CRITICAL CARE MEDICINE

ANESTHESIOLOGY

Does Iso-mechanical
Power Lead to Iso-lung
Damage?

An Experimental Study in a Porcine
Model

Francesco Vassalli, M.D., lacopo Pasticci, M.D.,

Federica Romitti, M.D., Eleonora Duscio, M.D.,

David Jerome ABmann, M.S., Hannah Griinhagen, M.S.,
Francesco Vasques, M.D., Matteo Bonifazi, M.D., Mattia
Busana, M.D., Matteo Maria Macri, M.D., Lorenzo Giosa, M.D.,
Verena Reupke, D.V.M., Peter Herrmann, M.Sc.,

Gunter Hahn, M.Sc., Orazio Leopardi, M.D.,

Onnen Moerer, M.D., Michael Quintel, M.D.,

John J. Marini, M.D., Luciano Gattinoni, M.D., F.R.C.P.

ANESTHESIOLOGY 2020, 132:1126-37

1126

EDITOR’S PERSPECTIVE
What We Already Know about This Topic

Ventilator-induced lung injury results from a complex interaction of
physical variables involved in mechanical ventilation (tidal volume,
respiratory rate [RR], positive end-expiratory pressure [PEEP], driv-
ing pressure, resistances, and flow).

Although each variable has been previously studied in isolation, their
overall effects within the recent construct of mechanical power (the
product of change of lung volume and absolute pressure) delivered
to the lung per unit of time (J/min) remains controversial.

Previous animal studies have demonstrated mechanical power
thresholds related to ventilator-induced lung injury, the adverse
effects of high respiratory rate on low tidal volume ventilation in ven-
tilator-induced lung injury, and the adverse effects of PEEP above a
certain mechanical power threshold on ventilator-induced lung injury.

What This Article Tells Us That Is New

The authors studied 42 healthy sedated pigs ventilated in the prone
position for 48 h, controlling anesthetic level, hemodynamics, and
temperature.

Three ventilatory strategies (high tidal volume, high RR, or high
PEEP) were studied at two levels of mechanical power (15 or 30
J/min, regulated by manipulating the other component variables).
Measurements included hemodynamics, lung mechanics, gas
exchange, lung histology, and lung weight.

ABSTRACT

Background: Excessive tidal volume, respiratory rate, and positive end-ex-
piratory pressure (PEEP) are all potential causes of ventilator-induced lung
injury, and all contribute to a single variable: the mechanical power. The
authors aimed to determine whether high tidal volume or high respiratory
rate or high PEEP at iso-mechanical power produce similar or different venti-
lator-induced lung injury.

Methods: Three ventilatory strategies—high tidal volume (twice baseline
functional residual capacity), high respiratory rate (40 bpm), and high PEEP
(25cm H,0)—were each applied at two levels of mechanical power (15 and §
30 J/min) for 48 h in six groups of seven healthy female piglets (weight: 24.2 3
+ 2.0kg, mean + SD).
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Results: At iso-mechanical power, the high tidal volume groups immediately 3
and sharply increased plateau, driving pressure, stress, and strain, which all 5
further deteriorated with time. In high respiratory rate groups, they changed g
minimally at the beginning, but steadily increased during the 48 h. In contrast, Z
after a sudden huge increase, they decreased with time in the high PEEP §
groups. End-experiment specific lung elastance was 6.5 = 1.7cm H,0 in 5
high tidal volume groups, 10.1 + 3.9¢m H,0 in high respiratory rate groups,

and 4.5 = 0.9cm H,0 in high PEEP groups. Functional residual capacity
decreased and extravascular lung water increased similarly in these three
categories. Lung weight, wet-to-dry ratio, and histologic scores were similar, &
regardless of ventilatory strategies and power levels. However, the alveolar
edema score was higher in the low power groups. High PEEP had the great- &
est impact on hemodynamics, leading to increased need for fluids. Adverse g
events (early mortality and pneumothorax) also occurred more frequently in §
the high PEEP groups.
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Conclusions: Different ventilatory strategies, delivered at iso-power, led to &
similar anatomical lung injury. The different systemic consequences of high &
PEEP underline that ventilator-induced lung injury must be evaluated in the
context of the whole body.

(AnesTHESIoLoGY 2020; 132:1126-37)

What This Article Tells Us That Is New (Continued)

e High PEEP, as expected, had the greatest adverse hemodynamic
impact.

e For all strategies, similar degrees of histologic lung injury and extra-
vascular lung water accumulation occurred by 48 h, despite different
time courses.

e Paradoxically, a greater degree of alveolar edema occurred at lower
mechanical power, perhaps explained by different hemodynamic pat-
terns that favored or reduced extravascular fluid accumulation.

e These data suggest that over time, the integrated effects resulting
from high tidal volume, high RR, or high PEEP are more important
than the direct and immediate consequence of any one of them alone.
Ventilator-induced lung injury should be considered holistically in the
context of whole-body physiology rather than as an isolated effect on
the lung alone.
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Il primary components of mechanical ventila-

tion, namely tidal volume (V_),"* driving pressure,’
inspiratory flow,® respiratory rate (RR),” and positive
end-expiratory pressure (PEEP),* have been recognized
as potential contributors to ventilator-induced lung
injury. Taken together, they are components of a “sum-
mary variable”: the mechanical power.” The computation
of mechanical power is based on the motion equation':
the total pressure present in the respiratory system at any
given time is the sum of the pressure required to over-
come the incremental elastic load (V. - respiratory system
elastance), the pressure required to move the gas through
the respiratory system (flow - resistance), and the pressure
stored in the respiratory system at end-expiration (PEEP).
The sum of each of these pressures, multiplied by the V.,
equals the inflation energy spent during each breath. This
inflation energy per cycle, multiplied by RR, determines
the mechanical power, expressed in joules per minute
(Supplemental Digital Content, http://links.lww.com/
ALN/C261). While V. and RR are unquestioned compo-
nents of the mechanical power, more controversial has been
the inclusion of PEEP in the mechanical power formula,'!
as no energy must be spent to maintain a given level of
PEEP if the lung remains motionless. It must be pointed
out, however, that to inflate the lung from a given level of
PEEP requires an energy input relative to its relaxed baseline
greater than the potential energy stored in the lung at that
PEEP level. Indeed, the energy required equals the absolute
pressure times the change in volume. In work specifically
aimed to test PEEP as a component of mechanical power,
we found a U-shaped relationship of PEEP to lung damage:
harmful at zero end-expiratory pressure, harmless at 4 to
7cm H,0O, and increasingly harmful over the range from 11
to 18cm H,O.?

