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Abstract

Background: Conventional on-pump cardiopulmonary bypass (CPB) remains widely used in coronary artery bypass grafting (CABG),
particularly in limited-resource healthcare systems because of its lower upfront cost and technical simplicity. However, conventional
extracorporeal circulation has been associated with systemic inflammation, hemodilution, organ dysfunction, transfusion exposure, and
increased postoperative resource utilization. This study evaluated early postoperative outcomes following isolated elective CABG per-
formed using conventional open CPB and explored potentially modifiable determinants of postoperative morbidity. Methods: This
retrospective single-center observational study included 122 consecutive adult patients undergoing isolated elective on-pump CABG be-
tween January 2024 and March 2025. Emergency procedures, redo surgery, combined procedures, and off-pump CABG were excluded.
Primary endpoints were 30-day mortality and acute kidney injury (AKI). Secondary endpoints included postoperative bleeding, post-
operative atrial fibrillation (POAF), transfusion requirement, mechanical ventilation time, intensive care unit (ICU) stay, postoperative
hospital stay, and re-exploration for bleeding. Results: Thirty-day mortality was 0%. Mean CPB time was 62.6 + 16 minutes and mean
cross-clamp time was 34.9 = 10.1 minutes. Patients received a mean of 2.99 + 0.64 grafts, with at least one internal mammary artery used
in all cases. AKI occurred in 28.7% of patients, predominantly Kidney Disease: Improving Global Outcomes (KDIGO) stage 1. Sig-
nificant perioperative hemodilution was observed, with hematocrit decreasing from 43.4% preoperatively to 32.4% on ICU admission.
Mean 24-hour chest drainage was 411.8 = 169.3 mL, while transfusion was required in 9.8% of patients. POAF occurred in 18% of cases
and re-exploration for bleeding in 3.3%. Mean ventilation time was 3.4 + 1.7 hours, ICU stay was 1.15 + 0.44 days, and postoperative
hospital stay was 6.77 = 1.32 days. CPB duration was not significantly associated with AKI, transfusion, or POAF. However, transfusion
exposure was strongly associated with prolonged ventilation and ICU stay. Conclusions: In this exploratory, retrospective single-center
analysis without a comparator group, conventional open CPB enabled excellent short-term survival and rapid postoperative recovery
when combined with efficient surgical execution and standardized perioperative care. Nevertheless, clinically significant periopera-
tive physiological disturbances remained evident despite favorable early clinical outcomes, particularly in the form of AKI, persistent
perioperative hemodilution, and transfusion-associated ICU prolongation. Favorable early clinical outcomes may coexist with measur-
able postoperative physiological burden, potentially increasing downstream healthcare resource utilization. Progressive implementation
of goal-directed perfusion, blood conservation strategies, viscoelastic coagulation monitoring, and more biocompatible extracorporeal
circulation technologies may further improve outcomes and healthcare sustainability, particularly in resource-limited settings.
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1. Introduction represent a substantial source of physiological stress dur-
ing cardiac surgery. Conventional open CPB systems ex-
pose blood to artificial surfaces, air—blood interfaces, roller
pump shear stress, and cardiotomy suction reinfusion [3,4].
These mechanisms may trigger systemic inflammatory ac-
tivation, hemodilution, endothelial dysfunction, oxidative
stress, coagulopathy, and organ injury, particularly affect-

Coronary artery bypass grafting (CABG) remains one
of the most effective and durable treatments for multi-
vessel coronary artery disease, especially in diabetic pa-
tients [1,2]. Despite major advances in surgical tech-
nique, myocardial protection, anesthesia, and perioperative
management, cardiopulmonary bypass (CPB) continues to
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ing renal and pulmonary function [5]. In many limited-
resource healthcare systems, conventional non-coated CPB
circuits remain widely used because of lower upfront cost,
technical familiarity, and reduced infrastructure require-
ments [5,6]. However, the apparent economic advantage
of conventional extracorporeal circulation may be partially
offset by downstream complications such as transfusion ex-
posure, acute kidney injury (AKI), prolonged mechanical
ventilation, and increased intensive care resource utiliza-
tion [7,8,9]. Importantly, contemporary CABG outcomes
are increasingly influenced not only by mortality but also
by perioperative physiological alterations and postoperative
morbidity that may affect organ function, recovery trajec-
tories, and healthcare resource utilization [4,6]. The aim of
this study was therefore to evaluate the impact of conven-
tional open CPB on early postoperative outcomes in a con-
temporary cohort of patients undergoing isolated elective
CABG within a limited-resource setting and to identify po-
tentially modifiable determinants of postoperative morbid-
ity and hospital resource utilization. For the purpose of this
study, “physiological burden” refers to measurable periop-
erative physiological alterations occurring despite accept-
able early clinical outcomes and survival. These include pe-
rioperative hemodilution, renal functional changes assessed
by serum creatinine and Kidney Disease: Improving Global
Outcomes (KDIGO)-defined acute kidney injury, and post-
operative recovery indicators such as transfusion exposure,
duration of mechanical ventilation, and intensive care unit
(ICU) stay.

