values, in different populations (lower
limit of normal of 60 cmH,0 for females and
70 ecmH,0 for males; Table 1).0-2%
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Disadvantages

1t depends on patient cooperation, it cannot
be used in mechanically ventilated patients, it
can underestimate values in patients with marked
airway obstruction, and it should be used with
caution in those with nasal obstruction.

How to measure

The maneuver can be performed in any body
position (the most common is sitting), because,
despite minor variations, changes in body position
do not result in significant changes in SN1P.?%
One nostril should be completely closed by a
nose plug to prevent pressure from leaking,
whereas the other nostril should be absolutely
patent. After a period of quiet breathing, the
maneuver begins with a fast deep inspiration
from FRC and the mouth closed. A firm verbal

+ 25s

A
Y

<—MIP

Figure 2 - Variation in inspiratory pressure during
measurement of MIP with a one-way valve. The highest
value usually occurs within 15 to 20 seconds.

13

command is needed, given that the maneuver
should be short (< 500 ms) and explosive so
that it causes the collapse of the unplugged
nostril. Ten maneuvers should be performed.
However, if there is a considerable increase in
the values obtained in the last maneuvers, up to
ten more maneuvers can be performed. Twenty
maneuvers are also necessary when the values of
the first ten maneuvers are below predicted values
and when inspiratory muscle weakness due to
exertion is suspected, such as in neuromuscular
diseases.®® The highest value recorded in this
series of maneuvers is used for analysis.

Clinical applicability

SNIP is very useful in assessing inspiratory
muscle strength and has high specificity!”
compared with MIP. In recent years, SNIP has
been used for diagnosis and monitoring of
muscle weakness in various pathologies in which
a deficit in inspiratory muscle strength is part
of the natural history of the disease, such as in
neuromuscular® and pulmonary® diseases.

Inspiratory mouth pressure

Inspiratory mouth pressure (Pm) is measured with
a pressure sensor attached to a mouthpiece (as in
the measurement of MIP) or to a tracheal tube.?”
1t is usually used in three clinical situations. First,
it is used as an indirect measure of Pes during a
sniff, when esophageal catheters are not available
or when esophageal catheter placement is not
possible. In this situation, a limitation of Pm is

Table 1 - Lower limits of normal for respiratory muscle strength tests.?

Method

Lower limit of normal

MIP (cmH,0)

MEP (cmH,0)

SNIP (cmH,0)

Sniff Pes (cmH,0)

Sniff Pdi (cmH,0)

Twitch Pes (cmH,0)

Twitch Pdi (cmH,0)

Twitch Pga (cmH,0)

Cough Pga (cmH,0)

Twitch Pga at T10 (cmH,0)

Diaphragm motion on US - breathing at rest (mm)
Diaphragm motion on US - deep breathing (mm)
Diaphragm thickening on US - breathing at rest (mm)
Rate of thickening during inspiration to TLC on US

60 (F) / 80 (M)
120 (F) / 150 (M)
60 (F) / 70 (M)
60 (F) / 70 (M)
70 (F) / 80 (M)
12 (Fand M)
20 (F and M)
16 (F and M)
95 (F) / 130 (M)
16 (F and M)
1
47
1.5
20%

F: female; M: male; SNIP: sniff nasal inspiratory pressure; Pes: esophageal pressure; Pdi: transdiaphragmatic pressure;
Pga; gastric pressure; and US: ultrasound. *Modified from Polkey & Moxham.".
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that, for patients, its measurement is more difficult
than that of SNIP.®) 1ts second use is in ascertaining
the correct placement of the esophageal catheter,
which is discussed later. Finally, Pm is also used
in the measurement of P which is the pressure
generated in the first 100 ms of an inspiratory
effort against a closed airway, and it correlates
better with the measurement of respiratory drive
than with the measurement of MIP.

Advantages

1t is a simple, noninvasive method, it can use
the same instruments used in the measurement
of MIP and SNIP, and it is an alternative method
in patients with contraindication to esophageal
catheters (esophageal varices or severe hypoxemia)
or in patients in whom an esophageal catheter
cannot be placed (intolerance to passage of
catheters or airway anatomical changes).

