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Abstract 

Diaphragm weakness is highly prevalent in critically ill patients. It may exist prior to ICU admission and may precipi-
tate the need for mechanical ventilation but it also frequently develops during the ICU stay. Several risk factors for 
diaphragm weakness have been identified; among them sepsis and mechanical ventilation play central roles. We 
employ the term critical illness-associated diaphragm weakness to refer to the collective effects of all mechanisms 
of diaphragm injury and weakness occurring in critically ill patients. Critical illness-associated diaphragm weakness is 
consistently associated with poor outcomes including increased ICU mortality, difficult weaning, and prolonged dura-
tion of mechanical ventilation. Bedside techniques for assessing the respiratory muscles promise to improve detec-
tion of diaphragm weakness and enable preventive or curative strategies. Inspiratory muscle training and pharmaco-
logical interventions may improve respiratory muscle function but data on clinical outcomes remain limited.
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Introduction
Skeletal muscle is a highly organized tissue, providing 

structural support, locomotion, breathing, shape, facial 

expression, and metabolic support to the body. �e 

muscles of the respiratory system are precisely organ-

ized to facilitate inspiratory and expiratory air flow for 

respiration, airway clearance, and speech. �e action of 

the diaphragm (the main inspiratory muscle) is usually 

quantified in terms of force generation (measured by 

inspiratory pressures) or shortening (measured by lung 

volume change or displacement of chest wall structures). 

Diaphragm weakness is defined as the inability of the dia-

phragm to generate normal levels of maximal force.

Accumulating evidence suggests that diaphragm 

weakness develops in a majority of critically ill patients 

exposed to mechanical ventilation [1–5]. �e diaphragm 

is the main respiratory muscle and has a vital role in ven-

tilation, but the prevalence and impact of diaphragm 

weakness have been often neglected with few recom-

mendations for prevention and treatment. Different risk 

factors for critical illness-associated diaphragm weak-

ness have been identified. Diaphragm weakness may pre-

exist and precipitate respiratory failure. Acute diaphragm 

injury and weakness may also result from sepsis, trauma, 

systemic inflammation, or mechanical ventilation [6]. 

�e wide range of potential injury mechanisms prob-

ably explains the high prevalence of diaphragm weakness 

observed in the ICU both in the early [2] and later stages 

of critical illness [3, 5]. We employ the term critical ill-

ness-associated diaphragm weakness to refer to the phe-

nomenon of diaphragm weakness occurring in critically 

ill patients regardless of the cause and the timing. Herein 

we discuss the definition, prevalence, pathophysiology, 

and clinical consequences of critical illness-associated 

diaphragm weakness. We also discuss potential preven-

tive and therapeutic strategies and highlight future ave-

nues for research.

The normal diaphragm
�e diaphragm is a thin, dome-shaped muscular struc-

ture separating the thoracic and abdominal cavities. 
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Under normal conditions, the diaphragm acts much 

like a piston within a barrel, generating flow as its dome 

descends and displaces the abdominal contents beneath 

[7]. �e pressure generated across the dome between the 

thoracic and abdominal cavities is called the transdia-

phragmatic pressure (Pdi) and is proportional to the ten-

sion developed within the muscle fibers. �e magnitude 

of the pressure swings on either side of the diaphragm 

depends on the volume change induced by diaphragmatic 

contraction and the elastance of the thorax and abdo-

men. For simplicity, the maximal Pdi is used as a global 

measure of diaphragm muscle force.

Techniques for monitoring diaphragm activity 
in critically ill patients
Diaphragm activity refers to the contractile forces gen-

erated by the muscle to maintain adequate ventilation 

under conditions of varying load. Strength refers to the 

maximal force-generating capacity of the muscle. �ese 

quantities can be assessed by the amount of pressure 

generated by diaphragm contraction. Hence, diaphragm 

force is evaluated on the basis of the pressure generated 

during maximal volitional inspiratory efforts (Pdi,max) 

or by non-volitional calibrated stimulation of the phrenic 

nerve (Table 1) [8].

�e gold standard for assessing diaphragm force is 

measurement of Pdi generated by twitch magnetic stim-

ulation of the phrenic nerves (Pdi,tw) [9]. �e principal 

advantage of Pdi,tw is that it provides a standardized 

measure of pressure generation that is independent of the 

patient’s effort. �is technique is performed by applying 

magnetic coils powered at their maximal output over the 

cervical portion of the phrenic nerves bilaterally (Fig. 1). 

