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Abstract Objective: The impact of
lung-recruitment maneuvers on heart
function at different volemic levels
has not been studied in detail. We
therefore investigated the effect on
central hemodynamics of lung re-
cruitment maneuvers at hypovolemia,
normovolemia and hypervolemia in
experimental lung injury. Design:
Randomized, controlled, cross-over
experimental study. Setting: Animal
laboratory at a university hospital.
Participants: Eleven anesthetized and
lung-lavaged pigs. Intervention: The
animals were randomized to 10-s lung
recruitment maneuvers followed by
30-s maneuvers (40 cm H,O airway
pressure) or vice versa, performed
under hypovolemia, normovolemia
and hypervolemia. Measurements
and main results: Left-ventricular
end-diastolic diameter and cardiac
output were measured before, dur-
ing, and 1 min and 5 min after the
lung recruitment maneuver and left-
ventricular eccentricity index was
calculated for before and during

the maneuver. Cardiac output and

left-ventricular end-diastolic diameter
(within parentheses) decreased sig-
nificantly during both the 10-s and
30-s lung recruitment maneuvers at
hypovolemia, by a mean of 89% (35)
and 92% (33), at normovolemia by
75% (33) and 86% (32), and at hyper-
volemia by 56% (32) and 64% (43),
respectively. At hypovolemia, cardiac
output was increased above baseline
1-5 min following the 30-s maneuver.
Left-ventricular eccentricity index
increased significantly during the
maneuver, indicating right ventric-
ular dysfunction. Conclusions:

In this animal lung injury model,
lung recruitment maneuvers signif-
icantly decreased left-ventricular
end-diastolic volume and cardiac
output at hypovolemia. Hypervolemia
did partly counteract this compromise.
In addition, a marked right-ventricular
dysfunction during the maneuver was
found.
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Introduction

Acute lung injury (ALI) with its more severe form, acute
respiratory distress syndrome (ARDS), is an inflammatory
condition in the lungs causing edema, collapse and hypox-
emia [1]. Lung recruitment maneuvers reduce the amount
of lung collapse, decrease intra-pulmonary shunt and im-
prove arterial oxygenation in the early form of this condi-
tion, as well as in lung collapse induced by anesthesia or
surgery [2, 3, 4, 5, 6, 7]. Although many studies on lung
recruitment maneuvers have concluded that the hemody-
namic side effect is either absent or unimportant, lung re-
cruitment maneuvers produce both high intrathoracic and
transpulmonary pressures leading to a decrease in systemic
venous return and a probable increase in right ventricular
afterload. Both mechanisms hamper right ventricular out-
flow and, as a consequence, reduce left ventricular filling
and cardiac output [8, 9, 10]. Thus, in recent years, many
studies have shown that cardiovascular side effects by lung
recruitment maneuvers are present in both clinical and ex-
perimental settings [6, 11, 12, 13, 14, 15, 16]. We have re-
cently demonstrated in circulatory stable patients immedi-
ately after cardiac surgery that lung recruitment maneuvers
importantly reduced cardiac output and the left-ventricular
end-diastolic volume [17].

Clinically, it is known that the hemodynamic side
effects of lung recruitment maneuvers may be augmented
by hypovolemia and ameliorated by hypervolemia, and
the latter has recently been shown by Odenstedt and
coworkers [14] in a porcine lung-injury model. However,
no study, as we are aware of, has carefully examined
the central hemodynamics and changes in heart function
and volumes with echocardiography in combination with
continuous registration of pulmonary blood flow during
lung recruitment maneuvers at different volemic levels.
In particular, the effect of a lung recruitment maneuver
at hypovolemia has not, to our knowledge, been studied
previously.

We therefore, in an experimental lung injury model,
aimed to study the effects of two durations of lung recruit-
ment maneuvers on intrathoracic vascular pressures and
flows, as well as on the cardiac function and left ventric-
ular filling during hypovolemia, normovolemia and hyper-
volemia [18]. In order to avoid any interference from lung
volume gain on the circulatory effects by the lung recruit-
ment maneuvers at the different volemic levels, zero end-
expiratory pressure was used during the experiment [19].

