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Ventilation strategy and its influence on the functional
performance of lung grafts in an experimental model of
single lung transplantation using non-heart-beating donors*

Influéncia da estratégia ventilatoria no desempenho funcional de enxertos
pulmonares em um modelo experimental de transplante pulmonar
unilateral de doadores apos parada cardiocirculatoria

Elaine Aparecida Felix, Cristiano Feijo Andrade,
Paulo Francisco Guerreiro Cardoso, Gabriela Cury Thiesen,
Ana Carolina Pecanha Antonio, Lucas Krieger Martins, Tiago Antonio Tonietto

Abstract

Objective: To compare the influence of two different ventilation strategies—volume-controlled ventilation (VCV)
and pressure-controlled ventilation (PCV)—on the functional performance of lung grafts in a canine model of
unilateral left lung transplantation using donor lungs harvested after three hours of normothermic cardiocirculatory
arrest under mechanical ventilation. Methods: The study comprised 40 mongrel dogs, randomized into two
groups: VCV and PCV. Of the 20 recipients, 5 did not survive the transplant, and 5 died before the end of the
post-transplant assessment period. The remaining 10 survivors (5 in each group) were evaluated for 360 min after
lung transplantation. The functional performance of the grafts was evaluated regarding respiratory mechanics, gas
exchange, and lung graft histology. Results: There were no significant differences between the groups regarding
respiratory mechanics (peak inspiratory pressure, plateau pressure, mean airway pressure, dynamic compliance, and
static compliance) or gas exchange variables (Pa0,, venous oxygen tension, PaCO,, venous carbon dioxide tension,
and the arterial-venous oxygen content difference). The histopathological findings were consistent with nonspecific
acute lung injury and did not differ between the groups. Conclusions: This model of lung transplantation showed
that the functional performance of lung grafts was not influenced by the ventilation strategy employed during the
first six hours after reperfusion.
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Resumo

Objetivo: Comparar a influéncia de duas estratégias ventilatorias — ventilacio controlada a volume (VCV) e
ventilacio controlada a pressdo (VCP) — no desempenho funcional de enxertos pulmonares em um modelo canino
de transplante pulmonar unilateral esquerdo, utilizando-se doadores cujos pulmdes foram captados apds trés
horas de parada cardiocirculatdria em temperatura ambiente e sob ventilagdo mecanica. Métodos: O estudo incluiu
40 cées mesticos randomizados nos grupos VCV e VCP. Dos 20 receptores, 5 ndo sobreviveram ao transplante, e
5 nio sobreviveram ao periodo de avaliagio pos-transplante. Os 10 receptores sobreviventes (5 em cada grupo)
foram avaliados durante 360 min apds o término do transplante pulmonar. O desempenho funcional dos enxertos
foi estudado através da avaliacdo da mecanica respiratoria, trocas gasosas e histologia do enxerto. Resultados: Nao
houve diferencas significativas entre os grupos quanto as variaveis de mecénica respiratoria (pressdo de pico
inspiratdria, pressio de platd, pressio média de vias aéreas, complacéncia dindmica e complacéncia estatica)
e de trocas gasosas (Pa0,, pressdo venosa mista de oxigénio, PaCO,, pressdo venosa mista de CO, e diferenca
arteriovenosa de oxigénio). As alteracdes histopatologicas foram compativeis com o padrdo de lesdo pulmonar
aguda ndo especifica e ndo diferiram entre os grupos. Conclusdes: Este modelo de transplante pulmonar mostrou
que o desempenho funcional do enxerto nédo foi influenciado pela estratégia ventilatoria utilizada até seis horas
apos a reperfusio.

