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Abstract

Introduction: Minimally invasive direct coronary artery bypass (MIDCAB) is an established alternative to full sternotomy for iso-
lated left anterior descending (LAD) revascularization. However, the impact of preoperative biological heterogeneity on early
postoperative recovery in homogeneous beating MIDCAB cohorts remains unclear. This study aimed to identify latent preop-
erative phenotypes using unsupervised machine learning and to evaluate their association with early perioperative outcomes.
Methods: This retrospective single-center study included consecutive patients undergoing isolated beating MIDCAB with
left internal mammary artery (LIMA) to LAD grafting between August 2020 and May 2025. Emergency and redo cases were
excluded. Preoperative variables (age, ejection fraction, hemoglobin, creatinine, C-reactive protein, and smoking exposure)
were analyzed using Gower distance and k-medoids clustering. The optimal number of clusters was determined by sil-
houette analysis. Early outcomes included operative time, intensive care unit (ICU) stay, and hospital length of stay. Cluster
stability was assessed using bootstrap resampling and the adjusted Rand index (ARI).

Results: Forty-five patients were included. Three preoperative phenotypes were identified. Age, hemoglobin, creatinine, and
smoking exposure varied across clusters, whereas ejection fraction and C-reactive protein did not differ significantly. No sig-
nificant differences were observed in operative time (p=0.5099), ICU stay (p=0.1166), or hospital stay (p=0.2538). Bootstrap
validation demonstrated moderate stability (mean ARI=0.43).

Discussion and Conclusion: Unsupervised machine learning identified distinct biological phenotypes in patients undergo-
ing isolated beating MIDCAB; however, early postoperative outcomes were comparable across groups. Larger studies are
needed to assess long-term clinical implications.

Keywords: Coronary artery bypass grafting; machine learning; minimally invasive cardiac surgery; perioperative outcomes;
phenotyping.

oronary artery bypass grafting (CABG) has long

been established as the gold standard for surgical
revascularization in patients with significant coronary
artery disease, particularly for lesions of the left anterior
descending (LAD) artery, due to its prognostic relevance
and long-term survival benefit compared with medical
therapy or percutaneous coronary intervention [,

Minimally invasive approaches to CABG, such as minimally
invasive direct coronary artery bypass (MIDCAB), were
introduced to reduce the surgical trauma associated
with full sternotomy while maintaining the long-term
effectiveness of revascularization strategies ['l. MIDCAB
typically involves an off-pump procedure via a limited left
thoracotomy with a left internal mammary artery (LIMA)-
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to-LAD anastomosis and has demonstrated favorable
safety profiles and acceptable perioperative morbidity and
mortality outcomes in multiple series [2:3],

Although MIDCAB has been widely adopted forisolated LAD
disease and as part of hybrid revascularization strategies,
its adoption remains limited compared with conventional
sternotomy approaches, partly due to the technical
demands of the procedure and uncertainties regarding
broader applicability and reproducibility across centers 4],
Comparative studies between MIDCAB and full sternotomy
off-pump CABG (OPCAB) have shown similar early and long-
term survival and major adverse events, with some evidence
suggesting lower transfusion requirements and shorter
ventilatory support in the minimally invasive group [24],
Longitudinal cohort studies have documented satisfactory
mid-term survival and freedom from revascularization after
MIDCAB, further reinforcing its role in suitable patients (341,

Despite the accumulating observational evidence on
procedural and clinical outcomes, the literature lacks
comprehensive evaluations of preoperative biological
phenotypes and their relationship with perioperative
outcomes in patients undergoing uniformly performed
beating MIDCAB procedures. Traditional risk stratification
models for CABG focus on demographic, anatomic, and
comorbidity metrics but often fail to capture nuanced
biological heterogeneity that may influence recovery or
complications °1. Machine learning techniques, particularly
unsupervised clustering, provide a data-driven framework
to uncover latent preoperative phenotypes that might not
be apparent through conventional stratification methods.
These analytical approaches have been utilized in other
surgical domains to identify patient subgroups with
differing risk profiles, supporting their potential utility in
cardiac surgery risk assessment.

