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Abstract Experimental evidence
suggests that controlled mechanical
ventilation (CMV) can induce dys-
function of the diaphragm, resulting
in an early-onset and progressive
decrease in diaphragmatic force-
generating capacity, called ventilator-
induced diaphragmatic dysfunction
(VIDD). The mechanisms of VIDD
are not fully elucidated, but include
muscle atrophy (resulting from
lysosomal, calpain, caspase and pro-
teasome activation), oxidative stress,
structural injury (disrupted myofibrils,
increased numbers of lipid vacuoles,

and abnormally small and disrupted
mitochondria), myofiber remodeling
and mitochondrial dysfunction. The
major clinical implication of the
VIDD is to limit the use of CMV to
the extent possible. Partial (assisted)
modes of ventilatory support should
be used whenever feasible, since
these modes attenuate the deleterious
effects of mechanical ventilation on
respiratory muscles.
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Introduction

Controlled mechanical ventilation (CMV) is a mode of
ventilatory support where the respiratory muscles are not
contracting and the ventilator takes full responsibility for
inflating the respiratory system. Animal studies suggest
that CMV can induce dysfunction of the diaphragm,
resulting in decreased force-generating capacity, called
ventilator-induced diaphragmatic dysfunction (VIDD) [1].

The frequency of CMV use cannot be determined with
certainty. The international mechanical ventilation study
group reported that 13% of mechanically ventilated pa-
tients receive a neuromuscular blocker for 8% of the total
days of ventilatory support [2]. In these patients full venti-
latory support is mandatory. There are additional patients
who are on full ventilator support without receiving neuro-
muscular blockers (e.g. traumatic brain injury patients,
postoperative neurosurgical patients, comatose patients,
and patients with status epilepticus on barbiturate coma to
suppress seizure activity). Thus, a significant proportion
of mechanically ventilated patients are on full ventilator
support and could be potentially vulnerable to VIDD.

The mechanisms of this dysfunction and the clinical
relevance for mechanically ventilated patients will be the
subject of this review.

Evidence from animal models

Diaphragmatic force and endurance following CMV

Measurements in intact animals

Controlled mechanical ventilation leads to decreased
diaphragmatic force-generating capacity in various animal
species. In the intact diaphragm studied in vivo, trans-
diaphragmatic pressure (Pdi) generation upon phrenic
nerve stimulation declines at all stimulation frequencies
(20–100 Hz) (Fig. ESM 1) [3–6]. The decline ensues
early (1 day in rabbits [5], 3 days in piglets [4, 6]) and is
progressive, Pdi decreasing to 63% of the control value
after 1 day of CMV and to 49% of the control value after
3 days of CMV in rabbits [5]. Within a few days (3 days
in rabbits, 3–5 days in piglets, 11 days in baboons) the
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Fig. 1 The evoked compound muscle action potential (CMAP)
tracings of the diaphragm upon electrical stimulation of the phrenic
nerves in vivo from one piglet on days 1, 3 and 5 of CMV. The
time from the stimulus to the onset of CMAP (Latency) does not
change after 3-5 days of CMV, whereas the amplitude of CMAP is
progressively reduced. From reference [4] with permission. This
indicates that the neural and neuromuscular transmission are not
affected when VIDD develops and that the contractile dysfunction
resides within the diaphragmatic myofibers

pressure generating capacity of the diaphragm declines
by 35–50%. The endurance of the diaphragm is also
compromised [3].

The decreased force-generating capacity ensuing with
CMV is not due to changes in lung volume [6] or to
changes in abdominal compliance [3, 4]. Neural and
neuromuscular transmission remain intact, as evidenced
by the lack of changes in phrenic nerve conduction
(latency) and the stable response to repetitive stimulation
of the phrenic nerve [4] (Fig. 1). In contrast, the compound
muscle action potential (CMAP) declines progressively,
suggesting that excitation/contraction coupling or mem-
brane depolarization may be involved (Fig. 1) [4]. Thus,
the CMV-induced impairment in the diaphragmatic force-
generating capacity appears to reside within the myofibers.

In vitro measurements

The isometric (both twitch and tetanic) tension devel-
opment by isolated diaphragmatic strips in vitro [7–10]
confirm the in vivo findings and suggest that the decline
in contractility is an early (12 h) and progressive phe-
nomenon (Fig. 2) [8], the isometric force declining by
30–50% after 1–3 days of CMV in rats. The force–ve-
locity relationship of the diaphragm also changes, the
maximum shortening velocity increasing after CMV [11]
(Fig. ESM 2; for details and implications see the ESM
text).