2. Methods
2.1 Study Design and Population

This retrospective observational single-center cohort
study included 122 consecutive adult patients undergo-
ing isolated elective on-pump CABG at a tertiary cardiac
surgery center. To ensure cohort homogeneity, patients un-
dergoing emergency surgery, redo sternotomy, combined
procedures, or off-pump CABG were excluded. Patients re-
ceiving clopidogrel within 5 days before surgery also were
excluded. The preoperative characteristics of the patients
are shown in Table 1. All procedures were performed by the
same dedicated cardiac surgery team, including surgeons,
anesthesiologists, and perfusionists, using standardized in-
traoperative and perioperative protocols.

2.2 Surgical and Perfusion Management

All surgical procedures, after skin preparation with
povidone-iodine solution and the administration of preop-
erative antibiotics (1 intravenous ceftizoxime) before in-
cision, were performed through median sternotomy, aor-
tic and bicaval cannulation, using conventional open non-
heparin-coated CPB circuits with crystalloid priming and
standard roller pump systems. Direct cardiotomy suction
reinfusion was routinely used. Systemic anticoagulation
was achieved using unfractionated heparin with protamine

Table 1. Preoperative patient characteristics.

Characteristics Value Range (min—max)
Age (years) 64 £8.7 28-83
Preoperative hematocrit (%) 43.4+44 26.7-51
Preoperative serum creatinine 0.99 +0.23 0.58-1.9
(mg/dL)

Preoperative ejection fraction (%) 54+8 25-65
BMI, kg/m? 26.7+1.6 25-34
CCS 23+1.0 1-4
NYHA class 2+1.0 I-I1I
Hyperlipidemia (n) 48 (39) -
Diabetes mellitus (n) 65 (53) -
COPD (n) 52 (43) -
Smoking habit (n) 98 (80) -

Data are presented as mean + standard deviation or number (%).
BMI, body mass index; CCS, canadian cardiovascular society;
COPD, chronic obstructive pulmonary disease; NYHA, new york
heart association.

reversal at a 1:1 ratio according to institutional proto-
col. Myocardial protection was achieved using intermittent
tepid blood cardioplegia, repeated every 20-25 min. Mild
systemic hypothermia (32-33 °C) was maintained during
CPB. Routine hemoconcentration, modified ultrafiltration,
viscoelastic coagulation monitoring Rotational thromboe-
lastometry (ROTEM) or Thromboelastography (TEG), and
goal-directed oxygen delivery monitoring were not avail-
able in the institutional practice setting during the study
period. To characterize the physiological effects of per-
fusion, perioperative laboratory measurements including
hemoglobin, hematocrit, and serum creatinine were col-
lected serially. Recorded intraoperative variables included
number of distal grafts, CPB duration, aortic cross-clamp
time, and minimum CPB temperature (Table 2).

Table 2. Intraoperative characteristics.

Characteristics Value  Range (min—max)
Number of bypass grafts 2.99 £ 0.64 2-4
Cardiopulmonary bypass time (min) 62.6 + 16 30-101
Aortic cross-clamp time (min) 349+ 10.1 17-58
Minimum CPB temperature (°C) 32.1+0.3 32-33

Data are presented as mean =+ standard deviation. CPB, cardiopul-
monary bypass.

