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ABSTRACT: 

Pressure-support ventilation (PSV) is commonly used for invasive weaning and 
assisted ventilation. However, bedside titration often relies on tidal volume and 
rate rather than direct indices of respiratory drive and inspiratory effort, risking 
over- or under-assistance with downstream diaphragm dysfunction, asyn-
chrony, and lung stress. This narrative review synthesized a physiology-guided 
approach to safe PSV titration and proposed practical bedside guidance for 
intensivists adjusting trigger sensitivity, rise time, pressure-support level, and 
cycling to maintain synchrony while targeting a moderate, sustainable patient 
effort. Practical monitoring included airway pressure-based measures, including 
airway occlusion pressure at 100 ms (P0.1), end-expiratory occlusion pressure 
(Pocc), and the pressure muscle index (PMI), as well as esophageal manometry, 
diaphragm electrical activity (EAdi), and diaphragm ultrasound thickening 
fraction (TFdi). Integrating these tools promotes an “adequate assistance” zone 
in which tidal volume (VT) and respiratory rate remain stable across modest PS 
changes and effort is neither suppressed nor excessive. Proportional modes, 
such as neurally adjusted ventilatory assist (NAVA) and proportional assist 
ventilation plus (PAV+), can enhance interaction by scaling support to immedi-
ate effort, but physiology-based assessment remains central to individualized, 
lung- and diaphragm-protective ventilation during PSV.
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INTRODUCTION

Pressure-support ventilation (PSV) is a partial ventilatory support mode in which 
each breath is patient-triggered and flow-cycled, with the ventilator delivering  
a constant positive pressure above positive end-expiratory pressure (PEEP) to  
assist inspiration. Introduced in the 1980s as a weaning mode, PSV allows patients 
to maintain spontaneous breathing effort while unloading part of the inspiratory 
workload, thereby preventing respiratory muscle disuse atrophy compared with 
fully controlled ventilation modes [1,2].
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KEY MESSAGES: 
	 •  Safe titration of pressure-support venti-
lation (PSV) remains challenging when based 
solely on basic physiological parameters such 
as respiratory rate, tidal volume, or heart rate.
	 •  Both over-assistance (leading to diaphragm 
disuse and asynchrony) and under-assistance 
(causing fatigue or patient self-inflicted lung 
injury) can be harmful.
	 •  Bedside assessment using airway pressure- 
based measures (P0.1, Pocc, PMI), esophageal 
manometry, and diaphragmatic measurements 
(ΔPes, EAdi, TFdi) allows physiology-guided in-
dividualization of ventilatory support, balancing 
respiratory drive, effort, and assistance.

	 Over the past decades, PSV has become the most 
commonly used partial support mode in intensive care, 
particularly during weaning and spontaneous-breathing 
trials [3]. Observational data also indicate that sponta-
neous-breathing modes, including PSV, are frequent-
ly applied even in the early stages of critical illness and 
acute respiratory distress syndrome (ARDS) [4]. Despite 
its prevalence, clinical practice for setting and titrating 
pressure support remains largely empirical. In most ICUs, 
clinicians adjust the level of support based on observed 
respiratory rate, tidal volume, or other vital signs rather 
than on direct physiological measurements of respiratory 
effort or drive [5,6].
	 Because the tidal volume during PSV ensues from 
the combined result of ventilator assistance and pa-
tient-generated effort, a fixed pressure support level may 
either over-assist or under-assist depending on the pa-
tient’s drive, effort, and respiratory mechanics [6,7]. Both 
over-assistance and under-assistance have been associated 
with patient–ventilator asynchrony, ventilator-induced 
diaphragm dysfunction (VIDD), and patient self-inflicted 
lung injury (P-SILI) [8,9]. Yet, no universally accepted 
bedside framework exists to guide safe, physiology-based 
titration of PSV.
	 Prior work has established the importance of balancing 
lung- and diaphragm-protective goals during assisted ven-
tilation and has summarized available tools to monitor re-
spiratory drive and inspiratory effort [9,10]. However, this 
review outlines a physiology-guided approach to safely 
titrating pressure-support ventilation, emphasizing the 
interactions among respiratory drive, patient effort, and 
ventilator assistance. We summarize practical methods for 
assessing these variables at the bedside and describe how 
to recognize and avoid over- and under-assistance during 
PSV by integrating widely available bedside surrogates 
such as P0.1 (Airway occlusion pressure at 100 ms), Pocc, 
and PMI. 