Although not entirely identical to Pdi,tw, the twitch pres-

sure generated at the outside tip of the endotracheal tube 

(Pet,tw) can be regarded as a surrogate of Pdi,tw that 

does not require esophageal and gastric balloons [9]. 

Pet,tw is now used widely in studies investigating dia-

phragm force [2–5].

Diaphragm electromyography (EMG) can be used to 

assess diaphragm activity. �e introduction of neurally 

adjusted ventilatory assist (NAVA), a ventilator mode 

that synchronizes ventilation to diaphragm electrical 

activity using a dedicated nasogastric tube with EMG 

electrodes, has greatly facilitated the bedside monitor-

ing of crural diaphragm activity (EAdi). �e ratio of 

Table 1 Techniques for assessing diaphragm force and activity in critically ill patients

TFdi diaphragm thickening fraction, EXdi diaphragm excursion, Pdi transdiaphragmatic pressure, Pdi,max maximal transdiaphragmatic pressure, Pet,tw endotracheal 

pressure induced by bilateral magnetic stimulation of the phrenic nerves, Pdi,tw transdiaphragmatic pressure induced by bilateral magnetic stimulation of the phrenic 

nerves, ΔPga/ΔPdi ratio of the inspiratory Pga swings to Pdi, EMG electromyogram, EAdi electrical activity of the diaphragm, RMS root mean square, EAdipeak peak of 

the EAdi signal, EAdimax EAdi during a maximal inspiratory e�ort

Markers of Cuto� de�ning diaphragm weakness

Diaphragm activity Diaphragm force

Ultrasound

 TFdi

  Requires a high frequency linear probe Tidal TFdi TFdimax <20% [15]

 EXdi

  Requires a low frequency abdominal probe
  Patient disconnected from ventilator

EXdi Max EXdi <1 cm [17]

Pressure

 Pdi

  Requires esophageal and gastric balloons Pdi Pdimax Pdimax <60 cmH2O [8]

 Pdi,tw
 Pet,tw

  Require magnetic stimulation – Pdi,tw <−10  cmH2O [8]

Pet,tw <−11  cmH2O [9]

 ∆Pga/∆Pdi

  Incorrect placement of the gastric balloon in the lower 
esophagus and recruitment of abdominal muscles mimic 
severe diaphragmatic weakness

– ∆Pga/∆Pdi <0 [8]

Electromyography

 EMG

  Requires surface electrodes and offline analysis RMS – Not defined

 EAdi

  Requires dedicated ventilator EAdipeak EAdimax Not defined
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actual EAdi to maximum EAdi (EAdi,max) can be used 

to estimate the patient’s effort to breathe [10]. For a given 

patient, EAdi is tightly correlated to the pressure gener-

ated by the diaphragm under various levels of ventilatory 

assistance [10]. EAdi is a promising tool to monitor dia-

phragm activity [11]; however, EAdi,max varies widely 

between subjects so that there is no clear reference range 

for EAdi.

Diaphragm ultrasound provides a direct visualiza-

tion of the diaphragm. As the diaphragm contracts, it 

thickens, and the magnitude of the increase in thick-

ness during inspiration can be expressed as a percent-

age increase in thickness (the thickening fraction of the 

diaphragm, TFdi) (Fig.  2). TFdi reflects the activity of 

the muscle during tidal breathing and provides an esti-

mate of its strength during a maximal inspiratory effort 

(TFdi,max) [12]. �ere is a wide range of TFdi values: it 

is 0–5% in patients under neuromuscular blockade [13]; 

it ranges between 20% and 50% in spontaneously breath-

ing patients after extubation [14]. TFdi is correlated 

with both the pressure–time product of the diaphragm 

and with EAdi [13, 14]. Some studies suggest that TFdi 

obtained during a maximal inspiratory effort [15] or 

quiet breathing in mechanically ventilated patients [16] 

can be employed to assess diaphragm force. Finally, 

ultrasound can also measure maximal diaphragm excur-

sion, a marker that predicts extubation success and fail-

ure with reasonable sensitivity and specificity [17]. �is 

latter index can only be interpreted during non-assisted 

breathing; otherwise the downward displacement of the 

diaphragm may reflect passive insufflation of the chest by 

the ventilator.

