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Abstract

Weaning is a critical stage of an intensive care unit (ICU) stay, in which the respiratory muscles play a
major role. Weakness of the respiratory muscles, which is associated with significant morbidity in the ICU,
is not limited to atrophy and subsequent dysfunction of the diaphragm; the extradiaphragmatic inspiratory
and expiratory muscles also play important parts. In addition to the well-established deleterious effect of
mechanical ventilation on the respiratory muscles, other risk factors such as sepsis may be involved.
Weakness of the respiratory muscles can be suspected visually in a patient with paradoxical movement of
the abdominal compartment. Measurement of maximal inspiratory pressure is the simplest way to assess
respiratory muscle function, but it does not specifically take the diaphragm into account. A cut-off value of
—30 cmH;0 could identify patients at risk for prolonged ventilatory weaning; however, ultrasound may be
better for assessing respiratory muscle function in the ICU. Although diaphragm dysfunction has been
associated with weaning failure, this diagnosis should not discourage clinicians from performing
spontaneous breathing trials and considering extubation. Recent therapeutic developments aimed at
preserving or restoring respiratory muscle function are promising.

Introduction

Weaning from mechanical ventilation is a critical step for many patients in an intensive care unit (ICU).
The transition from positive pressure ventilation toward spontaneous breathing is driven by the
(re)contraction of the respiratory muscles, which is frequently altered by several risk factors related to the
ICU stay. Among them, ventilator-induced respiratory muscle unloading is well established in animal and
human studies and is defined by a loss in their capacity to generate pressure [1-5]. The result is in an
imbalance between the respiratory load and reduced muscle capacity, which plays an important role in
prompt and safe separation from the ventilator. The respiratory pump is indeed crucial to maintain
spontaneous breathing without ventilatory assistance. For a long time, a great deal of attention has been
focused on the diaphragm and the development of diaphragm dysfunction in the context of weaning
failure. Nevertheless, respiratory muscle weakness is not limited to the atrophy and subsequent dysfunction
of the diaphragm; extradiaphragmatic inspiratory and expiratory muscles also play an important role, as
demonstrated in several physiological studies [6]. Other studies suggest that respiratory muscle weakness
has distinct characteristics as compared to the ICU-acquired weakness that concerns limb muscles and
affects up to 25% of patients who are under mechanical ventilation for more than 7 days [7]. There is an
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overlap between the two diseases, but they have different risk factors and do not lead to the same
outcomes. ICU-acquired weakness is associated with long-term mortality after the ICU, whereas respiratory
muscle weakness is associated with weaning failure but not with mortality in patients who are successfully
separated from the ventilator [8]. Exploring respiratory muscle function is challenging in the ICU, but
detecting patients at risk of respiratory muscle weakness is important to optimise safe separation from the
ventilator. Developing strategies to preserve or restore respiratory muscle function in these patients is also
an important goal for which recent developments have shown promising findings. Therefore, the aims of
this review are to describe the anatomy and physiology of respiratory muscle weakness during weaning
failure and then to discuss the most accessible evaluation tools and therapeutic strategies to facilitate
separation from the ventilator.