PHYSIOLOGY AND IMPORTANCE OF 
RESPIRATORY DRIVE AND EFFORT

During PSV, patient–ventilator interaction is largely gov-
erned by the patient’s respiratory drive and muscular ef-
fort. Respiratory drive represents the neural output from 
the brainstem that initiates inspiration, while respiratory 
effort reflects the mechanical pressure generated by the 
respiratory muscles in response to that drive [9,11]. These 
two components are closely related, but not identical. 
Critically ill patients may exhibit strong neural drive but 
weak inspiratory effort due to muscle dysfunction, result-
ing in shallow tidal volumes despite visible respiratory 
distress [12].
	 Both insufficient and excessive drive can be harmful. High 
drive may arise from hypoxemia, hypercapnia, acidosis, pain, 
or anxiety, leading to excessive effort, large transpulmonary 
pressures, and potential patient self-inflicted lung injury 
(P-SILI) [13]. Conversely, low drive from sedation, alkalosis, 
or muscle weakness can lead to ineffective triggering and 
diaphragm disuse. 

	 Understanding the interplay between respiratory drive, 
inspiratory effort, and ventilator assistance is essential for 
safe PSV titration that maintains synchrony and achieves 
lung- and diaphragm-protective ventilation by preventing 
both under-assistance (excessive effort and lung stress) 
and over-assistance (diaphragm unloading and disuse) 
[6,7,14].

HOW TO SET PSV

In PSV, ventilator performance depends on the fine ad-
justment of several settings that determine how the 
machine senses, delivers, and terminates each assisted 
breath (Figure 1). Four key adjustable parameters govern 
how the ventilator interacts with the patient’s inspiratory 
effort [5]:
	 •	 Trigger sensitivity – Determines how readily the 
patient’s inspiratory effort initiates a ventilator breath; 
overly insensitive settings risk delayed triggering and 
asynchrony. It can be set as a flow-trigger (typically 1–5 
L/min) or pressure-trigger (−1 to −2 cmH₂O) depending 
on the patient’s condition.
	 •	 Inspiratory rise time – Controls how rapidly the 
ventilator reaches the target pressure after triggering;  
a shorter rise time improves comfort and synchrony but 
may cause overshoot or high flow in compliant lungs.
	 •	 Pressure-support level (PS) – Determines the 
magnitude of positive pressure above PEEP (positive 
end-expiratory pressure) delivered during inspiration, 
directly influencing VT (tidal volume) and unloading of 
respiratory muscles; in patients with normal compliance, 
higher PS generally yields higher VT.
	 •	 Cycling-off criterion – Defines the point at which 
the ventilator switches from inspiration to exhalation, 
usually when inspiratory flow decreases to a preset frac-
tion of its peak (e.g., 25% of peak flow), thereby affecting 
inspiratory time (Ti) and patient–ventilator synchrony.
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MONITORING INSPIRATORY DRIVE 
AND EFFORT DURING PSV

Monitoring respiratory drive and effort is essential for safe 
titration of PSV. Objective monitoring helps maintain syn-
chrony, optimize unloading, and prevent both diaphragm 
disuse and excessive inspiratory workload.
	 A range of techniques can be used to evaluate respira-
tory drive and effort. These can be broadly categorized by 
the method used to assess respiratory drive or respiratory 
effort: Changes in airway pressure, esophageal manometry, 
or diaphragmatic measurement.

1.	 Assessment by changes in airway pressure
	 •	 Airway occlusion pressure at 100 ms (P0.1)
	 •	 End-expiratory occlusion pressure (Pocc)
	 •	 Pressure Muscle Index (PMI)
	 Figure 2 summarizes the typical waveform patterns 
observed during end-expiratory and end-inspiratory oc-
clusion maneuvers used to assess respiratory drive (P0.1), 
inspiratory effort (Pocc), and the pressure muscle index 
(PMI) at the bedside. 
2.	 Esophageal manometry
3. 	Diaphragmatic measurements
	 •	 Diaphragm electrical activity (EAdi) 
	 •	 Diaphragm ultrasound 

