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ABSTRACT

Background: The ventilator works mechanically on the lung parenchyma. The authors set out to obtain the proof of concept
that ventilator-induced lung injury (VILI) depends on the mechanical power applied to the lung.

Methods: Mechanical power was defined as the function of transpulmonary pressure, tidal volume (TV), and respiratory
rate. Three piglets were ventilated with a mechanical power known to be lethal (TV, 38 ml/kg; plateau pressure, 27 cm H,O;
and respiratory rate, 15 breaths/min). Other groups (three piglets each) were ventilated with the same TV per kilogram and
transpulmonary pressure but at the respiratory rates of 12, 9, 6, and 3 breaths/min. The authors identified a mechanical power
threshold for VILI and did nine additional experiments at the respiratory rate of 35 breaths/min and mechanical power below

(TV 11 ml/kg) and above (TV 22 ml/kg) the threshold.

Results: In the 15 experiments to detect the threshold for VILI, up to a mechanical power of approximately 12 J/min (respi-
ratory rate, 9 breaths/min), the computed tomography scans showed mostly isolated densities, whereas at the mechanical
power above approximately 12 J/min, all piglets developed whole-lung edema. In the nine confirmatory experiments, the five
piglets ventilated above the power threshold developed VILI, but the four piglets ventilated below did not. By grouping all
24 piglets, the authors found a significant relationship between the mechanical power applied to the lung and the increase in
lung weight (= 0.41, P = 0.001) and lung elastance (+* = 0.33, P < 0.01) and decrease in Pao,/Fio, (* = 0.40, P < 0.001)
at the end of the study.

Conclusion: In piglets, VILI develops if a mechanical power threshold is exceeded. (ANESTHESIOLOGY 20163 124:1100-8)

ENTILATOR-INDUCED lung injury (VILI) has

been described in various clinical' and experimental
settings,” and several factors have been considered as pos-
sible triggers for VILI. Tidal volume (TV) and plateau pres-
sure’ have been studied most as surrogates of strain and
stress, respectively.® Strain is the TV related to the lung size
capable of being ventilated. Stress is the pressure that devel-
ops in the lung structure when a force is applied and is equal
to the transpulmonary pressure applied to the lung. Other
factors such as temperature,? respiratory rate,”” and flow®’
have been described as cofactors for VILI. All these factors
together generate the energy applied to the respiratory sys-

What We Already Know about This Topic

e To minimize ventilator-associated lung injury, we avoid high
tidal volume or driving pressure; however, the role of “power”
(work applied to the lung per unit time) is uncertain.

What This Article Tells Us That Is New

* Twenty-four anesthetized piglets ventilated with a range of
tidal volume and respiratory rate developed widespread lung
injury above a threshold of 12 J/min. This finding suggests
that mechanical power applied may be taken into account for
ventilator-induced lung injury prevention.
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tem, which, expressed per minute, is the mechanical power.
Mechanical power acts directly on the lung skeleton, that is,
the extracellular matrix, deforming the epithelial and endo-
thelial cells anchored to it."” Depending on the amount of

mechanical power, the alterations to the lung parenchyma

may range from mechanical rupture!"!?

to an inflammatory
reaction due to activation of macrophages,'® neutrophils,'4

and endothelial and epithelial cells.!>1¢
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In this study, we varied the power applied to the respira-
tory system by changing the respiratory rate while keeping
the TV (strain) and transpulmonary pressure (stress) con-
stant, which we knew was lethal at 15 breaths/min."”~> Our
aim was to identify a power threshold for VILI. In a further
series of experiments, we tested the power threshold hypoth-
esis by applying power above and below the threshold and
using computed tomography (CT) scans to measure VILL."

