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Abstract

Background: Discontinuing mechanical ventilation during cardiopulmonary bypass (CPB)
is common but may adversely affect postoperative pulmonary function. This study aimed
to evaluate the impact of stopping ventilation during CPB on postoperative gas exchange,
radiographic findings, intensive care unit (ICU) length of stay (LOS), mortality, reintubation,
re-exploration, and bleeding. Methods: A prospective observational study was performed
involving adult patients scheduled for elective cardiac surgery requiring CPB. Participants
were divided into ventilated and non-ventilated groups according to intraoperative strategy.
Postoperative arterial carbon dioxide levels (PaCO,), arterial partial pressure of oxygen
(PaO,), the PaO, /FiO; ratio (P/F ratio), arterial oxygen saturation (5a0,), and the ratio
of PaCO, to minute ventilation (PaCO,/MV) were measured before the induction of
anesthesia (within 5 min after transportation into the operating room), postoperatively
within 5-10 min after transportation to the ICU, and in a 24 h postoperative period. Chest
X-ray data, mechanical ventilation time, LOS in ICU, re-exploration, reintubation, and
bleeding parameters were documented. Analyses were also conducted with the estimation
of the age effect and BMI. Results: Individuals in the non-ventilated group exhibited lower
postoperative P/F ratios and elevated postoperative PaCO; and PaCO,/MYV ratios. The
difference in gas exchange leveled off within 24 h. There was no difference in the incidence
of atelectasis (postoperatively in a 24 h period), mechanical ventilation time, LOS in ICU,
or mortality. However, the incidence of bleeding was higher in the non-ventilated group
(x? = 5.78, p = 0.016). Interestingly, postoperative PaCO, and PaCO,/MV peaked in the
50-year age group. Conclusions: Continued mechanical ventilation during CPB correlates
with better postoperative gas exchange, better CO, clearance, and fewer bleeding events.
The results suggest that maintaining low tidal volume ventilation during CPB may provide
benefits, especially for patients aged 50 years.
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1. Introduction

Despite widespread use of CPB, the optimal intraoperative ventilation strategy remains
debated. CPB significantly reduces pulmonary perfusion leading to pulmonary tissue
ischemia. When perfusion is restored, subsequent reperfusion injury accompanied by the
release of free radicals, endothelial damage, and activation of the inflammatory cascade
takes place [1-3]. These mechanisms already disrupt effective pulmonary gas exchange.
Patients under general anesthesia are prone to the formation of lung atelectasis due to the
influence of neuromuscular blocking agents, relaxed and shifted upward diagram, and
supine position [4]. When ventilation discontinues during CPB, the effective gas exchange
diminishes and alveoli are more prone to collapse resulting in an increased mean alveolar—
arterial (A-a) gradient, intrapulmonary shunts [1], and greater extent of inflammation in
lung parenchyma [5].

Some randomized controlled trials (RCTs) have investigated whether maintaining
ventilation during CPB brings clinical benefits. The largest trial in this field, the MECANO
trial, revealed no significant differences in overall postoperative complications between ven-
tilated and non-ventilated groups [6]. However, for patients undergoing CABG, continued
ventilation showed lower incidence of early respiratory failure and a need for prolonged
ventilation or reintubation [7].

A study conducted by Davoudi et al. compared two groups of patients with continued
or ceased ventilation during CPB and revealed that oxygenation status immediately post-
operatively was better, and postoperative parameters of lung functionality, such as forced
expiratory volume and forced vital capacity, were better in the ventilated group [8]. More-
over, the ventilated group demonstrated an earlier postoperative extubation time, leading
the authors to conclude that protective continued ventilation during CPB yields superior
pulmonary outcome improvements without increasing intraoperative risks. Other studies
have highlighted potential secondary benefits such as decreased atelectasis incidence [9]
and less fluid accumulation in extravascular pulmonary spaces in patients with maintained
ventilation [10]. Several animal studies demonstrated that continued ventilation preserves
the physiological structure of lung parenchyma, leading to more effective gas exchange
and less inflammation during histopathologic lung analysis [5,11].

A recent retrospective study included 101 non-ventilated and 398 ventilated patients
during CPB [12]. There were no reported discrepancies in the rate of postoperative pul-
monary complications such as extended mechanical ventilation time, greater pleural effu-
sion, and higher incidence of pneumonia between the groups [12].

Different hospitals apply varying ventilation protocols during cardiac surgeries in-
volving extracorporeal circuits [13]. The differences between studies may be because of
the absence of a universal ventilation protocol and the high inter-institutional variability
in surgical practices. The heterogeneity in ventilation protocols may include variations
in the ventilation mode (PCV, VCV), tidal volume, inspiratory pressure, respiratory rate,
PEEP, FiO,, application of recruitment maneuvers, and timing of ventilation cessation. In
addition, attention should focus both on short- and long-term postoperative pulmonary
outcomes. A recent study performed by Rogers et al. demonstrated that preserving ventila-
tion during mitral and aortic valve surgeries resulted in an improved lung function test at
the 6-8-week follow-up and a better 6 min performance test at discharge [14]. Building on
this evidence, the current study examines immediate postoperative gas exchange outcomes
under different ventilation strategies.