The effects of CMV on diaphragm in vitro fatigability
are controversial (see ESM).

Fig. 2 Effects of prolonged CMV on the diaphragmatic force–
frequency response in vitro in rats. Values are means ± SE.
Compared with control, CMV (all durations) resulted in a sig-
nificant (*p < 0.05) reduction in diaphragmatic specific force
production at all stimulation frequencies. From reference [8] with
permission. Please note that the decline in force is progressive,
worsening as the duration of CMV is prolonged

Pathophysiology

Muscle atrophy

CMV leads to diaphragmatic atrophy [7, 9, 10, 12].
Ventilator-induced atrophy [13] develops rapidly (as early
as 12 h after the institution of CMV [14]) and is more
pronounced in the diaphragm, which atrophies earlier than
the peripheral skeletal muscles that are also inactive during
CMV [7, 9, 12]. Two days of CMV with PEEP (2 cmH2O)
induced atrophy in rabbits [10], whereas 3 days of CMV
without PEEP were inadequate to induce atrophy [5],
which suggests that the rapidity of atrophy development
might be augmented with the use of PEEP. The increased
lung volume at the end of expiration with the use of
PEEP would put the passive diaphragm in a relatively
shortened position, and skeletal muscles atrophy faster in
the shortened position [15, 16].

The decreased volume of the cytoplasm (atrophy) was
observed in the presence of decreased number of myonu-
clei (skeletal muscle cells are multinucleated cells and the-
oretically a single myonucleus can sustain the necessary
gene expression for a limited area of the cytoplasm, a rela-
tionship known as the myonuclear domain [17]), so that
the myonuclear domain remains constant [14]. This de-
crease in myonuclear content was mediated by caspase-3-
dependent increased apoptosis, which was evident as early
as 6 h after the onset of CMV [14]. Both the apoptosis and
the atrophy were attenuated with caspase-3 inhibition [14].

Atrophy can result from decreased protein synthesis,
increased proteolysis or both. Six hours of CMV in rats
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decreased the in vivo rate of mixed muscle protein syn-
thesis (an average synthesis rate for all muscle proteins)
by 30% and the rate of myosin heavy chain protein syn-
thesis by 65%, both of which persisted throughout 18 h
of CMV [18]. In addition, 24 h of CMV suppressed the
mRNA levels of insulin-like growth factor (IGF)-1, which
stimulates protein synthesis [19]. Thus, CMV decreases
protein synthesis in the diaphragm.

Increased proteolysis has been documented in dia-
phragm strips of animals subjected to 18 h of CMV [12].
All systems of proteases that mammalian cells have for
intracellular proteolysis (the lysosomal proteases, the
calpains, the caspases and the proteasome system) [20]),
are activated after CMV [12, 14, 21]. Calpains do not
fully degrade, but only partially cleave proteins in vivo
(Fig. ESM 3). This renders the proteins amenable to
the proteasome [13]. The stimulus for calpain activa-

Fig. 3 The ubiquitin–prote-
asome pathway of proteolysis.
Proteins degraded by the
ubiquitin–proteasome pathway
are first conjugated to ubiquitin
(Ub). The process of linking
ubiquitin to lysine residues in
proteins destined for degradation
(inlet) involves the activation of
ubiquitin by the E1 enzyme in an
ATP-dependent reaction.
Activated ubiquitin is transferred
to an E2 carrier protein and then
to the substrate protein, a re-
action catalyzed by an E3
enzyme (E3 ligase). This process
is repeated as multiple ubiquitin
molecules are added to form
a ubiquitin chain. In ATP-
dependent reactions, ubiquitin-
conjugated proteins are
recognized and bound by the
19S complex, which releases the
ubiquitin chain and catalyzes the
entry of the protein into the 20S
core proteasome. Degradation
occurs in the 26S core
proteasome, which contains
multiple proteolytic sites within
its two central rings. Peptides
produced by the proteasome are
released and rapidly degraded to
amino acids by peptidases in the
cytoplasm or transported to the
endoplasmic reticulum and used
in the presentation of class I
antigens. The ubiquitin is not
degraded but is released and
reused. SH denotes sulfhydryl,
PP1 pyrophosphate, and ATP,
ADP adenosine tri- and
diphosphate respectively. From
reference [25] with permission