The possible association between mechanical power and
mortality/ventilator-induced lung injury has been found in
critically ill patients receiving mechanical ventilation for at
least 48h'? and in patients without acute respiratory distress
syndrome (ARDS)," as well as in experimental animals with
healthy' or diseased lungs.”> Despite these promising sig-
nals of the usefulness of mechanical power as an indicator of
damage risk, the relative weights of the mechanical power
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Lung Damage at Iso-mechanical Power

components in determining ventilator-induced lung injury
has not been investigated. Indeed, the same value of mechan-
ical power of inflation may be reached independently of
the principal component variable being altered, V., RR, or
PEEP. Yet within this framework of iso-mechanical power,
it is unknown whether the overall lung damage inflicted
by each component is similar, suggesting that the primary
cause of ventilator-induced lung injury is the mechanical
power per se, or whether ventilator-induced lung injury dif-
fers depending on the dominant component variable influ-
encing power. The objective of this study was to answer
this question by comparing in healthy piglets the individual
effects of highV_, high RR, and high PEEP, each delivered
at two levels of mechanical power (15 and 30 J/min), on
lung mechanics, hemodynamics, and gas exchange as well as
on macroscopic and histologic lung anatomy:.

Materials and Methods

The study, approved by local authorities (18/2795, LAVES,
Oldenburg, Niedersachsen, Germany), included 42 healthy
domestic piglets (body weight, mean + SD, 24.2 + 2.0kg),
which were maintained under total intravenous general
anesthesia throughout the experiment (sufentanil, propo-
fol, and midazolam). The animals were mechanically ven-
tilated in volume-controlled mode, in prone position for
48h at a constant inspired fraction of oxygen (0.40). They
were instrumented with esophageal balloon, central venous,
pulmonary artery, femoral artery, and urinary catheters.
Crystalloids were infused as maintenance fluid, and nor-
epinephrine and colloids were administered as needed to
maintain a mean arterial pressure greater than 60 mmHg.
Epinephrine was added to increase cardiac output if hemo-
dynamic instability developed (for the details of experimen-
tal procedure see Supplemental Digital Content, http://
links.Iww.com/ALN/C261).

Experimental Design

We studied healthy animals so that whatever damage
occurred could be attributed uniquely to mechanical ven-
tilation. Forty-two pigs were allocated among six groups
(seven pigs each) defined by two levels of mechanical power
(high, approximately 30 J/min, or low, approximately 15 J/
min) and three ventilatory strategies, in which the domi-
nant mechanical power component wasV_, RR, or PEEP.
We decided to apply 15 and 30 J/min of mechanical power
to confirm the results of a previous study, in which 25 £ 1.7
J/min over 48h discriminated between lower and higher
degrees of lung damage. In highV groups, we setV  equal
to functional residual capacity (FRC) times 2.5 (approx-
imately 30 to 35ml/kg). To deliver this V at 15 or 30 J/
min, we arbitrarily chose to keep the PEEP constant at 5cm
H,O and to vary the RR from 7 to 15 bpm.This appliedV |
is known to produce lung damage in similar sized healthy
pigs ventilated over extended periods.'® In the high RR
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group, we set the RR at 40 breaths/minute. To deliver this
frequency at 15 or 30 J/min, we kept the PEEP constant
at 5cm H,O, as the V. was adjusted from 10 and 14ml/
kg. This frequency was arbitrarily chosen as a compromise
to deliver potentially harmful RR, while minimizing the
auto-PEEP. In the high PEEP groups, we set PEEP at 25 cm
H,O. We were obligated to use such a high level of PEEP
so as to reach the targeted level of mechanical power, which
increases only linearly with PEEP, instead of exponentially,
as with V. and RR.” To deliver a mechanical power of 15
and 30 J/min in this group while maintaining a nonharm-
ful V. in healthy lungs, we maintained 13 ml/kg of V and
varied the frequency from 11 to 21 bpm. The ventilatory
variables and the settings of the injurious ventilation are
presented in figure 1 and detailed in table 1.

Experimental Procedure

The piglets were randomly allocated to one of the six groups
and ventilated according to the predefined respiratory set-
tings (V, RR, and PEEP) for 48 h. Every 6 h we measured
ventilatory, hemodynamic, and gas exchange variables. We
measured FRC every 12h via multiple breath helium dilu-
tion in a closed system.'” The animals were euthanized at

a5 45
40
35
30
25
20
15

10

High power

Low power

the end of the experiment by injection of pentobarbital
and potassium chloride. Autopsy was performed and lung
weight and wet-to-dry ratios measured. Coded samples for
histology were taken from apical, middle, and basal lung
sectors, both in dependent and nondependent lung regions.
The experimental procedures for sampling and analysis are
detailed in the Supplemental Digital Content text and fig-
ure 1 (http://links.Iww.com/ALN/C261).