The current investigation provides an assessment of the immediate and short-term
physiological effects of discontinuing ventilation (MV) during CPB at three time points
(before induction, after surgery, and in a 24 h period) that include gas exchange and
ventilatory efficiency parameters such the PaCO,/MV ratio, as a marker of CO, elimination
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efficiency. The findings of this study expand current clinical understanding of the effect of
stopping ventilation during CPB and allow for better guidance of personalized ventilation
strategies during cardiac surgery.

In this context, the present study aimed to compare the effects of continued versus
discontinued mechanical ventilation during CPB, focusing on blood gas parameters in
the immediate and 24 h postoperative period, X-ray findings, and other clinical data such
as length of stay (LOS) in ICU, reintubation, mechanical ventilation time, incidence of re-
exploration, mortality, and bleeding. We hypothesized that continuous ventilation during
CPB improves early postoperative gas exchange compared with discontinuation.

2. Materials and Methods
2.1. Study Design

This prospective, single-center observational study was conducted at the UMC Heart
Center (Astana, Kazakhstan). The study protocol received approval from the institutional
ethics committee (Approval Number: 2022/01-137/CI dated 20 October 2022), and written
informed consent was obtained from all participants prior to enrollment in accordance with
the principles outlined in the Declaration of Helsinki.

2.2. Patient Population

The study included adult patients scheduled for elective cardiac surgery requiring
cardiopulmonary bypass (CPB) between 1 January 2023 and 1 June 2024. Patients were
eligible for inclusion if they met the following criteria:

e Age > 18 years;
e  [Elective coronary artery bypass grafting (CABG) and/or valve surgery;
e Intraoperative requirement for CPB.

Patients were excluded based on the following criteria:

e  Reoperation;

e  Presence of severe chronic pulmonary disease (GOLD stage III-IV), to avoid confound-
ing due to pre-existing pulmonary impairment;

e  Preoperative mechanical ventilation or the presence of a tracheostomy;

e  Refusal to provide informed consent.

Participants were divided into two groups according to the intraoperative ventilation
strategy employed during CPB (both groups were comparable by ASA):

e  The ventilated group included 59 patients who received low tidal volume mechanical
ventilation throughout CPB.

e  The non-ventilated group included 64 patients in whom mechanical ventilation was
temporarily discontinued upon initiation of CPB, as determined by a surgeon in a
case-by-case scenario depending on the complexity of a procedure, when low tidal
volume ventilation interfered with certain surgical steps.

2.3. Anesthesia, Intraoperative Ventilation, and Postoperative Ventilation Management

All patients underwent general anesthesia with induction achieved using propofol,
fentanyl, and rocuronium. Anesthesia was maintained with sevoflurane and a continuous
propofol infusion of 4-6 mg/kg/h according to the department’s protocol.

In the non-ventilated group, mechanical ventilation was stopped after CPB initiation
for the period required by the surgeon to implement certain surgical interventions. The
stop ventilation time lasted from 1 to 187 min. In the ventilated group, a lung-protective
ventilation strategy according to the department’s protocol was maintained during CPB in
PCV/VCV mode with the following settings: tidal volume, 2-3 mL/kg ideal body weight;
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FiO,, 0.5; respiratory rate, 6—8 breaths/min; positive end-expiratory pressure (PEEP),
+5 cm HyO, which was maintained consistently during surgery. CPB was conducted
under standardized conditions using non-pulsatile flow (2.4 L/min/m?), spontaneous
normothermia, and alpha-stat pH management. In the ICU, patients were supported with
ventilation in BiPAP mode with the following settings: tidal volume, 6-8 mL/kg ideal body
weight; FiO,, 0.3-0.5; respiratory rate, 12-14 breaths/min; positive end-expiratory pressure
(PEEP), 5-10 cm H;O. Sedation depth was documented as a Richmond Agitation-Sedation
Scale (RASS) score from —3 to —5. Weaning protocol was based on the internal hospital
protocol adopted from the principles of the ICU Liberation Bundle (A-F, Society of Critical
Care Medicine).

2.4. Data Collection

Arterial blood gas (ABG) samples were collected at three time points according to
the department’s protocol: before induction of anesthesia, (FiOy, 0.21, within 5 min after
transportation into OR), postoperatively within 5-10 min after transportation to the ICU,
and in a 24 h postoperative period. Arterial blood analysis was carried out using the
same analyzer, and operators were blinded to the groups. The following gas exchange
parameters were measured: arterial partial pressure of carbon dioxide (PaCO,, mmHg),
arterial partial pressure of oxygen (PaO,, mmHg), PaO, /FiO, ratio (P/F ratio), and arterial
oxygen saturation (SaO;). Additional perioperative variables were recorded, including
duration of CPB, aortic cross-clamp time; mechanical ventilation (MV) time; stop ventilation
time; X-ray results immediately after surgery in the ICU (5-10 min, before extubation) and
in a 24 h postoperative period; days in ICU; and baseline demographics. X-ray images were
assessed by two blinded physicians with an inter-rater agreement (k) equal to f1.0.

2.5. Study Outcomes

Primary and secondary outcomes were pre-specified before data collection. The
primary outcome of the study was the comparison of the P/F (PaO, /FiO,) ratio between
the ventilated and non-ventilated groups. Secondary outcomes included the assessment of
PaCO,, PaO,, the PaCO,/MV (PaCO,/minute ventilation, mmHg/L/min) index, X-ray
findings, ICU stay, mortality, reintubation, re-exploration, and bleeding. The PaCO,/MV
index is a surrogate for ventilatory efficiency and dynamically assesses how effectively
the lungs eliminate CO, per unit of ventilation. A sample size assessment was performed
assuming a moderate effect size (Cohen’s d = 0.4) for the difference in the primary outcome
parameters, a two-sided o = 0.05, and power = 0.80.