Materials and Methods

Experimental Setting

We studied 24 healthy female piglets (21+2kg), using
15 piglets to investigate the power threshold for VILI and 9
for confirmatory experiments. This study was approved by
the Italian Board of Health (Rome, Italy) and complied with
international recommendations.? The piglets were instru-
mented with a tracheal tube, esophageal balloon, central
venous catheter, arterial line, and urinary catheter (see Sup-
plemental Digital Content 1, http://links.Iww.com/ALN/
B259, for details).

Study Protocol

Power Threshold. Five groups of piglets (three piglets per each
group) were ventilated in prone-Trendelenburg position?! at
the respiratory rates of 3, 6, 9, 12, or 15 breaths/min. Other
respiratory variables were identical in all groups: namely,
the inspiratory oxygen fraction (50%), the TV (38 ml/kg—
strain greater than 2.5," which had been previously shown
to be lethal in 54h'7""), the inspiratory:expiratory ratio
(1:2), and end-expiratory pressure at 0cm H,O. This ven-
tilatory setting generates inspiratory flows ranging from a
minimum of 0.11+0.02 /s in piglets ventilated at 3 breaths/
min to a maximum of 0.57+0.08 /s in piglets ventilated at
15 breaths/min. In these experiments, we did not attempt
to control arterial carbon dioxide tension or pH because we
had previously shown that these did not change the volume/
strain threshold for VILI in this model.'”

Confirmatory Experiments. After computing the possible
mechanical power threshold for VILI (see Supplemental
Digital Content 1, http://links.lww.com/ALN/B259), we
performed a second series of nine experiments with mechan-
ical power below (four piglets) and above (five piglets) the
threshold. In order to exclude any main effect of the respira-
tory rate on VILI development, we set the respiratory rate
at 35 breaths/min in all the confirmatory experiments. In
five of these confirmatory experiments (three above and two
below the mechanical power threshold), we kept the Paco,
in the physiological range by using an external supply. The
four piglets treated with mechanical power below the thresh-
old (8+2 J/min) were ventilated for 54h with Fio, 0.5,
TV 11+0.22ml/kg, and respiratory rate 35 breaths/min.
The five piglets treated with mechanical power above the
threshold (22+5 J/min) were ventilated with Fio, 0.5, TV
22+4ml/kg, and respiratory rate 35 breaths/min. Neither
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11 nor 22 ml/kg TV induced lethal VILI when delivered at a
respiratory rate of 15 breaths/min for 54 h.
Measurements. At baseline and every 6h or less, if changes
occurred (e.g., increase in peak/plateau pressure despite
tracheal suctioning, decrease in peripheral saturation, and
unexpected arterial hypotension or hypertension), we took
two CT scans (end-expiration and end-inspiration pause),
acquired dynamic and static pressure—volume curves of the
respiratory system, and collected a complete set of physio-
logical variables. A static pressure—volume curve was plotted
in 100-ml steps (inflation and deflation) with a supersyringe,
and a dynamic curve was acquired during tidal ventilation.

The study ended after 54 h of mechanical ventilation or if
whole-lung edema developed, defined as densities occupying
all CT scan lung fields. Piglets were euthanized with a KCI
bolus and autopsied, and samples for lung pathology were
collected.

Measured/computed variables were as follows: respiratory
variables (peak, plateau, end-expiratory airway, and esopha-
geal pressures; TV; and chest wall and lung elastances), gas-
exchange variables (arterial and central venous Po,, Pco,,
and pH), lactates, hemoglobin concentration and satura-
tion, and hemodynamics (arterial and central venous pres-
sure, urinary output, fluid intake, vasoactive drugs, and fluid
balance) (see Supplemental Digital Content 1, http://links.
Iww.com/ALN/B259, for details).