Anatomy and physiology of respiratory muscles

Several respiratory muscles are involved in the generation of breathing (see figure 1). The
extradiaphragmatic inspiratory muscles support the diaphragm to maintain adequate ventilation, but each
muscle has other specific tasks. The alae nasi and genioglossus maintain upper airway patency [9-11], the
parasternal intercostal muscles stabilise the chest wall and facilitate rotation of the trunk [12], while the
scalene and sternocleidomastoid muscles are involved in the rotation of the head and flexion of the neck.
The external intercostals in the dorsal portion and the intercartilaginous portion of the internal intercostals
(so-called parasternal intercostals), as well as the scalene muscles, induce rib cage expansion during
inspiration. Expiratory muscles are also involved in breathing, notably during the expiratory phase. The
abdominal muscles located in the ventrolateral wall of the abdomen include the rectus abdominis,
transversus abdominis, internal oblique and external oblique muscles. They have a postural function as
well as an important role in breathing and coughing. The abdominal muscles have a basic tone during
quiet breathing in sitting or standing positions that enhances diaphragmatic force and optimises its length—
tension relationship to generate pressure [13]. They also enhance diaphragmatic activity when ventilatory
loads or minute ventilation are increased via phasic expiratory activity [14, 15]. The expulsive expiratory
efforts developed by the contraction of the abdominal muscles generate coughing and the elimination of
secretions [16]. The transversus abdominis appears to be the main contributor in generating abdominal
expiratory pressure during progressive expiratory efforts whereas the external oblique is preferentially
involved during trunk rotation [17].

The diaphragm, which is frequently presented as the main inspiratory muscle, is dome-shaped, composed
of a thin musculotendinous membrane and serves to separate the thorax from the abdominal cavity. From a
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FIGURE 1 The respiratory muscles involved in the generation of respiration. Figure created using BioRender.
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tendinous centre, striated muscle fibres radiate to the anterior sternal and intercostal insertions and posterior
spinal insertions. The diaphragm is innervated by left and right phrenic nerves originating mainly from the
C4 cervical plexus and descending along the mediastinum dividing into muscle nerve endings. Clinically,
phrenic afferents irritation translates as referred neck and shoulder pain (C3—C5 sensory territory) [18]. As
a muscle, the function of the diaphragm is to shorten and to generate a force, which is evaluated in vivo as
its capacity to generate a pressure. The diaphragm is one of the two muscles with the myocardium whose
activity is not supposed to stop and even partial rest can have important consequences. The forced rest
induced by mechanical ventilation induces diaphragmatic atrophy that is not observed in other muscles
such as the pectoral or lateral dorsal muscles [19, 20]. The contraction of the diaphragm decreases the
intra-thoracic pressure and allows inspiratory flow; concomitantly, the diaphragm lowers and compresses
the abdominal content. The resultant transdiaphragmatic pressure is the sum of the absolute changes in
gastric and oesophageal pressures during breathing and is a physiological indicator of the contribution of
the diaphragm in the inspiratory effort [21]. Indeed, the diaphragm is the only muscle that simultaneously
increases gastric pressure (reflecting the abdominal pressure) and decreases oesophageal pressure
(reflecting the intra-thoracic pressure) [22]. Transdiaphragmatic pressure can be useful for monitoring
patients who are difficult to wean from mechanical ventilation [23]. Transdiaphragmatic pressure can also
be measured during a nonvoluntary effort and in a standardised way by using bilateral anterior magnetic
phrenic nerves stimulation (BAMPS) at the cervical level [21, 24, 25]. This technique provides
supramaximal phrenic stimulation, leading to the depolarisation of a maximal number of phrenic nerve
fibres. In turn, it induces a contraction of the diaphragm and a generation of pressure that can be measured.
While measuring the transdiaphragmatic pressure with BAMPS is certainly meaningful [21], it requires
oesophageal and gastric balloons.

Pathophysiology

The pathophysiological pathway leading to respiratory muscle weakness has been largely investigated in
studies focusing on the diaphragm [27]. At the muscular level, the contractile dysfunction of respiratory
muscles is linked to two main mechanisms that can be associated with 1) the loss of muscle mass
(atrophy), which is the result of an imbalance between protein synthesis and degradation, and 2) contractile
protein dysfunction. Evidence of extradiaphragmatic muscle weakness is scarce. Most studies have
investigated expiratory muscle function by measuring the maximal expiratory pressure (MEP) and found
lower values of MEP in patients with weaning failure as compared to values obtained in healthy subjects
[28-31]. Others used ultrasound to quantify the atrophy of abdominal muscles [17, 32]. In a study of 77
patients in whom abdominal muscles were serially studied with ultrasound, 22% of them developed
atrophy whereas an increase in diaphragm thickness was found in 12%. This increase was attributed to the
increased thickness of the interparietal fasciae. Changes in expiratory muscle thickness were not associated
with changes in diaphragm thickness, indicating that different muscles of the respiratory pump may
respond differently to mechanical ventilation and causative disease [32]. It is not clear whether expiratory
muscle weakness has the same risk factors as diaphragm weakness and further studies are required in order
to shed light on this matter. While not being a comprehensive list, the following sections outline some
important risk factors of respiratory muscle weakness that are particularly related to mechanical ventilation.

