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MY PAPER 20 YEARS LATER

A paper on the pace of recovery
from diaphragmatic fatigue and
its unexpected dividends

Abstract Because the diaphragm is
essential for survival, we wondered if
it might be less vulnerable to the
long-lasting effects of fatigue than
limb muscles. Using a recently
introduced magnetic probe to activate
the phrenic nerves, we followed the
evolution of twitch transdiaphrag-
matic pressure after inducing fatigue
in healthy volunteers. Twenty-four
hours after its induction, diaphrag-
matic fatigue had not fully recovered.
Findings from this study later served
as the foundation for incorporating a
once-daily, T-tube-trial arm into a
randomized controlled trial of tech-
niques for ventilator weaning in
intensive care unit patients and also
influenced the design of a controlled
trial of the weaning of tracheostomy
patients who required prolonged
ventilation. The research methodol-
ogy was later employed to determine
whether low-frequency fatigue is

responsible for weaning failure.
Employing a further modification of
the technique—twitch airway pres-
sure—it became evident that
respiratory muscle weakness is a
greater problem than fatigue in ven-
tilated patients. Twitch airway
pressure is now being used to docu-
ment the prevalence and
consequences of ventilator-induced
respiratory muscle weakness. Our
study—which began with a circum-
scribed, simple question—has yielded
dividends in unforeseen directions,
illustrating the fruitfulness of research
into basic physiological mechanisms.

Keywords Respiratory muscles -
Mechanical ventilation -
Diaphragm weakness - Atrophy -
Ventilator-induced diaphragmatic
dysfunction - Weaning

In 1995, we published a study in the Journal of Applied
Physiology where we assessed the time course of recovery
from diaphragmatic fatigue [1]. Significant fatigue—
defined as effort-induced decrease in muscle contractility
that recovers after rest—was still evident 24 h after its
induction in healthy volunteers. We discuss the impact of
this paper on understanding of respiratory muscle func-
tion in critically ill patients. We begin by reviewing the
technical challenges for research on diaphragmatic fatigue
in the early 1990s. After reviewing the key findings in our
study, we discuss how the results influenced the design of
randomized controlled trials of ventilator weaning and led

to the introduction of a simple technique to screen for the
occurrence of respiratory muscle atrophy in mechanically
ventilated patients [2].

In the early 1980s, the standard approach for studying
diaphragmatic fatigue was to construct a force—frequency
curve (Fig. 1) [3, 4]. This method entailed activation of
one phrenic nerve with an external probe, which delivered
electrical shocks at frequencies between 10 and 100 Hz.
This technique is extremely painful because a high volt-
age is needed to overcome the resistance of the skin. The
inevitable tetanus-like contraction of neck muscles, par-
ticularly at high stimulation frequencies, is a further
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source of pain [4, 5]. The procedure demands consider-
able manual skill on the part of the investigator because
simultaneous activation of the neck muscles causes dis-
placement of the external electrode, making it difficult to
maintain a maximal stimulus [4]. Another technical
challenge is the difficulty in achieving careful control
over chest-wall geometry because activation of one
phrenic nerve (normally two fire at the same time) indu-
ces diaphragmatic distortion, which interferes with the
generation of transdiaphragmatic pressure [6].

On the basis of the contour of force—frequency curves,
two different types of muscle fatigue have been recog-
nized. Low-frequency fatigue, signified by a decrease in
the amount of force occurring at stimulation frequencies
of 10-20 Hz, is thought to be caused by irreversible
disruption of calcium release in the cytoplasm and muscle
damage [7, 8]; it has a slow rate of recovery. High-fre-
quency fatigue, signified by a decrease in force at
stimulation frequencies of 50-100 Hz [9], results from
various mechanisms related to intracellular concentrations
of calcium and inorganic phosphate; it has a rapid rate of
recovery [10]. During normal regular breathing, the peak
frequency of motor neurons for the phrenic nerves is
7-14 Hz [11], and, thus, low-frequency fatigue is judged
to have greater clinical importance than high-frequency
fatigue [12-14].

