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Abstract

The history of cardiac surgery reflects a unique interplay between techno-
logical innovation and moral responsibility. From the early era of experi-
mental open-heart operations to the present age of data-driven precision,
the discipline has continually redefined its understanding of risk, agency,
and ethical duty. This review examines the historical, ethical, and philo-
sophical evolution of cardiac surgery, focusing on how artificial intelligence
(Al) and predictive modeling are reshaping the surgeon’s role and profes-
sional ethos. A narrative synthesis of literature was conducted, including
studies on surgical risk assessment, Al-assisted decision-making, and the
ethical implications of automation. Inclusion criteria encompassed articles
addressing historical development, risk quantification, moral responsibility,
and algorithmic ethics within cardiac and cardiothoracic surgery. Artificial
intelligence augments, but cannot replace, the ethical and interpretive di-
mensions of cardiac surgery. Future progress depends on aligning techno-
logical sophistication with moral wisdom, ensuring that as machines grow
more intelligent, the humanity of surgical practice endures.

Key words: artificial intelligence, risk assessment, cardiac surgery,
predictive modelling, surgical ethics, moral responsibility, algorithmic
decision-making, calculated courage.
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Introduction

Cardiac surgery can be found within a moral/
intellectual context of current medical practice
which has a specific relationship between tech-
nical mastery and risk wherein few clinical disci-
plines of modern medicine experience the inter-
section of the critical moment of life, death and
responsibility. Few medical disciplines have been
shaped so profoundly by the necessity to act un-
der conditions of extreme uncertainty, where life,
death, and responsibility converge in real time [1].

Since its inception, cardiac surgery has pushed
the boundaries of human physiology as well as
established ethical standards and ideas of pro-
fessional bravery. The heart was considered
untouchable in the first half of the 20" century,
a sacred organ whose direct manipulation verged
on immorality, with any attempt to operate on it
required an ethical leap into the unknown in addi-
tion to technical daring [2].

Early pioneers like Michael DeBakey, John
Gibbon, C. Walton Lillehei, and Clarence Dennis
worked at the very edge of possibility, driven more
by experimental reasoning, personal conviction,
and a strong sense of moral obligation to their
patients than by statistical reasoning [3, 4]. By to-
day’s standards, outcomes were uncertain, com-
plications were common, and mortality rates were
high. However, these early interventions repre-
sented a historically situated kind of professional
courage in which risk was publicly and consciously
accepted rather than being acts of recklessness.
Although the moral and epistemic underpinnings
of modern cardiac surgery were eventually estab-
lished by these endeavors, the ethical rationale for
such experiments was frequently shaky and dis-
puted [5, 6]. In this early stage, risk was a lived re-
ality that the surgeon experienced, described, and
ethically owned rather than a numerical value.

The concept of risk itself evolved along with
cardiac surgery. What had previously been a qual-
itative, experience-based assessment rooted in
personal knowledge gradually became formalized,
quantified, and objectified. In addition to revo-
lutionizing the technical viability of intracardiac
procedures, Gibbon’s 1953 invention of cardiopul-
monary bypass (CPB) made it possible to system-
atically observe, record, and compare results [3, 7].
This represented a significant change in epistemol-
ogy since risk could now be quantified, totaled,
and examined. With the development of outcome
registries and risk-stratification tools, such as the
Society of Thoracic Surgeons (STS) models and
the European System for Cardiac Operative Risk
Evaluation (EuroSCORE), risk was reframed as
a comparable and calculable variable rather than
a primarily moral or personal evaluation [8, 9].
This development coincided with a more general

shift in medical culture from the heroic era of indi-
vidual judgment to one marked by responsibility,
openness, and uniformity [10, 11].

Artificial intelligence and machine-learning
approaches now enable the generation of highly
individualized risk estimates by analyzing vast
and complex clinical datasets. These computa-
tional methods can detect patterns that would
be difficult or impossible for clinicians to recog-
nize through experience alone, thereby offering
increasingly refined prognostic insights [12]. Yet
the apparent analytical power of such systems
also raises important philosophical and ethical
questions. Even when predictions become more
accurate, uncertainty in medicine cannot be fully
eliminated. As algorithmic models begin to influ-
ence clinical choices — often through processes
that are not entirely transparent — the question
of how responsibility should be understood with-
in technologically mediated decision-making be-
comes increasingly significant.