Assessment by changes in airway pressure

Airway occlusion pressure at 100 ms (P0.1)
The airway occlusion pressure at 100 milliseconds (P0.1) 
is an indirect measure of respiratory drive, meaning how 
strongly the brain signals the patient to breathe. It rep-
resents the drop in airway pressure that occurs during the 
first 100 milliseconds of an inspiratory effort, when the 
airway is briefly occluded at the end of expiration [5,15,16]
	 Because this time window is very short, the patient can-
not consciously modify their effort, and lung mechanics 
(such as compliance or resistance) have minimal influence 
on the result. Therefore, P0.1 primarily reflects neural 
drive, rather than muscle strength or lung mechanics [15-
17].
	 In PSV, P0.1 can help guide ventilatory support adjust-
ments because it closely correlates with inspiratory effort 
and central respiratory drive. A P0.1 ≤ 1.0 cmH₂O suggests 
low respiratory drive or potential over-assistance, while  
a P0.1 ≥ 3.5–4.0 cmH₂O indicates high drive and possible 
under-assistance. These thresholds have demonstrated 
good diagnostic accuracy, detecting insufficient ventila-
tory support with approximately 92% sensitivity and 89% 
specificity [16,18].

Figure 1. Airway pressure and flow waveforms during PSV. Each assisted breath is patient-triggered and flow-cycled. 
Airway pressure (Paw) rises to the preset pressure-support level (PS) above positive end-expiratory pressure (PEEP) and 
remains constant until inspiratory flow decays to a predefined fraction of its peak (cycling-off), marking the transition to 
exhalation. Adjustments in PS level, cycling-off threshold, or patient effort alter inspiratory time (Ti) and VT. Lower 
cycling-off thresholds or higher PS levels prolong insufflation and increase VT, whereas higher cycling thresholds shorten 
Ti and reduce VT. The box summarizes major factors that increase tidal volume, including higher PS level, greater inspiratory 
effort (Pmus), longer insufflation time, and higher respiratory system compliance.
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Limitations:  
	 P0.1 values can vary from breath to breath; therefore, it 
is best to average 3–4 consecutive measurements for accu-
racy [17]. 
	 Measurements also differ slightly between ventilator 
brands and software algorithms. Some ventilators perform 
a true end-expiratory occlusion for 100 ms to measure P0.1 
directly, while others only estimate it during the trigger 
phase of a breath. In the latter case, because modern venti-
lators trigger within < 50 ms, the airway pressure drop may 
not be fully captured, leading to underestimation of P0.1, 
especially in patients with strong inspiratory efforts [16].

End-expiratory occlusion pressure (Pocc)
The end-expiratory occlusion pressure (Pocc) is an indi-
rect indicator of inspiratory effort, reflecting the negative 
pressure generated by the respiratory muscles (Pmus) 
during an occluded inspiratory attempt. It is measured by 
performing a brief end-expiratory hold for a single sponta-
neous breath, during which the patient attempts to inhale 
against a closed airway. The resulting fall in airway pressure 
corresponds to the force of the inspiratory muscles [19].
	 Because of its simplicity, Pocc serves as a practical 
bedside screening tool for detecting excessive inspiratory 

effort and potential lung stress. The inspiratory muscle 
pressure (Pmus) can be estimated from Pocc using the 
following formula [19]:

Predicted Pmus = −0.75 × Pocc
	 In a study of patients with acute hypoxemic respiratory 
failure transitioning to PSV, Pocc < −8.4 cmH₂O was 
proposed to indicate high inspiratory effort and possible 
under-assistance, while Pocc > −5.7 cmH₂O suggested 
low effort or over-assistance [20]. Moderate values (ap-
proximately −6 to −8 cmH₂O) may therefore represent 
an adequate balance between patient effort and venti-
lator support, corresponding to the desirable range of 
inspiratory workload during assisted ventilation.
	 In early-phase mechanically ventilated patients 
(within the first 36 hours), a more negative Pocc value 
indicates greater inspiratory effort, as the patient must 
generate a greater subatmospheric pressure to initiate 
inspiration. When the predicted Pmus is less than −13 
to −15 cmH₂O (equivalent to Pocc more negative than 
−17 to −20 cmH₂O), this reflects excessive inspiratory 
muscle activity and inadequate ventilatory assistance, 
potentially increasing the risk of P-SILI [19]. A Pocc 
value less negative than − 7 cmH2O reflects low effort 
and insufficient diaphragmatic activity [21].