Disadvantages

For patients, measurements made through the
mouth are more difficult than nasal measurements,
and the former provide no additional advantages
over the latter. As occurs with MIP, Pm does not
differentiate between which respiratory muscle
is affected. In patients with severe expiratory
flow limitation and parenchymal disease, the
transmission of pressure along the airways may
be affected, and, in such cases, Pm may not be
an accurate measure of alveolar pressure.’) As
occurs with MIP, values can be affected by the
type of mouthpiece used.!"

How to measure

In the measurement of Pm, the cross-sectional
area of the mouthpiece should be wide enough
to prevent errors arising from the Bernoulli effect
(a reduction of the cross-sectional area of a
tube leads to an increase in the speed of the gas
flow and a decrease in pressure). In addition,
the compliance of the cheeks can distort the
measurement, and, to work around this limitation,
the cheeks need to be supported by both hands
during the measurement. In the measurement of
P, ,» the distal end of the mouthpiece should be
closed for verification of the correct positioning
of the esophageal balloon.?” Pm can be measured
nonvolitionally as well, by means of phrenic
nerve stimulation,?8-3% a topic that is discussed
further below.
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Clinical applicability

1t is mainly used as an indirect measure of Pes
during a sniff,(" in order to confirm inspiratory
muscle weakness®?; and for verifying the correct
positioning of the esophageal balloon (Figure
3) by using the Baydur test?”?"—see How fo
measure in the next item.

Transdiaphragmatic pressure

Transdiaphragmatic pressure (Pdi) is the
difference between gastric pressure (Pga) and
Pes (Pdi = Pga — Pes; Figure 4) and translates
the force generated by the diaphragm rather
than by the other respiratory muscles.

Advantages

The strength of the diaphragm, which is
the main inspiratory muscle, being responsible
for 60 to 70% of the tidal volume in normal
breathing, has well-established reference values
in volunteers of different groups (lower limit of
normal of 70 emH_0 for females and 80 cmH,0
for males during a sniff),®? as well as in patients
with different respiratory diseases (Table 1).633%

Disadvantages

1t is an invasive method, which depends on
passing catheters through the nose into the
distal esophagus and stomach and which uses
materials that are not readily available in most
public hospitals. 1t depends on an experienced
examiner for correct placement of the catheters.

How to measure

Pdi can be measured with air-filled latex
balloon catheters, fluid-filled catheters, or
microtransducer catheters.?>?® The use of
balloon catheters requires passing a catheter
into the esophagus and another one into the
stomach, although a catheter with two balloons,
which prevents the need for a second catheter,
has recently been placed on the market.®” The
microtransducer catheter makes Pes and Pga
measurements with only one catheter, as well as
having the advantage of being better tolerated
by patients and having a fast response time,
which ensures more accurate measurements in
fast maneuvers,®® such as measurements using
magnetic stimulation of the phrenic nerve.

http://dx.doi.org/10.1590/S1806-37132015000004474
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Figure 3 - Comparison between inspiratory mouth pressure (Pm) and inspiratory
esophageal pressure (Pes) during mouth occlusion (Baydur maneuver), for
ascertaining the correct location of the esophageal catheter. Note the good
correlation between the two measurements.

cmH,0 Esophageal pressure
cmH,0 Gastric pressure
cmH,0 Pdi
Transdiaphragmatic pressure
0:05:05 0:05:10 0:05:15 0:05:20 time

Figure 4 - Transdiaphragmatic pressure. The top
curve represents esophageal pressure, the middle curve
represents gastric pressure, and the bottom curve
represents transdiaphragmatic pressure (Pdi). In this
example, there are differences in the esophageal and
gastric pressure measurement range.

When using latex balloon catheters, which are
the most common ones, one catheter is placed
into the distal esophagus and one is placed into
the stomach. To ensure correct positioning, it
is necessary to observe the Pes and Pga curves.
This is easy because, during inspiration, Pes
becomes negative and Pga becomes positive,
in a mirror image (Figure 5). The final step to
ensure that the Pes detected by the balloon
catheter is correct is to compare it with the Pm

http://dx.doi.org/10.1590/S1806-37132015000004474

measured by using the closed mouthpiece. If
the esophageal positioning is correct, that is, if
it reflects pleural pressure well, the variation in
Pes will be at least 80% of the variation in Pm.
This confirmatory test is known as the Baydur
test®” and has been validated for different lung
volumes and postural positions.®"

Pdi can be measured during normal breathing
or during maximal inspiratory maneuvers, usually
during a sniff. In addition, Pdi can be measured
during magnetic stimulation of the phrenic nerve,
which is discussed in Non-volitional tests for
measuring inspiratory muscle strength (see
Electrical and magnetic phrenic nerve stimulation).

