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Abstract

Proportional modes of ventilation assist the patient by adapting to his/her effort, which contrasts with all other
modes. The two proportional modes are referred to as neurally adjusted ventilatory assist (NAVA) and propor-

tional assist ventilation with load-adjustable gain factors (PAV+): they deliver inspiratory assist in proportion to the
patient’s effort, and hence directly respond to changes in ventilatory needs. Due to their working principles, NAVA
and PAV+ have the ability to provide self-adjusted lung and diaphragm-protective ventilation. As these proportional
modes differ from ‘classical’'modes such as pressure support ventilation (PSV), setting the inspiratory assist level is
often puzzling for clinicians at the bedside as it is not based on usual parameters such as tidal volumes and PaCO,
targets. This paper provides an in-depth overview of the working principles of NAVA and PAV+ and the physiological
differences with PSV. Understanding these differences is fundamental for applying any assisted mode at the bedside.
We review different methods for setting inspiratory assist during NAVA and PAV+, and (future) indices for monitoring

of patient effort. Last, differences with automated modes are mentioned.
Keywords: Mechanical ventilation, Proportional modes, Inspiratory assist, Respiratory effort

Introduction

Proportional modes of ventilation work by amplifying
the effort of the patient’s respiratory muscle activity, pro-
viding the necessary support to improve the imbalance
between capacity and demand and to reach the patient’s
ventilation goal at the same time. Proportional modes
have the potential to provide lung and respiratory mus-
cle-protective ventilation by maintaining the patient’s
control mechanisms against both lung overdistention and
ventilator over-assistance, and avoiding the development
of diaphragm disuse atrophy [1, 2]. Inspiratory assist is
delivered in synchrony with patient effort during the total
inspiratory cycle, and thus, by contrast with other modes,
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directly responds to changes in ventilatory demands [3,
4]. This is fundamentally different from conventional par-
tially supported modes of ventilation such as pressure
support ventilation (PSV), where the same pressure is
delivered by the ventilator for every breath and is inde-
pendent of the metabolic needs and the magnitude of the
patient’s effort and also, most often, of its timing. Hence,
patient-ventilator asynchrony and ventilator over-assis-
tance are common and often unnoticed in conventional
modes such as PSV [5-9].

Modes of proportional ventilation readily available
in clinical practice on dedicated ventilators are neu-
rally adjusted ventilatory assist (NAVA) [3], and pro-
portional assist ventilation with load-adjustable gain
factors (PAV+) [2]. Their physiological effects are
very similar, but they differ in the signal used to con-
trol the ventilator. NAVA delivers inspiratory assist in
proportion to the diaphragm electrical activity (EAdi),
which closely reflects central respiratory drive and is
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measured via a dedicated nasogastric (feeding) tube
with embedded electrodes [3]. PAV+ delivers assist in
proportion to the instantaneous flow and volume gen-
erated by the patient’s inspiratory effort or muscular
pressure (Pmus), which is estimated from semi-contin-
uous automatic measurements of respiratory mechan-
ics applying the equation of motion of the respiratory
system [10, 11]. As patients tailor the amount of assist
themselves, proportional modes simplify the imple-
mentation of assisted mechanical ventilation [12]. An
important barrier to wide implementation of those
modes, however, is the unfamiliarity with the set-
tings and functioning, which differ from conventional
modes. Real-time monitoring of respiratory drive
(EAdi time course during NAVA) and patient effort
(semi-continuous estimation of Pmus in PAV+4) is
also available in proportional modes and allows quan-
tification of the physiological response to changes in
ventilatory assist. Although proportional modes have
been increasingly used, setting inspiratory assist lev-
els remains a challenge at the bedside as it cannot be
based on usual parameters such as tidal volumes and
PaCO, targets [13, 14]. Moreover, safe targets for res-
piratory effort may vary among patients, depending
on the severity of lung injury and diaphragm function
[15—17]. The uncertainty regarding titration of inspira-
tory support with NAVA and PAV+ might be one of
the reasons why there is still limited data showing
improved clinical outcomes when using proportional
modes as compared to conventional modes [18, 19],
but clinical benefits of NAVA compared to PSV were
recently demonstrated in difficult-to-wean patients
[20, 21]. At the same time, despite having very com-
plex physiological consequences, PSV maintains an
appearance of simplicity and is the most frequently
used partially supported mode of ventilation [22].

This review provides a physiological understand-
ing of proportional modes during invasive mechani-
cal ventilation in the adult intensive care unit (ICU)
population and their differences with PSV, which is
fundamental to understand when applying any assisted
mode at the bedside. We discuss methods for titrat-
ing inspiratory assist during NAVA and PAV+, and
(future) indices for monitoring of patient effort. Last,
we also highlight key differences with automated
modes.

Principles of operation

NAVA

Measured with a dedicated nasogastric feeding tube,
EAdi reflects the intensity of the electrical field pro-
duced by the diaphragm contraction and is the clos-
est available signal to the respiratory centers’ output.