Statistical Analysis

No a priori statistical power calculation was conducted;
the sample size was based on our experience with previ-
ous experiments. For the sake of clarity, data are presented
classifying the six groups either according to the mechan-
ical power level, regardless of the ventilatory strategy, or
according to the ventilatory strategy (high V.. vs. high RR
vs. high PEEP), regardless of the mechanical power (30 J/
min = higher power vs. 15 J/min = lower power; hereafter
we will refer to these two levels as high and low, respec-
tively). Data are presented as mean and SD; No. refers to
the number of animals. We tested the normal distribution of
the variables with the Shapiro—Wilk test. To evaluate differ-
ences in continuous variables at a given time point, we used

High tidal volume High respiratory rate High PEEP Groups

Mechanical
power

29.1+29 13.8+1.7

20.8+7.9 20.2+85 21.3+85

Joules/min

Fig. 1. (Left) Average values for tidal volume (V,), respiratory rate (RR), and positive end-expiratory pressure (PEEP) in the higher mechanical
power group (n = 21) and in the lower mechanical power group (n = 21). The individual components (V,, RR, PEEP), were not statistically
different between the two power categories. (Right) Average V., RR, and PEEP values in the high V. group (n = 14), in the high RR group
(n = 14), and in the high PEEP group (n = 14), as measured at the beginning of intervention protocol. The RR was significantly higher in the
high PEEP group than in the high V; group (P < 0.001), the V.- values were similar between the high respiratory rate group and the high PEEP
group (P = 0.645), and the PEEP level was significantly higher in the high RR group than in the high V. group (P < 0.001). Note that in the
higher RR group, the set PEEP was 5¢m H,0, while the actual end-expiratory pressure totaled ~8 to 10cm H,0 (constant throughout the

experiment), due to the auto-PEEP phenomenon.
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Table 1. Experimental Ventilatory Settings

Lung Damage at Iso-mechanical Power

High VT High RR High PEEP
Groups L, H, L, H, L, H,
Mechanical power (J/min) 13623 28.0+27 143+1.8 30129 13.4+09 29.2+3.0
20879 222+85 21.3+85
Energy per breath (J) 21+08 1.9+03 0.4 +0.1 0.7+041 1.2+041 1.4+01
2006 05+0.2 1.3+01
V; (ml/kg) 333x52 322=+241 105+1.2 145+1.4 13.6+1.1 13117
32.7+38 125+24 13414
RR (bpm) 7x2 15+2 40=+0 4 x2 11 +1 221
11+5 401 16+6
End-expiratory pressure (cm H,0) 46+05 59+0.6 73+0.8 94+12 23.2+0.6 248+1.0
53+09 83=x15 240=+141
Driving pressure (cm H,0) 29.1 +6.1 26.1 =341 94 +141 131+25 256+24 309+55
27649 11.3+27 28.3+49
Minute ventilation (//min) 56+0.6 11511 9.7+09 144+0.8 35+03 6.9+0.6
8.6+32 121+26 52+18
Mean airway pressure (cm H,0) 10.1+£1.2 14917 11.6+0.8 15408 30118 376+3
125+2.8 13.5+21 339=+45
Inspiratory flow (I/s) 353+115 416 =121 31429 46.1+48 13.0+35 179+ 3.0
384+11.8 38.8+85 15.4+4.0
Inspiratory/ expiratory ratio 05+04 0.7+0.3 0.7+0.2 0.7+01 0.6+0.3 09+0.2
0.6+0.3 0.7+0.1 07+0.3
Plateau airway pressure (cm H,0) 33.7+59 320+28 16.6 = 1.6 225+1.8 48927 55.7+54
328=+45 196+ 3.4 52354
Resistive pressure (cm H,0) 6.9+3.2 72+2 35+0.6 6.0+ 0.6 38+17 43+11
7.0+26 48+15 41+14

Ventilatory parameters of the six experimental groups at the beginning of injurious ventilation. Values are expressed as mean + SD. Groups are defined according to the principal
component variable determining the mechanical power and according to the level of mechanical power. The ventilatory parameters are presented either referring to the six groups
(seven pigs each), defined by two variables (principal component and power level, /ateral columns) or referring to the three groups defined by one variable, the principal component,
regardless of mechanical power (14 pigs per group, central columns). Of note, the set PEEP was 25cm H,0 in the high PEEP groups and 5¢m H,0 in the other groups; however, the

end-expiratory pressure could differ from the set PEEP due to air trapping (auto-PEEP). H,, higher power; L,

rate; V.

, tidal volume.

a two-sample independent ¢ test for mechanical power level
comparisons and independent sample one-way ANOVA for
ventilatory strategy comparisons, Fisher’s exact test was used
to compare categorical variables. To evaluate the different
time courses of mechanics, hemodynamics,and gas exchange
variables among groups (repeated measures, excluding base-
line values), we used a linear mixed model: the fixed effects
are the ventilatory strategy (high V_, high RR, high PEEP
groups), the mechanical power (high and low groups), and
the interactions between each of them and time, while the
animals are the random effect. This model ignores the miss-
ing data, but produces outputs with the same numbers of
observations compared with the original dataset. This model
allowed detection if the time course of the given variable
was significantly different among the power levels and ven-
tilatory strategies. A linear regression was used to follow the
changes of a given variable within a ventilatory strategy with
time. Post hoc comparisons were conducted using Tukey’s
test. A P value less than 0.05 was considered statistically
significant (two-tailed testing). Outliers were not excluded
from the analyses. The end-experiment variables were the
ones measured after 48h (34 pigs) and the last measured
before death in the pigs that died during the experimental

- lower power; PEEP, positive end-expiratory pressure; RR, respiratory

procedure. Analyses were performed with R software ver-
sion 3.5.2 (R Foundation for Statistical Computing, Austria,
libraries Rcmdr, nlme, emmeans).

Results

Mechanical, hemodynamic, and gas exchange variables
differed strikingly among the three ventilatory strategies,
primarily due to the setting applied. Their time courses
throughout the experiment are reported in detail in the
Supplemental Digital Content, figures 2 to 25 (http://links.
lww.com/ALN/C261).

