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ABSTRACT: The pathophysiological mechanisms of weaning from mechanical
ventilation are not fully known, but there is accumulating evidence that mechanical
ventilation induces inspiratory muscle dysfunction.
Recently, several animal models have provided potential mechanisms for mecha-

nical ventilation-induced effects on muscle function. In patients, weaning difficulties
are associated with inspiratory muscle weakness and reduced endurance capacity.
Animal studies demonstrated that diaphragm force was already decreased after
12 h of controlled mechanical ventilation and this worsened with time spent on the
ventilator.
Diaphragmatic myofibril damage observed after 3-days controlled mechanical

ventilation was inversely correlated with maximal diaphragmatic force. Downregulation
of the diaphragm insulin-like growth factor-I and MyoD/myogenin messenger
ribonucleic acid occurred after 24 h and diaphragmatic oxidative stress and increased
protease activity after 18 h. In keeping with these findings, diaphragm fibre atrophy was
shown after 12 h and reduced diaphragm mass was reported after 48 h of controlled
mechanical ventilation.
These animal studies show that early alterations in diaphragm function develop after

short-term mechanical ventilation. These alterations may contribute to the difficulties in
weaning from mechanical ventilation seen in patients. Strategies to preserve respiratory
muscle mass and function during mechanical ventilation should be developed. These may
include: adaptation of medication, training of the diaphragm, stabilisation of the
catabolic state and pharmacotherapy.
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Ventilatory support is an essential life-saving
therapy for intensive care patients with respiratory
failure. Indications for mechanical ventilation include
respiratory failure, status asthmaticus, chronic
obstructive pulmonary disease (COPD), neuromus-
cular diseases, drug overdoses, and recovery from
general anaesthesia. Most patients under mechanical
ventilation are extubated in v3 days, but y20%
require prolonged support [1]. In these patients,
weaning procedures account for w40% of total
ventilator time [2], 60% for COPD patients [2].
Approximately 1–5% of mechanically ventilated
patients repeatedly fail attempts to be weaned from
mechanical ventilation and may become chronically
ventilator-dependent [3]. This proportion increases to
as much as 31–56% in some long-term ventilator units
[3, 4]. Chronic ventilator dependence is a major
medical problem but it is also an extremely uncom-
fortable state for a patient, carrying important social
implications [3].

Weaning failure has been extensively studied in
the clinical literature and, in particular, attempts
have been made to determine predictors, protocols
and specific weaning strategies. Although the patho-
physiological mechanisms of weaning from mechanical

ventilation still remain to be determined, several factors
are likely to contribute to weaning failure. These factors
include inadequate ventilatory drive, respiratory muscle
weakness, respiratory muscle fatigue, increased work
of breathing or cardiac failure [5, 6]. There is accu-
mulating evidence that weaning problems are associated
with failure of the respiratory muscles to resume ventila-
tion. Conversely, although mechanical ventilation has
been shown to protect the diaphragm against sarco-
lemma injury induced by sepsis [7], there is growing
awareness of the amount of harm associated with inva-
sive mechanical ventilation. In particular, mechanical
ventilation seems to induce inspiratory muscle dys-
function. The nature and the cause of this inspiratory
muscle dysfunction remain, however, poorly understood.
In recent years, this has received renewed attention
from different groups.

The aim of the present review is to describe the
effects of mechanical ventilation on respiratory muscle
function in mechanically ventilated patients and to
compare these data with those obtained in animal
models of mechanical ventilation. In particular, the
recently described animal models will be put into
perspective, as these data may offer new insights into
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the mechanisms of mechanical ventilation-induced
effects on respiratory muscle function.

Patient studies

Muscle weakness, specifically impairment of res-
piratory muscles, is a well-known problem in the
intensive care unit. Generally, muscle weakness is the
consequence of the patient9s illness. However, while
respiratory rest during mechanical ventilation is
suitable to reverse respiratory muscle fatigue, it may
occur as a complicating factor during mechanical
ventilation, since it may further exacerbate muscle
weakness. However, in patients it remains difficult to
demonstrate the effects of mechanical ventilation on
the diaphragm directly. Nevertheless, weaning from
mechanical ventilation presents a problem in 20–30%
of the patients after prolonged mechanical ventilation
[1], and even in 35–67% of COPD patients [5]. Several
factors are probably implicated but there is accumu-
lating evidence that weaning problems are associated
with the inability of the respiratory muscles to resume
ventilation. Hence, the measurement of respiratory
muscle function in mechanically ventilated patients
appears a necessity, with the knowledge that the
performance of respiratory muscles determines the
ability to resume spontaneous ventilation following a
period of mechanical ventilation. The tests used to
assess respiratory muscle function in the intensive care
unit have been recently reviewed [8] and will therefore
not be described in the present review.

