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Abstract

Background: Recruitment maneuvers are a dynamic process of transient increases in
transpulmonary pressure intended to open unstable airless alveoli. Due to concerns
regarding the hemodynamic consequences of recruitment maneuvers in children with
heart disease, these maneuvers have not been widely utilized in this population. The
objective of this study was to demonstrate the safety and efficacy of lung recruitment
maneuvers in post-operative pediatric cardiac patients. We hypothesized that multiple
recruitment maneuvers are physiologically beneficial and hemodynamically tolerated in
children with congenital cardiac disease.

Methods: Retrospective chart review was conducted of post-operative cardiac surgical
subjects who received recruitment maneuvers, as well as a matched control group who
did not, at a Cardiac ICU in a quaternary care free-standing children’s hospital.
Repetitive lung recruitment maneuvers using incremental positive end-expiratory
pressure were performed. Hemodynamic and respiratory physiologic variables were
recorded.

Results: Sixty-one post-operative cardiac subjects had a total of 435 lung recruitment
maneuvers. Assessment of hemodynamic tolerability demonstrated no change in MAP,
HR, or CVP during or after the maneuvers. There was a 28% increase in dynamic
compliance following recruitment maneuvers (p <0.01, 95% CI). Specific outcomes in
the 59 matched control subjects demonstrated no significant difference in length of
mechanical ventilation (p = 0.26), length of hospital stay (p = 0.28), mortality (p = 0.58)
or difference in occurrence of pneumothorax (p = 0.26).
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Conclusions: Post-operative pediatric cardiac surgical subjects tolerated repeated lung
recruitment maneuvers without significant hemodynamic changes. The maneuvers
successfully improved dynamic compliance without any adverse effects.

Introduction

Mechanical ventilation is a common therapy used for pediatric patients in the intensive
care unit and is frequently used for children with congenital cardiac disease following
surgical repair. However, it is well known that mechanical ventilation can induce lung
injury or worsen preexisting lung disease (1-3). In patients with congenital cardiac
disease, it is crucial to protect the lung from injury and optimize ventilation and
oxygenation due to their underlying hemodynamic and physiologic fragility (4, 5). Post-
operatively, several factors including general anesthesia, cardiopulmonary bypass,
atelectasis, and hypoxemia can contribute to lung dysfunction, which may lead to
prolonged mechanical ventilation (6). Children with such prolonged ventilation are at a
higher risk for poor overall outcome due to a variety of ventilator-associated morbidities
(7, 8). Therefore, it is of practical value to protect the lungs and reduce the length of
time mechanical ventilation is required.

Alveolar injury can be caused by the repetitive opening and closing of alveoli when
inadequate positive end-expiratory pressure (PEEP) is provided and this can generate
shear stress within the alveoli and promote injury (9-10). Lung recruitment maneuvers
have been defined as transient increases in the transpulmonary pressure used to open
recruitable collapsed alveoli and increase end expiratory lung volume (11-13).
Recruitment maneuvers are often considered useful in patients, especially those with
acute respiratory distress syndrome (ARDS), to potentially decrease ventilator-induced
lung injury by improving oxygenation and lung compliance while reducing the risk of
atelectrauma by re-opening and stabilizing collapsed alveoli (11,13-18).

Increased intrathoracic pressure can affect right and left ventricular preload due to
decreased venous return, changed right ventricular afterload, and altered biventricular
compliance (4,10,14,19-21). This may lead to decreased stroke volume leading to short
periods of hypotension, bradycardia, and impaired cardiac output, which is of significant
concern in patients with congenital cardiac disease (14). Many patients with congenital
cardiac disease must undergo surgical procedures which lead to lung collapse after
induction of general anesthesia and during mechanical ventilation (15,22). In those
patients undergoing cardiac surgery with cardiopulmonary bypass, significant
atelectasis occurs which impairs right ventricular (RV) function. However, lung
recruitments using positive pressure have been shown to re-expand collapsed alveoli
and improve RV function (23-26). There is a theoretical risk of developing barotrauma
leading to pneumomediastinum or pneumothorax during a recruitment; however this is
likely less a risk in cardiac surgical patients with relatively healthy lungs (10,27,28).