High V; Group

Mechanics. Altered mechanics were characterized by the
obviously sudden increases of plateau pressure (from 14.0
T 1.4 to 32.8 £ 45cm H,0), driving pressure (8.9 *
1.4 to 27.6 £ 4.9cm H,0), and lung stress (6.8 £ 2.7 to
17.2 £ 47cm H,O). With time, all these variables wors-
ened further. Indeed, the plateau pressure rose up to 37.8
T 12.9cm H,O (P = 0.025; Supplemental Digital Content
fig. 2, http://links.Iww.com/ALN/C261), the driving
pressure increased up to 32.5 + 12.6cm H,O (P = 0.037;
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Supplemental Digital Content fig. 3, http://links.lww.com/
ALN/C261), and the lung stress reached 22.2 + 9.8cm
H,O (P = 0.003; Supplemental Digital Content fig. 4,
http://links Ilww.com/ALN/C261).The baseline lung elas-
tance was 19.4 + 6.7cm H,O/1 and rose to 24.9 £ 11.5cm
H,O/1 over the 48-h period (P = 0.002; Supplemental
Digital Content fig. 5, http://links.Iww.com/ALN/C261).
Of note, all of these variables were worse when ventilated
at 30 J/min compared to 15 J/min, although they did not
reach statistical significance (Supplemental Digital Content
figs. 2 to 5, http://links.lww.com/ALN/C261). The strain
immediately rose from 0.9 = 0.2 to 2.5 + 0.3 and increased
over time up to 3.4 £ 1.0 (P < 0.001; Supplemental
Digital Content fig. 6, http://links.Iww.com/ALN/C261).
Interestingly, the specific lung elastance remained nearly
constant throughout the experiment from 7.2 * 2.4cm
H,O to 6.5 £ 1.7cm H,O (P = 0.839; Supplemental
Digital Content fig. 7, http://links.lww.com/ALN/C261).
The FRC steadily decreased over time from 385 * 69 to
294 = 75ml (P = 0.001; Supplemental Digital Content fig.
8, http://links.Iww.com/ALN/C261).

Hemodynamics. The cardiac output significantly decreased
from 4.4 £ 0.8 t0 3.3 £ 0.8 /min (P = 0.001; Supplemental
Digital Content fig. 12, http://linksIww.com/ALN/
C261). The mean arterial pressure slightly but significantly
decreased (from 76 = 8 to 61 £ 9 mmHg, P = 0.001;
Supplemental Digital Content fig. 13, http://links.Iww.
com/ALN/C261), pulmonary artery (Supplemental
Digital Content fig. 14, http://links.lww.com/ALN/C261)
and wedge pressures (Supplemental Digital Content fig.
15, http://links.lww.com/ALN/C261) remained unmod-
ified, and central venous pressures slightly but significantly
increased (Supplemental Digital Content fig. 16, http://
links.Iww.com/ALN/C261). No differences
were found in the time course of these variables, whether
delivered either at 30 or at 15 J/min. The end-experiment
fluid balance, however, was approximately 57% higher in
the high-power group compared to the low-power group
(8.2 £ 2.5 vs. 5.3 £ 2.8 1; Supplemental Digital Content
fig. 17, http://links.lww.com/ALN/C261; P < 0.001). The
difference of norepinephrine infusion between the high

statistical

and low groups did not reach the statistical significance
(Supplemental Digital Content fig. 18, http://links.lww.
com/ALN/C261).This hemodynamic setting and this fluid
strategy were associated with a linear increase of extravas-
cular lung water from 289 £ 45 to 441 £ 112ml (P <
0.001; Supplemental Digital Content fig. 19, http://links.
Iww.com/ALN/C261).

Gas Exchange. At the setting of the injurious ventilation,
Pao, (Supplemental Digital Content fig. 21, http://links.
lww.com/ALN/C261) remained high, while the partial
pressure of CO, rapidly decreased to about 25 mmHg in
the low-power group and about 15 mmHg in the high-
power group (Supplemental Digital Content fig. 22, http://
links.Iww.com/ALN/C261) with proportional rises in

Anesthesiology 2020; 132:1126-37

pH (Supplemental Digital Content fig. 23, http://links.
Iww.com/ALN/C261). The physiologic dead space frac-
tion significantly decreased from 50 to 30% (P < 0.001;
Supplemental Digital Content fig. 24, http://links.Iww.
com/ALN/C261). Over time, the Paco, remained constant
(P = 0.420), while the pH tended to normalize (P < 0.001).
The Pao, was always greater than 200 mmHg, but slightly
decreased over time (P = 0.005). The shunt fraction held
near constant throughout the experiment at approximately
5% (Supplemental Digital Content fig. 25, http://links.
Iww.com/ALN/C261).

High RR Groups

Mechanics. After the application of the experimental venti-
latory settings, the baseline plateau pressure (14.9 £ 1.4cm
H,0), driving pressure (9.7 £ 1.2cm H,0), and lung stress
(7.2 £ 2.1cm H)O) values immediately increased slightly,
due to the appearance of auto-PEEP (up to 19.6 + 3.4cm
H,O,11.3 £ 2.7cm H,0, and 7.3 £ 1.7cm H,O, respec-
tively). Throughout the following 48h, each of these vari-
ables sharply increased (P < 0.001 for all): plateau pressure
up to 27.7 £ 7.0cm H,O (Supplemental Digital Content
fig. 2, http://links.lww.com/ALN/C261), driving pressure
up to 17.9 £ 5.0cm H,O (Supplemental Digital Content
fig. 3, http://links.Iww.com/ALN/C261), and lung stress
up to 14.0 £ 4.7cm H,O (Supplemental Digital Content
fig. 4, http://links.lww.com/ALN/C261). Lung elastance
doubled over time from 22.2 5.7 to 42.2 £ 18.7cm H,O
(P < 0.001; Supplemental Digital Content fig. 5, http://
links.lww.com/ALN/C261). The lung strain underwent a
modest but significant increase from 1.0 £ 0.1 to 1.6 *
1.0 after 48h (P = 0.002; Supplemental Digital Content
fig. 6, http://linksIww.com/ALN/C261). The specific
lung elastance sharply increased after 24h from a baseline
value of 7.7 £ 2.6 up to 10.1 £ 3.9cm H,O (P < 0.001;
Supplemental Digital Content fig. 7, http://links.Iww.com/
ALN/C261). The FRC significantly decreased with time
(P < 0.001), similar to what was observed with the highV._
groups (Supplemental Digital Content fig. 8, http://links.
Iww.com/ALN/C261). Each of these variables behaved
similarly at 15 and 30 J/min, with the exception of plateau
pressure, which was higher in the high-power high RR
group.