When opaque, data-driven systems increasing-
ly inform, or subtly shape, clinical decisions, how
should professional responsibility be understood?
Increasing technical capability also increases mor-
al obligation, according to philosophical reflec-
tions on technology and responsibility, particularly
those of Jonas [13] and Beck [14]. This tension is
especially acute in cardiac surgery, where quanti-
fication improves safety and consistency but may
also separate practitioners from the irreducible un-
certainty at the core of clinical decision-making by
substituting proceduralized calculation and proba-
bilistic abstraction for situated judgment [15, 16].

In light of this, cardiac surgery is at a turning
point. The field must balance its historical identi-
ty, which is based on bravery, accountability, and
acceptance of uncertainty, with a future that is be-
coming more and more shaped by predictive con-
trol and algorithmic support. From its heroic ori-
gins to its algorithmic present, this article explores
the philosophical and historical development of
risk in cardiac surgery and looks at how evolving
ideas about risk have changed the ethical identi-
ty of the cardiac surgeon. By examining this path,
we contend that the history of cardiac surgery is
not just a story of technological advancement but
rather a continuous struggle between bravery and
reason, creativity and accountability, and, in the
end, between what can be quantified and what
still needs to be morally endured.

Methods
Study design

In order to investigate the changing notion of
risk in cardiac surgery, this paper uses a narrative,
interdisciplinary review approach that integrates
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historical, clinical, and philosophical sources. The
analysis concentrates on key works, significant
clinical advancements, and exemplary ethical
frameworks that have influenced professional
perceptions of risk throughout history rather than
striving for comprehensive coverage.

The purpose of this study was to examine the
development of the idea of risk in cardiac surgery
and its philosophical, ethical, and epistemological
ramifications through a narrative historical and
conceptual review. The methodology integrated
a philosophical examination of risk, accountabili-
ty, and uncertainty in technological medicine with
a historical narrative synthesis of primary and sec-
ondary medical literature. Transparency, reproduc-
ibility, and interpretative depth were prioritized in
the methodology, which adhered to the guidelines
for narrative reviews [17].

Data sources and search strategy

In order to assemble relevant literature pub-
lished between 1950 and 2025, comprehensive
searches were performed in PubMed, Scopus, Web
of Science, and Google Scholar. This particular time
frame was selected to present the development
of modern cardiac surgery with emphasis on the
emergence of cardiopulmonary bypass through
presenting current information about the role of
artificial intelligence (Al) in predictive risk assess-
ment.

Search terms were combined using Boolean op-
erators into 3 main categories. The first category is
Technical and Historical Terms which includes such
terms as “surgical innovation”, “cardiac surgery”,
“cardiopulmonary bypass”, and “extracorpore-
al circulation”. The second category contains all
Terms Relating to Risk such as “risk assessment”,
“surgical risk”, “EuroSCORE”, “STS Risk Model”,
“operative mortality”, and “risk prediction”. The
final category represents all Terms Associated with
Philosophy and Ethics including: “medical ethics”,
“duty of care”, “uncertainty”, “philosophy of sur-
gery”, “ethical innovation”, and “Al ethics”.

To find more pertinent research and historical
accounts, the reference lists of important articles
were manually screened. For theoretical framing,
key works on risk theory and medical philosophy
were also included [13, 14, 18].

The literature search found three primary
categories: (i) historical and technical literature
documenting key milestones in cardiac surgery;
(i) clinical and outcomes-based studies related
to risk stratification and predictive modeling; and
(i) philosophical and ethical texts addressing re-
sponsibility, uncertainty, and technological media-
tion in medicine.

These main categories were analyzed together
and within the context of the other categories.

Inclusion criteria

Studies were included if they met at least one
of the following criteria:

e Historical relevance: Publications describing
major milestones in the development of car-
diac surgery, cardiopulmonary bypass, or risk
evaluation models.

¢ Quantitative risk frameworks: Articles introduc-
ing, validating, or discussing surgical risk scor-
ing systems such as EuroSCORE, EuroSCORE I,
or the STS models.

e Ethical or philosophical analysis: Papers ad-
dressing the moral, psychological, or epistemo-
logical aspects of surgical decision-making and
innovation.

e Technological risk transformation: Studies ex-
ploring data-driven or artificial intelligence—
based approaches to risk prediction in cardiac
or thoracic surgery.

e Peer-reviewed source: Indexed in PubMed or
Scopus, published in English, and available as
full-text articles.

