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Abstract

Monitoring inspiratory drive and effort may aid proper selection and setting of respiratory support in patients
with acute respiratory failure (ARF), whether they are intubated or not. Although diaphragmatic electrical activity
(EAdi) and esophageal manometry can be considered the reference methods for assessing respiratory drive and
inspiratory effort, respectively, various alternative techniques exist, each with distinct advantages and limitations.
This narrative review provides a comprehensive overview of bedside methods to assess respiratory drive and
effort, with a primary focus on patients with ARF. First, EAdi and esophageal manometry are described and
discussed as reference techniques. Then, alternative methods are categorized along the neuromechanical pathway
from inspiratory drive to muscular effort into three groups: (1) techniques assessing the respiratory drive: airway
occlusion pressure (P0.1), mean inspiratory flow (Vt/Ti) and respiratory muscle surface electromyography (SEMG);
(2) techniques assessing the respiratory muscle effort: whole-breath occlusion pressure (APocc), pressure-muscle
index (PMI), nasal pressure swing (APnose), diaphragm ultrasonography (USdi), central venous pressure swing
(ACVP), breathing effort (BREF) models, and flow index; (3) techniques and clinical parameters assessing the
consequences of effort: tidal volume (V1), electrical impedance tomography (EIT), dyspnea. For each, we summarize
the physiological rationale, measurement methodology, interpretation of results, and key limitations.
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Background and rationale

The current approach to ventilatory support in acute
respiratory failure (ARF) favors maintaining a degree of
spontaneous breathing, based on the rationale that it may
improve gas exchange, promote more physiological lung
aeration, and help preserve respiratory muscle function
[1-4]. Further, the growing use of non-invasive respira-
tory support (i.e., high-flow nasal cannula [HFNC] and
non-invasive mechanical ventilation [NIV]), accelerated
by the COVID-19 pandemic, has broadened ARF man-
agement outside the intensive care unit (ICU) [5-7].
Preserving spontaneous breathing could help main-
tain respiratory muscle function and reduce complica-
tions associated with mechanical ventilation (MV) [2,
4, 8]. However, this strategy also carries potential risks,
especially if respiratory effort becomes excessive [9, 10].
Intense inspiratory effort can indeed generate very nega-
tive intrathoracic pressures, potentially leading to nega-
tive alveolar pressure, high transpulmonary pressures
with large tidal volume (Vt), increased left ventricular
afterload, and the development of pulmonary edema [11].
These mechanisms may deteriorate lung mechanics and
contribute to patient self-inflicted lung injury (P-SILI),
ultimately worsening clinical outcomes [12-15]. Thus,
there is a sound physiological rationale for assessing drive
and effort in patients with ARF to enable prompt correc-
tive actions (i.e., pharmacologic sedation/de-sedation or
MV escalation/de-escalation [16]). While diaphragmatic
electrical activity (EAdi) and esophageal manometry
can be considered the reference techniques for quantify-
ing inspiratory drive and effort respectively [17], various
alternative assessment methods with different potential
for bedside use have been investigated [18—-20].

This narrative review presents current bedside meth-
ods for assessing inspiratory drive and effort, beginning
with the introduction of EAdi and esophageal manom-
etry as reference standards. Subsequently, alternative
techniques are presented and classified according to the
neuro-ventilatory cascade: (1) methods for assessing the
inspiratory drive, (2) methods for assessing the inspira-
tory muscle effort, and (3) methods for evaluating the
consequences of effort. For each technique, we provide
a summary of the physiological rationale, measurement
methodology, clinical interpretation, and key limitations.
Importantly, the techniques described in this review dif-
fer substantially in terms of how extensively they have
been investigated and adopted in clinical practice. Some
methods have been the focus of multiple physiological
and clinical studies and are routinely used at the bedside,
whereas others are more recent, with limited available
data and lower uptake in daily care. These differences are
highlighted throughout the review and summarized in
the final section.
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Inspiratory drive and effort: pathophysiology,
clinical relevance and reference methods for
assessment
Pathophysiology
Respiratory drive refers to the oscillatory neural output
generated by the brainstem respiratory centers. It pri-
marily originates from the preBétzinger complex, which
plays a central role in initiating inspiration, and is shaped
by modulatory structures such as the Botzinger complex
and retrotrapezoid nucleus, which contribute to pattern
formation and chemosensory integration [21, 22]. This
output mainly relies on feedback from peripheral and
central chemoreceptors (sensing arterial and cerebro-
spinal fluid pH and gas tension) [23], irritant receptors
in the lung and chest wall, and cortical feedback [15, 22].
Respiratory drive determines primarily the intensity, and
only secondarily the frequency, of the impulses delivered
to the respiratory pump and represents the initiating
signal for ventilation. This is consistent with experimen-
tal evidence showing that in response to chemoreceptor
stimulation (e.g., hypercapnia), the motor output is pri-
marily regulated by changes in intensity rather than in
frequency, making respiratory rate a less sensitive indi-
cator of drive [24]. Inspiratory effort refers to the pres-
sure generated by the respiratory muscles—primarily the
diaphragm—in response to the neural command, com-
monly expressed as respiratory muscle pressure (Pmus)
[15]. The contraction and downward displacement of the
diaphragm result in the expansion of the thoracic cage,
which decreases pleural and alveolar pressures, thereby
driving lung inflation. In patients with AREF, altered gas
exchange and respiratory mechanics, inflammation, and
emotional factors variably contribute to increasing respi-
ratory drive and effort. When the load imposed on the
diaphragm rises, other muscles are recruited to assist
inspiration, including sternocleidomastoid, parasternal,
scalene and intercostal muscles. Notably, some of these—
such as the scalene and intercostal muscles—are not
merely accessory but contribute to normal inspiration. In
more severe cases, even expiratory muscles may be acti-
vated to enhance inspiratory muscle capacity [25].
Normally, inspiratory drive and effort are coupled:
when the drive increases, there is a parallel increase in
muscle activation and mechanical output. However, in
critically ill patients, this neuromechanical coupling can
become disrupted, as the relationship between respi-
ratory drive and effort varies considerably depending
on respiratory muscle strength and respiratory system
mechanics. As a result, relying solely on effort may lead
to underestimating disease severity, which a dispropor-
tionately high drive could instead indicate. Conversely,
monitoring only the respiratory drive may fail to detect
harmful inspiratory effort, particularly in the most criti-
cally ill patients. This possible dissociation between drive
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and effort is not only a monitoring challenge, but rather a
key mechanism of dyspnea. When neural drive increases
but fails to produce sufficient mechanical output—due to
respiratory muscle weakness, impaired compliance, or
under-assistance—a mismatch arises between intended
and actual ventilation. This neuromechanical uncoupling
triggers respiratory-related brain suffering, of which dys-
pnea is the conscious manifestation [26]. Importantly,
this mismatch can occur even in the absence of overt
physiological abnormalities, contributing to the under-
recognition of distress in patients with ARF.

Clinical relevance

The importance of preserving inspiratory drive and
effort during MV and non-invasive respiratory support
has been increasingly recognized [27-31]. Maintaining
a certain degree of diaphragmatic activity may improve
gas exchange and lung aeration, particularly through
the recruitment of dorsal lung regions [32, 33]. Notably,
respiratory support—invasive or non-invasive—interacts
substantially with spontaneous breathing; however, its
clinical effects are complex, often bidirectional, and vary
considerably among patients.

Inspiratory support generally unloads the respira-
tory muscles and potentially decreases drive and effort
[34-36]. However, if the level of assistance is lower than
the patient’s ventilatory demand, not properly synchro-
nized with the patient’s effort, or poorly tolerated—such
as in cases of delayed triggering, an excessive backup
rate, or discomfort from the interface—respiratory drive
may increase. This heightened drive can lead to stron-
ger inspiratory efforts, dyspnea, and patient—ventilator
asynchrony. Positive end-expiratory pressure (PEEP) may
decrease inspiratory drive and effort mainly by improving
lung compliance. However, it may also have the opposite
effect if it induces overdistension or hemodynamic com-
promise. Additionally, PEEP and the level of assistance
may influence neuromechanical coupling, potentially
impairing diaphragmatic efficiency and, in turn, alter-
ing inspiratory effort and its alignment with neural drive
[37-40].

Understanding how support settings influence the
drive—effort relationship seems critical, as mismatches
between neural demand and mechanical assistance can
lead to clinically relevant patterns such as over-assis-
tance or under-assistance. Over-assistance occurs when
mechanical support surpasses neural demand, resulting
in minimal inspiratory effort and risks such as diaphragm
weakness. This can lead to prolonged ICU stays and cog-
nitive impairment [27, 41-45]. Clinically, it may present
as bradypnea and large thoracic expansion, with ventila-
tor waveforms showing no inspiratory deflection and late
cycling (i.e., the ventilator cycles well after the patient
stops actively inspiring). Such excessive unloading can
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lead to diaphragm disuse atrophy [31, 46—48], causing
dyspnea even after ICU discharge [49]. Excessive inspira-
tory efforts can also be detrimental. This typically occurs
when the level of assistance fails to meet the patient’s
respiratory demand—i.e.,, under-assistance—leading
to persistently elevated inspiratory drive and a marked
increase in respiratory muscular effort. Clinically, this
may present as tachypnea, nasal flaring, and visible use
of accessory muscles. On ventilator waveforms, under-
assistance is usually associated with scooped pressure-
time curves during volume-controlled mode. This pattern
reflects patient inspiratory effort occurring despite
fixed inspiratory flow, and may be accompanied by early
cycling (i.e., the ventilator cycles before the patient fin-
ishes actively inspiring). When the neural inspiratory
time exceeds the ventilator-set inspiratory time, this
mismatch can deform the pressure plateau and, in some
cases, lead to double triggering [50].

When inspiratory effort becomes higher than normal,
a substantial portion of cardiac output is diverted to the
respiratory muscles [51, 52]. While normally account-
ing for 5-10% of total oxygen consumption, the oxygen
cost of breathing can surge to 50% in critically ill patients,
further impairing oxygen delivery in shock states [53,
54]. Moreover, inspiratory efforts exceeding physiologi-
cal limits may trigger P-SILI [55] especially when the
underlying injury is more severe [13, 56, 57] as they cause
both alveolar overdistension and cyclic recruitment of
collapsed lung areas [13, 55]. These injurious patterns
are driven by increased transpulmonary pressure result-
ing from a marked decrease in pleural pressure during
patient-triggered inspiration, leading to excessive lung
stress—often exceeding the normal maximal values
observed at total lung capacity in healthy individuals
(30 cmH,0) [58, 59]. The vascular components of this
injury may also be significant. The resulting deteriora-
tion in gas exchange and respiratory mechanics, in turn,
further increases respiratory drive in a vicious cycle,
exposing the lungs to the risk of even stronger inspiratory
efforts [55]. A U-shaped relationship between inspiratory
effort and the risk of diaphragm or lung injury could then
be hypothesized, where the extremes of effort— either
insufficient or excessive—may contribute to damage [60,
61].

Finally, maintaining adequate inspiratory drive and
effort appears important not only to achieve a balanced
level of patient—ventilator interaction, but also to improve
its quality. Dyssynchronous unloading, as seen in reverse
triggering and ineffective efforts, can result in prolonged
diaphragm activation and induce eccentric contractions.
This abnormal activity can overstretch muscle fibers,
potentially resulting in microtrauma and long-term dia-
phragm weakness [62]. Asynchronies could also cause
lung injury, especially when resulting in exposure to high
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Vt, for instance, with breath stacking [63]. These consid-
erations all underscore the importance of assessing drive
and effort to optimize respiratory management in criti-
cally ill patients with ARF.

Reference method for assessing the inspiratory drive:
diaphragm electrical activity

In humans, the intensity of output from the respiratory
center cannot be measured directly. Instead, it can be
estimated through various downstream effects, includ-
ing the EAdi. The EAdi can be measured via a nasogas-
tric catheter embedded with ring-shaped electrodes that
are positioned at the level of the crural diaphragm [64].
This catheter was originally designed to control the ven-
tilator timing and pressurization to enhance patient-ven-
tilator interaction (with Neurally Adjusted Ventilatory
Assist) [65] but it can also be used with other ventila-
tor modes and in non-intubated patients.EAdi captures
the electrical signal originating from the crural part of
the diaphragm. As long as the phrenic nerves and neu-
romuscular junctions are intact, and extra-diaphrag-
matic muscles are not significantly activated, EAdi and
other related measurements, such as the average rate
of increase of EAdi (EAdi/dt), serve as the most precise
accessible proxy for respiratory drive [66]. The measure-
ment is not widely available since it requires specialized
equipment. Correct catheter placement and processing
of the signal are facilitated by ventilator software. Cardiac
artifacts may occur, especially when the drive is low (and
the signal-to-noise ratio is low). However, these artifacts
are typically removed through filtering or signal process-
ing algorithms. The measurement is somewhat invasive,
especially for non-intubated patients, but no more than
placing a standard nasogastric feeding tube. Typical peak
EAdi values are 10-20 pV in non-intubated healthy vol-
unteers [67] and 5-20 gV in mechanically ventilated
patients [20]. The signal remains stable with different
lung volumes [68] and in individual patients, changes in
EAdi closely correlate with changes in dynamic trans-
pulmonary pressure (APlung,,,) or esophageal pressure
swings (APes) [69, 70]. However, the same EAdi can be
associated with very different APes (or APlung,,,) in dif-
ferent patients [71, 72]. Individual changes in EAdi (e.g.
evolving over time, or after adjustment of sedation or
ventilator support) therefore provide more information
than single static measurements. Normalization of EAdi
to maximum EAdi has been proposed [73] but obtain-
ing maximal volitional inspiratory efforts in critically ill
patients is often unfeasible. Alternatively, EAdi can be
used to estimate effort (and not only drive) via a con-
version factor that is obtained during an end-expiratory
occlusion maneuver. In this context, the neuromuscular
efficiency (NME) index is calculated as the ratio between
the maximal negative airway pressure deflection and the
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corresponding EAdi amplitude during the occlusion (in
c¢cmH,O/pV). This conversion factor can then be used to
estimate APes from tidal EAdi amplitudes [71]. Values<5
or >10 cmH,O of APes estimated in this way may be con-
sidered too low or too high [72, 74, 75]. Of note, changes
in NME may reflect accessory muscle recruitment,
which is not captured by EAdi and contributes to the
index’s high variability in clinical practice [72, 76]. EAdi
specifically reflects neuronal output to the diaphragm
or “diaphragm respiratory drive” In cases of ventilator-
induced diaphragmatic dysfunction or phrenic nerve
injury, and similar to intense exercise in healthy subjects
[77], neuronal output to other inspiratory and expira-
tory muscles may be significant but is not recorded by
EAdi. In ICU patients the contribution of the diaphragm
is very often substantially less than in healthy subjects
and it is not clear how EAdi will reflect the total drive.
In such instances, the rate of increase in Pmus (Pmus/
dt), generated by all respiratory muscles and measured
using esophageal manometry, may provide a more accu-
rate representation of overall respiratory drive, but only
if neural transmission and muscle pressure generation
remain intact.