Take-home message

This review explains how proportional ventilation modes improve
the match between the patient and the ventilator and provide the
potential for both lung and diaphragm-protective ventilation. We
discuss different methods to titrate inspiratory assist levels, which
is a key challenge at the bedside, as optimal targets of respiratory
muscle effort may vary among patients and over the course of
critical illness.

EAdi is the most precise surrogate of neural respira-
tory drive provided that neuromuscular transmission
and muscle fibre membrane excitability are intact, and
the diaphragm is used as the main inspiratory muscle
(i-e., no significant difference across different accessory
muscles) [3, 23, 24]. EAdi mainly reflects crural dia-
phragm activity, but is representative of activity from
the costal parts of the diaphragm. EAdi correlates well
to transdiaphragmatic pressure [25, 26] and the signal
remains reliable at different lung volumes [27]. Venti-
lator algorithms continuously correct for interference
from cardiac activity and motion artefacts due to car-
diac contractions and esophageal peristalsis.

NAVA is unique compared to all other ventilator
modes, as it uses EAdi to control the ventilator, espe-
cially triggering, level of inspiratory assist and cycle-off.
Inspiratory pressure (Paw) applied above positive end-
expiratory pressure (PEEP) during NAVA is determined
by the proportionality gain (NAVA level, in cmH,0/
uV) set by the clinician:

Paw = (NAVAlevel x EAdi) + PEEP. )

Thus, when EAdi amplitude is 10 pV and the NAVA
level 1.5 cmH,O/uV, peak Paw reaches 15 c¢mH,O
above PEEP. Inspiratory assist is proportional to EAdi
over the inspiratory cycle; it is triggered for every EAdi
increase>0.5 pV above baseline and is terminated
when EAdi amplitude falls at 70% of its peak value,
which probably approximates reasonably the end of the
active contraction. The EAdi signal is pneumatically
independent and thus triggering is not directly affected
by the presence of leaks or intrinsic PEEP; assisted
breaths can be triggered either by EAdi, Paw or flow,
according to a hierarchy that follows the “first-come
first-served” principle [3]. EAdi allows real-time moni-
toring of diaphragm activity, which is not limited to the
use in NAVA mode and even possible in a non-intu-
bated patient. When using EAdi for monitoring pur-
poses, it is important to realize that an increase in EAdi
can have many causes such as an increased mechanical
load imposed on the respiratory muscles (e.g., increase
in resistance), an increased ventilatory demand (e.g.,
increase in CO, production), or an increase in drive
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unrelated to the load (e.g., inflammation) [28-30].
Because tidal volume is controlled primarily by the
brain stem respiratory centres, changing the level of
assist may not affect tidal volume.

PAV+

In PAV+, the trigger functions similarly to other assisted
modes of ventilation; the ventilator detects inspiratory
effort by instantaneous measures of flow and volume
that is pulled in by the patient and delivers pressure assist
accordingly [10, 11]. The inspiratory assist is instanta-
neously calculated from the measured flow and volume
using the equation of motion of the respiratory system
and an adjustable gain that determines the percentage
of the total pressure calculated to be delivered [2, 4]. The
total pressure delivered to the respiratory system (Ptotal)
is then the sum of Paw and Pmus and it overcomes both
resistive and elastic recoil pressure:

Ptotal = Paw + Pmus
(flow x resistance)

+ (volume x elastance). )

The ventilator automatically calculates respiratory
system resistance [10] and elastance [11] by performing
short end-inspiratory occlusions every 8—15 breaths (of
note: this is specific to PAV+and does not exist in simple
‘PAV’ or in ‘proportional pressure support’) and uses the
gain as %assist:

Using Eq. 2, this relationship can be further written as
Paw = Pmus x %assist / (100 — %assist). 4)

Paw is thus a fraction of Ptotal and proportional to
the instantaneous Pmus during the full inspiratory
cycle (Fig. 1); the gain indicates a percentage of respira-
tory muscle unloading, set by the clinician. Hence, if
the gain is set at 75%, it means that the ventilator deliv-
ers 75% of the total pressure, the remaining 25% being
assumed by the patient’s Pmus (Eq. 3): Paw equals three
times Pmus along the inspiratory phase (Eq. 4). Prac-
tically, this gain can be between 5% and 85%. Indeed,
assist levels close to 100% would put the patient at risk
of over-assistance in case of errors in the automated
calculations of respiratory mechanics resulting in over-
estimation of the pressure needed. Similar to NAVA,
because the patient’s brain controls the desired volume,
the volume delivered to the patient may show little var-
iations when varying the level of assist [31]. Inspiration
is cycled-off when flow decreases to a low pre-set level
(by default set to 3 L/min). This cycling-off mechanism
usually makes the end of ventilator assistance extremely
close to the end of the neural inspiration. PAV+ cannot
be used during non-invasive ventilation, as end-inspir-
atory occlusions cannot be performed in the presence
of leaks. In addition, estimations of Ptotal do not cor-
rect for intrinsic PEEP, if present, which may lead to an
underestimation of the delivered pressure in patients
with significant hyperinflation [32].