2.6. Statistical Analysis

Statistical analysis was performed using the open-access R environment (R 4.4.2).
Normality was tested with the Shapiro-Wilk test, and continuous variables are expressed
as mean =+ standard deviation (SD) or median with interquartile range [IQR], depending
on the distribution. Categorical data are presented as absolute numbers and percentages.
The Student’s t-test or the Mann—Whitney U test was used for continuous variables. The
Kruskal-Wallis test was applied to continuous variables comparing more than two groups.
Pearson and Spearman correlations were also calculated. A p-value of <0.05 was considered
statistically significant.

3. Results

Figure 1 represents patient screening and subsequent selection. Table 1 shows the
demographic data for the ventilated and non-ventilated groups. Age, height, weight, and
BMI were consistent between groups. There were 21 females and 43 males (1 = 64) in the
non-ventilated group and 18 females and 41 males (n = 59) in the ventilated group. A
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statistically significant difference in gender distribution was not observed between groups
(chi-square, p = 0.94).

| Patients assessed for eligibility (n = 374) |

Excluded (n = 251):
+ Reoperation (n=2)
+ Severe COPD (GOLD lIIHV) (n=2)
+ Preoperative ventilationftracheostomy (n = 1)
+ Declined participation (n = 2)
* Incomplete ventilation data (n = 244)
- Missing ventilationtime (n = 120)
- Missing stop ventilation time (n = 124)

| Included i study (n = 123) |

Ventilated during CPB (n = 59) Non-ventilated during CPB (n = 64)

\/

All included in final analysis

Figure 1. Strobe diagram of patient screening and selection.

Table 1. Demographic data between the ventilated and non-ventilated groups.

Ventilated Group, Non-Ventilated Group, Val

Mean Mean p-vatue
Age (year) 56.8 57.4 0.77
Height (cm) 166.3 165.8 0.70
Weight (kg) 789 76.04 0.20
BMI (kg/m?) 28.6 27.5 0.17

Following detailed data analysis, the two groups of cardiac surgery patients were
compared during the perioperative period. Careful comparison revealed statistically
significant differences in gas exchange immediately after surgery in patients admitted
within 5-10 min to the ICU. All patients in the ICU were supported with BiPAP ventilatory
support with identical ventilation parameters: tidal volume, 6-8 mL/kg ideal body weight;
FiO,, 0.3-0.5; respiratory rate, 12-14 breaths/min; and positive end-expiratory pressure
(PEEP), 5-10 cm H,O. The non-ventilation group exhibited higher arterial PaCO, levels
in the ICU (mean 44.38 mmHg) compared with the ventilated group (mean 40.56 mmHg;
p = 0.026). Similarly, postoperative PaO; values were lower in the non-ventilated group
(mean 127.8 mmHg) than in the ventilated group (mean 144.3 mmHg; p = 0.044). The
P/F ratio, a marker of oxygenation efficiency, was reduced by 14% in the non-ventilated
group (291.7) compared with the ventilated group (339.2; p = 0.028). Statistical analysis was
performed applying Welch'’s t-test. Table 2 represents the means of statistically different
parameters between groups.

Table 2. Immediate postoperative gas exchange values between ventilated and non-ventilated groups.
Postoperative values were registered within 5-10 min of transportation to the ICU from a surgery unit.

Ventilated, Non-Ventilated, 95% CI Mean

Parameter Mean, mmHg Mean, mmHg Difference p-Value
P/Fin ICU 339.18 £+ 98.88 291.70 £ 135.50 [4.83,90.13] 0.028
PaCO, in ICU 40.56 &+ 5.87 44.38 +12.03 [-7.23, —0.39] 0.026

PaO; in ICU 147.35 £ 44.99 127.85 £ 60.43 [0.35, 38.65] 0.044
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To account for potential confounding effects on the primary outcome, an inverse
probability of treatment weighting (IPTW) analysis based on a logistic propensity score
was conducted. The model included age, BMI, ejection fraction, CPB time, cross-clamp
time, pulmonary artery systolic pressure (PASP), and surgery type. The IPTW analysis
indicated that ventilation during CPB was associated with a higher mean P/F ratio in the
ICU (IPTW RoM 1.214, 95% CI 1.085-1.357, p = 0.001; stabilized IPTW RoM 1.203, 95%
CI1.034-1.400, p = 0.017). Likewise, a stabilized IPTW model with covariate adjustment
yielded a comparable estimate (RoM 1.231, 95% CI 1.065-1.424, p = 0.005), which states that
ventilation during CPB is linked to a higher mean of P/F ratio in the ICU (by 23%) after
accounting for measured confounders.

However, at the 24 h postoperative mark, these differences were largely resolved.
PaCO; levels remained slightly higher in the non-ventilated group (p = 0.054), but PaO,,
5a0,, and P/F ratios were comparable between the groups (all p > 0.1). Postoperative
gas exchange parameters analyzed in the ICU after 24 h were collected after extubation
according to the department’s protocol and are represented in Table 3.

Table 3. Ventilation and oxygenation parameters at the 24 h postoperative mark.