Reference method for assessing the inspiratory effort:
esophageal manometry

The esophagus, lacking structural rigidity, passively trans-
mits intrathoracic pressure changes, making APes a close
approximation of pleural pressure swings generated by
the respiratory muscles [17]. Esophageal manometry thus
represents the reference method for assessing the inspi-
ratory effort: the greater the APes, the stronger the inspi-
ratory effort. The method typically requires a nasogastric
catheter with a thin-wall latex balloon or solid-state sen-
sor, which can be integrated into feeding tubes to reduce
invasiveness and cost [74]. Notably, esophageal pressure
can also be measured using balloon-less catheters, which
have shown reliable performance in both experimental
and clinical settings [78, 79]. Correct balloon position-
ing in the mid-esophagus ensures reliable Pes signals. In
intubated and non-intubated patients, positioning can be
verified by the presence of cardiac artifacts on the pres-
sure waveform and by radiopaque markers on the chest
radiograph. Calibration can be manual or semi-auto-
mated via ventilator systems [80]. In intubated patients,
proper filling volume and pressure transmission can (and
should) be confirmed by an occlusion test [81] aiming for
a APes/APaw ratio between 0.8 and 1.2 [17]. In non-intu-
bated patients with ARF, the occlusion test via a mouth-
piece is often unfeasible and may yield inaccurate results
due to upper airway compliance and pressure dissipation.
Airway closure and the presence of an airway opening
pressure can further compromise measurement accuracy
[82].
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Esophageal manometry also provides multiple derived Beyond APes, Pmus provides a physiologically inte-
measures of increasing complexity and accuracy. Using  grated estimate of inspiratory effort, capturing the global
of a double-balloon catheter enables simultaneous mea-  pressure generated by the respiratory muscles while
surement of gastric pressure (Pga), allowing for the also accounting for the elastic and resistive load of the
assessment of the transdiaphragmatic pressure (Pdi=Pga  chest wall. At any point during inspiration, Pmus can be
- Pes). (eFigure 1,Supplement). APes as an index of inspi-  defined as the difference between the pleural pressure
ratory effort does not account for time; multiplying it  that would occur in the absence of respiratory muscle
by respiratory rate (RR; i.e., pressure-rate product) can  activity (Ppl, passive) and the actual pleural pressure (Ppl,
complement static measurements [83]. To better account actual, approximated by Pes):
for effort duration and volume displacement, APes can
be further refined to derive the pressure-time product
(PTP), which quantifies the difference between APes = (Fcw x V) + (Rew x Flow) + Pplprc — Pes
over inspiratory time and the work of breathing (WOB),
which integrates APes and Vt. These other measurements  where Ecw and Rcw are the elastance and resistance of
also require knowledge of Ecw. While both provide a bet-  the chest wall, V is the inspired volume above passive
ter estimate of the oxygen cost of breathing, their bedside  functional residual capacity (FRC), Flow is the inspira-

Pmus = Ppl, passive — Ppl, actual

use is limited by complexity [84, 85]. tory flow, and Pplyyc reflects the passive pleural pressure
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at FRC (often assumed as baseline Pes at end-expiration
under relaxed conditions).

In clinical practice, this comprehensive formulation is
often simplified as:

Pmus = (Ecw x Vt) — APes

assuming no expiratory muscle activity, negligible chest
wall resistance, and stable end-expiratory pleural pres-
sure. However, such assumptions may not hold, particu-
larly in patients exhibiting active expiration—a condition
frequently observed during assisted ventilation. Addi-
tionally, Rcw may become relevant at high inspiratory
flows. Consequently, absolute values of Pmus should
be interpreted with caution, while Pmus swings across
breaths may still offer reliable insight into changes in
inspiratory effort, as long as estimation biases remain
constant within the same patient. Notably, the precise
measurement of Pmus is further complicated by the
interplay between expiratory and inspiratory muscle
activity. This interplay explains, for instance, that part of
the initial decay in esophageal pressure may be simply
due to the relaxation of the expiratory muscles, as evi-
denced by Pga swings [86].

There is still no consensus on the definition of the
injurious inspiratory effort threshold [63]. In healthy
individuals, APes is typically only a few cmH,O during
quiet breathing but exceeds 10-15 cmH,O during vigor-
ous exercise [87] or hypercapnic stimulation [88]. Elite
athletes can generate APes higher than 50 cmH,O dur-
ing extreme exertion without sustaining lung injury [89].
However, in critically ill patients with inhomogeneous
lung mechanics, APes values below 3-5 ¢cmH,O and
above 14-18 cmH,O have been associated with exces-
sively low and high effort, respectively [90-92]. Further,
a Pmus between 5 and 10 cmH,O and a PTP between 50
and 150 cmH,O-sec:min™ could be considered within a
desirable effort range [91, 92].

Esophageal manometry is a relatively non-invasive
technique, particularly when integrated into a feeding
tube. While its feasibility is greater in intubated patients,
interpretation can be challenging, especially in the pres-
ence of expiratory muscle activity. With non-invasive
respiratory support, additional challenges include cali-
bration, patient discomfort, limited cooperation, and
potential interface interference.

Alternative techniques for assessing inspiratory
drive and effort

In the following sections, we discuss various alternatives
to EAdi and esophageal manometry for estimating drive
and effort. Sections are organized according to the neuro-
anatomical axis illustrated in Fig. 1. First, we will discuss
methods that reflect the respiratory drive, which controls
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the respiratory muscle pump from upstream. Next, we
will cover techniques that assess the work performed by
the respiratory muscle pump and its immediate effects.
Further, we will examine methods that look downstream
from the respiratory muscle pump, focusing on variables
influenced by inspiratory effort. For each technique, we
outline the presumed (and sometimes debatable) reasons
for using it, along with details on methods, data interpre-
tation, and potential pitfalls. Clinical scoring systems that
predict intubation, which might be due to excessive effort
(respiratory rate-oxygenation [ROX] index, volume-
oxygenation [VOX] index and heart rate, acidosis, con-
sciousness, oxygenation, and respiratory rate [HACOR]
score) and additional techniques, less commonly used
in clinical practice, are presented in eFigure 2 and eTable
1 (Supplement).

Techniques for assessing inspiratory drive
Airway occlusion pressure (P0.1)

+ Definition
Reduction in Paw during the first 100 msec (0.1 s) of
an occluded breath.

+ Rationale
With an occluded airway, changes in Paw equal
APes. A duration of 100 msec is too brief for the
patient to perceive it consciously and thus does not
influence the breathing pattern. With an occluded
airway, there is no gas flow or change in lung volume.
Therefore, P0.1 is not affected by vagal volume-
related reflexes and respiratory system mechanics
[93].

+ Meaning
Drive assessed by P0.1 was originally described as
the initial mechanical component of the ventilatory
response to hypercapnia [93]. With preserved
neuromuscular coupling, it reflects the intensity of
the motor output from the brainstem’s respiratory
centers [65, 93].

+ Population
Intubated patients.

+ Measurement
Apply a brief (<250 msec) end-expiratory airway
occlusion and measure the reduction in Paw during
the first 100 msec of inspiration (Fig. 2). Some
ventilators measure P0.1 with a proper occlusion
started either manually or automatically. Others
estimate it breath-by-breath during the trigger phase
(often < 100 msec) and extrapolate it to 100 msec.
This estimation can underestimate reference P0.1,
particularly with high effort, flow triggering, or auto-
PEEP [94, 95].

+ Interpretation
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to measure pressure-muscle-index (PMI) during an end-inspiratory occlusion. APocc, whole-breath occlusion pressure; PO.1, airway occlusion pressure;

PMI, pressure-muscle-index

Low and high drive can be suspected respectively
when P0.1 is < 1.0 cmH,0O (corresponding to
PTP/min <50 cmH,O*sec/min or change in
transdiaphragmatic pressure [APdi] <3 cmH,0) and
>3.5-4.0 cmH,0O (PTP/min >200-300 cmH,O*sec/
min or APdi>12 cmH,O or work of breathing
[WOB] <0.75 J/L) [96—-100]. A P0.1>3.5 cmH,O has
been associated with dyspnea and worse outcomes
in invasively ventilated patients once able to
communicate [99].

« Strengths and limitations
PO0.1 can be measured easily without specialized
equipment. The accuracy of different ventilators
and expiratory muscle activity need to be properly
evaluated. Further, although partial neuromuscular
blockade does not reduce P0.1—even at levels
consistent with severe inspiratory muscle weakness
[100]—it is possible that further deterioration,
approaching complete paralysis, could eventually
affect its accuracy. P0.1 is more useful as a screening
tool for the extremes of effort, particularly low
effort, rather than for precise estimation [94, 98]. A
low P0.1 may indicate ventilatory over-assistance,
excessive sedation, or severe muscle weakness. P
0.1 estimated without a 100msec occlusion (that
is, during the trigger phase) should be interpreted
with caution [101] especially with flow triggering
or pressure triggering with high sensitivity (-1 or
-2 ¢cmH,0) [94, 98]. Accuracy may be improved by
switching ventilation to pressure triggering with low
sensitivity (less than —2 cmH,O) for a few breaths
[94, 98]. Ideally, this adjustment will prolong the
duration of the trigger phase (closer to 100 msec)

without significantly altering the breathing pattern of
the patient.

Mean inspiratory flow (Vt/Ti)

Definition

Ratio of Vt to inspiratory time (Ti), expressed in liters
per second.

Rationale

It represents the average flow rate of inspired air
during the inspiratory phase of the breathing cycle,
thereby expressing the speed of lung inflation.
Meaning

Vt/Ti reflects the balance between the
neuromuscular drive and the mechanical properties
of the respiratory system [44]. It is influenced by
elastic and resistive loads, which modulate the
inspiratory flow rate in response to mechanical
constraints [102].

Population

Intubated and non-intubated patients during non-
assisted breathing.

Measurement

Vt/Ti is measured using standard spirometry or
ventilatory monitoring systems, obtained through
breath-by-breath analysis. In mechanically ventilated
patients, ventilators provide real-time Vt/Ti values
[103].

Interpretation

Vt/Ti remains relatively stable within individuals,
reflecting adaptations to metabolic demand and
mechanical constraints [102]. In healthy subjects,



Tonelli et al. Critical Care

(2025) 29:339

it ranges around 0.2-0.3 L/sec [104], while higher
values (> 0.4 L/sec) have been associated with
increased respiratory drive [105]. In COVID-19-
related AREF, elevated Vt/Ti was observed in patients
who required intubation [103].

Strengths and limitations

Vt/Ti is a non-invasive measure of inspiratory

flow, easily derived from ventilator waveforms in
non-assisted patients using pneumotachograph or
spirometry. Unlike P.01, Vt/Ti is recorded during

an entire inspiration with an open airway. It may
underestimate the respiratory drive in patients
without an intact inspiratory flow-generation
pathway, such as those with severe muscle weakness
or altered respiratory system mechanics [65].

In this context, a normal or low Vt/Ti should be
interpreted cautiously, while a high Vt/Ti will
indicate an elevated (albeit underestimated) drive
[106]. Interpretation is limited by neuromechanical
coupling, lack of validated thresholds, and its
inapplicability during assisted ventilation [105, 107].

Respiratory muscle surface electromyography (sEMG)

Definition

Transcutaneous measurement of the electrical
activity of respiratory muscles [108].

Rationale

This electrical activity arises from action potentials
triggering the contraction of respiratory muscles
[108—111].

Meaning

Higher signal amplitude reflects greater muscle
activation.

Population

Intubated and non-intubated patients.
Measurement

Common electrodes are carefully positioned over the
respiratory muscles and connected to a dedicated
monitor. Achieving optimal placement over the
diaphragm is difficult.

Interpretation

Reference values are not available. Nevertheless,
SEMG changes in line with EAdi and APes within
the same individual [111]. Signals can be calibrated
against APes during an end-expiratory occlusion,
using the same method described for EAdi [111].
Values <5 or >10 cmH,O of APes estimated in this
way may be considered too low or too high [74].
Strengths and limitations

Not widely available. Signal quality can be affected
by various confounders [112]. Standardized methods
and reporting have been proposed [108]. SEMG
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is reasonably accurate in tracking changes in
respiratory muscle effort non-invasively and breath-
by-breath [109, 111]. Accuracy can be improved by
calibrating signal amplitudes to APes. However, a key
limitation is the inability to ensure that the recorded
signal originates specifically from the diaphragm,

as surface electrodes may also capture activity

from adjacent muscles. This is relevant since other
inspiratory muscles can contribute to generating
Pmus [98, 111].

Techniques for assessing inspiratory effort
Whole-breath occlusion pressure (APocc)

Definition

Maximum decrease in Paw during an entire occluded
breath.

Rationale

With an occluded airway, changes in Paw accurately
reflect APes. A single random occlusion of the airway
does not significantly alter the breathing pattern
[113].

Meaning

APocc adjusted for a correction factor reflects the
effort during non-occluded breaths [113].

Population

Intubated patients.

Measurement

Apply an end-expiratory airway occlusion for one
breath and measure the maximum decrease in Paw
(Fig. 2). Estimate Pmus, APes, and the APlung,,,,
during non-occluded breaths as follows:

Predicted APlung = APaw — Predicted APes,
Predicted APlung = pressure support above PEEP — 2/3APocc.

where APocc is a negative number, reflecting a drop in
Paw. The coefficients relating APocc to the other vari-
ables were empirically derived and validated in two inde-
pendent studies [98, 113].

.

.

Interpretation

APocc more negative than - 15 or —20 cmH,O
predicts elevated diaphragmatic effort (APdi>12
c¢mH,0) and total respiratory muscle effort
(Pmus>10-15 cmH,0) [98, 113]. An estimated
APlungg,,, >20 cmH,O reflects elevated APlungg,,
as measured with esophageal manometry [98, 113].
APocc less negative than — 7 cmH,0O indicates
insufficient diaphragmatic activity (APdi<3 cmH,0)
[98].

Strengths and limitations
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APocc can be measured easily without specialized
equipment. PO.1 can be measured on the same

Paw recording. APocc is measured under quasi-
static conditions, which—due to the force—velocity
relationship—results in higher pressures than those
generated by the same muscular effort during
normal, quasi-isotonic breathing [71, 113]. The
commonly used conversion coeflicient (typically 3/4
that is < 1.0) accounts for this physiological difference
and has shown remarkable consistency across studies
[113]. However, the predicted Pmus reflects the
effort performed during the few breaths immediately
preceding the occluded breath—not the level of
effort sustained over a longer period, which remains
one of its main limitations. APlung,,,, estimated
from APocc includes the pressure spent to overcome
airway resistance during non-occluded breathing
[114]. Higher resistive pressure is linked with more
negative alveolar pressures [115] and increased
pendelluft [116] potentially worsening stress and
strain in the dependent lung [13, 116]. Finally, APocc
may underestimate effort in the presence of intrinsic
PEEP not equilibrated at occlusion, as in dynamic
hyperinflation.

Pressure-muscle-index (PMI)

Definition

Difference between the relaxed plateau airway
pressure (Pplat) and the peak airway pressure
generated by the ventilator.

Rationale

During an end-inspiratory airway occlusion,

Paw stabilizes at the relaxed elastic recoil of the
respiratory system (Pplat), which is the ratio of Vit
to respiratory system compliance (Crs) plus PEEP.
The difference between Pplat and the peak airway
pressure generated by the ventilator reflects the gas
volume actively inspired by the patient in addition to
that delivered by the ventilator. Depending on Crs,
this “extra” gas volume generates an “extra” elastic
pressure known as the PMI [117, 118].

Meaning

PMI indicates the contribution of Pmus generated
during inspiration (on top of the pressure delivered
by the ventilator) to Pplat measured with the
respiratory muscles fully relaxed, or the Vt actively
inspired by the patient relative to the individual Crs.
Population

Intubated patients.

Measurement

Perform an end-inspiratory airway occlusion and
measure the difference between Pplat and the peak
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airway pressure delivered by the ventilator (pressure
support + PEEP) (Fig. 2). Expiratory cycling should be
<25%. Measurements are reliable if: (i) time to reach
Pplat <800 msec; (ii) Pplat lasts > 2 sec; and (iii) Pplat
varies < 0.6 cmH,0O/sec. [119]. From Pplat, static
driving airway pressure (APawg,,) and Crs can be
calculated using standard formulas [118, 120]. The Vt
actively inspired by the patient is PMI*Crs.
Interpretation

A PMI<0cmH,O (i.e., Pplat lower than peak airway
pressure) indicates very low effort (PTP/min <50
c¢cmH,O*sec/min and Pmus <5 cmH,0) [121] and
ventilatory over-assistance [120, 122]. The threshold
for strong efforts is poorly defined [117, 121]. Pplat
and other derived variables can be interpreted as
during controlled ventilation [118].