These cardiopulmonary interactions and hemodynamic concerns limit the willingness of
many clinicians to perform positive-pressure recruitment maneuvers in patients with
underlying cardiac pathology, making studies involving this population uncommon. One
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study (29) evaluated the use of a recruitment maneuver performed in twenty pediatric
patients with congenital cardiac disease who underwent surgical repair. A single
recruitment maneuver was performed shortly after coming off of cardiopulmonary
bypass and repeated once in the intensive care unit. Although this study was able to
demonstrate an improvement in oxygenation, dynamic lung compliance, arterial to end-
tidal CO2 gradient, and end expiratory lung volume, it excluded patients with residual
intracardiac lesions following surgery, patients with valvular regurgitation, or respiratory
failure defined as FiO2 >0.8. Due to the relatively small number of patients included in
this study, as well as their protocol prescribing only two recruitment maneuvers
performed per patient, it is difficult to ascertain the overall long-term safety and potential
benefits that repeated lung recruitments may provide.

In this study, we aimed to investigate the safety and efficacy of increment-decrement
recruitment maneuvers in a larger pediatric patient population following surgery for
congenital cardiac disease, hypothesizing that multiple recruitment maneuvers are
physiologically beneficial and hemodynamically tolerated in these patients. The safety
of these maneuvers was evaluated by examining changes in mean arterial pressure
(MAP), heart rate (HR), and central venous pressure (CVP) before, during, and after the
recruitment maneuvers. The efficacy of the recruitment maneuvers was determined by
changes in oxygenation index (Ol) and dynamic lung compliance (Cdyn) following
recruitment. To further evaluate the safety of repetitive recruitment we reviewed specific
clinical outcomes that included length of mechanical ventilation, length of hospital stay
(LOS), mortality and occurrence of pneumothorax and compared to a control group.

Materials and Methods

This study was reviewed and approved by the Institutional Review Board at Phoenix
Children’s Hospital. Subjects who received lung recruitment maneuvers post-
operatively, as identified in the electronic medical record, in the Phoenix Children’s
Hospital cardiac intensive care unit, a quaternary referral center, from July 2011 through
June 2012 following implementation of a lung recruitment protocol, were included in the
study. Further inclusion criteria included subjects from 0-18 years of age who were
admitted immediately after having open heart surgery with both single- and two-
ventricle physiology and who remained on invasive mechanical ventilation. All subjects
were mechanically ventilated with Servo-I ventilators (Maquet Critical Care, Solna,
Sweden). Subjects with a tracheostomy or who were receiving extracorporeal
membrane oxygenation (ECMO) support were excluded from the analysis. A
comparison group of consecutive control subjects who did not receive recruitment
maneuvers was selected in the following year from July 2012 to June 2013 following an
institutional hiatus of the maneuvers during which time quality data was reviewed and
the safety of the protocol was assessed. Recruitment maneuvers have subsequently
been reinstated and are now standard care in our post-operative cardiac patients on
invasive mechanical ventilation.

During the study period, lung recruitment maneuvers were a new standard of care
implemented at our institution in the cardiac intensive care unit. They were performed
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by either the respiratory therapist or attending physician. Most patients had twice daily
recruitment maneuvers unless more were clinically indicated based on chest x-ray
findings or lung mechanics. The patients may also have fewer recruitment maneuvers if
they were hemodynamically unstable, having other procedures, if there was ongoing
resuscitation or at the discretion of the attending physician.