Hemodynamics. The cardiac output slightly decreased from
3.8 £ 0.7 to 3.2 £ 0.7 I/min (P = 0.054; Supplemental
Digital Content fig. 12, http://linksIww.com/ALN/
C261), as well as the mean arterial pressure (P < 0.001;
Supplemental Digital Content fig. 13, http://links.
Iww.com/ALN/C261). In contrast, pulmonary artery
(Supplemental Digital Content fig. 14, http://links.lww.
com/ALN/C261), wedge (Supplemental Digital Content
fig. 15, http://links.lww.com/ALN/C261), and central
venous pressures (Supplemental Digital Content fig. 16,
http://links Ilww.com/ALN/C261) slightly but significantly
increased (P = 0.008, 0.041, and 0.002 respectively). The
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fluid balance and norepinephrine infusion rate were similar
to the high V  groups (Supplemental Digital Content figs.
17 and 18, http://links.lww.com/ALN/C261). The extra-
vascular lung water increased at lower pace compared to the
high V. groups, but after 48 h reached similar values (rising
from 264 + 35 to 423 + 184ml, P < 0.001; Supplemental
Digital Content fig. 19, http://links.Iww.com/ALN/C261).
Gas Exchange. Pao, (Supplemental Digital Content fig.
21, http://links.lww.com/ALN/C261) remained constant
throughout the experiment (P = 0.938), while arterial par-
tial pressure of CO, (Supplemental Digital Content fig. 22,
http://links.Iww.com/ALN/C261) and pH (Supplemental
Digital Content fig. 23, http://links.lww.com/ALN/C261)
decreased, similar to the high V. groups. The dead space
fraction was significantly higher throughout the experi-
ment than in high V. groups (48.1 £ 7.6 vs. 31.8 = 11.7%;
Supplemental Digital Content fig. 24, http://links.Iww.
com/ALN/C261), while the shunt fraction (Supplemental
Digital Content fig. 25, http://links.lww.com/ALN/C261)
remained similarly constant at 5%.

High PEEP Groups

Mechanics. After applying 25cm H,O of PEEP, the pla-
teau pressure sharply and immediately increased from 15.4
T 2.4 up to 52.3 £ 5.4cm H,O, and the driving pressure
rose from 10.2 £ 2.6 to 28.3 £ 4.9cm H,O, while the
lung stress increased from 7.8 £ 2.8 to 32.1 £ 7.7cm H,O.
No significant differences in these variables were found
between higher- and lower-power categories. In con-
trast to the other two strategies, however, plateau pressure
(Supplemental Digital Content fig. 2, http://links.lww.
com/ALN/C261), driving pressure (Supplemental Digital
Content fig. 3, http://linksIww.com/ALN/C261), and
lung stress (Supplemental Digital Content fig. 4, http://
links.lww.com/ALN/C261) progressively decreased until
the end of the experiment, down to 44.8 + 3.0,20.3 = 2.9,
and 22.9 £ 5.7cm H, O, respectively (P < 0.001 for all). The
lung elastance (Supplemental Digital Content fig. 5, http://
links.Iww.com/ALN/C261) immediately increased after the
application of the high PEEP setting from 24.3 + 8.2 to 64.4
T 18.8cm H,O but later decreased down to 38.6 £ 14.1cm
H,O (P < 0.001). The lung strain rose immediately from
1.0 £ 0.2 to 3.8 = 0.6 after PEEP application, increased
to a maximum of 5.7 * 1.4 after 30h, and stabilized to
5.2 £ 1.6 near the end of the experiment (Supplemental
Digital Content fig. 6, http://links.Iww.com/ALN/C261).
The baseline specific lung elastance (7.8 £ 2.4cm H,O)
after 24 h sharply decreased compared to the other ventila-
tory strategies, reaching a minimum of 4.5 £ 0.9cm H,O
by the end of the experiment (P < 0.001; Supplemental
Digital Content fig. 7, http://links.Iww.com/ALN/C261).
The FRC decreased earlier than in the other ventilatory
strategies due to the low FRC recorded in the three pigs
that developed pneumothorax; nonetheless, its values at the
end of the experiment were similar to those of the other