Descritores: Ventilacdo pulmonar; Respiragio artificial; Transplante de pulméo; Caes; Preservacio de érgaos.
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Introduction

The use of lungs obtained from non-heart-
beating donors has become a clinical necessity
due to the increasing demand for organs.
However, it is anticipated that grafts from such
donors will show ischemic changes that can
result in graft dysfunction in the immediate
post-transplant period. Ischemic injury can cause
complications resulting from graft reperfusion,
such as ischemia-reperfusion (I/R) lung injury,
acute graft failure, and hyperacute rejection.("?
The major cause of morbidity and mortality in
the first weeks after lung transplantation is 1/R
injury.® In 15% of cases, there is severe lung
injury, the pattern of which is similar to that seen
in ARDS.® Greater 1/R injury severity increases
the chance of need for prolonged mechanical
ventilatory support.”” Pulmonary dysfunction
associated with acute lung injury and 1/R injury
have clinical and pathophysiological aspects
that are similar to those of ARDS. Therefore,
ventilation strategies that are effective in
patients with ARDS might be applicable to
patients submitted to lung transplantation.® The
objective of optimizing ventilation is to reduce
barotrauma, volutrauma, and biotrauma (the
inflammatory response), all of which can have
systemic repercussions that might contribute
to morbidity and mortality.” There have been
few studies focusing on mechanical ventilation
in the immediate post-operative period and its
potential influence on the performance of the
lung graft. The objective of this study was to
compare the influence of two different ventilation
strategies—volume-controlled ventilation
(VCV) and pressure-controlled ventilation
(PCV)—in a canine model of unilateral left lung
transplantation using donor lungs harvested
after three hours of cardiac arrest.

Methods

The study comprised 40 adult (15-30 kg)
unconditioned mongrel dogs, randomly selected.
All animals received humane treatment, in
accordance with international standards for the
use of laboratory animals. Twenty donor dogs
were submitted to general anesthesia (thiopental
sodium and fentanyl citrate) and were maintained
onmechanical ventilation, as previously described
by Andrade et al.® The following ventilation
parameters were adjusted with the use of a