Furthermore, modifiable risk factors such as cigarette
smoking continue to affect surgical outcomes. Similarly,
preoperative biomarkers such as C-reactive protein (CRP)
and measures of cardiac or renal function have been linked
to outcomes in various cardiovascular procedures, but their
role within the context of homogeneous MIDCAB cohorts
has not been systematically explored.

Given these gaps, this study aimed to apply unsupervised
machine learning to identify preoperative phenotypes
among patients undergoing beating MIDCAB with
isolated LIMA-to-LAD grafting and to evaluate whether
these phenotypes are associated with differences in
early perioperative outcomes. The results are expected
to contribute both to the mechanistic understanding of
biological heterogeneity in surgical patients and to the
emerging field of Al-based phenotyping in cardiac surgery.

Materials and Methods

Study Design and Patient Population

This retrospective, single-center observational cohort study
included consecutive patients who underwent isolated
beating minimally invasive direct coronary artery bypass
(MIDCAB) with a left internal mammary artery (LIMA)-to-
left anterior descending (LAD) artery graft between August
2020 and May 2025.

All procedures were performed via a minimally invasive left
anterior thoracotomy approach without cardiopulmonary
bypass. Only isolated CABGx1 cases (LIMA-LAD
configuration) were included. Emergency procedures and
redo cases were excluded to ensure cohort homogeneity.

All operations were performed by cardiac surgeons with
a minimum of five years of independent experience in
cardiac surgery. The surgical technique was standardized
across cases.

After the application of the inclusion and exclusion criteria,
45 patients constituted the final study population.

The study was approved by the University of Health
Sciences, Mehmet Akif Ersoy Thoracic and Cardiovascular
Surgery Training and Research Hospital Ethics Committee
(Approval No: 2026.03-25; Date: March 10, 2026) and
was conducted in accordance with institutional ethical
standards and the Declaration of Helsinki. Due to the
retrospective design of the study, the requirement for
informed consent was waived.

Data Collection

Clinical and laboratory data were obtained from
institutional electronic medical records.

Preoperative  variables selected for phenotypic
characterization were chosen based on their representation
of biological reserve and physiological status:

+ Age (years)

« Left ventricular ejection fraction (EF, %)

+ Hemoglobin (g/dL)

« Serum creatinine (mg/dL)

+ C-reactive protein (CRP, mg/L)

« Cumulative smoking exposure (pack-years)

These variables collectively reflect cardiovascular function,

hematologic status, renal reserve, inflammatory activity,
and modifiable risk exposure.

The selected variables were chosen a priori to reflect key
domains of biological reserve. This parsimonious variable
set was preferred to avoid overfitting given the limited
sample size and to enhance the interpretability of the
clustering results.
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Early perioperative outcomes included:

+ Operative time (minutes; skin incision to closure)
+ Intensive care unit (ICU) length of stay (days)

+ Hospital length of stay (days)

Unsupervised Machine Learning and Phenotype
Identification

An unsupervised clustering framework was applied to
identify latent preoperative phenotypes within the cohort.

Pairwise patient dissimilarities were calculated using the
Gower distance metric for the six selected preoperative
variables. Clustering was performed using the k-medoids
algorithm with a precomputed distance matrix.

Cluster solutions ranging from k=2 to k=4 were evaluated
using silhouette analysis to determine the optimal number
of clusters. The final model selected k=3, corresponding
to the highest silhouette coefficient. The resulting Gower
distance matrix was visualized using two-dimensional
multidimensional scaling (MDS). The MDS projection
was used for visualization only and did not determine
cluster assignments. For descriptive visualization, the
six preoperative variables were standardized as z-scores
relative to the overall cohort and displayed by cluster.

Cluster Stability Assessment

Cluster robustness was evaluated through bootstrap
resampling (200 iterations). For each iteration, the dataset
was resampled with replacement, clustering was repeated,
and agreement with the original clustering solution was
quantified using the adjusted Rand index (ARI). The number
of clusters was fixed at k=3 in all bootstrap iterations to
assess the stability of the predetermined optimal solution.