Clinical applicability

Because it is an invasive method that requires
complex equipment and is complex to perform, it
is used almost exclusively to determine respiratory
muscle strength.®% Its main use is to enable a more
representative measurement of diaphragm strength,
especially in patients with airway obstruction,
in whom Pes would not be accurately reflected
by Pm or by SNIP.G1®

Non-volitional tests for measuring
inspiratory muscle strength

Electrical and magnetic phrenic nerve
stimulation

The use of non-volitional tests for measuring
inspiratory muscle strength is recommended

J Bras Pneumol. 2015;41(2):110-123
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Figure 5 - Example of simultaneous recording of esophageal and gastric pressures during
forced inspiration. Note that as esophageal pressure becomes more negative, gastric pressure
becomes positive, creating a mirror image of the two curves.

when patients have difficulty understanding or
performing the maneuvers, generating low values
during the volitional maneuvers (M1P, SNIP, or
Pm); or when there is considerable variation in
the measurements, which is probably secondary
to different levels of effort. To obtain maximal
involuntary inspiratory contraction, there are two
possible methods that yield similar results: electrical
stimulation or magnetic (twitch) stimulation of the
phrenic nerve. Both are based on stimulating the
cervical phrenic nerve, which is superficial (Figure
6). Electrical stimulation is painful, and there are
reports of it inducing convulsion; however, it is
more specific for diaphragm stimulation than
is magnetic stimulation.®® Magnetic phrenic
nerve stimulation causes minimal discomfort,
which is well tolerated by most patients.“? Tts
principle is to create a magnetic field in the
cervical region by placing small coils over this
region. Pdi values are similar with magnetic and
electrical stimulation.“” Since magnetic phrenic
nerve stimulation provides greater safety and
comfort, its use has surpassed that of electrical
stimulation.

Advantages

It allows the measurement of inspiratory muscle
strength, irrespective of patient cooperation
or understanding. The reason for it is that the
diaphragm is innervated exclusively by the
phrenic nerve, and this enables overall muscle
stimulation. Magnetic stimulation easily penetrates
tissues and bones, preferentially activating larger
neural fibers rather than smaller fibers, which
are responsible for mediating pain.*" There are

J Bras Pneumol. 2015;41(2):110-123

Figure 6 - Phrenic nerve magnetic stimulation coil
placed on the anterior cervical area of a volunteer.

well defined Pdi values after bilateral cervical
magnetic stimulation (lower limit of normal of
20 cmH,0 for females and males).“”

Disadvantages

Since the magnetic field can stimulate other
cervical nerves and muscles, its use is usually
less specific for the measurement of diaphragm
strength than is that of electrical stimulation,
although this difference does not appear to be
clinically relevant.®>49 Another disadvantage
is that magnetic stimulation equipment is not
readily available and is costly.

How to measure

The device consists of a base with a capacitor
connected to a coil that is placed over the site to
be stimulated. The type of coil has considerable

http://dx.doi.org/10.1590/S1806-37132015000004474
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influence on the intensity and form of the magnetic
field generated. Initially, the most widely used
coil was the 90-mm circular coil placed on
the posterior cervical area at the level of the
seventh cervical vertebra. This coil, however,
created a larger magnetic field and ended up
stimulating other neural fibers in the neck and
upper intercostal muscles. The coil currently in
use is the 45-mm figure-of-eight coil, which
creates a field more focused on the phrenic nerve
when it is placed over the posterior edge of the
sternocleidomastoid muscle at the level of the
cricoid cartilage. With one figure-of-eight coil,
it is possible to measure the force generated by
one hemidiaphragm alone, and with two coils
activated simultaneously, it is possible to measure
the force generated by both hemidiaphragms
together.?**#9 The measurements most commonly
made using magnetic phrenic nerve stimulation are
those of Pdi and Pm. Although the measurement
of Pm is noninvasive, it depends on the glottis
remaining open after magnetic stimulation, and
this may result in considerably underestimated
values in patients with increased airway resistance
and severe parenchymal disease. A disadvantage
of measuring Pdi is the need for insertion of
esophageal and gastric catheters.