tion in not known, but calcium elevation in the cell
is prerequisite. The reduced (mRNA) levels of sar-
coplasmatic reticulum calcium ATPase (the enzyme
that removes calcium from the sarcoplasm) secondary
to 24 h of CMV [22] may contribute to calpain acti-
vation. The lysosomal proteases such as cathepsin B
are also activated secondary to CMV [21]. Caspases
are proteases that can degrade proteins and especially
complexes of actin and myosin [20, 23]. Upregulation
of caspase-3 expression has been documented in the dia-
phragm secondary to CMV [14]. Caspase-3 can be acti-
vated by oxidative stress, increased intracellular calcium
and increased calpain activity [20].

Using the proteasome inhibitor lactacystin, Shanely
et al. [12] showed that the proteasome is involved in the
augmented proteolysis of the diaphragm strips from CMV
animals. The proteasome is a multi-subunit multi-catalytic
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complex that exists in two major forms (Fig. 3): the
core 20S proteasome can be free or bound to a pair of
19S regulators to form the 26S proteasome, which de-
grades (in an ATP-dependent manner) proteins covalently
bound to a polyubiquitin protein chain (ubiquitinated
proteins). The binding of ubiquitin to protein substrates
requires the ubiquitin-activating enzyme (E1), which
utilizes ATP-derived energy to form a covalent link with
a ubiquitin protein, followed by transfer of the active
ubiquitin moiety to a ubiquitin-conjugating enzyme (E2)
and finally transfer of this ubiquitin to the protein to be
degraded via a ubiquitin ligase (E3). Accordingly, CMV
increases the level of ubiquitin–protein conjugates in the
diaphragm [24] that are the substrates of the 26S prote-
asome (Fig. 3) [25]. Furthermore, key enzymes involved
in the function of ubiquitin–proteasome pathway are
upregulated in the diaphragm, such as the skeletal muscle-
specific ubiquitin ligases (E3 enzymes) muscle atrophy
F-box (MAFbx/Atrogin-1) [24, 26, 27] and muscle ring
finger-1 (MuRF1) [24, 27]. However, not all mRNAs of
the ubiquitin–proteasome pathway are upregulated in the
diaphragm, since no change was found for the ubiquitin-
conjugating enzyme E214k, or the polyubiquitin secondary
to 12 h of CMV [24]. The relatively short period of CMV
(12 h) may have been inadequate for the upregulation of
these components of the ubiquitin–proteasome pathway.
In any case, increased protein ubiquitination in the dia-
phragm secondary to CMV did not require increased
expression of all components of the ubiquitin-proteasome
pathway.

Interestingly, Shanely et al. showed that CMV resulted
in 500% increase in the 20S proteasome activity [28],
which is specialized in degrading proteins oxidized by
reactive oxygen species. Oxidative damage of a protein
results in its partial unfolding, exposing hidden hydropho-
bic residues (Fig. ESM 4) [29, 30]. Therefore, an oxidized
protein does not need to be further modified by ubiquitin
conjugation to confer a hydrophobic patch, nor does it
require energy from ATP hydrolysis to unfold.

Oxidative stress

CMV is associated with augmented oxidative stress in the
diaphragm, as indirectly evidenced by the rise in protein
oxidation (elevated protein carbonyls [12]; Fig. 4) and
lipid peroxidation (elevated 8-isoprostane [12], total lipid
hydroperoxides [27, 28] and thiobarbituric reactive sub-
stance content [6]) and directly shown by the increased
emissions of dichlorofluorescein (a molecule that fluor-
esces upon reacting with reactive oxygen species within
cells) when diaphragmatic strips from CMV-treated
animals are incubated in vitro with the dye [31]. The onset
of oxidative injury is rapid, occurring within 6 h after the
institution of CMV in rats [28], and is long-lasting, being
present after 3 days of CMV in piglets [6].