Strengths and limitations

PMI correlates with the elastic effort measured

with esophageal manometry and surface
electromyography [120, 121, 123-126] but neglects
the (resistive) effort to overcome airway resistance.
Excessively low values (<0 cmH,0) are better
defined than excessively high values; therefore,

PMI is particularly useful for detecting over-
assistance [122]. The end-inspiratory occlusion
method measures APaw,, and Crs during pressure-
support ventilation [118, 120] which are clinically
relevant [118]. Notably, these two parameters are
computed assuming that total PEEP is the value set
on the ventilator. This assumption becomes invalid
when dynamic hyperinflation generates some
auto-PEEP, which is difficult to measure during
assisted ventilation. In this context, APaw,, will

be overestimated, and Crs will be underestimated.
Obtaining a reliable Pplat can be difficult [119]
particularly when the effort is strong. Expiratory
muscle contraction, which confounds the
interpretation of PMI, can occur even with a stable
Pplat [127]. A quality control algorithm can reduce
the incidence of unreliable readings to <10% [123,
128].

Nasal pressure swing (APnose)

.

.

Definition

Maximum decrease in nasal pressure during tidal
breathing.

Rationale

Alveolar pressure changes generated by spontaneous
breathing are transmitted through the airway column
to the nose.

Meaning
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APnose reflects alveolar pressure changes generated
by respiratory muscle effort.

Population

Non-intubated patients on HFNC or NIV.
Measurement

A nasal plug connected to a pressure transducer is
inserted into one nostril to create a hermetic seal,
while the other nostril remains open, and the mouth
is kept closed. APnose is measured as the maximum
drop in pressure from end-expiratory values (Fig. 3,
A).

Interpretation

In patients with hypoxemic ARF, APnose correlates
well with APes (average APes/APnose~2.21)

[128]. Values>5.1 cmH,O have been associated
with HFNC failure [129] and increased need for
respiratory support [130].

Strengths and limitations

The few publications on this technique originate
from a single center, where APnose was measured
using a custom-made kit, primarily in COVID-
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Diaphragm ultrasonography (USdi)

Definition

Diaphragm thickening fraction (TFdi) is the most
studied parameter for estimating respiratory effort
with ultrasound and is the focus of this section.
Diaphragm excursion is inaccurate for effort
assessment, especially during assisted ventilation
when active displacement due to muscle contraction
cannot be distinguished from passive displacement
due to positive pressure ventilation. Diaphragm
strain (speckle tracking) or shear modulus (shear
wave elastography) are novel parameters for studying
the mechanical properties of the diaphragm that
warrants further validation [131].

Rationale

The diaphragm thickens when it contracts.

Meaning

Inspiratory diaphragm thickening reflects diaphragm
contraction strength and respiratory muscle effort
[132-134].

19 patients. Accuracy can be affected by vigorous + Population
efforts, which may cause nasal valve collapse, airflow Intubated and non-intubated patients.
limitations, unfavorable nasal anatomy, or nasal + Measurement

congestion.

Diaphragm thickening fraction (TFdi) is typically
measured using a linear probe in the right 10th
intercostal space, along the mid-axillary line, and
below the costophrenic sinus. The diaphragm is seen
as a non-echogenic structure between the echogenic
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Fig. 3 A.Pnose assessment technique. This schematic illustrates the measurement of nasal pressure swing (APnose) as a surrogate for inspiratory effort.
The airway pressure (Paw) at the laryngopharyngeal level is influenced by inspiratory muscle activity and transmitted to the nasal cavity via the upper air-
way structures (nasopharynx, oropharynx, and laryngopharynx). A customized nasal plug is placed in the nostril and connected to a pressure line, which
transmits pressure variations to a pressure transducer. The transducer records the nasal pressure swing curve, reflecting fluctuations in inspiratory effort
overtime B. Flow Index trace. Representative flow and esophageal pressure (Pes) tracings illustrating distinct inspiratory flow decay patterns, categorized
by the Flow Index. The inpiratory flow decay phase is highlighted in red. The Flow Index is a unitless parameter that describes the shape of the inspiratory
flow-time curve: a value > 1 (left panel) denotes a downward-facing concavity, indicative of sustained inspiratory effort delaying flow decay; a value=1
(middle panel) reflects an approximately linear decay, consistent with a minimally active patient; a value < 1 (right panel) corresponds to an upward-facing
concavity, suggesting a passive patient. A higher Flow Index has been associated with higher inspiratory effort. APnose, nasal pressure swing; Paw, airway
pressure; Pes, esophageal pressure
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peritoneum and diaphragmatic pleura [135]. TFdi is
assessed as:

TFdi = [(end — inspiratory diaphragm thickness)
— (end — expiratory diaphragm thickness)/(end—
expiratory diaphragm thickness)] * 100

+ Interpretation
TFEdi does not directly reflect diaphragmatic effort
[136]. Instead, the relationship between TFdi
over time and clinical outcomes in mechanically
ventilated patients appears to follow a U-shaped
pattern. Values < 15% or >30-40% are associated
with diaphragm thickness changes (either a decrease
caused by atrophy or an increase due to load-induced
injury) and prolonged mechanical ventilation.
Intermediate values are associated with stable
diaphragm thickness and the shortest duration of
ventilation [31, 137].

« Strengths and limitations

This technique is safe and readily available. Data acqui-
sition and analysis depend on the operator [10, 65]
although good inter-assessor reliability can be achieved
with short training and marking the probe placement
site [132—-134]. TFdi has not been consistently validated
against absolute values of effort obtained through ref-
erence techniques [134, 138, 139]. For instance, in one
study, the correlation between simultaneously measured
TFdi and transdiaphragmatic pressure was only moder-
ate in healthy subjects and weak in mechanically venti-
lated patients [136]. Several reasons may explain these
findings. Imagining the zone of apposition in one dimen-
sion may be inadequate for studying the global function
of the diaphragm in three dimensions. Factors such as
lung hyperinflation, pleural effusions, abdominal hyper-
tension, or obesity may affect the quality of the mea-
surements. Passive thickening and diaphragm injury
may confound the relationship between TFdi, active
diaphragm contraction, and the resulting transdiaphrag-
matic pressure. While TFdi has been shown to corre-
late with EAdi in critically ill patients, this relationship
is influenced by multiple factors, including diaphragm
integrity, loading conditions, and patient effort variabil-
ity [140]. TEdi does not consider extra-diaphragmatic
muscle activity, which might also be assessed with ultra-
sonography [133]. Based on these limitations, TFdi might
be more suitable for tracking changes within subjects (for
instance, in response to changes in the level of support)
than for quantitative comparisons between subjects.
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Central venous pressure swing (ACVP)

+ Definition
Respiratory oscillation of CVP.

+ Rationale
Changes in pleural pressure are transmitted not
only to the esophagus but also to the intrathoracic
superior vena cava; they can be read as ACVP [91,
141-143]. During spontaneous inspiration, CVP
decreases with effort.

+ Meaning
A larger ACVP reflects a larger pleural pressure drop
due to a stronger effort [91, 141-143].

+ Population
Intubated and non-intubated patients with an
intrathoracic central venous catheter.

+ Measurement
Maximum inspiratory fall, or negative deflection, of
CVP from end-expiratory levels.

+ Interpretation
A ACVP>10-15 cmH,O suggests an elevated effort
during unassisted breathing, CPAP, or pressure
support ventilation (APes>10-15 cmH,0) [91, 142,
144)].

+ Strengths and limitations
A readily available method for patients who
already have a central venous catheter in place. The
relationship between ACVP and effort was strong in
some studies but weak in others [117, 119] possibly
due to variations in equipment, patient positioning,
baseline CVDP, intravascular volume, and cardiac
function [141]. Not precise in predicting the exact
strength of the effort.

BREF models

+ Definition
Two equations to predict the breathing effort during
HENC. They were developed using data from 260
patients studied with esophageal manometry and
multivariable regression modelling. One equation
estimates the actual APes in cmH,O, while the
other estimates the risk of APes being >10 cmH,O.
Candidate predictors included age, sex, diagnosis of
the novel coronavirus disease (COVID-19), heart
rate, mean arterial pressure, respiratory rate, and
the results of the arterial blood gas analysis. Final
predictors were selected using a backward stepwise
elimination strategy and include arterial base excess,
respiratory rate and PaO,/FiO, [145].

+ Rationale
APes can be predicted by a combination of
physiological variables readily available at the
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bedside, which either depend on or reflect the
respiratory effort [145].

Meaning

Respiratory muscle effort during HENC.

Population

Non-intubated patients on HFNC.

Measurement

Both models are based on arterial base excess
concentration, respiratory rate, and PaO,:FiO,.

One of them also considers whether the patient

has COVID-19. Other candidate predictors did not
improve the accuracy of the estimates.

Interpretation

One (linear) model estimates the actual APes in
c¢cmH,O. The other (logistic) estimates the risk

of APes being >10 cmH,O (i.e., elevated) as a
percentage (see €Table 2, supplement).

Strengths and limitations

The two equations require an arterial blood gas
analysis. Their predictive performance is not optimal.
An ongoing study (NCT06669312) will validate them
and eventually incorporate additional predictors not
available in the development dataset, such as the use
of accessory muscles, the severity of dyspnea, and the
severity of inflammation. It will also assess whether
the BREF models outperform clinical judgment in
predicting breathing effort.

Flow index

3

3

Definition

Unitless value indicating the shape of the descending
portion of the inspiratory flow-time waveform. It
equals 1 for a straight waveform, <1 for upward-
facing concavity, and > 1 for downward-facing
concavity [146].

Rationale

During pressure support ventilation, when the
patient is passive, the pressure gradient between the
airway opening and the alveoli decays exponentially
(upward-facing concavity) along with the inspiratory
flow. In contrast, when the patient actively decreases
alveolar pressure, this decay is delayed, and the shape
of the inspiratory flow curve shifts to a downward-
facing concavity.

Meaning

It measures the deviation of the descending portion
of the inspiratory flow curve from the exponential
decay (upward-facing concavity) typically observed
in a passive patient. It indicates the patient’s
contribution in generating inspiratory flow alongside
the ventilator.

Population
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Intubated patients.

Measurement

It is calculated by fitting a non-linear model to the
descending portion of the inspiratory flow-time
waveform (Fig. 3, panel B).

Interpretation

Flow Index < 1 suggests a passive patient, while
values > 1 are the result of inspiratory muscle
activation, with higher values associated with higher
effort [147]. Values <2.1 or 2.6 could identify breaths
with low inspiratory effort (Pmus <5 ¢cmH,0) [147,
148]. Values <4.5 can rule out the presence of high
inspiratory effort (Pmus> 10 cmH,0) [147]. Values
within the range between these two thresholds (i.e.,
from 2.1-2.6 to 4.4) could be considered ideal.
Strengths and limitations

The Flow Index algorithm is not yet available on
ventilators; however, its visual inspection can still
provide qualitative insights into inspiratory effort,
although this needs validation. It is particularly
useful for screening low inspiratory effort and ruling
out high effort. The Flow Index reflects solely the
inspiratory effort made after the activation of the
inspiratory trigger, when the inspiratory flow begins.
Therefore, it may be more appropriate for evaluating
the adequacy of the inspiratory support level.

Techniques for assessing inspiratory drive and
effort based on their consequences.
Tidal volume

.

Definition

The volume of gas that enters and exits the lungs
during each respiratory cycle.

Rationale

Gas inflation depends on the pressure gradient
created by the ventilator (which raises the pressure at
the airway opening) and/or the respiratory muscles
(which lowers the alveolar pressure). An effort that
significantly reduces alveolar pressure will result in a
larger Vt.

Meaning

During assisted spontaneous breathing, a large

Vt may signal a strong effort, particularly when
accompanied by altered respiratory mechanics

(i.e., low compliance/high resistance as is often the
case during hypoxemic ARF) and low ventilator
assistance. However, high Vt may also result from
excessive ventilator support with minimal muscular
effort. In clinical practice, observing changes in Vt
and respiratory effort in response to a brief reduction
in pressure support may help distinguish between
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active (patient-driven) and passive (ventilator-driven)
high Vt patterns [120].

Population

Primarily, patients connected to a ventilator, possibly
including those on NIV.

Measurement

Modern ventilators display the Vt breath-by-breath
as the integral of gas flow over time. Calibrating the
ventilator, minimizing air leaks, and considering
expired rather than inspired Vt are key factors.
Interpretation

In patients with ARF receiving NIV, a Vt>9.0-9.5 ml/
kg of predicted body weight despite low support can
be associated with a higher risk of intubation and
death, particularly among those with moderate-to-
severe hypoxia, possibly because of increased effort
[11, 149, 150].

Strengths and limitations

Monitoring Vt is straightforward in intubated
patients, manageable during NIV (if leaks are
minimal), and challenging in other conditions
[151-155]. The relationship between Vt, respiratory
effort, and outcome is complex. Vt depends on the
interplay between the respiratory drive, ventilator
assistance, respiratory muscle effort, and respiratory
system mechanics (Fig. 4). Its relationship with

the effort is not linear. An elevated Vt does not
necessarily indicate high respiratory effort,
particularly when ventilatory assistance effectively
unloads the respiratory muscles. For example, NIV
may still prevent intubation despite high Vt if muscle
unloading is achieved (so that respiratory effort is
actually low) [9, 156, 157].

Electrical impedance tomography (EIT)

3

Definition

Transcutaneous measurement of relative changes of
thoracic electrical impedance.

Rationale

Alir transmits electrical signals poorly. Changes in
impedance across the thorax parallel changes in gas
volume inside the lungs.

Meaning

EIT monitors the regional distribution of ventilation
and changes in end-expiratory lung volume [158].
For the same ventilator assistance and respiratory
system mechanics, global changes in impedance (and
Vi) reflect global changes in effort. EIT also allows
recognition of high regional Vt, airflows, and occult
pendelluft, which may signal excessive local effort.
Population

Intubated and non-intubated patients.
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Measurement

The technique requires an electrode belt around the
patient’s chest and a dedicated monitor. Regional
changes in impedance are visualized as numbers
and images. Absolute Vt can be obtained after
calibration, even in non-intubated patients [154].
However, its accuracy is only temporarily stable,
as changes in respiratory mechanics can alter the
calibration conversion factor [158].

Interpretation

EIT may unveil the benefits and harms of
spontaneous breathing in patients with ARF. For
example, decreasing the ventilator assistance may
result in a more homogenous ventilation distribution
and better oxygenation [159]. On the other hand,
a stronger effort in the dorsal lung can lead to gas
influx from the ventral lung (occult pendelluft),
regional overdistention, and impaired carbon dioxide
clearance [13, 160, 161].

Strengths and limitations

EIT is a radiation-free technique that provides
continuous insight into regional phenomena at
the bedside. It requires specialized equipment.

It does not measure the effort itself but how that
effort affects alveolar recruitment and ventilation
distribution. Occult pendelluft may signal a
strong effort. Monitoring lung volumes with EIT
can be especially important for non-intubated
patients, as their airway pressure and expired gas
volumes cannot be directly measured. However,
its application in spontaneously breathing patients
presents challenges in ensuring reliable data
acquisition, as not all EIT-derived parameters are
validated for this context [158].

Dyspnea

Definition

Breathing discomfort or “the symptom that conveys
an upsetting or distressing experience of breathing
awareness” [26].

Rationale

Dyspnea might be linked to the sensation of “too
much effort to breathe”.

Meaning

Dyspnea may signal excessive respiratory muscle
effort.

Population

Intubated and non-intubated patients. Ideally, the
patient should be able to communicate.
Measurement

If the patient can communicate, assess for dyspnea
by asking a dichotomous question such as “Is your
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Fig. 4 Schematic representation of patient-ventilator interactions during pressure support ventilation. Within a certain range of assistance, Vt matches
the level set by the respiratory drive. Adjusting pressure support results in an opposite change in the inspiratory effort, with minimal changes in Vt. This
specific range includes “adequate assistance’, where the effort to reach the target Vt is tolerable. This condition varies among individuals and is influenced
by factors such as respiratory drive, the impedance of the respiratory system, and the muscle capacity of the patient. When pressure support exceeds this
range, the inspiratory effort decreases significantly, resulting in “over-assistance” If pressure support continues to increase, Vt will passively rise. Conversely,
with “under-assistance’, the inspiratory effort to achieve the target Vt significantly increases. In extreme cases, the respiratory muscles may become unable
to sustain the excessive load, causing Vt to ultimately fall short of the target. Please note that some patients may have a respiratory drive and target Vt
that are too high to be achieved with a tolerable effort; even with high pressure support, under-assistance may occur. Vi, tidal volume. Pmus, respiratory
muscle pressure (a measure of respiratory effort).