De�nition and prevalence of critical 
illness-associated diaphragm weakness
�e pressure-based definition of diaphragm weakness 

using Pdi,tw is considered as the reference method but 

the Pet,tw method is easier to measure in the ICU [9]. 

Using the latter, one can define diaphragm weakness as 

a Pet,tw below 11  cmH2O [8, 18]. Several studies have 

characterized the prevalence of diaphragm weakness 

using this criterion (Table 2). With this definition, within 

24 h after intubation, diaphragm weakness is present in 

up to 64% (54/85) of patients [2]. At the time of wean-

ing, diaphragm weakness is present in between 63% [5] 

and 80% of patients [1, 3]. Approximately 80% of patients 

requiring prolonged mechanical ventilation exhibit dia-

phragm weakness [9, 19].

Ultrasound can also be used to define diaphragm weak-

ness. Diaphragm excursion less than 1.1 cm during tidal 

Fig. 1 Schematic representation of the phrenic nerve stimulation technique in patients ventilated with pressure support mode. Two magnetic coils 
are positioned at the initial portion of the phrenic nerves. Airway pressure is recorded at the tip of the endotracheal tube. First, the circuit is discon-
nected (white arrow) and twitches are generated by a magnetic stimulator (full black arrows). Diaphragm weakness is assessed by the amount of 
airway pressure generated during a magnetic twitch. Twitch A is followed by a reduced capacity to generate pressure (−8 cmH2O) [9], whereas 
twitch B is followed by normal drop of pressure (−30 cmH2O)
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breathing also defines diaphragm weakness [17]. Maxi-

mal TFdi below 20% is diagnostic of severe diaphragm 

weakness [15]. Studies employing the ultrasound-based 

definition of diaphragm weakness report that 29% of 

patients (24/82) have diaphragm weakness at the first 

spontaneous breathing trial [17] and 36% (20/55) at extu-

bation [20].

Overlap with limb muscle acquired weakness
Critical illness polyneuropathy [21, 22] and myopathy 

are the major causes of limb weakness and wasting in 

the ICU. An extensive revision of the literature on ICU 

acquired weakness with indication on future research 

was recently published in this journal [23]. Mechani-

cal ventilation may impose bed rest and may indirectly 

prolong immobility as a result of the use of sedatives or 

neuromuscular blocking agents which in turn may pro-

mote neuropathy, muscle wasting, and loss of muscle 

function [24]. Although it was initially thought to be 

rare, neuromuscular dysfunction is found in up to 25% 

of ICU patients requiring mechanical ventilation for 

more than 7  days [25]. While the diaphragm is charac-

terized by a permanent cyclic activity, other striated 

muscles such as limb muscles are not constantly active. 

Furthermore, although both diaphragm and limb muscle 

are striated muscles, their fiber type composition differs 

[26]. �us, the consequences of prolonged unloading of 

the diaphragm may be distinct from the consequences of 

unloading limb muscles, as demonstrated by experimen-

tal and clinical studies [27, 28]. At the time of weaning, 

diaphragm weakness is twice as frequent as limb muscle 

weakness [5] and patients with diaphragm weakness are 

no more or less likely to have limb muscle weakness [5]. 

While they share common features, diaphragm and limb 

muscle weakness likely represent two distinct entities 

with different pathophysiology.

Causes and mechanisms of critical 
illness-associated diaphragm weakness
Respiratory muscle weakness in critically ill patients may 

result from hyperinflation, neuropathies, myopathies, 

metabolic abnormalities, decreased oxygen delivery, and 

medications [29]. Myopathies are subdivided into several 

categories that include critical illness myopathy, sepsis-

associated myopathy, ventilator-associated respiratory 

muscle injury, disuse atrophy, metabolic disturbances, 

and medications [29]. Another classification based on 

histology may be useful [21] but consideration of muscle 

unexcitability without muscle structural disarrangement 

is also possible [30]. In the sickest patients, it is likely that 

multiple factors take effect simultaneously. In addition, 

some factors (sepsis, injuriously high inspiratory efforts) 

present before admission in the ICU can contribute to 

diaphragm weakness and may in fact precipitate the 

need for mechanical ventilation. Certain patient factors 

may also prevent diaphragm weakness: one experimen-

tal model suggested a protective role for obesity [31]. We 

now summarize the complex interplay of contributors to 

diaphragm weakness before admission and during the 

ICU stay (Fig. 3).