Stress Relaxation. We measured the following during the
end-inspiratory pause (5-s duration):

* Deak pressure: highest pressure recorded
* DI: pressure recorded when inspiratory flow reached zero
 D2: pressure recorded at the end of the inspiratory pause

Stress relaxation is the observed decrease in stress in response
to the same amount of strain generated in the structure and
was defined as the difference between P1 and P2 (cm H,0).
CT Scan Variables. CT scan variables were as follows: lung
weight; lung gas volume; overinflated, normally inflated,
poorly inflated, and noninflated lung tissue; and lung recruit-
ment (percentage of lung tissue that regains inflation between

end-expiration and end-inspiration pause).?>24

Lung inho-
mogeneities were computed as previously described.”> The
lung was divided into six fields (apex—hilum—base and depen-
dent/nondependent), and we visually classified the CT scan
damage as follows': grade 0, the baseline scan; grade 1,
regions of density clearly distinguishable from the remain-
ing parenchyma; grade 2, density occupying at least one lung
field; and grade 3, density occupying all six fields (see Supple-
mental Digital Content 1, http://links.lww.com/ALN/B259,
for details).

Mechanical Power

The data were analyzed in terms of power delivered to the
respiratory system, that is, the amount of energy delivered
to the respiratory system by the ventilator in the time unit
(J/min). The delivered energy per breath (airways + lung)
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was defined as the area between the inspiratory limb of the
A-transpulmonary pressure (x)—volume curve and the vol-
ume axis (y) and was measured in joule (see Supplemental
Digital Content 1, http://links.lww.com/ALN/B259, for
computation of A-transpulmonary pressure—volume curve).
Statistical Methods. Sample size was determined on the
basis of previous experience. We estimated a power thresh-
old using the data from a previously published study.!” We
estimated a lethal TV threshold of 750 ml (approximately
34 ml/kg) when delivered at a respiratory rate of 15 breaths/
min. As we set a TV of approximately 38 ml/kg, similar to
the one used in a previous study,' we expected that pig-
lets ventilated at respiratory rates of 12 and 15 breaths/min
would develop VILI but that those ventilated at respiratory
rates of 3 and 6 breaths/min would not. We were unable
to make any prediction about the piglets ventilated at
9 breaths/min, but we estimated that—if the study hypoth-
esis was confirmed—with at least six piglets treated below
the threshold and six treated above the threshold, it would
be sufficient to demonstrate changes in most of the CT scan
and physiological variables.!”

The relationship between mechanical power and severity
of CT scan damage was assessed with the Spearman correla-
tion. The effect of respiratory rate on physiological and CT
scan variables at baseline was assessed with linear regression.

Mechanical Power and Ventilator-induced Lung Injury

In both cases, mechanical power was used as a continuous
variable, CT scan damage was assessed as a categorical vari-
able, and changes in oxygenation, lung elastance, and total
lung weight were assessed as continuous variables. Changes
in physiological variables between the start and the end of
the confirmatory experiments in piglets ventilated with
mechanical power above and below the threshold were com-
pared using an unpaired 7 test. A P value of less than 0.05 was
considered to indicate statistical significance. All tests were

two tailed. Statistical analysis was done using R software.?

Results
The baseline physiological and CT scan variables at 3, 6, 9,

12, and 15 breaths/min are summarized in table 1. Owing
to the different total ventilation, there were differences only
in Paco, and pH, whereas oxygenation, mechanics, and CT
scan-related variables were similar at all respiratory rates.
pH was acidotic at the respiratory rate 3 breaths/min and
alkalotic at 6, 9, 12, and 15 breaths/min. The transpulmo-
nary mechanical power increased with the respiratory rate
(mechanical power = delivered energy per breath x respira-
tory rate). Whereas the respiratory rate rose five-fold from 3
to 15 breaths/min, the mechanical power increased approxi-
mately 11 times from 2+ 0.2 to 22+ 2 J/min due to the effect
of flow (table 2).