Adapted from Docci et al. [122]

breathing comfortable?” If dyspnea is present,
evaluate its intensity using a 100-mm visual analogue
scale or a 0—10 numerical rating scale [162, 163]. If
the patient cannot communicate, use an observation
scale such as the Intensive Care-Respiratory Distress
Observation Scale (IC-RDOS) [164, 165] and

the Mechanical Ventilation-Respiratory Distress
Observation Scale (MV-RDOS) [166].

Interpretation

Dyspnea increases with the respiratory drive [99,
167, 168]. As long as a high drive results in increased

effort, dyspnea signals an increased effort (see eTable
3, Supplement for details).

Strengths and limitations

Dyspnea primarily indicates a mismatch between
respiratory drive (target ventilation) and actual
ventilation [26, 65, 169, 170]. It is more associated
with “not getting enough air” than with “too much
effort to breathe”, and it does not correlate with more
objective measures of effort [170, 171]. Dyspnea
may arise when the patient generates insufficient
effort for the drive, regardless of the effort.
Moreover, psychological factors such as anxiety
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or distress may act as confounders, amplifying the
perception of dyspnea independently of physiological
determinants.

How to integrate assessment of inspiratory drive
and effort in clinical practice

Various techniques have been developed to measure
patient’s breathing effort along the respiratory drive
cascade. Selecting one or another relies on several fac-
tors: patient’s characteristics (e.g., intubated vs. non-
intubated), clinical setting (e.g., ICU vs. non-ICU) and
team expertise (e.g., respiratory intensivists vs. general
physicians), therapeutic goals (e.g., care escalation vs. de-
escalation), and often resource availability (e.g., high- vs.
middle- or low-income settings). To frame the choice at
the bedside, key practical considerations should include
the following: which patients is it suitable for? Are there
thresholds to rely on? Does stronger or weaker evidence
support the technique? Notably, the techniques described
in this review differ markedly in validation status, clinical
uptake, and strength of supporting evidence. Among the
most extensively studied are P0.1, APocc, PMI, USdi and,
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to a lesser extent, ACVP. These methods have been evalu-
ated in multiple physiological and clinical investigations
and are routinely used in research and bedside settings.
By contrast, other techniques—such as APnose, the flow
index, and the BREF models—are still in early phases of
clinical development. Their use has been reported in a
small number of studies, often limited to specific popu-
lations (e.g., patients with COVID-19); while promising,
their performance remains to be systematically validated.
A summary table (Table 1) presents the current features
of each technique based on these criteria that could help
physicians choose one over the others.

At the bedside of critically ill intubated patients, assess-
ment of respiratory effort aims at optimizing ventilatory
strategies, tailoring support and guiding de-escalation.
The esophageal pressure—time product could be seen as
the most accurate measure of work of breathing. How-
ever, its reliance on complex calculations limits its use
to research purposes rather than routine bedside prac-
tice. This may change with the emergence of ventilators
equipped with integrated esophageal pressure monitor-
ing algorithms. When available in experienced hands,
APes should be the first choice as a surrogate means of

Table 1 Techniques for assessing inspiratory drive and effort at the bedside: clinical applicability, validation, and available thresholds

Technique Target population Need for spe- Validation Threshold for low Threshold for high effort/
cialized equip- (relative effort/overassistance underassistance
ment other thana to other
ventilator methods)
Reference methods
Pes Intubated/non-intubated Yes Very high <3-5cmH,0[90, 92] >14-18 cmH,0 [90, 92]
EAdi Intubated/non-intubated Yes Very high EAdi-derived APes <5 EAdi-derived APes>10 cm H,O
cmH,0 [74] [74]
Assessing respiratory drive
PO.1 Intubated No High <1.0cmH,0[94,96,98]  >3.5-4.0 cmH,0 [94, 96]
V/Ti Intubated/non-intubated No Moderate Undefined Undefined
SEMG Intubated/non-intubated Yes Moderate SEMG-derived APes <5 SEMG-derived APes>10 cmH,0
cmH,0 [74,98, 111] [74,98,111]
Assessing muscle effort
APocc Intubated No High Less negative than —7 More negative than — 15 to =20
cmH,0 [90, 104] cmH,0 [90, 104]
PMI Intubated No Moderate <0cmH,0[120,122] Undefined
APnose Non-intubated (HFNC) Yes Low NA >5.1 cmH,0 [128]
BREF models Non-intubated (HFNC) No Low NA Estimated APes> 10 cmH,O [145]
Usdi Intubated/non-intubated Yes Moderate TFdi<15% TFdi> 30-40%
ACVP Intubated/non-intubated No Moderate Undefined >10-15cmH,0 [132]
Flow index Intubated No* Low <2.1-26 cmH,0 147, >4.5 cmH,0 [147, 148]
148]
Assessing the consequence of effort
Vit Intubated/non-intubated (NIV) No Low Undefined >9.0-9.5 ml/kg of predicted
body weight
EIT Intubated/non-intubated Yes Low Undefined Undefined
Dyspnea Intubated/non-intubated No Low Undefined Dyspnea-VAS>3 and NRS >4 are

associated with high P0.1 [159,
160]

*Visual inspection of waveform shape does not require specialized equipment, while numerical quantification relies on a dedicated algorithm
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PTP. In parallel, EAdi represents the most direct bed-
side measure of central respiratory drive. In the absence
of EAdi, PO.1 may offer a practical surrogate for assess-
ing respiratory drive, although it should be interpreted
cautiously and, when possible, integrated with additional
assessments of respiratory muscle activity. These include
PMI, which estimates elastic workload during assisted
breaths, and APocc, a surrogate for elastic and resis-
tive load, when esophageal manometry is not available.
Though widely accessible, direct Vt assessment could
serve primarily as an indicator rather than a precise mea-
sure of effort.

In non-ICU settings, where resources are limited and
patients are non-intubated, early recognition of high-risk
patients is critical yet challenging. Only a few techniques
are available, and they are not very accurate at assess-
ing drive and effort. Dyspnea evaluation and the BREF
models may serve as first-line screening tools, followed
by targeted instrumental assessments addressing at least
one dimension of respiratory effort—airway pressure,
muscle activity, or volume. USdi offers a rapid and practi-
cal approach to assessing muscle function (especially in
patients without pressure support), while Pnose could
provide a rough estimate of effort. Volume-based assess-
ments, although feasible, lack a direct correlation with
effort.

General principles for assessing inspiratory drive
and effort at the bedside

While the choice of method depends on factors such as
accessibility, patient tolerance, ease of interpretation, and
clinical applicability, the assessment of respiratory drive
and effort should be guided by a set of overarching prin-
ciples. These principles apply regardless of the chosen
technique and are essential for ensuring a meaningful
evaluation at the bedside. A schematic overview is pro-
vided in Fig. 5.

1. Define the clinical question. If precise quantification
is required, esophageal manometry remains the
gold standard for studying and accurately assessing
inspiratory effort. However, alternative techniques
may offer more practical solutions for identifying
extreme effort levels and guiding clinical decisions
regarding the escalation or de-escalation of
respiratory support [172].

2. Begin with clinical assessment and trust the
gestalt it provides [173, 174]. Signs like labored
breathing, diaphoresis, and accessory muscle use
provide critical insights that instrumental data
should confirm or, when contradictory, prompt
reassessment [175]. This approach seems particularly
relevant in non-intubated patients, where objective
monitoring is limited.
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3. Use ventilator waveforms as an extension of physical
examination. Although not a quantitative measure
of effort, ventilator waveforms offer real-time,
continuous insight into patient—ventilator interaction
and the presence of either excessive or insufficient
support. A structured waveform-based method has
been validated against esophageal pressure, with
excellent performance in identifying the timing of
respiratory effort and detecting both major and
minor asynchronies [176]. Careful observation
of pressure-, flow-, and volume-time curves can
indeed reveal important clues about the underlying
inspiratory drive and muscular effort. For instance,
signs of over-assistance may include a prolonged
insufflation time and late cycling during pressure
support ventilation [35], passive flow profiles,
and absent or minimal negative deflection on the
pressure-time curve. Conversely, features such as
high inspiratory flow rates, early cycling, and—
during square-flow assisted ventilation—a scooped
appearance of the pressure waveform [177] may
suggest under-assistance or strong spontaneous
drive. These waveform patterns, when interpreted
alongside the clinical context can integrate more
direct assessments of drive and effort and may help
guide timely ventilator adjustments even in the
absence of advanced monitoring tools.

4. Avoid reliance on a single technique, as each method
has specific limitations and biases [18, 22].

5. Counsider evolution over time. Allow a stable
breathing pattern to emerge, average at least 3—5
breaths, and use repeated measurements to capture
dynamic changes.

6. Mind the gap between research and real life. To date,
most studies on respiratory effort have focused on
intubated patients, excluding those with COPD and
fibrosis, in which lung mechanics differ significantly.

Knowledge gaps and avenues for research

The role of high inspiratory effort in lung and diaphragm
injury remains unclear, with P-SILI supported mainly
by indirect evidence [10, 178]. Moreover, the dissocia-
tion between drive and effort complicates patient assess-
ment [179] particularly in non-intubated individuals,
underscoring the need for monitoring both parameters.
Whether respiratory drive and effort primarily reflect
disease severity or actively contribute to lung injury
remains unresolved, as their causal role is difficult to iso-
late in clinical or experimental settings. Finally, caution
is needed when targeting respiratory drive and effort. If
they cause lung injury, controlling them within physi-
ological limits may improve outcomes. However, if they
merely reflect the severity of the underlying disease,
suppressing them without addressing their cause could
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BASIC PRINCIPLES FOR ASSESSING DRIVE AND EFFORT
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Fig. 5 Key points for bedside assessment of inspiratory drive and effort. This schematic highlights essential principles to guide clinical evaluation of
inspiratory drive and effort at the bedside. These include: (1) defining the clinical question and the level of precision required; (2) assessing the patient
for clinical signs of low or strong effort; (3) analyzing ventilator waveforms for clues of under- or over-assistance; (4) integrating multiple monitoring tech-
niques, as each has limitations; (5) considering trends over time, which are often more informative than isolated measurements; and (6) recognizing the
gap between research data and real-life patients, particularly in underrepresented populations such as those with COPD or fibrotic lung disease. COPD,

chronic obstructive pulmonary disease

worsen the prognosis. Additionally, there is no con-
sensus on the optimal bedside technique for assessing
inspiratory effort, which limits clinical decision-making.
While interventions targeting low drive (e.g., reduced
sedation, early assisted ventilation) or excessive effort
(e.g., personalized PEEP, awake prone positioning) have
been proposed, physiological gaps must be addressed
to prevent misapplication of potentially beneficial treat-
ments. Future research should focus on (1) establishing
consensus-based recommendations on the most appro-
priate techniques for measuring drive and effort accord-
ing to setting and scope; (2) standardizing assessment

methods to improve study reproducibility and facilitate
clinical integration. Researchers in the field should be
actively engaged in achieving these goals. A structured
dissemination and refinement of inspiratory drive and
effort assessment beyond research applications should be
encouraged, as bedside integration may aid in improving
the management of patients with ARF.
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Crs compliance of the respiratory system
ACVP central venous pressure swing

EAdi electrical activity of the diaphragm
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Ecw chest wall elastance

EIT electrical impedance tomography
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Flow(t) inspiratory flow
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Vit tidal volume
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WOB work of breathing

Supplementary Information
The online version contains supplementary material available at https://doi.or
g9/10.1186/513054-025-05526-0.

[ Supplementary Material 1 ]

Acknowledgements
None.

Author contributions

RT, AP, and TM conceptualized the review, authored the Background and
rationale, How to integrate assessment of inspiratory drive and effort in
clinical practice, General principles for assessing inspiratory drive and effort
at the bedside, and Knowledge gaps and avenues for researchparagraphs,
sections on Vt/Ti and Flow index, eTable 2, Figure 3, panel A, Figure 5 and
critically revised and edited the final manuscript. ES and LH authored the
Pathophysiology paragraph and critically revised and edited the final
manuscript. AJ authored the Clinical Relevance and Reference method for
assessing the inspiratory drive: diaphragm electrical activity t paragraphs and
critically revised and edited the final manuscript. LB authored the Clinical
relevance paragraph and critically revised and edited the final manuscript.
DLG, EA, and TY authored the Reference method for assessing theinspiratory

Page 18 of 23

effort: esophageal manometry paragraph, produced eFigure 1 and critically
revised and edited the final manuscript. IT, ZJ-X, EG, EC, and MD were
responsible for the sections on P0.1, PMI, APocc, and APnose, produced
Figure 2 and 3, and critically revised the manuscript. LPig, SM, JB, GG and AR
authored the sections on EMG, EAdi, USdi, and ACVP and critically revised
the manuscript. GG, LL, and GB authored the sections on Vi, EIT, and VOX,
produced Figure 4, and critically revised and edited the final manuscript. OR,
AD, and LPis wrote the sections on ROX, HACOR, BREF, and Dyspnea, produced
eTable 1 and 3 critically revised and edited the final manuscript. JP produced
Figure 1, Figure 3, panel B, eFigure 2, critically reviewed the manuscript and
edited the final version. For the equal contribution in conceptualization and
drafting of the manuscript, RT and AP share first authorship. All authors have
read and approved the final version.

Funding

No funding available. This work received no specific funding for its conception
or writing. AR is supported by a Canadian Institutes of Health Research (CIHR)
Fellowship (#187900).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

RT and EC declares patent N. 102021000007478 "APPARATO PER IL
RILEVAMENTO ED IL MONITORAGGIO DELLA PRESSIONE NASALE"released
on March 28th, 2023 by the Italian Ministry of Enterprises and Made in Italy.
RT and EC are co-founders of IREC Itd (VAT 02959080355), (Reggio Emilia,
Italy). Outside of this work, AJ has received research funding (paid to the
institution) from ZonMw, Pulmotech B.V,, Health~Holland, Liberate Medical,
the Netherlands eScience center.