Excessive diaphragm unloading (ventilator-induced diaphragm dysfunction)

Animal models established that controlled mechanical ventilation induces an alteration of the contractile
properties of the diaphragm as a function of time [33-35], leading to the concept of ventilation-induced
diaphragmatic dysfunction [36]. The term “dysfunction” is related to the presence of diaphragmatic muscle
fibre atrophy as well as a decrease in the force generated by the contraction of these fibres [35] and to
structural alterations at the level of the muscle fibre such as a decrease in resistance to oxidative stress, an
increase in proteolysis and a decrease in protein synthesis. Confirming these findings in humans has been a
challenging task as, in the ICU, several risk factors — in addition to controlled mechanical ventilation — are
likely to contribute. Studies have strongly suggested that mechanical ventilation induces diaphragm
dysfunction but there is no direct evidence. A first observation of diaphragm atrophy was reported in
children exposed to mechanical ventilation for at least 12 days [37] and, later, a landmark study confirmed
these findings in brain dead patients ventilated for between 18 h and 69 h [19]. The control population of
the latter study, composed of scheduled thoracic surgery patients ventilated for less than 3 h, did not show
pathological histological lesions of the muscle fibres. These lesions were also not found in pectoral muscle
fibres. This same dissociation in histological damage was observed between the diaphragm and the lateral
dorsal muscle [20] and contributes to the greater sensitivity of the diaphragm as compared to the other
muscles to inactivity caused by mechanical ventilation. Using an ultrasound approach, it has been shown
that the thickness of the diaphragm decreases progressively over time [38] and that this decline is greater as
the duration of mechanical ventilation increases [39—41]. The severity of diaphragmatic atrophy seems to
be modulated by the level of the inspiratory effort [39]; the lower the effort, the greater the atrophy. Such
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findings encourage maintaining an “appropriate” level of diaphragmatic activity in patients under
mechanical ventilation, but the quantification of inspiratory effort level is challenging without sophisticated
tools [22].

Insufficient diaphragm loading

Several studies have reported that exertion can injure limb muscles [42]. It is likely that the same
mechanisms occur in the diaphragm in cases of the intense inspiratory efforts which are frequently
encountered in patients with de novo hypoxemic acute respiratory failure [43]. While this conceptual
reasoning sounds reasonable, clear evidence in ICU patients is lacking. Diaphragm biopsies were obtained
in patients scheduled for thoracic surgery. Signs of diaphragm injury were reported in those who were
exposed to inspiratory muscle loading prior to surgery [43]. In natural conditions, diaphragmatic
dysfunction has been observed in pregnant patients who, during delivery, make intense and repeated
diaphragmatic contractions [44]; in extreme cases, diaphragmatic ruptures have been observed [45].
Whether intense respiratory efforts could indeed induce diaphragm injury in patients with acute respiratory
failure and whether this potential muscle injury could be translated into diaphragm dysfunction is not
established. Under mechanical ventilation, it has been suggested that patient—ventilator asynchronies
inducing inappropriate efforts may be involved in the development or persistence of diaphragmatic
dysfunction [46], even if it is possible that the asynchronies are the result of the said dysfunction [47].
Two asynchronies can lead to excessive ventilation with the risk of dynamic hyperinflation that can alter
the structure of the diaphragm; these are auto-triggers and double triggers [48]. These data encourage the
detection of these asynchronies, which are also associated with an increase in the duration of mechanical
ventilation [49] and mortality [47]. Overall, these elements suggest that inappropriate (over)activity of the
diaphragm is deleterious, although it remains challenging to tailor ventilatory support according to the
patient’s needs.

