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Abstract

Background The individual components of mechanical ventilation may have distinct effects on kidney perfusion
and on the risk of developing acute kidney injury; we aimed to explore ventilatory predictors of acute kidney failure
and the hemodynamic changes consequent to experimental high-power mechanical ventilation.

Methods Secondary analysis of two animal studies focused on the outcomes of different mechanical power settings,
including 78 pigs mechanically ventilated with high mechanical power for 48 h. The animals were categorized in four
groups in accordance with the RIFLE criteria for acute kidney injury (AKI), using the end-experimental creatinine: (1)
NO AKI: no increase in creatinine; (2) RIFLE 1-Risk: increase of creatinine of > 50%; (3) RIFLE 2-Injury: two-fold increase
of creatinine; (4) RIFLE 3-Failure: three-fold increase of creatinine;

Results The main ventilatory parameter associated with AKI was the positive end-expiratory pressure (PEEP) com-
ponent of mechanical power. At 30 min from the initiation of high mechanical power ventilation, the heart rate
and the pulmonary artery pressure progressively increased from group NO AKI to group RIFLE 3. At 48 h, the hemo-
dynamic variables associated with AKI were the heart rate, cardiac output, mean perfusion pressure (the difference
between mean arterial and central venous pressures) and central venous pressure. Linear regression and receiv-
ing operator characteristic analyses showed that PEEP-induced changes in mean perfusion pressure (mainly due

to an increase in CVP) had the strongest association with AKI.

Conclusions In an experimental setting of ventilation with high mechanical power, higher PEEP had the strongest
association with AKI. The most likely physiological determinant of AKl was an increase of pleural pressure and CVP
with reduced mean perfusion pressure. These changes resulted from PEEP per se and from increase in fluid adminis-
tration to compensate for hemodynamic impairment consequent to high PEEP;
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Background

Acute Kidney Injury (AKI) is one of the most frequent
complications reported in critically ill patients, and its
presence substantially increases the risk of mortality [1,
2].

The relationship between lung injury and kidney func-
tion in mechanically ventilated patients is well recog-
nized. This “lung-kidney cross talk” involves multiple
factors, including direct impact of intrathoracic pres-
sure on the right ventricle and the activation of neuro-
hormonal pathways leading to retention of sodium and
fluids. These mechanisms contribute to renal congestion
and decreased renal perfusion, exacerbated by the vas-
cular effects of hypercapnia and hypoxemia. Moreover,
injurious mechanical ventilation can lead to biotrauma,
causing renal inflammation and endothelial injury, thus
resulting in further impairment in kidney function [3].

The specific effect of mechanical power, which refers
to the energy load delivered to the respiratory system [4]
each minute, on kidney function is poorly described. In a
previous study, we demonstrated that mechanical power
per se is associated with lung injury regardless of the
combination of its individual components (tidal volume,
respiratory rate and Positive End-Expiratory Pressure
(PEEP)) [5]. However, the relative contribution of these
components to the development of AKI remains unclear.

We hypothesized that individual components of
mechanical ventilation, for a given mechanical power,
may have distinct effects on kidney perfusion and on the
risk of developing AKI. Specifically, it is likely that the
PEEP component of mechanical power plays a signifi-
cant role on renal congestion and mean perfusion pres-
sure (MPP) (mean arterial pressure (MAP) minus central
venous pressure (CVP)) and may be the main determi-
nant of AKI [6-8].

The primary objective of this study was to investigate
the association between the different components of
mechanical power and the corresponding risk of AKI
The secondary objective was to explore the hemody-
namic parameters associated with changes in mechanical
power that can best predict the development of AKI.

Materials and methods

Study population

This was a secondary analysis of data obtained from 2
previous experimental studies focused on mechanical
ventilation and ventilation-induced lung injury, involving
a total of 78 pigs [5, 9].

In the first study, 36 female pigs with average weight
of 23.3(+ 2.3)Kg were ventilated for 48 h with an applied
mechanical power ranging between 18 and 120 J/min.
The tidal volume applied was equal to the functional
residual capacity (strain=1); the respiratory rate was
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30 bpm, and the PEEP varied between 0 and 18cmH,O
(0, 4,7, 11, 14, and 18) [9].