Paw = %assist x Ptotal. 3)
15| L/s
Flow ¢ * *
15
25| cmH,0 /
Paw
5
12| cmH,0
Pes
-2 \
20 seconds
Fig. 1 Example of the working principle of proportional assist ventilation with load-adjustable gain factors (PAV+). Short inspiratory occlusions are
automatically performed (indicated by * in the flow signal) for the calculation of respiratory system resistance and compliance. Arrows indicate that
airway pressure (Paw) is delivered proportional to the patient’s effort (esophageal pressure (Pes))
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Differences between proportional modes and PSV
Patient-ventilator interactions: Pmus-V; relationship

and cycling-off criterion

The main physiological differences between PSV and pro-
portional modes can be explained with the relationship
between patient’s effort or Pmus and tidal volume (V) -50

50| L/min

Flow

delivered by the ventilator (Fig. 2a). During unassisted 20| om0

breathing, increases in Pmus result in a relatively linear Paw

increase in tidal volume (i.e., assuming a linear relation-

ship between Pmus and PaCO,) [33, 34]. The slope of ¢

this relationship represents the efficiency of the respira- 1‘2‘ .
cmi A

tory muscles. With PSV, the Pmus-V curve is shifted
upwards and, therefore, does not start from zero volume e M
(Fig. 2a); this is because a substantial tidal volume is still 8

delivered despite minimal respiratory drive and no meas-
urable effort (e.g., due to sedation or over-assistance); 4
this volume depends mostly on the pressure support level
and the respiratory system compliance [35, 36]. The pres-
ence of this ‘minimum tidal volume’ erroneously suggests
to clinicians that the patient is spontaneously breathing,
while the patient only triggers the ventilator and relaxes
his inspiratory muscles thereafter, implying ventilator
over-assistance (Fig. 3) [35]. Ventilator over-assistance

o

cmH,0

Pdi of ——u

5
Fig. 3 Representative example of over-assistance during pres-

sure support ventilation (PSV). The patient was ventilated with an
inspiratory pressure set at 10 cmH,0O above a positive end-expiratory

results in excessive tidal volumes, very low diaphragm pressure of 8 cmH,0. A double-balloon nasogastric catheter was
activity and possibly risk of disuse atrophy [5, 37]. Exces- placed for measurements of esophageal pressure (Pes) and gastric
sive inspiratory assist decreases patient effort to virtually pressure. Transdiaphragmatic pressure (Pdi) was calculated as gastric

zero [38] and leads to central apnea events during slee pressure minus Pes. As can be seen in the Pes waveform, the patient
P 8 P only triggers the ventilator (small drop in Pes) and relaxes inspiratory

as soon as the PaCO, apneic threshold is reached. Apneas muscles thereafter, as demonstrated by the increase in Pes during the
result in arousals and awakenings, making deep (rest- remaining of the inspiratory cycle and the absence of increases in Pdi

ful) sleep difficult [39]. The initial slope of the Pmus-V
relationship is unaffected in PSV, as a constant pressure
is applied regardless of patient effort. As such, patients

a b c
A PSV Volume NAVA, PAV+ Volume
NAVA, vi
PAV+ Time Time
Vr
PSV
Vr Ti neural Level of assist Ti neural Level of assist
_. ho assist
Target Pmus Target Pmus

v

Pmus Pmus Pmus

Fig. 2 a Schematic illustration of the relationship between patient effort (respiratory muscle pressure, Pmus) and tidal volume (V;) in unassisted
spontaneous breathing (dashed line), during pressure support ventilation (PSV) and for proportional modes such as proportional assist ventilation
with load-adjustable gain factors (PAV+) and neurally adjusted ventilatory assist (NAVA). b Patient-ventilator interaction during PSV. Increasing the
pressure support level increases V; (blue line) and ventilator inspiratory time (Ti, green line), while patient effort (Pmus, grey dotted line) is down-
regulated. In addition, neural Ti (dark blue line) remains unaltered with increasing levels of assist which results in late cycling. ¢ Patient-ventilator
interaction during NAVA and PAV+-. Ventilator assist is delivered proportional to the patient’s demand over the full inspiratory cycle (neural Ti=ven-
tilator Ti, note that the dashed green and dark blue lines overlap). Increasing the inspiratory assist level (NAVA level or PAV+ gain) downregulates
Pmus (grey dotted line). Because the patient’s brain controls mainly the desired Vy, changing the level of assist often has only minimal effects on the
V;, as shown by the horizontal blue line on the Volume vs. level of assist curve
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with a high respiratory drive can also be under-assisted,
with a risk of diaphragm load-induced injury and patient
self-inflicted lung injury [15, 16]. Additionally, perfect
patient-ventilator synchrony is frequently not achieved in
PSV [19, 40, 41]. The risk of late cycling (i.e., mechani-
cal insufflation finishing after the end of inspiratory
effort; also known as prolonged insufflation or prolonged
cycling) is high during PSV, as insufflation cycles-off to
exhalation once the flow has reached a set percentage of
the peak inspiratory flow: the higher the assist, the longer
the time to reach the cycling-off criterion and the longer
the mechanical inspiratory time, thereby increasing the
mismatch with the patient’s neural inspiratory time [42,
43] (Fig. 2b). Since excessive ventilator assist promotes
dynamic hyperinflation and decreases patient effort,
this places the patient at risk of ineffective efforts [6, 8]
(Fig. 2b). In addition, autotriggering resulting in delivery
of a full breath may happen during PSV but not under
proportional modes. Electrical artefacts in the EAdi sig-
nal can trigger some pressure delivery during NAVA;
however, this will always be very low (proportional to the
artefact) [44].