Clinical applicability

1t is used mainly in research and clinical
settings when one wants to avoid variability
related to patient cooperation or when patients
cannot cooperate properly, such as mechanically
ventilated patients or those who cannot understand
or perform the requested maneuvers.

Diaphragm ultrasound

In recent years, there has been a great increase
in interest in the use of ultrasound to assess the
diaphragm.”? The literature has demonstrated that
diaphragm ultrasound is a useful tool for bedside
assessment, because it is noninvasive and radiation-
free, it is readily available in hospitals, and it
allows repeated assessments. Diaphragm ultrasound
has accuracy similar to that of fluoroscopy for
assessment of diaphragm motion.”*? There have
been some recent articles in different publications
discussing the use of ultrasound for assessment
of diaphragm function in mechanically ventilated
patients, especially for predicting extubation
failure,*¥ and for diagnosis and monitoring of

http://dx.doi.org/10.1590/S1806-37132015000004474
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inadvertent injury occurring during surgery.“”
There have also been articles discussing the use
of ultrasound for diagnosis and monitoring of
diaphragm paralysis in outpatients.647

Advantages

1t is a noninvasive, radiation-free method; it
can be repeated several times over a short period
of time; it uses a basically configured ultrasound
system, which is a piece of equipment that has
become common in hospitals and clinics; and
the learning time is not long. Finally, normal
values for diaphragm thickening and motion are
well established (Table 1). For males and females,
diaphragm motion during quiet breathing should
be at least 11 mm, and during deep breathing, it
should be at least 47 mm. For males and females,
diaphragm thickening after inspiration to TLC
should be at least 1.5% or 200,“8-50

Disadvantages

It is an operator-dependent method, and,
in obese patients with abdominal distention or
extensive dressings, it can be difficult to obtain
good quality images. Diaphragm motion is affected
by abdominal pressure and contents, and this
decreases the relationship between diaphragm
motion and variation in lung volume during the
maneuvers, thus requiring the concomitant use
of a pneumotachograph.

How to measure

The use of ultrasound allows us to measure
diaphragm dome motion and diaphragm thickness
in the zone of apposition to the rib cage (Figure
7A and B). Diaphragm dome motion is measured
with a (cardiac or convex) low-frequency (3-5
MHz) transducer, which is held against the highest
point of the diaphragm (the diaphragm dome).
Depending on the method used, the transducer
can be placed in the transverse® or longitudinal“®
direction in the subcostal region, the reference
being the point between the midclavicular
and anterior axillary lines. The diaphragm is
visualized in B-mode, and diaphragm excursion is
measured in M-mode, which reduces interobserver
variability.®" 1t is important to assess motion not
only during normal breathing but also during
fast and slow deep inspiration. Assessing motion
during a sniff is useful because it enhances
the detection of paradoxical motion of the
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diaphragm, which may not occur during normal
breathing. Motion measurement of the right
and left hemidiaphragms yields equal values,
but measurement on the right is easier because
of the presence of the liver, which creates an
acoustic window (Figure 7A).

Diaphragm thickening is measured with a
high-frequency (7-10 MHz) transducer placed
in the zone of apposition of the diaphragm to
the midaxillary line. Diaphragm thickness is the
distance between the two hyperechogenic lines
representing its borders (Figure 7B). This thickness
is usually measured at FRC and also at TLC after
a maximal inspiration.®® Diaphragm thickening
should increase by at least 20% at TLC when
compared with the value obtained at FRC.

Clinical applicability

Diaphragm ultrasound can be used at the
bedside or in an outpatient setting. 1t allows the
assessment of two useful fundamental parameters:
diaphragm motion and diaphragm thickness. In
addition, it can be performed in different body
positions. The respiratory diseases about which
there exist the largest number of studies with
the use of diaphragm ultrasound are COPD and
diaphragm paralysis, and there are studies with
the use of diaphragm ultrasound in weaning
from mechanical ventilation.“74®)

®
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Volitional tests for measuring
expiratory muscle strength

Maximal expiratory pressure

Maximal expiratory pressure (MEP) is the most
widely used measure of expiratory muscle strength
in critically ill patients and in outpatients.®

Advantages

1t is simple and rapid to perform; it uses
low-cost, low-complexity equipment (the same used
for measuring MIP); and it has well-established
reference values (lower limit of normal of 120
cmH_ 0 for females and 150 cmH, O for males;
Table 1).62

Disadvantages

1t depends on patient cooperation and on
the coordination between the patient and the
examiner, as well as having low accuracy for
predicting cough capacity. 1t has a high rate
of false-positive results for expiratory muscle
weakness because it can overestimate the number
of patients with expiratory muscle weakness, given
that Tow values are caused by submaximal efforts
or air leaks around the mouthpiece, which is
common in patients with facial muscle weakness.