In the second study, 42 female pigs with average weight
of 24.2(+2.0)Kg were randomized into six groups, of
which three receiving low mechanical power (15 J/min)
and the other three higher mechanical power (30 J/min),
and then were ventilated for 48 h. In the six groups,
mechanical power was delivered with different combi-
nations of respiratory rate, tidal volume and PEEP. The
applied tidal volume ranged between 0.5 and 3.8L, the
respiratory rate from 5 to 44 bpm, and PEEP from 5 to
25cmH,0 [5]. The experimental trials were previously
approved by the local ethics committee (Niedersich-
sisches Landesamt fiir Verbraucherschutz und Lebens-
mittelsicherheit: LAVES; Oldenburg, Niedersachsen,
Germany. Approval of study 1: 09/01/17; number:
16/2223; title: “Animal experimental study of the relation-
ship between mechanical ventilation energy in the lungs
and lung size” Approval of study 2: 24/05/18; number:
18/2795; title: “Experimental confirmation of mechanical
energy threshold in ventilator-induced lung injury”) and
were performed in accordance with the 1975 Helsinki
Declaration; the manuscript conformed to the ARRIVE
guidelines [10].

Management of the study individuals and time-course
of the experimental trials:

In both experiments, propofol, midazolam and sufen-
tanil were used for the induction of anesthesia. After
endotracheal intubation, standardized baseline mechani-
cal ventilation settings were applied (Vt 6 mL/kg, PEEP
5¢cmH,O, respiratory rate to maintain PaCO, between
35 and 45 mmHg). Animals were instrumented with the
following devices: orogastric probe with esophageal pres-
sure monitoring system (Nutrivent, Sidam Srl., Modena,
Italy); central venous catheter; Swan-Ganz catheter; cen-
tral arterial PiCCO® (Pulsion Medical System, Germany)
catheter and urinary catheter.

Once the animal was clinically stable and ready for the
experiment, baseline measurements were obtained and,
subsequently, the settings of mechanical ventilation was
modified according to the experimental group allocation
and maintained unchanged throughout the experiment.
In both trials, measurements were collected at 0.5 h and,
subsequently, every 6 h until the end of the experiment.
Plasma and urine samples were collected at baseline, 6,
12, 24, and 48 h.

The infusion of a balanced crystalloid solution (Stero-
fundin®; Braun GmbH, Germany) was initiated in all ani-
mals before the baseline measurement, at rate 2 mL/h.
Whenever clinical signs of hypovolemia/hypoperfusion
were detected (MAP<60 mmHg or increased arterial
lactates), additional boluses of 250 mL of crystalloids
were delivered. In the absence of fluid responsiveness, a
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continuous infusion of norepinephrine or epinephrine
was initiated to maintain hemodynamic stability.

At the end of the experiment, the animal was eutha-
nized, an autopsy was performed, and three tissues
samples were harvested from each lung (basal, medial,
apical), together with a tissue sample from the liver, kid-
neys, bowel and muscle. Each specimen (approximately
2 g) was weighted before and after being heated and dried
in an oven at 50 °C for 24 h to obtain the wet-to-dry ratio.

Measured and derived variables
The following variables were calculated at each time-
point of the study:

- Respiratory system mechanical power (MPgg) [4]:

MPgs(J/min) = 0.098+RRx (Vt2 * (O.S * ERs + RR %

14+1:E
60x1:E
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2-Injury: a two-fold increase in creatinine; 4) RIFLE
3-Failure: a three-fold increase in creatinine.

Statistical analysis

Data are reported as median (+95% confidence inter-
val). Continuous variables were compared using one-way
ANOVA. The time-course description of the variables
was evaluated via a linear mixed-effects model, with
the severity of AKI, time, and their interaction as fixed
effects, and the single individual as random effect. To
reflect the weight of each variable according to the time
of exposure, the time-weighted average of each study
period was computed as the area under the curve of the
variable.

* Raw> + Vit x PEEP> (1)

RR: respiratory rate; Vt: tidal volume; Epg: respira-
tory system elastance; L:E: inspiratory/expiratory ratio;
R,,: airway resistances; PEEP: positive end-expiratory
pressure.

- Relative components of mechanical power: the clas-
sic equation of mechanical power was partitioned to
compute the amount of each of the three components of
mechanical power:

Elastic component of mechanical power [4]:

MPRs_Elasticcomponent (J/min) = 0.098 x RR = VE2 % 0.5 * Egs

The association between renal function and the hemo-
dynamic variables was explored with a regression model,
where the time-weighted average hemodynamic value
recorded during the experimental phase was plotted
against the increase in serum creatinine. The strength of
the association was also evaluated with a Receiver Oper-
ating Characteristic model.

Two-tailed p-value<0.05 was considered statistically
significant. All analyses were performed with SPSS 25
(SPSS inc., Chicago, IL).