Lung Damage at Iso-mechanical Power

groups (from 351 & 35 to 292 £ 67 ml; Supplemental Digital
Content fig. 8, http://links.lww.com/ALN/C261).
Hemodynamics. The hemodynamic pattern in this group
was sharply different from the two other ventilatory strat-
egies: indeed, in pigs exposed to high mechanical power,
the cardiac output remained remarkably constant from 3.9
+ 0.6 to 3.9 = 1.0 1, whereas it rose from 4.1 £ 0.5 to
5.8 * 1.9 1 in pigs ventilated at lower mechanical power
(P < 0.001; Supplemental Digital Content fig. 12, http://
links.lww.com/ALN/C261). The average arterial pressure
(Supplemental Digital Content fig. 13, http://links.lww.
com/ALN/C261) was slightly but significantly lower in this
group compared to the other ventilatory strategies (67 + 9
mmHg vs. 73 £ 11 in high V_ strategy, P = 0.017, and 73
+ 11 mmHg in high RR strategy, P = 0.013). In contrast,
pulmonary artery (Supplemental Digital Content fig. 14,
http://links.Iww.com/ALN/C261), wedge (Supplemental
Digital Content fig. 15, http://links.lww.com/ALN/
C261), and central venous pressures (Supplemental Digital
Content fig. 16, http://links.lww.com/ALN/C261) were
significantly 54%, 60%, and 60% higher than in the other
two groups (P < 0.001). The fluid balance associated with
this hemodynamic pattern was significantly greater than
with the other two strategies (10.5 = 1.6 1 vs. 6.2 + 1.2
l'in the high V. groups and 6.4 + 1.5 I in the high RR
groups, P < 0.001), but not statistically different between
higher and lower power (Supplemental Digital Content
fig. 17, http://links.lww.com/ALN/C261). In contrast,
norepinephrine was given in significantly greater amounts
only in the group with high PEEP delivered at low power
(Supplemental Digital Content fig. 18, http://links.lww.
com/ALN/C261). Epinephrine was needed in all the
animals of this high PEEP group (Supplemental Digital
Content fig. 20, http://links.Iww.com/ALN/C261). The
extravascular lung water increased similarly to the other
two types of power-altering strategies (from 307 £ 55 to
415 £ 65ml, P < 0.001; Supplemental Digital Content fig.
19, http://links.lww.com/ALN/C261).

Gas Exchange. Due to the ventilatory protocol, the partial
pressure of CO, (Supplemental Digital Content fig. 22,
http://links.Iww.com/ALN/C261) was higher and the pH
was lower (Supplemental Digital Content fig. 23, http://
links.lww.com/ALN/C261) in this high PEEP strategy,
particularly in the low-power group, where 25cm H,O of
PEEP was associated with 0.32 1V at a RR of 11/min
versus 0.32 T at a RR of 22/min. The Pao, was significantly
lower in the low-power group compared to all the other
groups, independent of strategy (P = 0.001; Supplemental
Digital Content fig. 21, http://linksIww.com/ALN/
C261). The dead space was significantly higher in the
high-power group compared to the low-power group
(P = 0.002; Supplemental Digital Content fig. 24, http://
links.Ilww.com/ALN/C261). In general, dead space frac-
tion was similar to that measured in high RR groups and
significantly higher than measured in the high V= groups.
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The average shunt fraction (Supplemental Digital Content
fig. 25, http://links.Iww.com/ALN/C261) was significantly
higher in the high PEEP, low-power group than high PEEP,
high-power group (8.1 £ 5.3 vs. 3.7 £ 2.1, P = 0.002).

End-experiment Variables

No significant differences were found in lung weight
among the three ventilatory strategies delivered at iso-me-
chanical power (fig. 2, right panel), averaging 26.6 *
6.3,23.7 £ 5.7,and 26.3 * 4.9g/kg in the highV_, RR,
and PEEP groups, respectively (P = 0.341). Similarly, the
end-experiment lung weights were similar in pigs treated
with high or low mechanical power, regardless of the ven-
tilatory strategy, averaging 26.1 = 6.3 and 24.9 + 5.1¢g/kg
of body weight, respectively (P = 0.508; fig. 2, left panel).
In table 2 we report lung, liver, bowel, kidney, and muscle
wet-to-dry ratio, body weight gain, end-experiment fluid
balance, pneumothorax, and death according to mechanical
power level and ventilatory strategy. As shown, the wet-to-
dry ratios of lungs, liver, bowel, and muscle were similar
across the three ventilatory strategies, with the exception of
the kidney wet-to-dry ratio, which was significantly greater
in the high PEEP groups. No significant differences were
found between high- and low-power groups. Notably, the
animals treated with high PEEP had a body weight gain

35

Lung weight
(a/ke)

25
20
15

10

and cumulative fluid balance nearly double compared to
the other groups. The composite adverse event markers
(pneumothorax and death) were significantly worse in the
high PEEP groups than in those of the other ventilatory
strategies (Fisher exact test P = 0.045). In figure 3, upper
panel, we summarize the histologic findings according to
lung mechanical power: overall, no differences were found
between mechanical power levels, with the exception of
alveolar edema, which was significantly greater in the lower
power groups. Similarly, no significant histologic diftferences
were found among the three ventilatory strategies (fig. 3,
lower panel). In figure 4, we report a representative his-
tologic pattern we found with each ventilatory strategy
delivered at different mechanical power. Histologic patterns
that ranged from near-normal to near complete destruction
of the lung structure coexisted in the same lung, regard-
less of the mechanical power or the ventilatory strategy
(Supplemental Digital Content fig. 26, http://links.lww.
com/ALN/C261).

Discussion

The main findings of this paper were as follows: (1) difter-
ent ventilatory strategies produced different time courses
of mechanical, hemodynamic, and gas exchange variables,
partly influenced by the mechanical power level; (2) at

35

y

0 L
Higher power Lower power High tidal volume High respiratory rate High PEEP Srougs
Mﬂ:,:ica' 29.1£2.9 13.8£17 20.847.9 20285 21385 Joules/min

Fig. 2. (Leff) Lung weight measured at the end of the experiment in the group of pigs treated with 30 J/min of mechanical power (n = 21)
and the group of pigs treated with 15 J/min mechanical power (n = 21). (Righ?) The lung weights measured in the 14 pigs treated with a high
tidal volume, high respiratory rate, and high positive end-expiratory pressure (PEEP). These three different ventilatory strategies were applied

at an iso-mechanical power of ~21 J/min.
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Table 2. Anatomical and Outcome Variables in the Experimental Groups