The recruitment maneuver was performed in pressure control mode regardless of the
subject’s baseline mode of ventilation. Initial settings were adjusted to achieve a tidal
volume of 6mL/kg. PEEP was increased from baseline by 1-2 cmH20 increments while
maintaining a fixed inspiratory driving pressure (PIP-PEEP) with each increase
sustained for one-minute intervals until either the tidal volume (VT) or dynamic
compliance (Cdyn) declined (Figure 1).
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Figure 1. Lung recruitment maneuver: recruitment maneuver protocol courtesy of
Boriosi et al. (11). Each horizontal bar represents an incremental increase of PEEP by 2
cm H20 in one-minute increments from baseline PEEP.

The recruitment maneuver was terminated if the mean airway pressure surpassed 28
cm H20. Vr and Cdyn were documented with each increase in PEEP. Once the critical
opening pressure was identified, PEEP was decreased in a step-wise manner in one-
minute 1-2 cmH20 decrements to the critical closing pressure identified by a decrease
in V1 or Cdyn. Following this point, the PEEP was again increased to the identified
critical opening pressure for one minute. It was then brought back down to 2 cmH20
above the critical closing pressure (i.e. “optimal PEEP” level demonstrated by improved
compliance and increased tidal volume with less ventilating pressure). The subject was
then placed back on their original mode of ventilatory support with the PEEP adjusted to
the optimal level, as determined during the recruitment maneuver in order to maintain
the newly recruited areas of the lungs open.

Data Collected: A database was generated with 61 subjects who had lung recruitment
maneuvers, and a convenience sample of 59 matched control subjects were selected
from our Society for Thoracic Surgeons (STS) database. Demographic data was
collected including age, body surface area, associated anomalies or chromosomal
abnormalities, cardiac diagnosis, and type of surgical procedure. Clinical outcomes data
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collected included length of mechanical ventilation, length of hospital stay, mortality,
and occurrence of pneumothorax.

Hemodynamic variables including MAP, HR, and CVP were monitored and recorded by
the bedside nurse and/or respiratory therapist. For each variable, the two hourly vital
sign measurements prior to the start of the maneuver, two measurements during, and
the first two hourly measurements following the maneuver were included for analysis. In
an attempt to minimize error and to provide a more accurate representation of the
subject’s status at the time of interest, the two vital sign measurements in each category
were averaged as physiologic variables are dynamic. The respiratory physiologic
variables monitored were dynamic compliance and oxygenation index. In order to
further investigate the clinical effects of potentially decreased cardiac output, we
reviewed the changes in inotropic and vasopressor support before, during, and after the
performance of each recruitment maneuver.

Statistical Analysis: Subject demographic and clinical characteristics between the
control and recruitment maneuver groups were reported as medians, interquartile
ranges (IQR) for continuous variables and frequencies, percentages for categorical
variables. The Wilcoxon Rank Sum was used to compare the continuous variables;
while Chi-squared/Fisher’s Exact Tests were used to compare the categorical variables.
The Linear Mixed Model was used to ascertain trends in hemodynamic outcomes
(mean arterial pressure, heart rate, and central venous pressure) across three
timepoints (before, during and after the recruitment maneuver). If the overall trend
showed statistical significance, the Wilcoxon Signed Rank Test was used to ascertain
differences via multiple comparisons followed by the Bonferroni adjustment for multiple
comparisons. Before and after differences in physiological outcomes (oxygenation
index and dynamic compliance) were assessed using the Wilcoxon Signed Rank. All p-
values were 2-sided and p<0.05 was considered statistically significant. All data
analyses were conducted using STATA version 14 (STATACorp; College Station, TX).

Results

A total of 61 subjects underwent lung recruitment from June 2011 to June 2012 (Table
1) accounting for a total of 439 recruitment maneuvers during this time.

Table 1. Comparison of subjects receiving recruitment maneuvers versus controls.