Exclusion criteria

Publications were excluded if they:

¢ Focused solely on technical details or operative
techniques without reference to risk, ethics, or
decision-making.

* Represented conference abstracts, editorials, or
non-peer-reviewed commentaries without sub-
stantive data or analysis.

 Dealt exclusively with pediatric cardiac surgery
(to maintain thematic coherence).

» Discussed risk management in non-surgical or
non-cardiac disciplines.

¢ Were non-English or inaccessible in full text.

Data extraction and synthesis

For each included publication, key information
was extracted concerning:
 Historical context or timeframe (e.g., pre-by-

pass era, modern quantitative era, Al era).

» Conceptualization of risk (moral, statistical, al-
gorithmic).

» Ethical and philosophical perspective (respon-
sibility, autonomy, uncertainty).

e Key findings and implications.

To demonstrate the evolving paradigms of risk
perception and management, the gathered mate-
rial was arranged chronologically and thematically.
In order to contextualize ethical shifts throughout
historical periods, philosophical frameworks by Jo-
nas [13], Geanellos, Ricoeur [19, 20], and Beck [14]
were integrated interpretively.

Using an interpretive and comparative ap-
proach, the analysis looked at how risk and re-
sponsibility were understood in various historical
eras. Risk models were examined as sociotechni-
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cal constructs embedded within larger cultural,
ethical, and institutional contexts rather than as
objective instruments.

Quality and validity considerations

Although this review is primarily conceptu-
al, peer-reviewed and methodologically sound
sources were prioritized for inclusion. Historical
accounts were cross-checked using at least two
independent sources to ensure reliability. Inter-
pretive coherence and thematic saturation were
achieved through repeated reading and synthesis
of the material.

Methodological rigor and limitations

Arguments were triangulated across historical
records, current clinical literature, and accepted
ethical theory to improve analytical rigor. Primary
sources and frequently cited models were given
priority whenever possible. Converging evidence,
as opposed to singular instances, served as the
foundation for interpretive assertions.

Ethical considerations

The study did not require ethical approval be-
cause there were no human subjects or patient
records. However, ethical guidelines for responsi-
ble scholarship and proper citation were strictly
followed.

The birth of risk: early experimental cardiac
surgery (1890-1950)

From taboo to experimentation

Direct surgical intervention on the human
heart was considered unethical and technically
impossible at the turn of the twentieth century. In
medical practice, the heart represented not only
a biological structure but also a significant moral
boundary because it was symbolically connected
to life, vitality, and emotion [2]. The idea that sur-
gical intrusion into the cardiac domain constituted
an unacceptable transgression was reinforced by
both scientific limitation and cultural reverence,
which upheld its inviolability. The famous claim
made by British surgeon Stephen Paget in 1896
that “surgery of the heart has probably reached
the limits set by Nature” summed up the general
consensus of the time [5, 21, 22]. In addition to
reflecting current physiological knowledge, this
perspective also represented a more expansive
moral imagination that saw the heart as particu-
larly sacred. Over the course of many years, most
cardiac lesions were seen as irreparable, causing
physicians to hesitate as they explored options for
diagnosing these problems, including pericardio-
centesis. This long-standing stigma led to the de-

velopment of a cadre of surgeons during the early
twentieth century, who were determined to chal-
lenge the established limitations of medicine and
the human body. Instead of merely seeking a tech-
nological solution, these early innovators sought
to change the definition of acceptable clinical risk
for patients. By creating new surgical techniques,
such as Ludwig Rehn’s 1896 method to surgical-
ly repair penetrating cardiac wounds, these inno-
vator surgeons demonstrated that hearts could
be repaired with surgery. Later developments by
surgeons like John Gibbon, Clarence Dennis, and
C. Walton Lillehei —especially in the creation of ear-
ly extracorporeal circulation — gradually converted
moral prohibition into experimental investigation
[3, 4, 7, 23] (Figure 1). These endeavors took place
in a highly uncertain setting where survival was far
from guaranteed and failure was frequent.

