DOI: 10.4149/BLL_2015_005

EXPERIMENTAL STUDY

Bratis| Lek Listy 2015; 116 (1)
25-29

Reduction of renal function during mechanical ventilation of
healthy lungs in an animal biomodel
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Abstract: Objectives: To identify factors involved in reno-pulmonary interactions during mechanical ventilation.
Materials and methods: The study included a total of 25 domestic piglets. The animals were divided into three
groups based on different strategies of ventilation. Group A; spontaneously breathing piglets; group B animals
ventilated with tidal volume of 6 ml.kg~ and group C with animals ventilated with tidal volume 10 ml.kg=. Clini-
cal monitoring and laboratory tests were performed for all groups at baseline and then at 1 hour and 12 hours
for groups B and C. Ventilation indices, hemodynamics, urine output, creatinine clearance, glomerular filtration
index, fractional excretion of sodium, free water clearance and tissue samples were recorded. The data ob-
tained were statistically analysed.

Results: Lower creatinine clearance and renal indices were seen in group B (p < 0.05) and in group C (p <
0.001) at 1 hour, and a difference in urine output for group C (p < 0.01) compared to group A was observed.
At 12 hours, there was a further reduction in creatinine clearance and renal indices for group B (p < 0.05) and
group C (p < 0.01). The lung mechanics and hemodynamics were not significantly influenced.

Conclusions: The study showed a causal relationship between renal dysfunction and positive pressure mechani-
cal ventilation with respect to tidal volume and time (Tab. 4, Fig. 2, Ref. 17). Text in PDF www.elis.sk.
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Respiratory failure in paediatric intensive care units is the most
common indicator of positive pressure mechanical ventilation. The
strategy of mechanical ventilation has demonstrable influence on
the development of adverse organ interactions, which can include
renal dysfunction with fluid retention, increasing the morbidity
and mortality of critically ill children. Positive pressure mechani-
cal ventilation induced both local and systemic inflammatory re-
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sponses, and a number of clinical and experimental studies support
the hypothesis that the adverse reactions are caused by circulating
mediators of the systemic inflammatory response (1-4). Specifi-
cally in the kidney, there are changes in microcirculation, molecular
interactions and a decline in glomerular filtration (5-8). Previous
studies confirm the adverse influence of mechanical ventilation,
including expression of circulating mediators such as pro-inflam-
matory cytokines, cell adhesive molecules and chemokines (4).

Aims of the study

In light of these data, this study focused exclusively on re-
nal function and morphology using a clinically relevant animal
biological model undergoing twelve hours of positive pressure
mechanical ventilation, in an effort to confirm reduction in renal
function and define significant factors.

Material and methods

The experimental, randomized and comparative study was ap-
proved by the Academic ethics committee of the Charles University
in Prague. The study was performed at the Faculty of Medicine in
an accredited experimental surgical laboratory, Charles University
in Pilsen (Prague).

Animal preparation

The 25 piglets used in this study were obtained from a con-
trolled breeding station for domestic swine. Piglets were 6 weeks
of age and had an average weight of 22.7 kg (range 18.5-27.0 kg).
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The animals were premedicated intramuscularly with atropine
(0.07 mg.kg, Atropin; Hoechst-Biotika, Slovak Republic) and
azaperon (5.0 mg.kg™, Stresnil; Janssen Pharmaceuticals N.V.,
Belgium) thirty minutes before general anesthesia. Thiopental
(10.0 mg.kg™, Thiopental; VUAB Pharma, Czech Republic) was
administered intravenously for the induction of anaesthesia and
piglets were intubated with endotracheal tube (Kendall, ID 5.5
mm; GPS Prague, Ltd., Czech Republic). The administration of
thiopental was continued at 2.0 mg.kg*per hour intravenously and
bolus doses of fentanyl (5.0 ug.kg™, Fentanyl; Hexal AG, Germa-
ny) were used for analgesia (8). A central venous catheter (Certofix
Paed 5F; B.Braun, Germany) was inserted into the internal jugular
vein and an arterial line (Mygon ArterySet, 24G; Germany) was
surgically inserted into the femoral artery. Urinary drainage was
accomplished by surgical cystostomy using a permanent urinary
catheter (Cystofix 10F; Arrow International CR, Germany). All the
animals were given Ringer’s venous infusion 2.7 ml.kg per hour
(Ringer, Infusia, Czech Republic) during the study.