Sepsis

Sepsis is a well-established risk factor of diaphragm dysfunction. In animals, sepsis decreases the
contractile force of the diaphragm [50] without atrophy [51]. In humans, it has been shown that sepsis is
an independent factor of diaphragmatic dysfunction a few hours after initiation of mechanical ventilation [2].
Interestingly, sepsis may behave as a transient risk factor inducing a reversible diaphragm dysfunction.
Indeed, a study showed that septic patients were associated with a more severe but reversible impaired
diaphragm function as compared to nonseptic patients and that an increase in diaphragm function was
associated with a better survival rate [52].

Diagnosis of respiratory muscle weakness

In ICU patients, respiratory muscle weakness can be the consequence of any pathological process
occurring between the respiratory centres and the muscles [35, 53]. It is therefore important to pay attention
to sedation, which can reduce the respiratory drive before evaluating respiratory muscle function [54].
Likewise, phrenic nerve injury can also be involved but the diagnostic is not straightforward as it relies on
electromyogram [24]. A pragmatic approach to the diagnostic management of respiratory muscle weakness is
presented in figure 2. Respiratory muscle weakness can be visually suspected in a patient presenting a
paradoxical movement of the abdominal compartment. This sign is present in cases of severe diaphragm
dysfunction and reflects a passive movement of the muscle, which is attracted by the negative intrathoracic
pressure generated by the contraction of the extradiaphragmatic respiratory muscles.

Pressure-based diagnosis

The measurement of maximal inspiratory pressure (MIP) is probably the easiest way to assess respiratory
muscle function. However, it is important to note that MIP assesses the global respiratory muscle function
and not specifically the diaphragm. MIP is measured at the mouth (or endotracheal tube or tracheostomy)
during a maximal static inspiratory effort. This manoeuvre is not easy to perform in ICU patients because
it requires the full cooperation of the patient. However, in mechanically ventilated patients, it is possible to
obtain equivalent information using a unidirectional valve positioned at the tip of the endotracheal tube
allowing the patient to perform successively increasing inspiratory efforts to obtain an effort comparable to
a maximal inspiratory effort at a lung volume close to the residual volume [26, 55]. A threshold of MIP of
—30 cmH,0 seems relevant to classify patients having respiratory muscle weakness [6] and importantly
this threshold is associated with outcomes [8, 56].

Ultrasonography-based diagnosis

Ultrasound is an increasingly popular and available tool for assessing respiratory muscle function,
particularly the diaphragm, in the ICU [57]. When the diaphragm contracts, it lowers toward the abdominal
compartment and thickens, allowing its visualisation. Thus, the immediate availability, direct visualisation
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FIGURE 2 Pragmatic approach for the diagnostic management of respiratory muscle weakness. SV: spontaneous ventilation; TEE: thickness at end
expiration; TEI: thickness at end inspiration; US: ultrasound. Figure created using BioRender.