Table 1. Baseline Physiological Variables, Lung Mechanics, and CT Scan Parameters in Piglets
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RR 3 RR 6 RR9 RR 12 RR 15
n=3 n=3 n=3 n=3 n=3 P Value r?
Weight (kg) 212 22+2 212 212 20+2 0.44 0.05
%
ml 775+90 81371 825+125 767 +29 800+87 1 0
ml/kg 374 38+2 39+2 37+3 400 0.27 0.09
Strain (TV/FRC) 3.0+0.2 29+04 2.5+0.3 3.4+0.6 2.1+0.8 0.64 0.02
TV/tissue (ml/g) 2.0+£0.3 1.8+0.1 22+04 2.1+01 2.1x0.5 0.48 0.05
Peak pressure (cm H,0) 311 375 40+3 40+4 46+6 < 0.0001 0.74
Plateau pressure (cm H,0) 27 +1 26+1 26+1 272 272 0.09 0.21
Transpulmonary pressure (cm H,0) 18«1 17+4 15+2 20+2 19+3 0.39 0.06
Pao,/Fio, 501 +81 526+55 484+35 531+27 506+88 0.9 0
pH 7.35+0.13 7.56+0.12 7.66+0.06 7.65+0.04 7.74+0.08 < 0.001 0.64
Paco, (mmHg) 55+16 29+10 237 21+3 15+5 < 0.001 0.61
Respiratory system elastance (cm H,0/)  33.2+5.0 29.8+5.3 29.0+6.7 35.4+2.4 34.1+£6.4 0.95 0
Lung elastance (cm H,0/l) 24+3 22+6 19+6 28+1 26+5 0.67 0.01
Chest wall elastance (cm H,0O/l) 9+5 8+4 102 8+3 8+4 0.60 0.02
Mean arterial pressure (mmHg) 100+24 96 +27 99+8 95+19 87+28 0.47 0.04
Heart rate (beats/min) 98+46 100+13 12840 135+15 11325 0.25 0.1
Total lung volume (ml) 670+69 629+53 716+95 547 +37 814+197 0.43 0.06
Total lung tissue (g) 403+12 421+36 386+7 370+15 389+67 0.31 0.09
Well-inflated tissue (%) 21+10 3+2 38+21 8+7 52+27 0.17 0.16
Poorly inflated tissue (%) 71+9 87+3 55+17 78+2 42+26 0.11 0.21
Noninflated tissue (%) 8+1 101 7+4 15+9 6+4 0.96 0
Inhomogeneity (%) 7.6+1.7 8.6+1.9 7.2+3.6 9.8+1.3 7.2+3.7 0.94 0

Piglets are divided according to the respiratory rate (RR) (breaths/min). Data are mean + SD. We tested the effect of increasing RR with linear regression to
avoid type 2 error due to the small number of piglets in each group. Computed tomography (CT) scan was not available for two piglets (with RR 3 and RR
6 breaths/min). We reported the lung strain, defined as tidal volume (TV) divided by functional residual capacity (FRC), and the ratio of TV to lung tissue at
the beginning of the study as it is the lung tissue that is deformed by TV.

Anesthesiology 2016; 124:1100-8 1102 Cressoni et al.

Copyright © 2016, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


http://links.lww.com/ALN/B259

CRITICAL CARE MEDICINE

Table 2. Energy per Breath and Mechanical Power at Different Respiratory Rates in Piglets

RR 3 RR 6 RR9 RR 12 RR 15
n=3 n=3 n=3 n=3 n=3 P Value r
Delivered dynamic transpulmonary energy 0.72+0.081 1.2+0.57 1.1+£0.29 1.1+£0.16 1.4+0.1 0.02 0.35
per breath (J)
Average inspiratory flow (I/s) 0.11+0.02 0.24+0.02 0.37+0.07 0.43+0.01 0.57+0.08 <0.0001 0.93
Mechanical power (transpulmonary) (J/min) 2+0.2 7+3 10+3 14+2 22+2 <0.0001 0.90

Piglets are divided according to the respiratory rate (RR). Data are mean + SD. We tested the effect of increasing RR with linear regression to avoid type 2

error due to the small number of piglets in each group.