Author details

'Respiratory Disease Unit, Department of Surgical and Medical Sciences
of Motherhood and Child, University Hospital of Modena, Milan, Italy
’Department of Biomedical Sciences, Humanitas University, Pieve
Emanuele, Milan, Italy

3Department of Anesthesia and Intensive Care Units, IRCCS Humanitas
Research Hospital, Rozzano, Milan, Italy

“Department of Emergency, Fondazione IRCCS Ca’ Granda Ospedale
Maggiore Policlinico, Milano, Italy

>Dipartimento di Scienze dellEmergenza, Anestesiologiche e della
Rianimazione, Fondazione Policlinico Universitario A. Gemelli IRCCS,
Rome, Italy

Department of Anesthesiology and Intensive Care Medicine, Catholic
University of the Sacred Heart, Rome, Italy

’Department of Anesthesiology and Intensive Care Medicine, Osaka
University Graduate School of Medicine, Suita, Osaka, Japan
8Department of Intensive Care, Erasmus MC, Rotterdam, The Netherlands
Department of Intensive Care, Medical School, University of Crete,
Rethimno, Greece

1%eenan Centre for Biomedical Research, Li Ka Shing Knowledge
Institute, Unity Health Toronto, Toronto, ON, Canada
Mnterdepartmental Division of Critical Care Medicine, University of
Toronto, Toronto, ON, Canada

’Medical Surgical Neuro ICU, Toronto Western Hospital, University Health
Network, Toronto, ON, Canada

*Department of Physical Therapy and Rehabilitation, Anchorena San
Martin Clinic, Buenos Aires, Argentina

MFaculty of Biology and Medicine, University of Lausanne, Lausanne,
Switzerland

>Adult Intensive Care Unit, Lausanne University Hospital and Lausanne
University, Lausanne, Switzerland


https://doi.org/10.1186/s13054-025-05526-0
https://doi.org/10.1186/s13054-025-05526-0

Tonelli et al. Critical Care (2025) 29:339

1°ASPIRE Trials Program, Division of Pulmonary, Critical Care, and Sleep
Medicine, New York University, New York, USA

'7Jiangsu Provincial Key Laboratory of Critical Care Medicine, Department
of Critical Care Medicine, Zhongda Hospital, School of Medicine,
Southeast University, 210009 Nanjing, China

18Servei de Medicina Intensiva, Parc Tauli Hospital Universitari, Institut de
Recerca Part Taulf (I3PT-CERCA), Sabadell, Spain

‘9Departament de Medicina, Universitat Autbnoma de Barcelona,
Bellaterra, Spain

2Ciber Enfermedades respiratorias (Ciberes), Instituto de Salud Carlos 1ll,
Madrid, Spain

2! Respiratory and Critical Care Unit, IRCCS Azienda Ospedaliero
Universitaria di Bologna, Bologna, Italy

22Alma Mater Studiorum, Department of Medical and Surgical Sciences
(DIMEQ), University of Bologna, Bologna, Italy

23Departmem of Medicine, Division of Respirology, Critical Care Program,
University Health Network, Toronto, ON, Canada

ZService de Médecine Intensive Réanimation, Groupe de Recherche
Clinigue CARMAS, Hopitaux Universitaires Henri Mondor, Université Paris
Est Créteil, AP-HP, Créteil, France

»Centre for Medical Sciences (CISMed), University of Trento, Trento, Italy
%6 Emergency and Critical Care Medical Center, Beijing Shijitan Hospital,
Capital Medical University, Beijing, China

?’Department of Pathophysiology and Transplantation, Univeristy of
Milan, Milano, Italy

28Departmem of Anesthesia and Intensive Care Unit, St-Eloi

Hospital, Regional University Hospital of Montpellier, University of
Montpellier,PhyMedExp, INSERM U1046, CNRS UMR, Montpellier, France
2UMRS1158 Neurophysiologie Respiratoire Expérimentale Et Clinique,
Sorbonne Université, INSERM, Paris 75005, France

*Service de Médecine Intensive - Réanimation (Département R3S), AP-
HP, Groupe Hospitalier Universitaire APHP-Sorbonne Université, Site Pitié-
Salpétriere, 47-83 Boulevard de I'Hopital, Paris 75013, France
31Departmem of Anesthesia, Critical Care, and Pain Medicine, Beth Israel
Deaconess Medical Center and Harvard Medical School, Boston, MA, USA
32Departmem of intensive Care, Radboud University Medical Center,
Nijmegen, The Netherlands

Received: 3 April 2025 / Accepted: 24 June 2025
Published online: 31 July 2025

References
1. Battaglini D, Robba C, Ball L, et al. Noninvasive respiratory support and

patient self-inflicted lung injury in COVID-19: a narrative review. Br J Anaesth.

2021;127(3):353-64. https://doi.org/10.1016/j.bja.2021.05.024.

Grieco DL, Maggiore SM, Roca O, et al. Non-invasive ventilatory support and
high-flow nasal oxygen as first-line treatment of acute hypoxemic respiratory
failure and ARDS. Intensive Care Med. 2021;47(8):851-66. https://doi.org/10.1
007/500134-021-06459-2.

Bellani G, Laffey JG, Pham T, et al. Noninvasive ventilation of patients with
acute respiratory distress syndrome. Insights from the LUNG SAFE study. Am J
Respir Crit Care Med. 2017;195(1):67-77. https://doi.org/10.1164/rccm.20160
6-13060C.

Demoule A, Girou E, Richard JC, Taille S, Brochard L. Benefits and risks

of success or failure of noninvasive ventilation. Intensive Care Med.
2006;32(11):1756-65. https://doi.org/10.1007/500134-006-0324-1.

Rochwerg B, Brochard L, Elliott MW, et al. Official ERS/ATS clinical practice
guidelines: noninvasive ventilation for acute respiratory failure. Eur Respir J.
2017;50(2):1602426. https://doi.org/10.1183/13993003.02426-2016.
Oczkowski S, Ergan B, Bos L, et al. ERS clinical practice guidelines: high-flow
nasal cannula in acute respiratory failure. Eur Respir J. 2022;59(4):2101574. htt
ps://doi.org/10.1183/13993003.01574-2021.

Janssen ML, Tark Y, Baart SJ, et al. Safety and outcome of High-Flow nasal
oxygen therapy outside ICU setting in hypoxemic patients with COVID-19*.
Crit Care Med. 2024;52(1):31-43. https://doi.org/10.1097/CCM.000000000000
6068.

Mauri T, Turrini C, Eronia N, et al. Physiologic effects of High-Flow nasal
cannula in acute hypoxemic respiratory failure. Am J Respir Crit Care Med.
2017;195(9):1207-15. https://doi.org/10.1164/rccm.201605-09160C.

20.

21.

22.

23.

25.

29.

Page 19 of 23

Tonelli R, Fantini R, Tabbi L, et al. Early inspiratory effort assessment by esoph-
ageal manometry predicts noninvasive ventilation outcome in de Novo
respiratory failure. A pilot study. Am J Respir Crit Care Med. 2020,202(4):558-
67. https://doi.org/10.1164/rccm.201912-25120C.

Esnault P, Cardinale M, Hraiech S. High respiratory drive and excessive respira-
tory efforts predict relapse of respiratory failure in critically ill patients with
COVID-19. Am J Respir Crit Care Med. 2020;202(8):1173-8.

Carteaux G, Millan-Guilarte T, De Prost N, et al. Failure of noninvasive ventila-
tion for de Novo acute hypoxemic respiratory failure: role of tidal volume**.
Crit Care Med. 2016;44(2):282-90. https://doi.org/10.1097/CCM.00000000000
01379.

Grieco DL, Menga LS, Eleuteri D, Antonelli M. Patient self-inflicted lung injury:
implications for acute hypoxemic respiratory failure and ARDS patients on
non-invasive support. Minerva Anestesiol. 2019;85(9). https://doi.org/10.2373
6/50375-9393.19.13418-9.

Yoshida T, Torsani V, Gomes S, et al. Spontaneous effort causes occult
Pendelluft during mechanical ventilation. Am J Respir Crit Care Med.
2013;188(12):1420-7. https://doi.org/10.1164/rccm.201303-05390C.
Carteaux G, Parfait M, Combet M, Haudebourg AF, Tuffet S, Mekontso

Dessap A. Patient-Self inflicted lung injury: A practical review. J Clin Med.
2021;10(12):2738. https://doi.org/10.3390/jcm10122738.

Jonkman AH, De Vries HJ, Heunks LMA. Physiology of the respiratory

drive in ICU patients: implications for diagnosis and treatment. Crit Care.
2020;24(1):104. https://doi.org/10.1186/513054-020-2776-z.

Ergan B, Nasifowski J, Winck JC. How should we monitor patients with acute
respiratory failure treated with noninvasive ventilation? Eur Respir Rev.
2018;27(148):170101. https://doi.org/10.1183/16000617.0101-2017.
Akoumianaki E, Maggiore SM, Valenza F, et al. The application of esophageal
pressure measurement in patients with respiratory failure. Am J Respir Crit
Care Med. 2014;189(5):520-31. https://doi.org/10.1164/rccm.201312-2193CI.
Mocellin A, Guidotti F, Rizzato S, et al. Monitoring and modulation of respira-
tory drive in patients with acute hypoxemic respiratory failure in spontane-
ous breathing. Intern Emerg Med Published Online August. 2024;29. https://d
01.0rg/10.1007/511739-024-03715-3.

Pelosi P, Tonelli R, Torregiani C, et al. Different methods to improve the moni-
toring of noninvasive respiratory support of patients with severe pneumonia/
ards due to COVID-19: an update. J Clin Med. 2022;11(6):1704. https://doi.org
/10.3390/jcm11061704.

De Vries H, Jonkman A, Shi ZH, Spoelstra-de Man A, Heunks L. Assessing
breathing effort in mechanical ventilation: physiology and clinical implica-
tions. Ann Transl Med. 2018;6(19):387-387. https://doi.org/10.21037/atm.201
8.05.53.

Kam K, Worrell JW, Janczewski WA, Cui Y, Feldman JL. Distinct inspiratory
rhythm and pattern generating mechanisms in the prebétzinger complex. J
Neurosci. 2013;33(22):9235-45. https://doi.org/10.1523/JNEUROSCI.4143-12.2
013.

Spinelli E, Mauri T, Beitler JR, Pesenti A, Brodie D. Respiratory drive in the acute
respiratory distress syndrome: pathophysiology, monitoring, and therapeutic
interventions. Intensive Care Med. 2020;46(4):606-18. https://doi.org/10.1007
/500134-020-05942-6.

Del Negro CA, Funk GD, Feldman JL. Breathing matters. Nat Rev Neurosci.
2018;19(6):351-67. https://doi.org/10.1038/541583-018-0003-6.
Georgopoulos D, Mitrouska |, Bshouty Z, Webster K, Patakas D, Younes M.
Respiratory response to CO, during Pressure-support ventilation in conscious
normal humans. Am J Respir Crit Care Med. 1997;156(1):146-54. https://doi.or
9/10.1164/ajrccm.156.1.9606055.

Shi ZH, Jonkman A, De Vries H, et al. Expiratory muscle dysfunction in
critically ill patients: towards improved Understanding. Intensive Care Med.
2019;45(8):1061-71. https://doi.org/10.1007/500134-019-05664-4.

Demoule A, Decavele M, Antonelli M, et al. Dyspnoea in acutely ill mechani-
cally ventilated adult patients: an ERS/ESICM statement. Intensive Care Med.
2024;50(2):159-80. https://doi.org/10.1007/500134-023-07246-x.

Goligher EC, Fan E, Herridge MS, al et. Evolution of diaphragm thickness dur-
ing mechanical ventilation. Impact of inspiratory effort. Am J Respir Crit Care
Med. 2015;192(9):1080-8.

Putensen C, Zech S, Wrigge H. Long-term effects of spontaneous breathing
during ventilatory support in patients with acute lung injury. Am J Respir Crit
Care Med. 2001:164(1):43-9.

van Haren F, Pham T, Brochard L. Spontaneous breathing in early acute
respiratory distress syndrome: insights from the large observational study to
understand the global impact of severe acute respiratory failure study. Crit
Care Med. 2019:47(2):229-38.


https://doi.org/10.1016/j.bja.2021.05.024
https://doi.org/10.1007/s00134-021-06459-2
https://doi.org/10.1007/s00134-021-06459-2
https://doi.org/10.1164/rccm.201606-1306OC
https://doi.org/10.1164/rccm.201606-1306OC
https://doi.org/10.1007/s00134-006-0324-1
https://doi.org/10.1183/13993003.02426-2016
https://doi.org/10.1183/13993003.01574-2021
https://doi.org/10.1183/13993003.01574-2021
https://doi.org/10.1097/CCM.0000000000006068
https://doi.org/10.1097/CCM.0000000000006068
https://doi.org/10.1164/rccm.201605-0916OC
https://doi.org/10.1164/rccm.201912-2512OC
https://doi.org/10.1097/CCM.0000000000001379
https://doi.org/10.1097/CCM.0000000000001379
https://doi.org/10.23736/S0375-9393.19.13418-9
https://doi.org/10.23736/S0375-9393.19.13418-9
https://doi.org/10.1164/rccm.201303-0539OC
https://doi.org/10.3390/jcm10122738
https://doi.org/10.1186/s13054-020-2776-z
https://doi.org/10.1183/16000617.0101-2017
https://doi.org/10.1164/rccm.201312-2193CI
https://doi.org/10.1007/s11739-024-03715-3
https://doi.org/10.1007/s11739-024-03715-3
https://doi.org/10.3390/jcm11061704
https://doi.org/10.3390/jcm11061704
https://doi.org/10.21037/atm.2018.05.53
https://doi.org/10.21037/atm.2018.05.53
https://doi.org/10.1523/JNEUROSCI.4143-12.2013
https://doi.org/10.1523/JNEUROSCI.4143-12.2013
https://doi.org/10.1007/s00134-020-05942-6
https://doi.org/10.1007/s00134-020-05942-6
https://doi.org/10.1038/s41583-018-0003-6
https://doi.org/10.1164/ajrccm.156.1.9606055
https://doi.org/10.1164/ajrccm.156.1.9606055
https://doi.org/10.1007/s00134-019-05664-4
https://doi.org/10.1007/s00134-023-07246-x

Tonelli et al. Critical Care

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2025) 29:339

Yoshida T, Amato MBP, Kavanagh BP, Fujino Y. Impact of spontaneous breath-
ing during mechanical ventilation in acute respiratory distress syndrome.
Curr Opin Crit Care. 2019;25(2):192-8.

Goligher EC, Dres M, Fan E. Mechanical Ventilation-induced diaphragm
atrophy strongly impacts clinical outcomes. Am J Respir Crit Care Med.
2018;197(2):204-13.

Wrigge H, Zinserling J, Neumann P. Spontaneous breathing improves lung
aeration in oleic acid-induced lung injury. Anesthesiology. 2003;99(2):376-84.
Pellegrini M, Hedenstierna G, Roneus A. The diaphragm acts as a brake
during expiration to prevent lung collapse. Am J Respir Crit Care Med.
2017;195(12):1608-16.

Carteaux G, Cérdoba-lzquierdo A, Lyazidi A, Heunks L, Thille AW, Brochard

L. Comparison between neurally adjusted ventilatory assist and pressure
support ventilation levels in terms of respiratory effort. Crit Care Med.
2016;44(3):503-11. https://doi.org/10.1097/CCM.0000000000001418.
Patroniti N, Bellani G, Saccavino E, et al. Respiratory pattern during neurally
adjusted ventilatory assist in acute respiratory failure patients. Intensive Care
Med. 2012;38(2):230-9. https://doi.org/10.1007/500134-011-2433-8.

Schifino G, Vega ML, Pisani L, et al. Effects of non-invasive respiratory supports
on inspiratory effort in moderate-severe COVID-19 patients. A randomized
physiological study. Eur J Intern Med. 2022;100:110-8. https://doi.org/10.1016
/j.€jim.2022.04.012.

Bello G, Giammatteo V, Bisanti A. High vs low PEEP in patients with ARDS
exhibiting intense inspiratory effort during assisted ventilation: A randomized
crossover trial. Chest. 2024;165(6):1392-405.

Firstiogusran AMF, Yoshida T, Hashimoto H. Positive end-expiratory pressure
and prone position alter the capacity of force generation from diaphragm

in acute respiratory distress syndrome: an animal experiment. BMC Anesth.
2022;22(1):373.

Widing H, Pellegrini M, Chiodaroli E, Persson P, Hallén K, Perchiazzi G. Positive
end-expiratory pressure limits inspiratory effort through modulation of the
effort-to-drive ratio: an experimental crossover study. Intensive Care Med Exp.
2024;12(1):10. https://doi.org/10.1186/540635-024-00597-9.

Jansen D, Jonkman AH, Vries HJ. Positive end-expiratory pressure affects
geometry and function of the human diaphragm. J Appl Physiol 1985.
2021;131(4):1328-39.

Bellani G, Laffey JG, Pham T, et al. Epidemiology, patterns of care, and mortal-
ity for patients with acute respiratory distress syndrome in intensive care
units in 50 countries. JAMA. 2016;315(8):788-800. https://doi.org/10.1001/ja
ma.2016.0291.

Dres M, Jung B, Molinari N, et al. Respective contribution of intensive care
unit-acquired limb muscle and severe diaphragm weakness on weaning
outcome and mortality: a post hoc analysis of two cohorts. Crit Care Lond
Engl. 2019;23(1):370. https://doi.org/10.1186/513054-019-2650-z.

Herridge MS, Tansey CM, Matté A, et al. Functional disability 5 years after
acute respiratory distress syndrome. N Engl J Med. 2011;364(14):1293-304. ht
tps://doi.org/10.1056/NEJMoa1011802.

Pham T, Heunks L, Bellani G, et al. Weaning from mechanical ventilation in
intensive care units across 50 countries (WEAN SAFE): a multicentre, prospec-
tive, observational cohort study. Lancet Respir Med. 2023;11(5):465-76. https:
//doi.org/10.1016/52213-2600(22)00449-0.

Herridge MS, Moss M, Hough CL, et al. Recovery and outcomes after the
acute respiratory distress syndrome (ARDS) in patients and their family
caregivers. Intensive Care Med. 2016;42(5):725-38. https://doi.org/10.1007/50
0134-016-4321-8.

