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Abstract

Background: Blood oxygen content and management during cardiopulmenary bypass (CPB), pardcularly during re-
perfusion phase after cross-clamping related ischemia, may influence systemic oxygen utilization, oxidative stress, and organ
ischemiafreperfusion injury. These conditions may be highly relevant in patients undergoing coronary artery bypass grafting
{CABG) due to coronary artery disease. The impact of a hyperoxia/normoxia strategy on metabolic efficiency, myocardial
injury, and early clinical cutcomes remains incompletely defined.

Materials and methods: We conducted a retrospective study including 50 patients undergoing isolated elective CABG
with CPB. Patients were stratified into a nermaosxia (M) group (PaC; 90-130 mmHg n = 25) and a hyperoxia (H) group
(PaO; =200 mmHg n = 25). CPB trend parameters including PaO,, mixed venous oxygen saturation (SvO,), indexed
oxygen extraction ratio, and lactate levels were analyzed intracperatively. Myocardial injury was assessed by serial troponin
measurements. Early postoperative left ventricular ejection fraction (LVEF), need for inotropic support, ICU and hospital
length of stay, as well as biomarkers of oxidative stress and hypoxia-related pathways, were evaluated. Exploratory
outcomes included lactate kinetics (0, 6. 12, and 24 h), acute kidney injury (KDIGO criteria), new=onset atrial fibrillation
within 48 h, duration of mechanical ventilation, and 30-days major adverse cardiac events (MACEs).

Results: Baseline, including precperative LVEF, as well as operative characteristics, including types of grafts, modalities of
revascularization (single vs jumpgraft) as well as cardiopulmonary bypass and aortic cross-clamp durations, were similar
between groups. All grafts underwent flow assessment at the end of the operation to confirm the quality and appro=
priateness of perfusion. During CPB, indexed oxygen delivery was comparable; however, the hyperoxia group showed
significantly higher arterial and mixed venous oxygen partial pressures, associated with a lower oxygen extraction ratic and
higher lactate concentrations, indicating reduced metabolic efficiency. Troponin levels were significantly lower in the
normoxia group during CPB and at 6, 12, and 24 h postoperatively, reflecting attenuated myocardial injury. Post-CPB LVEF
was higher in the normoxia group (51.8 £ 8.9 vs 46.3 £ 10.1%, p = 0.041), accompanied by a reduced need for inotropic
support (24% vs 56%, p = 0.021). Intensive care unit and hospital length of stay were significantdy shorter in normoxic
patients. Hyperoxic oxygenaton was associated with significantly higher perioperative levels of hypoxia-inducible factor- la,
total oxidant status, and oxidatve stress index, along with reduced toml antoxidant status.

Conclusions: In patients undergoing CABG with CPB, normoxia was associated with more efficient oxygen utilization,
reduced oxidative stress, , amenuated perioperative myocardial injury, improved early postoperative ventricular function,
and shorter ICU and hospital stay compared with hyperoxic oxygenation. These findings support a physiology-guided
oxygenation strategy during cardiac surgery.
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Introduction

Coronary artery bypass grafting (CABG) performed
with cardiopulmonary bypass (CPB) and aortic cross-
clamping with cardioplegia-induced cardiac arrest in-
evitably exposes the myocardium to a period of global
ischemia followed by reperfusion, a pathophysiological
sequence that remains a major determinant of peri-
operative myocardial injury, early postoperative cardiac
dysfunction, increased need for inotropic support, and
prolonged intensive care unit (ICU) stay.'” Arterial
oxygen management during CPB and early reperfusion
represent predisposing factors to such adverse events
and potentially modifiable components of this complex
and deleterious process.” In routine clinical practice,
hyperoxic oxygenation is frequently adopted during
CPB, often targeting arterial oxygen tensions greater
than 200 mmHg, with the intent of maintaining a safety
margin against hypoxemia.*” This approach is largely
pragmatic, with no robust or largely agreed evidence-
based knowledge, rather than physiology-guided and
reflects current limitations in intraoperative monitoring.
In most centers, arterial blood gas analysis performed
intermittently at serial time intervals remains a primary
tool to assess systemic oxygenation during CPE, al-
though continuous monitoring of arterial oxygen satu-
ration and, in contemporary platforms, continuous Pa(,
measurement may also be available.® However, real-
time integration of these parameters into physiology-
guided oxygen titration strategies is not uniformly im=-
plmented.? At the same time, contemporary perfusion
practice has increasingly embraced goal-directed per-
fusion (GDP) strategies aimed at optimizing systemic
oxygen delivery. Maintaining an indexed oxygen de-
livery (D0i) above critical thresholds, commonly
identified around 280 mL:"minfmz, has been associated
with improved metabolic stability and reduced risk of
organ dysfunction during CPB." However, even when
adequate DO,i targets are achieved, arterial oxygen
tension is often allowed to reach supra-physiological
levels, highlighting a potential dissociation between
oxygen delivery optimization and oxygenation strat-
egy.” Importantly, adequate or supra-normal global
oxygen delivery does not necessarily translate into ef-
fective cellular oxygen utilization. Elevated PaO; may
paradoxically be accompanied by reduced oxygen ex-
traction ratios, reflecting a mismatch between oxygen
supply and consumption.® This dissociation may lead to
metabolic inefficiency or maladaptive changes with
lactate accumulation, indicating a state of relative cel-
lular dysoxia despite apparently sufficient systemic

