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ABSTRACT

Background: Lung atelectasis is a common complication post-cardiac surgery that can affect
patient’s outcomes significantly. The current study aimed to evaluate the efficacy of transal-
veolar pressure measurement (PTA) using esophageal manometer as a monitoring parameter
during a modified stepwise staircase lung recruitment employing adaptive ventilation mode
(AVM) in postcardiac surgery hypoxic patients.

Settings and Design: This study was a prospective case series study.

Methods: The study was carried out on 62 adult patients who were undergone on-pump
cardiac surgeries. After haemodynamic stabilization of the patient in ICU, esophageal man-
ometer catheter had been inserted then a modified stepwise staircase alveolar recruitment
maneuver was done with the use of the transalveolar pressure as the main parameter for the
monitoring of the effectiveness and safety of the recruitment maneuver. Agreement between
parameters was done and weighted kappa, standard error and confidence intervals at 95%
(95% Cl) were calculated.

Results: During the alveolar recruitment maneuver, the PTA Insp detected 96.7% of the
patients with alveolar overdistention and the PTA Exp detected 98.3% of the patients with
alveolar optimum PEEP. Statistical significant improvement in both hypoxic index and ultra-
sound lung aeration score from before to after alveolar recruitment.

Conclusion: Transalveolar pressure inspiratory and expiratory were accurate monitoring para-
meters for alveolar overdistention and optimum PEEP detection selectively.
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1. Introduction ) o ) )
possible number of alveoli aiming to improve gas dis-

tribution within the alveoli [3].
Different types of alveolar recruitment maneuvers

Pulmonary dysfunction is a common complication
post-cardiac surgery that can affect patient’s outcomes

and health economics. It is recognized that many
patients post-cardiac surgery will have altered pul-
monary mechanics which may appear in a wide
range of manifestations, from mild atelectasis which
is the commonest to life-threatening acute lung injury
(ALI) or adult respiratory distress syndrome (ARDS) [1].

Postcardiac surgery hypoxia due to alveolar atelec-
tasis results in prolongation of the mechanical ventila-
tion time, intensive care unit (ICU) stay, need for
tracheostomy, increased costs and resource utilization.
It can be detected using hypoxic index, oxygenation
index and oxygen saturation index [2].

Alveolar recruitment maneuvers (RM) are proce-
dures that are very important to increase transpulmon-
ary pressure to promote the opening of the largest

have been described including sustained inflation,
three consecutive sighs, extended sigh (e-sigh), RAMP
and Stepwise staircase recruitment maneuver [4].

Stepwise staircase recruitment maneuver may allow
better oxygenation and less haemodynamic instability
than sustained inflation one. However, the optimal RM
(with the best balance of benefit and harm) is still
under discussion [5].

Esophageal pressure (PES) can be wused as
a substitute for pleural pressure (PPL) to calculate the
elastic and resistive forces in the lung. To separate the
pressure needed to expand the lung and the pressure
needed to expand the chest wall the recording of
esophageal pressure is necessary. Esophageal
Pressure can be measured by esophageal manometer
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and then the transpulmonary pressure can be calcu-
lated by: PAW- PPL = PTP [6].

The transalveolar pressure (PTA) is the difference
between alveolar pressure and pleural pressure which
is calculated after tube resistance compensation so it is
more precise than transpulmonary pressure [7].

Ultrasound has favorable features to assess RM due to
its high specificity and sensitivity to detect lung collapse
together with its non-invasiveness, availability and simple
use at the bedside especially with the high-risk patient of
transportation like post-cardiac surgery patient [8].

Adaptive ventilation mode (AVM) is a new ventila-
tory mode, which uses a closed-loop system. The
operator just sets a maximum plateau pressure and
percentage of minute ventilation support which is
measured based on the patient’s ideal weight. It auto-
matically selects the target ventilatory pattern based
on user inputs, taking into account the respiratory
mechanics data from the ventilator monitoring system
(resistance, compliance and auto-PEEP) [9].

