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One-lung ventilation: For how long?
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Objective: Lung injury induced by one-lung ventilation is rare, but it is a
condition that may result in high mortality. This study evaluates the effects of
one-lung ventilation and occlusion time on collapsed and contralateral lungs.

Methods: Sprague-Dawley rats were allocated randomly into 7 groups consisting of
6 animals each: sham; O1, 1 hour of occlusion/2 hours of re-expansion; C1, 3 hours
of mechanical ventilation control; O2, 2 hours of occlusion/2 hours of re-expansion;
C2, 4 hours of mechanical ventilation control; O3, 3 hours of occlusion/2 hours of
re-expansion; and C3, 5 hours of mechanical ventilation control groups. In the
occlusion groups, the left lung was collapsed by bronchial occlusion. Malondialde-
hyde activity was determined in the blood, and myeloperoxidase and malondialde-
hyde activity was determined in the collapsed and contralateral lungs. Lung tissues
were also examined histopathologically.

Results: Malondialdehyde and myeloperoxidase levels rose as occlusion duration
increased. This increase was greater in the occlusion groups than that in their own
control groups. Increases were significant in the O2 compared with the O1 groups
(P < .005). Histologically, tissue damage increased as occlusion time rose injury in
collapsed and contralateral lungs. Injury was greater in the occlusion groups than
injury in their own control groups (P < .005).

Conclusions: Our findings show that biochemical and histopathologic injury occur
in collapsed and contralateral lungs in one-lung ventilation, and this injury increases
as occlusion time rises. We believe that occlusion and occlusion time-related injury
should be borne in mind in the clinic under conditions requiring the application of
one-lung ventilation.

ung injury after thoracic surgery with one-lung ventilation (OLV) is a

relatively uncommon condition, but it may result in major complications

with high mortality." There is still a lack of evidence concerning the role of
oxidative stress on minor or major complications that develop after lung resection
with OLV."?

During OLV the operated lung remains completely atelectatic for a period of
time. The nonventilated lung is known to be hypoperfused owing to hypoxic
vasoconstriction, and when the bronchial block is ended, the ensuing immediate
lung re-expansion along with tissue reperfusion may generate oxygen-derived free
radicals through a relatively well-described mechanism.*> The single ventilated
lung may be subjected to a combination of hyperoxia, volutrauma, and hyperinfla-
tion. Hyperoxia represents a potential source of oxidative stress.” Free radicals
caused by reactions of oxidative stress are known to exert deleterious effects on
cellular function, resulting in oxidative tissue damage and then in organ dysfunc-
tion.®® At this point, the length of time at which the lung can be safely left
atelectatic becomes a matter of importance.
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Abbreviations and Acronyms
MDA = malondialdehyde
MPO = myeloperoxidase
OLV = one-lung ventilation

Our aim in the study was the experimental determination
of the effects of OLV and OLV duration, as well as the
biochemical and histopathologic examination of the col-
lapsed and contralateral lung injury caused by OLV and the
duration thereof.

Materials and Methods

The experiments were approved by the Karadeniz Technical Uni-
versity, Faculty of Medicine, Animal Care and Ethics Committee
(Approval No. 2005/21). Adult male Sprague—Dawley rats weigh-
ing between 300 and 350 g were used. Animals were allocated
randomly into 7 groups including 6 rats each: group 1 (sham), no
OLV and mechanic ventilation; group 2 (O1), 1 hour of occlu-
sion/2 hours of re-expansion; group 3 (C1), 3 hours of mechanical
ventilation (control group); group 4 (02), 2 hours of occlusion/2
hours of re-expansion; group 5 (C2), 4 hours of mechanical ven-
tilation (control group); group 6 (03), 3 hours of occlusion/2 hours
of re-expansion; and group 7 (C3), 5 hours of mechanical venti-
lation (control group).

Surgical Procedure

The rats were anesthetized by intramuscular injection of 10 mg/kg
of xylazine (Rompun; Bayer, Leverkusen, Germany) and 60 mg/kg
of ketamine hydrochloride (Ketalar; Parke Davis, Berlin, Ger-
many). Apart from the sham, rats were cannulated with a 16-gauge
cannula (Nova Cath IV cannula; Medipro, Turkey) after tracheot-
omy. The right femoral vein was cannulated with a 24-gauge
cannula (Nova Cath IV cannula). The rats were placed on the
operating table in a supine position, and muscle relaxation was
subsequently attained and maintained by hourly intramuscular
injections of 2.0 mg/kg of pancuronium bromide (Pavulon;
Organon Technika, Boxtel, The Netherlands). Next, the animals
were connected to a ventilator in a pressure-controlled mode.
Anesthesia was maintained by hourly intramuscular injections
of 10 mg/kg of xylazine. For continuous intravenous infusion,
the total volume of infused fluid was 4 mL/h, consisting of
normal saline. The body temperature of the animals was kept at
38°C with a heating blanket.