oxygenation, a phenomenon sometimes described as
“luxury oxygenation.” Moreover, sustained exposure to
supra-physiological oxygen tensions may exert detri-
mental biological effects through oxidative mecha-
nisms. Hyperoxia is associated with increased
generation of reactive oxygen species (ROS), which
impair endothelial function and reduce nitric oxide
bioavailability.” Conversely, maintaining normoxia
during CPB and reperfusion, while simultaneously en-
suring adequate oxygen delivery through GDP strate-
gies, may preserve a more favorable balance between
oxygen supply and utilization.™'” Therefore, the present
retrospective study aimed to compare normoxia and
hyperoxic oxygenation strategies during CPB in a
limited patient series undergoing isolated elective
CABG managed with a GDP approach targeting a
DO,i = 280 mL/min/m®. By integrating CPB oxygen-
ation trends (Pa0;, mixed venous oxygen saturation,
oxygen extraction, and lactate kinetics), biomarkers of
myocardial injury and oxidative stress, and early clinical
outcomes including postoperative LVEF, inotropic
support, and length of ICU and hospital stay, we sought
to provide a comprehensive evaluation of the physio-
logical and clinical consequences of oxygenation
strategies during CPB and reperfusion.

Materials and methods
Study design and ethical approval

This retrospective study was conducted between August
and Septmeber 2024. Ethical approval for the study was
obtained from the University Institutional Review Board of
K_.Kale Nr2024.11.22-2. All procedures were performed in
accordance with institutional guidelines and the ethical
standards outlined in the Declaration of Helsinki. Given the
retrospective observational design and use of anonymized
data, the Institutional Review Board waived the require-
ment for individual informed consent.

Patient population

Fifty consecutive adult patients undergoing isolated CABG
with CPB were included. To evaluate the impact of oxy-
genation strategy during CPB on myocardial injury, per-
fusion physiology, oxidative stress, and clinical outcomes,
two chronologically consecutive care periods were ex-
amined. During the earlier period, CPB was managed
conventionally using a roller pump—based extracorporeal
circuit with traditional management of gas blender. Reg-
ulation of Fi(; and sweep gas flow relied exclusively on
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Table |. Study population and outcomes in Mormaoxia group versus Hyperoxia group.

CABG procedures (n = 50)

Mormaoxia group (mean % std) (n = 25) Hyperoxia group (mean * std) (n = 25) p. value

EF % 52.52 + 9.45
Priming (mi) 1300

Lactate baseline (mg/dL) 122 + 028
Age (Years) 69.22 + 4.05
Weight (kg) 780922
Height (cm) 165.57 = 5.71
BSA (m?) 182 £ 0.12
BMI (kgim?) 2744 £3.13
Calculated blood flow (Vmin) 4.408.44 + 283.67
Bypass time (minutes) 79.0 £ 2321
Cross clamp time (minutes) 5313 £ 13.55
EF % after CPB 51.84 £ 892

Meed for inotropic support after CPB, n (%) 6 (24%)

Mechanical ventilation time (hours) 1226 + 3.443
ICL stay (days) 1.56 £ 118
Hospital stay (days) 713 = 108
Sex (n) (MalefFemale) 13/12

56.46 + 1238 0.32
1300 1.0
1.25 + 0.30 071
6741 + 7.83 0.69
76.26 + 0.93 0.070
164.53 + B.61 0.78
1.70 £ 0.12 031
3727 & 347 058
44496 + 299.04 0.88
76.13 £ 1817 0.34
59.14 # 14.33 0.38
4627 £ 10.11 0.041
14 (56%) 0.021
1522 £ 2.15 0.22
223 % 1.25 0.0
921 + 1.39 0.05
14/11 035

CPB. Cardiopulmonary Bypass; EF %. Ejection Fraction Percenmge; BSA (m”), Body Surface Area in square meters; BM| (kg/m'), Body Mass Indesx in kgim®;

ICL Seay (days). Intensive Care Unic 5tay in days; Hospital Scay (days).

intermittent arterial blood gas (ABG) values, and practice
routinely resulted in supraphysiological Pa0, wvalues
greater than 200 mmHg. Patients treated during this penod
formed the Hyperoxia Group (# = 25). In the later period,
the center implemented a perfusion platform with inte-
grated continuous gas monitoring. Continuous measure-
ment and feedback-controlled adjustment of Pa0; and
PaCO; enabled real-time titration of gas flow and FiO; to
maintain  Pa0; within physiological ranges (90—
130 mmHg) during CPB. Patients treated using this system
formed the Normoxia Group (n = 25). Aside from the
monitoring platform change, surgical technique, perfusion
targets, anesthesia, myocardial protection strategy, and
postoperative clinical care remained unchanged between
the two periods (Table 1).