Materials and methods

The study was approved by the local animal ethics
committee. Eleven pigs, 26-39kg, were pre-medicated
with zolepam/tilamine 6 mg/kg, atropine 0.04 mg/kg
and xylazine 2.2 mg/kg i.m. Before intubation, a bolus
dose of 200 g fentanyl was given L V. Tracheal intu-

bation was done orally, and the lungs were ventilated
with a Servo 300 (Siemens-Elema, Solna, Sweden),
using volume-controlled ventilation, FiO, 0.7 and tidal
volume 8 ml/kg. Peak pressure was below 35 cmH;0O,
and respiratory frequency was set to keep end tidal CO,
38-53 mmHg (5-7 kPa). Anesthesia was maintained with
ketamine 20 mg/kg/h, fentanyl 4 pg/kg/h and pancuro-
nium 240 pg/kg/h. An LV. solution of 2.5% glucose with
70 mmol Na, 45 mmol Cl and 25 mmol acetate (Rehydrex,
Kabi Fresenius, Halden, Norway) was administered
with a rate of 20 ml/kg the first hour after induction of
anesthesia, after which 10 ml/kg/h was given throughout
the study period.

Instrumentation, monitoring,
measurements and interventions

Catheters were placed in the femoral artery, the carotid
artery and the external jugular vein for monitoring
of intravascular blood pressures. A pulmonary artery
catheter was placed via the external jugular vein to
monitor pulmonary artery pressure. In addition, heart
rate, ECG and end-tidal CO; and rectal temperature were
monitored.

A median sternotomy was performed and an ultra-
sound probe connected to a calibrated ultrasonic blood
flow meter (T201, Transonic Systems, Ithaca, NY, USA)
was placed on the pulmonary artery to measure cardiac
output with transit-time ultrasonic technique [19]. In
one animal, another ultrasound probe was placed around
the ascending aorta for measurement of aortic blood
flow (T201, Transonic Systems, Ithaca, NY, USA). In
order to assess the volume changes of the left ventricle,
echocardiography was performed (Philips Sonos 7500,
Philips, Bothwell, WA, USA). A TEE probe (Philips
OmniPlane II) was placed in the pericardium on the
dorsolateral part of the left ventricle for measuring short
axis diastolic and systolic changes of the left ventricle.
In one animal, the probe was adjusted so the right ven-
tricular function could be evaluated. After placement
of the probes, the sternum was closed. Loops contain-
ing three cardiac cycles, recorded before, at the end
of, and 1 min and 5min after each lung recruitment
maneuver, were stored digitally. From the stored loops,
an investigator, blinded to the intervention, measured
left-ventricular end-diastolic and end-systolic diame-
ters. The septo-lateral diameter (D1) and a diameter
orthogonal to it (D2) were measured. From these mea-
surements, the fractional shortening and eccentricity index
(EI = end-systolicD2/end-systolicD1) were calculated.
A high systolic EI represents a flatter intraventricular
septum, indicating raised right ventricular pressure [20].
End-expiratory lung volume was measured by sulfur
hexafluoride washout [21].



Interventions

After closure of the sternum, a period of 15 min of venti-
lation with 125% of initial minute volume was initiated,
in order to prevent hypercapnia during the following
lung-lavage procedure. The lungs were lavaged with
10 ml/kg of body temperature saline, repeated eight times.
After the lung lavage, the initial ventilator settings were
used. The circulatory effect of lung recruitment maneuver
(LRM) was studied during hypovolemia, normovolemia
and hypervolemia, or the reverse order, leaving the normo-
volemic level to be interpolated between hypovolemia and
hypervolemia. The order of volemic status was random-
ized by sealed envelopes. Blood volume was estimated
as 179 x body weight x body weight027 [22]. When
the order of volemic stages was hypovolemia, normo-
volemia and hypervolemia, hypovolemia was achieved
by venesection of 15% of the estimated blood volume,
normovolemia by re-transfusion of the tapped blood
(which was stored at room temperature in SAGMAN
solution) and hypervolemia by infusion of a volume
equal to 15% of the estimated blood volume with 3%
dextran in Ringer’s solution (Ringer-dextran, Pharmalink,
Upplands Visby, Sweden). When the order of volemic
stages was reversed, hypervolemia was achieved with
infusion of a volume equal to 15% of the blood volume
of 3% dextran in Ringer’s solution and normovolemia and
hypovolemia by venesection of a blood volume equal to
15%, and further 15% of the estimated blood volume,
respectively. The infusion or removal of blood was done
over a 10-min period and was followed by a 5-min
stabilization period before new measurements were made.
During each volemic stage, two LRMs were performed
with a sustained pressure technique using the CPAP-mode
on the ventilator to create an airway pressure of 40 cmH;0O
for 10's and 30 s, respectively. The order of the LRMs was

T T T 1
Preparation Hypervolemia | [Normovolemia| | Hypervolemia
and anesthesia | |or hypovolemia or hypovolemia
10and 30 5 10and30s 102nd 30 5
LRM LRM LRM
Measurement: Measurement: Measurement:
Before-, at the Before-, at the Before-, atthe
endof- and 1 end of- and 1 end of- and 1
and 5 minutes and 5 minutes and 5 minutes
after LRM after LRM after LRM

Fig.1 Study flowchart. The orders of the durations of the lung re-
cruitment maneuvers (LRM) and the order of volemic levels were
randomized
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randomized, and a second LRM was done 10 min after the
first one. After each LRM, the ventilation was set back
to the pre-LRM setting with zero end-expiratory airway
pressure (Fig. 1).