Liver

Figure 7 - Ultrasound imaging of the diaphragm. In A, an ultrasound scan for assessment
of diaphragm motion. The top image is a B-mode image, and the gray arrow indicates the
diaphragm, which is seen as a more echogenic line. The bottom image is the top image
in M-mode and serves to measure diaphragm excursion (distances between A-A and B-B
points) during breathing at rest. In A, diaphragm motion was 19.5 and 18.1 mm and
was, therefore, normal. In B, an ultrasound scan for assessment of diaphragm thickening.
The top image is a B-mode image, and the white arrow indicated the diaphragm, which
is seen as a more echogenic line. The bottom image is the top image in M-mode and
serves to measure diaphragm thickening during inspiration (A-A points) and the next
expiration (B-B points). In B, diaphragm thickening was 1.3 mm and was, therefore,

slightly below normal.
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How to measure

MEP is measured with a pressure manometer.
Measurements are usually made with patients in
a sitting position and with a nose clip, although
the use of a nose clip is not necessary. MEP can
be measured from TLC or from FRC. Patients
perform a maximal expiratory effort and sustain
it for 1 to 2 seconds. The maneuver should be
repeated 3 to 8 times, and the highest value
recorded is used for analysis. Since there is a
direct relationship between lung volume and
expiratory muscle strength,®" measurements
from TLC yield higher values than those obtained
from measurements from FRC.

Clinical applicability

1ts major use is in assessing cough strength,
given that one of the phases of cough is explosive
expiration and expiratory muscle weakness
correlates with respiratory infections® and
extubation failure.®¥

Cough gastric pressure

Measuring Pga during a cough is a useful
additional test in the assessment of expiratory
muscle weakness, because abdominal muscles are
the primary muscles responsible for expiratory
flow.

Advantages

1t has well-established reference values (lower
limit of normal of 95 cmH 0 for females and 130
cmH,0 for males; Table 1), and its specificity is
greater than that of MEP. Therefore, the negative
predictive value of cough Pga is higher than
that of MEP alone. A previous study showed
that 429% of patients with reduced MEP actually
had normal cough Pga values.®”

Disadvantages

1ts main disadvantage is that it is an invasive
method that requires the insertion of a catheter
with a pressure sensor into the stomach.

How to measure Pga is typically measured with
a catheter, following the same recommendations
as those already described for the measurement of
Pdi (see Transdiaphragmatic pressure). Patients
in a sitting position are instructed to inhale
to TLC and then cough with maximum force,
repeating the maneuver at 30-second intervals
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until the values stop increasing. Typically, up
to six maneuvers are necessary.®?

Clinical applicability

It is used to rule out expiratory muscle
weakness, especially in patients suspected of having
reduced cough strength due to expiratory pump
impairment, such as patients with neuromuscular
disease and critically ill patients immediately
before or after extubation.

Non-volitional tests for measuring
expiratory muscle strength

Gastric pressure after magnetic
stimulation of the anterior abdominal
wall muscles

In uncooperative patients, expiratory muscle
strength can be assessed by measuring Pga after
neural magnetic stimulation of the abdominal wall
muscles.®**57) Magnetic stimulation is produced
by placing a circular coil over the dorsal spine, at
the level of the eighth to tenth thoracic vertebra
(T8 to T10).652

Advantages
Values are independent of patient cooperation.
Disadvantages

This measurement is invasive because it requires
passage of a catheter into the stomach, and there
exists only one study that reported reference
values, in a small sample of individuals (lower
limit of normal of 10 cmH,O for females and
males; Table 1).0®

How to measure

This measurement can be made with a balloon
catheter or a microtransducer catheter placed into
the stomach. To ensure the correct positioning
of the catheter, it is necessary to observe the
pressure curve, which, during inspiration, should
have positive values (Figure 4). Another means to
ensure correct positioning in the stomach is to
employ manual compression of the epigastrium
and observe an increase in Pga. When the catheter
is correctly positioned in the stomach, magnetic
stimulation is performed over the dorsal spine,
between T8 and T10, and the pressure variation
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is recorded. Approximately 5 measurements are
performed at intervals of at least 30 seconds to
avoid muscle potentiation.