Inclusion and exclusion criteria

Patients =18 vyears of age undergoing isolated elective
CABG requining CPB and with available complete pen-
operative data were eligible. Patients undergoing urgent or
emergency CABG, those with major comorbidities po-
tentially affecting outcomes (severe renal insufficiency with
creatinine clearance <30 mL/min, advanced hepatic dys-
function, systemic infection and chronic obstructive pul-
monary Disease), patients with pre-existing systemic
inflammatory or autoimmune disorders, individuals who
experienced myocardial infarction or major cardiovascular
events within the preceding 3 months, and patients with
incomplete perioperative data or missing postoperative
outcome documentation were excluded. No structured

long-term follow-up beyond 30-days clinical outcomes was
planned in this study.

Anesthetic management

All patients received balanced general anesthesia. Induc-
tion consisted of intravenous propofol, midazolam, opioid
analgesia, and npeuromuscular blockade rocuronium
(Esmeron®, Merck Sharp & Dohme, USA) or cis-
atracurium (Nimbex®, GlaxoSmithKline, United King-
dom), followed by controlled mechanical ventilation. Tidal
volume and respiratory frequency were adjusted to main-
tain nommocapnia (PaC0y 3545 mmHg) with Fi0, titrated
to achieve arterial oxygen saturation exceeding 95%.
Maintenance anesthesia consisted of inhaled volatile an-
esthetics or intravenous propofol infusion combined with
opioid infusion titrated to hemodynamic response. Moni-
toring included invasive arterial pressure, pulse oximetry,
end-tidal C0Oy, core temperature, urinary output, central
venous pressure, and ECG. Near-infrared spectroscopy
(NIRS) monitoring using a Masimo O3® system (Masimo
Corporation, Irvine, CA, USA) was applied in all patients
for continuous assessment of regional cerebral oxygen
saturation. Transesophageal echocardiography was rou-
tinely used in all patients, while pulmonary artery cathe-
terization was employed when clinically indicated.

Anticoagulation and hemostasis

Anticoagulation was initiated before cannulation using
infravenous unfractionated heparin at a dose of 300-
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400 Ikg. Activated clotting time (ACT) was monitored at
predefined intervals and maintained above 480 s during
CPB. After CPB discontinuation and completion of sur-
gical hemostasis, protamine sulfate was administered to
reverse hepann in doses guided by ACT measurements.
Conservative transfusion approaches, including intra-
operative cell salvage and ultrafiltration, were utilized in
accordance with institutional blood management practices.

Surgical procedure and myocardial protection

All operations were performed through a median stermotomy.
Following systemic heparinization, cannulation of the as-
cending aorta and right atrum was performed. CPB was in-
stitited using nommothermic systemic perfusion. Myocardial
protection was achieved m all patients using intermittent
isothermal blood cardioplegia according to the Calafiore
protocol, delivered both antegrade and retrograde.'' Oxy-
genated artenial blood from the CPB circuit was mixed with
potassium and magnesium delivered in an antegrade fashion
into the aortic root... and n a retrograde fashion via the
coronary sinus. An initial dose was administered until diastolic
cardiac arrest was achieved, followed by maintenance doses at
fixed 20-min intervals throughout the cross-clamp period.
Additional doses were delivered at the discretion of the surgical
team in the presence of electrical activity or myocardial
contractility. Three=vessel coronary artery bypass grafting was
performed in the majority of patients (92% in the Nomoxia
group and 88% in the Hyperoxia group), with left internal
mammary artery grafting to the left anterior descending artery
used in all patients. Revasculanization of the marginal branch
with the nght intemal mammary artery was achieved in 88%
and 84% (p=NS5) of patients in the Normoxia and Hyperoxia
groups, respectively, while a saphenous vein graft to the
posterior descending artery was performed in 92% and 88%
(p = N8) of cases. Distal coronary anastomoses were per-
formed during aortic cross-clamping, whereas proximal
anastomoses were constructed after aortic unclamping using
side-clamping. Standard de-ainng maneuvers were performed
before clamp removal. To minimize potential bias related to
myocardial protection and graft performance, all anastomosed
grafts were intraoperatively assessed using transit time flow-
metry (TTFM). Graft quality was confirmed by satisfactory
mean graft flow, pulsatility mdex, diastolic filling percentage,
and backward flow wvalues, all exceeding accepted cut-off
thresholds, mdicating optimal graft function. Intracperative
graft assessment was performed using transit ime flowmetry
(FeriQO™, Medistim, Oslo, Norway)."

Cardiopulmonary bypass configuration and
perfusion strategy

Arterial blood gas (ABG) samples were obtained at predefined
time points: after iniiation of CPB, every 20 min dunng CPB

(corresponding to cardioplegia intervals), immediately before
aortic unclamping, and at CPB weaning. In the Hyperoxia
Group, ABGs were analyzed using the institutional central
laboratory blood gas analyzer. In the Normoxia Group, ABGs
were analyzed using the integrated Quantum system (Spec-
trum Medical Ltd, UK), which provides continuous blood gas
analysis. At the beginning of each procedure, the Quantum
system was calibrated and synchronized with a reference ar-
terial blood gas analysis to ensure measurement accuracy and
inter-device agreement. Although both systems are routinely
validated and calibrated, potential inter-device vanability
cannot be completely excluded and represents a methodo-
logical limitation. Carbon dioxide management during CPB
followed an alpha-stat strategy targeting nommocapnia (PaCO,
3545 mmHg) in both groups. PaC0, was assessed at the
same predefined intervals as arterial blood gas sampling.