These pioneering efforts are significant not
only for their technical achievements but also for
the ethical posture they embodied. Attempting
surgical intervention on the human heart required
an exceptional degree of moral resolve. Surgeons
confronted the real possibility of fatal outcomes
while acting in the hope of preserving life, accept-
ing profound uncertainty as an inherent part of
their work. Their willingness to intervene under
such conditions reflected a form of professional
courage grounded in responsibility toward pa-
tients despite the absence of reliable precedents
or predictable outcomes [7]. These surgeons fre-
quently operated without the assurance of previ-
ous research or accepted norms, operating at the
nexus of innovation and transgression. Rather
than using formalized risk assessment, they made
decisions based on a sense of professional re-
sponsibility based on their own judgment. In this
situation, ethical exposure was inextricably linked
to experimentation, and the act of operating it-
self constituted a moral assertion regarding the
acceptability of risk.

The moral framework of this early era, which is
sometimes referred to as the “heroic era” of car-
diac surgery, differed significantly from contem-
porary ideas of accountability and evidence-based
practice. Success was determined more by the
willingness to try new things and learn from mis-
takes than by overall results or survival statistics
[3, 24]. During this initial stage, risk was perceived
as an integral part of surgical identity rather than
being measured or externalized. Risk served as
a moral stance, a deliberate willingness to accept
uncertainty, complexity, and even death as the
possible price of discovery, rather than being rep-
resented as a probability or score. Albert Camus’s
later concept of the “absurd hero”, a person who
acts in full awareness of impossibility but refus-
es to give up, resonates with the surgeon’s ethos
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Figure 1. Pioneers of early cardiac surgery and cardiopulmonary bypass. A — Ludwig Rehn (1849-1930), Professor
of Surgery at the University of Frankfurt, performed the first documented successful surgical repair of a penetrat-
ing cardiac injury, demonstrating for the first time that direct surgical intervention on the human heart was fea-
sible. Photo credit: Institut fiir Stadtgeschichte Frankfurt. B — Clarence Walton Lillehei (1918-1999), an American
cardiac surgeon, was a central pioneer of open-heart surgery, contributing fundamentally to the development of
surgical techniques, equipment, and prosthetic devices that enabled complex intracardiac procedures. Photo cred-
it: University of Minnesota. C — Clarence Dennis (1909-2005), an American cardiothoracic surgeon, played a pivotal
role in the early development of cardiopulmonary bypass. He designed one of the first heart-lung machines and, in
1951, was the first to employ such a device during an open-heart operation. Source: The Clarence Dennis Papers,
Profiles in Science, National Library of Medicine. D — John Heysham Gibbon (1903-1973), an American surgeon, in-
vented the heart-lung machine and achieved the first successful open-heart surgery using total cardiopulmonary

bypass, establishing a technological foundation for modern cardiac surgery. Public domain

during this time, which combined technical skill
with existential resolve [25].

The ethical ambiguity of early innovation

There was no official institutional governance
or ethical oversight during the early stages of
cardiac surgery’s development. There had not
yet been established mechanisms that are now
thought to be essential to clinical research, such
as external ethical review, standardized informed
consent procedures, and institutional review
boards. Patients and society rarely questioned the
surgeon’s paternalistic authority, and when con-
sent was obtained, it was frequently informal and
not fully documented. Therefore, rather than be-
ing governed by codified regulations or collective
ethical standards, clinical decisions were primarily
influenced by personal conscience, professional
reputation, and an internalized sense of duty [6].

A unique moral landscape characterized by
significant ethical ambiguity was created by this
historical setting. On the one hand, patients were
subjected to unusual and frequently poorly un-
derstood risks during early cardiac interventions,
often in the absence of therapeutic alternatives.
Conversely, these same interventions set the
stage for later standard, life-saving treatments.
Risk could not be quantified or formally communi-
cated in an era without outcome benchmarks, val-
idated safety data, or predictive models; instead,
it was negotiated through trust, both implicitly be-
tween the surgical profession and society at large
and between patients and surgeons. The individ-
ual surgeon was given both authority and moral

responsibility as a result of this trust, taking on
accountability for both the immediate result and
the larger course of medical advancement.