Development of VILI

The effects of the mechanical power on VILI are presented in
figure 1A, which shows the severity of lung damage in rela-
tion to the mechanical power. Up to a mechanical power of
approximately 12 J/min, CT scans showed mostly isolated
densities, whereas above approximately 12 J/min, all piglets
developed whole-lung edema. Figure 1B illustrates the nine
confirmatory experiments performed below and above the
VILI threshold. Piglets with normocapnia developed VILI
when ventilated above the threshold. Table 3 summarizes the

differences in the main physiological and CT scan features at
the beginning and at the end of the study. Piglets ventilated
with a mechanical power above the threshold had a larger
increase in lung weight at the end of the study (412+55
vs. 20+£47 g, P < 0.0001), greater lung elastance (59+7 uvs.
16+9cm H,O/l, P<0.001), and larger drop in oxygenation
(-332%59 vs. -20£ 81 mmHg, P < 0.001).

Higher power at the beginning of mechanical ventila-
tion was associated with increases in lung weight (* = 0.41,
P = 0.001) and elastance (#* = 0.33, P = 0.003) and a

A B

Whole lung |
edema

® e o ® oA

One-field |
edema

Isolated |
densities

Baseline

%20z Iidy 81 uo 3s8nb Aq ypd*22000-0 00509102/S0298+/001 L/S/+Z L /3pd-ajo1e/ABojoISayIsaUE/LI0D JIeUDIBA|IS ZeSE//:d)Y WOl papeojumog

T T T T T T T

0 5 10 15 20 25 30

1T T T T T 1
0 5 10 15 20 25 30

Transpulmonary Mechanical Power (J/min)

Fig. 1. Computed tomography (CT) scan showing lung damage in relation to transpulmonary mechanical power. The last ex-
piratory CT scan acquired before the end of the study was qualitatively analyzed. Lung damage was rated as follows: grade
0 = baseline (no new lesions appeared during the study); grade 1 = isolated densities (new densities distinguishable from the
surrounding parenchyma); grade 2 = one-field edema (edema occupying at least one of the six lung fields) (apex-hilum-base
and dependent/nondependent); and grade 3 = whole-lung edema (edema in all lung fields). Lung-damage severity is plotted in
relation to the transpulmonary mechanical power. (A) Black dots indicate 13 of the 15 piglets ventilated with high tidal volume
and different respiratory rates (CT scan not available for two piglets). Spearman rank correlation was applied, giving a correla-
tion coefficient (p) of 0.86 (P < 0.001). (B) lllustrates the nine confirmatory experiments (lower tidal volume and higher respiratory
rate). Circles represent piglets ventilated without arterial carbon dioxide control, triangles represent piglets ventilated with arterial
carbon dioxide control by variable supplementation, and the square represents the piglet that developed pneumothorax after the
formation of a giant bulla. Spearman rank correlation was applied, giving a correlation coefficient (p) of 0.89 (P = 0.001).
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Table 3. Physiological Variables, Energy Load, Lung Mechanics, and CT Scan Parameters in Piglets Ventilated with Mechanical

Power below and above Threshold

Low Mechanical
Power < 12 J/Min;

Tidal Volume 11+0.22 ml/kg;

High Mechanical
Power > 12 J/Min;
Tidal Volume 22 +3.9 ml/kg;

