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Abstract

Background
Many studies explored the impact of ventilation during cardiopulmonary bypass period. However, its effect on Functional
residual capacity or End Expiratory Lung Volume (EELV) has not been speci�cally studied. Our objective was to compare the
effect of two ventilation strategies during cardiopulmonary bypass (CPB) on EELV.

Methods
observational monocenter study in a tertiary teaching hospital. Adult patients undergoing on-pump cardiac surgery by
sternotomy were included and ventilated on the GE Carescape R860® ventilator. Maintenance of ventilation during CPB was
left to the discretion of the medical team, with division between "ventilated" and "non-ventilated" groups afterwards. Iterative
per and postoperative measurements of EELV were carried out by nitrogen washin-washout technique.

Results
40 patients were included, 20 in each group. EELV was not signi�cantly different between the ventilated versus non-ventilated
groups at the end of surgery (1796±586ml vs. 1844±524ml; p=1). No signi�cant difference between the two groups was
observed on oxygenation, duration of mechanical ventilation, need postoperative respiratory support, occurrence of
pneumopathy and radiographic atelectasis.

Conclusion
Maintaining mechanical ventilation during CPB does not seem to allow a better preservation of EELV in our population.

Introduction
Pulmonary complications are the second most common cause of morbidity after cardiac surgery1. They lead to increased
length of stay and mortality 2,3. After cardiac surgery, alteration of respiratory function is observed during the immediate
postoperative period and can last several days 4. This is characterized by a decrease in lung volumes and especially in
functional residual capacity (FRC), which can lead to atelectasis. A major mechanism for FRC reduction is related to the
functional alteration of the diaphragm muscle, secondary to several mechanisms, including supine position, general
anesthesia and direct surgical damages 5. These mechanisms are particularly present during cardiac surgery because of the
thoracic surgical approach, the duration of anesthesia and mechanical ventilation, but are not speci�c. One of the speci�cities
of cardiac surgery is the use of Cardio-Pulmonary Bypass (CPB). During CPB, the in�ation of pulmonary volumes, notably with
the use of positive end-expiratory pressure (PEEP), can impede the surgeon, particularly during sternal access. Thus, up to 50%
of some anesthetists systematically suspend mechanical ventilation during the CPB period to improve surgical comfort, the
oxygenation and gas exchange being ensured by the heart-lung machine 6,7. In recent years, numerous studies have been
carried out to explore the relevance of maintaining (or not) the mechanical ventilation during CPB, however their results are
con�icting and have not led to any guidelines on the subject 8–10. Indeed, a close relationship has been observed between non-
ventilated lung volumes and the degree of hypoxemia, shunt and pulmonary arterial hypertension in non-selected ICU
patients11. Thus, it appears, at least from an intuitive point of view, that maintaining lung volumes, especially FRC, may be of
major interest to prevent the formation of atelectasis and the subsequent pulmonary complications12,13.

Thus, we hypothesized that the maintenance of mechanical ventilation during CPB allows a better preservation of FRC. The
main objective of our study was to explore the effect of mechanical ventilation during CPB on FRC. Secondary objectives were



Page 3/9

the impact of this ventilation strategy on oxygenation and pulmonary outcomes. We also investigated other parameters such
as oxygenation, occurrence of pneumonia, atelectasis on chest X-ray, and use of intensive respiratory support.

Materials And Methods

Study characteristics
We conducted an observational and monocenter study over a three-month period, from April to July 2020, in the cardiac
surgical unit of a tertiary care teaching hospital. This study was approved by our local ethics committee (approval n°E2021-
27). Because of the non-interventional design of the study and according to French law14, no written consent was required and
no pre-registration on a public research website was realized. The perioperative strategy of ventilation for the non-CPB period
of cardiac surgery was protocolized as a part of our local practices, as described hereafter before data acquisition.