pneumatic electronic ventilator (Narcosul Ltda,
Porto Alegre, Brazil) under VCV: Fi0, = 1.0; tidal
volume (V) = 15 mL/kg; RR = 20 breaths/min;
inspiratory/expiratory ratio = 1:2; and positive
end-expiratory pressure (PEEP) = 5 cmH 0.
These settings were defined as the standard
strategy for VCV. Subsequently, arterial blood
samples were collected for baseline blood gas
analysis. The dogs received anticoagulation
therapy with heparin (5 mg/kg i.v.) and were
injected with a lethal dose of thiopental sodium
(65 mg/kg i.v.). After cardiac arrest, the lower
lobe of the right lung was biopsied, and the
animals were maintained on mechanical
ventilation for 180 min at room temperature. By
the end of the period of normothermic ischemia,
the cardiopulmonary block was removed after
retrograde pulmonary perfusion with 50 mL/kg
of Perfadex” solution (Vitrolife, Kungsbacka,
Sweden).®? After two hours of hypothermic
ischemia (at 4°C), the left lung was prepared for
transplantation into the recipient. The recipient
animals were submitted to anesthesia similar to
that employed for the donors. The recipients
were then intubated and ventilated with a
Servo 900-C ventilator (Siemens Elema, Solna,
Sweden), the standard VCV strategy settings
being used. Using a Tracer 5 graphic ventilation
monitor (Intermed Ltda, Sdo Paulo, Brazil), we
registered the following curves: pressure-time;
flow-time;  volume-time;  pressure-volume;
and flow-volume. Hemodynamic monitoring
included mean arterial pressure  (MAP),
pulmonary artery pressure (PAP), heart rhythm,
and HR. The parameters were maintained at
physiological levels for the species, that is,
MAP = 60-110 mmHg, PAP = 15-20 mmHg,
HR = 60-120 bpm, and sinus heart rhythm,
with hemodynamic management and the use
of vasoactive drugs when necessary. Esophageal
temperature was monitored, as was blood
volume, which was estimated at 80 mL/kg."” The
ventilation variables included were as follows:
expiratory V.; expiratory minute volume; airway
peak inspiratory pressure (PIP); plateau pressure
(P,,); mean airway pressure (Paw); dynamic
compliance (Cdyn) of the respiratory system;
and static compliance (Cstat) of the respiratory
system. The P, . readings were taken after
a five second end-inspiratory pause. Oxygen
saturation was studied using the following
parameters: oxygen saturation index (PaO,/
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Fi0,); mixed venous oxygen pressure (PvO,);
and arterial-venous oxygen content difference,
that is, ASO, = Sa0, — mixed venous oxygen
saturation (Sv0,). Ventilation was assessed
by measurement of PaCO, levels and mixed
venous carbon dioxide pressure (PvCO,). Tt was
established that the PaOZ/FiO2 ratio should
be maintained at 200 mmHg or less and
that PaCO, should be maintained between
35 and 50 mmHg. Anesthesia was maintained
with a continuous infusion of midazolam
(0.005-0.010 pg ® kg=' e min'), fentanyl
hydrochloride (0.1-0.2 pg ® kg™' ® min™'), and
pancuronium (1-2 mg/h). Unilateral left lung
transplantation was performed in accordance
with the technique previously described by
Kohmann et al.”’ Hemodynamic, respiratory,
and gas exchange variables were assessed at the
following time points: baseline; 15 min after
clamping of the left pulmonary artery, followed
by a second biopsy of the left lung; 15 min after
reperfusion; and 15 min after right lung exclusion
by clamping of the right main bronchus and
right pulmonary artery. After chest wall closure,
the animals were placed in the supine position
and were randomized into two groups (VCV
and PCV). Thereafter, measurements were taken
every 30 min for 360 min. For the VCV group,
the ventilator settings were maintained as the
standard strategy. For the PCV group, PIP was
adjusted to obtainaV, of 15 mL/kg. All remaining
parameters were adjusted to settings identical
to those employed for the VCV group. Over
the course of the experiment, RR was adjusted
(20-30 breaths/min), aiming at a minute volume
of 300 mL ® kg~' ® min~'—with a PIP limit of
50 ¢cmH,0, assuming a P, . < 35 cmH,0 and a
Pa0, > 200 mmHg—and tolerating hypercapnia
of 50-80 mmHg."" In the presence of hypoxemia,
alveolar recruitment maneuvers were performed
using an expiratory V. that was 50% higher than
that initially established and maintaining PIP at
35 emH_0 for eight seconds. At the end of the
assessment period, the lung graft was again
biopsied, and the animals were injected with
a lethal dose of thiopental sodium (65 mg/kg
i.v.) The wet weight/dry weight ratio of the lung
grafts was determined.® The lung tissue samples
were fixed, embedded in paraffin, sectioned, and
stained with H&E. The inflammatory changes,
as well as the severity and location of the
histopathological lesions, were evaluated by a
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Figure 1 - RR over time in the pressure-controlled
ventilation (PCV) and volume-controlled ventilation
(VCV) groups. Despite an increase in RR, there were
no significant differences between the groups.

pathologist, who was blinded to the protocol, as
well as to the region from which the sample was
obtained, and who used a histological scoring
system.('?

The statistical analysis was performed with
the Statistical Package for the Social Sciences,
version 10.0 (SPSS Inc., Chicago, 1L, USA). The
parametric Student’s t-test for independent
samples was used in order to compare the
groups with each other, and the values obtained
are expressed as means and standard deviations.
In order to compare the VCV and PCV groups
regarding hemodynamic, respiratory, and gas
exchange measurements, taken 30-360 min
after lung transplantation, we used ANOVA
with repeated measures, followed by the least
significant difference multiple comparison test.
The results are expressed as mean + SE. The
histopathological characteristics of the initial
and final samples were compared by Fisher’s
exact test, and the results obtained are expressed
as absolute and relative frequencies. The level of
statistical significance was set at p < 0.05.