In contrast, during NAVA and PAV+, the proportional-
ity gain set by the clinician determines the slope of the
Pmus-V curve [2, 35] (Fig. 2a), meaning that more assist
is delivered with increased patient’s ventilatory demands.
As the curve starts at zero (i.e., no upward shift as in
PSV) some activity of the respiratory muscles is required
to maintain adequate ventilation and ventilator assist is
terminated as soon as patient effort diminishes (Fig. 2a,
c). Therefore, proportional modes provide patient-venti-
lator synchrony over the full inspiratory cycle, preventing
ventilator over-assistance, diaphragm disuse and avoid-
ing apnea events during sleep. These principles explain
why NAVA and PAV+are more physiological as com-
pared to PSV [41].

Respiratory muscle unloading and neuromuscular
coupling

In patients recovering from acute respiratory failure,
muscle unloading was comparable between PSV lev-
els within the range of 7 to 25 cmH,O and NAVA levels
ranging from 0.5 to 2.5 cmH,0O/uV [38]. NAVA, how-
ever, improved patient-ventilator interactions, preserving
breathing variability and allowing better synchronization.
Interestingly, NAVA led to a larger contribution of the
diaphragm to inspiratory efforts [45], which could poten-
tially improve gas exchange due to enhanced ventila-
tion in basal lung regions [46]. Another study confirmed
improved diaphragm function with NAVA compared to
PSV after prolonged controlled mechanical ventilation
[47], while differences between PSV and PAV+ were not
as pronounced [48]. However, in response to increases

in elastic loading, a greater respiratory muscle efficiency
was found with PAV+ compared to PSV [49, 50].

Proportional modes for lung and diaphragm-protective
ventilation

Proportional modes improve patient-ventilator syn-
chrony, neuromuscular coupling and gas exchange,
and restore breathing variability [19, 41, 50-53]. This
improved patient-ventilator interaction is a potential
mechanism by which NAVA and PAV+ might provide
lung and diaphragm-protective ventilation. Lung over-
distention is prevented due to two known physiological
mechanisms. First, the Hering—Breuer inflation—inhi-
bition biological feedback mechanism downregulates
respiratory drive (and thus EAdi amplitude and patient
effort) at higher tidal volumes to avoid hyperinflation [27,
54, 55]. Second, with increasing lung volumes the dia-
phragm shortens and may become a less effective pres-
sure generator, thereby decreasing effort [27, 56]. Indeed,
Carteaux et al. [38] showed that most patients could
self-regulate their tidal volumes in a protective range
(between 6 and 8 mL/kg PBW) despite increasing NAVA
levels within a certain ‘reasonable’ range. Furthermore, it
was recently shown that patients ventilated in PAV+-after
acute respiratory distress syndrome were able to avoid
lung overdistention, as indicated by a driving pressure
kept below 15 ¢cmH,O [57]. Increasing support levels
during PSV, by contrast, increases tidal volumes despite
a downregulation of neural drive [45]. Proportional
modes may, therefore, protect the patient from harm-
ful tidal volumes and simultaneously prevent diaphragm
disuse atrophy. It should be stressed, however, that exces-
sive respiratory drive may overwhelm lung-protective
reflexes, and hence, additional caution is required when
using proportional modes in patients with high respira-
tory drive and extremely impaired respiratory mechanics.

Clinical comparisons of proportional modes and PSV
The use of proportional modes, especially PAV+, has been
associated with a shorter weaning duration compared
to PSV [19] in small studies and increased probability of
remaining with assisted spontaneous ventilation [58]. It
was reasoned that this was because of better patient-ven-
tilator interaction, reduced sedation requirements [12,
59] and improvement in sleep quality [60—62]. Because of
these reasons, increased patient comfort during propor-
tional modes is often assumed to be present but has rarely
been measured [53, 63, 64]. Although reduced asynchro-
nies during sleep were reported, the direct effects of pro-
portional modes on sleep quality were small, improving
sleep in two studies [60, 61] but not in all [62].