Population
Patients were eligible if they underwent cardiac surgery by median sternotomy, with CPB and aortic clamping, under general
anesthesia, with tracheal intubation and invasive mechanical ventilation using the Carescape R860® ventilator (General
Electric Healthcare, USA) required for FRC estimation. Non-inclusion criteria were pregnancy, morbid obesity (BMI >40kg/m2),
chronic lung or neuromuscular disease, heart transplant procedure, cardiac assist device implantation, aortic dissection or
surgery requiring a lateral thoracic approach. Our surgical team was constituted of 4 senior surgeons. Among them two used
to perform surgery with the continuation of a minimal mechanical ventilation during CPB, and two request the interruption of
the ventilation because of the related discomfort induced by the lung movements over the operated site. Thus, we have
included all eligible consecutive patients in these two groups of surgeons and when the GE Carescape R860® ventilator was
available (see below). If a prolonged interruption of ventilation (> 5 min) was required during CPB, the patient was excluded
from the analysis. Ventilation strategy has been previously standardized in our unit to homogenize practices among
anesthetists (see section Intraoperative care and ventilation strategies).

Intraoperative care and ventilation strategies
After admission in operative room, patients were monitored as usual for high-risk general anesthesia: electrocardioscopy, pulse
oximetry, invasive blood pressure using a radial 4F catheter and central venous pressure through the jugular central venous
catheter. Pre-oxygenation was carried out in a strict supine position (0°) using a 100% FiO2 until obtaining an expired fraction
of oxygen ≥ 90%. Pre-oxygenation modality was left at the appreciation of the anesthetist between spontaneous ventilation or
spontaneous ventilation with inspiratory support (4-10 cmH2O to achieve a 7 mL/kg tidal volume, PEEP 4-6 cmH2O). Induction
was then carried out by a combination of hypnotics (target-controlled infusion (TCI) of Propofol or Etomidate 0.4 mg/kg or
Ketamine 2 mg/kg), opioids (TCI of Sufentanil or Remifentanil) and neuromuscular blocking agents (Cisatracurium 0.2
mg/kg). Anesthesia was then maintained by TCI of Propofol and of the same opioid that was used for induction.
Neuromuscular blockade was maintained by continuous administration of cisatracurium 0.1 mg/kg/h. Depth of anesthesia
was assessed by BiSpectral Index Monitoring (BIS, Covidien, France) with a 40-60 target. Ventilation with a face mask was
carried out with volume-controlled ventilation mode (Vt 7 ml/kg of ideal body weight, respiratory rate 12-18/min, PEEP 5cmH2O
and FiO2 100%). Orotracheal intubation was then performed using direct laryngoscopy by a senior anesthetist. After intubation,
mechanical ventilation was continued on the GE Carescape R860® ventilator. A standardized alveolar recruitment maneuver
was then systematically performed, with controlled pressure ventilation mode and progressive increase in PEEP and
insu�ation pressures (see Supplementary File 1), with a maximum level of 20+12 cmH2O maintained for 10 cycles before a
progressive decrease. Ventilation was then carried out in volume-controlled mode (tidal volume 6-8 mL/kg, rate adjusted for
ETCO2 28-35mmHg, FiO2 for SpO2≥95%, PEEP 4-6 cmH2O, I:E ratio 1:2). During sternal sawing, according to our habits,
ventilation was suspended (< 30 seconds), without PEEP and without disconnection from the ventilator, to limit the risk of
pulmonary lesions. Maintenance of ventilation during CPB was left to the discretion of the medico-surgical team according to
habits and surgical di�culties (see above). Patients were retrospectively categorized as "ventilation" and "non-ventilation"
groups afterwards, according to the application of ventilation or not during CPB. The per-CPB ventilation consisted in a 2
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mL/kg tidal volume, a 8/min respiratory rate, a 5 cmH2O PEEP and a 40% FiO2 with an inspiratory/expiratory ratio of 1:1. This
small tidal volume ventilation was applied during the whole aortic clamping period. In the “non-ventilation group”, no tidal
volume and no PEEP was applied during the whole aortic clamping. Pre-CPB ventilation was then resumed before weaning
from CPB, with an initial FiO2 of 80% quickly adjusted to obtain SpO2≥95%.

During the procedure, the GE Carescape R860® ventilator coupled with the dedicated gas analyzer allowed continuous
measurements of N2 and the subsequent measurement of End-Expiratory Lung Volume (EELV), which approximate FRC in the
presence of PEEP, using the nitrogen "wash in-wash out" technique. It consists of a continuous measurement of changes in O2

and CO2 concentrations when the FiO2 changes and until equilibrium (washin), in order to calculate the dilution of N2 and
deduce the EELV, which approximates FRC in the presence of PEEP. The EELV measurement is the average of this
measurement (washin) and a second one, taken when the basic FiO2 is returned to baseline (washout)15. For each patient, we
collected a baseline measurement after intubation and alveolar recruitment maneuver (T0), after chest-closure measurement
(T1) and 1 hour after ICU admission (T2). Each measurement was performed after a stabilization period of at least 5 minutes
with no change in ventilation parameters as recommended for EELV measurement. An arterial blood gas measure was realized
at each time-point as usual (for design representation, see Supplementary File 2).