2)
Resistive component of mechanical power [4]:
. 14+1:E
MPRs—Resistivecomponent (J/min) = 0.098 x RR? % Vt? —— ¢ ¥ Raw (3)
60x1:E
PEEP component of mechanical power [4]: Results

MPRs—PEEPcomponent (J/min) = 0.098 * RR * Vt x PEEP

(4)
Mean perfusion pressure (MPP):

MPP(mmHg) = MAP — CVP (5)

MAP mean arterial pressure, CVP central venous
pressure;

Outcome variables

The animals were grouped into four categories according
to the value of plasma creatinine assessed at the end of
the experiment, based on the RIFLE criteria for kidney
injury [11]. The experimental groups are as follows: 1) No
AKI: no increase in creatinine compared to baseline; 2)
RIFLE 1-Risk: increase of creatinine of >50%; 3) RIFLE

The mechanical power was the independent variable;
therefore, in Fig. 1, we present the association between
kidney function and applied mechanical power, detailed
as its three components and expressed as absolute (Panel
A) and relative values (Panel B). The total mechani-
cal power ranged between 22.4(+10.7) and 29.9(+10.1)
J/min. The mechanical power component due to the
applied PEEP showed the strongest association with
AKI, either when assessed as absolute (p=0.052) or as a
proportion of the total power (p=0.003). Kidney func-
tion worsened from NO AKI to RIFLE 3-Failure with an
increase in MP due to an increase in PEEP. In the logistic
regression, only PEEP was significantly associated with
AKI, while respiratory rate and tidal volume, the two
other primary components of mechanical power, were
not (see Additional file 1: Table S1 in the supplementum).
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Fig. 1 Applied mechanical power throughout the experiment (A absolute values; B percentage values), detailed according to the elastic, resistive
and PEEP components of mechanical power, and grouped by the severity of renal impairment. As shown, the PEEP component of the mechanical
power showed the strongest association with renal failure: Absolute values: Elastic: NO AKI 7.6 (3.1), RIFLE 1-Risk 7.9 (3.4), RIFLE 2-Injury 10.2 (4.5),
RIFLE 3-Failure 7.2 (3.5); p=0.072; Resistive: 6.2 (3.1), 6.5 (3.5), 7.7 (3.9) 4.8 (3.6) p=0.130; PEEP: 8.6 (6.0), 9.1 (6.3), 12.1 (6.2), 13.2 (54) p=0.052.
Percentage values: Elastic: 37 (11), 36 (12), 34 (10), 28 (8). p=0.078; Resistive: 28 (8), 28 (10), 26 (11) 18 (11) p=0.010; PEEP: 36 (15), 37 (16), 41 (16), 55

(16) p=0.003)

The time-course of mean pleural pressure, the possible
link variable mediating the effects of mechanical power
on AK], is presented in Fig. 2, Panel A. As shown, mean
pleural pressure was higher in group RIFLE 3, although
such difference did not reach the statistical significance
(p=0.094). However, the changes in mean pleural pres-
sure were significantly different over time (p <0.001), and
a significant interaction was found between time and AKI
groups (p<0.001). In the RIFLE 3 group, pleural pressure
progressively increased over time, while it remained sta-
ble or even decreased in the remaining groups.

Determinants of acute kidney injury:

Table 1 reports the most relevant anatomical and
physiological study variables, grouped according to the

different stages of AKI and collected at baseline before
applying the experimental mechanical power. As shown,
in pigs of similar body weight (»=0.142) and lung vol-
ume (p=0.436), ventilated at similar mechanical power
of approximately 6J/min (p=0.393), the respiratory,
hemodynamic and gas-exchange variables were also sim-
ilar, but a 20 mL difference in tidal volume in the RIFLE 3
group (p=0.038).

In Table 2, we present the same variables collected
30 min after the application of the experimental high
mechanical power ventilation. In the animal groups
which developed different degrees of AKI sever-
ity, from NO AKI to RIFLE3-failure, several respira-
tory mechanical variables were remarkably different
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Fig. 2 Time-course of mean pleural pressure (A difference between groups, p=0.094; difference between time-points, p <0.001; interaction

between groups and time-points, p <0.001)), PEEP (B difference between groups, p <0.001; difference between time-points, p < 0.001; interaction
between groups and time-points, p <0.001) and mean perfusion pressure (C difference between groups, p < 0.001; difference between time-points,
p <0.001; interaction between groups and time, p <0.001), throughout the experiment, according to the severity of acute kidney injury
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Table 1 Anatomical and physiological study variables collected at baseline, according to RIFLE classification

Variable NO AKI RIFLE 1: risk RIFLE 2: injury RIFLE 3: failure p-value

(n:27) (n:18) (n:18) (n:15)

Baseline characteristics
Initial weight (Kg) 244 (£23) 232 (£2.2) 23.1(x£1.7) 242 (£2.2) 0.142
Functional residual capacity (mL) 352 (+64) 348 (+66) 363 (+61) 380 (+49) 0.436

