
Respiratory muscle wasting in the ICU:
is it time to protect the diaphragm?
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Mechanical ventilation is a life-saving
‘therapeutic’ intervention for patients
with respiratory failure. The vast majority
of critically ill patients are mechanically
ventilated (MV) and a significant part of
time is spent in weaning patients from
mechanical ventilation. It is during
weaning that the diaphragm becomes so
important becoming a major pathophysio-
logical determinant of weaning failure or
success.1 2

Various insults can render the dia-
phragm weak in critically ill patients such
as sepsis, multiorgan failure and/or inflam-
mation, electrolyte disturbances, hyperin-
flation, to name a few out of a long list.3

Extensive animal research4 and few
human studies5–8 have provided evidence
that controlled mechanical ventilation
(CMV), a form of ventilation where the
ventilator assumes all the work of breath-
ing and the respiratory muscles are theor-
etically completely unloaded, can also
cause dysfunction of the diaphragm, an
entity named ventilator-induced dia-
phragm dysfunction (VIDD).9

VIDD has been described in the labora-
tory in previously healthy animals sub-
jected to CMV4 and in brain-dead patients
free of infection and other derangements
so as to be eligible for organ donation.5–8

The mechanisms of VIDD are not fully
elucidated, but include muscle atrophy
(lysosomal, autophagy, cysteine protease
and ubiquitin–proteasome activation
having all been described), oxidative stress,
structural injury (disrupted myofibrils,
lipid vacuoles and abnormally small and
disrupted mitochondria), myofibre remod-
elling and mitochondrial dysfunction. The
animal data have shown that these insults
result in the decline of the pressure-
generating capacity of the diaphragm, that
is, reduced diaphragmatic contractility.
The extent to which this happens in
humans and thus is clinically relevant is
largely unknown.

Much of the uncertainty in proving the
concept that mechanical ventilation per se

can cause contractile dysfunction of the
diaphragm derives from the difficulty in
accurately studying the performance of
the diaphragm in critically ill patients.
Diaphragm contractility in MV patients
can be assessed using various techniques
which are all demanding.
The simplest approach is to indirectly

assess diaphragmatic function by measur-
ing the change in endotracheal tube pres-
sure induced by application of bilateral
magnetic twitch stimulation of the
phrenic nerves during airway occlusion
(TwPtr). Jaber and colleagues used this
approach in MV intensive care unit (ICU)
patients and compared them with patients
undergoing endoscopy.6 TwPtr decreased
progressively over time relative to its
initial baseline value in the MV group,
with a statistically significant reduction
after 3–4 days of MV reaching a 32%
reduction by the end of the evaluation
period (5–6 days of MV).6

Magnetic phrenic nerve stimulation can
be used with direct measurement of the
transdiaphragmatic pressure development
with the use of oesophageal and gastric
balloons connected to pressure transdu-
cers. Using this method, various groups of
investigators demonstrated that the dia-
phragmatic contractility is reduced in MV
ICU patients.10–13 However, this tech-
nique cannot distinguish between
impaired phrenic nerve function, abnor-
mal neuromuscular transmission and
intrinsic abnormalities in the diaphragm
muscle itself. Consequently, using this
technique, it is impossible to figure out
whether intrinsic contractile weakness of
diaphragm muscle fibres occurs in critic-
ally ill MV patients. Furthermore, this
technique has never been used in brain-
dead organ donors wherein the ‘isolated’
effects of CMV can to some extent be
studied (as free as possible from the
various insults to the diaphragm from the
ICU environment).
A more accurate yet invasive approach

to study diaphragmatic contractile per-
formance in the critically ill is to use iso-
lated permeabilised single diaphragm
fibres from biopsies during surgery.
However, because diaphragm biopsies are
obtained from the belly of the muscle, the
fibre ends are disrupted, which precludes
electrical activation of the fibres.

Therefore, the fibres have to be permeabi-
lised and subsequently to be activated with
exogenous calcium. Using this technique,
Hooijman and colleagues provided us with
the only proof of concept (until now)
study for contractility decline due to VIDD
in brain-dead organ donor patients on
mechanical ventilation.14 These investiga-
tors compared the contractile performance
(maximum isometric force, cross-bridge
kinetics and Ca2+ sensitivity) of permeabi-
lised single muscle fibres derived from dia-
phragms of brain-dead organ donors
undergoing an average of 26±5 h of CMV
(range 6–48) with those derived from
control subjects exposed to 2 h of MV
while undergoing lung cancer surgery.
They failed to detect any differences
between the two groups and concluded
that 26 h of CMV in humans does not
affect contractile performance of sarco-
meres.14 Thus, until now, we had no proof
that mechanical ventilation can cause con-
tractile dysfunction of the diaphragm
despite the suggestive animal data.