Respiratory Rate Respiratory Rate
35 Breaths/Min (n = 4) 35 Breaths/Min (n = 5) P Value
Piglet weight (kg) 22+5 24+5 0.46
Transpulmonary energy per breath (J) 0.23+0.065 0.64+0.13 < 0.001
Mechanical power (J/min) 7.9+2.3 22+4.7 < 0.001
Average inspiratory flow (I/s) 0.42+0.09 0.93+0.21 <0.01
Plateau pressure (cm H,0) ]
Start +1 182 g
End +2 50+6 8
Delta +2 3216 < 0.001 3
Transpulmonary pressure (cm H,0) %
Start 841 10+5 Z
End 122 375 5
Delta 3+3 2743 <0.0001 &
Pao,/Fio, 5
Start 463+46 510+55 g
End 44447 178+88 g
Delta -20+81 -332+59 < 0.001 3
pH* g
Start 7.51+£0.108 7.43+0.0339 7.75+£0.0198  7.45+0.0387 3
End 7.6+0.0714 7.43+0.00141 7.35+0.0297 7.4+0.0326 g—
Delta 0.04+£0.0638 -0.189+0.2 0.06 ‘§
Paco, (mmHg)* g
Start 39+5 41+2 161 40+5 g
End 19+2 43+0 28+ 1 45+2 §
Delta -9+12 + 0.07 a
Respiratory system elastance (cm H,O/l) 3
Start 57+9 4011 &
End 72+19 95+17 S
Delta 14+11 55+8 <0.01 8
Lung elastance (cm H,0/) 3
Start 3811 26+15 8
End 54x15 85:21 g
Delta 16+9 59+7 < 0.001 S
Chest wall elastance (cm H,0/l) E_i
Start 19+2 146 g
End 18+6 10+5 3
Delta 17 —4+1 0.48 S
Total tissue (g) »
Start 337+33 393+71 g
End 357+31 781+78 8
Delta 2047 41255 < 0.0001 =
Inhomogeneity (% of lung volume)
Start 7+2 7+2
End 12+2 26+9
Delta 5+4 18+11 0.09

P values are for unpaired t tests. Data are mean + SD. One piglet (high mechanical power) was excluded from the mechanical and computed tomography
(CT) scan data because it developed pneumothorax after the formation of a gigantic bulla."pH and PaCO, columns report separately the data for piglets in
which arterial PaCO, was not controlled (right column) and for those in which it was kept constant by variable supplementation (left column).

Delta = difference between the last recorded value (End) and the first recorded value (Start); End = last data collection; Start = first data collection after
setting study tidal volume.

decrease in Pao,/Fio, (* = 0.40, P < 0.001) at the end of the
experiment (fig. 2). All piglets ventilated with higher power
developed full-blown (all-field lung) edema. The experiment
ended after 34+ 13 h.

In piglets treated with mechanical power below the thresh-
old, the energy delivered by a single breath remained constant
up to the end of the study. In contrast, in piglets where the
mechanical power at baseline was greater than the threshold, the
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Fig. 2. Effects of transpulmonary mechanical power on lung
weight, oxygenation, and lung mechanics in piglets. Black cir-
cles represent the 15 piglets ventilated with high tidal volume
(approximately 38 ml/kg). Computed tomography (CT) scans
of lung weights were available for 13 piglets. Open symbols
indicate the nine confirmative experiments (lower tidal volume
and higher respiratory rate). Open circles represent piglets
ventilated without arterial carbon dioxide control, triangles
represent piglets ventilated with arterial carbon dioxide con-
trol by variable supplementation. In confirmatory experiments,
piglets were intubated with an endotracheal tube with internal
diameter of 8 mm, so transpulmonary mechanical power is un-
derestimated in confirmatory experiments in comparison with
the main experiments. (A) Lung weights at the start (baseline
expiratory CT scan) and at the end of the study (last expiratory
CT scan). A Lung weight (g) = 69.5 + 14.8 x transpulmonary
mechanical power (2 = 0.41, P = 0.001). (B) Pao,/Fio, from the
start to the end of the study. A Pao,/Fio, =28.7 — 13.1 x trans-
pulmonary mechanical power (> = 0.40, P < 0.001). (C) Lung
elastance from the start to the end of the study. A Lung elas-
tance (cm H,0/l) = —4.11 + 1.41 x transpulmonary mechanical
power (r? = 0.33, P < 0.01).