Cluster stability was assessed based on mean ARI values
and the absence of empty clusters during resampling. An
ARl value of 1 indicates perfect agreement, whereas a value
close to 0 reflects random assignment.

Statistical Analysis

Continuous variables were assessed for distributional
characteristics. Given the modest sample size and non-
Gaussian distributions, data were summarized as the
median and interquartile range (IQR).

Between-cluster comparisons were performed using the
Kruskal-Wallis test. Comparisons of the six variables used to
define the clusters were interpreted descriptively because
cluster membership was derived from those same variables.

All statistical analyses and clustering procedures were
conducted using Python (version 3.12) within the Google
Colab environment. The gower, scikit-learn, and scikit-learn-
extra libraries were used for clustering and validation analyses.

As this study was exploratory in nature and aimed at
hypothesis generation rather than confirmatory inference,
a formal a priori power analysis was not performed.

A p-value <0.05 was considered statistically significant.

Results

Study Population

Between August 2020 and May 2025, patients undergoing
minimally invasive coronary revascularization were
screened. After exclusion of non-isolated procedures, non-
beating or on-pump cases, non-MIDCAB approaches, non-
LIMA-LAD graft configurations, and cases with missing key
preoperative data, 45 patients who underwent isolated
beating CABGX1 via MIDCAB (LIMA-LAD) constituted the
final study cohort.

All included procedures were performed by experienced
cardiac surgeons using a standardized operative technique.
No emergency or redo cases were included.

Identification of Preoperative Phenotypes

Unsupervised clustering using Gower distance and
k-medoids identified three distinct preoperative
phenotypes (k=3), corresponding to the highest silhouette
coefficient (0.2212).

Cluster sizes were balanced:
+ Cluster 1: n=14
« Cluster 2:n=14
« Cluster3:n=17

Two-dimensional  multidimensional  scaling  (MDS)
projection demonstrated spatial separation of the clusters,
supporting the internal structure within the cohort (Fig. 1).

Preoperative Phenotypic Characteristics

Z-score profiling revealed distinct biological patterns
across clusters (Fig. 2).

Cluster 1 was characterized by:
+ Higher age

« Lower ejection fraction

+  Lower hemoglobin

+ Lower creatinine

+ Markedly higher smoking exposure
Cluster 2 demonstrated:

« Younger age

« Higher ejection fraction

+ Higher hemoglobin levels

+ Lower creatinine

+ Moderate smoking exposure
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2D MDS Projection of Preoperative Phenotypes
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Figure 1. Two-dimensional multidimensional scaling projection of
preoperative phenotypes.

Two-dimensional multidimensional scaling (MDS) visualization of the three
identified preoperative phenotypes. Each point represents an individual pa-
tient, colored by cluster assignment (Cluster 1: red, Cluster 2: blue, Cluster 3:
green). Spatial separation indicates distinct biological profiles based on six
preoperative variables (age, ejection fraction, hemoglobin, creatinine, C-reac-
tive protein, and smoking exposure). Despite biological heterogeneity, early
postoperative outcomes were comparable across phenotypes.

Cluster 3 showed:

- Higherage

+ Preserved ejection fraction

+ Lower hemoglobin

- Relatively higher creatinine levels
+  Low smoking exposure

Table 1. Baseline preoperative characteristics by cluster
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Figure 2. Z-Score profiles of preoperative variables across three phe-
notypes.

Standardized z-score profiles illustrating distinct biological patterns across
the three identified phenotypes. Variables include age, left ventricular ejec-
tion fraction (EF), hemoglobin (Hb), serum creatinine (Cr), C-reactive protein
(CRP), and cumulative smoking exposure (pack-years). Positive z-scores indi-
cate above-cohort-average values; negative z-scores indicate below-cohort-
average values. Cluster 1 (red) is characterized by older age, lower ejection
fraction, and markedly higher smoking exposure. Cluster 2 (blue) demon-
strates younger age, preserved cardiac function, and higher hemoglobin lev-
els. Cluster 3 (green) shows relatively higher creatinine levels with preserved
ventricular function and low smoking exposure.