Lindqvist J, van den Berg M, van der Pijl R. Positive End-Expiratory pressure
ventilation induces longitudinal atrophy in diaphragm fibers. Am J Respir Crit
Care Med. 2018;198(4):472-85.

van den Berg M, Hooijman PE, Beishuizen A. Diaphragm atrophy and weak-
ness in the absence of mitochondrial dysfunction in the critically ill. Am J
Respir Crit Care Med. 2017;196(12):1544-58.

van den Berg M, Shi Z, Claassen WJ. Super-relaxed myosins contribute to
respiratory muscle hibernation in mechanically ventilated patients. Sci Transl
Med. 2024;16(758).eadg3894.

Regmi B, Friedrich J, Jorn B. Diaphragm muscle weakness might explain
exertional dyspnea 15 months after hospitalization for COVID-19. Am J Respir
Crit Care Med. 2023;207(8):1012-21.

Mireles-Cabodevila E, Siuba MT, Chatburn RL. A taxonomy for Patient-Ven-
tilator interactions and a method to read ventilator waveforms. Respir Care.
2022;67(1):129-48. https://doi.org/10.4187/respcare.09316.

Aubier M, Trippenbach T, Roussos C. Respiratory muscle fatigue during car-
diogenic shock. J Appl Physiol Respir Env Exerc Physiol. 1981;51(2):499-508.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Page 20 of 23

Aubier M, Viires N, Syllie G. others. Respiratory muscle contribution to lactic
acidosis in low cardiac output. Am Rev Respir Dis. 1982;126(4):648-52.

Field S, Kelly S, Macklem P. The oxygen cost of breathing in patients with
cardiorespiratory disease. Am Rev Respir Dis. 1982;126(1):9-13.

Brochard L, Harf A, Lorino H, Lemaire F. Inspiratory pressure support prevents
diaphragmatic fatigue during weaning from mechanical ventilation. Am Rev
Respir Dis. 1989;139(2):513-21.

Brochard L, Slutsky A, Pesenti A. Mechanical ventilation to minimize progres-
sion of lung injury in acute respiratory failure. Am J Respir Crit Care Med.
2017;195(4):438-42.

Yoshida T, Fujino Y, Amato MB, Kavanagh BP. Fifty years of research in ARDS.
Spontaneous breathing during mechanical ventilation. Risks, mechanisms,
and management. Am J Respir Crit Care Med. 2017;195(8):985-92.

Yoshida T, Nakahashi S, Nakamura MAM. Volume-controlled ventilation does
not prevent injurious inflation during spontaneous effort. Am J Respir Crit
Care Med. 2017;196(5):590-601.

Telias |, Brochard L, Goligher EC. Is my patient’s respiratory drive (too) high?
Intensive Care Med. 2018;44(11):1936-9.

Protti A, Andreis DT, Monti M, et al. Lung stress and strain during mechanical
ventilation: any difference between statics and Dynamics?*. Crit Care Med.
2013;41(4):1046-55. https://doi.org/10.1097/CCM.0b013e31827417a6.
Goligher EC, Jonkman AH, Dianti J, et al. Clinical strategies for implementing
lung and diaphragm-protective ventilation: avoiding insufficient and exces-
sive effort. Intensive Care Med. 2020;46(12):2314-26. https://doi.org/10.1007/
$00134-020-06288-9.

Dres M, Demoule A. Monitoring diaphragm function in the ICU. Curr Opin
Crit Care. 2020;26(1):18-25.

Rodrigues A, Vieira F, Sklar MC. Post-insufflation diaphragm contractions

in patients receiving various modes of mechanical ventilation. Crit Care.
2024;28(1):310.

Goligher EC, Dres M, Patel BK. Lung- and Diaphragm-Protective ventilation.
Am J Respir Crit Care Med. 2020;,202(7):950-61.

Barwing J, Ambold M, Linden N, Quintel M, Moerer O. Evaluation of the cath-
eter positioning for neurally adjusted ventilatory assist. Intensive Care Med.
2009;35(10):1809-14. https://doi.org/10.1007/500134-009-1587-0.

Sinderby C, Navalesi P, Beck J, et al. Neural control of mechanical ventilation
in respiratory failure. Nat Med. 1999;5(12):1433-6. https://doi.org/10.1038/71
012.

Vaporidi K, Akoumianaki E, Telias |, Goligher EC, Brochard L, Georgopoulos D.
Respiratory drive in critically ill patients. Pathophysiology and clinical implica-
tions. Am J Respir Crit Care Med. 2020;201(1):20-32. https://doi.org/10.1164/r
ccm.201903-0596S0.

Piquilloud L, Beloncle F, Richard JCM, Mancebo J, Mercat A, Brochard L.
Information conveyed by electrical diaphragmatic activity during unstressed,
stressed and assisted spontaneous breathing: a physiological study. Ann
Intensive Care. 2019;9(1):89. https://doi.org/10.1186/513613-019-0564-1.
Sinderby C, Beck J, Spahija J, Weinberg J, Grassino A. Voluntary activation of
the human diaphragm in health and disease. J Appl Physiol. 1998;85(6):2146-
58. https://doi.org/10.1152/jappl.1998.85.6.2146.

Beck J. Electrical activity of the diaphragm during pressure support ventila-
tion in acute respiratory failure. 2001;164.

Beck J, Sinderby C, Lindstrom L, Grassino A. Effects of lung volume on dia-
phragm EMG signal strength during voluntary contractions. J Appl Physiol.
1998;85(3):1123-34. https://doi.org/10.1152/jappl.1998.85.3.1123.

Bellani G, Mauri T, Coppadoro A, et al. Estimation of patient’s inspiratory effort
from the electrical activity of the diaphragm. Crit Care Med. 2013;41(6):1483-
91. https://doi.org/10.1097/CCM.0b013e31827caba0.

Jansen D, Jonkman AH, Roesthuis L, et al. Estimation of the diaphragm neuro-
muscular efficiency index in mechanically ventilated critically ill patients. Crit
Care. 2018;22(1):238. https://doi.org/10.1186/513054-018-2172-0.

Beck J, Sinderby C, Lindstrom L, Grassino A. Effects of lung volume on dia-
phragm EMG signal strength during voluntary contractions.

the PLeUral pressure working Group (PLUG—Acute Respiratory Failure sec-
tion of the European Society of Intensive Care Medicine), Mauri T, Yoshida T,
et al. Esophageal and transpulmonary pressure in the clinical setting: mean-
ing, usefulness and perspectives. Intensive Care Med. 2016;42(9):1360-73. htt
ps://doi.org/10.1007/500134-016-4400-x.

Coppadoro A. A brief airway occlusion is sufficient to measure the patient’s
inspiratory effort/electrical activity of the diaphragm index (PEl). J Clin Monit
Comput. Published online 2021.


https://doi.org/10.1097/CCM.0000000000001418
https://doi.org/10.1007/s00134-011-2433-8
https://doi.org/10.1016/j.ejim.2022.04.012
https://doi.org/10.1016/j.ejim.2022.04.012
https://doi.org/10.1186/s40635-024-00597-9
https://doi.org/10.1001/jama.2016.0291
https://doi.org/10.1001/jama.2016.0291
https://doi.org/10.1186/s13054-019-2650-z
https://doi.org/10.1056/NEJMoa1011802
https://doi.org/10.1056/NEJMoa1011802
https://doi.org/10.1016/S2213-2600(22)00449-0
https://doi.org/10.1016/S2213-2600(22)00449-0
https://doi.org/10.1007/s00134-016-4321-8
https://doi.org/10.1007/s00134-016-4321-8
https://doi.org/10.4187/respcare.09316
https://doi.org/10.1097/CCM.0b013e31827417a6
https://doi.org/10.1007/s00134-020-06288-9
https://doi.org/10.1007/s00134-020-06288-9
https://doi.org/10.1007/s00134-009-1587-0
https://doi.org/10.1038/71012
https://doi.org/10.1038/71012
https://doi.org/10.1164/rccm.201903-0596SO
https://doi.org/10.1164/rccm.201903-0596SO
https://doi.org/10.1186/s13613-019-0564-1
https://doi.org/10.1152/jappl.1998.85.6.2146
https://doi.org/10.1152/jappl.1998.85.3.1123
https://doi.org/10.1097/CCM.0b013e31827caba0
https://doi.org/10.1186/s13054-018-2172-0
https://doi.org/10.1007/s00134-016-4400-x
https://doi.org/10.1007/s00134-016-4400-x

Tonelli et al. Critical Care

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

(2025) 29:339

De Troyer A, Boriek AM. Mechanics of the respiratory muscles. In: Prakash YS,
editor. Comprehensive physiology. 1st ed. Wiley; 2011. pp. 1273-300. https://
doi.org/10.1002/cphy.c100009.

Poulsen MK, Thomsen LP, Mifsud NL, et al. Electrical activity of the diaphragm
during progressive cycling exercise in endurance-trained men. Respir Physiol
Neurobiol. 2015;205:77-83. https://doi.org/10.1016/j.resp.2014.10.012.

Van Oosten JP, Goedendorp N, Mousa A, et al. Solid-state esophageal pres-
sure sensor for the Estimation of pleural pressure: a bench and first-in-human
validation study. Crit Care. 2025;29(1):47. https://doi.org/10.1186/513054-02
5-05279-w.

Verscheure S, Massion PB, Gottfried S et al. Measurement of pleural pressure
swings with a fluid-filled esophageal catheter vs pulmonary artery occlusion
pressure. J Crit Care. Published online 2017.

Mojoli F, Torriglia F, Orlando A, Bianchi |, Arisi E, Pozzi M. Technical aspects of
bedside respiratory monitoring of transpulmonary pressure. Ann Trans| Med.
2018;6(19):377. https://doi.org/10.21037/atm.2018.08.37.

Piquilloud L, Beitler JR, Beloncle FM. Monitoring esophageal pressure. Inten-
sive Care Med. 2024;50(6):953-6. https://doi.org/10.1007/500134-024-0740
1-y.

Docci M, Beloncle F, Lesimple A, et al. Erroneous calibration of esophageal
pressure in case of airway closure. Crit Care. 2025;29(1):178. https://doi.org/10
.1186/513054-025-05416-5.

Baedorf Kassis E, Su HK, Graham AR, Novack V, Loring SH, Talmor DS. Reverse
trigger phenotypes in acute respiratory distress syndrome. Am J Respir Crit
Care Med. 2021;203(1):67-77. https://doi.org/10.1164/rccm.201907-14270C.
Collett PW, Perry C, Engel LA. Pressure-time product, flow, and oxygen cost of
resistive breathing in humans. J Appl Physiol. 1985;58(4):1263-72. https://doi.
0rg/10.1152/jappl.1985.58.4.1263.

Calzia E, Lindner KH, Witt S, et al. Pressure-time product and work of breath-
ing during biphasic continuous positive airway pressure and assisted sponta-
neous breathing. Am J Respir Crit Care Med. 1994;150(4):904-10. https://doi.o
rg/10.1164/ajrccm.1504.7921461.

Akoumianaki E, Vaporidi K, Stamatopoulou V, et al. Gastric pressure monitor-
ing unveils abnormal Patient-Ventilator interaction related to active expira-
tion: A retrospective observational study. Anesthesiology. 2024;141(3):541—
53. https://doi.org/10.1097/ALN.0000000000005071.

Thomas AM, Turner RE, Tenholder MF. Esophageal pressure measurements in
cardiopulmonary exercise testing. Chest. 1997;112(3):829-32. https://doi.org/
10.1378/chest.112.3.829.

Hayot M, Ramonatxo M, Matecki S, Milic-Emili J, Prefaut C. Noninvasive assess-
ment of inspiratory muscle function during exercise. Am J Respir Crit Care
Med. 2000;162(6):2201-7. https://doi.org/10.1164/ajrccm.162.6.9912053.
Guenette JA, Witt JD, McKenzie DC, Road JD, Sheel AW. Respiratory mechan-
ics during exercise in endurance-trained men and women. J Physiol.
2007;581(3):1309-22. https://doi.org/10.1113/jphysiol.2006.126466.

Dianti J, Tisminetzky M, Ferreyro BL, et al. Association of positive End-Expi-
ratory pressure and lung recruitment selection strategies with mortality in
acute respiratory distress syndrome: A systematic review and network Meta-
analysis. Am J Respir Crit Care Med. 2022;205(11):1300-10. https://doi.org/10.
1164/rccm.202108-19720C.

Colombo J, Spinelli E, Grasselli G, Pesenti AM, Protti A. Detection of strong
inspiratory efforts from the analysis of central venous pressure swings: a
preliminary clinical study. Minerva Anestesiol. 2020,86(12). https://doi.org/10.
23736/50375-9393.20.14323-2.

Vaporidi K, Soundoulounaki S, Papadakis E, Akoumianaki E, Kondili E, Georgo-
poulos D. Esophageal and transdiaphragmatic pressure swings as indices of
inspiratory effort. Respir Physiol Neurobiol. 2021;284:103561. https://doi.org/1
0.1016/jresp.2020.103561.

Whitelaw W, Derenne J, Milic-Emili J. Occlusion pressure as a mea-

sure of respiratory center output in conscious man. Respir Physiol.
1975;23(2):181-99.

Telias I, Junhasavasdikul D, Rittayamai N, et al. Airway occlusion pressure as an
estimate of respiratory drive and inspiratory effort during assisted ventilation.
Am J Respir Crit Care Med. 2020;201(9):1086-98. https://doi.org/10.1164/RCC
M.201907-14250C.

Beloncle F, Piquilloud L, Olivier PY, et al. Accuracy of P0.1 measurements
performed by ICU ventilators: a bench study. Ann Intensive Care. 2019,9(1). ht
tps://doi.org/10.1186/513613-019-0576-x.

Rittayamai N, Beloncle F, Goligher EC, et al. Effect of inspiratory synchroniza-
tion during pressure-controlled ventilation on lung distension and inspira-
tory effort. Ann Intensive Care. 2017;7(1):100. https://doi.org/10.1186/51361
3-017-0324-z.

97.

98.

99.

100.

102.

105.

106.

109.

111

112.

115.

116.

117.

Page 21 of 23

Alberti A, Gallo F, Fongaro A, Valenti S, Rossi A. P0.1 is a useful parameter

in setting the level of pressure support ventilation. Intensive Care Med.
1995,21(7):547-53. https://doi.org/10.1007/BF01700158.

De Vries HJ, Tuinman PR, Jonkman AH, et al. Performance of noninva-

sive airway occlusion maneuvers to assess lung stress and diaphragm

effort in mechanically ventilated critically ill patients. Anesthesiology.
2023;138(3):274-88. https://doi.org/10.1097/ALN.0000000000004467.

Le Marec J, Hajage D, Decavele M, et al. High airway occlusion pressure is
associated with dyspnea and increased mortality in critically ill mechanically
ventilated patients. Am J Respir Crit Care Med. 2024;210(2):201-10. https://do
i.0rg/10.1164/rccm.202308-13580C.

Holle RH, Schoene RB, Pavlin EJ. Effect of respiratory muscle weakness on P0.1
induced by partial curarization. J Appl Physiol. 1984;57(4):1150-7. https://doi.
0rg/10.1152/jappl.1984.57.4.1150.

. Beloncle F, Piquilloud L, Olivier PY, et al. Accuracy of PO.T measurements per-

formed by ICU ventilators: a bench study. Ann Intensive Care. 2019;9(1):104. h
ttps://doi.org/10.1186/513613-019-0576-x.

Andrew Daubenspeck J, Farnham MW. Temporal variation in the Vt-Ti rela-
tionship in humans. Respir Physiol. 1982;47(1):97-106. https.//doi.org/10.101
6/0034-5687(82)90095-0.

. Dargent A, Hombreux A, Roccia H, Argaud L, Cour M, Guérin C. Feasibility of

non-invasive respiratory drive and breathing pattern evaluation using CPAP
in COVID-19 patients. J Crit Care. 2022;69:154020. https://doi.org/10.1016/j jcr
€.2022.154020.