energy delivered by a single breath rose during the study (fig. 3).
The increases in transpulmonary energy per breath were posi-
tively correlated with the worsening of lung strain (#* = 0.14,
P < 0.0001), collapse and decollapse (* = 0.23, P < 0.0001),
and lung inhomogeneity (* = 0.37, P < 0.0001) (fig. 4).
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Fig. 3. Dynamic airways pressure-volume curves at differ-
ent respiratory rates (RRs) in piglets. Each curve was ob-
tained averaging airway pressure and volume for a single
respiratory cycle in each group (RRs were 3 [magenta],
6 [violet], 9 [blue], 12 [dark red], and 15 [green] breaths/
min). As each group comprised three piglets, each curve
is the average of these, so we have five curves, one for
each RR. At the higher RRs, by the end of the study, the
inspiratory limb of the curve is shifted to higher pressures,
indicating that the total delivered energy to the respiratory
system is increased. This figure is purely representative as
the expiratory limb of the curve is dependent only on expi-
ratory flows and resistances. (A) Average airway pressure—
volume curves at different RRs at baseline. The changes in
total delivered energy to the respiratory system at different
rates were analyzed with linear regression: total delivered
energy to the respiratory system (J) = 1.109 + 0.043 x RR
(r* = 0.28, P = 0.04). (B) Average airway pressure-volume
curves at different RRs at the end of the study. The to-
tal delivered energy to the respiratory system at different
rates was analyzed with linear regression: total delivered
energy to the respiratory system (J) = 0.806 + 0.140 x RR
(r*=0.72, P < 0.0001).

Stress Relaxation

The transpulmonary energy per breath was associated with
“stress relaxation,” that is, the drop in airway pressure during
an end-inspiratory pause (see fig. 11; Supplemental Digital
Content 1, http://links.lww.com/ALN/B259).

Histology

Lungs of animals that did not develop ventilator-induced
lung edema appeared macroscopically pink and normally
inflated, with only small areas of atelectasis. In contrast,
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Fig. 4. Determinants of transpulmonary (TP) mechanical power. Transpulmonary mechanical power was computed from dy-
namic transpulmonary pressure-volume curves (collected throughout the study) and is presented in relation to three possible
determinants of ventilator-induced lung injury. Changes from baseline in intratidal opening and closing, strain, and extent of
lung inhomogeneities are divided into quartiles, and the changes in delivered dynamic transpulmonary energy are presented as
mean =+ standard error. Regression lines were not computed on means but on individual data points (see Supplemental Digital
Content 1, http://links.lww.com/ALN/B259). (A) A Delivered dynamic transpulmonary energy (J) = 0.09 + 0.03 x A intratidal open-
ing and closing (%), r> = 0.23, P < 0.0001. (B) A Delivered dynamic transpulmonary energy (J) = 0.23 + 0.24 x A strain, r> = 0.14,
P < 0.0001. (C) A Delivered dynamic transpulmonary energy (J) = 0.08 + 0.04 x A lung inhomogeneity (%), r> = 0.37, P < 0.0001.

lungs of piglets that developed VILI were purple and con-
gested. Blinded qualitative assessment indicated that histo-
logical changes (hyaline membranes, ruptured alveoli, and
interstitial and intraalveolar infiltrate) tended to be more
severe in piglets that developed ventilator-induced lung
edema. However, the piglets that did not develop edema also
presented relevant histological alterations (see table 7 and
fig. 22 in the Supplemental Digital Content 1, http://links.
Iww.com/ALN/B259).

Discussion

In this study, we hypothesized that, for VILI to occur, what
matters is the amount of energy delivered to the respiratory
system in the unit of time (joule/min), that is, the mechani-
cal power. In these healthy piglets, widespread edema devel-
oped only when the delivered transpulmonary mechanical
power exceeded 12.1 J/min.