Baseline characteristics by cluster are summarized inTable 1.

Early Perioperative Outcomes

Early postoperative outcomes did not differ significantly
across clusters.

Median operative time was comparable between groups
(p=0.5099).

Similarly, no statistically significant differences were
observed in ICU length of stay (p=0.1166) or hospital length
of stay (p=0.2538) (Table 2).

Variable Cluster 1 (n=14) Cluster 2 (n=14) Cluster 3 (n=17) p (Kruskal-Wallis)
AGE 63.00 (60.00-66.25) 47.50 (45.00-50.00) 62.00 (59.00-63.00) <0.001
EF 55.00 (51.25-60.00) 60.00 (50.00-60.00) 60.00 (55.00-60.00) 0.3366
HEMOGLOBIN 13.85(12.83-15.05) 15.60 (15.15-16.38) 13.90 (13.10-14.90) 0.0011
CREATININE 0.80 (0.70-0.90) 0.80 (0.80-0.90) 1.00 (0.80-1.07) 0.0125
CRP 3.45 (2.15-9.05) 3.20(1.79-6.40) 4.00 (2.40-7.09) 0.8609
SMOKE 40.00 (36.25-43.75) 25.00 (16.25-30.00) 10.00 (0.00-20.00) <0.001

EF: Ejection fraction; CRP: C-Reaktif protein.

Table 2. Early perioperative outcomes by cluster

Variable Cluster 1 (n=14) Cluster 2 (n=14) Cluster 3 (n=17) p (Kruskal-Wallis)
OPERATION TIME 185.00 (171.25-208.75) 183.50 (166.25-189.25) 150.00 (130.00-225.00) 0.5099
ICUTIME 1.00 (1.00-1.00) 1.00 (1.00-2.00) 1.00 (1.00-3.00) 0.1166
HOSPITAL STAY 5.00 (4.00-5.00) 4.00 (4.00-5.00) 5.00 (4.00-7.00) 0.2538

ICU: Intensive care unit.
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No statistically significant between-cluster differences were
detected in the measured early perioperative outcomes in
this cohort.

Cluster Stability

Bootstrap resampling (200
moderate cluster stability.
The mean adjusted Rand index (ARI) was 0.43 (standard
deviation, 0.23), with no empty clusters observed during
resampling. Median bootstrap cluster sizes remained
balanced (14, 17, and 14.5 patients).

These findings indicate acceptable internal robustness of
the clustering solution despite the modest sample size.

iterations) demonstrated

Discussion

In this single-center cohort of patients undergoing
isolated beating MIDCAB with LIMA-to-LAD grafting, we
applied an unsupervised machine learning framework to
identify latent preoperative phenotypes and evaluated
their association with early postoperative outcomes.
Three biologically distinct clusters were identified,
characterized by differences in age, hemoglobin, renal
function, and smoking exposure. However, these
phenotypes were not associated with statistically
significant differences in operative time, ICU stay, or
hospital length of stay.

MIDCAB has been increasingly recognized as a safe and
effective alternative to full sternotomy approaches for
isolated LAD disease, offering reduced surgical trauma while
maintaining durable revascularization ['-4l, Contemporary
series have demonstrated favorable short- and mid-term
outcomes with acceptable perioperative morbidity and
mortality [2-5]. Nevertheless, most existing studies focus
on procedural outcomes and survival, whereas detailed
characterization of biological heterogeneity within
homogeneous MIDCAB cohorts remains limited.