Mechanisms of diaphragm weakness at the time of ICU 

admission

Hypercapnic respiratory failure

Acute hypercapnia increases neural drive through chem-

oreflex activation; its effects on diaphragm contractil-

ity during spontaneous breathing are conflicting. In one 

study conducted in healthy subjects exposed to acute 

TeiTee

Tee Tei

Tee Tei

Quiet breathing

Moderate effort

Strong effort

Fig. 2 Diaphragm ultrasound using time-motion mode at three 
different conditions: quiet breathing, moderate inspiratory effort, and 
strong inspiratory effort. Note the increase in diaphragm end inspira-
tory thickness (Tei) at moderate and strong inspiratory effort. Tee end 
expiratory thickness, Tei end inspiratory thickness
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changes in  CO2, diaphragm force was reduced [32]. Sepa-

rately, hypercapnia did not intensify long-lasting fatigue 

but slightly reduced diaphragm contractility immedi-

ately after maximum voluntary ventilation [33]. However, 

no significant change in twitch pressure was reported 

while subjects breathed  CO2 [34] or produced maximal 

contraction [33]. In  vitro, respiratory acidosis induces 

diaphragm weakness in non-ventilated rats whereas 

metabolic acidosis has no effect [35]. In clinical practice, 

acute hypercapnia could contribute to clinical deteriora-

tion by favoring diaphragm weakness.

Cardiogenic shock

Cardiogenic shock is associated with both an increase 

in diaphragm work and a reduction in diaphragm oxy-

gen delivery. �e imbalance between oxygen supply and 

demand can ultimately result in diaphragm fatigue. �is 

was demonstrated in dogs exposed to cardiogenic shock 

with tamponade, in which a marked reduction in Pdi was 

noted after 1 h despite an increase in central drive, ulti-

mately causing death [36] (Fig.  4). Low cardiac output 

impairs respiratory muscle blood flow and the diaphragm 

may shift to anaerobic metabolism resulting in muscular 

lactate production [37]. Mechanical ventilation and mus-

cle paralysis spare a large fraction of cardiac output used 

by the working respiratory muscles [38]. In one study 

highlighting the critical importance of respiratory mus-

cle failure in shock states, spontaneously breathing dogs 

Table 2 Prevalence of diaphragm weakness with di�erent 

de�nitions and settings

ICU Intensive care unit

Studies Settings Prevalence

Ultrasound studies

 Kim et al. [17] Weaning 24/82 (29%)

 Jiang et al. [20] Weaning 20/55 (36%)

 DiNino et al. [99] Weaning 15/66 (23%)

Pressure studies

 Demoule et al. [2] On admission 54/85 (64%)

 Watson et al. [9] Stable ICU patients 26/33 (79%)

 Supinski and Callahan [19] Stable ICU patients 48/57 (84%)

 Jung et al. [3] Weaning 32/40 (80%)

 Laghi et al. [1] Weaning 12/16 (75%)

 Dres et al. [5] Weaning 48/76 (63%)

 Lerolle et al. [50] Post cardiac surgery 19/28 (68%)

Fig. 3 Schematic illustration of mechanisms pathways involved in the occurrence of diaphragm weakness in critically ill patients. Note that the 
figure ignores cases of unexcitable muscle in which muscle injury may be reduced or nonexistent. Dashed lines represent uncertain causation and 
full black lines represent established causation
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with cardiogenic shock were much more likely to die 

from ventilatory failure compared to mechanically venti-

lated dogs [37].

Sepsis

Both severe diaphragm weakness and increased suscepti-

bility to injury and fatigue have been documented in ani-

mal models of sepsis [39–41]. Sepsis impairs diaphragm 

force apart from any effect on muscle mass or archi-

tecture [41], suggesting an important role for systemic 

inflammation. Sepsis acts at two levels [42]. First, distur-

bances in different steps of the chain of muscular energy 

supply including altered blood flow distribution (hypoxic 

ischemia) and use (cytopathic ischemia). Second, direct 

impairment of the contractile proteins resulting from 

the action of septic mediators such as cytokines can also 

result in dysfunction. Tumor necrosis factor alpha (TNF-

α) has been shown to mediate the detrimental effects of 

endotoxin administration on the contractile function of 

the diaphragm [43].