Arterial, pulmonary-artery and central-venous blood
pressures were recorded along with the heart rate through-
out the whole study session. Before and at the end of,
as well as 1 min and 5 min after the LRMs, echocardio-
graphic short-axis view of the left ventricle and cardiac
output were registered. In addition, arterial blood gas
measurements were done before and 1 min after the LRM.
End-expiratory lung volume was measured before and
after the LRM. Although the tracer gas wash-in/wash-out
sequence was started 1 min after the LRM, due to the time
for equilibration of the tracer gas in the lungs, the actual
measurement was made by 2—4 min following the LRM
and is registered at 5 min in Table 1.

Statistics

Comparisons between the two durations of LRM were
done with Wilcoxon test for means, and comparisons
between the three volemic levels were done with non-
parametric one-way ANOVA (Kruskal-Wallis test) using
SAS 9.1 statistical package (SAS institute, Cary, NC,
USA). Comparisons between the different measurement
points (before vs end, before vs 1 min after and 5 min
after the LRM) were done with Wilcoxon test for means
with Bonferroni correction. Results are presented as
mean & SD, if not otherwise indicated. p <0.05 was
considered significant, except for comparisons between
the different measurement points, where p < 0.017 was
considered significant.

Results

Results are presented from nine animals, as one animal
died during the preparation due to unintended right-
coronary artery clamping, and one animal developed
a septic shock-like condition due to a probable pneumonia
and was killed before the main experiment. After lavage
and before the experiments, the animals were consid-
ered normovolemic, as assessed from blood pressure
(mean arterial pressure, MAP > 60 mmHg), heart rate
(< 120b/min), urine production and base excess within
normal range. The three volemic stages were significantly
different regarding pressures and flows obtained before
the LRMs.

Cardiac output (Table 1)

During the LRMs, there were significant differences in
the decrease in cardiac output (CO) between the three
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volemic stages, with the most pronounced decrease at
hypovolemia (Fig. 2). At normovolemia and hyperv-
olemia, CO was more reduced at the end of the 30-s
LRM than at the end of the 10-s LRM. At hypovolemia,
we could not find any difference in CO between the two
LRM durations, probably due to the very low CO. After
the 30-s LRM, there was a rebound increase in CO at
hypovolemia, peaking 1 min after the LRM and returning
to the pre-LRM level at 5min (Fig. 3). In one animal,
CO was also measured in the aortic root. The change in
aortic blood flow was similar to the change in pulmonary
artery blood flow, but with a small—less than 1 s—delay
(Fig. 2).
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Echocardiography (Table 1)

Left ventricular diameters as measured at the end of the
LRMs did not change with volemic levels or durations.
Fractional shortening decreased and was significantly dif-
ferent between the volemic levels at the end of both LRM
durations. In the animal in which right ventricle was as-
sessed, it was totally compressed during the LRM at hypo-
volemia but was adequately filled at hypervolemia (Figs. 4
and 5). End-systolic eccentricity index increased during
the LRM at all three volemic levels, indicating increased
right ventricular pressure. The videos from the same pig
as in Fig. 4 are found in the electronic supplement. They

Fig.2 Continuous registration of the

airway pressure (Paw), the aortic blood ‘ Hypovolemia ‘ ‘ Normovolemia | ‘ Hypervolemia ‘
flow (COyorta), pulmonary artery flow G : = : o= : {40 emH,O
(COpuim) and the systemic arterial blood P g || : iy I'! ; ]h. U j \ ; ?
presturé (AP) at hypovolemia, v SN0 L 1 1111
normovolemia, and hypervolemia before, ; : : ; : : ! 0emiO
during and after a 30-s lung recruitment : : : ; ; : ;
maneuver. The tracings above the : : : : : ;
horizontal line are obtained from the COsoria : : — e e i ——
animal in which we measured both the T T \ /i A\ /i ; i
aortic and pulmonary blood flow, while |/ e 5 ; : :
tracings below the line are registered from } : : } } —— OPmin!
a separate animal | i i Z 5

b COpuim | s wJ\\ g 7 : . 2 Pmin

A\gi \J[ — \‘“‘iﬂ“’/
‘ : ' : 0 Pmin!