Respiratory muscle function in mechanically venti-
lated patients is essentially evaluated at the time of the
weaning process. Imbalance between inspiratory load
and respiratory muscle performance seems to play a
major role in weaning failure.

Evidence of muscle fatigue was reported in patients
recovering from acute respiratory failure [5, 9–12].
Thus, power spectrums of diaphragm electromyo-
graphic activity showed a reduction of the high-to-low
frequency ratio in patients exhibiting difficulties
during discontinuation of artificial ventilation. This
was followed by respiratory alternans, paradoxical
activation of abdominal muscles and a late reduction
of both minute ventilation and respiratory rate with
progressive respiratory acidaemia [9]. Similarly, a
decrease in electromyographic activity of the dia-
phragm was also observed during controlled mechani-
cal ventilation in patients recovering from respiratory
failure in whom previous attempts at weaning had
failed [11].

Similarly, in COPD patients ventilated due to res-
piratory failure, the ratio of transdiaphragmatic pres-
sure (Pdi)/Pdi,max was reported to be higher in the
group that failed to be weaned [10, 13, 14]. Diaph-
ragmatic dysfunction was also suggested as gastric
pressure was negative and associated by abdominal
paradoxic motion [10]. In another study performed in
mechanically ventilated patients with acute respira-
tory failure, it was shown that almost all the patients
were breathing against a high inspiratory load that
could lead to inspiratory muscle fatigue [12] (fig. 1).

In addition, when the load exceeded the capacity of

the respiratory muscles, slowing of the diaphragm
maximum relaxation rate was reported in mechani-
cally ventilated patients [15]. Thus, weaning difficul-
ties seem to be associated with inspiratory muscle
weakness and reduced endurance capacity [12, 15].

In neurological patients, maximal inspiratory mouth
pressure (MIP) and maximal expiratory mouth pres-
sure were reported to be lower in patients who failed
to be weaned from mechanical ventilation [16]. This
was also the case for MIP in elderly patients requiring
reinstitution of ventilatory support [17].

Recently, PURRO et al. [18] attempted to investigate
the pathophysiological mechanisms underlying the in-
ability to sustain spontaneous ventilation in ventilator-
dependent patients. They studied 39 patients, of which
28 had COPD, receiving mechanical ventilation
through a tracheotomy, for a minimum of 3 weeks.
They showed that in the patients who failed to be
weaned from the ventilator, all indices of inspiratory
muscle strength were lower compared to the weaned
COPD patients or to the stable tracheotomised COPD
patients. These included MIP and Pdi,max. Both Pdi/
Pdi,max and intrapleural pressure (Ppl)/Ppl,max ratios
werew0.4. In addition, the majority of the ventilator-
dependent patients failing the weaning process
reached a tension-time index value close or above
the 0.15 threshold. In the ventilator-dependent
patients, the load/capacity balance was greater than
in the weaned or stable patients.