Age, weeks (median, Range| 5.5 (1 day — 5 years) 6 (1 day — 14 years) NS
40(3.0-58) 42(34-170) NS
0.24 (0.21 - 0.29) 0.26 (0.22 - 0.37) NS
45@-118) e s
3 3 Ns

Associated anomalies
Trisomy 21 NS
Heterotaxy Syndrome NS

Chromosome 8 deletion NS

DiGeorge Syndrome

- A a2 w o

5

1

1

2 NS
Other 2 NS
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Recruitment was initiated in the post-operative period once deemed safe by the primary
intensivist. The maneuvers were performed as frequently as every two hours but, on
average, subjects in the cohort received 2 recruitment maneuvers per ventilator day.
Both groups had similar congenital heart disease diagnoses with an average Society of
Thoracic Surgeons-European Association for Cardiothoracic Surgery Congenital Heart
Surgery Mortality Score of 3 in each group covering a variety of anatomical defects and
surgical procedures performed. Subjects with residual intracardiac lesions on
intraoperative transesophageal echocardiogram were included in the study.

Hemodynamics: All 61 subjects tolerated the maneuvers with no hemodynamic
instability defined as hypotension, need for fluid bolus during the recruitment,
bradycardia, or dysrhythmias. No subject had any of the maneuvers discontinued
prematurely. We found no significant difference in the MAP (p = 0.13, 95% ClI) (Figure
2a) or HR (p = 0.74, 95% CI) (Figure 2b) during the time intervals measured.
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Figure 2. Hemodynamics: comparison of hemodynamic measurements before, during,
and after the recruitment maneuvers. There was no significant change in MAP (Fig 2a),
HR (2b), or CVP (2c) during or after the maneuvers. Boxplot with whiskers with
minimum/maximum 1.5 IQR.

Due to the transient increase in intrathoracic pressure that theoretically results in a
decrease in venous return and therefore cardiac output, CVP was monitored throughout
the recruitments. The CVP measurement did not show a significant change with the
recruitment maneuver (p = 0.79, 95% CI) (Figure 2c).
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In order to further investigate the clinical effects of potentially decreased cardiac output,
we reviewed the changes in inotropic and vasopressor support surrounding the
performance of the recruitment maneuvers. All infusion rates of epinephrine,
norepinephrine, vasopressin, dopamine, milrinone, and calcium were documented prior
to, during, and after lung recruitments. Of the 439 recruitment maneuvers performed,
84% were performed without any change in inotropic support during or within 1 hour
after completion of the maneuver. Inotropic support was decreased after the recruitment
in 12% of maneuvers. Only 3% of maneuvers required an increase in support. No
subjects had any significant hypotension requiring fluid bolus administration during or
immediately after the maneuvers.

Efficacy: The efficacy of recruitment maneuvers on lung function was determined by
measuring changes in the Ol and Cdyn before and after recruitment. There was no
statistically or clinically significant change in the Ol with a median Ol before recruitment
of 7.3 (IQR 4.1 — 12.6) and after 7.7 (IQR 4.6 — 12.6) (p = 0.96, 95% CI) (Figure 3a).
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Figure 3. Efficacy: comparison of physiologic measures used to assess efficacy of the

recruitment maneuvers. No significant change was demonstrated in the Ol before and

after recruitment (3a). There was a significant increase in Cdyn by an average of 28%

immediately after the maneuvers (3b). Boxplot with whiskers with minimum/maximum
1.5 IQR.

Of the 439 maneuvers, 83% resulted in a measurable improvement of the Cdyn with all
61 of the subjects demonstrating an increase at least once over the course of the
interventions. The Cdyn increased from 0.45 ml/cmH20/kg (IQR 0.37-0.57) to 0.58
ml/cmH20/kg (IQR 0.47-0.75) afterwards (p < 0.001, 95% CI). (Figure 3b). The duration
of improved Cdyn was an average of 8 hours +/- 11.4 hours. Subjects continued to
show improvement with repeated efforts.