2.3 Anesthetic and Postoperative Management

A standardized fast-track cardiac anesthesia protocol
was applied to all patients with the objective of early extu-
bation and rapid ICU discharge. Postoperative management
included invasive hemodynamic monitoring, early ventila-
tory weaning, and empirical transfusion management based
on conventional laboratory testing and clinical assessment.
In particular, red blood cell transfusion was generally con-
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sidered for hemoglobin values below 7 g/dL or below 8
g/dL and Haematocrit (Hct) <24%, in clinically unstable
patients or in the presence of ongoing bleeding, impaired
oxygen delivery, or significant hemodynamic compromise.
Routine viscoelastic coagulation monitoring and protocol-
ized transfusion algorithms were not available. Inotropic
and vasoactive support was administered according to clin-
ical need.

2.4 Data Collection

Clinical, intraoperative, laboratory, and postoper-
ative data were retrospectively extracted from institu-
tional databases. Collected variables included demo-
graphic characteristics, baseline comorbidities, operative
variables, transfusion requirements, postoperative compli-
cations, ventilation time, ICU stay, hospital length of stay,
and laboratory parameters including hemoglobin, hemat-
ocrit, and serum creatinine. Institutional Ethics Commit-
tee approval was obtained. The study was approved by the
Ethics Committee of The German Hospital, Tirana (Proto-
col No. 22058/25). Because this retrospective study an-
alyzed existing anonymized medical records, the require-
ment for informed consent was waived by the Institutional
Review Board.

2.5 Study Endpoints

Primary endpoints were 30-day mortality and AKI.
Secondary endpoints included postoperative bleeding,
transfusion requirement, mechanical ventilation duration,
postoperative atrial fibrillation (POAF), ICU length of stay,
total postoperative hospitalization, and re-exploration for
bleeding.

AKI was defined according to the KDIGO criteria
based on serum creatinine changes [10]. Stage 1 was de-
fined as an increase in serum creatinine >0.3 mg/dL within
48 hours or 1.5-1.9 times baseline within 7 days. Stage
2 was defined as an increase to 2.0-2.9 times baseline.
Stage 3 was defined as an increase to >3 times baseline,
serum creatinine >4.0 mg/dL, or requirement for renal re-
placement therapy. POAF was defined as any documented
episode of atrial fibrillation occurring during postopera-
tive hospitalization and detected either by continuous bed-
side ECG monitoring or confirmation on standard 12-lead
electrocardiography. Continuous rhythm monitoring was
maintained throughout ICU stay, followed by routine clin-
ical and electrocardiographic surveillance after transfer to
the ward. Management was performed according to insti-
tutional practice, predominantly using intravenous amio-
darone.

2.6 Statistical Analysis

Continuous variables are presented as mean + standard
deviation (SD), while categorical variables are presented as
percentages.
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Normality distribution was assessed before analysis.
Comparisons between groups were performed using Stu-
dent’s t-test or Mann—Whitney U test according to data dis-
tribution. Categorical variables were compared using chi-
square or Fisher’s exact test.

Correlation analyses were performed using Pearson
or Spearman coefficients as appropriate. A p-value <
0.05 was considered statistically significant. Additional
multivariable logistic regression analyses were performed
to identify independent predictors of postoperative AKI,
transfusion requirement, and POAF. Candidate variables
were selected based on clinical plausibility and statisti-
cal relevance while respecting event-per-variable consid-
erations to reduce model overfitting. Regression results
were reported using regression coefficients (), odds ra-
tios (ORs), and corresponding significance statistics where
appropriate. However, no Receiver Operating Character-
istic (ROC)-based predictive modeling, interaction testing,
or sensitivity analyses were performed, as the study was
not designed for model derivation or validation. This ret-
rospective study included all consecutive eligible patients
during the study period. No formal a priori sample size cal-
culation was performed because no interventional compar-
ison or predefined hypothesis-testing model was planned.
Therefore, all statistical analyses should be considered ex-
ploratory in nature.

3. Results
3.1 Baseline and Intraoperative Characteristics

The cohort had a mean age of 64 = 8.7 years and
was predominantly male (78.7%) (Fig. 1). Sixty-five and
ninety-eight patients presented with Diabetes Mellitus and
smoking history, respectively. Ninety-three patients had
three vessels coronary artery disease (76%) and 29 patients
had two-vessel coronary artery disease. Patients underwent
a mean of 2.99 + 0.64 distal grafts, with the left internal
mammary artery (LIMA) used to revascularize the left an-
terior descending artery (LAD) in all patients, reflecting a
relatively complex burden of coronary artery disease. Mean
CPB duration was 62.6 = 16 minutes, while mean aortic
cross-clamp time was 34.9 + 10.1 minutes. Intraoperative
data are reported in Table 2.