Systemic inflammation also renders the diaphragm 

more sensitive to load-related injury, possibly by increas-

ing sarcolemma membrane fragility [44]. In septic rats 

undergoing controlled mechanical ventilation, sep-

sis exacerbated diaphragm weakness resulting from 

controlled mechanical ventilation [45]. In the ICU, 

patients with sepsis are more likely to exhibit diaphragm 

atrophy [46]. Sepsis can be present early during the ICU 

stay as a primary reason for admission or later, compli-

cating the course. Interestingly, experimental findings 

suggest that mechanical ventilation could alleviate the 

harmful effects of sepsis on diaphragm function [44]. 

Sepsis is associated with diaphragm weakness in more 

than half of mechanically ventilated patients [2, 19], and 

the potential interactions between sepsis and mechani-

cal ventilation on diaphragm function require greater 

attention.

Surgery

Abdominal surgery, in particular of the upper abdomen, 

is associated with postoperative respiratory complica-

tions in which diaphragm dysfunction is frequently impli-

cated [47, 48]. Although pain or general anesthesia may 

contribute to the phenomenon, pain relief does not ame-

liorate postoperative diaphragm force [49] and general 

anesthesia performed for lower abdominal surgery does 

not lead to diaphragm weakness. �e attenuated phrenic 

nerve output following stimulation of visceral or somatic 

phrenic afferent pathways during surgery has been pro-

posed as a possible alternate mechanism [29]. Diaphragm 

Fig. 4 Schematic illustration of the effect of cardiogenic shock on transdiaphragmatic pressure (Pdi) and diaphragm electrical activity (Edi). While 
cardiogenic shock induced an important increase in Edi, late course is marked by a decrease in Pdi as a surrogate of diaphragm fatigue. Adapted 
from Aubier et al. [36]
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weakness has also been reported after coronary bypass 

surgery [48, 50]. In this case, the phrenic nerve can be 

directly injured (surgical manipulations, ischemia, car-

dioprotection) leading to left hemidiaphragm or bilateral 

weakness with important clinical consequences.

Risk factors for diaphragm weakness during ICU course

Sedatives, steroids, and neuromuscular blocking agents

Sedatives may have direct adverse effects on the dia-

phragm as well as promoting disuse. In patients under-

going anesthesia for elective surgery, propofol induces a 

decrease in the diaphragm’s capacity to generate pressure 

[51]. In ICU patients, the dose of propofol was corre-

lated with the severity of diaphragm weakness [52]. Vola-

tile anesthetics, some not in use anymore [53], have also 

been shown to cause diaphragm weakness [54].

Corticosteroids have been associated with the develop-

ment of critical illness myopathy [25, 55]. Corticosteroids 

may affect contractile function of striated muscles by 

inhibition of protein synthesis and activation of protein 

degradation pathways. Nevertheless, the effects of corti-

costeroids on the diaphragm are not entirely predictable 

and may vary according to the regimen of administration, 

the specific corticosteroid, muscle fiber type, and pos-

sibly species. Importantly, corticosteroid doses admin-

istered in animal studies are often much higher than 

doses employed in clinical practice [56]. �e effects of 

corticosteroids on diaphragm in ICU patients are there-

fore complex, but it is likely that diaphragm weakness 

is more severe with higher doses and a longer duration 

of exposure. Accordingly, administration of corticoster-

oids should be carefully guided by judicious evaluation 

of expected benefits and harm. While neuromuscular 

blockers are used to adapt patients to the ventilator, they 

render the diaphragm inactive and may contribute to 

diaphragm disuse and consequent atrophy. A particular 

concern exists when neuromuscular blockers are admin-

istrated in conjunction with glucocorticoids [55]. In 

animal models, rocuronium (aminosteroidal non-depo-

larizing neuromuscular blocker) exacerbates diaphragm 

weakness induced by controlled mechanical ventilation 

[57]. By contrast, cisatracurium (a non-steroidal benzyl 

isoquinoline non-depolarizing neuromuscular blocker) 

does not exacerbate the effects of ventilation on dia-

phragm force [58]. Importantly, when used for a short 

period (48 h) at the early phase of ARDS, cisatracurium 

did not induce ICU-acquired limb muscle weakness and 

increased ventilator-free days [59].

Mechanical ventilation

Mechanical ventilation has been clearly identified as a 

contributor to diaphragm weakness. It can be associated 

with adverse effects on respiratory muscles through two 

potentially competing mechanisms (Fig.  3): (1) disuse 

atrophy secondary to diaphragm inactivity from exces-

sive ventilatory support, (2) load-induced injury due 

to insufficient ventilatory support  and (3) hypercapnia 

under controlled mechanical ventilation.