Fig. 4 Illustration of Western blots using monoclonal antibodies to
identify oxidized proteins with molecular masses of 200–40 kDa.
Left lane: Reactive carbonyl derivatives (RCD), which are the foot-
prints of protein modifications induced by oxidative stress in insol-
uble proteins isolated from the diaphragm of an animal exposed to
CMV for 18 h. Middle and right lanes: The same membrane stripped
of the 2,4-dinitrophyenylhydrazone antibody (the antibody recogniz-
ing RCD was removed) and then sequentially re-probed with mono-
clonal antibodies specific for rat skeletal muscle actin and all myosin
heavy chain (MHC) isoforms. From reference [28] with permission

The response of antioxidant enzymes in the diaphragm
to CMV is controversial and the mechanisms of oxidative
stress generation remain elusive (for both see ESM).

Oxidative stress can modify proteins involved in
energetics, excitation–contraction coupling, intracellular
calcium regulation and force generation [32]. CMV-
induced diaphragmatic protein oxidation was evident
in proteins with molecular masses of about 200, 128,
85, and 40 kDa [28]. These findings raise the possibility
that actin (40 kDa) and/or myosin (200 kDa) undergo
oxidative modification during CMV (Fig. 4), which would
be expected to compromise diaphragm contractility. This
intriguing possibility awaits confirmation by more specific
identification of the modified proteins.

Oxidative stress and especially the lipid peroxidation
product 4-hydroxy-2-nonenal (produced in the diaphragm
under conditions such as sepsis or resistive loading [33])
can reduce the activity of plasma membrane calcium
ATPase [34]. This would retard calcium removal from the
diaphragmatic myofibers and would contribute to calcium
accumulation and calpain activation [20]. Oxidative
stress could also injure various intracellular structures
(organelles).
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Structural injury

Structural abnormalities of different subcellular compon-
ents of diaphragm myofibers progressively develop after
2–3 days of CMV in rabbits (Fig. ESM 5) [5, 11, 35].
The changes consisted of disrupted myofibrils, increased
numbers of lipid vacuoles in the sarcoplasm, and abnor-
mally small mitochondria containing focal membrane
disruptions. Similar alterations were observed in the
external intercostal muscles of ventilated animals [35]
but not in the hindlimb muscle [5]. The structural ab-
normalities have detrimental effects on diaphragmatic
contractility. The number of abnormal myofibrils is
inversely related to the force output of the diaphragm [5].
The mechanisms of injury have not been elucidated,
but may involve activation of calpains, which have the
ability to degrade several sarcomeric proteins and di-
rect cellular injury secondary to augmented oxidative
stress [1].

Muscle fiber remodeling

Muscle fibers are classified as either slow-twitch (type I)
or fast-twitch (type II) based on their myosin heavy
chain (MHC) isoform content (in increasing order of
maximum shortening velocity, MHC isoforms are I,
IIa, IIx and IIb) [36]. Muscles can modify their MHC
phenotype in two ways: preferential atrophy/hypertrophy
of fibers containing a specific MHC isoform and actual
transformation from one fiber type to another. Both short-
term [12, 22] and long-term [9] CMV result in significant
modifications of the MHC phenotype in rats. Within 12
and 18 h of CMV both type I and II fibers are reduced
in size [12, 14], yet type II fibers exhibit much greater
reduction [12], and within 24 h of mechanical ventilation
the transcript levels of the MHC 2A and 2B isoforms are
decreased by ~20% [22], consistent with the preferential
atrophy observed in the above-mentioned studies. This
modification of the MHC phenotype could contribute
to the force decline of the diaphragm, since the force
produced by slow fibers is less than the force produced
by fast fibers [37], but at the same time could explain the
increased fatigue resistance observed [38], (though this
result is not uniform in all studies), since type I fibers have
higher oxidative capacity and thus endurance than type II
fibers. However, prolonged (44–93 h) CMV in rats results
in a different pattern of MHC phenotype modification,
with decreased number of type I fibers and increases in
fast MHC isoforms mainly within hybrid fibers (fibers
co-expressing both slow and fast isoforms) [9]. This slow-
to-fast transformation does not compromise diaphragmatic
contractility per se, but reduces diaphragmatic endurance,
since fewer slow-twitch fatigue-resistant fibers are avail-
able. The basis of this different response is not known, but
may be related to the ventilatory strategy or the duration