. Tobin MJ, Chadha TS, Jenouri G, Birch SJ, Gazeroglu HB, Sackner MA. Breath-

ing patterns. Chest. 1983,84(2):202-5. https://doi.org/10.1016/50012-3692(15
)33498-X.

Chuang ML. A comparative study of dynamic lung hyperinflation and

tidal volume to total lung capacity ratios during exercise in patients with
chronic respiratory disease and healthy individuals. Respir Physiol Neurobiol.
2023;316:104124. https://doi.org/10.1016/j.resp.2023.104124.

Tobin MJ, Perez W, Guenther SM, Semmes BJ, Mador MJ, Allen SJ, Lodato RF,
Dantzker DR. The pattern of breathing during successful and unsuccessful
trial. Published Online Dec 10, 1986.

. Hey EN, Lloyd BB, Cunningham DJC, Jukes MGM, Bolton DPG. Effects of

various respiratory stimuli on the depth and frequency of breathing in man.
Respir Physiol. 1966;1(2):193-205. https://doi.org/10.1016/0034-5687(66)9001
6-8.

. Jonkman AH, Warnaar RSP, Baccinelli W, et al. Analysis and applications

of respiratory surface EMG: report of a round table meeting. Crit Care.
2024;28(1):2. https://doi.org/10.1186/513054-023-04779-x.

GraBhoff J, Petersen E, Farquharson F, et al. Surface EMG-based quantifica-
tion of inspiratory effort: a quantitative comparison with Pes. Crit Care.
2021;25(1):441. https://doi.org/10.1186/513054-021-03833-w.

. Grashoff J, Petersen E, Walterspacher S, Rostalski P. Model-Based Estimation of

inspiratory effort using surface EMG. IEEE Trans Biomed Eng. 2023;70(1):247-
58. https://doi.org/10.1109/TBME.2022.3188183.

Bellani G, Bronco A, Arrigoni Marocco S, et al. Measurement of diaphragmatic
electrical activity by surface electromyography in intubated subjects and its
relationship with inspiratory effort. Respir Care. 2018;63(11):1341-9. https://d
0i.org/10.4187/respcare.06176.

Warnaar RSP, Cornet AD, Beishuizen A, Moore CM, Donker DW, Oppersma E.
Advanced waveform analysis of diaphragm surface EMG allows for continu-
ous non-invasive assessment of respiratory effort in critically ill patients at
different PEEP levels. Crit Care Lond Engl. 2024;28(1):195. https://doi.org/10.1
186/513054-024-04978-0.

. Bertoni M, Telias I, Urner M, et al. A novel non-invasive method to detect

excessively high respiratory effort and dynamic transpulmonary driving pres-
sure during mechanical ventilation. Crit Care. 2019;23(1):1-10. https://doi.org
/10.1186/513054-019-2617-0.

. Teggia-Droghi M, Grassi A, Rezoagli E, et al. Comparison of two approaches

to estimate driving pressure during assisted ventilation. Am J Respir Crit Care
Med. 2020;202(11):1595-8. https://doi.org/10.1164/rccm.202004-1281LE.
Bellani G, Grasselli G, Teggia-Droghi M, et al. Do spontaneous and mechanical
breathing have similar effects on average transpulmonary and alveolar pres-
sure? A clinical crossover study. Crit Care. 2016;20(1):142. https://doi.org/10.1
186/513054-016-1290-9.

Yoshida T, Amato MBP, Kavanagh BP. Understanding spontaneous vs. ventila-
tor breaths: impact and monitoring. Intensive Care Med. 2018;44(12):2235-8.
https://doi.org/10.1007/500134-018-5145-5.

Foti G, Cereda M, Banfi G, Pelosi P, Fumagalli R, Pesenti A. End-inspiratory
airway occlusion: a method to assess the pressure developed by inspiratory


https://doi.org/10.1002/cphy.c100009
https://doi.org/10.1002/cphy.c100009
https://doi.org/10.1016/j.resp.2014.10.012
https://doi.org/10.1186/s13054-025-05279-w
https://doi.org/10.1186/s13054-025-05279-w
https://doi.org/10.21037/atm.2018.08.37
https://doi.org/10.1007/s00134-024-07401-y
https://doi.org/10.1007/s00134-024-07401-y
https://doi.org/10.1186/s13054-025-05416-5
https://doi.org/10.1186/s13054-025-05416-5
https://doi.org/10.1164/rccm.201907-1427OC
https://doi.org/10.1152/jappl.1985.58.4.1263
https://doi.org/10.1152/jappl.1985.58.4.1263
https://doi.org/10.1164/ajrccm.150.4.7921461
https://doi.org/10.1164/ajrccm.150.4.7921461
https://doi.org/10.1097/ALN.0000000000005071
https://doi.org/10.1378/chest.112.3.829
https://doi.org/10.1378/chest.112.3.829
https://doi.org/10.1164/ajrccm.162.6.9912053
https://doi.org/10.1113/jphysiol.2006.126466
https://doi.org/10.1164/rccm.202108-1972OC
https://doi.org/10.1164/rccm.202108-1972OC
https://doi.org/10.23736/S0375-9393.20.14323-2
https://doi.org/10.23736/S0375-9393.20.14323-2
https://doi.org/10.1016/j.resp.2020.103561
https://doi.org/10.1016/j.resp.2020.103561
https://doi.org/10.1164/RCCM.201907-1425OC
https://doi.org/10.1164/RCCM.201907-1425OC
https://doi.org/10.1186/s13613-019-0576-x
https://doi.org/10.1186/s13613-019-0576-x
https://doi.org/10.1186/s13613-017-0324-z
https://doi.org/10.1186/s13613-017-0324-z
https://doi.org/10.1007/BF01700158
https://doi.org/10.1097/ALN.0000000000004467
https://doi.org/10.1164/rccm.202308-1358OC
https://doi.org/10.1164/rccm.202308-1358OC
https://doi.org/10.1152/jappl.1984.57.4.1150
https://doi.org/10.1152/jappl.1984.57.4.1150
https://doi.org/10.1186/s13613-019-0576-x
https://doi.org/10.1186/s13613-019-0576-x
https://doi.org/10.1016/0034-5687(82)90095-0
https://doi.org/10.1016/0034-5687(82)90095-0
https://doi.org/10.1016/j.jcrc.2022.154020
https://doi.org/10.1016/j.jcrc.2022.154020
https://doi.org/10.1016/S0012-3692(15)33498-X
https://doi.org/10.1016/S0012-3692(15)33498-X
https://doi.org/10.1016/j.resp.2023.104124
https://doi.org/10.1016/0034-5687(66)90016-8
https://doi.org/10.1016/0034-5687(66)90016-8
https://doi.org/10.1186/s13054-023-04779-x
https://doi.org/10.1186/s13054-021-03833-w
https://doi.org/10.1109/TBME.2022.3188183
https://doi.org/10.4187/respcare.06176
https://doi.org/10.4187/respcare.06176
https://doi.org/10.1186/s13054-024-04978-0
https://doi.org/10.1186/s13054-024-04978-0
https://doi.org/10.1186/s13054-019-2617-0
https://doi.org/10.1186/s13054-019-2617-0
https://doi.org/10.1164/rccm.202004-1281LE
https://doi.org/10.1186/s13054-016-1290-9
https://doi.org/10.1186/s13054-016-1290-9
https://doi.org/10.1007/s00134-018-5145-5
https://doi.org/10.1007/s00134-018-5145-5

Tonelli et al. Critical Care

118.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

(2025) 29:339

muscles in patients with acute lung injury undergoing pressure support. Am

J Respir Crit Care Med. 1997;156(4 Pt 1):1210-6. https://doi.org/10.1164/ajrcc

m.156.4.96-02031.

Bellani G, Grassi A, Sosio S, et al. Driving pressure is associated with outcome

during assisted ventilation in acute respiratory distress syndrome. Anesthesi-

ology. 2019;131(3):594-604. https://doi.org/10.1097/ALN.0000000000002846.

. Bianchi |, Grassi A, Pham T, et al. Reliability of plateau pressure during patient-

triggered assisted ventilation. Analysis of a multicentre database. J Crit Care.
2022;68:96-103. https://doi.org/10.1016/jjcrc.2021.12.002.

Docci M, Rezoagli E, Teggia-Droghi M, et al. Individual response in patient’s
effort and driving pressure to variations in assistance during pressure support
ventilation. Ann Intensive Care. 2023;13(1):132. https://doi.org/10.1186/51361
3-023-01231-9.

Yang YL, LiuY, Gao R, et al. Use of airway pressure-based indices to detect
high and low inspiratory effort during pressure support ventilation: a diag-
nostic accuracy study. Ann Intensive Care. 2023;13(1):111. https://doi.org/10.1
186/513613-023-01209-7.

Docci M, Foti G, Brochard L, Bellani G. Pressure support, patient effort and
tidal volume: a conceptual model for a Non linear interaction. Crit Care.
2024;28(1):358. https://doi.org/10.1186/513054-024-05144-2.

Kyogoku M, Shimatani T, Hotz JC, et al. Direction and magnitude of change in
plateau from peak pressure during inspiratory holds can identify the degree
of spontaneous effort and elastic workload in ventilated patients. Crit Care
Med. 2021;49(3):517-26. https://doi.org/10.1097/CCM.0000000000004746.
Natalini G, Buizza B, Granato A, et al. Non-invasive assessment of respiratory
muscle activity during pressure support ventilation: accuracy of end-
inspiration occlusion and least square fitting methods. J Clin Monit Comput.
2021;35(4):913-21. https://doi.org/10.1007/510877-020-00552-5.

ItoY, Herrera MG, Hotz JC, et al. Estimation of inspiratory effort using airway
occlusion maneuvers in ventilated children: a secondary analysis of an ongo-
ing randomized trial testing a lung and diaphragm protective ventilation
strategy. Crit Care. 2023;27(1):466. https://doi.org/10.1186/513054-023-0475
4-6.

Gao R, Zhou JX, Yang YL, et al. Use of pressure muscle index to predict the
contribution of patient’s inspiratory effort during pressure support ventila-
tion: a prospective physiological study. Front Med. 2024;11:1390878. https://d
0i.0rg/10.3389/fmed.2024.1390878.

Soundoulounaki S, Akoumianaki E, Kondili E, et al. Airway pressure morphol-
ogy and respiratory muscle activity during end-inspiratory occlusions in
pressure support ventilation. Crit Care Lond Engl. 2020,24(1):467. https://doi.o
rg/10.1186/513054-020-03169-x.

Tonelli R, Cortegiani A, Marchioni A, et al. Nasal pressure swings as the mea-
sure of inspiratory effort in spontaneously breathing patients with de Novo
acute respiratory failure. Crit Care. 2022;26(1):70. https://doi.org/10.1186/5130
54-022-03938-w.

Tonelli R, Cortegiani A, Fantini R, et al. Accuracy of nasal pressure swing to
predict failure of High-Flow nasal oxygen in patients with acute hypoxemic
respiratory failure. Am J Respir Crit Care Med. 2023;207(6):787-9. https://doi.o
rg/10.1164/rccm.202210-1848LE.

Tonelli R, Bruzzi G, Fantini R, et al. Assessment of nasal pressure swing predicts
respiratory support dependency in patients with hypoxic respiratory failure.
Eur J Intern Med. 2025;135:91-7. https://doi.org/10.1016/j.€jim.2025.02.016.
Fossé Q, Poulard T, Niérat MC, et al. Ultrasound shear wave elastography for
assessing diaphragm function in mechanically ventilated patients: a breath-
by-breath analysis. Crit Care. 2020,24(1):669. https://doi.org/10.1186/513054-0
20-03338-y.

Goligher EC, Laghi F, Detsky ME, et al. Measuring diaphragm thickness with
ultrasound in mechanically ventilated patients: feasibility, reproducibility and
validity. Intensive Care Med. 2015;41(4):642-9. https://doi.org/10.1007/s0013
4-015-3687-3.

Tuinman PR, Jonkman AH, Dres M, et al. Respiratory muscle ultrasonography:
methodology, basic and advanced principles and clinical applications in ICU
and ED patients—a narrative review. Intensive Care Med. 2020;46(4):594-605.
https://doi.org/10.1007/500134-019-05892-8.

Matamis D, Soilemezi E, Tsagourias M, et al. Sonographic evaluation of the
diaphragm in critically ill patients. Technique and clinical applications. Inten-
sive Care Med. 2013;39(5):801-10. https://doi.org/10.1007/500134-013-282
3-1.

Ueki J, De Bruin PF, Pride NB. In vivo assessment of diaphragm contraction by
ultrasound in normal subjects. Thorax. 1995;50(11):1157-61. https://doi.org/1
0.1136/thx.50.11.1157.

138.

139.

143.

145.

146.

147.

149.

150.

15

152.

154.

Page 22 of 23

. Poulard T, Bachasson D, Fossé Q, et al. Poor correlation between diaphragm

thickening fraction and transdiaphragmatic pressure in mechanically venti-
lated patients and healthy subjects. Anesthesiology. 2022;136(1):162-75. http
s://doi.org/10.1097/ALN.0000000000004042.

. Goligher EC, Fan E, Herridge MS, et al. Evolution of diaphragm thickness dur-

ing mechanical ventilation. Impact of inspiratory effort. Am J Respir Crit Care
Med. 2015;192(9):1080-8. https://doi.org/10.1164/rccm.201503-06200C.
Umbrello M, Formenti P, Lusardi AC, et al. Oesophageal pressure and respira-
tory muscle ultrasonographic measurements indicate inspiratory effort
during pressure support ventilation. Br J Anaesth. 2020;125(1):e148-57. https:
//doi.org/10.1016/j.bja.2020.02.026.

Vivier E, Mekontso Dessap A, Dimassi S, et al. Diaphragm ultrasonography

to estimate the work of breathing during non-invasive ventilation. Intensive
Care Med. 2012,38(5):796-803. https://doi.org/10.1007/500134-012-2547-7.

. Sklar MC, Madotto F, Jonkman A, et al. Duration of diaphragmatic inactivity

after endotracheal intubation of critically il patients. Crit Care. 2021,25(1):26.
https://doi.org/10.1186/513054-020-03435-y.

. Umbrello M, Cereghini S, Muttini S. Respiratory variations of central venous

pressure as indices of pleural pressure swings: A narrative review. Diagnostics.
2023;13(6):1022. https://doi.org/10.3390/diagnostics13061022.

. Lassola S, Miori S, Sanna A, Cucino A, Magnoni S, Umbrello M. Central venous

pressure swing outperforms diaphragm ultrasound as a measure of inspira-
tory effort during pressure support ventilation in COVID-19 patients. J Clin
Monit Comput. 2022;36(2):461-71. https://doi.org/10.1007/510877-021-0067
4-4.

Lassola S, Miori S, Sanna A, et al. Assessment of inspiratory effort in spon-
taneously breathing COVID-19 ARDS patients undergoing helmet CPAP: A
comparison between esophageal, transdiaphragmatic and central venous
pressure swing. Diagnostics. 2023;13(11):1965. https://doi.org/10.3390/diagn
ostics13111965.

. Lassola S, Miori S, Sanna A, et al. Assessment of inspiratory effort in spon-

taneously breathing COVID-19 ARDS patients undergoing helmet CPAP: A
comparison between esophageal, transdiaphragmatic and central venous
pressure swing. Diagn Basel Switz. 2023;13(11):1965. https://doi.org/10.3390/
diagnostics13111965.

Protti A, Tonelli R, Dalla Corte F, et al. Development of clinical tools to esti-
mate the breathing effort during high-flow oxygen therapy: A multicenter
cohort study. Pulmonology Published Online May. 2024,52531043724000540.
https://doi.org/10.1016/j.pulmoe.2024.04.008.

Albani F, Pisani L, Ciabatti G, et al. Flow index: a novel, non-invasive, continu-
ous, quantitative method to evaluate patient inspiratory effort during pres-
sure support ventilation. Crit Care Lond Engl. 2021;25(1):196. https://doi.org/1
0.1186/513054-021-03624-3.

Albani F, Fusina F, Ciabatti G, et al. Flow index accurately identifies breaths
with low or high inspiratory effort during pressure support ventilation. Crit
Care. 2021;25(1):427. https://doi.org/10.1186/513054-021-03855-4.