Disuse atrophy 

Just a few hours of fully controlled mechanical ventilation 

leads to rapid-onset atrophy and decreased contractile 

force both in vitro and in vivo [60–63]. Conversely, par-

tially assisted mechanical ventilation mitigates atrophy 

and diaphragm weakness [61, 64]. Findings from animal 

models are difficult to replicate in critically ill patients 

who are frequently exposed to many risk factors for dia-

phragm injury. �e first evidence in humans came from 

a study in 1988 by Knisely et al. who reported diaphragm 

atrophy in a postmortem series of neonates requiring 

long-term ventilation [65]. Twenty years later, Levine 

et  al. found histological evidence of diaphragm atrophy 

among 14 adult brain-dead organ donors after meeting 

brain death criteria for 18–69  h [28]. Importantly, pec-

toralis muscle was unaffected in these patients over the 

same period of inactivity, suggesting that the rapid atro-

phy is specific to the diaphragm [28]. Diaphragm muscle 

fiber dysfunction is not only due to loss of muscle mass 

in these patients: the reduction in myofibrillar contrac-

tility also arises from deranged cross-bridge formation 

[66]. Diaphragm biopsies obtained from a heterogene-

ous group of ICU patients demonstrated the develop-

ment of muscle fibers atrophy, activation of proteolysis, 

enhanced number of inflammatory cells in the muscle, 

and development of muscle fiber weakness [66]. Inter-

estingly, force-generating capacity of the muscle fibers 

was reduced even after correction for loss of contractile 

protein, demonstrating the development of contractile 

protein dysfunction [66]. Although studies in animals 

and brain-dead patients suggested an important role for 

mitochondrial dysfunction and oxidative stress in the 

development of diaphragm dysfunction during mechani-

cal ventilation [28, 67], mitochondrial morphology and 

function appeared normal in the diaphragm of ICU 

patients [68]. In addition, markers for oxidative stress and 

antioxidant enzymes in the diaphragm were not different 

between ICU and control patients [68].

Two studies reported a progressive decline of dia-

phragm force in  vivo with increasing duration of 

mechanical ventilation [4, 52]. In a series of 76 patients, 

Dres et al. found that although the duration of mechani-

cal ventilation from intubation to weaning was associ-

ated with the occurrence of diaphragm dysfunction, this 

effect did not persist in a multivariable analysis incorpo-

rating other risk factors [5]. More than mechanical ven-

tilation itself, it is the unloading of the diaphragm under 
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mechanical ventilation which is the critical contributor 

of diaphragm weakness. While the precise mechanism 

underlying disuse atrophy is debated [69], the deleterious 

effects of diaphragm unloading are strongly supported by 

experimental [60, 61] and clinical [70] data demonstrat-

ing that diaphragm atrophy and weakness can be attenu-

ated by maintaining some level of respiratory muscle 

loading during ventilation.

Assuming that atrophy may be detected with ultra-

sound, Grosu et al. described a time-dependent decrease 

in diaphragm thickness in seven patients [71]. It was con-

firmed in larger cohorts [70, 72]. Goligher et al. reported 

a rapid decrease in diaphragm thickness in over 40% of 

mechanically ventilated patients [70]. Importantly, dia-

phragm atrophy occurred quickly and the largest magni-

tude in the change of diaphragm thickness was achieved 

by day 4. Moreover, the change in diaphragm thickness 

over time was related to the level of inspiratory effort 

[70]. Importantly, diaphragm thickness was relatively 

stable on days when diaphragm thickening fraction (a 

measure of inspiratory effort) was consistent with normal 

resting breathing [70].

Excessive loading 

Excessive respiratory muscle loading can result in dia-

phragm injury, as demonstrated in both animal and 

human studies [73]. Tracheal banding (prolonged resis-

tive loading) in hamsters resulted in ventilatory failure 

associated with diaphragm injury characterized by sus-

ceptibility of myofibrillar complexes to calpain-mediated 

degradation [74]. Diaphragm injury in this context is 

characterized by myofibrillar disarray and inflammatory 

infiltration [73]. Sepsis appears to sensitize the sarco-

lemma to stress-related injury (membrane hyperfragil-

ity) [44]. Load-induced diaphragm injury has also been 

demonstrated in humans, manifesting as a prolonged loss 

of force production after resistive loading [75] and sar-

comere disruption on histology [76].