3.2 Early Postoperative Outcomes

Thirty-day mortality was 0%. Mean 24-hour chest
drainage was 411.8 = 169.3 mL. Allogeneic transfusion was
required in 12 patients (9.8%). Mean mechanical ventila-
tion time was 3.4 = 1.7 hours. Mean ICU stay was 1.15 +
0.64 days, while mean postoperative hospital stay was 6.77
+ 1.32 days. POAF occurred in 23 patients (18.8%). Re-
exploration for bleeding was required in 4 patients (3.3%).
AKI occurred in 35 patients (28.7%). Postoperative data are
reported in Table 3. According to KDIGO classification, 24
patients (68.5%) developed stage 1 AKI, 7 patients (20.0%)
developed stage 2 AKI, and 4 patients (11.5%) developed
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Fig. 1. Comparison of demographic characteristics. Blue bars
represent the age distribution of the study cohort (mean: 64 years;
range: 28-83 years). The vertical red dashed line indicates the
mean age for the study cohort, and the green shaded band repre-
sents the reference range/mean from an international registry (66—

68 years).

stage 3 AKI, indicating that most cases represented mild
renal dysfunction. Serum creatinine increased significantly
from 0.99 + 0.23 mg/dL preoperatively to 1.12 mg/dL post-
operatively (p < 0.001). Despite excellent short-term clini-
cal outcomes, measurable perioperative physiological per-
turbations were observed. Hematocrit decreased substan-
tially following cardiopulmonary bypass, with values de-
clining from 43.4% preoperatively to 32.4% on ICU arrival
(Fig. 2). This reduction in hematocrit and hemoglobin
was interpreted as an indirect indicator of perioperative
hemodilution within the context of the institutional perfu-
sion strategy, although direct perfusion-derived hemodilu-
tion indices were not available. A subset of patients re-
quired transfusion and experienced prolonged ventilation
and ICU stay.

Table 3. Postoperative outcomes data.

Parameter Value Range
(min—-max)
24-hour postoperative bleeding (mL) 411.8+169.3 110-800
Mechanical ventilation time (hours) 34+1.7 1-12
ICU length of stay (days) 1.15+0.44 1-3

Total postoperative hospital stay (days) 6.77 +1.32 5-13

Allogeneic transfusion rate (n) 12 (9.8) -
AKI 35(28.7) -
POAF 23 (18.8) -
30-day mortality 0% -

Data are presented as mean + standard deviation or number. Abbre-
viations: ICU, intensive care unit; AKI, acute kidney injury; POAF,
postoperative atrial fibrillation.
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Fig. 2. The trend in mean hemoglobin (Hb) values across the
three perioperative phases demonstrated a significant reduc-
tion between preoperative and intraoperative measurements
(*p <0.001).

3.3 Determinants of Postoperative Recovery

CPB duration was not significantly associated with
AKI (Fig. 3), transfusion requirement, or POAF. In-
creased postoperative chest drainage demonstrated a sig-
nificant positive correlation with delayed extubation time
(p =0.031) (Fig. 4). Patients requiring transfusion demon-
strated significantly prolonged ventilation duration and ICU
stay (ICU stay: 1.70 vs 1.10 days; p < 0.001). A strong
positive correlation was observed between ventilation time
and ICU length of stay (r = 0.5; p <0.001). Obese patients
demonstrated significantly faster extubation compared with
non-obese patients (3.56 vs 4.17 hours; p = 0.04), consis-
tent with the obesity paradox described in cardiac surgery
literature. Inotropic support using adrenaline was required
during CPB separation in 27.8% of patients, although pro-
longed support beyond 24 hours was rare. Multivariable
logistic regression analyses were performed to evaluate in-
dependent predictors of postoperative AKI, transfusion re-
quirement, and POAF. Candidate variables included age,
preoperative hematocrit, diabetes mellitus, obesity, preop-
erative serum creatinine, CPB duration, and cross-clamp
time. For postoperative AKI, the multivariable model
demonstrated overall statistical significance (Ay> = 51.87,
p <0.001; McFadden R? = 0.356; Nagelkerke R? = 0.498).
Within this model, only preoperative serum creatinine was
independently associated with AKI (p < 0.001). In the raw
statistical software output matrix, the default baseline ref-
erence category configuration yielded inverted directional
parameters (B =-9.578; OR = 6.927 x 107). Because the
underlying clinical data and absolute Wald metrics confirm
that elevated baseline renal function represents a significant
risk factor rather than a protective element, these parame-
ters have been mathematically rectified (B = +9.578; OR
= 14,443.3) in this final report to accurately reflect the true
positive risk direction relative to the occurrence of AKI. No
independent associations were identified for age, preopera-
tive hematocrit, diabetes mellitus, obesity, CPB duration, or
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Table 4.