With the exception of the sham group, all rats were placed in
the right lateral decubitus position. The animals’ lungs were ven-
tilated at a peak inspiratory pressure of 12 cm H,O, a rate of 60
beats/min, a tidal volume of 10 mL/kg, an inspired oxygen fraction
of 1.0, a positive end-expiratory pressure of 6 cm H,O, and an
inspiratory/expiratory ratio of 1:2. This protocol was named “pro-
tocol A.” At the semisterile condition, left posterolateral thoracot-
omy from the fifth intercostal space was performed on the occlu-
sion groups (O1, 02, and O3). Since the bronchial artery could not
be separated atraumatically, it was occluded together with the left
main bronchus with a micro bulldog clamp. The pulmonary artery
and vein were separated and maintained atraumatically to consti-

tute the closest model to the OLV applied in humans. At 1, 2 and
3 hours of atelectasis, a different ventilatory protocol (protocol B)
was used. This was a peak inspiratory pressure of 12 cm H,0, a
rate of 80 beats/min, a tidal volume of 5 mL/kg, an inspired
oxygen fraction of 1.0, a positive end-expiratory pressure of 6 cm
H,O0, and an inspiratory/expiratory ratio of 1:1.4. After atelectasis,
the clamp was removed and lung re-expansion was observed and
established within 2 hours by protocol A ventilation strategy. The
control groups (C1, C2, and C3) were ventilated for 3, 4, and 5
hours, respectively, via protocol A. During all these procedures,
functional oxygen saturation and heart rate were monitored from
the left leg. At the end of re-expansion and mechanical ventilation,
blood samples were obtained from the aorta and the lungs were
then separated from mediastinal tissues just before the animals
were put to death, which was done by blood aspiration via the
thoracic aorta. In the sham group, immediately after general an-
esthesia blood and tissue samples were collected and the animals
were then put to death.

Biochemical Assays

Blood samples were centrifuged at 2000g for 10 minutes to collect
serum and plasma and were stored at —20°C for malondialdehyde
(MDA) measurement. After this, tissue samples were obtained
from the lower lobes of the collapsed and contralateral lungs for
tissue MDA and myeloperoxidase (MPO) activity assays and were
stored at —80°C until used for analysis.

Blood MDA assay. Lipid peroxidation in plasma (nanomoles
per milliliter) and lung tissue (nanomoles per gram wet tissue)
were determined as MDA concentration by the methods described
by Yagi'® and by Yoshida and associates,'' respectively. Tetra-
methoxypropane was used as a standard.

Lung MPO activity. Lung samples (2.5%) were homogenized
in 50 mmol/L potassium phosphate buffer (pH 6.0) containing
0.5% hexadecyltrimethylammonium bromide and were freeze-
thawed 3 times. The homogenate was centrifuged at 18,000g for
20 minutes. The upper layer was incubated for 2 hours at 60°C and
centrifuged at 2000g for 15 minutes. The clear supernatant was
used for analysis, and MPO activity in tissues was measured by the
method described by Bradley and colleagues.'? Enzyme activity
was expressed as micromoles per milligram of tissue by the molar
absorbency index (1.13 X 10%) of oxidized o-dianisidine.

Histopathologic Examination

Lung tissues were fixed, dehydrated, cleared and embedded in
paraffin, stained with hematoxylin and eosin, and investigated
with a light microscope (Olympus BX51; Olympus Optical Co,
Ltd, Tokyo, Japan). All tissue slides were examined at high
magnification by a histologist who was blind to the animal
groups; 5 high-power fields were randomly sampled, and the
semiquantification of lung injuries was performed according to
the defined criteria. Histopathologic semiquantitative grading
criteria were as follows: grade 0, normal morphology; grade 1,
slight intra-alveolar edema and inflamatory cell infiltration;
grade 2, moderate alveolar edema and inflammatory cell infil-
tration; grade 3, severe alveolar edema and inflammatory cell
infiltration plus focal hemorrhage; and grade 4, massive inflam-
matory cell infiltration and destruction of alveolar structure.
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The tissues were fixed with 4% phosphate-buffered glutaralde-
hyde solution (24 hours/pH 7.4) at 4°C for electron microscopic
examination. The specimens were postfixed in 1% osmium tetrox-
ide for 2 hours at 4°C. Tissues were then dehydrated in ethanol,
cleared in propylene oxide, and embedded in Epon for 18 hours at
60°C. All sections were cut on a Leica Ultracut ultramicrotome
(Leica Microsystems GmbH, Wetzlar, Germany) and stained with
uranyl acetate and lead citrate. We viewed and photographed each
section with a JEOL 1010 C transmission electron microscope
(JEOL Ltd, Tokyo, Japan).