Differences in weaning duration or ICU outcome were
not demonstrated in a large randomized study (n=128)
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that compared NAVA with PSV in patients recover-
ing from acute respiratory failure [18]. It is important to
note, however, that EAdi monitoring was also available in
the PSV group. In that study, NAVA reduced patient-ven-
tilator asynchrony and the rate of post-extubation appli-
cation of non-invasive ventilation, and feasibility and
safety of NAVA over several days was successfully dem-
onstrated. A recent study confirmed acceptable adher-
ence to the assigned mode beyond 48 h when comparing
NAVA with PSV [21]. Furthermore, Liu et al. recently
showed shorter weaning duration with NAVA compared
to PSV in selected difficult-to-wean patients [20].

Setting inspiratory assist during NAVA

Different methods for NAVA titration starting from
PSV or based on a thorough physiological assessment in
NAVA mode exist and are summarized in Table 1. Before
starting any titration, adequate EAdi catheter placement
according to published recommendations [65] and the
manufacturer’s positioning tool (using a calculated dis-
tance and ECG artefacts in the signal) and EAdi signal
quality should be confirmed. If EAdi is abnormally low
or absent despite correct catheter placement, ventilator
over-assistance, excessive sedation, central apneas, severe
diaphragm weakness or pre-existing neuromuscular dis-
eases should be considered as possible reasons for low
EAdi. Direct phrenic nerve lesions could hamper NAVA
application if no inspiratory EAdi can be measured, but
this is quite rare.

NAVA “preview”

A grey curve (Fig. 4) displayed on the monitor during
PSV shows a “preview” of the estimated Paw that would
exist if the patient was ventilated in NAVA mode with
current proportionality setting. The shape of the Paw
curve resembles the EAdi profile (i.e., proportionality),
while the amount of assist depends on the EAdi ampli-
tude and the selected NAVA level.

Airway pressure targets

The most frequently used method is setting the NAVA
level such that inspiratory assist reaches the same peak
Paw (Paw,,,) that is obtained in PSV. However, when
applying this method, differences in the shape of the Paw
curve explain why the pressure delivered (i.e., area under
the Paw curve) is generally lower with NAVA than PSV. It
is suggested to target NAVA levels to obtain similar mean
Paw (Paw,,.,,) values [45]. The main uncertainty regard-
ing the relevance of this method is whether support was
adequate (no over-assist or under-assist) in PSV.

Ventilation targets

Coisel et al. [66] set the NAVA level to obtain the same
minute ventilation as determined by a prior 5-min appli-
cation of PSV with tidal volumes of 6—8 mL/kg PBW and
a respiratory rate of 20-30 breaths/min. Similar as for
Paw targets, this method depends on the quality of the
initial PSV titration. In addition, ventilation is not really
‘controlled’ by the settings.

Assessment of physiological response to inspiratory assist
The above methods do not take advantage of the working
principle of NAVA as a proportional mode. The following
methods for NAVA titration are based on the fact that
neural drive and patient effort, and not necessarily tidal
volume, vary with the level of inspiratory assist.

Two-phased response of Paw and tidal volumes

Starting from a condition of ventilator under-assist (i.e.,
minimal ventilator assist of ~3 c¢cmH,0), Brander et al.
[67] assessed changes in Paw and tidal volumes during a
stepwise increase in NAVA level. A two-phased response
was observed: the initial increase in NAVA level resulted
in a steep increase in both Paw and tidal volumes (first
response) and, at some point, further increasing the
NAVA level resulted in less Paw increase and no change
in tidal volume (second response). The optimal NAVA
level was identified at the transition point, describing a
change from an initial insufficient assist level to an assist
level that meets the patient’s respiratory demand as indi-
cated by a stable tidal volume. In the initial phase, the
patient allows Paw and tidal volumes to increase, while
in this second phase tidal volume reaches a plateau (EAdi
downregulation) since ventilation meets the patient’s
demands. The same group confirmed this response in
resistively loaded rabbits [54]. Another study compared
this method to an initial NAVA level set using the pre-
view tool with matching NAVA Paw,, to the Paw,
measured during PSV; although not significant, a trend
toward overestimation of the NAVA level when using the
NAVA preview tool was reported [68]. It is not clear how
often this procedure is feasible, since many patients do
not demonstrate clearly these two phases [38].

Percentage of the maximum EAdi during a failed SBT

In difficult-to-wean patients, Rozé et al. [69] set the
NAVA level to obtain EAdi amplitudes corresponding
to~60% of the EAdi peak (level chosen arbitrarily) that
was measured during a failed spontaneous breathing
trial under PSV (PS 7 cmH,0O, no PEEP); this level was
referred to as EAdi,,,cpr. This procedure was repeated
daily, allowing a progressive reduction of the NAVA
level until extubation. Setting the NAVA level using
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Table 1 Methods of inspiratory assist titration in NAVA and PAV+ and their pros and cons

Method Pros

NAVA preview

Paw e, matching Intuitive and straightforward

Implemented in the ventilator

Helpful for detecting asynchronies in PSV mode

Paw , ean Matching Same pros as above
Results in more similar assist levels between PSV and
NAVA
Ventilation matching Simple

NAVA titration based on patient’s response

Two-phased response of Paw and V; Physiologically sound

Reflects changes in respiratory muscle output
Shown to result in a more personalized level com-

pared to using NAVA preview

60% of EAdi .ysaT Physiologically sound

Provides daily re-assessment of the NAVA level and

EAdI.