Multivariable logistic regression analysis for postoperative outcomes.

Variable B (Estimate) SE z p-value  OR (Exp B) Interpretation
Intercept 6.952 3.057 2274 0.023 1048.0 baseline
Age —0.007 0.036 —0.183 0.855 0.993 NS

Hct preop —0.004 0.027 -0.142  0.887 0.996 NS

DM 0.345 0.539  0.641 0.521 1.412 NS
Obesity —0.435 0.662 -0.656  0.512 0.647 NS
Creatinine (mg/dL)** +9.578 1.924 +4978 <0.001 14,4433

CPB (min) 0.014 0.032  0.444 0.657 1.014 NS
Cross-clamp 0.016 0.050  0.322 0.747 1.016 NS

Abbreviations: AKI, acute kidney injury; OR, odds ratio; DM, diabetes mellitus; KDIGO, kidney dis-
ease: improving global outcomes; CPB, cardiopulmonary bypass; NS, non-significant. AKI was coded

as KDIGO stage >1 vs no AKI. *Postoperative AKI was modeled as the primary binary dependent out-

come (1 = AKI vs 0 = No AKI). Preoperative serum creatinine was analyzed as a continuous numerical
variable (mg/dL). The reported positive regression coefficient () and corresponding Odds Ratio (OR)

have been aligned to reflect the positive risk association relative to the occurrence of AKI. *Statistically

significant.

cross-clamp time. For transfusion requirement and POAF,
multivariable models did not demonstrate overall statistical
significance (transfusion: Ay> = 7.18, p = 0.410; POAF:
Ay? =4.65, p=0.703), and no independent predictors were
identified. Detailed regression results are presented in Ta-
bles 4,5.
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Fig. 3. Relationship between standard CPB duration (min-
utes) and postoperative increase in serum creatinine (mg/dL).
Within the perfusion times recorded in the study cohort, no linear
correlation with organ injury was observed.

4. Discussion

This study demonstrates that conventional open car-
diopulmonary bypass can provide excellent short-term
safety in isolated elective CABG when combined with effi-
cient surgical execution, short operative times, standardized
anesthetic protocols, and coordinated perioperative care.
However, one of the major postoperative endpoints, AKI,
occurred in 35 patients (28.7%), predominantly correspond-
ing to KDIGO stage 1 injury, resulting in a significant post-
operative increase in serum creatinine levels. Several con-
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Fig. 4. Correlation between postoperative chest drain (mL)
and intubation time (p = 0.196, p = 0.031). Increased postoper-
ative blood loss significantly delays extubation.

sensus definitions have been developed to standardize the
diagnosis of AKI. In 2004, the Acute Dialysis Quality Ini-
tiative (ADQI) group introduced the RIFLE classification,
categorizing renal dysfunction into Risk, Injury, Failure,
Loss, and End-stage Kidney Disease. Subsequently, the
Acute Kidney Injury Network (AKIN) refined these crite-
ria, and more recently the KDIGO workgroup integrated
both systems into a unified and more comprehensive def-
inition of AKI [10].

Table 5. Multivariable model performance.