Ventilated, Non-Ventilated, 95% CI Mean
Parameter at 24 h Mean Mean Difference p-Value
P/E mmHg 325 4+ 130.94 326 4 81.41 [—40.67,39.37] 0.974
PaO,, mmHg 105.7 + 31.54 97.8 £24.42 [—3.82,16.78] 0.134
PaCO,, mmHg 421 +3.78 44.0 4+ 6.58 [—3.88,0.11] 0.054

Further comparisons of the P/F ratio at three perioperative time points showed statis-
tically significant changes of the parameter within each group. Perioperative time points
were registered per the department’s protocol in perioperative patient management. At the
initiation of anesthesia, both groups exhibited similar P/F ratio values. However, immedi-
ately following surgery, the group with continued ventilation demonstrated significantly
higher oxygenation, as evidenced by a statistically significant difference in P/F ratios.
After 24 h, the P/F values converged again, showing no significant difference between
groups. Table 4 and Figure 2 below illustrate the distribution of P/F values across the three
perioperative time points for both the ventilated and non-ventilated groups.

Table 4. P/F ratio at three perioperative time points.

3 o,
Parameter Ventilated, Non-Ventilated, Mean 95. o CI Mean p-Value
Mean Difference
P/F before intubation 398 £ 52.88 428 +184.24 [—77.99,17.80] 0.215
P/F in ICU 339.18 £ 98.88 291.70 £+ 135.50 [4.83,90.13] 0.028
P/Fat24h 325 £ 130.94 326 £ 81.41 [—40.67,39.37] 0.974

Minute ventilation (MV) values were comparable between the ventilated and non-
ventilated groups at induction and by the completion of the surgery (5.71 vs. 5.75, 6.17
vs. 6.04). Minute ventilation at the end of the surgery was registered in the ICU within
5 min after transportation from the surgery unit. In the ventilated group, MV values were
higher at surgery completion, indicating the need for more ventilatory support (6.17 vs.
5.71, p = 0.012). The situation was similar in the non-ventilated group, although the increase
in postoperative ventilatory support was borderline significant (5.75 vs. 6.04, p = 0.057).
Table 5 demonstrates the abovementioned parameters.
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P/F Ratio Over Time: Ventilated vs. Non-ventilated Groups
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Figure 2. P/F ratio at three time points. There is a significant drop in the P/F ratio by the end of the
surgery (measured in the ICU within 5-10 min after transportation, on BiPAP mode of ventilation)
in each group (398 — 339, p < 0.001 for the ventilated group and 428 — 292, p < 0.001 for the
non-ventilated group). In the ventilated group, the P/F ratio values in the ICU and after the 24 h
postoperative mark are very close (339 — 325, p = 0.42), reflecting almost no change in oxygenation.
Conversely, in the non-ventilated group, oxygenation improved after 24 h compared with the P/F
ratio values in the ICU (292 — 326, p = 0.045).

Table 5. Minute ventilation values at induction of anesthesia and postoperatively between ventilated
and non-ventilated groups.

Minute Ventilated, Non-Ventilated, Value
Ventilation, Hours Mean, L/min, (95% CI) Mean, L/min, (95% CI) P
Surgery Start 5.71 £1.33[5.36t06.06] 5.75+1.05[5.49t06.01] 0.84
ICU 6.17 =1.00[5.91 to 6.43] 6.04 +0.77 [5.85t06.23] 0.43

Next, the PaCO,/MV index, used as an indicator of ventilatory efficiency, showed
no significant difference before CPB in non-ventilated and ventilated groups, respectively
(7.95 vs. 7.13; p = 0.44), but was slightly elevated after CPB in the non-ventilated group
(7.44 vs. 6.79; p = 0.059), suggesting the possible presence of sample size limitation.

The obtained p-value may suggest that statistical significance could be achieved with
a larger sample size. Figures 3 and 4 compare the PaCO, /MV index before and after CPB
and the PaCO,/MYV index in the ICU after the surgery for each group, respectively.

PaC0O2/MV Before CPB and in ICU

16 " .
Time Point
=3 Before CPB
14 = InICU
12
3 10
°
=
>
= 8
=
o}
(]
& e
4
2
0 n -
Ventilated Non-ventilated

Figure 3. PCO, /MV index before and after CPB between the ventilated and non-ventilated groups.
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PaCO02/MV in ICU: Ventilated vs. Non-ventilated

18} ¢

16

-
'S

-
N

=
o

PaCO2/MV Index

Ventilated Non-ventilated
Group

Figure 4. Comparison of PaCO, /MYV in ICU between ventilated and non-ventilated groups, measured
within 5-10 min after transportation to the ICU from a surgery unit. Outliers are demonstrated
as diamonds.

Before comparing the age effect of the PaCO,/MYV index, the effect of age was ob-
served on PaCO;. A linear regression model with restricted cubic splines (df = 4) was
applied to derive the potential nonlinear effect of age on PaCO; levels between ventilated
and non-ventilated groups. Shaded areas indicate 95% confidence intervals around the
predicted means. As a result, the model indicated a moderate fit (R% = ~0.15), although
none of the spline terms for age were significant (df = 4, p = 0.83, p = 0.15, p = 0.9§,
p =0.73). Although the distribution of PaCO; is curved toward the middle ages in the
non-ventilated group, the effect of ventilation was also not significant between the groups
(p = 0.72). Figure 5 demonstrates these findings. Considering the PaCO,/MYV index across
age groups, PaCO,/MV showed considerable overlap between the non-ventilated and
ventilated groups, presenting similar patterns as PaCO, distribution across age.