*Assessed at four time points—at baseline; 15 min after
clamping of the left pulmonary artery (post-clamp, left); 15
min after reperfusion (post-reperf); and 15 min after right
lung exclusion by clamping of the right main bronchus and
right pulmonary artery (post-clamp, right)—and again at
30-min intervals for 360 min after lung transplantation.
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Figure 2 - Plateau pressure over time in the pressure-
controlled ventilation (PCV) and volume-controlled
ventilation (VCV) groups.

Results

Of the 20 recipient animals, 5 were excluded
because they did not survive the transplant.
Another 5 (3 in the VCV group and 2 in the
PCV group) died before the end of the 360-min
assessment period, due to excessive bleeding
and hemodynamic instability. Of the remaining
10 survivors, 5 belonged to the VCV group
and 5 belonged to the PCV group. There were
no significant differences between the groups
regarding body weight, total ischemic time,
anastomosis time, wet weight/dry weight
ratio, total anesthetic consumption, volume of
electrolyte solutions administered, or urinary
output. There were also no statistically significant
differences between the groups regarding MAP,
PAP, HR, or esophageal temperature. In addition,
volumetric measurements taken in both groups
revealed no significant differences regarding
V, values (p = 0.49). There was a tendency
toward higher RR values in the VCV group
(p = 0.09; Figure 1). Over time, RR increased,
being significantly higher by the end of the
experiment (p = 0.01). There were no significant
differences between the groups regarding PIP,

P, (Figure 2), mean Paw, Cdyn, or Cstat. The
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Figure 3 - PaCO, over time in the pressure-controlled
ventilation (PCV) and volume-controlled ventilation
(VCV) groups. Despite a progressive increase in PaCo,,
there were no significant differences between the
groups.

values for the PaOZ/FiO2 ratio, PvO,, PaCO,, and
PvCO, were similar in the two groups, despite
the progressive and persistent increase in PaCO,
(Figure 3). The Pa0,/Fi0, ratio tended to decrease
progressively over time (p = 0.09). There was a
progressive increase in ASO, over the course of
the assessment period (p = 0.04; Figure 4). The
lung biopsies revealed diffuse alveolar damage
that was similar in the two groups. Alveolar
septal rupture was found in 2 animals in the
VCV group and in 1 animal in the PCV group
(Figure 5).

Discussion

After extensive experimental investiga-
tion,®">" the use of lungs obtained from
non-heart-beating donors has become a clinical
reality. Recently, the survival of recipients of
lungs obtained from non-heart-beating donors
was found to be somewhat lower than that of
recipients of lungs from brain-dead donors,
although within acceptable levels, the one-year
and two-year survival rates being 78% and 69%
in the former group, respectively, compared with

*Assessed at four time points—at baseline; 15 min after clamping of the left pulmonary artery (post-clamp, left); 15 min after
reperfusion (post-reperf); and 15 min after right lung exclusion by clamping of the right main bronchus and right pulmonary
artery (post-clamp, right)—and again at 30-min intervals for 360 min after lung transplantation.

J Bras Pneumol. 2010;36(5):554-561



558
60 -
50 A
= 4
£ 40
£
£ 30~
=
2 20 A
10 H
O T T T T T T T T T T T T T T T 1
$E€5E288388298888
== 5.5 —_—_ N NN O™
2885
T
@ LE“ ‘é g—
SEs
4 -
£ 38
Q_ .
Time?
-e- VCV - PCV
Figure 4 - Difference in oxygen-hemoglobin

saturation (ASO,) between the pressure-controlled
ventilation (PCV) and volume-controlled ventilation
(VCV) groups. There was a progressive increase over
the course of the assessment period, revealing a
difference between the groups (p = 0.04).

940 and 87% in the latter.!™ 1t is anticipated
that, in those non-heart-beating donor lungs, the
post-arrest ischemic changes will be severe and
will lead to a greater number of complications in
the recipients. Few studies involving experimental
models of lung transplantation have specifically
addressed the ventilation strategy used. To our
knowledge, the present study is the first to test
two different conventional controlled ventilation
strategies (VCV and PCV) in an experimental
model of lung transplantation in dogs using
donor lungs harvested after three hours of
normothermic ischemia following cardiac arrest.
Regarding respiratory mechanics, gas exchange,
and histopathological findings, we found no
significant differences to suggest an unequivocal
benefit of one strategy over the other.