Hussain and colleagues provide us with
this important missing proof-of-concept
information on the effects of VIDD on
diaphragmatic contractility in humans and
explore underlying mechanisms.15 These
investigators obtained diaphragm biopsies
from 13 subjects undergoing cardiac
surgery (control group) and 12 brain-dead
organ donors (CMV group). They used
the isolated myofibril preparation, which
allows for more accurate measurements of
protein contractile activity by avoiding the
kinds of artefactual effects of non-
contractile intracellular elements that
occur in single fibre preparations.
Brain-dead organ donor patients had been
MV 47.6±5.0 h (range 12–74), respect-
ively, in contrast to cardiac surgery
patients who were exposed to short
periods of mechanical ventilation (for 2–
4 h). Specific force generation of dia-
phragm myofibrils was measured with
atomic force cantilevers. Rates of force
development, force redevelopment after a
shortening protocol and relaxation in
fully activated myofibrils (with calcium)
were calculated to assess myosin cross-
bridge kinetics. The brain-dead organ
donors on prolonged CMV exhibited
reduced maximal active-specific force gen-
eration and passive-specific force gener-
ation in myofibrils and reduced force
redevelopment during activation and in
response to imposed shortening. The
impairment in contractility was associated
with reduced protein levels of myosin
heavy chain (slow), troponin-C,
troponin-I, troponin-T, tropomyosin and
titin. In contrast, no reduction in α-actin,
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α-actinin or nebulin levels was observed.
Thus, we have the first evidence that
CMV in humans decreases active dia-
phragm myofibrillar force generation and
passive diaphragm myofibrillar force gen-
eration and that this is mediated, in part,
by impaired myosin cross-bridge kinetics
and decreased myofibrillar protein levels.

Thus, VIDD is one of the (many)
causes that can render the diaphragm
weak in the ICU environment.

How common is the problem and how
can we prevent or even reverse it?

Goligher and colleagues recently
described the evolution of diaphragm
thickness over time during mechanical
ventilation.16 They enrolled 107 patients
shortly after initiating mechanical ventila-
tion. Diaphragm thickness was measured
daily by ultrasound and diaphragm con-
tractile activity was indirectly quantified
by the inspiratory thickening fraction of
the diaphragm. Over the first week of ven-
tilation, diaphragm thickness decreased by
more than 10% in 47 (44%) and
remained unchanged in 47 (44%).16 Low
diaphragm contractile activity was asso-
ciated with rapid decreases in diaphragm
thickness. Contractile activity decreased
with increasing ventilator driving pressure
and controlled ventilator modes. The
most likely explanation for the decrease in
diaphragm thickness is the development
of diaphragmatic atrophy. VIDD may be
playing a central role in this process, since
low contractile activity of the diaphragm
was associated with high pressures deliv-
ered by the ventilator and with the use of
controlled ventilator modes, which predis-
pose to VIDD. The impressive and clinic-
ally important finding was the magnitude
of the problem. Within a week, nearly
half (44%) of MV patients developed
decreases in diaphragm thickness. This is
in accordance with the results of Supinski
and Callahan who reported reduced dia-
phragmatic contractility in the vast major-
ity of the 57 ICU patients they studied.

Thus, in the ICU, the interplay of
excessive ventilator support with the
other ICU insults causes atrophy of the
diaphragm, which makes the diaphragm
weak in a time-dependent manner6 12 14

and thus weaning difficult in a significant
proportion of ICU patients.

A rational approach to the problem
would be to limit to the extent possible
the use of controlled modes of mechanical
ventilation and the amount of
assist-pressure provided by the ventilator
in ICU patients. Of course, this suggestion
requires scientific proof with appropriate
clinical studies testing this approach both
preventively and more importantly thera-
peutically, that is, after atrophy has devel-
oped, to reverse it. The degree of
diaphragm loading we should aim in MV
patients to prevent or reverse VIDD is not
known and has not even be adequately
addressed even in animal studies. The
results of Goligher et al suggest that exces-
sive loading might also not be beneficial
for the diaphragm. Twelve per cent of the
patients developed increases in diaphragm
thickness associated with high contractile
activity of the diaphragm and these
patients rather developed weakness of the
diaphragm as assessed by the maximum
thickening fraction of the diaphragm
during a maximal inspiratory effort,
which rather excludes hypertrophy as an
explanation.
ICU physicians are caring how to

protect the lung. Yet, they often forget
that one of the two vital pumps, the venti-
latory pump, exhibits plasticity and vul-
nerability and the results of Hussain et al
show that the major component of the
ventilatory pump, the diaphragm can dys-
function very quickly in the ICU during
mechanical ventilation. We need to learn
how to protect the diaphragm with
large-scale studies similar to those studies
that taught us how to protect the lung.
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