The transfer from operative room to intensive care unit (ICU) was performed using Monnal T60® transport ventilator. To avoid
de-recruitment events during disconnections, circuit changes were performed after the intubation tube was clamped during an
expiratory pause. In the ICU, these patients were ventilated with GE Carescape R860® ventilator, allowing monitoring of EELV.

All tidal volumes during this study were adjusted to the ideal body weight (IBW) calculated as IBW = X + 0.91 (height in cm -
152.4) with X = 50 for men and X = 45.5 for women.

Endpoints
The primary endpoint was the value of EELV at the end of the procedure, after chest closure (T1).

The secondary end points were EELV 1 hour after ICU admission (T2), and different parameters of blood gases and pulmonary
pressures at T1 and T2: PaO2, PaO2/FiO2, PaCO2, Driving Pressures (plateau pressure – PEEP) and static lung compliance
(Cstat). We also explored the impact of the two strategies on pulmonary outcomes during ICU stay: use of respiratory support
(non-invasive ventilation, high-�ow nasal cannula or invasive mechanical ventilation for acute respiratory failure), and
occurrence of pneumonia (clinically suspected or con�rmed by bacteriological samples). We also explored the presence of
atelectasis at day-one after surgery by systematic screening of chest X-ray, evaluated a posteriori by an expert radiologist
blinded to the intraoperative strategy.

Statistical analyses
As this is a preliminary study with no data available from the literature, no calculation of the number of subjects was realized.
Because of the physiologic endpoint, we estimated that 20 patients per group may be su�cient to demonstrate a difference.

The normality of the two groups was investigated by a D’Agostino test and data are presented as median with �rst and third
quartiles or mean with standard deviations for quantitative variables, or percentage for qualitative variables. Comparisons of
quantitative variables over time were carried out using a two-way ANOVA test for matched values considering time (T0, T1 and
T2) and group (ventilated or non-ventilated). Holm-Sidak post-test for multiple comparisons was performed between the
ventilated and non-ventilated groups at each time-point to adjust p value to the number of comparisons. Comparisons of
descriptive quantitative variables between the two groups were performed using a Student t-test or a Mann and Whitney two-
tailed test. Comparisons of qualitative variables were performed using an exact Fischer's test. An adjusted p value strictly
inferior to 0.05 was considered signi�cant. Analyses were performed using GraphPad Prism v8.2 (GraphPad, USA).

Results
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From April 10th to July 17th, 2020 we included a total of 40 patients (20/group). Demographic characteristics of the
population are summarized in Table 1 with no difference concerning the various data. The use of positive pressure ventilation
as a preoxygenation technique was similar in both groups (n=13 vs 12, p=1). There was no difference for duration of surgery
(196 ± 49 vs 196 ± 64 min, p=0.9), CPB (86 ± 41 vs 81 ± 34 min, p=0.7) or aortic clamping (62 ± 30 vs 61 ± 28 min, p=0.9). No
difference was observed concerning the incidence of visualized pleural effraction during surgery (13 vs 14, p=1). Fluids
infusion during the operative period was also similar (1700 ± 340 vs 1675 ± 495 mL, p=0.8). Intraoperative ventilator settings
in both groups are presented in Supplementary File 3. Per-CPB ventilator settings in the “ventilation” group were 2.6 ± 0.6
mL/kg, 9 ± 2 cycles/min, 5 ± 1 cmH2O PEEP and 40 ± 10 % FiO2 and no interruption in the ventilation was observed.