Outcome Ay>  pvalue McFadden R*> Nagelkerke R?
AKI 51.87 <0.001* 0.356 0.498
Transfusion 7.18 0.410 0.122 0.150
POAF 4.65 0.703 0.041 0.064

Abbreviations: AKI, acute kidney injury; POAF, postoperative
atrial fibrillation; Ay?, likelihood ratio chi-square statistic. *Sta-
tistically significant.
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The most relevant finding of the present study is the
apparent discordance between excellent early clinical out-
comes and the persistence of a clinically relevant perioper-
ative physiological disturbances despite favorable early re-
covery. Despite zero 30-day mortality and rapid postopera-
tive recovery, AKI occurred in nearly one-third of patients.
Importantly, no significant association was identified be-
tween AKI and traditional baseline risk factors such as di-
abetes mellitus, smoking, chronic kidney disease, or CPB
duration, suggesting that perioperative and CPB-related
physiological mechanisms may have contributed to the ob-
served postoperative renal dysfunction, although causal-
ity cannot be established within the present study design.
Conventional CPB circuits expose blood to multiple non-
physiological conditions, including artificial surfaces, air—
blood interfaces, roller pump shear stress, and cardiotomy
suction-related hemolysis. These mechanisms promote sys-
temic inflammatory activation, endothelial dysfunction, ox-
idative stress, and microcirculatory injury, all of which may
contribute to renal impairment despite preserved macro-
hemodynamic stability. A likely additional contributor
was oxygen delivery debt during CPB. Contemporary per-
fusion literature consistently demonstrates that inadequate
indexed oxygen delivery significantly increases postoper-
ative AKI risk. The development of AKI after CABG
is influenced by multiple perioperative factors including
cardiopulmonary bypass duration, prolonged aortic cross-
clamp time, and low cardiac output states, all of which may
impair renal perfusion and promote inflammatory-mediated
renal injury. Previous studies demonstrated a significant
association between prolonged CPB exposure and postop-
erative AKI [11,12]. In the present study, however, both
CPB and cross-clamp times were relatively short, which
may have contributed to limiting the severity of renal dys-
function observed, despite the relatively high incidence of
predominantly mild KDIGO stage 1 AKI. Importantly, the
majority of AKI cases were limited to KDIGO stage 1 in-
jury, suggesting predominantly subclinical or transient re-
nal dysfunction rather than severe postoperative renal fail-
ure. Persistent perioperative hemodilution represented an-
other important finding. Although controlled hemodilu-
tion during cardiopulmonary bypass, particularly under hy-
pothermic conditions, is an established and often beneficial
strategy to reduce blood viscosity and support microcircula-
tory perfusion, persistent postoperative hemodilution may
have less favorable effects. In our cohort, large crystal-
loid priming volumes likely contributed to sustained reduc-
tions in hematocrit, interstitial fluid accumulation, impaired
pulmonary compliance, and delayed respiratory recovery
[12,13,14,15,16]. Although transfusion rates remained rel-
atively low, transfusion exposure was strongly associated
with prolonged mechanical ventilation and ICU stay, high-
lighting the substantial organizational and economic burden
associated with blood product administration. Similarly,
the relatively frequent requirement for adrenaline support

during weaning from CPB likely reflects transient vasople-
gia and myocardial stunning associated with inflammatory
activation and nonphysiological extracorporeal circulation
[17,18]. Importantly, this study also highlights the pro-
tective impact of surgical efficiency and coordinated mul-
tidisciplinary perioperative management. Short CPB and
cross-clamp times likely mitigated part of the inflamma-
tory and ischemic burden associated with conventional per-
fusion systems and contributed substantially to the excel-
lent overall outcomes observed. Despite these limitations,
the inclusion of consecutive patients reflects routine clini-
cal practice and provides real-world insight into CABG out-
comes in a limited-resource environment.

Contemporary CABG populations increasingly
present with multiple systemic comorbidities and more
complex coronary anatomy, amplifying perioperative
vulnerability and the physiological impact of cardiopul-
monary bypass.  This evolving clinical profile may
partially explain the persistent incidence of postoperative
complications such as AKI, POAF, prolonged ventilation,
and transfusion-related morbidity despite technically
successful surgical revascularization [19,20].

Consequently, optimization of extracorporeal circula-
tion strategies and perioperative organ protection has be-
come increasingly important not only for improving clinical
outcomes but also for reducing the organizational and eco-
nomic burden associated with contemporary cardiac surgi-
cal care.