Figure 2. Representative airway pressure and flow waveforms during inspiratory and expiratory occlusion maneuvers used 
to assess respiratory drive and effort. Panels A–D illustrate pressure (Paw, red) and flow (black) waveforms during bedside 
occlusion maneuvers used to measure inspiratory drive and effort. (A) End-expiratory hold maneuver: P0.1 is the fall in Paw 
during the first 100 ms of an occluded inspiration, reflecting respiratory drive. Pocc is the maximum negative Paw during  
a full inspiratory effort against occlusion, representing inspiratory muscle pressure. (B) End-inspiratory hold maneuver: 
the Pressure Muscle Index (PMI) is defined as Pplat − Ppeak when a stable plateau (> 2 s) is reached, estimating the addi-
tional pressure contributed by patient effort. (C–D) Examples of unreadable plateaus caused by patient activity: (C) a new 
inspiratory effort during the hold, causing a pressure drop; (D) expiratory effort causing a pressure rise. Adapted from 
Bianchi et al. [26] and Kyogoku et al. [28]
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	 It is important to distinguish Pocc from maximal inspi-
ratory pressure (MIP), also known as negative inspiratory 
force (NIF). MIP measures inspiratory muscle strength 
(via maximal effort), whereas Pocc measures inspiratory 
effort during a normal, spontaneous breath. While MIP 
or NIF can be assessed at the bedside using ventilator 
functions, these tests are intended to assess inspiratory 
muscle strength and typically require patient cooperation 
to generate a truly maximal inspiratory effort [22]. In 
contrast, during pressure-support ventilation, when no 
coached maximal maneuver is requested, the NIF func-
tion available on some ventilators can be used to perform 
a brief end-expiratory occlusion (EEO) and obtain Pocc. 
In this context, the recorded value should be interpreted 
as an airway occlusion pressure reflecting the patient’s ef-
fort under the current pressure-support level, rather than a 
true MIP/NIF measurement.
	 Clinically, a low MIP (less negative than −30 cmH₂O) 
has been linked with a higher risk of extubation failure and 
long-term mortality in ventilated patients [23].

Limitations:
	 Like P0.1, Pocc may fluctuate between breaths; averag-
ing 3–4 measurements improves accuracy [19].
	 Not all ventilators permit a manual end-expiratory hold 
during PSV; in these cases, clinicians may use the ventila-
tor’s built-in NIF/MIP maneuver as an alternative occlu-
sion method to obtain Pocc.
	 Pocc can serve as a quick, noninvasive screening tool to 
detect excess Pmus, but the predicted absolute values of the 
parameter remain imprecise and are not a substitute for 
direct monitoring (e.g., esophageal pressure) [6,10,19].

Pressure muscle index (PMI)
The pressure muscle index (PMI) is another indirect mea-
sure of inspiratory effort. During PSV, a brief end-inspi-
ratory occlusion (typically 2–3 seconds) allows airway 
pressure to equilibrate once inspiratory flow falls to zero. 
If inspiratory muscle activity ceases during the hold, air-
way pressure stabilizes at a plateau (Pplat) that reflects the 
relaxed elastic recoil pressure of the respiratory system. 
In assisted breaths, Pplat can be higher or lower than the 
pre-occlusion peak airway pressure (Ppeak), depending on 
the patient’s contribution [24]. PMI is defined as the differ-

ence between the relaxed plateau airway pressure (Pplat) 
and the peak airway pressure produced by the ventilator, 
expressed as

PMI = Pplat − Ppeak,
	 PMI reflects the additional pressure attributable to the 
patient’s inspiratory effort at the time of the occlusion, 
thus reflecting the contribution of the inspiratory muscles 
in generating pressure beyond ventilator assistance [9,25]. 
PMI correlates with effort indices derived from esophageal 
pressure, such as the pressure–time product (PTP), and 
offers a practical, noninvasive bedside estimate of inspira-
tory effort [24].
	 A PMI less than 0 cmH₂O, where the plateau pressure 
(Pplat) is below the peak inspiratory pressure (Ppeak), 
indicates minimal inspiratory effort and suggests ven-
tilatory over-assistance  [7,20]. A PMI between 0 and 2 
cmH₂O represents an appropriate or normal effort range, 
typically observed during the transition from controlled 
to assisted ventilation [20]. Higher PMI values may in-
dicate stronger inspiratory efforts, although the exact 
threshold defining excessive effort remains uncertain 
[9].
	 PMI correlates with predicted Pmus derived from Pocc, 
but it represents a static measurement that excludes resis-
tive pressure losses; therefore, the two indices are related 
but not interchangeable [26].

Limitations:
	 Not all ventilators allow inspiratory holds during assisted 
ventilation.
	 Achieving a stable plateau can be difficult in patients 
with strong drive, poor synchrony, or active expiratory 
effort.
	 An unreadable plateau (fluctuating or unstable pressure 
trace) may indicate excessive respiratory effort [26].
	 To improve accuracy, perform multiple inspiratory hold 
maneuvers and verify each measurement's reliability by 
examining both the flow-time and pressure-time wave-
forms. Table 1 summarizes the recommended reliability 
criteria, time to reach plateau < 800 ms, plateau duration 
> 2 s, and plateau variation < 0.6 cmH₂O/s, along with 
additional practical considerations for accurate interpre-
tation [26,27].