Finally, the combination of mechanical ventilation
with muscle-relaxing agents and/or high-dose steroids
was reported to be associated with significant myo-
pathy [19–23, 24]. Muscle weakness varied from mild-
to-severe. Muscle biopsy showed generalised fibre
atrophy, myofibril necrosis and disorganisation with
loss of thick myosin filaments and fibre vacuolation.
The extent to which the diaphragm of these patients is
also affected is not directly demonstrated but diffi-
culty to wean from the ventilator is obvious in these
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Fig. 1. – Inspiratory to total cycle duration ratio (TI/TT) at the end
of a spontaneous breathing trial versus inspiratory pressure
expressed as a fraction of maximum (PI/PI,max) in chronic obstructive
pulmonary disease ($), acute respiratory distress syndrome (&),
other pulmonary diseases (,) and acute respiratory failure of
extrapulmonary origin (+). #: average value of ten normal
subjects breathing with a minute volume similar to the mean
minute volume of the patients. Reproduced with permission [12].
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patients. Several hypotheses have been proposed as
potential mechanisms for these combined effects. Due
to the fact that neuromuscular blockade agents are
chemically close to corticosteroids, they may act in an
additive manner with corticosteroids to induce myo-
pathy [19]. In addition, increased sensitivity of the
muscle to steroids may occur after denervation caused
by neuromuscular blockade agents. Furthermore,
some agents (corticosteroids, aminoglycosides anti-
biotics, lithium, magnesium sulphate, tetracyclines) or
disorders (fluid-electrolytes-pH disturbances, renal
failure, hepatic failure) may predispose to the myo-
toxic effect triggered by neuromuscular blockade
agents [24].

Animal studies

The effects of mechanical ventilation on muscle
function in animal models have been well studied and
interest in these models has been recently revived.
However, caution should be taken when interpreting
the results of these studies because appropriate
control groups (anaesthetised and spontaneously
breathing animals) were not always included [25–27]
and mechanical ventilation was combined with the
administration of antibiotics and neuromuscular-
blocking agents [28], which are also known to
compromise diaphragmatic function [29].

Diaphragm strength, morphological and metabolic
properties

The first animal model of mechanical ventilation
examined the effects of 48-h mechanical ventilation on
the in vitro contractile properties of the diaphragm
and of two peripheral muscles [25]. This study showed
that, compared to unanaesthetised rats, diaphrag-
matic force was reduced after mechanical ventilation,
while the force of the soleus (a slow muscle) was
increased at low stimulation frequencies and the force
of the extensor digitorum longus (a fast muscle)
remained unchanged. The mass of the three muscles
was significantly reduced after mechanical ventilation.
Interestingly, crural diaphragm and soleus mass were
mostly affected, with a decrease of y20%, while the
mass of the costal diaphragm and the extensor
digitorum longus were reduced by 14 and 11%,
respectively. Finally, muscle total protein content,
citrate synthase (an enzyme marker of oxidative
capacity) and lactate dehydrogenase (a glycolytic
marker enzyme) activities were not affected in any of
the muscles studied. Appropriate controls were not
used in this study, therefore, part of the effects seen
after mechanical ventilation may have been due to the
effects of anaesthesia or undernutrition.

In another study, mechanical ventilation, prolonged
to 3–7 days in combination with antibiotics and
paralysing agents, led to diaphragm weight loss when
compared to anaesthetised and spontaneously breath-
ing rats [28]. There was also an increase in diaphragm
fibres co-expressing myosin heavy chain (MHC)-I
and -II at the expense of the MHC-II population.

However, caution should be taken since only two or
three animals per group were examined in this study
and the antibiotics and paralysing agents may have
contributed to the diaphragmatic changes seen after
mechanical ventilation.

Similarly in piglets, 5 days of mechanical ventila-
tion without paralysis or antibiotics resulted in a fall
of Pdi at all frequencies (y20%) compared to baseline
measurements [27]. This was accompanied by a 30%
decrease in evoked compound muscle action potential
(CMAP) amplitude. Finally, CMAP threshold and
latency did not change over the course of the 5 days9
mechanical ventilation, suggesting that nerve function
was intact. Likewise, repetitive stimulation at 3 Hz did
not result in significant diminution in amplitude over
time, indicating that neuromuscular junction trans-
mission was intact.

A longer duration of mechanical ventilation (11
days) in baboons resulted in a 25% decrease in Pdi,max

and a 36% decrease in diaphragmatic endurance
capacity [26]. There were no changes in haemody-
namics, lung volume or oxygenation but pulmonary
histopathology showed localised alveolar filling in two
animals and mild focal pneumonitis in the remaining
animals. However, the sample size of this study was
very low (n=3 for phrenic stimulation), and diaphragm
mass was not measured and contractile properties
were not studied. In addition, both antibiotics and
paralysing agents were used in combination with
mechanical ventilation and they may have played a
part in the decreased diaphragmatic strength obser-
ved. The effect of anaesthesia was also not distin-
guished from the effects of mechanical ventilation.