Mechanical ventilation, depending on the ventilator
setting and the lung mechanics, is based on different com-
binations of TV, airway pressures, flows, and respiratory
rates. We quantified these variables, together, as mechani-
cal power. TV 2.5 times the functional residual capacity
(38 ml/kg) resulted in lethal widespread edema within 54 h
if delivered at a respiratory rate of 15 breaths/min,"'? with
lesions starting at the interfaces between structures with dif-
ferent elasticity (stress raiser).!” We postulated that VILI was
not due to the TV per se but due to the mechanical power,
that is, the product of TV, plateau pressure, and respiratory
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rate. To prove this theory, in the first 15 experiments, we
lowered the respiratory rate: the TV that was lethal at 15
breaths/min was not lethal at 3, 6, and 9 breaths/min. This
established the mechanical power threshold at approximately
12 J/min. The idea that lowering the respiratory rate might
be beneficial, permitting lung rest and protection, has already
been used clinically”” and experimentally,”®* together with
extracorporeal carbon dioxide removal. Those studies, how-
ever, did not focus directly on VILI as an endpoint. There are
only a few reports of studies on the effect of respiratory rate
on VILIL, most of them finding that the higher the rate, the
worse the damage.””

If the power is “excessive,” then the chemical bonds of
the polymers composing the extracellular matrix may be
disrupted. This can be considered a kind of “extracellular
matrix fatigue” in analogy with material fatigue, where
microfractures result from cyclic application of mechanical
power above a given threshold.!® Furthermore, the micro-
fractures of the polymers of the extracellular matrix pro-
duce low-molecular-weight hyaluronans, which may act
as a trigger for both an inflammatory reaction®® and repair
processes.>*3!

Our nine confirmatory experiments corroborated the
mechanical power hypothesis. TVs of 11 and 22 ml/kg at
a respiratory rate of 35 breaths/min produced mechani-
cal power below and above the threshold, respectively. The
piglets above the threshold developed VILI, whereas those
below the threshold did not. These findings suggest that
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neither the TV alone (38, 22, and 11 ml/kg) nor the respira-
tory rate (15 or 35 breaths/min) is the cause of VILI, which
instead is induced by their combination when the mechani-
cal power produced is higher than a certain threshold. In
this experimental setting, quite likely because of the wide
mechanical power variations induced, we could not find any
difference with or without control of the Pco,. Increases in
mechanical power were associated with a deterioration of the
main CT scan variables, such as intratidal opening and clos-
ing,>33 lung strain,’® and extent of lung inhomogeneity.”
The damaged lung needed increased mechanical power to
be ventilated at constant TV: the reduction of inflated lung,
the decrease in open airways, and the increased collapse all
lead to a rise in pressures and flows. This will result, for a
given TV, in an increase in the delivered mechanical power,
accelerating the vicious cycle that might partly explain the
exponential increase of lung damage previously observed
when we studied the time course of VILIL."

We may wonder to what extent the results of this study
can be translated to a clinical scenario. The TV that we used
largely exceeded that adopted in clinical practice (38 ml/kg
as opposed to 6 ml/kg)'; however, in acute respiratory dis-
tress syndrome, the tissue open to ventilation becomes pro-
gressively less in proportion to severity. Consequently, with
lower TV, levels of strain may be similar.> Moreover, stress
raisers may worsen the whole situation.?>34 The basic concept
of the lung-protective strategy, in our opinion, is to provide
the lowest possible mechanical power while maintaining the
lung as homogenous as possible by prone positioning® and
“adequate” positive end-expiratory pressure.’® Although the
TV concept is well accepted in the lung-protective frame-
work,? less attention has been paid to the respiratory rate.
Too high a respiratory rate may well cause damage, even if
the TV is at least partly reduced. High-frequency oscilla-
tions,”® as an example, may at first glance seem a safe form
of support, as the delta-volume is low. However, the energy
required to oscillate the system may be so high as to exceed
the energy threshold for VILI. Therefore, in our opinion,
paying attention to mechanical power might help extending
our focus on VILI, taking into account not only the TV and
driving pressure, as recently suggested,” but also the flows
and the respiratory rate and—maybe more important—their
combination. Thus, any reduction in any component of the
cyclic mechanical power should lower the risk of VILL
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