Table 1. Proposed criteria for inspiratory holds reliability [26].

Reliability criteria (all of the following are required)
1.	 Time to reach Pplat < 800 ms
2.	 Pplat lasts > 2 s (to determine that a plateau has been reached and to unmask respiratory effort)
3.	 Pplat varies < 0.6 cmH₂O/s

Consideration
•	 Pplat may be greater, equal to, or smaller than Ppeak
•	 Check the air leak before PMI measurement
•	 Observe the flow-time waveform during occlusion to confirm zero flow
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Esophageal manometry
Esophageal pressure (Pes) monitoring provides a direct, 
bedside method to quantify inspiratory effort and work 
of breathing during assisted ventilation [14]. Because 
Pes closely reflects pleural pressure, it allows estimation 
of the pressure generated by respiratory muscles and the 
mechanical load on the lungs. In PSV, where the patient 
actively contributes to each breath, Pes measurements can 
help identify both insufficient effort (suggesting over-assis-
tance) and excessive effort (indicating under-assistance or 
risk of patient self-inflicted lung injury) [14].
	 A key variable derived from Pes is the esophageal pres-
sure swing (ΔPes)—the difference between end-expiratory 
and end-inspiratory Pes values:

ΔPes = Pes_end-expiratory − Pes_nadir
	 ΔPes reflects the magnitude of inspiratory muscle 
contraction. Very small swings (ΔPes < 3–5 cmH₂O) 
indicate minimal effort or over-assistance, while large 
swings (ΔPes > 14–18 cmH₂O) suggest excessive effort 
and potentially harmful transpulmonary pressures [9]. 
Intermediate ΔPes values (approximately 5–10 cmH₂O) 
are, in the main, considered physiologically appropriate, 
balancing diaphragmatic activation with ventilator un-
loading [14].
	 For most clinical uses, tracking ΔPes trends provides 
actionable information to titrate pressure support levels, 
maintain synchrony, and achieve lung- and diaphragm-pro-
tective ventilation.

Limitations:
	 •	 Requires specialized equipment (esophageal balloon 
catheter and monitoring system).
	 •	 Needs precise balloon positioning and careful cali-
bration to obtain reliable signals.
	 •	 Demands technical expertise for accurate interpre-
tation of Pes and ΔPes waveforms.
	 •	 Artifacts caused by coughing, swallowing, or patient 
movement can distort readings.
	 Despite these challenges, esophageal manometry re-
mains the reference gold standard for assessing inspiratory 
effort and guiding PSV titration at the bedside [29].

Diaphragmatic measurement

Diaphragm electrical activity (EAdi)
The electrical activity of the diaphragm (EAdi) can be 
monitored with an electrode-corporated nasogastric tube 
(EAdi catheter). While this device is primarily used in a 
ventilation mode called Neurally Adjusted Ventilatory 
Assist (NAVA), the EAdi catheter can be used as a mon-
itoring tool on its own.  EAdi tracks respiratory drive and 
typically declines as ventilatory assistance increases [30]. It 
correlates with Pmus and helps identify asynchronies that 
may be overlooked on flow and pressure waveforms alone 
[31]. 
	 Peak EAdi, which represents the maximum amplitude 
of the diaphragm’s electrical activity during inspiration, 
was 10–20 µV in non-intubated healthy volunteers [32]. 
However, since EAdi can differ significantly between 
individuals, tracking changes over time within the same 

patient is generally more informative than relying on  
a single, fixed measurement. As a result, interpreting 
trends in EAdi offers greater reliability than applying 
absolute thresholds [9,32]. 
	 In PSV, EAdi-based optimization strategies have been 
shown to enhance patient–ventilator interaction [33]. 

Limitations: 
	 Wide inter-patient variability without validated 
thresholds in the critically ill [34]. The EAdi tool is cur-
rently available commercially on only one ventilator 
model and is technically difficult to use for reliable EAdi 
monitoring.