and noninvasive approach of ultrasound are appreciated at the bedside. The diaphragm is located between
the peritoneal and pleural layers and appears hyperechoic. The observation of an echogenic sheet floating
between the peritoneal and pleural layers is possible in the majority of subjects and testifies to the good
localisation of the diaphragm. Ultrasound offers two main descriptive approaches of diaphragm function
[58]. The subcostal approach evaluates the motion of the diaphragmatic dome through the abdominal
approach. It is necessary to use a low-frequency abdominal or cardiac probe and position it under the right
costal margin, perpendicular to the midclavicular line and directed toward the liver. The diaphragm then
appears as a hyperechoic line diametrically opposite the probe and surrounding the liver. The motion (also
called excursion) of the dome of the diaphragm during inspiration can be quantified to assess diaphragm
function, but only during nonassisted breathing; otherwise, the downward displacement of the diaphragm
may reflect passive insufflation of the chest by the ventilator. Diaphragm excursion <1 cm during resting
unsupported breathing is diagnostic for diaphragm dysfunction. To assess thickening, the diaphragm is
examined on its zone of apposition to the rib cage. In this location, ultrasound can measure end-expiratory
and peak-inspiratory diaphragm thickness. Diaphragm thickening fraction is computed as the fractional
increase in diaphragm thickness during inspiration. Thickening fraction is moderately correlated with
transdiaphragmatic pressure in some studies [57, 59, 60] and poorly if not correlated in others [61, 62].
Thickening fraction is also correlated with the twitch pressure generated by BAMPS (r=0.87), provided
that patients trigger the ventilator. A thickening fraction below 20% has been proposed as a diagnostic
threshold of diaphragm dysfunction but caution is needed when using ultrasound to estimate diaphragm
function as the reliability of measurements varies a great deal [57]. A recent group of experts proposed a
consensus statement on diaphragm ultrasound methodology and, notably, they recommended using 40
examinations as minimum training before using diaphragm ultrasonography in clinical practice [63].
Ultrasound remains dependent on the acquisition conditions and the operator despite frequent good
inter-observer reproducibility [59]. The subcostal approach is the easiest to perform in practice, notably
because of the centimetre scale of measurement, whereas the intercostal approach is at the millimetre scale
and is rather reserved for research [64, 65]. Ultrasound measurements have also been used to assess muscle
structure, activity and function of the abdominal muscles [14, 66, 67]. Ultrasound measurement of
abdominal muscle thickness has been shown to be highly reproducible, with low coefficients of variation
to assess changes in muscle thickness for either the lateral abdominal muscles or the rectus abdominis
[17]. This is also true in critically ill patients on mechanical ventilation [32]. It is also possible to measure
the stiffness of the diaphragm [68], which may be interesting in order to analyse the structure of the
muscle [69]. A new ultrasound-based medical device for continuous diaphragm monitoring quantifies
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diaphragm excursion in a manner similar to standard ultrasound and changes in diaphragm excursion align
with simultaneously measured transdiaphragmatic pressure [70]. In addition, this device could reliably
predict weaning failure [70]. A multicentre, multinational, prospective single-arm blinded study to validate
this device is in progress (clinicaltrials.gov identifier: NCT04696406).