In retrospect, scholars have characterized this
time period as one marked by “moral gray zones”,
where uncertainty about the boundaries of ac-
ceptable danger coexisted with the imperative to
advance knowledge [15, 26]. Innovation was not
morally neutral, but it did proceed without the
protections that now govern ethical discussion.
Many surgeons justified their actions as morally
required reactions to otherwise fatal conditions
because they were well aware of the stakes in-
volved. The localization of ethical responsibility
within the individual practitioner was implied by
the lack of formal oversight, not the absence of
ethical reflection.

Early experimental patients’ deaths were fre-
quently seen as tragic but unavoidable outcomes
of surgical advancement; by today’s standards,
this viewpoint would raise serious ethical con-
cerns [5]. Not only was mortality expected, but it
was also somewhat accepted as a necessary com-
ponent of education. Every failed operation added
to the body of knowledge, but at a human cost
that was mostly unmeasured and not sufficient-
ly examined. The fact that surgeons were able to
be so open to dealing with disastrous outcomes
is seen today as highly problematic, but had this
openness to risk-taking not been there, cardiac
surgery may never have gone beyond the realm of
theory and anatomy.

The combination of early surgical procedures
with the examination of our understanding of
mortality has created a dichotomy between those
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factors that motivate surgeons to perform sur-
gery and those that guide surgical practice. Early
cardiac surgery also provided new opportunities
for surgeons to explore the ethical ramifications
of surgery in an environment where creativity, re-
sponsibility and harm were all inextricably linked.
The conflict between these two areas has resulted
in the development of ethical guidelines, risk as-
sessment tools, and regulatory monitoring to pro-
vide guidance to surgeons regarding their surgical
practices.

The epistemology of early risk

From an epistemological perspective, early car-
diac surgeons worked in a setting where qualita-
tive uncertainty predominated over quantifiable
probability. Surgical decision-making was largely
dependent on personal intuition, accumulated
experience, and moral judgment due to the lack
of institutional databases, statistical frameworks,
and standardized reporting systems. Instead of us-
ing formal analysis, knowledge was created locally
and gradually, frequently through trial and error
and story transmission. Since probabilities were
neither known nor estimable, these surgeons han-
dled clinical situations that could not yet be classi-
fied as “risk” in the technical sense [3-5].

A helpful conceptual framework for com-
prehending this era is provided by philosopher
Niklas Luhmann’s distinction between danger
and risk [18]. According to Luhmann, risk neces-
sitates making decisions under circumstances of
calculable uncertainty, whereas danger refers to
circumstances in which results are essentially un-
predictable and responsibility cannot be assigned
or externalized. It was obvious that early cardiac
surgery fell into the former category. Unfavorable
results were presented as tragic consequences
of necessary action or as personal failures rath-
er than as statistical deviations. The surgeon re-
tained complete control over responsibility; it was
not shared by organizations, models, or protocols.

Only with the standardization of results, the
creation of registries, and the growth of evi-
dence-based medicine would there be an epis-
temic shift from danger to risk — from the un-
known to the quantifiable. However, data-driven
prediction did not control cardiac surgery in the
early decades. Rather, it was maintained by faith
in advancement, patient-surgeon trust, and a pro-
fessional culture that valued accountability in the
face of uncertainty. Narrative reasoning, analogi-
cal thinking, and an ethical commitment to inter-
vening in otherwise fatal situations were used to
justify decisions rather than numerical estimation.

According to Hessel [3] and Stoney [4], these
early surgeons’ bravery resulted from their pur-
poseful confrontation with danger rather than

from their ignorance of it. They took action know-
ing full well that their actions could have disas-
trous consequences and that their knowledge was
limited. By doing this, they converted lived experi-
ence into the foundation for future understanding
and turned moral fear into scientific possibility.
Whether they were successful or not, every opera-
tion added to the growing understanding of what
could and could not be tried.

Importantly, this groundbreaking work laid the
ethical and intellectual groundwork for all later
approaches to risk assessment. To have the abil-
ity to enumerate a given financial/economic risk
one would need to experience the same as well as
collect, log and analyze results in order to derive
probability estimates from these data. Therefore,
the early pioneers in cardiac surgical practices
were responsible for creating not only the confi-
dence that surgical procedures can be safe when
performed within certain constraints but also es-
tablishing the baseline data which would enable
the quantification, standardization, validation and
regulation of those risks in the future. As a result,
their influence goes beyond technological ad-
vancement to include the epistemological trans-
formation of uncertainty.