Recently, several studies have been performed to
examine the time course of mechanical ventilation-
induced alterations on diaphragm function [30, 31].
A decrease in in vitro maximal specific force was
reported in the rat diaphragm soon after 12 h of
controlled mechanical ventilation [30] (fig. 2). In
addition, this decrease increased with time spent on
the ventilator (-18% and -46% after 12 and 24 h of
mechanical ventilation, respectively). There was also
an inverse relationship between the mechanical
ventilation duration and the values of maximal
specific force (r=0.88).

Likewise, SASSOON et al. [31] looking at the time
course of the in vivo and in vitro diaphragmatic force
alterations following 1 or 3 days of controlled
mechanical ventilation, reported a time-dependent
decline in rabbit diaphragmatic function. In particu-
lar, Pdi,max was reduced by 27 and 51% after 1 and 3
days of controlled mechanical ventilation, respec-
tively, while this pressure remained unchanged in
anaesthetised animals with continuous positive airway
pressure (CPAP). Pdi was actually significantly
decreased at all stimulation frequencies after 3 days
of mechanical ventilation compared to animals with 3
days of CPAP. Interestingly, in vitro measurements in
the same animals showed that diaphragm force
generating capacity significantly declined after 3
days of controlled mechanical ventilation but not
after 24 h. This is in contrast to the findings of POWERS

et al. [30] and to the present authors9 data. Indeed, the
present authors observed a significant decrease in
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in vitro diaphragmatic force in rats after 24-h
controlled mechanical ventilation and this decrease
was more pronounced in mechanically ventilated rats
than in the anaesthetised and spontaneously breathing
rats using the same instrumentation [32]. There
are also discrepancies concerning the effects of mecha-
nical ventilation on diaphragm fibre dimensions.
Indeed, while the group of SHANELY et al. [33] reported
a reduction in the cross-sectional area of all muscle
fibre types in rats after 18-h mechanical ventilation, no
changes in fibre dimensions were observed by SASSOON

et al. [31] in the rabbit diaphragm either after 1 or
3 day mechanical ventilation. In the latter study,
proportions of fibres expressing the different MHC
isoforms and their relative contribution to total cross-
sectional area of the diaphragm were unchanged as

was succinic dehydrogenase enzyme activity. It is not
known whether species differences contribute to the
discrepancies between these two studies but it should
be noted that the fibre composition of rat and rabbit
diaphragms differs, as rat diaphragm contains pre-
dominantly MHC-2X and rabbit diaphragm contains
a similar proportion of MHC-slow and MHC-2A and
almost no MHC-2X.

Ultrastructural changes

Ultrastructural data have showed that myofibril
damage was present in the rabbit diaphragm (fig. 3)
and not in the soleus after 3 days of controlled
mechanical ventilation [31]. In addition, an inverse
relationship was present between maximal in vitro
diaphragmatic force and the volume of abnormal
myofibrils (r=0.82, pv0.01), such that diaphragm
injury explained 66% of the variance in the reduction
of tetanic force [31].

Molecular level

At the biological level, 18 h of controlled mechani-
cal ventilation was shown to increase diaphragmatic
protein degradation along with elevated calpain and
proteosome activity [33]. This was associated with an
increase in lipid peroxidation and protein oxidation as
both 8-isoprostane and protein carbonyls were
increased after mechanical ventilation.

Furthermore, adaptations of the diaphragm at
the molecular level were also observed after 24 h of
controlled mechanical ventilation. Thus, the insulin-like
growth factor (IGF)-I messenger ribonucleic acid
(mRNA) levels were significantly reduced in the

a)

1µm

b) c)

Fig. 3. – Electron-microscopic cross-sections of diaphragm myofibrils. a) Control, b) 3 days of continuous positive airway pressure and c)
3 days of controlled mechanical ventilation. Reproduced with permission [31].
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Fig. 2. – In vitro diaphragm force/frequency curve in the dia-
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Reproduced with permission [30].