Low Power High Power P High V, High RR High PEEP P

(n=21) (n=21) Value (n=14) (n=14) (n=14) Value
Lung wet-to-dry ratio 6.7+0.9 72+13 0.215 74+16 6.7+0.6 6.7+0.7 0.116
Liver wet-to-dry ratio 41+05 41+05 0.920 43+0.6 40+05 40+04 0.138
Kidney wet-to-dry ratio 51+1.2 55+06 0.142 53+09 48+1.0 5907 0.012
Bowel wet-to-dry ratio 57+09 56+1.2 0.587 5.6 +0.6 59+1.1 55+1.3 0.541
Muscle wet-to-dry ratio 36=x0.7 3.8+04 0.253 35x05 39=+07 3.6+05 0.359
Body weight gain (kg) 53+29 6.0+25 0.460 42+19 44+17 8.4+20 <0.001
Fluid balance (1) 7.0+26 77+26 0.437 58+22 6.4+15 9.7+21 <0.001
Pneumothorax 2 3 1 1 1 3 0.591
Death 3 5 0.697 3 0 5 0.068

Wet-to-dry ratios of lung, liver, kidney, bowel, and muscle. Body weight gain, fluid balance, pneumothorax and deaths in the 21 pigs each treated with higher mechanical power (30
J/min) and lower mechanical power (15 J/min). Wet-to-dry ratios of lung, liver, kidney, bowel, and muscle. Body weight gain, fluid balance, pneumothorax and deaths in group of 14
pigs each treated with high tidal volume (V.), high respiratory rate (RR), and high positive end-expiratory pressure (PEEP) at iso-mechanical power (~21 J/min).
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Fig. 3. Elementary histologic lesions according to applied mechanical power level (top) and ventilatory strategy (bottom). As shown, there
were no statistically significant differences among groups, with the exception of alveolar edema, which was more extensive in the lower

power groups (P = 0.016). PEEP, positive end-expiratory pressure; RR, respiratory rate; V.

iso-mechanical power, the anatomical lung damage caused
by high V,, high RR, or high PEEP interventions were
indistinguishable.

Ventilatory Strategies

High V.. The application of high V. immediately elevated
stress and strain, proportional to the level of mechani-
cal power. Alterations of lung structure and inflammatory

Vassalli et al.

» tidal volume.

reaction accounted for the increase in extravascular lung
water and decreased FRC. Interestingly, the specific lung
elastance remained constant in this group, as found in
patients with ARDS, where the “baby lung” maintains rela-
tively normal intrinsic elastic properties.”® In summary, the
high V. group showed the typical time course of ventila-
tor-induced lung injury.

High RR. The ventilatory setting in this group was a combi-
nation of RR,V_, and PEEP, which may be encountered in

Anesthesiology 2020; 132:1126-37
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High tidal volume

High respiratory rate

Fig. 4. Photomicrographs from each experimental group (from right to left, from upper to lowen: (A) High tidal volume, high power (HP): pul-
monary edema, with foci of emphysema and inflammatory alveolitis, focal microhemorrhages. (B) High respiratory rate, high power: emphy-
sema and sparse foci of edema, intense perialveolar hyperemia with intraalveolar microhemorrages, extensive alveolitis with leukocytes, and
epithelial cell sloughing. (C)High positive end-expiratory pressure (PEEP), high power: diffuse severe edema and sparse foci of emphysema;
severe perialveolar hyperemia, intraalveolar inflammatory infiltrates with polynucleated neutrophils, focal intraalveolar hemorrhages. (D)
High tidal volume, low power (LP): severe alveolar edema and foci of emphysema. Some alveoli show mild inflammation with alveolar cell
sloughing and red cells lysis. (E) High respiratory rate, low power: moderate focal alveolar collapse, moderate perialveolar hyperemia, sparse
intraalveolar cells, possibly from bronchial or alveolar sloughing. (F) High PEEP, low power: marked perialveolar hyperemia, diffuse emphy-
sema, focal residues of edema, intralveolar inflammatory reaction, and cells from sloughing.

ARDS patients. The only immediate change of mechanical
properties was attributable to an increase of 3 to 5cm H,O
of auto-PEEP. All mechanical variables, however, sharply
deteriorated thereafter, ending up with extravascular lung
water and lung weight similar to that observed in the high
V.. groups. After 24 h of treatment, the increase of specific
lung elastance suggested a stiffening of the ventilatable lung,
possibly due to the increased rate of stress and strain appli-
cation and/or impaired surfactant functioning.'**
High PEEP Groups. The application of high PEEP with two
levels of mechanical power induced tremendous stress and
strain. All pressures and lung elastance decreased with time,
as did specific lung elastance, suggesting a progressive relax-
ation of the lung structural framework. Relaxation was also
indicated by the increased strain, despite decreased stress.
In summary, the mechanics of the highV = groups were
characterized by decreased lung volume with normal
intrinsic elastic properties; the high RR groups by decreased
lung volume with stiffening of the lung structure; and high
PEEP groups by decreased lung volume with structural
relaxation of the lung. Whatever the ventilatory strategy,
the trigger of ventilator-induced lung injury must be the
“fracture” of molecular bonds in the extracellular matrix
in excess of repair capability?' ™
matory edema.” We may then wonder how such different

with consequent inflam-

ventilatory strategies might lead to the structural changes
of the extracellular matrix. No doubt that extremely high

Anesthesiology 2020; 132:1126-37

V., as used in this work, may be accompanied by sufficient
energy to induce rupture, particularly at the interface of
lung regions with different elasticity (stress risers).”*” The
injuring mechanism of low-level repeated stresses at high
frequency might arise from a sort of progressive structural
fatigue, in which cumulative stress may result in molecu-
lar breakdown of matrix elements. High PEEP applies an
increased baseline stress to the extracellular matrix. A fur-
ther stress added by the V. may require energy sufficient to
fracture the molecular bonds of the polymers in the matrix.
Therefore, although the mechanism by which a critical
energy over time is delivered to the extracellular matrix
may differ among the ventilatory strategies we tested, it
is not entirely surprising that a similar amount of energy
would eventually lead to similar lung damage. Actually, the
histologic findings, which documented the regional hetero-
geneity of damage, were indistinguishable within the ven-
tilatory strategies.