Weaning from mechanical ventilation and respiratory muscle weakness

Weaning failure results from an imbalance between the loads that are applied against the capacity of the
respiratory system. On one side, loads are typically related to cardiogenic pulmonary oedema, atelectasis,
intrinsic positive end-expiratory pressure and chest wall disease. On the other side, the respiratory drive
and muscles manage to overcome the respiratory loads. Diaphragm dysfunction is frequently associated
with weaning failure, which is present in 63% of patients ready to undergo their first spontaneous
breathing trial [71]. However, it must be stressed that weaning-induced pulmonary oedema has been shown
to be as frequent as diaphragm dysfunction [72]. On the one hand, diaphragm dysfunction reduces the rise
in thoraco-abdominal gradient that could potentially decrease the risk of cardiogenic pulmonary oedema
[73]. On the other hand, the respiratory distress that occurs during a failed spontaneous breathing trial
involves large negative swings in pleural pressure that influence cardiac performance by increasing the
venous return and left ventricular afterload. A study showed that diaphragm dysfunction and cardiogenic
pulmonary oedema are frequent, both individually and combined [73]. Therefore, in the case of weaning
failure, it is important to first rule out cardiogenic pulmonary oedema, which is easy to diagnose and treat
before exploring the respiratory muscle function. In patients equipped with oesophageal and gastric
balloons undergoing a spontaneous breathing trial, diaphragm dysfunction can be documented by a
negative gastric pressure associated and with a reduced transdiaphragmatic pressure [74]. Diaphragm
dysfunction is confirmed by BAMPS when the endotracheal pressure generating capacity is not higher than
—11 cmH,0 [71, 75, 76]. The measurement of MIP is easier to implement. An MIP value of —30 cmH,O
corresponded to the value below which patients were successfully weaned, whereas MIP values less
negative than —20 cmH,O were associated with weaning failure [77]; the cut-off value of —30 cmH,O also
differentiated patients with prolonged ventilatory weaning from others [6]. High values for MIP rule out
clinically significant weakness, but low values are common and may also reflect poor technique or
insufficient effort [78]. Interestingly, one study showed that diaphragm dysfunction assessed by ultrasound
performed in patients who had successfully passed a spontaneous breathing trial was not associated with
an increased risk of extubation failure [64]. This is an interesting finding that suggests that diaphragm
function may be a determinant of the success of spontaneous breathing trial but not of extubation.
Likewise, another study reported that diaphragm function is not associated with long-term survival in
patients who were successfully separated from the ventilator [79]. It is also possible to use a combined
approach of respiratory muscle ultrasound to predict weaning outcome. In patients who successfully passed
the spontaneous breathing trial and who were extubated, ultrasound of the respiratory muscles (diaphragm
and intercostal muscle) measured within 2 h of extubation predicted subsequent extubation failure [80]. A
diaphragm thickening fraction value greater than 25-35% predicts successful weaning [81, 82], whereas an
excursion of diaphragm measurement greater than 1 cm is associated with a successful spontaneous
ventilation test [71]. While diaphragm dysfunction has been associated with weaning failure, the diagnosis
of diaphragm dysfunction should not discourage clinicians from performing spontaneous breathing trials
and considering extubation. Thus, some patients with respiratory muscle weakness and especially
diaphragmatic dysfunction can ultimately be successfully separated from the ventilator [71, 75]. Abdominal
muscles contribute to the total respiratory muscle effort in patients who have failed a weaning trial [15].
Therefore, attention to abdominal muscles during weaning may be useful. Among patients who undergo a
spontaneous breathing trial, reduced abdominal muscle thickening during coughing was associated with
extubation failure [83].

Treatment of respiratory muscle dysfunction
Preventive and curative interventions to manage respiratory muscle weakness in the ICU are shown in
figure 3.

Preventive approach

The diagnosis of diaphragmatic dysfunction, often made at a later stage of the ICU stay, requires the
implementation of preventive measures. On top of all other measures, preserving diaphragmatic activity
with spontaneous breathing is certainly the easiest to implement and the most useful. However, this
strategy is not straightforward. Spontaneous efforts should be encouraged as soon as possible provided that
tidal volumes are not excessive to keep in line with the goals of lung-protective ventilation. To
accommodate lung and diaphragm ventilation, a conceptual strategy has been developed, so-called lung-
and diaphragm-protective ventilation [84, 85]. Continuous measurement of oesophageal pressure may be
useful to detect excessive inspiratory efforts, but no safe ranges are currently available. A group of experts
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recommended maintaining the oesophageal pressure at between 3 and 15 cmH,O, but this must be
explored in clinical studies [84]. Two recent studies report on the feasibility of clinical algorithms
implemented at the bedside to tailor sedation and ventilator settings in order to allow the diaphragm to
contract while lung distending pressures are limited [86, 87]. Those algorithms may require tools to
monitor features such as transdiaphragmatic pressure, diaphragmatic electrical activity or diaphragm
ultrasound, which are not easy to use and not widely available. Further developments are therefore needed
to facilitate lung- and diaphragm-protective ventilation at the bedside. Other options may rely on
“proportional” ventilation modes such as proportional assisted ventilation (PAV) and neurally adjusted
ventilatory assist (NAVA) to titrate the ventilator support to the patient’s demand and help to reduce
patient—ventilator asynchrony [88, 89]. NAVA and PAV could be of interest in lung- and
diaphragm-protective ventilation strategies [90], but clinical evidence of efficacy is lacking.