Can theoretically be applied during any assisted

ventilation mode

Unloading based on NVE Physiologically sound

Easy to perform at the bedside

Recommended to use 40% unloading target

PAV+titration

Paw, matching Simple and intuitive

mean

Inspiratory effort (Pmus, PTPmus) Physiologically sound

Grid incorporated in the ventilator

Cons

Paw,. matching does not guarantee similar assist
levels due to differences in Paw profile

Depends on quality of initial PSV titration

Breath-by-breath variability in EAdi amplitude may
make matching difficult

Does not consider variation in EAdi caused by the
change from PSV to NAVA

Depends on quality of initial PSV titration

Breath-by-breath variability in EAdi amplitude may
make matching difficult

Does not consider potential variation in EAdi caused
by the change from PSV to NAVA

Depends on quality of initial PSV titration
One cannot control ventilation with NAVA
Does not incorporate the EAdi signal

May be difficult to perform at the bedside, espe-
cially when considering the curvilinear relation-
ship between EAdi and respiratory muscle effort
depending on the level of assist

Achieving a two-phased response in patients with
very high respiratory drive and/or an overwhelmed
Hering-Breuer reflex can be difficult

Limited to the use during after a failed PS 7/PEEP O
cmH,O SBT

EAdi, .xser May be different according to the SBT
method (i.e., T-piece or CPAP trial)

Does not take into account accessory respiratory mus-
cles that are often recruited during SBT failure

60% target is arbitrarily chosen; this may result in high
inspiratory efforts in patients with high respiratory
drive

Limited to the weaning phase

NVE reflects ventilatory efficiency and not directly
breathing effort

A zero-assist breath is not fully unassisted, as the venti-
lator always provides a minimum level of inspiratory
pressure (2-3 cmH,0) that slightly overestimates
NVE

Depends on quality of initial PSV titration
Paw matching does not guarantee similar assist levels
due to differences in Paw profile

Target values may be difficult to achieve in patients
with excessive respiratory drive

EAdi diaphragm electrical activity, EAdi,,q,s5r maximum EAdi amplitude during a spontaneous breathing trial (SBT), CPAP continuous positive airway pressure, NAVA
neurally adjusted ventilatory assist, NVE neuroventilatory efficiency index, Paw airway pressure, PEEP positive end-expiratory pressure, Pmus muscular pressure, PTP
pressure-time product, PS pressure support, PSV pressure support ventilation, V; tidal volume

EAdi,,cg» was reasoned to be a non-fatiguing and
objective target more relevant than volumetric goals, but
additional monitoring may be required in patients with
excessive respiratory drive [70].

Neuroventilatory efficiency index (NVE)
In patients who had started weaning, Campoccia et al.
[71] titrated NAVA to unloading targets. The ratio of

unloading provided by the ventilator can be calculated
as the tidal volume provided by the ventilator only,
divided by total tidal volume (Vy, volume resulting
from patient effort+ ventilator assistance). The tidal
volume provided by the ventilator can be estimated by
the difference between the assisted tidal volume minus
the non-assisted tidal volume generated by the patient.
The latter can be obtained during one unassisted
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20| cmH,0

Paw

™

EAdi

0
Fig. 4 Example of the neurally adjusted ventilatory assist (NAVA)
preview during pressure support ventilation (inspiratory assist of 10
cmH,0 above a positive end-expiratory pressure of 8 cmH,0). The
grey curve shows a “preview” of the estimated airway pressure (Paw)
that would exist if the patient was ventilated in NAVA mode. The
shape of this Paw curve resembles the diaphragm electrical activity
(EAdi) curve (i.e., proportionality). The amount of assist depends on
the EAdi amplitude and the selected NAVA level (0.8 cnH,O/pV for

this example)

breath, where the NAVA level is zeroed. The neuroven-
tilatory efficiency index (NVE) can then be calculated
(Fig. 5a). The NVE describes the capacity of the respira-
tory muscles to convert EAdi to tidal volume (V/EAdi,
in mL/pV). The percentage of unloading provided by
the ventilator is calculated as: (1-(NVE x EAdipeai/ Vo
) X 100%. Unloading targets of 40% and 60% were fea-
sible to implement and less unloading was associated

with greater diaphragm activity and improved ventila-
tion in the dorsal dependent lung regions [71].

Patients with high respiratory drive

For most patients the NAVA level can be kept below 2.5
cmH,O/pV [38]. Setting inspiratory assist in patients
with high respiratory drive can, however, be especially
challenging. High NAVA levels should be prevented to
limit excessive inspiratory assist. Excessive pressures
during inspiration could be prevented by appropriate
Paw alarm settings, and NAVA will cycle-off at 3 cmH,O
below the set maximal Paw. Paradoxically, the combina-
tion of high NAVA levels and a pressure limit has been
used in several studies to deliver a square pressure like in
PSV [72-74]. High support is then delivered at the start
of a breath in synchrony with the patient’s demands,
while excessive Paw is prevented. Of note, this neurally
triggered PSV mode is not yet available for clinical use,
and using “alarm settings” to control the ventilator is
potentially unsafe and cannot be recommended.