1582 G. GAYAN-RAMIREZ, M. DECRAMER



diaphragm of anaesthetised spontaneously breath-
ing rats (-14%) but this downregulation was more
pronounced in mechanically ventilated rats (-29%) [32]
(fig. 4). There was also a significant positive corre-
lation between the diaphragm IGF-I mRNA expres-
sion and its in vitro force production. In addition, the
MyoD/myogenin ratio, which may reflect ongoing
changes in isoform switch, was decreased in the
diaphragm after 24-h mechanical ventilation, as were
the transcript levels of the fast isoforms of both MHC
and sarcoplasmic-endoplasmic reticulum calcium adeno-
sine trisphosphatase (SERCA) pump [34, 35].

Potential mechanisms of mechanical ventilation-
induced effects on diaphragm function

Independently of anaesthesia, the detrimental effect
of mechanical ventilation is likely to be multifactorial.
First, during mechanical ventilation, electrical activity
to the diaphragm is absent. This alone affects the
transcription of muscle regulatory factors [36, 37],
with all of its consequences, i.e. muscle phenotype
shift [38–40]. Secondly, the rhythmical passive short-
ening of the diaphragm may also have a negative
effect on the muscle, as it may cause either fibre injury
and/or muscle phenotype adaptation. Thirdly, as
mechanical ventilation is utilised to unload the
diaphragm, it causes muscle deconditioning per se.

Data in the literature show that the effects of
diaphragm denervation depend on whether respira-
tory centre-phrenic motoneurone transmission is
intact and mainly on neutrotrophic influence [41].
Thus, diaphragm fibre adaptation was greater in
the spinal cord hemisection (C2) model than after
unilateral denervation of the diaphragm or tetrodo-
toxin nerve blockade [41]. However, in the case of
mechanical ventilation, true denervation is not present
in the sense that both phrenic nerves remain intact,

nerve conduction and neuromuscular transmission
being unaffected [27]. Thus, factors other than
denervation probably contribute to the effects of
mechanical ventilation on diaphragm function to a
greater extent.

The effects of skeletal muscle deconditioning or
unloading are well known, but all the data pertain to
hindlimb unloading models where a slow-to-fast
phenotype transition regarding MHC or SERCA
isoforms has been described after 7–10 days [42, 43].
In mechanical ventilation, however, the diaphragm is
unloaded in a specific way, as it continuously under-
goes repetitive shortening cycles, during which the
sarcomere length really shortens. Therefore, the
current authors examined the effects of immobilisa-
tion alone or combined with a similar range of passive
shortening on the gastrocnemius muscle, in order to
unravel which of the consequences of mechanical
ventilation, passive shortening or muscle unloading
(deconditioning), would be responsible for the effects
observed in the diaphragm after mechanical ventila-
tion [44]. It was found that muscle deconditioning
rather than passive shortening was likely to be
responsible for impaired muscle function after
mechanical ventilation, as passive shortening did not
produce any additional effects on the expression levels
of the studied factors compared to deconditioning.
Hence, the nature of the effect of gastrocnemius
deconditioning was similar to that seen in the
diaphragm after mechanical ventilation, although
less pronounced in magnitude [44].

Impairment in excitation-contraction coupling may
also occur in the diaphragm during mechanical
ventilation. Indeed, any factor capable of reducing
calcium release from the sarcoplasmic reticulum and/
or calcium sensitivity would alter force production.
Reduction in CPAP amplitude and fall in force
output, as reported in the diaphragm of a piglet
after 3 days of mechanical ventilation, suggest that
either excitation-contraction coupling or membrane
depolarisation may be involved in the diaphragm
dysfunction [27]. Along the same lines, the current
authors9 data show that the expression of the fast
SERCA pump isoform was reduced in the mechani-
cally ventilated diaphragm after only 24 h [35]. The
effects of mechanical ventilation on the diaphragm
resting membrane action potential still remain to be
determined.

Intrinsic alterations in diaphragm myofibrils are
also involved in the detrimental effects of mechanical
ventilation on the diaphragm. Indeed, as described
previously, 18-h mechanical ventilation in rats
resulted in a generalised diaphragm fibre atrophy
[30], while myofibril damage was observed in the
rabbit diaphragm after 3 days of controlled mechani-
cal ventilation [31]. Finally, it was suggested that
mechanical ventilation promoted diaphragmatic oxi-
dative stress and increased protease activity, protein
degradation, and calpain and proteosome activity.
Protein carbonyls and 8-isoprostane have also been
found to be increased in the rat diaphragm as soon as
18 h after mechanical ventilation [33].
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Fig. 4. – Insulin-like growth factor (IGF)-I messenger ribonucleic
acid levels determined by reverse transcriptase polymerase chain
reaction in the diaphragm of control rats, spontaneously breathing
rats (SB) and rats under mechanical ventilation (MV). Band
intensities of the IGF-I amplified fragment were normalised to the
corresponding L32 amplification signals (house-keeping gene).
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Comments