Clinical Outcomes. All subjects included in this study were on invasive mechanical
ventilation support on return from cardiac surgery for a minimum of 24 hours. As shown
in Table 2, there was no significant difference in the number of ventilator days between
the recruitment maneuver and control groups (p = 0.26, 95% CI).
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Table 2. Clinical outcomes.

oucome | Recruitmentin=61) | control(n=58) | pvaiue"
Ventilator days (median, IQR 3(2-95) 2(1-4) NS
Length of hospital stay, days (median, IQR) [RF&NGlERST4) 15(9.5-23) NS

In-hospital mortality (n, % 2 1 NS

Patients with pneumothorax (n, % 5 2 NS

There was also no difference in the occurrence of extubation failure requiring
reintubation between both groups (p = 0.52). There was no difference in hospital LOS
with the RM group staying 17.5 days (10.5 — 27) and control group 15 days (9.5 — 23) (p
= 0.28, 95% ClI) or in the rate of in-hospital mortality (p = 0.58, 95% CI). Despite the
theoretical concern for development of pneumothorax with recruitment maneuvers,
there was no significant difference in the occurrence between the two groups (p = 0.26,
95% ClI).

Discussion

Our results suggest that lung recruitment maneuvers are well tolerated in the pediatric
post-operative cardiac patient population both with and without residual intracardiac
shunts, and may be repeated for the duration of their time requiring invasive mechanical
ventilation. Despite being at high risk of hemodynamic instability shortly after surgery,
especially following complex repair and prolonged cardiopulmonary bypass time, our
subjects did not require significant preload optimization or escalation of inotropic
support during the maneuvers. We were also able to demonstrate that there was an
improvement in dynamic lung compliance following the maneuver. Not only were these
maneuvers tolerated from a hemodynamic standpoint, but there were no adverse
outcomes when compared to control subjects with no difference in the length of
mechanical ventilation, LOS, mortality, or the occurrence of pneumothorax.

Advocacy for the optimization of oxygenation and ventilation through the use of an
“open lung” strategy, especially in the treatment of ARDS, has been present in the
critical care literature for decades. Multiple reports have described the importance of
lung recruitment with high inspiratory pressures in addition to the appropriate PEEP
above closing pressures to maintain optimal gas exchange and minimize hypercapnia
(30). Recruitment maneuvers are recommended in the protective ventilation strategy in
adult post-operative patients who have undergone cardiac surgery with significant
benefits as compared to traditional ventilation (31,32). To our knowledge, there is very
limited data on the use of lung recruitment maneuvers in the pediatric cardiac patient
population with the majority of the pediatric literature focusing on the use of these
maneuvers in patients with ARDS. Scohy et al. (29) previously evaluated the use of
recruitment maneuvers in subjects undergoing surgery for congenital cardiac disease
but excluded several key subgroups of these subjects and did not evaluate the
continued use of recruitment maneuvers over the entire course of mechanical
ventilation. Amorim et al. (6) assessed the tolerance of recruitment maneuvers in a
small population of infants who were prone to pulmonary arterial hypertension and
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excessive pulmonary circulation just after skin closure for open heart surgery. In
general, data on the safety of these maneuvers in pediatric patients is very limited.

The efficacy of lung recruitment maneuvers in patients with ARDS remains controversial
with some studies suggesting an improvement in oxygenation and dynamic or static
compliance (1,11,20,21,33-35), some demonstrating brief or no improvement (36,37),
and others that show improvement but suggest that the deleterious hemodynamic
effects may outweigh the benefits (14). In children with ARDS, a staircase recruitment
strategy has been described to improve oxygenation with increasing PaOz2. In order to
sustain improved oxygenation, the PEEP must be set above the critical closing pressure
of the lung following recruitment (11,21,38,39). Boriosi et al. (11) further described that
a “re-recruitment” maneuver that was performed at critical opening pressures for a short
period of time improved the PaO2/FiOz ratio for up to 12 hours and Ol for up to four
hours following the recruitment maneuver. In our study, we were not able to
demonstrate an improvement in the Ol. However, we did demonstrate a significant
improvement in Cdyn of 29% following completion of each recruitment which was
sustained for eight hours. The lack of improvement in oxygenation may be secondary to
less primary lung injury in our patient population, or due to the common presence of
residual intracardiac shunts. The increase in Cdyn may be a clinically significant change
for some patients and could help reduce the time on invasive mechanical ventilation.