Effect of Age on PaCO: in ICU

Group
— Ventilated

80 == Non-ventilated

60

40

PaCO: in ICU

20

-20

20 30 40 50 60 70 80
Age (years)

Figure 5. A linear regression model using restricted cubic splines demonstrates PaCO; values in
ICU across age groups between ventilated and non-ventilated groups. The group with discontinued
ventilation demonstrates decreased CO, removal that peaked at the age of 50 years, with the sub-
sequent normalization in the ventilation efficiency toward the extremes of age. PaCO, values with
95% CI at selected ages demonstrate a non-linear pattern with wide variability, particularly in the
non-ventilated group.

Because the effect of ventilation did not introduce variability in the age-PaCO; re-
lationships, we combined the data to explore the correlation pattern between age and
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PCO,/MV. The combined data showed a U-shaped or curved relationship with PCO,/MV
after surgery, with higher values observed in middle-aged patients and lower values
towards extremes.

A quadratic regression model showed a linear correlation between age and PCO,/MV
by 50 years of age (~49.7 years), with a predicted peak maximum value of 7.5 (3 = +0.20,
p = 0.046). At older ages, the slope became negative, creating a curved decline (§ = —0.002,
p = 0.028). Although the linear terms of the curved correlation trend are statisti-
cally significant, the overall fitness of the model explains only 5% of the variation in
PCO,/MV (R? = 0.051), representing a weak correlation. Figure 6 demonstrates this
quadratic regression.

Quadratic Regression of PaCO2/MV in ICU across Age

=== Quadratic fit
18r (R2=0.051 95% Cl l
16}
14}
=1
9
£12r
>
£
S 101
(%]
©
o
8 -
L L R S
4t
20 30 40 50 60 70 80
Age (yr)

Figure 6. PaCO,/MYV index in ICU (postoperatively) distributed by age: between ventilated and
non-ventilated groups combined. Gray “x” marks represent individual patient data.

Postoperative PaCO,/MYV also showed a slight correlation with patient BMI: the
higher the BMI, the higher the index (Figure 7), correlating with theoretical expectations
of an increase in atelectasis formation with greater weight. Correlation analysis between
BMI and PCO,/MYV showed a positive correlation coefficient of r = 0.296, p = 0.023 in
the ventilation group. Although the correlation coefficient remained positive (r = 0.203;
p = 0.11) in the non-ventilated group, it was not statistically significant.

Correlation between BMI and PCO2/MV in ICU (Ventilated vs. Non-ventilated)

18| (Ventilated: R = 0.30 ===.ventilatedfit......
= Non-ventilated fit
[Non-ventilated: R= 0.20]
161
14+
>
O
c12r
> L]
=3
S 10r
Q
&
8 L
6 L
4+ o °
20 25 30 35

BMI

Figure 7. Correlation between BMI and PCO, /MV across ventilated and non-ventilated groups.
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Post-extubation chest X-rays revealed no statistically significant difference in atelec-
tasis incidence: eight cases in the non-ventilated group vs. seven cases in the ventilated
group. Atelectasis was defined on X-rays as collapsed lung tissue in the form of linear
shadows of increased density. At 24 h, three new cases of atelectasis were detected in the
non-ventilated group, while the ventilated group had none, although this difference was
not statistically significant. Table 6 represents the X-ray findings at both postoperative
periods. X-ray findings in the ICU (postoperatively, during 5-10 min) and at a 24 h post-
operative mark were captured according to the department’s protocol of postoperative
patient management.

Table 6. ICU X-ray after extubation and in a 24 h period.

Ventilated Group Non-Ventilated Group
Normal 52 56
Atelectasis 7 8
In24h
Atelectasis 0 3
Normal 59 61

The median value of the stop ventilation time observed in the non-ventilated group
was 45.5 min, with the IQR in the range of 29.75-60.0 min. Correlation analyses showed
that the stop ventilation time in the non-ventilated group was moderately associated with
longer cross-clamp and CPB times (r =~ 0.47 and 0.41, respectively).

Interestingly, CPB time in the non-ventilated group was higher compared with the
ventilated group (108.89 vs. 90.05 min, p = 0.033). No correlation was found between
stop ventilation time and LOS in the ICU, incidence of postoperative pulmonary compli-
cations, or PaCO,/MYV in the ICU. Figure 8 demonstrates absence of correlation between
PaCO,/MV in the ICU and stop ventilation time in the non-ventilated group. There were
no significant differences in LOS in the ICU (p = 0.35). Single episodes of lethal outcome
were observed in each group (1 case out of 59 in the ventilated group and 1 case out 64 in
the non-ventilated group). Table 7 demonstrates the values of the compared parameters.

Association between Stop Ventilation Time and PCO2/MV in ICU (Non-ventilated group)
18 (R
P

= |inear fit

0.01

0.968
16
14t
12

10

PCO2/MV in ICU

0 25 50 75 100 125 150 175
Stop Ventilation Time (min)

Figure 8. No correlation observed between PaCO, /MYV in the ICU and stop ventilation time in the
non-ventilated group. Pearson correlation, r = 0.005, p = 0.97. The regression line is almost flat,
supporting the absence of an association.
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Table 7. Other parameters are compared between the non-ventilated group and ventilated group.