All the animal studies discussed in this review
have examined the effect of mechanical ventilation
on diaphragm function using controlled mechanical
ventilation, although this mode of ventilation is not
the mode commonly used in clinical practice. How-
ever, patients with acute respiratory distress remain
ventilated through sedation with or without paralysis.

These animal studies are of particular interest as
they show that mechanical ventilation itself exerts
deleterious effects on diaphragm function indepen-
dently of anaesthesia. These effects indicate that only
12 h of controlled mechanical ventilation can result in
impaired diaphragm function, the magnitude and
nature of these effects worsening with the time spent
on the ventilator.

These data are of conceptual interest for clinical
medicine as they clearly show that early alterations
in diaphragm function develop after short-term
mechanical ventilation and may contribute to the
difficulties in weaning from mechanical ventilation
observed in patients. In particular, it should be noted
that all these studies were performed on animals
with normal diaphragm function in whom 24 h of
mechanical ventilation already induced pronounced
alterations in their normal diaphragm. If mechanical
ventilation would be applied to animals with already
impaired diaphragm function, it would probably
result in more severe changes in diaphragm intrinsic
properties. These findings should be taken into
account when mechanical ventilation is used in
patients with respiratory muscle weakness, as it may
worsen their diaphragm function and lead to weaning
failure. These studies underline that even short-term
mechanical ventilation may be a problem for these
patients in whom prolongation of mechanical ventila-
tion would be expected to be necessary with more risk
for further development of diaphragm weakness.

Perspectives

There are still several questions that need to be
addressed in order to develop preventive or curative
therapeutic strategies.

In particular, it remains to be established whether
the combination of mechanical ventilation with drugs,
such as corticosteroids, paralysing agents and amino-
glycoside antibiotics, promotes muscle weakness more
than mechanical ventilation alone. Preliminary data
from the current authors9 group suggest this is the
case for the combination mechanical ventilation and
high-dose corticosteroids [45]. Therefore, attempts
should be directed at minimising the dosage of the
paralysing agents and/or the combination with
corticosteroids and eventually the use of nonsteroidal
neuromuscular-blocking agents may be convenient.

Similarly, because all the critically ill patients are
catabolic, a state known to affect muscle function, the
deleterious effect of catabolism on muscle function is
likely to be exacerbated when combined with inactiv-
ity (bed rest, mechanical ventilation). This may lead to

disuse atrophy, also in the diaphragm. An attractive
alternative to prevent human diaphragm atrophy
caused by prolonged inactivation would to be to
apply brief periods of daily phrenic nerve stimulation,
as this has been shown to be efficient in patients with
high spinal cord injury [46]. Although it may be
energy consuming, an adapted and early pulmonary
rehabilitation programme may be applied, as it has
also been shown to be beneficial [47]. Likewise,
inspiratory muscle-resistive training may improve
respiratory muscle strength and endurance and help
the patients to be weaned from the ventilator [48].

Careful nutritional treatment aimed at increasing
mass and improving function of the respiratory
muscles may help to minimise inspiratory muscle
fatigue and thus to reduce mechanical ventilation
duration. This process is, however, difficult and time
consuming.

Finally, the use of pharmacotherapy may be a
valuable tool. Anabolic agents and/or treatment with
growth factors such as IGF-I and growth hormone
may help to minimise muscle atrophy. Growth
hormone treatment has, indeed, been shown to
improve inspiratory force of mechanically ventilated
patients [49]. However, treatment duration and dose
are probably important factors as low-dose and short-
term treatment with growth hormone neither
improved peripheral muscle strength nor the duration
of ventilatory support although it did promote
nitrogen retention [50].

All these therapeutic strategies need further experi-
ments to confirm their potential efficiency. For these
purposes, animal models may be helpful, keeping in
mind that extrapolation of these animal model data to
patients should be performed with caution.
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