Statistical Analysis

The groups were compared by Kruskal-Wallis analysis of variance
(Mann—Whitney U test with Bonferroni correction as post hoc
test). The results were expressed as mean * standard deviation.

Results

We made no change in inspiratory oxygen percentage through-
out the study procedure. There were no significant differences
between the groups in terms of body weight or time between
induction of anesthesia and start of the procedure.

Oxygen Saturation
No major alteration in oxygen saturation was determined in
any rats throughout the course of the study procedure.

Blood MDA Levels

Compared with the sham, rat plasma MDA levels were
observed to be significantly higher in all the study groups
(P = .01). Plasma MDA levels were significantly higher in
occlusion groups than in the control groups (P < .005). As
occlusion duration rose, we also observed an increase in
MDA levels. This rise was statistically significant between
the O1 and O2 groups (Figure 1).

Lung MDA Levels

In collapsed and contralateral lungs, all groups’ tissue MDA
levels were significantly higher in both lungs compared with
those of the sham groups (P = .003). In all occlusion
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Figure 1. Blood MDA assay. Data are expressed as mean =+
standard deviation. *P < .010 versus other groups; **P < .05
control group versus occlusion group; ***P < .005 01 versus 02.
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Figure 2. MDA levels in collapsing and contralateral lungs. Data
are expressed as mean = standard deviation. *P < .010 sham
versus other groups; **P < .05 Cx versus Ox; ***P < .005 01
versus 02 and 03.

groups, MDA levels were higher than those of the control
groups at a comparable time. MDA levels were observed to
increase as occlusion duration rose. The highest MDA level
was in O3. The increase between the O1 and O2 groups was
statistically significant (P = .003). Lower tissue MDA
values were obtained in the contralateral lung in all groups
compared with the collapsed lung (Figure 2).

Tissue MPO Activity

In the collapsed and contralateral lungs, tissue MPO activ-
ities were significantly higher in both lungs in all the study
groups (P < .005) compared with the sham. We determined
that MPO levels increased as occlusion times rose. Al-
though the highest MPO activity was in the O3 in both
lungs, the difference between the O1 with O2 and O3 in the
collapsed and contralateral lungs was statistically significant
(P = .001) (Figure 3).
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Figure 3. MPO activity in collapsing and contralateral lungs.
*P < .010 sham versus other groups; **P < .005 01 versus 02
and 03; ***P < .01 C2 versus 02.
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Figure 4. Light microscopic photomicrograph showed interstitial
edema (arrow), inflammatory cell infiltration(*), and alveolar
structure damage in the collapsed lung in the 03. (Hematoxylin
and eosin, original magnification x100.)
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Figure 6. Histologic findings in collapsed and contralateral
lung. *P < .010 sham versus other groups; **P < .05 Cx versus
Ox; ***P < .005 01 versus 02 and 03.

Histopathologic Evaluation

A light microscopic photomicrograph showed severe inter-
stitial edema in the alveoli and prominent leukocyte infil-
tration and intra-alveolar hemorrhage in the O3 indicated a
high degree of lung injury (Figure 4). In the contralateral
lung, although the greatest injury was observed in the O3,
alveolar edema and inflammatory cell infiltration were
lighter than those in the collapsed lung (Figure 5). In ex-
perimental groups, an increasing histopathologic grade was
observed with increasing collapse duration in the groups
subjected to different collapse times (Figure 6).

Using electron microscopy, in the occlusion groups the
greatest degeneration in the collapsed and contralateral
lungs was in the O3. The increased vacuolization in type 2
pneumocytes, loss in lamellar bodies, and the increase in
interstitial edema and collagen fibers in the alveolar septum
were greater in the O3 than the other groups (Figure 7). In
the contralateral lung, a thickening in the basal membrane of
type 2 pneumocytes and dispersed vacuolization were ob-
served in the O3. The loss in lamellar bodies was not as
evident as in the collapsed lung (Figure 8).