Respiratory variables
Tidal volume (mL) 243 (£25) 230 (£27) 241 (£29) 220 (£25) 0.038
Respiratory rate (bpm) 21 (x4) 21 (x2) 20 (3) 21 (£3) 0.894
Mean airway pressure (cmH-0) 9.8 (x£2.1) 9.1(x0.9) 95(%1.7) 93(%£1.2) 0.467
PEEP measured (cmH,0) 54 (+0.7) 54 (+0.3) 5.3 (x0.3) 5.7 (+1.3) 0.541
Mean pleural pressure (cmH,0) 43(+13) 4.1 (+1.6) 45(+17) 43(+13) 0.866
Driving pressure (cmH,0) 33(x14) 3.0(x1.0) 3.1(x0.8) 2.7 (£0.8) 0.538
Stress-Transpulmonary pressure (mmHg) 515(x161) 457 (£1.62) 482 (£1.84) 43 (£2.29) 0513
Strain, fraction 0.71 (+0.14) 0.68 (+0.11) 0.68 (+0.15) 0.59 (+0.10) 0.045
Airway resistance (cmH,O*min/L) 0.18 (+0.05) 0.20 (£0.08) 0.18 (£0.05) 0.17 (+0.03) 0.405
Elastance, respiratory system (cmH,O/mL) 390 (+6) 384 (£6.0) 396 (£7.9) 40.0 (+9.8) 0.926
Elastance, lung (cmH,0/mL) 21.80 (£6.65) 21.36 (£8.17) 20.08 (+6.23) 21.75 (£845) 0.877
Elastance, chest-wall (cmH,0/mL) 17.10 (+£4.96) 17.07 (£6.43) 1948 (+5.01) 18.30 (£7.39) 0.530
Specific elastance 7.28 (+1.90) 6.82 (+2.30) 7.05 (+1.65) 7.39(x342) 0.892
Mechanical power, respiratory system (J/min) 6.7 (£2.0) 6.0(£13) 63(x£1.6) 59(x14) 0.393
Mechanical power, lung (J/min) 442 (x1.77) 394 (+£1.21) 3.99 (+1.28) 377 (£1.11) 0.480

Hemodynamic
Heart rate (bpm) 98 (+£19) 98 (£21) 100 (£13) 95 (+£20) 0.964
Mean arterial pressure (mmHg) 77 (£9) 70 (£8) 73 (£4) 73 (£5) 0.070
Central venous pressure (mmHg) 8 (£3) 7 (£3) 8 (£5) 6(x1) 0.470
Mean perfusion pressure (mmHg) 70 (x£9) 63 (£6) 65 (+9) 67 (£4) 0.150
Mean pulmonary artery pressure (mmHg) 21 (x4) 18 (£2) 21 (+4) 19 (£3) 0.254
Cardiac output (L/min) 398 (+0.72) 3.81(+£0.91) 4.6 (£0.66) 407 (£0.62) 0219
Central venous oxygen saturation (%) 84 (£5) 85 (+4) 89 (+3) 87 (£3) 0.065
Lactates (mg/dL) 0.57 (+0.20) 0.57 (£0.21) 0.68 (£0.63) 1.29 (£2.69) 0.592
Blood gas analysis
PaO2 (mmHg) 227 (£11) 231 (£23) 232 (£15) 227 (£16) 0.840
PaCO2 (mmHg) 44 (+5) 44 (+3) 44 (+4) 43 (+4) 0977
pH 7.51 (£0.05) 7.52 (£0.03) 747 (£0.06) 7.52 (+0.04) 0274

p-value computed by one-way ANOVA

across groups. Indeed, respiratory system (p=0.011)
and lung (»p=0.010) mechanical power, driving pres-
sure (p=0.027), mean airway pressure (p<0.001), PEEP
(p<0.001), lung stress (p=0.004), respiratory system
(p=0.005) and lung elastances (p<0.001), as well as the
specific lung elastance (p=0.001), were worse in the
groups with worse kidney function at end of experi-
ment. At 0.5 h, as shown in Table 2, the only differences
observed within the groups were a significantly increased
heart rate and mean pulmonary pressure and lower cen-
tral venous oxygen saturation, in the groups with the
most severe AKI. Of note, the cardiac output was simi-
lar across groups, likely consequent to a significantly
increased infusion of cardioactive drugs.