Curative approach

Training or rehabilitation of the muscles is used in athlete, healthy and clinical populations such as COPD
patients [91-93]. Therefore, it was suggested that the respiratory muscles can be trained by following the
same training principles as any other skeletal muscle, increasing their strength, contraction velocity and
endurance. Since respiratory muscle weakness has been identified as an important risk factor for weaning
failure, inspiratory muscle training (IMT) seems to be a promising treatment strategy for mechanically
ventilated patients with prolonged weaning. The value of IMT in this population is still under debate,
given that the few studies available describing IMT are often of low quality and questionable methodology,
thereby providing limited evidence for its effectiveness [94-96]. Substantial heterogeneity is present in
IMT studies, related to the employed training methods, training intensity, frequency, duration and type of
load imposed on the inspiratory muscles, and the timing of initiating IMT. IMT can be implemented for
different distinct purposes such as improving endurance or muscle strength, which requires different
strategies via distinct physiological responses. It has been shown that the sensation of inspiratory effort is
dependent on MIP [97]. The timing of initiating IMT varied substantially and included 24 h after initiation
of mechanical ventilation, when the patient first awoke, at the transition to partially assisted ventilation,
when the patient was deemed ready to be weaned and after a failed weaning attempt. The IMT protocols
available in the literature describe training intensities that vary in external load between 20% and 50% of
MIP with or without daily intensity progression [96, 98]. The most-used IMT device provides pressure
threshold loading. This type of loading provides a constant external loading throughout the inspiration by
means of a spring-loaded valve. Most commonly, patients are instructed to expire up to residual volume
and subsequently perform a fast, full vital capacity inspiration against the external load of approximately
30-50% of the MIP. However, due to the pressure—volume relationship of the inspiratory muscles, the
pressure-generating capacity decreases during inspiration, reaching virtually 0 cmH,O at total lung
capacity. Thereby, when IMT is performed with pressure threshold loading (i.e. constant loading
throughout the inspiration), at a certain lung volume the patient will not be able to overcome the initial
loading of 50% MIP (measured at residual volume). Subsequently, the inspiratory valve will close
prematurely and limit the ability to perform full vital capacity inspirations. An alternative type of loading,
tapered flow resistive loading, has gained popularity in recent years [99]. After overcoming the initial
external load at residual volume, the external load gradually decreases during inspiration. This allows
inspiration with nearly constant intermediate flow rates over a larger range of lung volumes compared to
pressure threshold loading. Several randomised studies have investigated IMT in ICU patients [100-102].
In a first study, an inspiratory load of 30% of MIP for 5 min, twice a day, 7 days a week, resulted in a
significant increase in MIP in the treatment group as opposed to the control group (standard of care), with
no significant effect on weaning success [100]. Another study carried out in patients who had been
ventilated for an average of 44 days investigated an IMT protocol consisting of four series of 6-10 breaths
per day against a threshold load with an individualised level that could be just tolerated with 2 min of rest
between each series [102]. The control group was exposed to a sham protocol to simulate training. This
IMT protocol significantly improved MIP in the intervention group and had a higher proportion of
successful weaning than in the control group (71% versus 47%) [102]. Eventually, two systematic reviews
of the literature [96, 98] conclude that respiratory muscle training is feasible and well tolerated in critically
ill patients and improves both inspiratory and expiratory muscle strength in patients with respiratory muscle
weakness. Both systematic reviews could not demonstrate a positive effect on clinical outcomes, such as
weaning success. A pilot, prospective, randomised study of tracheostomised patients requiring mechanical
ventilation in one ICU describes that the electronic IMT device is safe, promotes an increase in MIP and
leads to a shorter ventilator weaning time than that seen in patients treated using an intermittent
nebulisation programme [103]. The IMweanT study is a double-blind, parallel-group, randomised
controlled superiority trial to evaluate the effects of a novel IMT method on weaning outcomes in selected
patients with weaning difficulties [104]. No standardised protocol is described at the moment and the
moment of initiation of this therapy remains to be defined. A multidisciplinary practice guide for clinicians
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FIGURE 3 Interventions to manage respiratory muscle weakness in the intensive care unit. Figure created using BioRender.

