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An uncontested clinical objective of mechanical ventila-
tion is to avoid further injury to lung tissue (VILI). Well-
deserved clinical attention has been given to constraining
tidal volume, and the end-inspiratory (‘plateau’) and driv-
ing pressures [1, 2]. Yet, because damaging tidal strains
require repeated energy expenditure, awareness has been
raised regarding the importance of cycling frequency
that determines the energy imparted per minute [3]. At
the bedside, tidal energy per passive inflation cycle is the
product of delivered volume (the integral of flow) and the
inflation pressure above the relaxed baseline needed to
deliver it. In a simplified model, the total airway pressure
component of energy is the sum of flow-resistive pres-
sure, driving pressure, and the initial pressure (PEEP).

In current clinical parlance, cumulated inflation energy
per minute has been termed mechanical ‘power, the
product of inflation work per cycle and ventilating fre-
quency. However, not all combinations of pressure, vol-
ume and frequency that sum to the same power value
by this definition generate enough strain per cycle to
advance parenchymal damage. The amplitudes of plateau
and driving pressures as well as the frequency of their
repetition are keys to safety or danger [4, 5].

We believe that flow magnitude and flow profile of the
individual cycle (e.g., constant or decelerating) are rela-
tively neglected among the adjustable ventilator settings
that are relevant to lung protection. If so, why should
these flow characteristics matter clinically?

Flow rate not only determines the velocity of flow
through the airways, but also the expansion rate of
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parenchymal units. Viewed at the micro level, flow-deter-
mined rates of alveolar expansion may amplify or attenu-
ate the strains experienced by individual units, due to
local geometry and interdependence, inherent mechani-
cal properties, and surrounding viscoelastic microenvi-
ronments, which include the vascular side [6]. Note that
the VILI-relevant expansion velocity is not externally
measured flow but flow relative to the diminished num-
ber of open lung units within the ‘baby lung’ [7].

Power can be evaluated on any time scale. Thus, while
the ‘power’ defined as the product of per-cycle energy
and frequency is certainly of clinical interest for lung pro-
tection [3], essentially, it is a cumulative measure of the
rate of energy delivery and as such, an incomplete tracker
of VILI risk. In fact, injury hazard is co-determined by
tissue micro-strains experienced during expansion. Dis-
counting local stress and strain amplifiers, the product
of externally measured flow and the developed pressure
quantifies the ‘intra-cycle’ power for the entire lung.
These measurable moment-by-moment energy loads can
be estimated by specifying the flow profile, the targeted
tidal volume, the elapsed time from inflation onset, PEEP
and the pressure components of inflation determined by
compliance and resistance. However the VT is delivered,
the total inflation energy at the alveolar level is virtually
the same at end-inflation. Nonetheless, the flow pro-
files determine how that energy distributes as the lung
inflates, influencing the instantaneous strains within the
expanding lung.

The flow-resistive energy component of airway pres-
sure dissipates in moving gas across the endotracheal
tube and through the native airways, and in displacing
parenchymal tissue to higher volumes. At end-inflation
the ‘elastic’ component that is built and conserved dur-
ing inflation is comprised of two subcomponents—driv-
ing pressure and PEEP. Intracycle power building to these
elastic pressures can be thought of as the instantaneous
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Fig. 1 Hypothetical intracycle elastic (‘alveolar’) and total power curves as mathematically modeled functions of the elapsed inspiratory time (t)
during a single inflation to the same tidal volume for 5 flow profiles: constant (CF), decelerating (DF), sinusoidal (Sin), accelerating (AF) pressure con-
trol (Pset). These modes are compared for typical clinical values simulating severe ARDS (a, b) and severe COPD (¢, d), and a hypothetical threshold
level (dashed line) demarcates the lower boundary of VILI risk. Note that for each patient type, marked numerical differences separate instantaneous
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inflation energy being applied at the alveolar level (‘elastic
power’), whereas power that includes resistive pressure
losses is ‘total’ power applied to the entire respiratory
system. In this evolving field of VILI energetics, it is not
yet clear whether elastic power (the component most
relevant to alveolar energy load), or total power (which
includes energy lost through the large and small airways),
is most relevant to VILI [4, 8].

Threshold for damaging strain

Conceptually, thresholds of pressure and power demar-
cate entry into the zone of heightened injury hazard.
Intracycle power applied in excess of the threshold risks
inflicting damage by overstraining matrix microelements
that bind individual alveolar units [9]. Again in theory,
such thresholds would vary with the lung’s vulnerabil-
ity to strain and the local anatomic position of the lung
unit in question. For example, a normal-sized healthy
lung should begin to mechanically injure at a high-pres-
sure threshold, whereas the non-homogeneous baby
lung of acute respiratory distress syndrome (ARDS)
would yield to a much lower one. Dependent lung
units would have different (presumably lower) thresh-
olds than ones situated non-dependently. The liklihood
and timing of threshold crossing as well as the impact

of above-threshold power are strongly influenced by
the flow pattern used: constant (CF), decelerating (DF),
sinusoidal (Sin), and accelerating (AF). Pressure control
(Pset), although targeted to airway pressure, provides a
decelerating flow pattern. The intracycle total and elas-
tic power profiles that these flow profiles generate vary
considerably with mechanical properties (resistance and
compliance) and ventilator settings (Fig. 1). Interestingly,
the sinusoidal flows of natural spontaneous breathing are
seldom employed during passive inflation.

Potential clinical implications of this hypothesis
At the bedside, flow magnitude and profile, the keys to
intracycle power delivery, receive ample attention as
determinants of patient-ventilator dys-synchrony [10],
but, as yet, these have been given scant consideration as
contributors to VILI risk. Nonetheless, experimental evi-
dence suggests that high flow ‘spikes’ (e.g., pressure con-
trol) have greater damaging potential than those without
[11]. Intriguingly, the wisdom of limiting peak flow may
apply to the earliest phase of expiration, as well [12].
Assuming the importance of flow pattern translates
clinically, what are the immediate implications for lung
protection? In our view, they are: (1) to reduce min-
ute ventilation requirements that drive frequency and
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magnitude of inspiratory flow, e.g., by permissive hyper-
capnia, extracorporeal CO, removal; (2) to select a flow
profile and L:E ratio that minimizes high flow and power
spikes; (3) to take measures that reduce amplifiers of
flow-determined power, e.g., lower tidal volumes and
recruitment by judicious PEEP to increase the capacity
of the baby lung to accept tidal flow without overdisten-
tion, and prone positioning to minimize mechanical non-
homogeneity. Clinicians already focus on tidal pressures
and volumes; should a smart strategy for lung protection
also pay close attention to flow requirements, flow profile
and intra-cycle power?
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