Table 3 reports the same set of previously assessed
variables, collected after 48 h of high mechanical
power mechanical ventilation. As shown, most of the
mechanical variables which differed at the beginning of
the experiment, became similar across groups at 48 h,
due to progressive worsening in AKI groups 1 and 2.
Indeed, only PEEP (p=0.001) and mean airway pres-
sure (p=0.001) remained different. Of note, however, the
pleural pressure significantly deteriorated in the RIFLE
3 group. At 48 h, cardiac output (p<0.001) and CVP
(p=0.013) increased with worse AKI, while the MPP sig-
nificantly decreased (p=0.036). The time-course of MAP,
MPP, CVP and cardiac output is reported in Additional
file 1: Fig. S1, while Additional file 1: Fig. S2 depicts the
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Table 2 Anatomical and physiological study variables collected at 0.5h, according to RIFLE classification

Variable NO AKI RIFLE 1-Risk RIFLE 2-Injury RIFLE 3-Failure p-value

(n: 27) (n:18) (n:18) (n:15)

Respiratory variables
Tidal volume (mL) 401 (£215 422 (£189) 441 (£201) 397 (£197) 0.903
Respiratory rate (bpm) 29 (i 11 ) 26(£11) 26 (£9) 21 (+£9) 0.084
Mean airway pressure (cmH,0) 2(+£6.2) 16.2 (£6.9) 20.7 (£9.7) 26.2 (£10.1) <0.001
PEEP measured (cmH,0) 84 (+5 5) 10.1 (£6.5) 13.1(£7.5) 199 (£8.3) <0.001
Driving pressure (cmH,0) 55(%£22) 6.5 (£2.25) 7.7 (£3.8) 54 (+2.0) 0.027
Mean pleural pressure (cmH,0) 6.7 (£2.7) 6.3(£3.6) 7219 7.3(£34) 0.742
Stress-Transpulmonary pressure (mmHg) 78 (+4.2) 106 (+£5.2) 13.6(£7.9) 13.8 (+6.7) 0.004
Strain, fraction 1.13 (£0.54) 1.21 (£049) 1.20 (£047) 1.02 (£0.37) 0.687
Airway resistance (cmH,O0*min/L) 0.17 (+OO ) 0.19 (£0.07) 0.20 (£0.07) 0.23 (£0.08) 0.060
Elastance, respiratory system (cmH,O/mL) 39.7 (£11.9) 430 (£126) 540 (+28.3) 60.6 (+25.1) 0.005
Elastance, lung (cmH,0/mL) 209( 0.2) 26.1 (+£8.9) 35.6(+27.2) 453 (£21.5) <0.001
Elastance, chest-wall (cmH,O0/mL) (+5 7) 17.0 (£7.5) 185 (+4.4) 153 (+10.5) 0.435
Specific elastance 72 (i 3.5) 89 (+3.8) 12.3(+£8.38) 15.1(£7.9) 0.001
Mechanical power, respiratory system (J/min) 203 (+94) 228 (+114) 30.5 (+10.7) 250 (+7.8) 0.011
Mechanical power, lung (J/min) 13.1 (x6.7) 16.3 (+7.8) 22.1 (£8.5) 224 (£17.7) 0.010

Hemodynamic
Heart rate (bpm) 107 (£24) 122 (£21) 135 (£27) 142 (£30) <0.001
Mean arterial pressure (mmHg) 78 (£10) 81 (£14) 80 (+14) 71 (7) 0.082
Central venous pressure (mmHg) 10 (+4) 10 (£5) 11 (£5) 11 (£3) 0613
Mean perfusion pressure (mmHg) 69 (£10) 70 (£13) 69 (£15) 60 (£8) 0.066
Mean pulmonary artery pressure (mmHg) 23 (£5) 24 (£9) 27 (£8) 31 (x7) 0.016
Cardiac output (L/min) 424 (£1.17) 414 (£0.83) 4,03 (£1.44) 425 (£1.24) 0.943
Central venous oxygen saturation (%) 83 (x7) 88 (+6) 83 (£8) 79 (£10) 0.028
Lactates (mg/dL) 1.00 (£0.54) 1.11 (£0.51) 1.17 (£0.91) 140 (£1.12) 0.440
Infused catecholamines (mcg/Kg) 0.013 (+£0.029) 0.023 (+0.045) 0.072 (+£0.114) 0.075 (+£0.056) 0.005
Blood gas analysis
Pa02 (mmHg) 232 (£26) 248 (£ 18) 246 (+20) 238 (+22) 0.336
PaCO2 (mmHg) 27 (£9) 26 (£9) 26 (£12) 32(x£14) 0.093
pH 765 (+£0.14) 7.70 (+0.10) 769 (+0.13) 7.60 (+0.16) 0.143

p-value computed by one-way ANOVA

evolution of fluid infusion, urine production, fluid bal-
ance and creatinine, throughout the experiment.