Diaphragm ultrasound
Diaphragm thickening fraction (TFdi) reflects diaphragm 
contractile activity and effort and is feasible and repro-
ducible in ventilated patients [35]. Diaphragm excursion 
cannot be used to quantitatively assess diaphragm con-
tractile activity during positive mechanical ventilation 
because it is influenced by passive displacement of the 
diaphragm [36]. In post-surgical patients on assisted 
breathing, TFdi inversely correlated with PS level, but 
values showed substantial inter-individual variability 
even under standardized settings [36].  
	 TFdi correlates poorly with transdiaphragmatic pres-
sure (Pdi), the pressure difference between the abdomen 
and thorax that reflects the true diaphragmatic contrac-
tile effort, in mechanically ventilated patients. Therefore, 
absolute TFdi values should not be used as stand-alone 
markers of inspiratory effort during PSV. This limitation 
arises from the one-dimensional nature of ultrasound 
measurement within the diaphragm’s zone of apposition 
as well as confounders such as hyperinflation, pleural ef-
fusions, abdominal hypertension, and obesity [37]. TFdi 
is better suited for monitoring within-patient trends, 
such as changes in diaphragmatic activity in response to 
adjustments in pressure-support levels, rather than for 
quantitative comparisons between patients. 

Limitations: 
	 Operator dependence, anatomic and mechanical 
confounding, and limited validity of absolute thresholds 
in critical illness. 

ADEQUATE PSV ASSISTANCE

Achieving an optimal balance between patient effort and 
ventilatory support remains difficult, and definitive target 
values across these monitoring modalities are uncertain. 
Recent evidence supports aiming for an intermediate 
range of inspiratory effort, with avoidance of excessive 
driving transpulmonary pressures and large tidal volumes, 
a concept referred to as “adequate PSV assistance” [7].
	 Typically, increasing the level of PS raises VT and de-
creases patient effort [38]. Conversely, reducing PS does 
not always lead to a proportional decrease in VT, as some 
patients can compensate by increasing Pmus to maintain 
a target VT [7,39]. However, if a patient cannot augment 
Pmus due to muscle weakness or fatigue, VT falls, and 
PMI remains low.
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Table 2. Overview of techniques for assessing inspiratory drive and effort at the bedside.

Technique Parameter / 
Method

Clinical 
feasibility

Reference values (context) Main advantages Key limitations

Esophageal 
manometry

ΔPes 
(esophageal 
pressure 
swing)

Specialized Critically ill adults on assisted 
ventilation [9]:
• Low effort/over-assist: ΔPes 
< 3–5 cmH₂O
• High effort/under-assist: 
ΔPes > 14–18 cmH₂O

Reference signal for 
inspiratory effort; 
allows trending; reflects 
transpulmonary pressure 
(PL)

Does not account for 
chest-wall load; requires 
esophageal balloon

Diaphragm 
electrical 
activity 
(EAdi)

Peak EAdi 
(µV)

Specialized Proposed normal range on 
PSV: 5–15 µV [34]

Tracks neural drive; 
detects asynchrony; can 
guide pressure support 
titration

High inter-individual 
variability; limited device 
availability and setup com-
plexity

Expiratory 
occlusion

P0.1 Routine Adult ICU (PSV) studies:
• Low drive: < 1.0 cmH₂O
• High drive: > 3.5–4.0 
cmH₂O

Rapid surrogate of respi-
ratory drive; correlates 
with inspiratory effort

Inter-breath variability; 
ventilator algorithm dif-
ferences; automated values 
may underestimate true 
P0.1

Pocc Routine Transition to PSV [20]:
• Low effort: > −5.7 cmH₂O
• High effort: < −8.4 cm-
H₂OAcute respiratory fail-
ure[19,21] : 
• Low effort: > -7 cmH₂O
• High effort: < −17 to −20 
cmH₂O

Simple bedside screen 
for excessive effort; can 
estimate Pmus (≈ −¾ × 
Pocc)

Substantial inter-individual 
variability

Inspiratory 
occlusion

PMI Routine Transition to PSV:
• Low effort < 0 cmH₂O
• Normal 0–2 cmH₂O
• High effort = no established 
cut-off [10] 

Screens for low effort and 
over-assistance; informs 
about driving pressure 
and compliance

Some ventilators lack 
inspiratory-hold function; 
plateau difficult in strong 
effort; affected by expiratory 
muscles; multiple holds 
needed for reliability

Diaphragm 
ultrasound

TFdi Specialized No validated absolute thresh-
old on PSV [36] 

Useful for within-patient 
monitoring of support 
changes

Operator-dependent; 
inter-patient variability; 
poor correlation with Pdi; 
excludes extra-diaphrag-
matic effort

Abbreviations: ΔPes: esophageal pressure swing; PL: transpulmonary pressure; EAdi: electrical activity of the diaphragm; P0.1: airway occlusion pressure at 100 
milliseconds; Pocc: end-expiratory occlusion pressure; Pmus: inspiratory muscle pressure; PMI: pressure muscle index; Pplat: plateau airway pressure; Ppeak: 
peak airway pressure; TFdi: diaphragm thickening fraction; Pdi: transdiaphragmatic pressure; PSV: pressure-support ventilation; ICU: intensive care unit.