The CPB circuit consisted of a roller pump, crystalloid
priming solution, and membrane oxygenator. A goal-
directed perfusion strategy was followed in both groups,
targeting indexed oxygen delivery (DOs1) =280 mL/min/
m’, mean arterial pressure between 60 and 70 mmHg, and
pump flows indexed to body surface area. The primary
methodological difference between groups involved oxy-
genation monitoring and titration:

- Inthe Hyperoxia Group, CPB was managed using the
55 LivaMova heart-lung machine platform with
Sechrist gas blender, without continuous PaQO./
PaCO, monitoring. Adjustments in Fi0, and sweep
gas flow were puided solely by intermittent ABG
measurements, yielding sustained Pa0s  levels
typically =200 mmHg. Only mixed venous oxygen
saturation was monitored continuously via in-line
optical oximetry integrated into the CPB circuit.

= In the Normoxia Group, CPB was performed using
the Quantum Perfusion System with Quantum Ven-
tilation Module by Spectrum Medical Ltd, UK, en-
abling continuous real-time monitoring and feedback
control of PaOy/PaCO;. This configuration permitted
dynamic titration of Fi0; and sweep gas flow to
maintain PalCy; within physiological ranges (90—
130 mmHg) during bypass.

In both groups, venous saturation, hematocrit, lactat, and
systemic temperature were continuously monitored, and
pump flow was adjusted to ensure D041 targets were met.
Lactate concentration was measured intermittently through
arterial blood gas sampling at predefined time points; no
continuous lactate sensor was used.

Data collection and outcome measures

Intraoperative perfusion-related variables, including PaOs,
mixed venous oxygen saturation {Sv0;), indexed oxygen
extraction ratio, regional cerebral oxygen saturation
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Table 1. Cardiopulmonary bypass trend parameters Mormoxia group versus Hyperoxia group.

Time paint (min Mormoxia group (mean £ 5D) Hyperoxia group (mean £ 50) p
Parameter during CPB) (n = 15) (n = 15) value
Indexed oxygen delivery (mlfmin/m?) 10 3368 + 224 3296 + 395 0.41
20 3409 + 23.1 3318 381 0.33
a0 3446 + 248 3349 % 367 029
40 3481 + 252 3373 % 354 0.25
50 3512 + 266 3408 + 349 022
&0 3576 + 279 3467 + 338 020
70 3609 + 28.7 3499 + 330 019
Arterial partial pressure of oxygen 10 162.4 £ 216 2768 + 409 0.018
(mmHg) 20 1047 £ 2.1 2649 £ 392 0019
30 1089 + 3.4 2526 %+ 378 0.021
40 1035 £ 1.7 2413 %+ 359 0.024
50 109.2 £ 2.1 2318 346 0.028
&0 1016 + 0.4 2147 + 328 0.006
70 1079+ 1.9 2056 + 315 0.008
Arterial partial pressure of carbon 10 423+ 2.1 421 £13 0.74
dioxide (mmHg) 20 426 + 20 424 + 2.1 0.71
30 428 + 20 426 + 2.0 0.69
40 431 £ 19 429 + 20 0.67
50 430+ 18 42819 0.65
&0 427 £ 1.9 426+ 20 0.83
70 425+ 20 424 x 2.1 0.86
Mean arterial pressure {mmHg) 10 618+ 49 594 +53 0.9
20 632 + 5.1 608 + 55 0.20
k1] 646 + 5.4 6.1 £ 57 0.18
40 638 + 5.6 634+ 58 0.21
50 669 + 5.7 4.6 + 60 024
&0 GE6 + 59 66.7 + 6.2 0.31
1] 694 + 6.0 678+ 63 0.37
Mixed venous saturation (3&) 10 729+ 55 80.1 £ 24 0.041
20 724+ 57 794+ 26 0.038
k1] T2l £ 56 786 + 28 0.044
40 723+ 54 7RO+ 29 0.047
30 72B + 52 Tisx 3l 0.049
&0 736+ 50 769 + 33 0.07
1] 741 + 48 765+ 33 0.11
Indexed Ouxygen Extraction Ratio 10 281 £ 50 206+ 2.0 0.028
(O4ER) 20 286 + 5.2 209+23 0.024
a0 289 + 5.1 21223 0021
40 283 + 49 215+ 24 0.027
50 276 + 47 218+25 0.031
&0 263 + 44 224+ 128 0.08
70 257 + 432 27 +29 012
Lacrate (mgfdL) 10 I.34 + 0.32 276 * 0.56 0.017
20 1.30 £ 0.31 260 *+ 0.52 0.0l8
k1] 1.26 + 0.30 241 = 048 0.020
40 122 + 0.29 235 046 0.022
50 I.18 £ 0.28 208 = 0.44 0.026
&0 112 + 0.27 1.78 + 0.40 0.033
70 1.09 + 0.26 |65 + 038 0.041
Cerebral MNIRS (r50, %) 10 G6B + 54 675+ 532 0.62
20 659 £ 56 66.7 £ 5.5 0.58
30 €54 + 5.7 66.1 + 5.6 0.61
40 656 + 55 66.3 + 5.4 0.59
50 658 + 53 665 + 5.3 0.57
&0 662 + 5.1 66.9 + 5.0 0.55
70 665 + 49 67.1 + 48 0.53