In Table 4, the fluid and sodium balances in the four
AKI groups are displayed, as well as the lung weight and
the wet-to-dry ratio of lungs, kidney, liver, bowel and
muscles. As shown, the fluid balance was significantly
different between groups (p=0.002) while no difference
was observed in lung weight (»p=0.080). The wet-to-dry
ratio of kidneys (p <0.001) and liver (p=0.041) were sig-
nificantly different in the four groups; conversely, lung,
bowel and muscle wet-to-dry ratio were similar (respec-
tively, p=0.622; p=0.983 and p=0.551).

Arterial, central venous and mean perfusion pressure,
and acute kidney injury:

The association between plasma creatinine meas-
ured at 48 h and MAP, MPP and CVP was explored
with a linear regression model (Additional file 1: Fig.

S3): MPP showed greater association (p<0.001; R?
0.265) compared to MAP (p<0.001; R? 0.162) and CVP
(p=0.004; R* 0.106). The same association was also
tested by Receiver Operating Characteristic model
(Additional file 1: Fig. S4), where the outcome was pres-
ence or absence of kidney injury (absence defined as
pertaining to groups: NO AKI and RIFLE 1-Risk; pres-
ence defined as pertaining to groups RIFLE 2-Injury
and RIFLE 3-Failure). MPP showed the highest asso-
ciation (AUC[95%CI] 0.765[0.657—-0.873]), compared
to MAP (AUC[95%CI] 0.690[0.567-0.814]) and CVP
(AUC[95%CI] 0.711[0.591-0.831]).

Likewise, in a linear regression model, the strong-
est association with the kidneys’ wet-to-dry ratio was
observed for MPP (p=0.002; R? 0.145), followed by CVP
(p=0.023; R? 0.088) and MAP (p=0.049; R* 0.062) (Addi-
tional file 1: Fig. S5).
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Table 3 Anatomical and physiological study variables collected at 48h, according to RIFLE classification

Variable NO AKI RIFLE 1: risk RIFLE 2: injury RIFLE 3:failure p-value

(n: 25) (n:15) (n: 14) (n:10)

Respiratory variables
Tidal volume (mL) 413 (£219) 398 (£175) 434 (£218) 372(x£134) 0.893
Respiratory rate (bpm) 29 (£12) 26 (£11) 26 (+9) 21 (+£9) 0.084
Mean airway pressure (cmH,0) 158 (£6.2) 159 (+5.7) 204 (£8.3) 26.2 (£83) 0.001
PEEP measured (cmH,0) 9.2 (£6.0) 10.1 (£6.4) 129 (£74) 185 (£8.7) 0.001
Driving pressure (cmH,0) 7.2 (+3.6) 7.8 (+£2.8) 7.9 (+£2.6) 5.6 (+2.6) 0.120
Mean pleural pressure (cmH,0) 52(x£27) 52(x£25) 6.0(£4.2) 10.5 (+3.8) <0.001
Stress-Transpulmonary pressure (mmHg) 11.8 (£5.2) 124 (+£4.8) 14.7 (+8.8) 11.5(+3.8) 0472
Strain, fraction 45 (£0.89) 1.15 (x0.55) 1.70 (£1.17) 1.26 (+0.50) 0.348
Airway resistance (cmH,O0*min/L) 0.20 (£0.09) 0.22 (£0.08) 0.21 (+0.05) 0.23 (+ 0.09) 0.740
Elastance, respiratory system (cmH,O/mL) 489 (£18.0) 52.1(£19.6) 496 (£12.6) 56.1 (£14.8) 0.693
Elastance, lung (cmH,0/mL) 31.8 (+16.3) 369 (+194) 342 (+79) 341 (+134) 0.872
Elastance, chest-wall (cmH,0/mL) 8 (£6.0) 16.2 (+5.8) 153 (x7.1) 220 (+84) 0.069
Specific elastance 9.23 (+4 57) 12.69 (£6.97) 9.69 (+3.03) 9.94 (+4.21) 0.192
Mechanical power, respiratory system (J/min) 247 (£13.0) 23.7 (x7.9) 299 (£12.5) 254 (+8.8) 0461
Mechanical power, lung (J/min) (+ 10.8) 183 (£7.5) 233(x9.7) 176 (£7.2) 0401