Animals were divided into three groups based on different
strategies of ventilation. The controls (Group A, n = 5) were in-
tubated and spontaneously breathing piglets. Piglets in groups B
and C were intubated and mechanically ventilated lying on side in
pressure-controlled mode (Elema Siemens 900 C; Germany) at a
constant ventilatory rate of 26 breaths per min, 6 cmH,O positive
end-expiratory pressure (PEEP) and fraction of inspired oxygen
(FiO,) at 0.21. The animals in Group B (n = 10) were ventilated
with a tidal volume (V,) of 6mlkg and in Group C (n = 10), the
tidal volume was 10mlkg. The functions of extra-pulmonary
organs were purposely not influenced pharmacologically such as
with diuretics, vasopressors or inotropes.

Protocol of the study

Samples were collected for Groups A—C at one hour (time-1,
A, B,, C,) and twelve hours (time-12) for groups Band C (B,,, C,,)
after initiating ventilation, blood was collected from the arterial
line and urine from the urinary cystostomy catheter. After sam-
pling and measurements at time-1 were spontaneously breathing
animals (the control group A) connected to mechanical ventila-
tion and under general anesthesia incorporated into the surgical
experiment in another study.

The following parameters were measured in serum and urine:
urea, creatinine, Na*, K*, ClI-, osmolality, glucose and acid-base
balance in arterial blood. ECG, heart rate (HR; pulse per min),
pulse oximetry (SpO,; %), end-tidal carbon dioxide (EtCO,; kPa),
central venous pressure (CVP; mmHg), systolic blood pressure
(SBP; mmHg), mean arterial pressure (MAP; mmHg) and diastolic
blood pressure (DBP; mmHg) were recorded at the same times on
a cardio-monitor (Nihon Kohden; Japan). Urinary output and core
temperature were recorded hourly.

The values of peak inspiratory pressure (PIP; cmH,0), mean
airway pressure (Paw; cmH,0), respiratory rate (RR; spontane-
ous breths.min™), breath rate (BR; artificial breths.min™), end-
expiratory pressure (PEEP; cmH,0), tidal volume (V,; ml.kg™),
minute ventilation (V; ml.min™), fraction of inspired oxygen
(FiO,; %) were recorded. The quality of ventilation was evalu-
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ated by the following indices: alveolar-arterial oxygen difference
(AaDO,; kPa), arterio-alveolar oxygen difference (a/ADO,; kPa),
oxygenation index (O, -), hypoxemic ratio (PaO,/FiO,; mmHg),
dead spacef/tidal volume ratio (V_/V,; %), ventilation index (VI;
-), dynamic lung compliance (C, ; ml.cmH,0".kg™) and airway
resistance (R,,, cmH,0.I"%s™).

Renal function was assessed by urinary output (UO; ml.kg™.
hod-?), creatinine clearance [CrCl = (u-creatinine x urine output)/s-
creatinine; ml.min], fractional excretion of sodium [FeNa= (u-
Na/s-Na) / (u-creatinine/s-creatinine); -], glomerular filtration
index [GFI = u-Na / (u-creatinine/s-creatinine)]; -), free water
clearance [Cfw = urine output-(urine output x u-osmolality)/s-
osmolality; ml.mmol-=.kg™] and ratio of potassium to sodium in
the urine (u-K/u-Na ratio; -) (10). At the end of the procedure,
samples of kidney tissue were collected for histological examina-
tion. Tissue was fixed with 10 % formalin solution, stained with
hematoxylin & eosin and examined by optical microscope with a
40 times magnification.

All animals were euthanized at the end of the procedure by an
intravenous bolus of cardioplegic solution (10 % Thomas solution;
15 ml.kg™) while under general anaesthesia. The carcasses were
disposed of in accordance with regulations of the Czech Republic
and European Union.
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Statistical analysis

The data were compared as follows: At time-1, groups A, B
and C were compared while at time-12, exclusively the ventilated
animals (groups B and C) were compared. Descriptive quantita-
tive non-parametric (median, Q1st—Q3rd) analyses, paired t-test
(Students t-test) and unpaired t-test (Shapiro—Wilcoxon) were
performed on the data. Correlations were analyzed by momental
replication analysis (Pearson), linear and polynominal regressions.
Data were analyzed by Analyse-it211 (Software, Ltd, Peltier Tech-
nical Services, Inc.; USA). The values were presented as median
and interquartile range (Q1st — Q3rd). Values of p < 0.05 were
considered statistically significant.