Despite  the  progressive  functional
impairment found, the lung grafts maintained
their ability to perform gas exchanges, despite
the observed reduction in Pa0,/Fi0O, and PvO,.
The changes in PvO, (values below 40 mmHg)

2Assessed at four time points—at baseline; 15 min after
clamping of the left pulmonary artery (post-clamp, left); 15
min after reperfusion (post-reperf); and 15 min after right
lung exclusion by clamping of the right main bronchus and
right pulmonary artery (post-clamp, right)—and again at
30-min intervals for 360 min after lung transplantation.

J Bras Pneumol. 2010;36(5):554-561

Felix EA, Andrade CF, Cardoso PFG, Thiesen GC, Antonio ACP, Martins LK et al.

indicate altered tissue oxygenation. There
was a gradual and variable increase in ASO,
(ASO, > 30%), reflecting significant changes in
Sv0,, which is an indicator of oxygen transfer
through the alveolar-capillary membrane, as well
as of cardiac output and peripheral utilization of
oxygen. A SvO, value < 60 mmHg in the presence
of adequate gas exchange indicates decreased
cardiac output and high oxygen consumption,
or it might reflect a change in the ventilation/
perfusion ratio. The increase in ASO, can result
from reduced oxygen transfer in the lungs,
decreased oxygen transport to the tissues, or
increased tissue oxygen consumption, probably
due to different responses to vasoactive drugs
and hemodynamic management.'® Regarding
the variables used to monitor ventilation, there
were considerable increases in PaCO, and PvCO,
levels from the end of the transplantation
procedure onward. In the VCV group, PaCO, and
PvCO, values always remained higher. Therefore,
with the use of similar minute volumes, minor
adjustments in RR, and higher mean Paw, the
animals in the PCV group presented with lower
PaCO, values, providing evidence of an improved
capacity to eliminate CO,. The changes found
are likely due to the increase in the physiological
dead space, resulting from the major changes
in the ventilation/perfusion ratio. A review of
transplant recipients'” revealed that decreased
diffusing capacity of the lung for CO, is common
in lung grafts. The PCV strategy is theoretically
more likely to promote lower PaCO, levels and
a lower dead space volume/V, ratio due to its
propensity to promote a better intra-alveolar gas
distribution.'® One group of authors!? stated
that, over time, the PCV strategy seems to be
accompanied by a tendency toward a more rapid
normalization of CO, elimination. This would
be the advantage to be considered, particularly
in cases in which there is a tendency toward
hypercapnia.

The ventilation strategies were comparable in
terms of V., RR, expiratory minute volume, and
mean inspiratory flow. Those values confirmed
the effect that the settings had on RR, since
there was a tendency toward higher levels over
time. Other studies have compared the efficacy
of ventilation strategies by assessing patients
or animals with the use of different minute
volumes.®®? In the two groups, PIP, P, ., and
mean Paw were similar. The PIP varies due to
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Figure 5 - Photomicrograph of a lung biopsy sample
from an animal in the pressure-controlled group

revealing alveolar septal edema and rupture (H&E;
magnification, x200).

parameters inherent to the patient and the
ventilator, and among such parameters are lung
compliance, airway resistance, and inspiratory
flow. No barotrauma occurred, although PIP
reached values above 35 cmH, 0 in the VCV
group. During the assessment period, there
was a gradual increase in PIP, especially in the
VCV group, coincident with the need for major
adjustments in RR. Inspiratory flow increased in
direct proportion with the need for adjustments
in RR, and this led to higher PIP values. In
accordance with the tendency shown in our
results, one group of authors,?? comparing the
VCV and PCV strategies in patients submitted
to single-lung ventilation, observed that PIP,
P, x» and pulmonary shunt were significantly
higher during VCV, whereas PaCO, was higher
during PCV. The authors concluded that PCV
is an alternative to VCV in patients requiring
single-lung ventilation and can be superior to
VCV in patients with respiratory disease. The low
PEEP levels used in this experiment (5 cmH,0)
might have contributed to the low Pa0, levels
and facilitated the occurrence of atelectasis, as
well as the occurrence of alveolar recruitment
and derecruitment, factors that negatively affect
gas exchange. Although there have been few
studies reporting the PEEP levels used during the
postoperative period in lung transplant recipients,
one group of authors® stated a preference for
moderate PEEP levels (5 to 8 cmH,0), used in
combination with the PCV strategy.