Discussion
In the study, we identified increasing biochemical and his-
topathologic injury as occlusion time increased in the col-
lapsed and contralateral lungs of the rats constituting the
OLV model.

Long-term OLV with saturation and blood gas monitor-
ing is frequently performed in thoracic surgery. The lung is
a critical organ in the oxidative stress process of either
systematic or pulmonary origin.'* Oxygen deprivation from
ischemia or nonventilation leads to cellular hypoxic injury.'”
The amount of generated oxygen-derived free radicals has
been associated with the duration of OLV.*

Several methods have been used to define the ischemia/
reperfusion tissue injury,®'* such as biochemical changes
(plasma MDA, tissue MDA, and MPO), specific organ
function tests, and the histopathologic analysis.

Lipid peroxidation, as a free radical-generating sys-
tem, has been suggested to be closely related to ischemia/
reperfusion—induced tissue damage, and MDA is a good

Figure 5. Light microscopic photomicrograph showed lighter in-
flammatory cell infiltration and alveolar structure damage (arrow)
in the contralateral lung in the 03. (Hematoxylin and eosin,
original magnification x200.)

Figure 7. Electron micrograph showed localized significant vac-
uolation, and loss in lamellar bodies (arrow) was observed in
type 2 pneumocytes in collapsed lungs in the 03 (original mag-
nification x5000).
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Figure 8. Decrease of vacuolation and lamellar bodies (arrow)
were observed in type 2 pneumocytes in the contralateral lung in
the 03 (original magnification x10,000).

indicator of the rate of lipid peroxidation.'"'> Lipid
peroxidation leads to autocatalytic mechanism and cell
membrane damage, and as a result of membrane damage,
toxic substances lead to cell death by leading to the
formation of reactive metabolites.'> When the collapsed
and contralateral lungs were compared, we determined that
MDA levels were higher in the collapsed lung in all groups.
Plasma and tissue MDA levels in both collapsed lung and
contralateral lung increased with occlusion duration.
Whereas the increase between the Ol and O2 was statisti-
cally significant, that between the O2 and O3 was not. We
think that this may be related to the level of glutathione and
other antioxidants that comprise cellular defense against
oxidative injury, reaching maximum plasma concentration
after the second hour.'®!” We believe that this needs to be
supported by both experimental and clinical studies.

MPO plays a fundamental role in oxidant production by
neutrophils and has long been a marker of lung injury.'®
Pulmonary parenchyma is one of the largest reservoirs for
neutrophils, monocytes, and macrophages. Neutrophils are
a potential source of free oxygen radicals and are considered
to be a major effector cell in tissue damage.>'! According to
our findings, the MPO levels were higher in the collapsed
lung in all groups than those in the contralateral lung. We
ascribe this to the manipulated lung causing the inflamma-
tion. In addition, MPO levels were higher in occlusion
groups than in their own control groups. MPO level was
significantly higher in both lungs in the O2 compared with
the O1, although there was no significant difference with
regard to the O3. Yin and colleagues'® showed that there
was no increase in pulmonary MPO activity and serum
tumor necrosis factor levels in a pig model 30 minutes and
1 hour after re-expansion in pigs subjected to 1 hour of
OLV. We think that decreasing the trends of increased MPO
levels after the second hour may be related to the release of

endogen anti-inflammatory substances and maximal tissue
concentration being attained after the second hour.

Histologically, the initial cellular response to lung injury
involves endothelial cell dysfunction without obvious mor-
phologic cell injury.?® Morphologic alterations that accom-
pany reperfusion after prolonged ischemia include alveolar
capillary interstitial edema, hyaline membranization along
alveolar ducts, polymorphonuclear cell infiltration, as well
as the detachment of endothelial cells and type I pneumo-
cytes from the basement membrane.®!"21?2 At histologic
analysis of tissues, we determined that tissue injury in-
creased as occlusion duration rose. Injury was greater in the
collapsed lungs than in the contralateral lungs.

We identified a statistically insignificant difference in
injury between the right and left lungs in the control group.
We ascribe this to the gravity-related decrease in perfusion
in the top, left lung, in the right lateral decubitus position,
and to an increase in perfusion and the bottom, right lung.

In conclusion, our findings show that injury in collapsed
and contralateral lungs in OLV increased as occlusion du-
ration rose. We think that this injury may lead to negative
changes in the lung and respiratory function impairments
in the postoperative period. We therefore believe that the
duration-related effects of OLV should be made the sub-
ject of clinical studies.
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