Parameter

95% CI Mean

Ventilated, Mean Non-Ventilated, MEAN Di p-Value
ifference
Cross-clamp time (min) 56.98 + 35.95 56.84 + 34.11 [—12.83,13.11] 0.98
CPB time (min) 90.05 £+ 37.51 108.89 + 56.67 [—36.60, —1.08] 0.033
Mechanical ventilation time (hours)  6.25 £ 6.68 6.74 £+ 6.30 [—2.83,1.84] 0.67
LOS in ICU 2.80 £+ 3.46 2.33+1.13 [—0.44, 1.38] 0.345

Mechanical ventilation time was registered from arrival in the ICU until extubation.
Mechanical ventilation time was comparable between the ventilated and non-ventilated
groups (6.25 vs. 6.75, p = 0.68). In the non-ventilated group, mechanical ventilation time
showed a weak and possibly borderline significant association with PaCO,/MV after
surgery (Pearson r = 0.24, p = 0.061). No such association was noted for the ventilated
group (Figure 9).

PCO2/MV in ICU vs. Mechanical Ventilation Time (h)
Ventilated vs. Non-ventilated

=
[oe]

= Ventilated fit
—— Non-ventilated fit

= = =
N IS o

PCO2/MV in ICU
=
o

0 5 10 15 20 25 30
Mechanical Ventilation Time (h)

Figure 9. Mechanical ventilation time and PaCO,/MYV in ICU association across ventilation modes.
Bleeding severity was compared in a 24 h assessment from the draining chest tubes
and stratified as none, mild, moderate, and massive (Table 8). A chi-square test showed

that there was no difference in bleeding severity between the groups (x? =7.06, df = 3,
p = 0.07). Figure 10 shows these distributions.

24h bleeding categories by ventilation Status

Stopped ventilation

Ventilation during CPB

Ventilated during CPB -
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Bleeding category (24h)

Figure 10. Bleeding severity in 24 h between ventilated and non-ventilated groups.
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Table 8. Bleeding estimation at 24 h period: massive > 1000 mL; moderate > 500 mL; mild < 500 mL.

Ventilated Group Non-Ventilated Group
Massive: >1000 mL 1 1
Moderate: >500 mL 3 9
Mild: <500 mL 27 37
None 28 17

When binarization was performed as no bleeding (0 mL) vs. any bleeding (>0 mL),
a significantly lower incidence of bleeding was observed in the ventilated group. In the
non-ventilated group, 73.4% of patients experienced bleeding, compared to 52.5% in the
ventilated group. The chi-square test result was significant (x> = 5.78, p = 0.016) and was
supported by Fisher’s exact test (p = 0.024). The odds of bleeding were 2.5 times higher in
the non-ventilated group (OR = 2.5). RR comprised 0.72 (95% CI: 0.54-0.95), which suggests
a 28% reduction in any bleeding being ventilated. Figure 11 demonstrates this correlation.

I45
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o
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E 35
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2 30 ©
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g

Ventilated 28 31 - 25

Of note, re-exploration incidence within 24 h was a rare event in the ventilated group
(1.7%) as well as in the non-ventilated group (6.7%), although the difference was not
statistically significant (Fisher’s exact p = 0.37). RR (0.27, 95% CI [0.031, 2.358]) favored the
ventilated group, but CI is wide, thus suggesting uncertainty due to the small number of
events. Table 9 and Figure 12 demonstrate these results.
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Figure 11. Bleeding between groups.
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Figure 12. Re-exploration difference between the groups.
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Table 9. Re-exploration incidence in 24 h.
Ventilated Group Non-Ventilated Group
No 58 60
Yes 1 4

4. Discussion

The current study evaluatesthe effects of intraoperative ventilation discontinuation
during CPB on postoperative gas exchange and lung function. The findings demonstrate
that temporary cessation of mechanical ventilation was associated with a transient but
statistically significant increase in PaCO; and a reduction in the extent of oxygenation
during the immediate postoperative period. This suggests that the interruption of ventila-
tion may reduce CO, elimination and disturb efficient oxygenation in the early recovery
phase. Importantly, these gaseous discrepancies were resolved in a 24 h postoperative
period, indicating a transient nature of the effect. Multiple regression analysis shows that
considering the confounding effect of age, BMI, ejection fraction, CPB time, cross-clamp
time, PASP, and surgery type, the mean P/F ratio in the ICU in the ventilated group stays
higher, supporting the beneficial effect of continued ventilation during CPB.

The observations coincide with previous studies demonstrating that better ventila-
tion and oxygenation status were observed in patients with continued low tidal volume
ventilation during the immediate postoperative period. Davoudi et al., in a randomized
controlled study with 50 patients in each group, demonstrated better post-CPB PaO, values
in patients who remained on low tidal volume ventilation mode compared with patients
who had ceased ventilation [8]. In addition, the ventilated group showed better postopera-
tive forced expiratory volume as well as forced vital capacity results [8]. Similar animal
experiments demonstrated that low-frequency ventilation retained during CPB resulted in
better PaO, and less histological lung damage compared with subjects where ventilation
was not provided or only PEEP of +5 cm H,O was supported [5].