The overall goal of recruitment maneuvers is to open atelectatic alveoli, increase end
expiratory lung volume, and improve gas exchange. However, as discussed, generation
of high intrathoracic pressures during the maneuvers can theoretically result in
hemodynamic instability (4,10,14,20,21). Currently, there is no specific non-invasive
monitoring that is the best indicator for hemodynamic assessment during recruitment
maneuvers, with vital sign changes serving as a surrogate marker for the safety of the
recruitment maneuver (40). In our study, there was no change in MAP, HR, or CVP from
baseline, during, or after the maneuvers indicating that they were well tolerated from a
hemodynamic standpoint with 97% of the recruitment maneuvers using the same or
less inotropic support and no subject required fluid bolus administration for hypotension
during any of the maneuvers.

The occurrence of barotrauma, including pneumomediastinum and pneumothorax, has
been reported with the intermittent increase in peak airway inspiratory pressures
(10,27,28). In our study, there was no significant difference in the occurrence of
pneumothorax between the two groups. With the preponderance of studies on
recruitment maneuvers being performed in the adult ARDS patient population, there is
limited data on pediatric outcomes in mortality and duration of mechanical ventilation. A
Cochrane review performed by Hodgson et al. (41) demonstrated no reduction in
mortality or length of mechanical ventilation following recruitment maneuvers in adult
ARDS patients. In our study, we demonstrated similar findings in that there was no
difference in mortality, length of mechanical ventilation, or LOS in pediatric post-
operative congenital cardiac patients with or without the maneuvers.
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There were several limitations to our study. This was a single-center, retrospective
study that involved a small pediatric cardiac population. Our assessment of cardiac
output was dependent on measurements of MAP and CVP. We also did not investigate
the occurrence of hypercapnia during the recruitment maneuvers. Overdistension of
open alveoli can occur resulting in an increase in pulmonary vascular resistance and a
decrease in blood flow to the alveoli, thereby increasing dead space ventilation (21).
There are a number of studies demonstrating that throughout recruitment maneuvers
there is an increase in PaCOg, with a potential need to titrate the respiratory rate on the
ventilator in order to maintain constant minute ventilation throughout the maneuver, as
this development of hypercapnia during the maneuvers may result in adverse effects
(11,34,36,41). A multifaceted approach to monitoring the effectiveness as well as any
negative consequences of these maneuvers including end-expiratory lung volumes,
dead space ventilation, pulmonary compliance, volumetric capnography as well as
bedside ultrasound would be beneficial (40). This study was conducted prior to our
institution utilizing volumetric CO2 analysis to monitor physiologic gas exchange as well
as dead-space ventilation during mechanical ventilation.

Conclusion

Overall, our study demonstrated that pediatric post-operative cardiac subjects, having a
wide variety of cardiopulmonary physiology, tolerated repeated recruitment maneuvers
without significant hemodynamic changes or adverse outcomes. As has been the case
in many previous studies, we did not find any significant improvement in oxygenation,
length of mechanical ventilation, or length of stay. However, as recruitment maneuvers
have been shown to be an integral part of lung protection strategies and to benefit
adults following open heart surgery, it is possible that our pediatric post-operative
cardiac patients could benefit from the integration of recruitment maneuvers into
ventilator management strategies while on invasive mechanical ventilation. Future
prospective studies need to be conducted to further evaluate the potential benefit and
utility of lung recruitment maneuvers in pediatric patients without significant lung
disease.
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