Hemodynamic
Heart rate (bpm) 86 (+21) 87 (£21) 109 (£ 23) 115 (£20) <0.001
Mean arterial pressure (mmHg) 72 (£12) 71 (x£19) 71 (x14) 61 (+9) 0.186
Central venous pressure (mmHg) 10.7 (+3.8) 10.3 (+4.7) 14.2 (£5.6) 15.1 (+4.9) 0.013
Mean perfusion pressure (mmHg) 61(x12) 61 (£19) 57 (£15) 46 (£10) 0.036
Mean pulmonary artery pressure (mmHg) 25 (x7) 24 (+8) 32(+8) 34 (+6) 0.001
Cardiac output (L/min) 2.86 (+0.77) 2.60 (+0.65) 411 (£1.74) 457 (£1.86) <0.001
Central venous oxygen saturation (%) 77 (£9) 76 (£8) 73 (x16) 81 (£5) 0.394
Lactates (mg/dL) 0.63 (£0.29) 0.62 (£0.259) 142 (£1.62) 1.39 (£0.79) 0.011
Infused catecholamines (mcg/Kg) 4.3 (+6.0) 44 (+57) 12.9 (£15.3) 11.0 (+17.0) 0.034
Blood gas analysis
Pa02 (mmHg) 222 (+28) 229 (£ 189) 213 (+£46) 227 (£27) 0.548
PaCO2 (mmHg) 21 (£10) 18 (£4) 24 (+£20) 30 (£20) 0.259
pH 7.57 (+0.06) 7.59 (£0.05) 7.52 (+£0.14) 745 (+£0.16) 0.005

Because 14 study-individuals expired before hour 48, the analysis was performed on 64 animals; p-value computed by one-way ANOVA

Table 4 Post-mortem analysis, indexed lungs weight and wet-to-dry ratios, according to RIFLE classification

Variable NO AKI RIFLE 1: risk RIFLE 2: injury RIFLE 3: failure p-value

(n: 27) (n:18) (n:18) (n: 15)

Fluid balance (mL) 348 (£2.56) 274 (£1.75) 4.04 (£3.65) 6.89 (+4.52) 0.002

Sodium retention (mEq) 658 (+348) 526 (£239) 785 (£539) 1435 (+479) <0.001

Lungs' weight (g/Kggy) 216(7.0) 184 (4.7) 205 (8.0) 245 (6.7) 0.080

Wet-to-dry lungs 648 (0.71) 6.72 (1.19) 6.56 (0.97) 6.86 (1.06) 0.622

Wet-to-dry kidneys 4.70(1.02) 5.40 (O 83) 5.30 (0.66) 01(047) <0.001

Wet-to-dry liver 3.88(0.40) 1(0.52) 4.04 (0.45) 4.20(0.45) 0.041

Wet-to-dry bowel 5.65 (0.84) 5.52(0.49) 561 (0.69) 5.59 (1.44) 0.983

Wet-to-dry muscle 3.78(0.72) 3.92(0.53) 4.00 (0.64) 3.68 (0.58) 0.551

p-value computed by one-way ANOVA
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Discussion

The main findings of the present analysis are as follows:
1) similar mechanical power, regardless its components,
produced similar lung injury (lung weight and wet-to-dry
ratio). In contrast, for a similar mechanical power, the
prevalence of the PEEP component led to different sever-
ity of acute kidney injury (creatinine and wet-to-dry of
the kidneys); 2) a reduced MPP is a better renal failure
predictor than its components (MAP and CVP) taken
separately.

Determinants of acute kidney injury

As shown in Table 2, immediately after the experiment
initiation, mechanical power was significantly different
between groups. Notably, however, the RIFLE 3-Failure
group received a lower amount of mechanical power
compared with the RIFLE 2-Injury group (25.0 (+7.8)]/
min vs. 30.5(+10.7)]/min, respectively), suggesting that
mechanical power, per se, is not the main determinant
of kidney impairment. Consequently, we partitioned the
total mechanical power into its three determinants[4]:
elastic (determined by the tidal volume), resistive (deter-
mined by the resistance of the airway) and PEEP com-
ponent. The analysis of the single components strongly
suggested that the PEEP component is the primary deter-
minant of acute kidney injury, compared to the tidal vol-
ume and the respiratory rate.

The intermediate variable linking mechanical power,
PEEP, and acute kidney failure is likely the increased
mean pleural pressure, which, in turn, alters the mean
perfusion pressure by decreasing MAP and increasing
CVP (see supplementum for the relationship between
PEEP and MPP (Additional file 1: Fig. S6) and PEEP
and pleural pressure (Additional file 1: Fig. S7)). Inter-
estingly, at 0.5h, MAP, CVP and cardiac output were
similar in the four groups, as well as the mean pleural
pressure. This suggests an early adaptation in the hemo-
dynamic response to the stressful condition imposed
by the mechanical power. However, at the end of the
experiment, the overall respiratory and hemodynamic
panels were different. Indeed, while the early response
to the increased mechanical power was primarily an
impairment of lung mechanics with near-normal hemo-
dynamic, at 48h the lung mechanics were similarly
impaired across the four groups. This suggests similar
lung damage. In contrast, the hemodynamic variables
and mean pleural pressure were markedly different, likely
accounting for the different magnitude of kidney damage.
Of note, despite a higher amount of fluids and catechola-
mines administered across groups, the overall hemody-
namic pattern showed a progressive deterioration going
from group NO AKI to RIFLE 3. The finding of a higher
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cardiac output in the RIFLE 3-Failure group likely reflects
the increased use of fluids and cardioactive drugs admin-
istered to maintain hemodynamic targets.