Table 1
preoperative demographic characteristics of the population. BMI: Body

Mass Index, COPD: Chronic Obstructive Pulmonary Disease, FRC:
theoretical functional respiratory capacity estimated by the formula FRC

(L)=2.34×height (m) + age × 0.01-1.09 (20), LVEF: Left Ventricular
Ejection Fraction

  Ventilation No Ventilation p=

Age (years) 70 [66-74] 71 [64-75] 0.9

Male gender (n, %) 11 (55%) 16 (80%) 0.2

BMI (kg/m²) 25.9 ± 3.9 26.7 ± 4.2 0.5

BMI≥30 kg/m² 6 (30%) 7 (35%) 1

Hypertension 14 (70%) 16 (80%) 0.7

Stroke 1 3 -

Smoking status 9 (45%) 8 (40%) 1

COPD 1 2 -

Obstructive sleep apnea 1 6 -

Preoperative Kidney disease 4 6 0.7

Diabetes 4 8 0.3

Euroscore II (%) 1.6 [1.0-2.3] 1.7 [1.1-2.9] 0.8

NYHA 2 ± 1 2 ± 1 0.8

Preoperative LVEF (%) 65 [51-71] 66 [63-70] 0.3

Type of surgery:

Coronary artery bypass

Valvular surgery

Combined procedures

11

8

1

6

8

6

0.08

Theoretical FRC (mL) 3472 ± 207 3587 ± 173 0.06

Preoperative SpO2 (%) 95 ± 7 97 ± 2 0.1

Results for the primary and secondary endpoints are presented in Table 2. Brie�y, there was no difference concerning EELV at
the end of surgery (1796 ± 566 vs 1844 ± 524 mL, p=0.6) but also at the other time-points, i.e at baseline (after orotracheal
intubation) and 1 hour after ICU admission (2095 ± 562 vs 2045 ± 476 mL, p=1). There was also no difference concerning
static compliance (Cstat), driving pressure, blood oxygenation (PaO2/FiO2) and CO2 partial pressure at the three time-points.
The main outcomes in ICU were not different between “ventilation” and “no-ventilation” groups for SAPS-2 score (40 ± 15 vs
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36±8, p=0.3), SOFA score at admission (4 ± 2 vs 4 ± 1), duration of postoperative mechanical ventilation (5.5 ± 4.8 vs 8.2 ±
10.0 hrs, p=0.5), incidence of X-ray atelectasis (7 vs 8, p=1), use of high-�ow nasal cannula or non-invasive ventilation support
(2 vs 0, p=1) or pneumonia (2 vs 0, p=0.5).

Table 2
Results for physiologic parameters in “ventilation” and “no-ventilation” CPB strategies at the three time-points T0 (baseline
after orotracheal intubation), T1 (end of surgery) and T2 (1 hour after ICU admission). EELV: End Expiratory Lung Volumes;

Cstat: static compliance.

  T0 T1 T2

  ventilation no-
ventilation

p
value

ventilation no-
ventilation

p
value

ventilation no-
ventilation

p
value

EELV (mL) 2206 ±
790

1966 ±
482

0.6 1796 ±
566

1844 ±
524

1 2095 ±
562

2045 ±
476

1

Cstat
(mL/cmH2O)

73 ± 35 79 ± 25 0.9 71 ± 27 66 ± 16 0.9 57 ± 15 58 ± 14 1

Driving
Pressure
(cmH2O)

8 ± 3 7 ± 2 0.6 7 ± 1 8 ± 1 0.3 9 ± 3 9 ± 3 1

PaO2/FiO2
(mmHg)

381 ± 156 398 ± 137 1 339 ± 149 304 ± 131 0.8 324 ± 115 329 ± 124 1

PaCO2
(mmHg)

40 ± 4 38 ± 5 0.6 37 ± 4 37 ± 4 1 39 ± 4 39 ± 4 1

Discussion
Maintaining mechanical ventilation during CPB was not associated in our study with better preservation of EELV. Despite less
accurate than chest tomography imaging, N2 washin-washout techniques have been widely studied and showed good
correlations and/or agreements with pulmonary volumes, allowing their use at the bench side in various settings, including
critical cares16–18. We can therefore strongly believe that post-operative FRC was not modi�ed by per-CPB ventilation in our
cohort.

This study approaches the effect of per-CPB ventilation from an original angle. Previous studies have focused on its effect on
oxygenation, postoperative respiratory complications or systemic in�ammation8,10,19. To date there is no study speci�cally
studying the impact of maintaining mechanical ventilation per-CPB on lung volumes during adult cardiac surgery, whereas
most of the modern ventilation strategies in ICU or operative room are based on this concept of “lung protection”, using
reduced tidal volume, su�cient PEEP and recruitment maneuvers to prevent lung collapse20,21.