Fig.3 Cardiac output (CO) measured with
transit-time ultrasound at hypovolemia

(filled circle-solid line), normovolemia 4
(square-dashed line) and hypervolemia
(triangle-dotted line) for the 10-s and 30-s
lung recruitment maneuver. Mean and 3
SEM are indicated (LRM lung recruitment  _,
maneuver) =

E

x 2]

o]

O

1 i

LRM 10 s

LRM 30 s

before

end of 1’ 5

before end of ¥’ 5
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Fig.4 Echocardiograms
obtained via the short axis
end-diastolic view of the left and
right ventricles before and at the
end of a 30-s lung recruitment
maneuver at hypovolemia (upper
panel), normovolemia (middle
panel) and hypervolemia (lower
panel) in a representative animal

show a significant left ventricular hypokinesia and para-
doxic septal motion during the LRM at all three volemic
levels, as well as a compression of the right ventricle dur-
ing hypovolemia.

Other cardiovascular parameters (Table 1)

Heart rate prior to LRM was similar at all volemic levels
and did not change during the LRMs. However, 1 min after
the LRMs at hypovolemia, heart rate increased markedly,
returning to pre-LRM levels at 5 min. Mean arterial pres-
sure decreased at the end of the LRM and was signifi-
cantly different between volemic levels at both LRM du-
rations. One minute after the 30-s LRM at hypovolemia
and normovolemia, MAP increased temporarily above the

pre-LRM level, returning to the pre-LRM level after 5 min.
Central venous pressure increased significantly more dur-
ing the 10-s LRM than during the 30-s LRM at all three
volemic levels, and there were significant differences be-
tween all volemic levels at the end of the 30-s LRM. Mean
pulmonary-artery pressure increased and was significantly
different between the volemic levels at the end of both
LRM durations.

Lung lavage

End-expiratory lung volume at zero end-expiratory pres-
sure was decreased from 652 4 145ml to 306 &+ 60 ml
(p < 0.005) and PaO,/FiO; from 65 £+ 5 kPa to 15 4+ 8 kPa
(p < 0.005) by the lung lavage.
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Fig.5 Schematic outlines of the same echocardiograms as in Fig. 4

Discussion

This study shows that left-ventricular end-diastolic volume
was markedly reduced and confirms that cardiac output
is briefly, but importantly, compromised during lung re-
cruitment maneuvers in lung-injured pigs. This compro-
mise was accentuated by hypovolemia and attenuated by
hypervolemia.