In a previous study[5], we observed that mechanical
power>20J/min led to similar lung damage regardless
its composition (i.e., a relatively low PEEP, in the range
of 5-8cmH,0, associated with tidal volume of 30ml/Kg,
showed similar lung damage compared to a setting of
tidal volume of 10mL/Kg and PEEP >20cmH,0). In this
study, lung edema quantified by the end-experimental
lung-weight and the wet-to-dry ratio was similar in the
four AKI groups. Conversely, kidney damage was dif-
ferent across groups, and this was primarily associated
to the applied PEEP. These data, considered all together,
suggest that the high mechanical power induced similar
pulmonary damage regardless its composition. How-
ever, when the PEEP component is predominant (around
20cmH,0 in our study population), the systemic effects
are remarkably different. Higher PEEP, indeed, was asso-
ciated with significantly higher venous congestion (as
assessed by CVP and previously suggested in the litera-
ture [12, 13], fluid and sodium retention and a significant
increase of the kidney and liver wet-to-dry ratios. These
data highlight the risk of high PEEDP, as also shown by a
randomized trial where higher PEEP was associated with
worse outcomes[14].

Although the investigation of the possible harmful
effects of PEEP is usually focused primarily on the res-
piratory system, our findings emphasize the detrimental
extrapulmonary consequences of PEEP. Even though the
hemodynamic effects of PEEP are well known since dec-
ades [15-18], these implications are usually underesti-
mated as the impaired hemodynamics are masked by the
use of fluids or cardioactive drugs. Indeed, in this study,
the cardiac output was even higher in the groups with
the most severe degree of kidney failure. Therefore, when
advocating for a liberal versus conservative fluid manage-
ment strategy, the extrapulmonary effects of the respira-
tory treatment should be taken into account.

It is not clear why, despite similar levels of mean air-
way pressure, higher PEEP is associated with more severe
extrapulmonary effects compared to high tidal volume.
A possible explanation may be that the impediment to
venous return is constant and continuous compared with
the cyclical effect of tidal volume.

Pathophysiology of acute kidney injury in mechanical
ventilation

Several studies investigated the possible predictive marker
of kidney failure. Within them, the most investigated vari-
able was MAP [19-22]. Traditionally, MAP <65mmHg has
been considered a risk factor for kidney hypoperfusion and
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failure [23, 24]. In septic patients, it has been suggested
that MPP could be more accurate than the MAP in the
prediction of the renal outcome [6—8]. The physiological
basis of perfusion pressure is sound: a high CVP is asso-
ciated with proportionally higher renal venous pressure,
leading both to the decrease of kidney perfusion and to
an increased congestion/edema of the kidney and may be
a more insidious and less recognized cause of renal injury
compared to MAP. Given that MPP showed the strongest
association both with AKI severity and the kidney’s wet-
to-dry ratio, the assessment of the arterial and venous
sides of kidney’s circulation allows a more accurate predic-
tion of AKI. Additional file 1: Fig. S8 depicts the hypotheti-
cal physiological mechanisms underlying the development
of acute kidney injury, in ventilated individuals.

The implications of such finding are relevant: the
dogma that “fluid infusion optimizes renal perfusion and
performance” may be simply wrong. Because the gradi-
ent between arterial and venous pressures has a signifi-
cant role in the development of kidney injury, a cautious
use of fluids, inotropes and perhaps venous vasodilators
could be the key to optimize renal performance and to
prevent kidney vascular congestion.

Limitations of the study

The most relevant limitation of the present study is its
retrospective nature and the lack of a defined protocol
for hemodynamic management. Another limitation is the
lack of pathological assessment on the kidney specimens
for the confirmation and quantification of kidney failure,
and to define the type of damage that the experimental
subjects incurred (e.g., glomerular vs. tubular).

Conclusions

Within the components of harmful mechanical ventila-
tion, as defined by the level of applied mechanical power,
high PEEP is the greatest risk factor for AKI develop-
ment. Within the hemodynamic predictors of kidney
failure during mechanical ventilation, the combination
of MAP and CVP into the MPP provides a predictive
advantage, compared to MAP and CVP taken separately.

Take-home message

PEEP was the only variable included in the mechanical
power associated with kidney failure. This may be second-
ary to the hemodynamic effects of PEEP on central venous
pressure (CVP), which results in a reduction of the mean
perfusion pressure (mean arterial pressure minus CVP).
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