2. Patients and methods

After approval of the Alexandria University Local Ethics
Committee and with written informed consent from each
patient, the present prospective case series study had
been carried out in cardiac surgery ICU of Alexandria
Main University hospitals on 62 adult patients who were
undergone on-pump cardiac surgeries.

Patients with the following criteria had been
excluded: contraindications for the use of esophageal
catheter including esophageal ulcerations, tumors,
diverticulitis, bleeding varices, recent esophageal or
gastric surgery, sinusitis, epitaxis and recent nasophar-
yngeal surgery, postoperative severe haemodynamic
instability on high inotropic support, ejection fraction
less than 35%, severe restrictive or obstructive lung
disease, extremes of age (<19 and >75 years) and
morbidly obese patients with BMI > 40 kg/m2.

After the patient arrival to the ICU, the patient had
been mechanically ventilated using AVM mode in
Bellavista 1000 e ventilator with the following basal
settings: Patient’s height in cm (the ventilator had
measured the ideal body weight (IBW) and the
target minute volume (MVTarget)), 100% minute ven-
tilation support which was adjusted according to
PaCO2 level of the ABG (between 30 and 35 mmHg),
PEEP 5 cmH20, pressure limit (PLimit) 35 cmH20, oxy-
gen percentage (02%) 80% which had been decreased
gradually over one hour to reach 50%.

Sedation with propofol 10% infusion 50-150 mcg/
kg/min and fentanyl infusion 1-2 mcg/kg/hour IV.
Basal hypoxic index (<250) and ultrasound-guided
lung aeration score (>score 3) [10] (table 1) had been
done to detect atelectatic hypoxia.

Table 1. Ultrasound-guided lung aeration score [10].

Pattern Characteristics Points

N Normal aeration or less than 2 isolated B lines 0

B1 Moderate loss of aeration with multiple, well-defined 1
B-lines

B2 Severe loss of aeration with multiple coalescent 2
B-lines

C Lung consolidation 3

Patients had been examined by C60x transducer 2-5
MH of SonoSite M-Turbo ultrasound machine. Six basic
regions had assessed for each lung. Each hemithorax
was divided into anterior, lateral and posterior regions
by the anterior and posterior axillary lines. The regions
had been further subdivided into upper and lower areas.

After haemodynamic stabilization of the patient,
esophageal manometer catheter had been inserted
through the patient’s nostril towards the lower part
of the esophagus with the same technique of nasogas-
tric tube insertion. The estimated depth in which to
place catheter could be measured by the distance from
nostril to ear tragus to xyphoid.

The balloon of the catheter had been inflated, stylet
of the catheter had been removed. The cardiac oscilla-
tions and the esophageal and the transalveolar pres-
sure curves could be noticed on the ventilator screen
then the catheter had been secured with tape to pre-
vent motion removal or displacement.

A modified stepwise staircase alveolar recruitment
maneuver had been used. In which stepped increase in
the PEEP level 2 cm H20 every 2 minutes and the AVYM
mode would maintain the driving pressure to maintain
tidal volume. The stepped increase was done till near
overdistention.

Alveolar over distention criteria included: inspiratory
transalveolar pressure (PTA Insp) >15 cm H20 [11] and
(or) dynamic compliance (Cdyn) decreased from its pre-
vious reading, SpO2 decreased 1% from its previous read-
ing and MBP decreased 25% from the baseline [12,13].

After detection of the alveolar overdistention,
a stepped decrease in the PEEP level 2 cmH20 every
3 minutes till the derecruitment which was detected by
expiratory transalveolar pressure (PTA Exp), Cdyn and
Sp02 then return to the PEEP level 2 cmH20 above the
derecruitment one which was the optimal PEEP.

Alveolar derecruitment criteria included: transalveolar
pressure expiratory (PTA Exp) <1 cmH20 [11] and (or)
dynamic compliance (Cdyn) decreased from its previous
reading and SpO2 decreased 1% from its previous
reading.

After the alveolar recruitment maneuver was done,
another hypoxic index and ultrasound-guided lung
aeration score were done to confirm the effectiveness
of the recruitment maneuver.