MIRS, near-infrared spectroscopy; ry0y, regional cerebral coecygen saturation measured by near-infrared spectroscopy. O5ERI, indexed oxygen extraction
ratic; ‘CPB. cardiopulmonary bypass.
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measured by near-infrared spectroscopy (rS0,). Baseline
arterial lactate concentration was recorded after induction
of anesthesia and before mitiation of CPB and lactate
concentration, were recorded at predefined intervals during
CPB. Perioperative laboratory measurements included
serial cardiac troponin levels and oxidative stress bio-
markers (hypoxia-inducible factor=la, total oxidant status,
total antioxidant status, and oxidative stress index) col=-
lected preoperatively, during CPB, and at 6, 12, and
24 postoperative hours. Clinical outcomes included post-
operative left ventricular ejection fraction, requirement for
inotropic support following CPB weaning, duration of
mechanical ventilation, and length of intensive care unit
and hospital stay. Exploratory outcomes comprised lactate
kinetics at 0, 6, 12, and 24 h, acute kidney injury according
to KDIGO criteria, new-onset atrial fibrillation within 48 h
postoperatively, and major adverse cardiac events (MACE)
within 30 days.

Statistical analysis

Statistical analysis was conducted using [BM SPSS Sta-
tistics version v29.0 (IBM Corp., Armonk, NY, USA).
Continuous variables were tested for normality using the
Shapiro—Wilk test and presented as mean * standard de-
viation or median with mterquartile range. Group com-
parisons  were performed using independent-sample
Student’s t test or Mann—Whitney U test as appropriate.
Repeated measures across perioperative time points (Pa0.,
Sv(,, lactate, troponin, oxidative stress biomarkers) were
analyzed using repeated-measures ANOVA or mixed-

effects linear models with Bonferroni correction for mul-
tiple comparisons. Categorical data were compared using
chi-square or Fisher's exact test. Logistic regression models
were applied to evaluate associations between oxygenation
strategy and postoperative complications, adjusting for
relevant clinical covanates when appropriate. A two=sided
p=value <005 was considered statistically significant. An a
prion power analysis was performed to assess the adequacy
of the sample size. Based on previously reported differ-
ences in perioperative troponin release and postoperative
left ventricular function, a sample size of 25 patients per
group was estimated to provide =80% statistical power to
detect clinically meaningful between-group differences.

Results

A total of 50 patients were included in the analysis, equally
distributed between the Normoxia and Hyperoxia groups.
Baseline demographic characteristics, anthropometric pa-
rameters, and operative variables were well balanced be-
tween groups, as summarized in (Table 1). No significant
differences were observed in age, sex disinbution, body
surface area, preoperative left ventricular ejection fraction,
cardiopulmonary bypass duration, or aortic cross-clamp
time, indicating a high degree of comparability between
cohorts. Baseline arterial lactate concentrations were
comparable between groups (1.22+£ 028 vs 1.25 £0.30 mg/
dL, p = 0.71), confirming similar preoperative metabolic
status. All patients received a standardized myocardial
protection strategy based on intermittent isothermal blood
cardioplegia. Each patient of both groups underwent three
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Indexed Oxygen Delivery during CPB

== HNormoxia group
—a— Hyperoxia graup

10 20 30

Tirme during CPB [mibn}

40 50 &0 Ta

Figure 1. Indexed oxygen delivery during cardiopulmonary bypass (Mormoxia group vs Hyperoxia group). Time course of indexed
oxygen delivery (DOzi) during cardiopulmonary bypass in the Mormoxia group and Hyperoxia group. Data are presented as mean
walues with 95% confidence intervals. Vertical dashed lines indicate the timing of intermittent isothermal blood cardioplegia
administration at 20-min intervals. Indexed oxygen delivery remained comparable between groups throughout cardiopulmonary bypass.
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Arterial Partial Pressure of Oxygen during CPB
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Figure 2. Arterial partial pressure of oxygen during cardiopulmonary bypass (Mormooda group vs Hyperoxia group). Arterial partal
pressure of oxygen (PaOz) measured at predefined ime paints during cardiopulmonary bypass in the Normoxia group and Hyperoxia
group. Values are expressed as mean values with 95% confidence intervals. Vertical dashed lines represent cardioplegia delivery every
20 min. Palz was consistently and significantly higher in the Hyperoxia group compared with the Mormoxia group at multiple time points
{p < 005, p < 0.01).