Eccentric contractions—where the muscle contracts 

as it is lengthened—may be particularly injurious [77]. 

Eccentric contractions may occur in the context of 

patient–ventilator dyssynchrony [77]. Contractile activity 

of the diaphragm during expiratory diaphragm length-

ening was recently demonstrated in acute hypoxemic 

respiratory failure [78]. Whether eccentric contractions 

are sufficiently frequent and severe to cause diaphragm 

weakness in mechanically ventilated patients is unknown.

�e concept of load-induced injury may explain recent 

findings showing increases in diaphragm thickness—

possibly reflecting muscle inflammation and edema—in 

a subset of mechanically ventilated patients associated 

with high levels of inspiratory effort [70]. Insufficient 

or delayed unloading of the respiratory muscles in the 

context of acute respiratory failure may therefore con-

tribute to diaphragm injury.

Hypercapnia under controlled ventilation 

�e effect of hypercapnia on diaphragm force under 

mechanical ventilation has been studied in experimental 

models. In ventilated and anesthetized piglets, acute and 

short exposure (6  h) to hypercapnia induces a marked 

reduction in diaphragm force as assessed by phrenic 

nerve stimulation [79]. However, when piglets are 

exposed to prolonged duration of mechanical ventilation 

(72 h), hypercapnia limited the occurrence of ventilator-

induced diaphragm dysfunction (VIDD) [80], a finding 

that was confirmed in  vitro [81]. Whether hypercapnia 

occurring in a patient failing a weaning test contributes 

to diaphragm weakness is unknown.

Clinical consequences of diaphragm weakness
Irrespective of whether it is present at admission [2] or 

at a later stage [3, 5, 19], diaphragm weakness is a marker 

of illness severity and of poor prognosis. Diaphragm 

weakness diagnosed at the time of ICU admission dem-

onstrates that critical illness can impair diaphragm func-

tion even before the patient is admitted to the ICU. At 

the early stage of critical illness, diaphragm weakness is 

analogous to any other form of organ dysfunction and 

its presence is associated with higher mortality [2]. To 

what extent diaphragm weakness can contribute to a 

poor prognosis has not been elucidated. Importantly, 

diaphragm weakness can improve despite exposure to 

mechanical ventilation [82]. Similar to a reversible sep-

tic cardiomyopathy, sepsis-related diaphragm weakness 

observed upon admission may be readily reversible. Nev-

ertheless, the time of course and the determinants of 

the recovery need to be clarified in further studies. �e 

extent to which early diaphragm weakness [2] constitutes 

a risk factor for later critical illness-associated diaphragm 

weakness is unknown. Diaphragm weakness detected 

after several days of mechanical ventilation is strongly 

associated with weaning failure [3, 5, 17, 50]. Diaphragm 

weakness entails limited physiological reserve in the 

face of new pulmonary insults. In isolation, it is usually 

not sufficient to precipitate respiratory failure, but in the 

presence of high ventilatory demands or deteriorating 

respiratory mechanics it may rapidly result in weaning 

or extubation failure. Diaphragm weakness can indeed 

also be present in patients who are successfully liber-

ated from ventilation [3, 5]. Some findings already sug-

gest a high risk of hospital readmission in patients with 

chronic respiratory failure in case of respiratory muscle 

weakness 7 days after ICU discharge [83]. Another study 

reported increased mortality after 1  year [84]. Further 

research looking at the impact of diaphragm weakness on 
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long-term survival, exercise tolerance, and quality of life 

is therefore warranted.

Prevention and treatment of diaphragm weakness
Prevention strategies

Table  3 summarizes a number of strategies aimed at 

preventing and treating diaphragm weakness in criti-

cally ill patients. Animal studies [64] and recent clinical 

investigations [70] suggest that maintaining spontane-

ous breathing under mechanical ventilation should mini-

mize diaphragm atrophy. Muscle-protective ventilation 

strategies should therefore aim at titrating ventilation 

(and sedation) to maintain appropriate levels of inspira-

tory muscle effort and minimize patient–ventilator asyn-

chrony [85].