Score 0-3: Successful recruitment. Score > 3: Failed
recruitment.



3. Statistical analysis

Data were fed to the computer and analyzed using IBM
SPSS software package version 20.0. Qualitative data
were described using number and percent. Quantitative
data were described using range (minimum and max-
imum), mean, standard deviation and median.
Significance of the obtained results was judged at the
5% level.
The used tests were

1 - Kappa (k)
Kappa test for agreement was used.
2 - Sensitivity

The capacity of the test to correctly identify dis-
eased individuals in a population “TRUE POSITIVES".
The greater the sensitivity, the smaller the number of
unidentified case “false negatives”

3 - Specificity

The capacity of the test to correctly exclude indivi-
duals who are free of the disease “TRUE NEGATIVES".
The greater the specificity, the fewer “false positives”
will be included

4 — Positive Predictive value (PPV)

The probability of the disease being present, among
those with positive diagnostic test results

5 - Negative Predictive value (NPV)

The probability that the disease was absent, among
those whose diagnostic test results were negative

6 — Accuracy

Rate of Agreement = (True positives + True nega-
tives)/Total tested x 100

7 - Paired t-test

Figure 1. Flow chart of the patients.

EGYPTIAN JOURNAL OF ANAESTHESIA 147

For normally distributed quantitative variables, to
compare between two periods.

4. Results

This case series study was performed in the cardiac
surgery ICU of Alexandria Main University hospitals
on 62 adult patients after on-pump cardiac sur-
geries. Twenty-six Patients underwent single valvu-
lar replacement surgery, 22 Patients underwent
CABG with two or three vessels Surgery, 13
Patients underwent combo CABG and valvular
replacement surgery and 1 patient underwent
ASD repair surgery.

All Patients starting the study completed it success-
fully except one patient who was excluded after twice
time malpassage of esophageal manometer catheter
to the trachea (Figure 1). Patients were all included in
the subsequent statistical analysis.

The included patients were 38 males and 34
females. The patients’ ages were between 20 and
30 years old in 9 patients, 30-40 years old in 18
patients, 40-50 years old in 10 patients, 50-60 years
old in 15 patients and 60-70 years old in 10 patients.

The BMI was normal in six patients, overweight in 21
patients, preobese in 13 patients, obese class | in 14
patients and obese class Il in 8 patients.

Thirty-five Patients had normal pulmonary function
tests, 12 Patients had mild obstructive pulmonary dis-
ease, 8 Patients had mild restrictive lung disease, 5
Patients had moderate obstructive pulmonary disease
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and 2 patients had moderate restrictive pulmonary
disease.

All patients before the start of the recruitment man-
euver had stable haemodynamics, endotracheal tube
(ETT) suction and automatic tube compensation mod-
ality had been applied.

Only one patient was excluded from the study due
to two times malposition of the esophageal man-
ometer catheter towards the trachea during its inser-
tion and after inflation of the manometer cuff caused
partial obstruction of the ETT.

Hypoxic index and ultrasound-guided lung aeration
scores were done for all patients before and after the
recruitment maneuver to detect the recruitment man-
euver effectiveness.

(A) During the ascending part of the recruitment
maneuver (detection of alveolar overdistension):

- The PTA Insp detected 96.7 % of the patients with
alveolar overdistention (table 2).

-There was poor agreement in the detection of alveolar
overdistention between PTA Insp and Cdyn (table 2),
Sp0O2 and MBP (weighed kappa - 0.063, 0.029 and
0.021, respectively).

- The Cdyn detected 62.9 % of the patients with alveo-
lar overdistention (table 2).

- The Sp02 detected 33.8% of the patients with alveo-
lar overdistention.

- The MBP detected 27.4% of the patients with alveolar
overdistention.

(B) During the descending part of the recruitment
maneuver (detection of the optimum PEEP):

- The PTA Exp detected 98.3% of the patients alveolar
optimum PEEP (table 3).