We designed the present study to examine the imme-
diate circulatory effects of lung recruitment maneuvers,
i.e., the increase in intrathoracic pressure. We wanted
to avoid any remaining effect of a lung volume gain,
since we repeated the maneuver after 10 min. There-
fore, we used zero end-expiratory pressure during the
experiment. It is well known from experiments that lung
collapse occurs immediately after the positive pressure
is discontinued, and without PEEP there is no sustained
effect of a lung recruitment maneuver [19]. Indeed, we
found, as intended, no improvement in lung volume
or blood gases. In contrast, PaO, was reduced 1 min
after the maneuver, presumably due to a lingering ef-
fect of the impaired circulation during the maneuver.
At 10min, however, PaO, (not shown) had returned
to baseline. With the present design, we cannot prove
that any actual lung recruitment had occurred during
the maneuver. However, since the pressures used were
similar to those used in other experimental studies, in
which PEEP had been used and a recruitment effect
has been shown, it is highly probable that lung recruit-
ment did occur, but, as expected, the lungs de-recruited
quickly [23].
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Lung recruitment maneuvers have been proposed in
ARDS, during anesthesia and after cardiac surgery. They
have been found to improve oxygenation in about 70% of
the cases [3, 4, 5, 6, 24]. However, lung recruitment ma-
neuvers have not been proven to decrease major morbidity,
length of stay in the ICU, ventilator days or mortality.
Also, the cardiovascular side effects of these maneuvers
have recently been disclosed [6, 16]. Previous clinical
studies that concluded that lung recruitment maneuvers
affect hemodynamics only minimally were performed
in intravascular volume-loaded patients, and only the
vascular pressures and not cardiac output or cardiac
performance were measured [5, 7, 24, 25]. However,
we found, in agreement with other recent experimental
studies, that, even under normovolemia, circulation dete-
riorated during the maneuver [13, 14, 15]. Hypervolemia
somewhat attenuated the negative circulatory effect of
the lung recruitment maneuver, confirming the results by
Odenstedt et al. [14]. More interesting was the profound
drop in cardiac output and blood pressure produced by
lung recruitment maneuvers at the slight hypovolemia
used in this model, where the filling of both right and left
ventricles as assessed by echocardiography (Fig. 4 and
Fig. 5) was extremely low, and blood flow almost ceased.
This finding, as far as we know, has not been reported
previously and suggests that the high intrathoracic and
transpulmonary pressures compressed both the right
atrium and the pulmonary vessels significantly, impeding
the filling of the heart and the outflow from the right
ventricle. Thus, there are two major explanations for the
reduced cardiac output induced by the lung recruitment
maneuvers; first, the transmission of the airway pressure
to the pleural space, increasing the intrapleural pressure
hampering the venous return and the filling of the right
ventricle, and second, the lung distension due to the
increase in the transpulmonary pressure compressing the
small alveolar vessels and increasing the right-ventricular
outflow impedance [17, 20, 26, 27]. Upon examination of
Figs. 4-7 and the electronically supplemented videos, it is
clear that impaired filling was the dominant mechanism
during hypovolemia but that, during normovolemia and
hypervolemia, increased outflow impedance, as indicated
by a right ventricular dysfunction with an increased
eccentricity index and paradoxical movement of the
septum, was the major cause for reduced cardiac output.
However, eccentricity index was also increased during
hypovolemia, suggesting that right-ventricular outflow
impedance was probably as pronounced in this condition
as during hypervolemia. We believe that the significant
decrease in fractional shortening during the lung recruit-
ment maneuvers was not due to a decreased contractility.
Fractional shortening is very dependent on preload, which,
in this study, changed both with volemic levels and with
the lung recruitment maneuvers [28].

The intense rebound of some minutes’ duration, with
marked increase of blood flow, blood pressure and heart
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Fig.6 Echocardiograms
obtained via the short axis
end-systolic view of the left and
right ventricles before and at the
end of a 30-s lung recruitment
maneuver at hypovolemia (upper
panel), normovolemia (middle
panel) and hypervolemia (lower
panel) in a representative animal

rate immediately after the lung recruitment maneuvers at
hypovolemia (but not at the other volemic levels), is also
a new finding. This sympathetic stimulation of the circula-
tion was probably due to baroreceptor reflexes induced by
the extremely impaired circulation during the lung recruit-
ment maneuver and resembles the well known increase in
arterial pressure found in phase IV of the Valsalva ma-
neuver [29]. The latter effect also correlates well with the
severity of the maneuver-induced hypotension [30].

This study has several limitations. First, in order to
place the flow and the echocardiographic probes, we
did a medial thoracotomy and opened the mediastinum
and the pericardium. Chest wall was closed after this
procedure, but the transmission of airway pressure to
the heart and vascular compartment might be different
from the native state. Second, it is an animal experiment

with its inherent limitations. In particular, the pulmonary
circulatory reactivity in response to hypoxia is more
pronounced in pigs than in humans [31]. However,
the pigs were not hypoxic during the experiment, and
after the lung recruitment maneuver, the intravascular
pressures and flow recovered quickly, contradicting
the possibility that any active vascular response had
occurred during the maneuver. Furthermore, the de-
crease in cardiac output agrees well with the results
by Lim and coworkers, studying dogs, which have less
inherent pulmonary vascular reactivity than seen in
humans [15]. Thus, we believe that the cardiovascular
effects found during the lung recruitment maneuvers in
this study are primarily, and not secondarily, due to the
procedure-induced elevated intrathoracic pressure and
lung volumes.
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Fig.7 Schematic outlines of the same echocardiograms as in Fig. 4
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Although one should be careful about transferring find-
ings in animal experiments to the clinical situation, our
study suggests that lung recruitment maneuvers should be
used with caution in hypovolemia, and particularly in hy-
povolemic patients with a heart condition, who may not
tolerate the increase in heart work after a lung recruitment
maneuver.

Conclusions

Our experimental study shows that lung recruitment ma-
neuvers, using short or longer sustained inflation, signif-
icantly hamper cardiac output and filling of the left heart.
This effect was exaggerated during hypovolemia and atten-
uated during hypervolemia. In addition, lung recruitment
maneuvers induced right ventricular dysfunction.
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