Traditional surgical risk models in cardiac surgery, such
as EuroSCORE I, rely on predefined demographic and
comorbidity variables to estimate operative mortality
(671 While effective for population-level prediction,
these models may not fully capture complex biological
variability among patients undergoing similar procedures.
In recent years, unsupervised machine learning techniques
have been increasingly used to uncover latent clinical
phenotypes that are not readily identifiable using
conventional stratification methods. For example, data-
driven phenotyping approaches have successfully
identified biologically meaningful subgroups in heart
failure and sepsis populations, with implications for risk
stratification and therapeutic targeting 891,

In the present study, clustering revealed three distinct
biological profiles. One cluster was characterized by older
age and higher smoking exposure with relatively lower
hemoglobin levels, suggesting a phenotype potentially
influenced by cumulative vascular risk burden. Another
cluster consisted of younger patients with preserved
ventricular function and higher hemoglobin levels,
representing a comparatively lower biological risk profile.
A third phenotype demonstrated relatively higher
creatinine levels despite preserved ventricular function,
suggesting a subgroup with increased renal vulnerability.

Interestingly, despite these biological distinctions, early
perioperative outcomes were comparable across clusters.
Several explanations may account for this finding. First, the
cohort was highly homogeneous in terms of procedural
characteristics, being limited to isolated beating LIMA-
LAD grafting, which may reduce variability in early
recovery. Second, minimally invasive revascularization
may attenuate the clinical impact of moderate biological
heterogeneity in selected patients. Similar results have
been observed in other minimally invasive cardiac
procedures, where standardized techniques achieved
favorable early outcomes despite patient variability [19],
Third, the modest sample size may limit the ability to
detect subtle differences in outcomes.

Smoking exposure has been associated with increased
perioperative complications in minimally invasive
coronary surgery in some reports 2, and inflammatory
markers such as CRP have been linked to adverse
cardiovascular outcomes in broader cardiac populations.
However, within this carefully selected MIDCAB cohort,
these factors did not translate into measurable differences
in early postoperative recovery. This suggests that, in
stable elective cases, biological heterogeneity may
not substantially influence short-term recovery when
procedural variability is minimized.

The clustering solution demonstrated moderate stability
on bootstrap validation (mean ARI=0.43) without empty
clusters, supporting internal robustness despite the
limited sample size. While not indicative of strong cluster
separability, this degree of stability is consistent with
exploratory phenotyping studies in small clinical cohorts 181,

To our knowledge, this is the first study to apply
unsupervised machine learning for phenotype discovery
in a Tuarkiye MIDCAB cohort. While multicenter studies
would enhance generalizability, our single-center
design ensures standardization of surgical techniques
and perioperative care protocols, which may be
particularly relevant for centers establishing or refining
their minimally invasive revascularization programs. As
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highlighted in contemporary experiences of institutional
restructuring 'Y, the successful implementation of
surgical programs relies heavily on established team
dynamics and standardized workflows, which likely
contributed to the consistent outcomes observed in our
heterogeneous patient cohort.

Limitations

The findings of this study should be interpreted within
the context of its limitations. The retrospective design
introduces potential selection bias. The sample size is
modest, and the analysis was exploratory without a
formal power calculation. Additionally, the silhouette
coefficient of 0.22, while consistent with values reported
in exploratory phenomapping studies of comparable
sample sizes 18], indicates modest cluster separability and
should be considered when interpreting the biological
distinctiveness of the identified phenotypes. Only early
postoperative outcomes were assessed; potential long-
term differences between phenotypes remain unknown.
External validation in larger multicenter cohorts would
be necessary to determine the reproducibility and clinical
relevance of these phenotypes.

Nevertheless, this study demonstrates the feasibility of
applyingunsupervised machinelearningtoahomogeneous
minimally invasive cardiac surgical population. Rather
than serving as a predictive tool, this approach provides a
framework for the biological characterization of patients
undergoing standardized procedures. Such phenotyping
strategies may contribute to future precision risk
stratification efforts in cardiac surgery.

Conclusion

Unsupervised machine learning successfully identified
three distinct preoperative biological phenotypes in
patients undergoing isolated beating MIDCAB surgery.
Despite these biological differences, early postoperative
outcomes were comparable across phenotypes, suggesting
that a standardized surgical technique may minimize
the clinical impact of baseline heterogeneity in carefully
selected patients. Larger studies with long-term follow-
up are needed to determine whether these phenotypes
have prognostic significance for late outcomes and to
validate their potential role in precision risk stratification
for minimally invasive coronary revascularization.
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