cardioplegia administrations, consisting of one induction 80 ml. During the aortic cross-clamp period. the myo-
dose and two maintenance doses. The induction dose was  cardial protection protocol resulted in three ischemic in-
delivered over a mean duration of 3 min, with a mean tervals and two controlled intraclamp reperfusion phases
volume of 620 £ 1 10mL, while each maintenance dose was associated with cardioplegia delivery, followed by one final
administered over 2 min, with a mean volume of 510 £ global reperfusion at aortic declamping. The cardioplegia

Mixed Vienous Oxygen Saturation during CPB

= == Hormoxia group
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784

Sl (%)
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Figure 3. Mixed venous oxygen saturation during cardiopulmonary bypass (Mormoxia group vs Hyperoxia group). Trends in mixed
venous axygen saturation (5vOz) during cardiopulmonary bypass in the Mormoxia group and Hyperoxia group. Data are shown as
mean values with 95% confidence intervals. Vertical dashed lines denote intermittent cardioplegia administration at 20-min intervals. The
Hyperoxia group exhibited higher 5v0:z values during early cardiopulmonary bypass, reflecting reduced oxygen extraction compared with
the Marmoxia group (p < 0.05).
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Table 3. Laboratory test Mormoxia group versus Hyperoxia group.

Parameter Time point Mormoxia group (mean + std dev) (n = 25) Hyperowia group (mean  std dev) p-value
Hemaglobin PreQp 11.24 + L.15 51+ 1.35 0.69
Purmp 821 £ 1.22 819+ 1.07 073
Post 6 h 9.89 £ 0.94 P46 = 1.18 0.65
Post 12 h 953 £ 1.19 952 + .21 0.95
Post 24 h 9.02 £ 02 BBl £ 0.1& 0.44
Hematocrit (%) PreQp 3354 £ 3.27 3288 + 3166 0.48
Pump 2714 £ 3.19 722+ 29 0.62
Post 6 h 2981 + 24 2897 + 3.35 0.54
Post 12 h 76+ 23 2798 + 3.1 0.49
Post 24 h 2651 £ 1.9 2617 + .12 0.24
Platelets PreQp 19917 + 27.17 186.11 + 20.3 0.35
Pump 1792 + 46.8 17324 + 36.44 0.59
Post & h 208 + 23 19914 + 46,11 0.32
Post 12 h 188 + &7 18223 + 51.04 0.34
Post 24 h 179 £ 43 18023 + 33.41 0.84
Creatinin PreCp 089 £ 019 091 = 0.17 0.54
Purmp 0.80 £ 0.18 084 + 022 0.88
Post 6 h 1.0% + 0.1 L1+ 022 0.43
Post 12 h 1.05 = 0.3 1.03 = 0.31 0.76
Post 24 h 1.03 + 0.4 1.02 + 0.49 0.78
Troponin PreCp 0.01 £ 0.00 0.03 £ 0.11 067
Purmp 0.44 £ 0.55 145 = 0.18 0.04
Post 6 h .27 = 0.6 30z 006 0.04
Post 12 h 1.2 £ 0.1 461 £ 5.21 0.049
Post 24 h 1.6+ 03 349 + 052 0.002

protocol and timing were consistent across both study
groups. During cardiopulmonary bypass, indexed oxygen
delivery was maintained above the predefined goal-directed
perfusion threshold in both groups and remained

comparable throughout the procedure. Nevertheless,
marked differences emerged in oxygenation-related phys-
iological parameters (Table 2) (Figure 1). Arterial PaCO,
values remained within the predefined normocapnic target

Table 4. Perioperative effects of Mormoxia versus Hyperoxia and oxidative stress biomarkers.

Mormaxia group Hyperoxia group
Biomarker Time point (mean = std dev) (n = 13) (mean % std dev) fr. value
HIF-1ax Preoperative 0.74 £ 033 0.68 £ 0.32 06l
On pump 162 £ 1.02 4.18 £ 1.08 0.004
& h postoperative 621 £2.14 8.94 £ 3.01 0.003
|2 h postoperative 4.08 £ 1.57 576 £ .71 0.006
24 h postoperative 271 £093 442 £ 102 0012
Total oxidant status Preoperative 11.58 £ 3.24 13.86 + 2.31 0.29
On pump 21.63 £ 587 3241 £ 614 0.007
& h postoperative 1794 £ 6321 39.88 + 5.76 0.004
|2 h postoperative 17.92 603 2761 £ 544 0.009
24 h postoperative 12.89 + 3.42 2274 + 3.68 0.005
Total antioxidant status Preaperative 075 £ 0.15 07l £ 004 0.58
On pump 056 £ 0.18 039 £ 016 0.0zl
& h postoperative 046 £ 0.15 0.26 = 0.09 0.003
|2 h postoperative 049 £0.12 031 = 008 0.004
24 h postoperative 058 £0.13 037 £ 001 0.006
Ohxidative stress index Precperative 1746 £ 7.02 2011 =748 0.55
On pump 49.87 £ 28.94 F263 £ 39.82 0.002
& h postoperative 7421 £ 30017 151.84 % 46.53 =0.001
|2 h postoperative 41.72 £ 1846 88.95 + 31.84 0.001
24 h postoperative 25.36 + B4l 62.78 + 13.96 0.002
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Figure 4. Perioperative myocardial injury, cardiac function, and clinical outcomes (Mormaoxia group vs Hyperoxia group).