Potential EAdi-derived indices

Patient-ventilator breath contribution index

The inspiratory tidal volume (Vi) during NAVA
reflects the volume resulting from the patient’s effort
plus the proportional ventilator assist. An ‘effort-sharing’
index can be derived by comparing assisted to unas-
sisted breaths. This patient-ventilator breath contribution
(PVBC) index is defined as the ratio of Vr;,,,/AEAdi of
an unassisted breath (i.e., NVE, as described above) to

neuroventilatory efficiency index (NVE) = 249/22.7 = 11 mL/uV
patient-ventilator breath contribution index (PVBC) = (249/22.7) / (479/23.2) = 0.53

Flow

EAdi

a
30| cmH,0 b
Paw unassisted
breath
0
30| pv
23.2 207
EAdi
0
500 | mL 479
VT 249
0

Fig. 5 a Example of the calculations of the neuroventilatory efficiency index (NVE) and the patient-ventilator breath contribution index (PVBC).
An unassisted breath is obtained by reducing the neurally adjusted ventilatory assist level to zero for one breath. NVE is calculated as the ratio of
the tidal volume to peak diaphragm electrical activity (EAdi). When dividing this NVE by the ratio of tidal volume and EAdi of the previous assisted
breath, a PVBC index is obtained. b Example of the calculation of the neuromechanical efficiency index (NME) during an end-expiratory hold
manoeuvre. During the occlusion (zero flow), the ratio of delta airway pressure (Paw) and EAdi represents the NME

60| L/min

20| ecmH,0

neuromechanical efficiency index (NME) = 20/12 = 1.67 cmH,0/uV
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that of a breath with ventilator assistance (Fig. 5a) [73,
75]:

PVBC = (VT,insp/AEAdi)no—assist/(VT,insp/AEAdi)assist

PVBC values can range between 0 (V7;,g, fully provided

by the ventilator) and 1 (Vg,, completely generated by
the patient) and have been validated against measure-
ments of transpulmonary pressure [73, 75]. Reliability of
PVBC improves when comparing unassisted and assisted
breaths with similar respiratory drive (i.e., EAdi ampli-
tude and slope) [76]. PVBC interpretation is complex. For
instance, high PVBC values can be found in patients with
low respiratory drive that are ready to be weaned (patient
effort is low but sufficient to perform the majority of the
work), but also in patients with excessive respiratory
drive (the patient is under-assisted). Interpretation must
take into account absolute ventilator assist and patient
effort.

Estimates of breathing effort

The neuromechanical efficiency index (NME) quanti-
fies the amount of pressure the respiratory muscles
can generate, normalized to EAdi (in cmH,O/uV) [26].
Calculating NME during brief end-expiratory occlu-
sions (NME_ ) can allow a non-invasive estimate: in
the absence of airflow, changes in Paw equals changes
in Pmus. NME__, can thus simply be calculated at the
bedside as Paw, 4/EAdi,., [26, 77] (Fig. 5b). Taking an
average of three out of five measurements with lowest
variability is recommended [77].

NME, ., could be used to estimate inspiratory muscle
pressure during unoccluded tidal breathing, using the
following equation: Pmus=EAdi x NME_/1.5. The
correction factor (/1.5) is required, because in the pres-
ence of an occlusion, the diaphragm generates more pres-
sure for the same EAdi than with an open airway [26].
NME calculations over a brief airway occlusion of 200 ms
at inspiratory onset tightly reflect NME__, [78], and esti-
mate inspiratory effort. A change in NME could also indi-
cate recruitment of accessory respiratory muscles, since
EAdi is insensitive to recruitment of accessory muscles.

When using PVBC and NME in clinical practice, it is
important to confirm adequate EAdi signal quality, as
suboptimal signal filtering could affect reliability of these
indices [44, 76, 77].

Setting inspiratory assist during PAV+
Some approaches have been described to set the gain for
PAV+ and are described in Table 1.

Airway pressure targets
Costa et al. [48] suggested to set PAV+such that the

same Paw, . as in the current PSV mode is obtained,

and found that respiratory pattern, gas exchange and
inspiratory effort where comparable while improving
patient-ventilator interaction.

Inspiratory effort targets

Modifying the level of assistance during proportional
modes mainly alters respiratory muscle unloading, as
tidal volume remains relatively constant, insufflation time
is kept close to the neural inspiratory time, and breath-
ing variability and synchronization are preserved. Theo-
retically, the amount of respiratory muscle unloading
would, therefore, be a relevant target to adjust the level
of assistance in proportional modes to optimize patient-
ventilator interactions. Carteaux et al. [14] assessed the
feasibility of setting PAV+gain to target a predefined
range of effort. They used the ability of PAV+to deliver a
pressure proportional to Pmus, where Pmus was recalcu-
lated based on estimates from Paw:

Pmuspea = (Pawpeak— PEEP) % ((100 — %assist) / %assist).