. Miao MY, Chen W, Zhou YM, et al. Validation of the flow index to detect low

inspiratory effort during pressure support ventilation. Ann Intensive Care.
2022;12(1):89. https://doi.org/10.1186/513613-022-01063-z.

Frat JP, Ragot S, Girault C, et al. Effect of non-invasive oxygenation strategies
in immunocompromised patients with severe acute respiratory failure: a
post-hoc analysis of a randomised trial. Lancet Respir Med. 2016;4(8):646-52.
https://doi.org/10.1016/52213-2600(16)30093-5.

Frat JP, Ragot S, Coudroy R, et al. Predictors of intubation in patients with
acute hypoxemic respiratory failure treated with a noninvasive oxygenation
strategy**. Crit Care Med. 2018;46(2):208-15. https://doi.org/10.1097/CCM.00
00000000002818.

. Tuffet S, Boujelben MA, Haudebourg AF, et al. High flow nasal cannula and

low level continuous positive airway pressure have different physiological
effects during de Novo acute hypoxemic respiratory failure. Ann Intensive
Care. 2024;14(1):171. https://doi.org/10.1186/513613-024-01408-w.

Semmes BJ, Tobin MJ, Snyder JV, Grenvik A. Subjective and objective mea-
surement of tidal volume in critically ill patients. Chest. 1985,87(5):577-9. http
s://doi.org/10.1378/chest.87.5.577.

. Gatti S, Rezoagli E, Madotto F, Foti G, Bellani G. A non-invasive continuous

and real-time volumetric monitoring in spontaneous breathing subjects
based on bioimpedance-ExSpiron®Xi: a validation study in healthy volun-
teers. J Clin Monit Comput. 2024;38(2):539-51. https://doi.org/10.1007/51087
7-023-01107-0.

Sosio S, Bellani G, Villa S, Lupieri E, Mauri T, Foti G. A calibration technique

for the Estimation of lung volumes in nonintubated subjects by electrical


https://doi.org/10.1164/ajrccm.156.4.96-02031
https://doi.org/10.1164/ajrccm.156.4.96-02031
https://doi.org/10.1097/ALN.0000000000002846
https://doi.org/10.1016/j.jcrc.2021.12.002
https://doi.org/10.1186/s13613-023-01231-9
https://doi.org/10.1186/s13613-023-01231-9
https://doi.org/10.1186/s13613-023-01209-7
https://doi.org/10.1186/s13613-023-01209-7
https://doi.org/10.1186/s13054-024-05144-2
https://doi.org/10.1097/CCM.0000000000004746
https://doi.org/10.1007/s10877-020-00552-5
https://doi.org/10.1186/s13054-023-04754-6
https://doi.org/10.1186/s13054-023-04754-6
https://doi.org/10.3389/fmed.2024.1390878
https://doi.org/10.3389/fmed.2024.1390878
https://doi.org/10.1186/s13054-020-03169-x
https://doi.org/10.1186/s13054-020-03169-x
https://doi.org/10.1186/s13054-022-03938-w
https://doi.org/10.1186/s13054-022-03938-w
https://doi.org/10.1164/rccm.202210-1848LE
https://doi.org/10.1164/rccm.202210-1848LE
https://doi.org/10.1016/j.ejim.2025.02.016
https://doi.org/10.1186/s13054-020-03338-y
https://doi.org/10.1186/s13054-020-03338-y
https://doi.org/10.1007/s00134-015-3687-3
https://doi.org/10.1007/s00134-015-3687-3
https://doi.org/10.1007/s00134-019-05892-8
https://doi.org/10.1007/s00134-019-05892-8
https://doi.org/10.1007/s00134-013-2823-1
https://doi.org/10.1007/s00134-013-2823-1
https://doi.org/10.1136/thx.50.11.1157
https://doi.org/10.1136/thx.50.11.1157
https://doi.org/10.1097/ALN.0000000000004042
https://doi.org/10.1097/ALN.0000000000004042
https://doi.org/10.1164/rccm.201503-0620OC
https://doi.org/10.1016/j.bja.2020.02.026
https://doi.org/10.1016/j.bja.2020.02.026
https://doi.org/10.1007/s00134-012-2547-7
https://doi.org/10.1186/s13054-020-03435-y
https://doi.org/10.1186/s13054-020-03435-y
https://doi.org/10.3390/diagnostics13061022
https://doi.org/10.1007/s10877-021-00674-4
https://doi.org/10.1007/s10877-021-00674-4
https://doi.org/10.3390/diagnostics13111965
https://doi.org/10.3390/diagnostics13111965
https://doi.org/10.3390/diagnostics13111965
https://doi.org/10.3390/diagnostics13111965
https://doi.org/10.1016/j.pulmoe.2024.04.008
https://doi.org/10.1016/j.pulmoe.2024.04.008
https://doi.org/10.1186/s13054-021-03624-3
https://doi.org/10.1186/s13054-021-03624-3
https://doi.org/10.1186/s13054-021-03855-4
https://doi.org/10.1186/s13613-022-01063-z
https://doi.org/10.1016/S2213-2600(16)30093-5
https://doi.org/10.1016/S2213-2600(16)30093-5
https://doi.org/10.1097/CCM.0000000000002818
https://doi.org/10.1097/CCM.0000000000002818
https://doi.org/10.1186/s13613-024-01408-w
https://doi.org/10.1378/chest.87.5.577
https://doi.org/10.1378/chest.87.5.577
https://doi.org/10.1007/s10877-023-01107-0
https://doi.org/10.1007/s10877-023-01107-0

Tonelli et al. Critical Care

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

(2025) 29:339

impedance tomography. Respir Int Rev Thorac Dis. 2019;98(3):189-97. https:/
/doi.org/10.1159/000499159.

Aliverti A, Dellaca R, Pelosi P, Chiumello D, Pedotti A, Gattinoni L. Optoelec-
tronic plethysmography in intensive care patients. Am J Respir Crit Care Med.
2000;161(5):1546-52. https://doi.org/10.1164/ajrccm.161.5.9903024.

Tonelli R, Tabbi L, Fantini R et al. Reply to Tuffet and to Michard and Shelley.
Am J Respir Crit Care Med. 2020;202(5):771-772. https://doi.org/10.1164/rccm.
202005-1730LE

Tuffet S, Mekontso Dessap A, Carteaux G. Noninvasive ventilation for De Novo
respiratory failure: impact of ventilator setting adjustments. Am J Respir Crit
Care Med. 2020;202(5):769-70. https://doi.org/10.1164/rccm.202005-1565LE.
Scaramuzzo G, Pavlovsky B, Adler A, et al. Electrical impedance tomography
monitoring in adult ICU patients: state-of-the-art, recommendations for
standardized acquisition, processing, and clinical use, and future directions.
Crit Care. 2024;28(1):377. https://doi.org/10.1186/513054-024-05173-x.
Mauri T, Bellani G, Confalonieri A, et al. Topographic distribution of tidal
ventilation in acute respiratory distress syndrome: effects of positive end-
expiratory pressure and pressure support. Crit Care Med. 2013;41(7):1664-73.
https://doi.org/10.1097/CCM.0b013e318287f6e7.

Coppadoro A, Grassi A, Giovannoni C, et al. Occurrence of Pendelluft under
pressure support ventilation in patients who failed a spontaneous breathing
trial: an observational study. Ann Intensive Care. 2020;10(1):39. https://doi.org
/10.1186/513613-020-00654-y.

Menga LS, Delle Cese L, Rosa T, et al. Respective effects of helmet pressure
support, continuous positive airway pressure, and nasal High-Flow in hypox-
emic respiratory failure: A randomized crossover clinical trial. Am J Respir Crit
Care Med. 2023;207(10):1310-23. https://doi.org/10.1164/rccm.202204-0629
oC.

Parshall MB, Schwartzstein RM, Adams L, et al. An official American thoracic
society statement: update on the mechanisms, assessment, and manage-
ment of dyspnea. Am J Respir Crit Care Med. 2012;185(4):435-52. https://doi.
0rg/10.1164/rccm.201111-2042ST.

Morris NR, Sabapathy S, Adams L, Kingsley RA, Schneider DA, Stulbarg MS.
Verbal numerical scales are as reliable and sensitive as visual analog scales
for rating dyspnea in young and older subjects. Respir Physiol Neurobiol.
2007;157(2-3):360-5. https://doi.org/10.1016/j.resp.2007.01.006.

Persichini R, Gay F, Schmidt M, et al. Diagnostic accuracy of respiratory dis-
tress observation scales as surrogates of dyspnea Self-report in intensive care
unit patients. Anesthesiology. 2015;123(4):830-7. https://doi.org/10.1097/AL
N.0000000000000805.

Demoule A, Persichini R, Decavéle M, Morelot-Panzini C, Gay F, Similowski T.
Observation scales to suspect dyspnea in non-communicative intensive care
unit patients. Intensive Care Med. 2018;44(1):118-20. https://doi.org/10.1007/
500134-017-4934-6.

Decavele M, Gay F, Persichini R, et al. The mechanical Ventilation-Respira-
tory distress observation scale as a surrogate of self-reported dyspnoea in
intubated patients. Eur Respir J. 2018;52(4):1800598. https://doi.org/10.1183/
13993003.00598-2018.

168.

170.

171.

172.

175.

178.

Page 23 of 23

. Schmidt M, Kindler F, Gottfried SB, et al. Dyspnea and surface inspiratory

electromyograms in mechanically ventilated patients. Intensive Care Med.
2013;39(8):1368-76. https://doi.org/10.1007/500134-013-2910-3.

Faisal A, Alghamdi BJ, Ciavaglia CE, et al. Common mechanisms of dyspnea in
chronic interstitial and obstructive lung disorders. Am J Respir Crit Care Med.
2016;193(3):299-309. https://doi.org/10.1164/rccm.201504-08410C.

. O'Donnell DE, Ora J, Webb KA, Laveneziana P, Jensen D. Mechanisms of

activity-related dyspnea in pulmonary diseases. Respir Physiol Neurobiol.
2009;167(1):116-32. https://doi.org/10.1016/j.resp.2009.01.010.
Schwartzstein RM, Simon PM, Weiss JW, Fencl V, Weinberger SE. Breathless-
ness induced by dissociation between ventilation and chemical drive. Am
Rev Respir Dis. 1989;139(5):1231-7. https://doi.org/10.1164/ajrccm/139.5.123
1.

Jubran A, Laghi F, Grant BJB, Tobin MJ. Air hunger Far exceeds dyspnea sense
of effort during mechanical ventilation and a weaning trial. Am J Respir Crit
Care Med Published Online Dec. 2024;16. https://doi.org/10.1164/rccm.20240
6-12430C.

Cornejo R, Telias |, Brochard L. Measuring patient’s effort on the ventilator.
Intensive Care Med. 2024;50(4):573-6. https://doi.org/10.1007/500134-024-07
352-4,

. Tobin MJ. Why physiology is critical to the practice of medicine. Clin Chest

Med. 2019;40(2):243-57. https://doi.org/10.1016/j.ccm.2019.02.012.

. Tobin MJ. Basing respiratory management of COVID-19 on physiological

principles. Am J Respir Crit Care Med. 2020;201(11):1319-20. https://doi.org/1
0.1164/rccm.202004-1076ED.

Tulaimat A, Trick WE, DiapHRaGM. A mnemonic to describe the work of
breathing in patients with respiratory failure. Staffieri F, ed. PLOS ONE.
2017;12(7):0179641. https://doi.org/10.1371/journal.pone.0179641

. Mojoli F, Pozzi M, Orlando A, et al. Timing of inspiratory muscle activity

detected from airway pressure and flow during pressure support ventilation:
the waveform method. Crit Care. 2022;26(1). https://doi.org/10.1186/51305
4-022-03895-4.

. De Haro C, Santos-Pulpdn V, Telias |, et al. Flow starvation during square-flow

assisted ventilation detected by supervised deep learning techniques. Crit
Care. 2024;28(1). https://doi.org/10.1186/513054-024-04845-y.

Carteaux G, Millan-Guilarte T, De Prost N. Failure of noninvasive ventilation for
de Novo acute hypoxemic respiratory failure: role of tidal volume. Crit Care
Med. 2016;44(2):282-90.

. Vedrenne-Cloquet M, Ito Y, Hotz J, et al. Phenotypes based on respiratory

drive and effort to identify the risk factors when PO.1 fails to estimate APES in
ventilated children. Crit Care. 2024;28(1):325. https://doi.org/10.1186/513054
-024-05103-x.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1159/000499159
https://doi.org/10.1159/000499159
https://doi.org/10.1164/ajrccm.161.5.9903024
https://doi.org/10.1164/rccm.202005-1730LE
https://doi.org/10.1164/rccm.202005-1730LE
https://doi.org/10.1164/rccm.202005-1565LE
https://doi.org/10.1186/s13054-024-05173-x
https://doi.org/10.1097/CCM.0b013e318287f6e7
https://doi.org/10.1097/CCM.0b013e318287f6e7
https://doi.org/10.1186/s13613-020-00654-y
https://doi.org/10.1186/s13613-020-00654-y
https://doi.org/10.1164/rccm.202204-0629OC
https://doi.org/10.1164/rccm.202204-0629OC
https://doi.org/10.1164/rccm.201111-2042ST
https://doi.org/10.1164/rccm.201111-2042ST
https://doi.org/10.1016/j.resp.2007.01.006
https://doi.org/10.1097/ALN.0000000000000805
https://doi.org/10.1097/ALN.0000000000000805
https://doi.org/10.1007/s00134-017-4934-6
https://doi.org/10.1007/s00134-017-4934-6
https://doi.org/10.1183/13993003.00598-2018
https://doi.org/10.1183/13993003.00598-2018
https://doi.org/10.1007/s00134-013-2910-3
https://doi.org/10.1164/rccm.201504-0841OC
https://doi.org/10.1016/j.resp.2009.01.010
https://doi.org/10.1164/ajrccm/139.5.1231
https://doi.org/10.1164/ajrccm/139.5.1231
https://doi.org/10.1164/rccm.202406-1243OC
https://doi.org/10.1164/rccm.202406-1243OC
https://doi.org/10.1007/s00134-024-07352-4
https://doi.org/10.1007/s00134-024-07352-4
https://doi.org/10.1016/j.ccm.2019.02.012
https://doi.org/10.1164/rccm.202004-1076ED
https://doi.org/10.1164/rccm.202004-1076ED
https://doi.org/10.1371/journal.pone.0179641
https://doi.org/10.1186/s13054-022-03895-4
https://doi.org/10.1186/s13054-022-03895-4
https://doi.org/10.1186/s13054-024-04845-y
https://doi.org/10.1186/s13054-024-05103-x
https://doi.org/10.1186/s13054-024-05103-x

	﻿Assessing inspiratory drive and effort in critically ill patients at the bedside
	﻿Abstract
	﻿Background and rationale
	﻿Inspiratory drive and effort: pathophysiology, clinical relevance and reference methods for assessment
	﻿Pathophysiology
	﻿Clinical relevance
	﻿Reference method for assessing the inspiratory drive: diaphragm electrical activity
	﻿Reference method for assessing the inspiratory effort: esophageal manometry

	﻿Alternative techniques for assessing inspiratory drive and effort
	﻿Techniques for assessing inspiratory drive
	﻿Airway occlusion pressure (P0.1)
	﻿Mean inspiratory flow (Vt/Ti)
	﻿Respiratory muscle surface electromyography (sEMG)

	﻿Techniques for assessing inspiratory effort
	﻿Whole-breath occlusion pressure (ΔPocc)
	﻿Pressure-muscle-index (PMI)
	﻿Nasal pressure swing (ΔPnose)
	﻿Diaphragm ultrasonography (USdi)
	﻿Central venous pressure swing (ΔCVP)
	﻿BREF models
	﻿Flow index

	﻿Techniques for assessing inspiratory drive and effort based on their consequences.
	﻿Tidal volume
	﻿Electrical impedance tomography (EIT)
	﻿Dyspnea

	﻿How to integrate assessment of inspiratory drive and effort in clinical practice
	﻿General principles for assessing inspiratory drive and effort at the bedside
	﻿Knowledge gaps and avenues for research
	﻿References