range (35-45 mmHg) throughout CPB in both groups and
did not differ significantly at any time point (Table 2),
indicating comparable carbon dioxide management during
bypass. The Hyperoxia Group showed significantly higher
arterial oxygen tension and mixed venous oxygen satura-
tion at all measured time points, whereas the Normoxia
Group maintained Pa(; within the targeted physiological
range (Figure 2). Despite similar systemic oxygen delivery
and regional cerebral oxygen saturation measured by near-
infrared spectroscopy (r50;), the Hyperoxia Group ex-
hibited a consistently lower indexed oxygen extraction ratio
and high mixed venous oxygen saturation, reflecting re-
duced efficiency of oxygen utilization (Figure 3). This was
accompanied by significantly higher lactate concentrations
during bypass, suggesting a state of relative metabolic
mefficiency under hyperoxic conditions. Mean arterial
pressure remained similar between groups, excluding he-
modynamic instability as a confounding factor. Pen-
operative laboratory analyses revealed no significant
differences in hemoglobin levels, hematocrit, platelet
count, or renal function markers across all time points
(Table 3). In contrast. biomarkers of myocardial injury
differed substantially between oxygenation strategies.
Cardiac troponin levels were significantly lower in the

MNomoxia Group during CPB and at 6, 12, and 24 h
postoperatively, indicating reduced myocardial ischemia—
reperfusion  injury  compared with the Hyperoxia
Group. Markers of oxidative stress and hypoxia-related
signaling further differentiated the two strategies (Table 4).
Patients managed with hyperoxic oxygenation showed
significantly higher intraoperative and postoperative levels
of hypoxia-inducible factor-la, total oxidant status, and
oxidative stress index, along with a concomitant reduction
in total antioxidant capacity. Conversely, the Normoxia
Group demonstrated a more attenuated oxidative response
and better preservation of antioxidant defenses throughout
the perioperative period. These physiological and bio-
chemical differences translated into clinically meaningful
early postoperative outcomes. As shown in Table 1, patients
in the Normoxia Group exhibited higher postoperative left
ventricular ejection fraction assessed by transesophageal
echocardiography, and a significantly reduced need for
imotropic support with dobutamine following separation
from cardiopulmonary bypass. Dobutamine was used as
first-line inotropic support in accordance with current ESC/
EACTS guidelines and clinical practice on myocardial
revascularization.'*™"* In the Normoxia Group, dobutamine
was required in 6 patients (24%) and was administered at a
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mean dose of 3.6 £ 0.9 pgkg/min (dilution: 250 mg in
250 mL saline) for a mean duration of 14 = 5 h following
separation from cardiopulmonary bypass. In the Hyperoxia
Group, dobutamine support was required in 14 patients
(56%) and was administered at a mean dose of 48 +
1.2 pg/kg/min (dilution: 250 mg in 250 mL saline) for a
mean duration of 22 £ 7 h after cardiopulmonary bypass. In
addition, intensive care unit stay and overall hospital length
of stay were significantly shorter in patients managed with
normoxia (Figure 4). Duration of mechanical ventilation
was comparable between groups. No patient in either group
required postoperative mechanical circulatory support,
including intra-aortic balloon pump (IABP) or extracor-
poreal membrane oxygenation (ECMO). Exploratory
outcomes, including acute kidney injury, postoperative
atrial fibrillation, and 30-days major adverse cardiac events,
did not differ significantly, although trends consistently
favored the Normoxia Group.

Discussion

The present study demonstrates that arterial blood oxygenation
management during CPB is a relevant determinant of perfusion
efficiency, myocardial injury, and oxidative siress in patients
undergoing elective CABG. By comparing two consecutive
cohorts managed with distinct oxygenation strategies, other-
wise identical from the surgical, anesthetic, perfusion, and
myyocardial protection protocols, we were able to highlight the
physiological consequences of hyperoxic versus physiological
oxygen delivery during CPB. A principal finding is that supra-
physiological Pa0s levels were associated with impaired
oxygen utilization rather than improved tissue oxygenation.
Despite comparable indexed oxygen delivery, hyperoxic pa-
tients exhibited higher mixed venous oxygen saturation, lower
oxygen extraction ratios, and increased lactate concentrations,
indicating reduced metabolic efficiency. These findings are
consistent with functional microvascular shunting and suggest
that excessive arterial oxygen tension does not translate into
effective cellular oxygen uptake and enhanced metabolism.'~
Importantly, PaC0O; levels were tightly controlled and com-
parable between groups throughout CPB. Therefore, the ob-
served differences in oxygen extraction ratio, lactate kinetics,
myyocardial injury markers, and oxidative stress are unlikely to
be confounded by COj-mediated vasoreactivity or Bohr-
effect-related shifts in oxygen dissociation.™ Previous stud-
les investigating restnictive versus liberal oxygen strategies
during cardiac surgery have yielded conflicting results ™"
Notably, the andomized trial by Wiberg et al. comparmg Fi(h;
5004 versus 100% dunng and after CPB did not demonstrate a
clear difference in major adverse outcomes.'” However, in
these studies, true physiological normoxia was never actively
achieved, as oxygenation was guided by fixed Fi0; settings
and intermittent artenial blood gas analysis rather than con-
tineous Palk monitoring. Consequently, patients assigned to
restrictive strategies were still frequently exposed to supra-