A grid built from this equation was available on the ven-
tilator monitor, providing an estimated Pmus,,, for each
combination of gain and delta Paw (i.e., Paw,,, — PEEP).
Pmus between 5 and 10 cmH,O was defined as a good
objective to target a respiratory muscle pressure—time
product (PTPmus, i.e., area under the Pmus curve dur-
ing inspiration) between 50 and 150 cmH,O.s.min"". The
gain was initially set to 50%, and subsequently adjusted
to obtain Pmus,,, values within the 5-10 target range.
This approach was demonstrated feasible in clinical prac-
tice in most patients. It should be noted, however, that
measurements of effort as provided by the ventilator
may underestimate the patient’s true work of breathing,
particularly when intrinsic PEEP is high [79]. Target val-
ues may be difficult to achieve in patients with excessive
respiratory drive and impaired respiratory mechanics as
lung-protective reflexes may be overridden [35, 57].

Monitoring of effort

During PAV+, the measured respiratory system resist-
ance and elastance values provide information on res-
piratory mechanics and their changes over time or in
response to different levels of inspiratory assist [10, 11].
Because compliance and tidal volume are provided, the
driving pressure is easily monitored. Furthermore, with
these parameters, the ventilator can estimate Pmus on
a semi-continuous basis, detecting changes in patient
effort over time [4, 14].

Differences with automated modes

Automated ventilation modes such as adaptive sup-
port ventilation (ASV) and SmartCare" continuously
adapt certain ventilator settings to keep the patient’s
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respiratory variables within target ranges set by the cli-
nician [4, 80]. Although NAVA, PAV+, and automated
modes all integrate closed-loop principles, it is impor-
tant to stress that automated modes do not deliver pro-
portional assist, nor directly measure patient effort.
In contrast, automated modes incorporate algorithms
that attempt to target a desired outcome by automati-
cally modifying ventilator settings according to changes
in the patient’s condition [80]. This may reduce the
clinician’s workload. Among them, ASV controls min-
ute ventilation by finding the optimum combination
of respiratory rate and tidal volume using estimates of
the respiratory system time constant [81]. This is based
on Otis [82] and Mead [83] models, which postulated
that there is an optimum respiratory rate minimiz-
ing breathing effort. ASV is suitable for both passive
and spontaneously breathing patients, but does not
necessarily deliver lung-protective ventilation, which
depends on the initial parameters set by the clinician
[84, 85]. Provided that it is properly programmed, ASV
can provide safe ventilation in the general popula-
tion; however, caution is required in acute lung injury
patients with less compromised compliance as higher
tidal volumes may occur [86]. One important differ-
ence between automated and proportional modes is
the greater importance, with the former, of the way the
clinician correctly adjusts the settings. Studies have
shown that ASV reduces weaning duration most fre-
quently in the postoperative period [87, 88]. The further
evolved fully closed-loop ASV mode, IntelliVent-ASV,
incorporates additional control for end-tidal CO, and
oxygen saturation and has shown to be feasible and able
to deliver relatively protective ventilation in passive and
spontaneously breathing patients with different lung
conditions [81, 89]. The automated IntelliVent-ASV
weaning protocol provides automatic gradual decreases
in inspiratory assist levels while assessing readiness to
wean criteria, and has been associated with reduced
mechanical ventilation duration in different settings
[87, 88]. SmartCare'", a PSV-based mode, was specifi-
cally designed to automatically facilitate and expedite
the weaning process. It is mainly based on respira-
tory rate and also integrates values of tidal volume and
end-tidal CO, [90, 91]. Based on certain patient char-
acteristics and targets set by the clinician, automated
weaning involves adaptations in the PSV level, followed
by an automatic gradual reduction of the PSV level and
weaning tests when the level of support is sufficiently
low [91]. Compared to non-automated weaning strate-
gies, reductions in weaning time with SmartCare " were
demonstrated in several studies; adequately powered
randomized clinical studies are warranted [92, 93].

Conclusion

During PSV ventilator over-assist and poor patient-ven-
tilator interaction are common and often unnoticed. Pro-
portional ventilation modes improve the match between
the patient and the ventilator and provide the potential
for both lung and diaphragm-protective ventilation. A
key challenge is to titrate inspiratory assist levels at the
bedside, as optimal targets of respiratory muscle effort
may vary among patients and over the course of critical
illness. During PAV+, titrating inspiratory assist to reach
Pmus targets is feasible, and allows monitoring of breath-
ing effort. In NAVA, it can be recommended as a first
approach to set inspiratory assist levels through match-
ing of Paw, ., as obtained in PSV, which is a simple and
feasible method to perform at the bedside, and readjust
subsequently. EAdi-derived indices such as the NME and
PVBC hold future promise, but require further studies on
their use during the course of mechanical ventilation and
in weaning trials. Automated modes differ by requiring
the clinician to set parameters to achieve a certain ven-
tilation goal.
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