Different studies have investigated the effect of maintaining ventilation during CPB on different clinical or biological
parameters. A meta-analysis of 15 randomized trials conducted between 1993 and 2016, explored mechanical ventilation or
continuous positive airway pressure during CPB on the evolution of the alveolar-arterial oxygen gradient, oxygenation, duration
of mechanical ventilation and length of stay22. No signi�cant difference was found with regard to the criteria studied. However,
a signi�cant improvement of the PaO2/FiO2 ratio in favor of maintaining ventilation can be noted in one of the 4 trials studying
this parameter, as well as a decrease of the alveolo-arterial oxygen gradient in 2 trials. One of the limits of this meta-analysis
was the heterogeneity of ventilation parameters among studies. More recently, the PROVECS study compared the effect of two
ventilation strategies on the occurrence of postoperative respiratory complications. A total of 494 patients was randomized
between "conventional" ventilation strategy and "protective" strategy, which included the maintenance of ventilation during CPB
but also higher intraoperative PEEP and recruitment maneuvers. No signi�cant difference was found in the occurrence of
postoperative pulmonary complications, hypoxemia or use of respiratory support.
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Different physiological hypotheses may explain the lack of effect in our study. The duration of CPB was limited with a mean
duration of 60 min, and thus we can hypothesize that this period was too short to induce a signi�cant difference in FRC.
Another element may be the non-selected nature of the included patients, notably with the absence of patients with pulmonary
underlying conditions. Indeed, in the IMPROVE study which demonstrated a bene�t of protective ventilation in major
abdominal surgery, the included patients presented a preoperative risk index for pulmonary complications of more than two20.
Thus, it is possible that the association of a short duration of aortic clamping and the absence of preoperative risk factors may
have mitigated the potential bene�cial effects of per-CPB ventilation strategy. Another hypothesis concerns the choice of
mechanical ventilation parameters during CPB. In our study, the ventilation was maintained with low tidal volume (Vt 2.6 ±
0.6ml/kg of IBW), which may be close to the theoretical dead-space volume (≈1.5mL/kg), and thus insu�cient to keep the
alveoli opened. However, higher volumes hamper the surgeon, potentially decreasing the quality of surgical exposure. Another
element, speci�c to cardiac surgery under CPB with aortic clamping, is the exclusion of pulmonary vascularization. Indeed,
experimental studies suggested that pulmonary vascularization is involved in maintaining the mechanical and architectural
properties of the lung. Gibney et al, observed in animal models a decrease in pulmonary compliance if vascularization is
stopped23. Thus, the mere maintenance of mechanical ventilation may not be able to counteract this “ischemic” closure of the
lung.

Concerning the secondary endpoints, maintaining mechanical ventilation during CPB does not appear to be associated with
any signi�cant effect in our population. Thus, we found no signi�cant difference either on clinical criteria (occurrence of
pneumonia, duration of invasive mechanical ventilation, non-invasive ventilation or high �ow oxygen therapy) or other criteria
(oxygenation parameters, driving pressure, static compliance, postoperative atelectasis). Nevertheless, the small size of the
population does not allow us to de�nitively conclude on this point.

Some limitations of our study must be discussed. First, the lack of randomization limits the impact of conclusion, despite great
similarities between groups, notably concerning euroscore-2, obesity, age… Even if we observed a trend to an unbalance
concerning the type of surgery, with more combined procedures in the not-ventilated group, this difference was not signi�cant.
Furthermore, if we suggest that the complexity of the procedure may alter pulmonary function, thus this difference may be
more susceptible to worsen the EELV in the not-ventilated group, which has not been observed. Moreover, because the choice to
maintain or not ventilation during CPB was left to the discretion of the medical team, it may be a source of selection bias.
Finally, we cannot rule out a lack of power related to the limited sample size.

Conclusion
The effects of maintaining mechanical ventilation during cardiopulmonary bypass are still controversial to this day. In our
work, this strategy does not seem to allow a better preservation of FRC after cardiac surgery. However, our study has certain
limitations, and a randomized controlled study is warranted to con�rm or deny our results, notably focusing on complex
cardiac procedures and on patients with pre-existing risk factors for pulmonary complications.
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