- There was poor agreement in the detection of the
optimum PEEP between PTA Exp and Cdyn (table 3)
and SpO2 (weighed kappa 0.029 and 0.01, respectively).

- The Cdyn detected 91.9 % of the patients alveolar
optimum PEEP (table 3).

- The Sp0O2 detected 24.1% of the patients alveolar
optimum PEEP.

(C) As regards the hypoxic index in the detection of the
effectiveness of the lung recruitment maneuver:

- Statistical significant improvement in the hypoxic
index after the alveolar recruitment maneuver (P =
0.000) (Figure 2).

(D) As regards the ultrasound lung aeration score in
the detection of the effectiveness of the lung recruit-
ment maneuver:

Table 2. Agreement between Cdyn (ml/cm H,0) (inspiratory) and PTA Insp (cmH,0).

PTA Insp (cmH,0)

Over Distension Not detected

Over Distension detected Total

Over Distension Not detected
Over Distension detected

Cdyn (ml/cm H,0) (inspiratory)

Total
Kappa
Standard error
p value
Weighted kappa
Standard error
95% Cl

Value
Sensitivity 65
Specificity 0
Positive Predictive Value 95.12

Negative Predictive Value

0 (0.00%) 21 (33.87%) 21 (33.87%)
2 (3.23%) 39 (62.90%) 41 (66.13%)
2 (3.23%) 60 (96.77%) 62 (100.00%)
-0.063
-1.029
0.304 NS
—-0.063
-1.029
—0.145 to 0.019
95% Cl
51.60-76.87
0.00-84.19
94.18-95.91

Table 3. Agreement between Cdyn (ml/cm H,0) (expiratory) and PTA Exp (cmH,0).

PTA Exp (cmH,0)

Optimum PEEP Not detected Optimum PEEP detected Total
Cdyn (ml/cm H,0) (expiratory) Optimum PEEP Not detected 0 (0.00%) 4 (6.45%) 4 (6.45%)
Optimum PEEP detected 1 (1.61%) 57 (91.94%) 58 (93.55%)
Total 1(1.61%) 61 (98.39%) 62 (100.00%)
Kappa —-0.026
Standard error 0.022
p value 0.791 NS
Weighted kappa —-0.026
Standard error 0.022
95% Cl —0.068 to 0.015
Value 95% Cl
Sensitivity 93.44 84.05-98.18
Specificity 0 0.00-97.50
Positive Predictive Value 98.28 98.16-98.38
Negative Predictive Value 0
Accuracy 91.94 82.17-97.33
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Figure 2. Hypoxic index before and after lung recruitment.
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Figure 3. Ultrasound lung aeration score before and after lung recruitment.

- Statistical significant improvement in the ultrasound
lung aeration score after the alveolar recruitment man-
euver (P = 0.000) (figure 3).

5. Discussion

In the current study, the modified stepwise staircase
alveolar recruitment maneuver could effectively recruit
the atelectatic alveoli and maintain them opened
which was expressed by improvement of oxygenation,
hypoxic index and decreased ultrasound lung aeration
score.

As regards the duration of the maneuver, it was
relatively long. It was around 25 minutes. This long
duration of the maneuver might of benefits as it
allowed gradual opening of the alveoli, avoided sudden
overdistention and permitted a good time to notice the
changes in all measured monitoring parameters.

Regarding the haemodynamic changes during the
maneuver, the significant decrease in the MBP 25%
from the baseline (overdistention) had been occurred
in 15 patients out of the total 62 patients. This

decrease in the MBP might be due to mild hypovole-
mia that was not detected at the time of the maneu-
ver and this decrease in MBP had no harmful effects
on the patient as it was immediately overcome by
a decrease in the PEEP level to the descending limb
of the maneuver.

In agreement with the current study, a meta-
analysis including 12 trials had been published by Cui
et al. [14] about the use of stepwise staircase alveolar
recruitment maneuver post cardiac surgery. The results
emphasized the effectiveness in the management of
postoperative pulmonary complications without sig-
nificant haemodynamic instability.