Quantifying risk: the technological and
statistical turn (1950-1990)

The rise of cardiopulmonary bypass and
the birth of measurable risk

In addition to being a technical turning point
in the history of cardiac surgery, John Gibbon’s
invention of cardiopulmonary bypass (CPB) in
1953 also significantly altered the way surgical
risk was understood, expressed, and controlled.
The epistemic status of cardiac intervention was
significantly changed by CPB, which made the
previously inaccessible interior of the heart visi-
ble and functional under controlled circumstanc-
es. According to Hessel [3], surgeons were able to
control circulation, oxygenation, and temperature
by temporarily replacing cardiac and pulmonary
function. This reduced physiological variability
and improved procedural reproducibility. It was
now possible to observe, record, and progressively
systematize risk, which had previously been seen
as an irreducible uncertainty.

The artisanal and heroic tradition of early cardi-
ac surgery gave way to a more experimental and
data-driven field as a result of this technological
breakthrough. It is possible to classify complica-
tions, compare results, and repeat procedures
under similar circumstances. The ability to track
flow, pressure, temperature, and oxygenation in
real time changed the cardiac operating room into
a living laboratory where physiological reactions
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were measured directly rather than inferred, as
Stoney highlighted [4]. The surgeon’s relationship
to uncertainty changed as a result of this ongoing
feedback: objective parameters and measurable
thresholds gradually supplemented — and in cer-
tain situations replaced — subjective anticipation
of danger.

In the 1960s and 1970s, institutional report-
ing and outcome registries grew, and this evi-
dence-based reasoning emerged at the same
time. Systematic data collection made it possible
to measure, aggregate, and compare mortality,
morbidity, and length of hospital stay among sur-
geons, institutions, and populations as cardiac sur-
gery became more common [27]. As a result, risk
gained a collective dimension, becoming ingrained
in institutional memory and professional bench-
marking rather than being limited to the experi-
ence of a single surgeon. In addition to facilitating
accountability and quality improvement, this de-
velopment quietly shifted accountability from the
lone practitioner to systems, protocols, and norms.

Risk was no longer primarily an expression of
moral courage or personal exposure for the first
time in the discipline’s history. Rather, it evolved
into a variable that could be measured, optimized,
and somewhat predicted. Numerical estimates of
benefit and harm were increasingly used in surgi-
cal decision-making, bringing cardiac surgery into
line with the overall growth of evidence-based
medicine. This shift mirrored the rise of the con-
temporary “risk society”, where uncertainty was
reframed as a technical issue of calculation and
control rather than as a question of fate, virtue,
or existential resolve, as noted by Beck [14] and
Luhmann [18] in their sociological analyses.

However, this changed the nature of uncertain-
ty rather than eradicating it. While CPB and early
statistical techniques decreased some risks, they
also created new risk categories, such as popula-
tion-level trade-offs, systemic complications, and
technological failure. Therefore, risk quantification
was a reconfiguration of the understanding, man-
agement, and ethical distribution of uncertainty in
cardiac surgery rather than an end in itself. This
reconfiguration would intensify in the decades
that followed, as statistical modeling and predic-
tive frameworks became increasingly central to
clinical judgment.

The emergence of surgical risk models

Advances in technology and statistical methods
allowed researchers to synthesize data from mul-
tiple institutional databases into a single mathe-
matical model of surgical risk in the 1990s. This
was an important development, marking a tran-
sition away from merely measuring the outcomes
of surgical procedures to predicting the outcome

before a surgical procedure occurred. EuroSCORE
is one of the first predictive models based on the
EuroSCORE methodology for how to use a defined
set of variables to determine the risk of surgery.
Instead of depending upon the thoughts and
memories of individual surgeons or hospitals to
assess their patients’ risk before surgery, Euro-
SCORE created a reference standard for determin-
ing the risk of surgery that could be used across
the board by anyone [28].