Results

The indices of ventilation, basic hemodynamic parameters,
urine output, creatinine clearance and renal indices in Group Aare
summarized in Table 1. These values of clinical measurements and
laboratory tests were used as controls for Groups B and C in time-1.

In the time-1 AaDO, (p < 0.05), Ol (p < 0.05), GFI (p <0.01),
FeNa (p < 0.05), u-K/u-Na ratio (p < 0.05) were higher and con-
versely V /V_ (p <0.05), CrCl (p < 0.05) and Cfw (p < 0.05) were
lower in group B compared with group A. After twelve hours of
ventilation (time-12) were significantly lower V_/V_ (p < 0.05),
but also Cdyn (p < 0.05), CrClI (p < 0.05), and other renal indices
data in comparison with the time-1. Blood circulation parameters
were not significantly altered.

Summary of the data obtained in group B and the differences
during the study are shown in Table 2.

Significant differences of monitored parameters were recorded
in group C. In group C AaDO, (p < 0.05) and Ol (p < 0.01) were
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Tab. 1. Spontaneously breathing piglets in Group A, reference val-
ues the study.

Parameters Group A
AaDO, 1.03 (0.66; 1.42)
a/ADO, 0.82 (0.74; 0.92)
ol 4.06 (3.08; 4.77)
PaO,/FiO, 360.5 (332.6; 377.4)
VI 22.86 (18.66; 24.12)
VIV, 22.25 (15.03; 28.45)
Cin 0.63 (0.52; 0.69)
e 0.95 (0.66; 0.97)
CVP 0.97 (0.53; 1.31)

SBP 99 (89.51; 100.76)

MAP 76.5 (67.32; 84.77)
DBP 66 (59.74; 70.46)
uo 2.3 (1.75; 2.63)
CrCl 0.18 (0.15; 0.21)
Cfw -0.5(-0.32; -1.17)
GFlI 958.33 (741.59; 900.33)
FeNa 7.0 (3.89; 9.22)
u-K/u-Na 0.28 (0.20; 0.35)

AaDO, - alveolar-arterial oxygen difference (kPa); a/A DO, - arterial-alveolar oxygen
difference (kPa); Ol — oxygenation index (-); paO,/FiO, — hypoxemic ratio (mmHg);
VI - ventilation index (-); V/V, — dead space-to-tidal volume ratio (%); C o~ dy-
namic lung compliance (ml.cmH,0".kg™); R, — airway resistance cmH,0".s™);
CVP - central venous pressure (mmHg); SBP — systolic blood pressure (mmHg);
MAP —mean arterial pressure (mmHg); DBP - diastolic blood pressure (mmHg); UO
—urine output (ml.kg.h™); CrCl - creatinine clearance (ml.min-?); Cfw — free water
clearance (ml.mmol-.kg™); GFI — glomerular filtration index (-); FeNa — fractional
excretion of sodium (-); u-K/u-Na - ratio levels of potassium to sodium in urine. All
data are expressed as median and interquartiler range (Q *; Q *9)

Tab. 2. Data differences in Group B.