The challenges in constructing force—frequency curves
(for subjects and investigators) led to modifications of the
technique in the mid-1980s [5, 15]. It was recognized that
stimulation of the phrenic nerves at a frequency of 1 Hz
produced changes in transdiaphragmatic pressure that
paralleled the pressures induced by stimulation at 20 Hz
[16]. That is, external activation of the phrenic nerves at
1 Hz—subsequently dubbed twitch stimulation [5, 15]—
could be used to detect low-frequency fatigue of the
diaphragm [16]. Although this approach represented a
significant advance, it also had limitations. The use of a
needle electrode for nerve activation sometimes produced

Fig. 1 Constructing a force—
frequency curve. Left panel
following placement of an
esophageal and a gastric
balloon, a subject undergoes
unilateral electrical stimulations
of the phrenic nerve at various
stimulation frequencies. Right
panel force—frequency curve of
the diaphragm recorded in three
healthy men. The
transdiaphragmatic pressure
(Pdi) of each subject is
expressed as a percentage of his
maximal stimulated
transdiaphragmatic pressure.
Values are mean + standard
deviation. (Right panel used
with permission from [4])

inadvertent injuries [17]. When a transcutaneous elec-
trode was employed, it was difficult or impossible to
locate the phrenic nerves in over a quarter of patients with
respiratory disease [18]. Maintaining a constant sym-
metrical maximal stimulus can be difficult, and so
repetitive twitch stimulations are commonly performed
[15]. This approach, unfortunately, produces artifactual
increases in twitch pressure: so-called staircase potentia-
tion (an increase in muscle contractility that occurs after a
series of low-frequency stimulations) [19]. Consequently,
pressure tracings are distorted and rendered uninterpret-
able. The high voltage (80-160 V) required to overcome
skin resistance with use of a transcutaneous electrode
caused considerable pain [20]. Because of these problems,
phrenic nerve stimulation with electrical electrodes
(needle or transcutaneous) remained a difficult technique
to use—and would never have been feasible for use in the
intensive care unit (ICU).

Aware of the technical limitations of electrical stimu-
lation, industry developed an alternative approach:
magnetic stimulation of the phrenic nerves [21]. This
approach had a number of attractions. It was easier to
guarantee neural activation because the magnetic probe
generates a broad field of activity over the neck, in con-
trast with the need to precisely position an electric probe
over the phrenic nerve (Fig. 2). Consequently, the likeli-
hood of inducing staircase potentiation is lessened.
Magnetic stimulation is also considerably less painful
than electrical stimulation [21-25]. Importantly, the
transdiaphragmatic pressure generated by magnetic
stimulation corresponds to the pressure observed with
electrical stimulation of the phrenic nerves at 1 Hz [22].

Given these technical advances, we decided to employ
magnetic stimulation to study the time course of recovery
from diaphragmatic fatigue [1]. The study was motivated
by our awareness of research on limb muscles that dem-
onstrated evidence of fatigue 24 h after its artificial
induction [26, 27]. In 1992, information on the pattern of
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recovery from diaphragmatic fatigue was limited to 1 h
[28]. Because the diaphragm is essential for vital function
there was every reason to suspect that it might display a
faster recovery pattern than that observed in limb mus-
cles. To characterize the timeline of recovery, we
performed repeated stimulations of the phrenic nerve
during the first hour after induction of fatigue, at 8 h, and
again at 24 h. Such measurements demanded considerable
stoicism on the part of our volunteers. Before the study
got underway, we recognized that we needed to have
meticulous control over post-tetanic potentiation (the
transient increase in muscle contractility that occurs after
a forceful contraction elicited by high-frequency volleys
of nerve depolarization) [19].

For our study into recovery of diaphragmatic fatigue,
we invited 12 healthy individuals (mostly fellow inves-
tigators and ourselves) to participate. We employed a
standard approach to induce diaphragmatic fatigue: the
subjects breathed through a small aperture, which was
progressively narrowed so that they had to generate 60 %
of maximal transdiaphragmatic pressure with every
breath. An investigator stood at the side and ensured that
the subject never slacked off and continued to generate
the target pressure until he or she could go no further—a
point that has been dubbed “task failure” and is taken as
evidence of diaphragmatic fatigue. At baseline, twitch
transdiaphragmatic pressure was 38.9 cmH,0, and it fell
to 25.1 cmH,0O 10 min after conclusion of the fatigue
protocol (Fig. 3). Twitch pressure increased by only
2.5 cmH,O 1 h later and by 6.5 cmH,O after 8 h. The
increase in twitch pressure over the ensuing 16 h was
miniscule, 1.1 cmH,O; that is, 24 h after completion of
the fatigue protocol, diaphragmatic twitch pressure was
16 % below baseline. Mechanisms that explain long-
lasting diaphragmatic fatigue include irreversible disrup-
tion of calcium kinetics [7], activation of calpain (a
calcium-dependent nonlysosomal protease), increased

\

Fig. 2 Magnetic stimulation of the phrenic nerves. Left panel
posterior approach: a circular magnetic probe is centered over the
spinous process of the seventh cervical vertebra. When activated,
the probe generates a broad magnetic field that causes bilateral
stimulation of the phrenic nerve roots. Right panel anterolateral
approach: two figure-of-eight probes are positioned adjacent to the
posterior border of the sternomastoid muscle at the level of the
cricoid cartilage

muscle temperature, excessive production of reactive
oxygen species, and eccentric contractions (contraction of
a muscle at a time while it is being simultaneously
stretched by an external force) [8].