However most of the studies published about post-
cardiac surgery lung recruitment were sustained infla-
tion. Celebi et al. [15] reported in a study about the use
of two different techniques in the sustained inflation
maneuver post cardiac surgery. The conclusion was
that the sustained inflation maneuver with slightly
lower PEEP (20 cmH20) was effective in lung recruit-
ment as the higher PEEP (40 cmH20) but with more
haemodynamic stability.
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The explanation of the frequent use of the sustained
inflation maneuver than the stepwise staircase alveolar
recruitment might be the duration of the maneuver.
However both maneuvers are effective in the alveolar
inflation and more or less the haemodynamic effects.

The monitoring parameters during the lung recruit-
ment maneuver are more important than the maneuver
itself, they act as a guide to allow safe and effective
maneuver.

Regarding the use of PTA Insp for the detection of the
alveolar overdistention. In the present study PTA Insp
detected 96.7% of the patients with alveolar overdisten-
tion during the ascending limb of the recruitment
maneuver.

The overdistention PEEPs in the current study were
between 9 cmH20 as the least overdistention PEEP in the
study and 19 cmH20 as the highest overdistention PEEP.
These PEEPs were correlated with the pre-recruitment
hypoxic index and ultrasound lung aeration score.

In agreement with the current study in the use of
PTA Insp in the detection of the alveolar overdisten-
tion, Arnal et al. [11] reported that the transalveolar
pressure inspiratory should be kept below 15 cmH20
and the increase above this pressure was considered as
an alveolar overdistention. Also authors reported that
the transalveolar pressure was more accurate than
transpulmonary pressure in evaluation of the alveolar
condition during inflation and deflation.

In the present study, accurate detection of the opti-
mum PEEP in the current study had been done by PTA
Exp (98.3%) which decreased less than 1 cmH20 at the
atelectatic PEEP level so the optimum PEEP was the
PEEP level 2 cmH20 above the atelectatic one that
maintains PTA Exp > 1 cmH20.

Arnal et al. [11] reported that the transalveolar pres-
sure expiratory should be kept above 1 cmH20 to keep
the alveoli patent and prevent recollapsing after
recruitment.

There are different image modalities that can be
used for the diagnosis of atelectasis and recruitment
effect post-cardiac surgery including lung ultrasound,
chest x-ray and CT chest.

Lung ultrasound detected all hypoxic patients with
atelectasis postoperative and differentiated between
different grades of atelectasis which was correlated
with the degree of hypoxia detected by the hypoxic
index. Also it was accurate in the detection of the
effectiveness of the lung recruitment maneuver.

In agreement with the present study, Touw et al.
[16] reported in a study on 177 patients aiming to
compare between lung ultrasound and chest x-ray in
the detection of the post-cardiac surgery pulmonary
complications. The results were that the lung ultra-
sound detected 90% of the pulmonary complications,
however the chest x-ray detected only 61% of the
complications and concluded the effectiveness of the
lung ultrasound over the chest x-ray.

Steppan et al. [17] reported in a study about the
feasibility of the use of the lung ultrasound post pedia-
tric cardiac surgery in the detection of pulmonary
complications. The results showed that the Lung ultra-
sound was comparable to the gold standard CT chest
in the detection of the pulmonary complications.

6. Conclusion

Stepwise staircase alveolar recruitment maneuver was
effective and safe maneuver to inflate the atelectatic
alveoli with non-significant complications. It could be
monitored accurately by esophageal manometer
transalveolar pressure measurement. Also Hypoxic
index and ultrasound lung aeration score could be
used to detect atelectatic and the effectiveness of the
lung recruitment maneuver.

7. Limitations

There were several limitations in the present study,
being a small-sized, single-center study. Technical dif-
ficulty during esophageal catheter insertion as malpas-
sage of the catheter towards the trachea in one
patient. There was no comparison imaging technique
to the ultrasound. One patient showed mild bubbling
in the chest tubes after the recruitment which might
rupture bullous Endotracheal tube.
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