Parameters B, B, Values p<
AaDO, 4.14 (1.99; 35.87) 10.94 (4.96; 31.30) NS
a/ADO, 0.79 (0.41; 0.90) 0.54 (0.29; 0.67) NS
ol 1.47 (1.31; 4.37) 1.91 (1.44; 3.97) 0.05
PaO,/FiO, 38051(378.02,420.60)  285.38 (262.85; 399.90) NS
Vi 18.78 (12.38; 26.21) 22.42 (23.42; 30.36) NS
VIV, 27.44 (20.91; 39.16) 21.49 (20.83; 22.47) 0.01
Com 0.57 (0.51;0.59) 0.46 (0.42; 0.57) 0.05
e 0.84 (0.60;1 .00) 1.17(1.03; 1.29) NS
CVP 1.97 (0.85; 2.07) 2.05 (1.56; 2.25) NS
SBP 99.5 (95; 98) 117 (108; 122) NS
MAP 69 (64; 86) 95 (87; 95) NS
DBP 61 (56; 81) 83 (80; 89) NS
uo 1.7 (1.4;1.9) 1.5 (0.95; 1.93) NS
CrcCl 0.234 (0.18; 0.25) 0.12(0.10; 0.15) 0.05
Cfw 0.4 (-0.85; 0.13) 0.7 (-0.92; 0.17) NS
GFI 386.36 (121.21,2891.89) 1258.06 (641.79;1282.06)  0.01
FeNa 2.76 (0.87; 2.71) 9.39 (4.55; 12.53) 0.01
u-K/u-Na 0.48 (0.26,0.53] 1.08 (0.95; 1.36) 0.01

AaDO, - alveolar-arterial oxygen difference (kPa); a/A DO, - arterial-alveolar oxygen
difference (kPa); Ol - oxygenation index (-); paO,/FiO, —hypoxemic ratio (mmHg);
VI - ventilation index (-); V/V, — dead space-to-tidal volume ratio (%); C, - dy-
namic lung compliance (ml.cmH,0kg™); R —airway resistance cmH,0.s™); CVP
— central venous pressure (mmHg); SBP — systolic blood pressure (mmHg) - MAP
— mean arterial pressure (mmHg); DBP — diastolic blood pressure (mmHg); UO —
urine output (ml.kg.h"*); CrCI — creatinine clearance (ml.min™); Cfw — free water
clearance (ml.mmol-.kg™); GFI — glomerular filtration index (-); FeNa — fractional
excretion of sodium (-); u-K/u-Na — ratio levels of potassium to sodium in urine.
B, —group B - the data in time-1 - B, — group B — the data in time-12. All data are
expressed as median and interquartiler range (Q *; Q *¢)

higher, but UO (p < 0.05), CrClI (p < 0.05), Cfw (p < 0.05), GFI
(p < 0.001), FeNa (p < 0.01) lower and also u-K/u-Na ratio (p <
0.01) was lower compared with group A. In group C were also

Tab. 3. Data differences in Group C.

Parameters C, C, Values p<
AaDO, 0.737 (-0.56; 3.16) 2.74(0.11;31.29) 0.05
a/ADO, 0.94(0.73;1.04) 0.78 (0.33; 0.99) NS
Ol 2.06 (1.97;3.06) 3.37(2.37,5.63) 0.05
PaO,/FiO,  382.65(300.40;51855)  346.89 (195.26; 443.09) NS
Vi 24.03 (20.83; 28.65) 35.27 (28.59; 44.57) NS
VIV, 28.36 (28.35; 38.18) 39.02 (16.05; 43.36) NS
Cin 0.63(0.63; 0.75) 0.61 (0.54; 0.66) NS
o 1.22 (1.03; 1.22) 1.25 (1.17; 1.42) NS
CVP 1.95 (1.22; 2.02) 2.21 (1.87; 2.30) NS
SBP 110 (108; 117) 112 (95; 134) NS
MAP 73 (69; 73) 62 (59; 82) NS
DBP 56 (54; 65) 59 (53;82) NS
uo 1.2 (0.9;1.8) 0.6 (0.5;1.0) 0.05
CrCl 0.61 (0.57; 0.65) 0.25 (0.29; 0.30) 0.05
Cfw -1.0(-1.1;-0.02) -0.95 (-0.95;9.0) NS
GFI 54.70 (54.69;, 87.32) 180.95 (137.50; 375.00) 0.01
FeNa 0.40 (0.30; 0.40) 1.36 (0.95; 2.82) 0.001
u-K/u-Na 0.56 (0.51; 0.66) 1.41 (1.07; 1.46) 0.05