physiological Pa0, levels, particularly during reperfusion,
potentially attenuating between-group differences.”® All pa-
tients received intermittent isothermal blood cardioplegia,
which may have influenced the magnitude of ischemiz—re-
perfusion injury observed. Blood cardioplegia provides
oxygen=camying capacity and intrinsic antioxidant buffering
compared with crystalloid solutions. It is conceivable that the
differences between nomoxic and hyperoxic reperfusion
strategies might have been attenuated or amplified under
crystalloid cardioplegia; however, this hypothesis cannot be
addressed within the present study and warrants further in-
vestigaﬁun.j Microcirculatory dysfunction provides a unifying
pathophysiological explanation for our findings. Hyperoxia
induces arteriolar and capillary vasoconstriction, leading to
heterogeneous perfusion and maldistribution of blood flow.”
Experimental and clinical studies have shown that hyperoxia
reduces coronary and cerebral blood flow despite increased
arterial oxygen content, largely through oxidative stress—me-
diated alterations in vascular tone.® Emerging evidence further
indicates that hyperoxia impairs endotheliim-mdependent
vasodilation via oxidative modification of soluble guanylate
cyclase, reducing nifric oxide signaling and vascular smooth
muscle relaxation.” These mechanisms are particularly relevant
during myocardial ischemiaz—reperfusion. In our protocol, the
myocardium was exposed to repeated ischemic intervals and
controlled intraclamp reperfusion phases associated with
cardioplegia  delivery,  followed by final global
reperfusion *'""'% Hyperoxia during these phases likely am-
plifies reactive oxygen species generation, mitochondrial
dysfunction, and microvascular impairment. Consistent with
this hypothesis, hyperoxic management was associated with
higher postoperative troponin release, reduced early postop-
erative left ventricular function, and increased need for mo=
tropic support despite apparently similar CABG procedures
and results. From a perfusion management perspective, our
results highlight an important gap in cument goal-directed
perfusion (GDP) strategies. While GDP has focused primar-
ily on maintaining adequate indexed oxygen delivery (DOy;) =
280 ml/min/m” to reduce acute kidney injury,” the specific role
of normoxia versus hyperoxia dunng ischemia and reperfusion
phases, particularly at the myocardial level, has not been
adequately addressed. Oxygen tension is often treated as a
safety margin rather than a titratable physiological variable.
Continuous real-time Pa0; and PaC0; montormg allows
oxygen therapy to be mtegrated mto GDP frameworks,
minimizing unrecognized hyperoxic exposure dunng critical
phases of CPB. This study has some imitations, including its
retrospective design and modest patient sample size, as well as
the lack of direct assessment of microcirculatory flow and
inflammatory markers.'>'*'" Although PaCO, was compa-
rable between groups, subtle regional microcirculatory effects
of CO; cannot be completely excluded and warrant further
mechanistic investigation. Nonetheless, the concordance be-
tween perfusion parameters, metabolic indices, oxidative stress
markers, myocardial injury biomarkers, and early clinical
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outcomes strengthens the internal validity of our findings."* An
additional methodological limitation deserves consideration.
Artenal blood gas analyses were performed using two different
monitoring platforms across the study periods: a conventional
laboratory blood gas analyzer in the Hyperoxia group and an
integrated continuows monitoring system in the Nomoxia
group. Although both systems are routinely validated and
calibrated according to manufacturer specifications, and the
Quantum system was synchronized with a reference arterial
blood gas analysis at the beginning of each procedure, residual
inter-device measurement vanability cannot be completely
excluded. Such vanability may have influenced absolute PaC,
values; however, the magnitude and consistency of between-
group differences across multiple physiological, binchemical,
and clinical parameters make it unlikely that measurement
variability alone explains the observed findings.

Conclusions

In this retrospective study of patients undergoing elective
coronary artery bypass grafting with cardiopulmonary bypass,
a normoxia strategy during CPB was associated with more
efficient oxygen utilization, reduced oxidative stress, and at-
tenuated penoperative myocardial injury compared with
conventional hyperoxic oxygenation, despite similar indexed
oxygen delivery. Patients managed with physiological PaO,
targets exhibited improved early postoperative ventricular
function, reduced need for inotropic support, and shorter in-
tensive care unit and hospital stays. These findings suggest that
supraphysiological oxygen tensions during CPB may impair
microcirculatory oxygen utilization and exacerbate ischemia—
reperfusion injury. Continuous Pa0s and PaCO, monitoring
enabling physiology=-guided oxygen titration may represent a
clinically relevant approach to optimizing myocardial pro-
tection during cardiac surgery. These observations were ob-
tained in the context of blood cardioplegia—based myocardial
protection and should be interpreted accordingly.
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