Clinical applicability

This measurement is used to confirm possible
expiratory muscle weakness,*>* especially in
individuals with difficulty performing volitional
tests intended to assess cough strength, such as
patients with neuromuscular disease and critically
ill patients.

Electromyography

Electromyography is the study of muscle activity
based on analysis of electromyographic signals,
which are electrical manifestations generated
during voluntary or stimulated contractions. It
can performed with electrodes attached to the
skin (surface electromyography)® or with fine
needles inserted into the surface of the muscle
that is assessed (needle electromyography).606"
In the case of respiratory muscles, there is a
third option, which is the use of esophageal
electrode catheters to perform crural diaphragm
electromyography. 6%

Advantages

Surface electromyography is a noninvasive,
easy-to-use method, being quite useful for
continuous monitoring. 1t is extremely sensitive
for detecting muscle contractions.® Needle
electromyography is minimally invasive and
mildly painful.

Disadvantages

The major problem in performing surface
electromyography is interference from the
activity of other muscle groups (cross-talk).
Because electromyography is highly sensitive,
it is often difficult to isolate the activity of only
one muscle group. Another disadvantage is the
limited standardization for analysis of the signal,
which can be interpreted visually through its
amplitude and duration components or through
a numerical value obtained by squaring the signal
amplitude and subsequently extracting the root
square of the result (root mean square value).
Diaphragm electromyography with esophageal
catheters is invasive and depends on materials
and skills that are highly specific and are still not
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readily available, although there is a mechanical
ventilation apparatus available on the market that
has a ventilation mode based on the acquisition
of esophageal electromyography signals (the
Neurally Adjusted Ventilatory Assist [NAVA]
mode of ventilation of the Servo ventilators;
Maquet, Sweden). In this apparatus, esophageal
electromyography monitoring can be performed
even with the patient off the ventilator. Finally,
there are no population reference values, which
makes it difficult to use this measurement as an
index of diagnosis of muscle weakness.

How to measure

The received signals are amplified and filtered,
and this can be adjusted and will depend on the
characteristics of the acquired signal. The most
commonly employed method is electromyography
with electrodes over the muscle, after the region
has been thoroughly cleaned to improve the
transmission of the electrical signal.®® 1t is also
possible to use needles inserted intramuscularly,
thereby obtaining a signal that is less noisy and
more representative of a particular muscle activity.
In obese individuals, needle electromyography
of the abdominal muscles has a more significant
result than that obtained with surface electrode
electromyography. Often, needle insertion is
ultrasound guided in order to prevent bleeding
or perforation of other organs.®¢" Finally, it is also
possible to use esophageal electromyography, in
which one seeks to study the activity of the crural
diaphragm by positioning the electrodes 1 to 3
cm above the esophageal-gastric junction. 263

Clinical applicability

Electromyography is a reliable method for
continuous monitoring, especially of certain
respiratory muscles, such as abdominal expiratory
muscles and inspiratory accessory muscles, provided
that care is taken in the technical preparation. Its
major use is in monitoring the same individual
continuously, because absolute values do not
allow comparisons between individuals. Surface
electromyography is used for qualitative assessment
of recruitment of inspiratory accessory muscles
and abdominal expiratory muscles. When
this assessment needs to be more specific or
quantitative (usually for research purposes), the
method used is needle electromyography. In
addition to being used for research purposes,
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diaphragm electromyography is used as a guide
in the NAVA mode of ventilation.

Final considerations

Respiratory muscle impairment is present not
only in respiratory diseases but also in various
other diseases, and its proper assessment depends
on the use of appropriate tests. Noninvasive
volitional tests are still the most commonly used
tests in clinical practice, because they are more
widely known and because of their ease of use
in different centers. However, patients highly
suspected of having ventilatory muscle weakness
and with difficulty understanding these tests
should undergo additional assessment with more
invasive, non-volitional tests, although they are
not readily available and, to date, they have been
mostly used in research centers.
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