AaDO, - alveolar-arterial oxygen difference (kPa); a/A DO, - arterial-alveolar oxygen
difference (kPa); Ol — oxygenation index (-); paO,/FiO, —hypoxemic ratio (mmHg);
VI - ventilation index (-); V/V, — dead space-to-tidal volume ratio (%); C, - dy-
namic lung compliance (ml.cmH,0*.kg™); R, —airway resistance cmH,0".s™); CVP
— central venous pressure (mmHg); SBP — systolic blood pressure (mmHg) — MAP
— mean arterial pressure (mmHg); DBP - diastolic blood pressure (mmHg); UO —
urine output (ml.kg.h?); CrClI — creatinine clearance (ml.min-); Cfw — free water
clearance (ml.mmol-.kg™); GFI — glomerular filtration index (-); FeNa — fractional
excretion of sodium (-); u-K/u-Na - ratio levels of potassium to sodium in urine.
C, —group C — the data in time-1; C,, — group C - the data in time-12. All data are
expressed as median and interquartiler range (Q *; Q *).

Tab. 4. Pearson’s correlation between the renal and ventilation indices.

Dependent Independent Pearsons Values
variable variable correlation r = p<
AaDO, 0.561 0.05
Cfw R -0.889 0.001
Cin 0.885 0.001
GEI PaO,/FiO, -0.651 0.01
Cy. 0.542 0.05
VIV, -0.603 0.05
FeNa PaO,/FiO, -0.634 0.05
Cin 0.532 0.05

Cfw — free water clearance (ml.mmol-.kg); GFI — glomerular filtration index (-);
FeNa — fractional excretion of sodium (-). AaDO, - alveolar-arterial oxygen dif-
ference (kPa); paO,/FiO, — hypoxemic ratio (mmHg); VV_/V, - dead space-to-tidal
volume ratio (%); C, . — dynamic lung compliance (ml.cmH,0".kg™); R, - airway
resistance (cmH,0.s™)

AaDO, (p < 0.05), Ol (p <0.05), CrCl (p < 0.01), Cfw (p < 0.05),
FeNa (p < 0.05) and u-K/u-Na rato (p < 0.01) higher, but GFI (p
< 0.01) and UO (p < 0.05) were lower compared with group B.
After twelve hours (time-12) AaDO, and Ol were significantly
higher in this group. Ol (p < 0.05), and VI (p < 0.05) were higher
compared with group B. Changes in blood circulation were not
significant. With the exception of Cfw renal function parameters
were even significantly lower in this group. All parameters of re-
nal function with the exception of UO (p < 0.05) were also lower
compared to group B.

Overview of the data obtained in Group C and the differences
during the study \are shown in Table 3.

Regression analysis of the data obtained in the study showed
a significant correlation between the data obtained regarding qual-
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Fig. 1. Free water clearance vs. alveolar-arterial oxygen difference in
polynomial regression analysis . Cfw — free water clearance as depend-
ent variable on axis x; AaDO,— alveolar-arterial oxygen difference as
independent variable on axis y.
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Fig. 2. Optical microscope image of piglet’s kidney tissue. Renal tis-
sue of the animal ventilated 12 hours with higher tidal volume (V=
10 mLkg™"). Cortex and renal medulla are without pathological find-
ings.40 x magnifications.

ity of ventilation and renal function. The authors determined the
data of renal function as dependent variables and data, expressing
the quality of ventilation as independent variables. All relevant
correlation between dependent and independent parameters are
shown in Table 4.

The relationship between the parameters of Cfw and AaDO,
was significant (R?= 0.02; p = 0.05). The relationship of these
parameters is expressed graphically in Figure 1.
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All samples of kidney tissue of animals in groups B and C
were morphologically evaluated. In none of the examined samples
pathological changes were found. Cortex and renal medulla from
a representative kidney are displayed in Figure 2.

Discussion

The ethiopathogenesis of adverse interactions between kid-
neys and lung have been addressed in a number of clinical and
experimental studies (4, 6, 7, 11). The systemic inflammatory
reactions, in combination with natural neurohumoral regulation,
are undoubtedly the dominant factors in the pathogenesis of these
interactions. Regional functional changes in the renal cortex in-
fluence the resulting function of the system and changes in renal
function were related to microcirculation, membrane receptors,
transporting channels and cell organelles (5, 7, 10). Renal perfor-
mance is regulated by signal molecules and influenced by organ,
tissue, cell and molecular interactions (12).