of CMV (< 24 h vs. 44–93 h). Despite similar respiratory
rates, the tidal volume and thus the degree of phasic
diaphragmatic shortening was double in the study of
Shanely et al. [12] (1 ml/100 g body weight) compared to
the tidal volume used by Yang et al. [9] (0.5 ml/100 g body
weight). In contrast, the degree of tonic diaphragmatic
shortening imposed by positive end-expiratory pressure
(PEEP) was much greater in the study of Yang et al. [9]
(PEEP = 4 cmH2O) than in the study of Shanely et al. [12]
(PEEP = 1 cmH2O). Whether different ventilatory patterns
result in different fiber type transformations is not known.
Interestingly, in limb muscles the duration of inactivity
influences the fiber type transformation observed. Whereas
short-term inactivity results in fast-to-slow transformation
(similar to short-term mechanical ventilation), longer
inactivity results in slow-to-fast transformation. Although
the duration of inactivity was much longer (6 weeks)
in limb muscles, the diaphragm might exhibit much
faster adaptation to inactivity, since it is continuously
contracting throughout life with much higher duty cycles
(duration of contraction relative to relaxation) than the
limb muscles. In rabbits, 2 days of CMV resulted in
atrophy of the respiratory muscles and in decreased
cross-sectional area of type IIa and IIb fibers but not
type I fibers (fast-to-slow transformation), with no change
in their proportion [10], whereas 3 days of mechanical
ventilation did not affect the cross-sectional areas of slow
and fast fibers but resulted in a decrease in the proportion
of the fast MHC2X isoform (a form of fast-to-slow
transformation) [5]. The differences might be attributed to
the presence of PEEP (2 cmH2O in [10], 0 cmH2O in [5])
or to the episodes of breakthrough diaphragmatic activity
observed [5].

Interestingly, 24 h of CMV in rats resulted in changes
in the mRNA expression of the myogenic regulatory
transcription factors myoD (myogenic determination gene
D) (decrease) and myogenin (increase) with a consequent
decrease in the myoD/myogenin ratio [22]. These tran-
scription factors bind to the promoter of many skeletal
muscle-specific genes and drive myoblast determination
and differentiation during embryogenesis, but may also
influence fiber type transformation in the adult muscle.
The levels of myoD are significantly greater in fast than
in slow muscle fibers, myogenin is preferentially located
in slow fibers, and their ratio is highly correlated with
muscle fiber phenotype. Whether this correlation is causal
is debated [39]. In the diaphragm, the deletion of MyoD
resulted in a shift in MHC phenotype from MHC IIb
toward the slower MHC IIa and IIx (fast to slow trans-
formation), associated with decreased force-generating
capacity [40]. Thus, the decreased myoD/myogenin
ratio in the diaphragm secondary to 24 h of CMV [22]
might contribute to the observed fast-to-slow fiber type
transformation.

Remodeling could also lead to reduced optimal
diaphragmatic length [7, 9] (see ESM).
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Drugs

Anesthetics should be excluded as causes of VIDD, since
studies that used appropriate controls (to the extent feas-
ible, i.e. a group of anesthetized spontaneously breathing
animals) concluded that the decreased contractility was
due to the effects of mechanical ventilation per se (and not
to anesthetic use) [5].

Neuromuscular blockers [3, 9] cannot solely account
for the decreased contractility secondary to CMV, since
decreased contractility was also observed in studies that
did not use these drugs [5, 8]. However, the effects of
24 h of CMV and aminosteroidal neuromuscular blockers
(rocuronium) are synergistic in depressing diaphragm
contractility, in inducing atrophy of type IIx/b fibers and
in upregulating the ubiquitin ligase (E3) MuRF1 (but not
the E3 MAFbx/Atrogin-1) [27], a synergism not observed
with different doses of benzylisoquinoline neuromuscular
blockers (cisatracurium) [41].

Metabolic enzymes and mitochondrial function

The changes documented after CMV are not dramatic (see
ESM).