Only one research group has subsequently undertaken a
study broadly similar to ours [29]. Like us, Travaline et al.
[29] found that twitch transdiaphragmatic pressure was
significantly depressed at 30 min and 1 h after fatigue
was induced in healthy volunteers. At 25 h, recovery was
complete, whereas we had observed that twitch pressures
were significantly below baseline at 24 h. The discrep-
ancy can be explained by the more extreme load
employed by Travaline et al. [29]: their subjects had to
generate 80 % of maximal transdiaphragmatic pressure,
whereas ours generated 60 %. Very large respiratory
loads activate reflex mechanisms that inhibit central
neural output (a phenomenon that has been called central
fatigue) [30]. This decrease in neural output reduces
activation of the diaphragm during extreme loading [31],
and protects the muscle against contractile fatigue and
muscle injury [30].

As we were planning and conducting our study on the
pattern of recovery from diaphragmatic fatigue, one of us
(MJT) was designing a randomized controlled trial (RCT)
of weaning techniques, which was carried out in Spain
[32]. Because our preliminary data suggested that the
diaphragm was every bit as slow as limb muscles in
recovering from fatigue, MJT decided to include a study
arm of a once-daily T-tube trial in the RCT, an approach
that was distinctly unusual at that time (the usual
approach being to employ multiple T-tube trials several
times a day) [33]. When the RCT was completed, the rate
of successful weaning was almost threefold higher with a
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Fig. 3 Induction of diaphragmatic fatigue (stippled bar) produced
a significant fall in transdiaphragmatic twitch pressure (Pytw); the
fatigue was induced by requesting 12 healthy volunteers to breathe
through a resistor until they could go no further. The nadir in twitch
pressure was reached at 10 min after completing the fatigue
protocol, and the values at 8 and 24 h were significantly below the
baseline value. Values are mean =+ standard error. *Significant
difference compared with baseline value, p < 0.01. (With permis-
sion from [1])
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once-daily T-tube trial than with intermittent mandatory
ventilation and twofold higher than with pressure support
[32]. The findings of this RCT blended convincingly with
the results of our study on the pattern of recovery from
diaphragmatic fatigue in healthy volunteers. Given the
stress imposed on the respiratory muscles in a patient who
fails a T-tube trial, and the fact that it takes at least 24 h to
recover from such stress, it makes little sense to undertake
T-tube trials more often than once a day. The stress
imposed on the respiratory muscles during a once-daily
T-tube trial, combined with the period of rest over the
subsequent 23 h or so, is ideally suited to eliciting
adaptive changes in the respiratory muscles [34].

An RCT operates on the basis of probabilism, and one
may obtain a result without knowing whether or not it
necessarily makes sense [35]. Contrasted with statistical
probabilism, the aim of science is to gain knowledge of
how nature works [36]; an understanding of physiological
mechanism is the basis for generalization and sound
clinical practice [37]. About 90 % of RCTs in critically ill
patients have “negative results.” One explanation for this
sorry state of affairs is that many RCTs are not well
grounded on physiological principles. The study on
recovery from diaphragmatic fatigue not only served as
the motivation for incorporating a once-daily T-tube arm
in an RCT of ventilator weaning in ICU patients, but the
findings also influenced the design of the recent RCT in
patients receiving prolonged ventilation, which demon-
strated a rate of successful weaning 1.43 times faster with
trials of unassisted breathing (through a tracheostomy
collar) than with pressure support [38].

Having demonstrated that twitch transdiaphragmatic
pressure was sufficiently robust to elucidate the time
course of recovery from diaphragmatic fatigue—and,
most importantly, that the technique was acceptable to
editors and reviewers as a reliable method for docu-
menting the presence of low-frequency fatigue—we were
emboldened to tackle the $64,000 question: Do patients
who fail a trial of weaning from mechanical ventilation
develop low-frequency diaphragmatic fatigue?