has been published specifically on IMT for critical care patients [105]. One of the main issues with IMT is
the need for patient cooperation, which may be challenging in patients with delirium. This raises the
interest for automatic muscle stimulation devices. Transvenous phrenic nerve stimulation is a method that
allows temporary and noninvasive stimulation of the phrenic nerves using a dedicated catheter equipped
with electrodes [106]. In a multicentre, open-label, randomised, controlled study in patients on mechanical
ventilation for more than 4 days and who had failed at least two weaning attempts, temporary transvenous
phrenic nerve stimulation could improve the MIP, suggesting that it interfered with diaphragm function
[107]. However, this increase was not associated with a higher proportion of successful weaning [107].
Phrenic nerve stimulation appeared feasible, as 75% of the patients in the treatment group could
successfully receive the therapy, which was well tolerated. An ongoing larger trial is currently on its way
and should clarify whether transvenous phrenic nerve stimulation can help to reduce to burden of
prolonged weaning (clinicaltrials.gov identifier: NCT03783884). Another interesting approach would be to
use phrenic nerve stimulation early on in order to limit diaphragm atrophy, as nicely demonstrated in a pig
model [108]. Such a strategy could represent a new mode of ventilation combining positive pressure
ventilation and diaphragm neuromodulation, i.e. diaphragm neuromodulation assisted ventilation (DiNAV).
DiNAV represents a promising lung- and diaphragm-protective ventilation approach for the future and will
need to be investigated further to confirm these appealing features.

Other approaches
Catabolism is a leading mechanism of respiratory muscle weakness, logically suggesting that optimising
nutrition may be an interesting target. A study evaluated the effects of two nutritional strategies and found
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that ICU-acquired muscle weakness (not respiratory) was significantly less frequent in the late parenteral
nutrition group (34% versus 43%) [109], but muscle atrophy was not significantly different between the
two groups. This study suggests that macronutrient deficiency during the first week of intensive care is not
associated with the development of muscle atrophy and may even improve muscle contractility. Whether
these findings are applicable in respiratory muscles is not yet elucidated. The presence of
hypophosphataemia is associated with rapidly reversible diaphragmatic dysfunction after correction in
resuscitation patients, encouraging electrolyte monitoring during weaning from mechanical ventilation
[110]. Research on the use of drug therapy for diaphragmatic dysfunction is an interesting perspective.
Calcium sensitisers may have beneficial effects on diaphragmatic function [111] and improve respiratory
muscle contractility. In humans, treatments promoting muscle inotropism such as calcium sensitisers
(levosimendan) and theophylline [112] have been evaluated. Experimental studies have shown that
levosimendan improves the calcium sensitivity of diaphragm muscle fibres in COPD patients [111]. In
healthy subjects, levosimendan administration improved diaphragmatic function by more than 20% [113],
but this result was not confirmed in a randomised trial in patients being weaned from mechanical
ventilation [114].

Conclusion

Respiratory muscle weakness is frequent in the ICU, often hindering weaning from mechanical ventilation.
In addition to mechanical ventilation, other risk factors are likely to intervene and induce such a
dysfunction. Weakness of the respiratory muscles can be suspected visually in a patient with paradoxical
movement of the abdominal compartment. Measurement of MIP is the simplest way to assess respiratory
muscle function, not specifically the diaphragm. The place of ultrasound in this indication is interesting but
remains to be clarified. Recent therapeutic developments are promising but the only ones generally used
remain the promotion of spontaneous inspiratory efforts within physiological limits and muscle training.
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