The functional/structural alterations of the extracellular
matrix unavoidably lead to alterations of the capillary/alve-
olar barrier anchored to it. Indeed, edema is the most widely
used variable to quantify ventilator-induced lung injury. We
must consider, however, that for edema to develop, struc-
tural/functional alteration of capillary/alveolar barrier alone
does not act in isolation; hemodynamics may be as crucial
as the structural lung damage itself. At the two extremes,
edema may develop without any anatomical alterations
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8 while little or no edema

simply due to hydrodynamics,?
would develop despite structural alteration if the capillary
flow were reduced to near zero, as we have shown in exper-
iments of regional perfusion block.?” Accordingly, the venti-
lator-induced lung injury estimated by lung weight cannot
be precisely interpreted without simultaneously considering
the hemodynamic pattern. In this study we found a simi-
lar lung weight when the three ventilatory strategies were
delivered at higher or lower levels of mechanical power. This
unexpected finding indicates at first sight that 15 J/min are
equally as damaging as 30 J/min. Alternatively, it is possible
that more severe structural lung lesions induced by 30 J/
min are associated with hemodynamic patterns less favorable
to edema formation. The higher wedge pressure recorded
at higher mechanical power (favoring edema formation,
Supplemental Digital Content fig. 15, http://links.Iww.
com/ALN/C261) was associated with higher mean airway
pressure (impeding edema formation, Supplemental Digital
Content fig. 11, http://links.lww.com/ALN/C261). This
combination may account for the greater extent of edema
found in low-power groups, characterized by lower mean
airway pressure. Also, the differences between this study and
our previous one on mechanical power® may be discussed
in the framework lung structure/hemodynamic interaction.
In that earlier study, despite higher mechanical power (26.6
+ 12,1 ws. 21.8 £ 8.3 J/min, P = 0.049), the lung weight
was lower (15.6 + 5.2 vs. 25.5 + 5.7¢/kg, P < 0.001). In
the current study, however, increased fluid administration
was needed to keep the animals alive (10.1 + 2.3 vs. 4.2
+ 0.9 1). Several factors may account for this, primarily a
different study design. Indeed, by protocol, in this study we
applied significantly greater stress and strain. Moreover, due
to a change of institutional policy for animal management,
the average dose of propofol was increased in the current
experiment (10.7 £ 2 vs. 8.2 £ 3.3mg - kg - h' P < 0.001).
Summarizing, while 15 and 30 J/min of mechanical power
might induce different degrees of structural lung damage, the
end result of structure/hemodynamic interactions occur-
ring during management is ultimately similar. Therefore,
15 J/min of mechanical power is still far from being a safe
“threshold” for ventilator-induced lung injury in this model.

Of particular interest regarding the lung structure/
hemodynamic interaction is the ventilator-induced lung
injury induced by high PEEP. In our study, the end-inspira-
tory lung volumes exceeded baseline total lung capacity (3
X FRC), potentially overcoming the physical limits of the
lung’s supporting architecture. Simultaneously, the animals
of the high PEEP groups presented the most severe hemo-
dynamic impairment and needed the greatest amount of
fluid and cardiovascular support. The combination of higher
fluid delivery and higher norepinephrine and epinephrine
dosing led in this group to a hemodynamic pattern sharply
different from the other two, characterized by higher car-
diac output, lower systemic vascular resistances, and higher
pulmonary artery and wedge pressures. It is likely that this

Lung Damage at Iso-mechanical Power

distortion of normal hemodynamic profile accounts in part
for the observed lung edema, extrapulmonary organ alter-
ations (e.g., higher kidney wet-to-dry ratio) and worsened
outcomes observed in this group of animals.

Limitations

Apart from the concerns already expressed, we acknowl-
edge that our model involved initially healthy pigs managed
in their natural prone position. Our findings may well have
differed if ventilation were applied to animals with preex-
isting acute lung injury or to those managed in the supine
position. We believe that the greatest limitation, however, is
that our study cannot elucidate two aspects of mechanical
power, which are likely of paramount importance, i.e., its
distribution in time and space. At the same mean power, its
damaging intensity could be concentrated at different times
of the respiratory cycle® and, in injured lungs, at the inter-
face of lung units with different elastic properties (stress ris-
ers). 22!

iso-power strategy might initiate injury of a different kind

Moreover, as our findings suggest, using one high

or at a different pace than another, but over extended time,
their end results may be indistinguishable.

Conclusions and Possible Clinical Implications

Conclusions drawn from experimental work designed to
investigate mechanisms do not translate directly to the clin-
ical scenario, as the interventions applied to prove or dis-
prove our hypothesis were deliberately exaggerated. Few
thoughtful physicians would routinely apply a V. twice
the FRC, 25cm H,O of PEEP, or a RR of 40 breaths per
minute—especially not to nearly normal lungs. However,
our results do provide key messages of clinical interest and
potential impact: (1) that each major component of the
ventilatory cycle may contribute impressively to lung dam-
age; (2) that hemodynamics play a key role in the manifes-
tations of ventilator-induced lung injury; and (3) that RR
may strongly influence injury.

When discussing each of the variables separately, the
unavoidable risk is to obscure the most important finding
of the study: ventilator-induced lung injury primarily arises
from a combination of variables and not from just one. Indeed,
if we were to consider the single variables in isolation, from
this study we should conclude that V. values of 35ml/kg
and 10ml/kg are equally dangerous, or (if one ignores the
striking role of RR) that a driving pressure of 27 cm H,O
produces the same effects as a driving pressure of 10cm H,O.
Our data strongly suggest that what really matters is the con-
text in which the single variable operates, that all the vari-
ables must be considered together, and that their combined
risk might be best quantified as mechanical power.
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