In the early 1990s, it was widely assumed that the
dominant reason that patients failed trials of ventilator
weaning was because of diaphragmatic fatigue [39-45].
Yet, the arguments supporting this possibility largely
consisted of armchair reasoning and speculation. Inves-
tigators in the field recognized that non-voluntary
measurements of diaphragmatic contractility were needed
but this was an enormous challenge [46]. It was difficult
enough to perform phrenic nerve stimulation, and control
for confounding factors such as end-expiratory lung vol-
ume and twitch potentiation in healthy volunteers; it was
far from clear that it would be possible to obtain high
fidelity, reliable recordings in critically ill patients as they
failed a weaning trial.

With growing expertise with magnetic stimulation, we
decided to find out whether patients who fail a trial of

ventilator weaning develop low-frequency fatigue of the
diaphragm [47]. We recruited 19 patients, 11 of whom
went on to fail a T-tube trial and eight of whom passed the
trial. Before the trial, twitch transdiaphragmatic pressure
was 10.3 cmH,O in the weaning-success patients and
8.9 cmH,0 in the weaning-failure patients. Thirty min-
utes after completion of the T-tube trial, twitch pressure
was not different from the baseline value in either the
success patients (11.2 cmH,0) or the failure patients
(9.4 cmH,0). On the basis of these results, some authors
have concluded that weaning-failure patients are not at
risk of developing diaphragmatic fatigue. This interpre-
tation is erroneous, as it misses an important nuance in
our study. The T-tube trials were terminated by clinicians
at a point where a patient exhibited physical signs of
significant distress; we cannot say whether fatigue would,
or would not, have occurred had the trials been conducted
a few minutes longer [8]. That is, the “negative findings”
in this study do not justify a laissez-faire approach to
weaning—the willy-nilly undertaking of a T-tube trial in
any ventilated patient.

At the time we were conducting studies of fatigue
during weaning, we also wondered if it might be possible
to simplify the methodology and use airway pressure as a
surrogate for transdiaphragmatic pressure, and thus avoid
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Fig. 4 Airway pressures and electromyographic (EMG) signals of
the right and left hemidiaphragm in an intubated patient. Following
phrenic nerve stimulation, muscle depolarization produces com-
pound motor action potentials which are followed by the equivalent
falls in airway pressure (broken line) and esophageal pressure
(continuous line)
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the need for inserting esophageal and gastric balloons [48,
49]. (The London group of John Moxham was also
studying the same issue [50].) In healthy volunteers, we
found close concordance between twitch airway pressures
and twitch transdiaphragmatic pressures. Satisfactory
tracings were obtained only if the subject was capable of
performing a prespecified maneuver that prevented clo-
sure of the glottis during magnetic stimulation.

Glottic closure cannot arise in a patient with an endo-
tracheal tube. In ventilated patients, we found a good
correlation between twitch airway pressures and twitch
transdiaphragmatic pressures (Fig. 4) [51]. The limits of
agreement were wide, meaning that a particular twitch
airway pressure was a poor predictor of twitch transdia-
phragmatic pressure. (The London group reported similar
results [52].) Yet, the twitch airway pressures were
extremely reproducible, meaning that they could be used
to track changes in diaphragmatic contractility in venti-
lated patients [51].

The twitch airway pressures that we [51] and the
London group [52] recorded in intubated patients (—8.2
and —6.7 cmH,O, respectively) were only a fraction of
the values observed in healthy volunteers (—16 cmH,0)
[53]. Impaired muscle contractility can result from fatigue
or weakness. Fatigue is an implausible mechanism for the
low twitch pressures in these patients because the patients
had received mechanical ventilation for several days
before the measurements [54]. Instead, the low twitch
airway pressures signify muscle weakness, raising the

possibility of ventilator-induced respiratory muscle injury
and atrophy [55-57]. This possibility is supported by the
recent data of Jaber et al. [58], who reported the early
development of profound weakness and injury in venti-
lated patients. Demoule et al. [59] have also used twitch
airway pressure to document the prevalence and risk
factors for ventilator-associated respiratory muscle
weakness and its impact on clinical outcomes.

Our study [1] began with a simple, confined question:
Is the diaphragm immune from the long-lasting effects of
fatigue observed in limb muscles? The findings have
acted as both tinder and match, igniting fires in unex-
pected locations, including the introduction of an
innovative approach to weaning (use of once-daily T-tube
trials) and the implementation of a non-volitional test of
respiratory muscle strength, as opposed to fatigue (mak-
ing it possible to diagnose and follow the course of
ventilator-induced respiratory muscle weakness). The
study serves as an example of the fruitfulness and
expected dividends that result from research conducted
into basic physiological mechanisms.
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