Clinical relevance

Evidence for VIDD in humans

Although there is no definite evidence of VIDD in humans,
several intriguing data suggest that it is a clinical relevant
phenomenon. The twitch transdiaphragmatic pressure
elicited by magnetic stimulation of the phrenic nerves was
reduced in mechanically ventilated patients [42] and in
patients ready to undergo weaning trials [43] compared
to normal subjects. This is not specific evidence for the
presence of VIDD, since other factors leading to muscle
weakness in the ICU may have contributed. Diaphragmatic
atrophy was documented (by ultrasound) in a tetraplegic
patient after prolonged CMV [44]. However, denerva-
tion removes neurotrophic influences for the muscle,
which is not the case for VIDD. Retrospective analysis
of postmortem data obtained in neonates who received
ventilatory assistance for 12 days or more immediately
before death documented diffuse diaphragmatic myofiber
atrophy (small myofibers with rounded outlines), not
present in extradiaphragmatic muscles [45]. Furthermore,
preliminary data suggest that brain-dead organ donors
(with an intact circulation) who underwent CMV for
18–72 h exhibit reduced cross-sectional area (i.e. atrophy)
of both slow and fast diaphragmatic fibers (by 40% and
36% respectively) compared to matched control patients
subjected to surgery for resection of solitary pulmonary
nodules (receiving CMV for less than 2 h) [46]. The

ubiquitin–proteasome pathway was implicated in the
development of atrophy, since both the ubiquitin–pro-
tein conjugates and the mRNA levels of the E3 ligases
MAFbx/Atrogin-1 and MuRF1 were upregulated in the
diaphragms of brain-dead patients receiving CMV [47].

Clinical context

VIDD should be suspected in patients who fail to wean
after a period of CMV. The weaning failure is related to
respiratory muscle weakness. Other causes of respiratory
muscle weakness should be ruled out [48]. However, the
above-mentioned conditions may coexist with VIDD.

VIDD prevention

Ventilatory strategy

Since data in humans are lacking, suggestions are based on
animal models and speculations. The time spent in CMV
must be curtailed to the extent possible, especially in older
individuals, since the effects of aging and CMV are addi-
tive [49]. Although CMV induced similar losses (24%) in
diaphragmatic isometric tension in both young and old ani-
mals, the combined effects of aging and CMV resulted in
a 34% decrement in diaphragmatic isometric tension com-
pared to young control animals.

When feasible, partial support modes should be used.
Recent studies raise the possibility of partial support
modes in conditions traditionally considered as indi-
cations for CMV such as ALI/ARDS [50, 51]. In an
animal model, assisted (flow-triggered pressure-limited)
mechanical ventilation from the onset of ventilator support
resulted in attenuation of the force loss induced by CMV
(Fig. 5) [26]. Thus, it stands to reason that preserving
diaphragmatic contractions during mechanical ventila-
tion should attenuate the force loss induced by CMV,
though other forms of partial ventilatory support (pressure
support, SIMV) have not been experimentally tested. It
should be stressed that these suggestions may be valid in
the absence of sepsis, since during sepsis in rats (albeit
of short duration, 4 h), CMV protects the diaphragm from
injury [52].

Assisted modes or even noninvasive mechanical venti-
lation in hypercapnic COPD [53–55] can be an alternative
strategy in patients who experience weaning failure
after a spontaneous breathing trial or after extubation
and who may be ventilated using CMV [56], a strategy
based on the premise that respiratory muscle fatigue
(requiring rest to recover) is the cause of weaning fail-
ure [57, 58]. This is because the load that the respiratory
muscles of patients who fail to wean are facing is increased
to the range that would predictably produce fatigue of
the respiratory muscles [59], if patients were allowed
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Fig. 5 Diaphragmatic tetanic force at various stimulation frequen-
cies in control circumstances, assisted mechanical ventilation
(AMV), and controlled mechanical ventilation (CMV) in rats. Values
are mean ± SE. * p < 0.01, CMV versus control and AMV. CSA,
cross-sectional area. From reference [26] with permission

to continue spontaneous breathing without ventilator
assistance. Recent evidence, however, does not support
the existence of low-frequency fatigue (the type of fatigue
that is long-lasting, taking more than 24 h to recover) in
patients who fail to wean despite the excessive respiratory
muscle load [43]. This is because physicians have adopted
criteria of spontaneous breathing trial failure and termi-
nation of unassisted breathing, which lead them to put
patients back on the ventilator before the development of
low-frequency respiratory muscle fatigue. Thus, no reason
exists to completely unload the respiratory muscles with
CMV for fatigue reversal if weaning is terminated based
on predefined criteria [56].