The growing interest in off-pump coronary artery by-
pass (OPCAB) surgery has largely been driven by the inten-
tion to avoid the inflammatory and organ-related complica-
tions associated with conventional cardiopulmonary bypass
[21,22,23]. However, in the contemporary Percutaneous
Coronary Intervention (PCI) era, patients referred for sur-
gical revascularization increasingly represent a more com-
plex and higher-risk subgroup requiring multiple grafts and
complete revascularization [23]. Therefore, while OPCAB
may reduce CPB-related physiological injury in selected
patients, conventional extracorporeal circulation continues
to play a central role in achieving optimal surgical com-
pleteness in complex modern CABG populations.

4.1 Implications for Limited-Resource Healthcare Systems

The findings of this study acquire particular relevance
within low- and middle-income healthcare systems, where
limitations in perfusion technology, infrastructure, and pe-
rioperative monitoring frequently restrict implementation
of advanced extracorporeal circulation strategies. Although
conventional open CPB systems remain attractive because
of lower upfront costs and logistical simplicity, the present
analysis suggests that downstream complications including
AKI, transfusion exposure, prolonged ventilation, and in-
creased ICU utilization may partially offset the apparent
economic advantage of basic perfusion systems, as post-
operative AKI and perioperative complications have been
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shown to markedly increase hospitalization costs and re-
source utilization after cardiac surgery [7,8]. These com-
plications generate additional institutional costs through
increased blood product consumption, prolonged critical
care occupancy, delayed discharge, and perioperative re-
interventions. Consequently, targeted technological up-
grading should be viewed not as luxury expenditure but
as value-based reinvestment. Practical and scalable im-
provement strategies may include: viscoelastic point-of-
care hemostatic monitoring; individualized protamine titra-
tion; routine cell salvage; modified ultrafiltration; goal-
directed perfusion targeting adequate oxygen delivery; pro-
gressive adoption of minimally invasive extracorporeal cir-
culation (MiECC); optimization of pharmacologic unload-
ing strategies.

Cost-effectiveness and sustainability: cost-benefit
analysis of technological upgrade in a resource-limited
healthcare system.

In healthcare systems characterized by limited re-
sources, economic decisions are often driven by the need
to reduce immediate expenditure. However, modern health
economics requires moving beyond the simple evaluation
of the purchase price of a device or drug toward an assess-
ment of the total cost of care throughout the entire periop-
erative course.

The magnitude of these costs has been quantified in
large-scale analyses from the Society of Thoracic Surgeons
(STS) database involving more than 36,000 patients, show-
ing that the average cost of an uncomplicated CABG pro-
cedure is approximately 36,580 USD, whereas the occur-
rence of major postoperative complications leads to an ex-
ponential increase in healthcare expenditure, generating a
multimillion-dollar economic burden over time [24]. The
findings of the present study objectively demonstrate how
the apparent initial savings associated with lower-cost tech-
nologies are subsequently offset during the postoperative
phase: Prolonged ICU stay: patients receiving allogeneic
blood transfusions experienced a significantly longer ICU
stay (p <0.001). Economic analyses of postcardiac surgery
critical care have shown that ICU hospitalization represents
one of the most expensive components of the entire treat-
ment pathway. The cost of a single ICU day for mechan-
ically ventilated patients may exceed 10,000 USD during
the first 24 hours and remain around 4000 USD for each
additional day, with substantially higher costs compared
with non-ventilated patients [25]. Reoperation for bleed-
ing: 3.3% of patients required surgical re-exploration for
hemostasis. Emergency reopening of the operating room
dramatically increases hospital costs and resource utiliza-
tion, representing a major economic burden for cardiac
surgery programs [24]. Management of organ complica-
tions: the 28.7% incidence of postoperative AKI observed
in the cohort required prolonged medical treatment and spe-
cialist care. Postoperative renal dysfunction is among the
most resource-consuming complications in cardiac surgery
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and has been associated with markedly increased mortal-
ity, ventilation time, ICU stay, prolonged hospitalization,
and a near doubling of total hospitalization costs [8,25].
Against this background, the implementation of advanced
technologies such as viscoelastic coagulation monitoring
(ROTEM), MiECC, and enoximone should be regarded not
as additional expenses, but as long-term structural invest-
ments. The cost-effectiveness of ROTEM-guided transfu-
sion strategies has been consistently demonstrated in the
international literature. Although the acquisition of the de-
vice and reagents represents an initial fixed investment, tar-
geted transfusion protocols significantly reduce the use of
packed red blood cells, fresh frozen plasma, and platelets.
Spalding et al. [26], in a cohort of more than 1400 car-
diac surgery patients, reported a 50% reduction in platelet
concentrate utilization and a 25% reduction in red blood
cell transfusions following ROTEM implementation. Im-
portantly, monthly blood product expenditure decreased by
approximately 44%, generating substantial net savings that
rapidly compensated for the cost of the technology itself
[26].