A previously conducted meta-analysis of randomized controlled trials applied the
evidence of better oxygenation status in patients on continuous ventilation during the
immediate postoperative period, although a beneficial reduction in pulmonary complica-
tions was not observed [15]. The largest RCT, the MECANO trial, demonstrated that stop
ventilation strategy was not inferior to continued ventilation in terms of mechanical venti-
lation time, mortality, postoperative respiratory failure, and incidence of reintubation [6].
Considering other pulmonary complications, a recent study concluded that cessation of
ventilation during CPB does not reduce the incidence of infection during the postoperative
recovery period [16]. However, in patients undergoing mitral and aortic valve surgeries,
preserved ventilation was associated with better forced vital capacity and an increase in
forced expiratory volume during 1 s by 0.19 and 0.135 L, respectively, in the postoperative
period. Moreover, the ratio of forced expiratory volume during 1 s over forced vital capac-
ity was 5% higher in the 6-8-week postoperative follow-up for the group with preserved
ventilation [14]. Moreover, this study demonstrated that the soluble receptor for advanced
glycation end products (sRage) was significantly higher in the preserved ventilation group,
although the ventilation mode was low frequency rather than low tidal volume ventilation.
In addition, the 6 min walk test performed upon discharge showed better performance
in the group with continued ventilation [14]. This may suggest that continuing ventila-
tion during CPB may result in better postoperative lung function parameters that could
influence long-term patient recovery.

Ventilation management was standardized at induction and resulted in almost iden-
tical values between the ventilated and non-ventilated groups before CPB (5.71 vs. 5.75,
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p = 0.84). In turn, postoperative minute ventilation values measured in the ICU demon-
strated a slight increase in minute ventilation demand in both ventilated and non-ventilated
groups (6.17 vs. 6.04 L/min, p = 0.43). From a ventilatory support perspective, cessation of
ventilation during CPB did not require more ventilatory support; although the increase in
postoperative ventilatory support was statistically significant in the ventilated group (from
571 £1.33 t0 6.17 £ 1.00 L/min, p = 0.012), the statistical difference was borderline in the
non-ventilated group (from 5.75 & 1.05 to 6.04 &£ 0.77 L/min, p = 0.057), suggesting the need
for a larger patient sample. The results may also suggest that changes in lung mechanics
triggered by anesthesia and CPB may require greater postoperative ventilatory support.

The linear regression model demonstrates that age has a nonlinear effect on postopera-
tive PaCO; levels measured in the ICU. The model shows the nonlinear relationship toward
distribution of PaCO,, which peaked in the 50-year-old range in the non-ventilated group.
Considering that the minute ventilation values were comparable between groups, the
PaCO,/MYV parameter was used as a measure of ventilatory efficiency regarding CO, clear-
ance. In the non-ventilated group, the higher PaCO,/MV index suggested a trend toward
less efficient CO, elimination, although it did not reach statistical significance (p = 0.059).
Quadratic regression analysis revealed an age-dependent U-shaped relationship, with
PaCO,/MV reaching a peak at around 50 years. This indicates that middle-aged patients
may be more susceptible to impaired ventilatory efficiency postoperatively, independent of
ventilation strategy. The U-shaped correlation supports the findings of a previous study
that assessed atelectasis formation in 243 patients by comparing CT atelectasis before and
after anesthesia induction [4]. The study revealed that after anesthesia induction, atelectasis
formation increased up to 50 years of age and then declined with older age [4]. As people
age, lung elasticity decreases, thus increasing the incidence of atelectasis formation, which
may explain the trend of increased PaCO,/MYV up to 50 years. However, with further
increase in age, the trend of atelectasis formation decreases. A possible explanation may
be the closure of small airways. With age, small airways are more prone to closure during
preoxygenation at supine position, thus trapping nitrogen. Trapped nitrogen in turn may
reduce the incidence of atelectasis formation in closed airways [4]. Similarly, higher BMI
correlated positively with PaCO, /MYV in ventilated patients, supporting the hypothesis that
obesity predisposes patients to reduced lung compliance and greater risk of postoperative
atelectasis. In contrast, no significant association was observed in non-ventilated patients.

Radiographic evidence of atelectasis was not significantly different between groups,
yet new cases detected only in the non-ventilated group suggest that subtle effects on lung
recruitment may not be fully captured by chest X-ray alone. However, a study conducted
on 60 randomly distributed patients showed that low tidal volume ventilation (3 mL/kg,
respiratory rate (RR) 6/min, and PEEP +5 cm H,O) demonstrated a lower incidence of
postoperative atelectasis of 10%, compared with 36.6% (p < 0.05) in the group in which only
PEEP of +5 cm H,O (CPAP mode of ventilation) was preserved during CPB [9]. On the
other hand, X-ray may underestimate atelectasis incidence, and ultrasound could provide
a more sensitive bedside evaluation of postoperative atelectasis [17] in the areas where
air does not interfere with the trajectory of an ultrasound beam. In the current results,
while radiographic atelectasis was slightly more frequent in the non-ventilated group at
the 24 h postoperative mark, this did not reach statistical significance. While decreased or
absent lung ventilation and a relaxed diaphragm could contribute to atelectasis formation
during anesthesia, the CT results of one study showed that a 32% increase in postoperative
heart mass led to the increased incidence of atelectasis formed in the subjacent lung area in
patients after CABG [18]. Thus, the effect of increased cardiac muscle should be considered
in future studies.
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Stop ventilation time correlated moderately with cross-clamp and CPB durations
but showed no association with ICU stay, PaCO,/MYV, or other pulmonary complications.
Mechanical ventilation time demonstrated only a weak and borderline association with
PaCO,/MV in the non-ventilated group, suggesting limited predictive value. Interest-
ingly, we also observed higher re-exploration rates in the non-ventilated group, although
incidences were rare. The assessment of real effect may require a greater sample size. In
addition, the 24 h assessment point shows that higher incidences of bleeding were observed
in the non-ventilated group (x? = 5.78, p = 0.016), although the severity of bleeding was
comparable (x> = 7.06, df = 3, p = 0.07) between the groups. No incidence of intraop-
erative transfusions in either group was observed. In contrast, Rodriguez-Blanco et al.
reported higher incidences of coagulopathy and mediastinal re-exploration in the group
with preserved lung ventilation and perfusion via a shunt to the pulmonary artery [19].
Stop ventilation time had a moderate positive correlation with CPB time (r ~ 0.41). This
could be explained by several factors. The longer exposure to extracorporeal circuits
induces a stronger inflammatory response as well as a higher extent of coagulopathic
derangements [20]. The prolonged CPB time elongates the ischemic state of lung tissues
further contributing to the reperfusion—inflammation injury [3]. Prolonged CPB time is
also linked to the complexity of surgical procedures. Thus, further investigations could be
implemented in this direction.