Shortly after EuroSCORE’s initial publication,
the Society of Thoracic Surgeons (STS) developed
risk estimates that refined and built upon Euro-
SCORE’s initial approach by incorporating risk
estimates on a procedure-specific basis, such as
coronary artery bypass surgery, valve surgery,
and combination surgeries [29]. STS-created risk
models relied on an even wider variety of granular
clinical data, which involved demographic data;
physiologic measurements, and surgical variables,
to determine a predicted risk for mortality and
morbidity [11, 30]. Over time, iterative validation
and recalibration improved their discriminatory
performance. As demonstrated by Hogervorst et
al,, such tools achieved high predictive accuracy
and became embedded in routine clinical practice,
shaping preoperative counseling, shared deci-
sion-making, and institutional benchmarking [31].

Surgical risk models have changed the way un-
certainty is communicated and managed. The risk
estimates that were previously implicit and based
on experience are now explicitly quantified and
documented. This change created greater trans-
parency and made it possible for surgeons, hospi-
tals, and policymakers to evaluate results across
populations and institutions. It has also given way
to an additional epistemic authority, numerical
prediction has begun to assume a normative role
and therefore influences decisions not only about
clinical care but also the professional reputations
of surgeons and the organizational reputation of
hospitals.

However, this quantitative paradigm was not
ethically neutral. As noted by Wasfy et al.[16] and
Shahian et al. [32], publicly reported surgical out-
come data and the use of standardized surgical
risk scores have established a culture of aversion
to risk. Surgeons are increasingly pressured exter-
nally to enhance their performance on various risk
metrics and, in certain instances, this has caused
surgeons to forgo treating complex/high-risk pa-
tients or high-risk cases, which could adversely
impact publicly reported results. The unintended
consequence of the development of instruments
to promote safety, accountability, and quality in
surgical care could restrain innovation by causing
surgeons to avoid taking morally permissible risks
on behalf of their most vulnerable patients.
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In this context, the quantification of risk re-
shaped not only practice patterns but also pro-
fessional identity. The cardiac surgeon of the late
twentieth century evolved from the archetype of
the “heroic craftsman”, whose authority rested
on personal judgment and technical daring, into
a “manager of probabilities”, navigating between
scientific rationality, institutional expectations,
and bureaucratic oversight [5]. Decision-making
became increasingly mediated by scores, bench-
marks, and comparative data, redistributing re-
sponsibility from individual agency toward systems
of measurement and evaluation. This transforma-
tion set the stage for the subsequent emergence
of algorithmic and artificial intelligence-based risk
prediction, in which numerical authority would be-
come even more pervasive and less transparent.

The ethics of measurable risk

The increasing reliance on numerical prediction
profoundly reshaped the moral framework of sur-
gical practice. Where early cardiac surgeons bore
direct and personal moral responsibility for their
judgments under uncertainty, late twentieth-cen-
tury practitioners increasingly operated within an
institutionalized environment of shared and dis-
tributed accountability. Decisions were no longer
grounded solely in individual expertise but were
mediated by scores, benchmarks, and performance
indicators. As McKneally argued, the diffusion
of responsibility through statistical systems and
quality controls carries the risk of attenuating in-
dividual ethical agency, as accountability becomes
embedded in processes rather than persons [15].

This transformation was particularly evident in
the public reporting movement, which sought to
enhance transparency and patient empowerment
by making surgical outcomes visible and com-
parable. Brown et al. had put all heart surgeons
under the scrutiny of comparative performance
report cards on several levels. These performance
ratings were for institutions and by individual sur-
geons, with a goal of increasing accountability of
institutions and increasing the rights of patients;
however, they also resulted in heart surgeons be-
ing held to much greater scrutiny based on perfor-
mance. The professional autonomy of surgeons,
which was previously largely based on their own
discretion, was now being diminished by exter-
nal evaluation and reputational risk. Therefore,
the professional and moral weight of clinical de-
cision-making had shifted away from bedside
interactions between surgeons and patients and
was now being assessed and evaluated based on
reports. Thus, practice patterns and identity as
a surgeon had changed [33].