	 Building on these observations, Docci et al.[7] described 
a nonlinear interaction among PS, Pmus, and VT, defining a 
range bounded by under-assistance (PSunder) and over-as-
sistance (PSover), within which patients modulate Pmus to 
maintain VT (and thus ΔP) near a target level (VTtarget) 
(Figure 3).

Over-assistance
When PS exceeds PSover, patient effort declines to mini-
mal levels, respiratory drive falls, inspiratory time shortens, 
and respiratory rate decreases. VT then depends mainly on 
PS and compliance, increasing nearly linearly with higher 
support. 

Under-assistance
When PS drops below PSunder, the patient cannot sustain 
VT despite increased effort. VT decreases, respiratory rate 
rises, and accessory muscle recruitment becomes more 
intense. The PS threshold for under-assistance varies with 
compliance, resistance, metabolic demand, and respiratory 
muscle capacity. 

Bedside recognition
	 •	 Adequate zone: VT remains stable across modest PS 
changes; PMI > 0 but < excessive; RR is steady. 
	 •	 Over-assistance: PMI nearly absent, RR low, VT 
mainly PS-driven. 
	 •	 Under-assistance: PMI rises, RR and P0.1 increase, 
accessory muscles are active, and CO₂ retention or diapho-
resis may appear. 
	 However, the precise “optimal” level of patient effort 
within the adequate zone remains to be defined.
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Figure 3. Relationship between pressure 
support level, patient effort, and tidal vol-
ume during PSV (“Adequate PSV assistance” 
concept). Tidal volume depends on pres-
sure support, the patient’s inspiratory effort 
(Pmus), and compliance. Three phases are 
identified: under-assistance, adequate assis-
tance, and over-assistance. In the adequate 
zone (between PSunder and PSover), the 
patient adjusts Pmus to maintain VT near 
VTtarget. If the effort required to achieve 
VTtarget exceeds the sustainable Pmus lim-
it, under-assistance occurs, accompanied 
by increases in P0.1 and respiratory rate to 
maintain minute ventilation. When PS = 0, 
VT reflects patient effort and compliance; 
at high PS > PSover, patient effort becomes 
minimal, and VT depends mainly on ven-
tilator support and compliance. Adapted 
from Docci et al.[7]

Figure 4. Graphical overview of key adjustable settings in pressure-support ventilation (trigger sensitivity, inspiratory rise 
time, pressure-support level, and cycling-off criterion), with representative pressure- and flow-time waveforms, methods 
to monitor respiratory drive and effort, and the concept of adequate PSV assistance.
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Table 3. Summary Comparison of PSV, NAVA, and PAV+

Aspect PSV NAVA PAV+

Triggering Flow or pressure Neural (EAdi rise ≥0.5 µV) Flow or pressure
Assistance mechanism Fixed pressure, independent of 

effort
Paw = NAVA level × EAdi Computed from equation of 

motion; ventilator provides % 
gain of total load

Adjustment to demand Constant each breath Scales with neural drive Scales with mechanical load 
and patient effort

Cycling Flow-based Neural (≈70% of peak EAdi) Flow-based
Synchrony vs PSV
(Invasive ventilation)

Reference mode ↓ Asynchrony (AI > 10% RR 
0.20, 95% CI 0.05–0.92) [42]

↓ Asynchrony (AI > 10% RR 
0.06, 95% CI 0.01–0.46) [42]

Duration of MV vs PSV
(Invasive ventilation)

Reference ↑ VFDs (+3.4 days, 95% CI 
1.2–5.6) [45]

No difference in liberation time 
(RR 0.96, 95% CI 0.8–1.15) [44]

Advantages Simple, familiar Tracks neural drive; limits 
prolonged inspiration

Balances load between patient 
and ventilator

Limitations Risk of over/under-assistance Requires reliable EAdi; ineffec-
tive with absent drive

Risk of “runaway” or un-
der-assist with leaks/low drive; 
complex setup

Abbreviations: PS: pressure support; Paw: airway pressure; EAdi: electrical activity of the diaphragm; Ti: inspiratory time; VT: tidal volume; AI: asynchrony 
index; WMD: weighted mean difference; MD: mean difference; RR: risk ratio; MV: mechanical ventilation; Pmus: inspiratory muscle pressure; PEEPi: 
intrinsic PEEP

CLINICAL APPLICATION

We propose a stepwise approach to PSV titration that inte-
grates concepts of adequate PSV assistance and drive/effort 
monitoring. Figure 4 provides a graphical summary of the 
key settings and monitoring tools discussed in this review. 