Positive pressure mechanical ventilation was undoubtedly
an unnatural form of pulmonary ventilation, which periodically
changed tidal volumes at the cost of permanent higher intrathoracic
pressure. The adverse effects of this strategy included reductions in
right ventricle performance, increased pulmonary vascular resist-
ance, pulmonary capillary dysfunction, extravasation of granulo-
cytes in addition to alveolar macrophage activation and the release
of inflammatory mediators (2, 3, 4, 13). In the course of mechanical
ventilation, volume and transpulmonary pressure are transformed
into biological influences by activation of the local inflammatory
cascade (1, 2, 4, 11). Mechanical transduction activates transcrip-
tion and mediator release, inducing local and systemic inflamma-
tory reactions having adverse effects on kidney function (2, 7, 10).
The renal cortical microcirculation is regulated by connexins (12)
while endogenous catecholamine directly affects regional perfu-
sion (8, 14). Aldosterone affects ion excretion and activates the
renin—angiotensin system by induction of angiotensin converting
enzyme expression (7, 15). The key to the explanation of regional
hemodynamic regulation in the kidney is the renin-angiotensin—
aldosterone system. The lungs are involved in the regulation of its
own metabolic activity, i.e. conversion of angiotensin | to angio-
tensin I1. Physical changes that accompany mechanical ventilation
and metabolic activity of lungs are activated. The result is loosely
circulating vasopressors which affect the regional hemodynamics
kidney. The goal of this regulation is preservation of renal perfusion
at the cost of sodium and water retention (6, 11, 13, 14, 16, 17).

The results of our study confirm the fact that the systemic he-
modynamics was not significantly affected by mechanical ventila-
tion. In this study, animals were mechanically ventilated for twelve
hours at two different tidal volumes, where a relatively minor dif-
ference in tidal volume yielded interesting results. For example,
the lung mechanics and overall hemodynamics were not signifi-
cantly modified by different ventilation strategies or the time factor.

Within the first hour of ventilation at 6 ml.kg™, the alveolar-
arterial oxygen difference improved and dead space was reduced.
When compared to spontaneous breathing, renal indices were
changed, seen as a reduction in glomerular filtration index, free
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water clearance, fractional excretion of sodium and higher ratio
of potassium to sodium in the urine, but urinary output was not
affected. After twelve hours, there was a further deterioration in
all renal indices including one-hour diuresis.

Within the first hour of ventilation at 10 ml.kg?, the alveolar-
arterial oxygen pressure difference and oxygenation index were
improved. In comparison to spontaneous breathing, one-hour diu-
resis, glomerular filtration indices, free water clearance and frac-
tional excretion of sodium were lower. Elevation of the potassium/
sodium ratio in urine confirmed the secondary effects of aldos-
terone. After twelve hours, there was a progressive deterioration
in the alveolar-arterial oxygen pressure difference, oxygenation
index and renal indices with the exception of free water clearance.
During ventilation there were more pronounced changes in the
renal parameters monitored, but without morphological evidence
of damage to the kidneys.

When both ventilation strategies were compared, it was obvi-
ous that the higher tidal volume initially and over time caused more
pronounced adverse reactions, including renal dysfunction when
compared to ventilation with the lower tidal volume.

Study limitations

Experimental research has the unique advantage that it is pos-
sible to create almost ideally uniform groups of animals constitut-
ing biomodels. Twelve hour mechanical ventilation does not cor-
respond to the typical clinical scenario of ICU patients, who are
typically ventilated for longer time periods. There are also model
and species specific limitations that prevent direct extrapolation
of our findings to other species. We failed to raise the respiratory
rate in the group of animals ventilated with a lower tidal volume
to compensate for minute ventilation in the higher tidal volume
group. Direct laboratory testing to verify the activation of the re-
nin—angiotensin—aldosterone system are not implemented for two
reasons. One of the reasons is the fact that the ratio of potassium
to sodium in the urine has a sufficient argument for evaluation of
activity of aldosterone. The second, non-medical reason were the
financial limitations and the high cost of the experiment.

Conclusions

This study showed a causal relationship between renal dysfunc-
tion and positive pressure mechanical ventilation with respect to
tidal volume and time. The conclusions presented in this experimen-
tal study could have implications in the everyday clinical practice.
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