Although the observed physiological changes were transient and did not impact the
ICU stay or need for reintubation, they may be clinically relevant in vulnerable populations,
such as in patients with pre-existing lung disease, obesity, or advanced age. During CPB,
pulmonary circulation is significantly decreased or avoided [21]. Longer CPB times may
exacerbate ischemia-reperfusion lung injury, further disturbing delicate lung parenchyma
and subsequently ventilation and oxygenation status in postoperative recovery [3]. An
animal study showed that pigs on preserved lung perfusion and ventilation had higher
P/F ratios (90 min after CPB start: 244 & 57 vs. 126 &= 64 mmHg, p < 0.001), fewer poly-
morphonuclear cells during pulmonary histopathologic analysis, and less thickening of
alveoli septa, which is vital for gas exchange, compared with standard CPB without preser-
vation of lung perfusion and ventilation [11]. Thus, the results of the study suggest that
ischemia—reperfusion injury could be mitigated by maintaining minimal ventilation dur-
ing CPB. Another human observational study demonstrated that ventilation preservation
during CPB resulted in reduced extravascular pulmonary fluid (530 vs. 672, p= 0.028) and
faster extubation time (3.6 vs. 4.8 h) in cardiac surgery patients undergoing CABG [10],
highlighting further benefits of continued lung ventilation.

Overall, the findings support the physiological rationale for continued ventilation
during CPB to reduce immediate postoperative derangements in gas exchange. Meanwhile,
the transient nature of these differences raises questions regarding the clinical significance
of this practice in the long term. However, the study assessing long-term effects in patients
after mitral and aortic valve surgeries demonstrates better lung functionality and 6 min
walking test results at follow-up. In addition, the overexpression of sRage biomarkers in
the ventilated group may play a role in ischemia-reperfusion injury caused by CPB and
could inform clinical decisions concerning the optimal ventilation strategy during CPB [14].

Larger multicenter randomized trials are needed to determine whether maintaining
ventilation during CPB translates into improved long-term outcomes in lung functional
capacity and patient physical fitness. Furthermore, the application of sRage and its clinical
implications are of particular interest. It would also be interesting to examine how lung
functional capacity may change across age groups.
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4.1. Strengths and Limitations

The strength of this study is the granular perioperative dataset with repeated gas
exchange measurements (before surgery start, immediately post-op and at 24 h), allowing
us to separate early from transient effects. We also examined complementary PaCO,/MYV,
age- and BMI-dependencies, and radiographic outcomes, providing a multidimensional
view of pulmonary physiology after CPB. Additionally, the single-center design of the
study enhances internal consistency.

Limitations include its single-center design and modest sample size, which may have
contributed to the borderline p-values. For the primary outcome, with a target power of
80%, a two-sided test, « = 0.05, and an allocation ratio of 1:1, the sample size was under-
powered, suggesting that each group should have gathered >99 participants. Management
heterogeneity, including recruitment maneuvers after CPB or immediately after ICU arrival,
and further ventilator setting adjustments were not documented and may have confounded
immediate ICU and at 24 h gas exchange differences. We also did not document changes
in extravascular liquid accumulation in the lungs, which could have been measured by
ultrasound during the postoperative period. Finally, a chest X-ray assessment could have
been complemented by an ultrasound-guided bedside assessment of lung atelectasis in the
ICU immediately after surgery; however, the number of physicians performing such as-
sessments was limited. It would be beneficial if objective lung imaging such as ultrasound
or CT were included in the future studies to validate radiographic results.

4.2. Recommendations for Future Research

Larger multicenter randomized trials would be beneficial in assessing the immediate
and long-term pulmonary characteristics after CPB between ventilated and non-ventilated
groups. Correct assessment of extravascular liquid accumulation in the lungs and postoper-
ative bleeding through fibrinogen level would diminish the confounding effects of reperfu-
sion injury and postoperative bleeding. It would be also beneficial if objective lung imaging
such ultrasound or CT were included in future studies to validate radiographic results.

5. Conclusions

Temporary cessation of ventilation during CPB transiently impairs gas exchange;
maintaining low-tidal-volume ventilation may be beneficial, particularly in patients with
limited pulmonary reserve. Although these changes are resolved within 24 h, the findings
support the consideration of individualized ventilation strategies, particularly for patients
with a compromised pulmonary reserve.
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