Intermittent diaphragmatic contractions

When CMV is inevitable, short periods of diaphragmatic
activity have been suggested as a preventive countermeas-
ure. This could be achieved with either phrenic nerve
stimulation or short periods of intermittent spontaneous
breathing. Only 30 min of pacing of one hemidiaphragm
each day attenuated atrophy in this hemidiaphragm during
prolonged CMV in a tetraplegic patient compared to the
non-paced hemidiaphragm [44]. In rats subjected to 24 h
of CMV, either 5 min or 60 min of spontaneous breathing
every 6 h did not preserve diaphragm force. Rats receiving
CMV developed reduced cross-sectional areas of type I
and type IIx/b diaphragmatic fibers, which was not ob-
served in intermittently spontaneously breathing rats, yet
no difference was observed in the cross-sectional areas be-
tween the CMV rats and the intermittently spontaneously
breathing rats [60]. Whether more frequent or longer
intervals of spontaneous breathing might be more effective
in preventing VIDD awaits experimental proof.

Pharmacological approaches

Antioxidant supplementation could decrease the oxidative
stress and thus could attenuate VIDD. Accordingly,
when rats were administered the antioxidant Trolox
(an analogue of vitamin E) from the onset of CMV, its
detrimental effects on contractility (Fig. 6) and proteolysis
were prevented [61].

A similar approach is adopted by nature itself! Various
dormant animals immobilized for prolonged periods
of time prevent muscle atrophy through a decrease in
metabolic rate that reduces formation of reactive oxygen
species and through a concomitant rise in antioxidant
enzymes [62, 63]. Interestingly, a combination of vitamins
E and C administered to critically ill surgical (mostly
trauma) patients was effective in reducing the duration
of mechanical ventilation compared to nonsupplemented
patients [64]. It is tempting to speculate that part of this
beneficial effect was mediated by preventing VIDD. Thus,
when CMV is used, concurrent administration of antioxi-
dants seems justified, since a recent meta-analysis suggests
that they are beneficial in critical care patients [65].

Administration of leupeptin (an inhibitor of lysosomal
proteases and calpain) at the beginning of CMV prevented
the development of diaphragmatic contractile dysfunction
and atrophy [21] in experimental animals. This raises the
possibility of future clinical trials of protease inhibitors in
patients to prevent VIDD.

Recovery from VIDD

There is no established or experimentally tested therapy
for VIDD. Theoretically, resumption of spontaneous

Fig. 6 Force–frequency curves of in vitro diaphragm strips from
control rats (CON), spontaneously breathing animals (SBS), mech-
anically ventilated animals (MVS), and mechanically ventilated
animals receiving Trolox (MVT). Values represent means ± SEM.
* Significantly different from CON group, p < 0.05; + significantly
different from SBS group, p < 0.05; # significantly different from
MVT group, p < 0.05. From reference [61] with permission
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breathing would retrain the respiratory muscles, yet the
time course of recovery of normal function is unknown.
A major concern is that diaphragm disuse associated
with CMV would increase its susceptibility to subsequent
contraction-induced injury, once respiratory efforts are
resumed, similar to other skeletal muscles [66]. Rats
receiving 24 h of CMV exhibited 26% decline in maximal
specific diaphragmatic force with no apparent injury to
the cell membrane or evidence of inflammation [67].
Resumption of spontaneous breathing for 2 h in these
rats did not exacerbate contractile dysfunction or induce
membrane injury or macrophage invasion [67]. However,
reloading was associated with increased myeloperoxidase
activity and neutrophil infiltration in the diaphragm, which
is expected to cause injury at a later time point, should
reloading be continued [67]. Further studies are needed
to elucidate the recovery response of the diaphragm that
has developed VIDD to the resumption of spontaneous
respiratory muscle activity.

Summary and conclusion

In recent years researchers have discovered that mechanic-
al ventilation can damage previously injured lungs [68].
Mechanical ventilation can also damage the previously
normal respiratory muscles. CMV imposes a unique form
of skeletal muscle disuse: the diaphragm is simultaneously
unloaded, electrically quiescent, and phasically shortened
by cyclical lung inflation, or tonically shortened when
PEEP is used. Recent microarray analysis identified 354
differentially expressed gene products in the diaphragms
of animals subjected to CMV compared to control ani-
mals [69]. Intense research is required to unravel the
mechanisms of VIDD and discover ways to translate this
knowledge into clinical benefit.

The respiratory muscles are not an inert mechanical
pump that can be “light-heartedly” substituted by the
ventilator. The respiratory muscles should remain active
because they are plastic, and vulnerable.
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