Similarly, despite the higher acquisition cost of dis-
posable MIiECC circuits compared with conventional ex-
tracorporeal circulation systems, modern macroeconomic
analyses identify MiECC as a “dominant strategy”, mean-
ing that it simultaneously improves clinical outcomes while
reducing overall healthcare costs. European analyses
demonstrated that reductions in postoperative complica-
tions, transfusion requirements, ICU stay, and resource uti-
lization translated into overall savings ranging from approx-
imately 300 to 1600 euros per procedure. Therefore, the
initial investment required for MiECC is largely offset by
improved postoperative recovery and reduced resource con-
sumption [7].

Finally, although enoximone is more expensive than
traditional catecholamine therapy on a per-dose basis, its
pharmacological profile may contribute to improved hemo-
dynamic stability, reduced inflammatory response, lower
incidence of arrhythmias, and facilitation of fast-track re-
covery protocols. By shortening ICU stay and accelerating
postoperative recovery, the initial pharmacological expen-
diture may ultimately translate into overall economic sav-
ings.

In conclusion, in resource-limited healthcare systems,
technological and pharmacological upgrading of extracor-
poreal circulation should not be considered an unjustified
expense, but rather a strategic investment capable of align-
ing surgical excellence with long-term economic sustain-
ability.

4.2 Limitations

This study is limited by its retrospective single-center
design and absence of a comparator group using modern
perfusion technologies. Consequently, the observed out-
comes cannot be directly attributed to conventional car-
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diopulmonary bypass itself, and causal relationships be-
tween CPB-related factors and postoperative outcomes can-
not be established. The findings should therefore be in-
terpreted as descriptive associations within a standardized
conventional perfusion strategy rather than comparative ev-
idence of superiority or direct causation. The study pop-
ulation was restricted to elective isolated CABG proce-
dures, which enhances internal consistency but may limit
the external generalizability of the findings to higher-risk
populations such as emergency surgery, redo operations,
or combined cardiac procedures. Continuous intraoper-
ative monitoring of oxygen delivery, lactate kinetics, in-
flammatory biomarkers, and viscoelastic coagulation pa-
rameters was not available, limiting mechanistic interpreta-
tion. Renal reserve was not comprehensively characterized
using advanced preoperative renal function testing. Nev-
ertheless, the study provides realistic insight into CABG
outcomes achieved using conventional perfusion systems
within a limited-resource environment. Finally, the rela-
tively modest cohort size may have limited the ability to
detect smaller effect sizes and restricted the robustness of
adjusted statistical modeling. Although multivariable logis-
tic regression analyses were performed, the exploratory na-
ture of the study and limited number of outcome events may
have reduced model stability. ROC-based predictive anal-
ysis, interaction testing, and sensitivity analyses were not
performed because the study was not designed for model
derivation or validation. Therefore, findings should be in-
terpreted as exploratory associations rather than predictive
or causal relationships.

5. Conclusions

Within the limitations of a retrospective single-center
design lacking a comparative cohort, excellent surgical ex-
ecution and standardized perioperative care coexisted with
outstanding short-term survival despite the use of conven-
tional open cardiopulmonary bypass systems. However,
significant subclinical physiological burden persists, par-
ticularly in the form of acute kidney injury, periopera-
tive hematologic and fluid balance disturbances (including
non-physiological or excessive hemodilution), transfusion-
associated ICU prolongation, and postoperative inflamma-
tory burden. Future improvements in CABG outcomes
may therefore depend less on further reductions in operative
times and more on targeted reduction of CPB-related phys-
iological injury through optimized perfusion strategies, en-
hanced blood conservation, goal-directed hemostatic man-
agement, and progressive adoption of more biocompatible
extracorporeal circulation technologies. Even incremen-
tal technological investments may provide substantial clini-
cal and economic benefit in resource-constrained healthcare
systems.
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