Step 1: Establish baseline PSV and optimize interaction
	 •	 Set FiO₂/PEEP to meet oxygenation goals. Initiate PS 
at a modest level to achieve an acceptable breathing pattern 
(VT, RR, minute ventilation), then optimize trigger sensi-
tivity, rise time, and cycling-off.

Step 2: Screen for under-assistance and excessive effort
	 •	 Treat reversible causes of high drive and effort (pain, 
fever, acidosis, anxiety).
	 •	 Use P0.1 as a rapid screen and obtain Pocc when fea-
sible. 

o	 If P0.1 > 3.5–4.0 cmH₂O and/or Pocc < −8.4 cm-
H₂O, this suggests high drive/effort; may consider 
incremental increase PS by 2–4 cmH₂O, re-check 
synchrony settings, and reassess.

Step 3: Avoid over-assistance and identify the “adequate 
PSV assistance” zone
	 •	 If findings suggest over-assistance, such as P0.1 
< 1.0–1.5 cmH₂O, Pocc > −5.7 cmH₂O (minimally negative 
occlusion pressure), and/or PMI < 0 cmH₂O (if an interpre-
table end-inspiratory hold is feasible), decrease PS in small 
steps (≈ 2 cmH₂O) and reassess until the patient’s respiratory 
status is within the acceptable assistance zone.

Step 4: Consider advanced measurements or alternative 
modes
	 •	 When airway measurements are not suitable or when 
precise quantification of inspiratory effort and lung stress 
is needed, consider an advanced option such as esophageal 
manometry, EAdi monitoring, and/or diaphragm ultra-
sound.
	 Consider proportional modes (e.g., NAVA or PAV+) if 
available and appropriate; they may improve matching of 
ventilator assistance to patient demand and enhance syn-
chrony in selected patients.

PROPORTIONAL MODES OF VENTILATION: 
COMPARISON WITH NAVA AND PAV+

In PSV, each breath delivers a fixed pressure regardless 
of the patient’s effort or ventilatory demand. Proportional 
modes, NAVA, and proportional assist ventilation with 
load-adjustable gain factors (PAV+) address these lim-
itations by scaling assistance in real time to the patient’s 
inspiratory effort, improving synchrony and adapting to 
changing load conditions [40,41]. However, limited data 
suggest improved clinical outcomes with proportional 
modes as compared to conventional modes; therefore, on-
going physiology-guided monitoring and titration remain 
essential [40-42]. Key operational and clinical distinctions 
among PSV, NAVA, and PAV+ are summarized in Table 3.
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Neurally adjusted ventilatory assist (NAVA)
NAVA aids proportional to the electrical activity of the di-
aphragm (EAdi), a surrogate of neural drive. The ventilator 
triggers, delivers, and cycles breaths according to the EAdi 
signal, with airway pressure determined by the NAVA level 
(cmH₂O/µV) [38,43]. 

Proportional assist ventilation (PAV+)
PAV+ estimates patient load using brief occlusion maneu-
vers to measure respiratory resistance and elastance, then 
delivers a clinician-set proportion of the total inspiratory 
pressure (gain factor, e.g., 75%) while the patient provides 
the rest [40,44]. 

CONCLUSION

Pressure-support ventilation remains a commonly used 
mode of invasive mechanical ventilation, particularly 
during the weaning phase. Physiology-guided, dynamic 
titration based on the patient’s respiratory drive and effort 
is preferable to a fixed pressure-support level. Clinicians 
should aim to keep patients within an appropriate assis-
tance range, avoid under-assistance, over-assistance, and 
patient–ventilator dyssynchrony. Numerous bedside mon-
itoring tools beyond routine clinical and ventilatory pa-
rameters are available and should be integrated into care, 
as they may help optimize patient outcomes. Proportional 
modes may enhance synchrony, although evidence for faster  
liberation from mechanical ventilation is mixed. Future 
studies should prospectively validate titration targets across 
monitoring modalities and whether physiology-guided PSV 
titration enhances patient-centered outcomes.
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