In specific circumstances such as ARDS, some prelimi-

nary findings suggest that spontaneous breathing could 

be directly harmful to the lungs by generating or wors-

ening lung injury [86], in particular in patients with high 

respiratory drive. Preliminary exploratory data suggest 

that in these patients control of the level of respiratory 

muscle activity and tidal volume with partial neuromus-

cular blockade could be feasible [87]. Monitoring dia-

phragm activity is possible at the bedside through NAVA 

catheter, esophageal catheter, or diaphragm ultrasound. 

Further studies are needed to determine the upper and 

lower boundaries of the amount of diaphragm activity 

preventing diaphragm atrophy and subsequent dysfunc-

tion and diaphragm injury. Monitoring P0.1 as an index 

of respiratory drive is also a potentially useful technique 

to guide the ventilator titration [88]. Proportional assist 

ventilation and NAVA are two modes during which the 

level of respiratory muscle activity can be monitored [10, 

89]. Diaphragm pacing has been investigated in experi-

mental [90] and human [91] studies suggesting that 

intermittent contractions of the diaphragm may pre-

vent atrophy. �is strategy has been applied through a 

transvenous phrenic nerve pacing system designed to be 

percutaneously placed in the left subclavian vein. Addi-

tionally, pharmacologic approaches aiming at targeting 

mitochondrial and cellular pathways of diaphragm dys-

function are currently being investigated [92].

Management strategies

Hypophosphatemia impairs the contractile properties of 

the diaphragm during acute respiratory failure [93]. In 

the case of weaning failure, the level of plasmatic phos-

phatemia may be therefore monitored and corrected if 

required [94]. �ere has been great interest in improving 

diaphragm inotropy, by using inhibition of phosphodi-

esterase (PDE)3 and PDE4 (theophylline, 1,3-dimethyl-

xanthine) [95] or calcium sensitizer levosimendan [96]. 

�eophylline has been extensively studied but has a nar-

row non-toxic therapeutic range. A retrospective cohort 

analysis reported improvement in diaphragm move-

ments in 21/40 patients with VIDD who received low-

dose theophylline [97]. Levosimendan has been shown 

to reverse diaphragm contractility in healthy subjects 

exposed to loaded breathing [96]. A randomized clinical 

trial (NCT01721434) is currently investigating whether 

Table 3 Strategies to prevent and to treat diaphragm weakness in mechanically ventilated patients

Preventive strategies Level of evidence Clinical recommendations

Prevention of disuse atrophy

 Maintaining inspiratory efforts High (experimental and clinical data) Spontaneous breathing should be preferred (except in case 
of high drive)

 Phrenic nerve pacing Low (experimental data) Not in routine practice

Inspiratory muscles training

 Progressive threshold loading Moderate (clinical data) Can be implemented in specific populations (long-term 
ventilation)

Pharmacological approach

 Antioxidants (N-acetylcysteine) Low (experimental and clinical data) Not recommended

Curatives or rescue techniques

Phrenic nerve pacing

 Restoring progressively diaphragm function Low (only experimental data) Not in routine practice

Pharmacological approach

 Anabolics Low (experimental data) Not in routine practice

Optimization of muscle contractility

 Theophylline Moderate (experimental and clinical data) Not in routine practice

 Levosimendan Moderate (experimental and clinical data) Not in routine practice
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levosimendan could facilitate liberation from the ven-

tilator. Inspiratory muscle training can be instituted to 

enhance muscle endurance or strength. It is a strategy 

that can be achieved with rehabilitation protocols that 

use progressive threshold loading [98]. Although an 

attractive approach, inspiratory muscle training has not 

been well tested and proven as an intervention enabling 

one to improve clinical outcomes significantly. As a treat-

ment, diaphragm pacing may be interesting in difficult-

to-wean patients as it is currently under investigation 

(NCT03096639).

Conclusion
�ere is an expanding body of evidence showing both 

that diaphragm force is influenced by many factors in 

the ICU and that diaphragm weakness is frequent. �e 

right balance between lung protective mechanical ven-

tilation strategy and maintaining diaphragm activity has 

to be better investigated and may be challenging for cli-

nicians. Monitoring diaphragm activity may prove to be 

necessary. Diaphragm ultrasound is a promising tool for 

monitoring diaphragm activity but the optimal range of 

inspiratory effort warrants further investigation. In addi-

tion, the potential recovery of diaphragm weakness after 

extubation should be determined. It may provide guid-

ance for future therapies.
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