The histopathological analysis of the lung
fragments revealed similar diffuse alveolar

damage in the groups. Diffuse alveolar damage
is a limited and stereotypical characteristic of
the pulmonary reaction to acute injury.?? Qur
results confirm the expected pattern of earlier
changes in acute lung injury. However, several
factors in combination, such as oxygen toxicity,
mechanical ventilation, and the 1/R injury itself,
can lead to this pattern of injury.22¢)

Three experimental studies have addressed
ventilation strategies after lung graft reperfusion.
Two of those studies used partial liquid
ventilation with perfluorocarbons in models of
lung transplantation.®?” The third evaluated
a gas ventilation strategy in a model of 1/R
injury after lung transplantation in rats.?® A
conventional ventilation strategy was compared
with a minimal stress mechanical ventilation
strategy After three hours of reperfusion, the
group submitted to the protective strategy
showed better results in terms of oxygen
saturation, cytokine levels, and compliance,
as well as in terms of the morphological signs
of lung injury. The study proved that the
ventilation strategy used in the initial phases of
lung graft reperfusion can influence 1/R injury.
Therefore, the results are not comparable, since
the choice of the controlled ventilation strategy
alone did not necessarily provide a minimal
stress strategy. In this scenario, the ventilation
strategy in isolation was not sufficient to
change the performance of the grafts during the
first six hours after reperfusion. A larger sample
could reveal whether the tendencies observed
for the PCV strategy—greater elimination of
carbon dioxide and lower PIP values—can reduce
stress in the lung tissues and their consequent
inflammatory responses.

The principal limitation of our experimental
model is the exclusion of the contralateral
native lung. Although this makes it possible
to evaluate the function of the transplanted
organ exclusively, it creates a non-physiological
situation in which the newly transplanted lung
receives all of the cardiac output. Since the
early days of this experimental model,®® this
strategy has been used in order to simulate
the clinical condition in which the native lung
does not participate in gas exchange. Therefore,
it is possible that there will be effects other
than those of 1/R injury, probably aggravated
by the increase in intrapulmonary hydrostatic
pressure. The cumulative effect of these factors
certainly contributed to the high mortality rate
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(34%) observed in this experimental model.
Although this is a model in which the organ
is harvested after severe ischemic lung injury
following cardiac arrest, it allows the analysis of
various options of hemodynamic management
and ventilation management, providing the
possibility of identifying any strategy that can
have a significant impact and can affect the
overall outcomes. Knowledge of the risks and
consequences of ventilator-induced lung injury
has changed the philosophy of respiratory
therapy and influenced the recommendations
and standardizations of the use of mechanical
ventilation. 1t is no longer sufficient to achieve
adequate physiological values of gas exchange,
but rather it is necessary to promote less
traumatic ventilation in order to minimize
ventilator-associated lung injury and the side
effects in other organs.t®

We conclude that, in this experimental
model of single lung transplantation using
donor lungs harvested after three hours of
normothermic cardiac arrest and employing two
different ventilation strategies, the performance
of lung grafts during the first six hours after
reperfusion did not differ substantially in
relation to the ventilation strategy employed.
Further studies, involving alternative methods
of Tung preservation, lung reconditioning, and
protective ventilation, should be carried out in
order to determine the best strategies to be used
in extreme situations, such as transplantation
with non-heart-beating donor lungs.
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