In parallel, the evolution of informed consent
practices reflected this changing ethical land-

scape. As analyzed by Hanson et al., risk commu-
nication moved away from a paternalistic model
toward a framework emphasizing patient auton-
omy and shared decision-making [34]. This new-
found accountability for surgeons also extended
to patients. Reports provided patients with statis-
tical data on the risk of injury and mortality and
encouraged patients to utilize statistical probabil-
ities to help them make informed decisions about
their care. While this opened up lines of commu-
nication and made it easier for many patients to
make informed decisions regarding their care, it
also created new barriers between patients and
their healthcare providers. Even though numeri-
cal risk data «represented» an apparent level of
objectivity, it also risked creating a false sense
of security in patients about the real uncertainty,
variability, and context associated with statistical
information, thus creating confusion on behalf
of patients who are not adequately equipped to
understand the implications of such information.

By the end of the twentieth century, risk in car-
diac surgery had thus acquired a dual function.
It became both a moral language through which
responsibility, consent, and accountability were
articulated, and a statistical instrument used
to govern uncertainty through calculation and
comparison. These parallel roles did not always
align. While quantification promised control and
fairness, it also risked reducing complex ethical
judgments to numerical thresholds. In this sense,
measurable risk functioned not only as a clinical
tool but as a mirror reflecting the evolving rela-
tionship between the surgeon, patient, and soci-
ety — a relationship increasingly shaped by data,
regulation, and expectations of transparency. This
ethical reconfiguration would become even more
pronounced with the advent of algorithmic and
artificial intelligence—driven risk prediction.

Taken together, these developments illustrate
a profound epistemological shift in how risk is
understood, managed, and morally distributed
in cardiac surgery. From an early era in which un-
certainty was borne directly by the individual sur-
geon, through a period of statistical abstraction
and institutional benchmarking, surgical risk has
progressively moved away from lived experience
toward formalized calculation. This historical tra-
jectory, and its ethical implications, are schemati-
cally summarized in Figure 2.

Beyond calculation: the age of predictive
modeling and artificial intelligence (1990-
today)

Risk in the era of big data

The increase of digital health technology start-
ing in the 1990s and the use of large-scale clinical
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Figure 2. The evolution of risk in cardiac surgery across three epistemological eras. This schematic diagram illus-
trates the historical and conceptual transformation of surgical risk in cardiac surgery. In the early experimental era,
risk was experienced as qualitative uncertainty and borne directly by the individual surgeon as a moral burden.
With the advent of cardiopulmonary bypass and outcome registries, risk became quantifiable, standardized, and
institutionally mediated through statistical models. In the contemporary era, artificial intelligence and predictive
analytics redefine risk as a continuously updated, data-driven construct, introducing new ethical challenges related
to opacity, automation bias, and distributed responsibility. Across all eras, however, moral accountability remains
irreducibly human, forming the ethical core of surgical decision-making

databases to manage healthcare has dramatically
impacted the way we assess and manage surgi-
cal risk. The way we assess risk has changed from
a set of discrete evaluations to a continuous pro-
cess that is supported by technology-based infra-
structures. As described by Shahian and Normand,
the implementation of risk modeling systems into
hospitals has shifted the performance evaluation
from an event-based approach to an ongoing, tech-
nology-supported evaluation process integrated
into daily clinical workflows [10]. The assessment
of surgical risk is no longer limited to a pre-opera-
tive assessment but is now a continuous measure
that is updated as new data are available.

The widespread adoption of high-fidelity elec-
tronic health records (EHRs), advanced multi-
modal imaging, and fully automated monitoring
instruments (both intraoperatively and postoper-
atively) have created a large amount of data that
contain vast amounts of volume, velocity, and het-
erogeneity. Not only do the datasets contain tra-
ditional clinical variables (i.e., clinical information),
they also contain extremely precise physiological
data signals derived from imaging, longitudinal
laboratory trend data, and medical imaging-diag-
nosis formulas. This complexity is greater than the
analytical ability of classical statistical approaches
and has created an environment that requires ma-
chine-learning methodologies to identify non-lin-
ear, high-dimensional relationships and data so-

cio-historical factors that are difficult to detect
through direct human observation [35].

Within this context, artificial intelligence-based
predictive models began to emerge as powerful
tools for surgical risk estimation. Previously pub-
lished studies estimated that machine learning
algorithms demonstrate superior predictive ability
for post-operative complications, duration of ICU
stay and mortality than previously used risk as-
sessment models (such as EuroSCORE Il and STS)
which utilized logistic regression [12]. Computa-
tional approaches have also shown the ability to
synthesize and apply thousands of diverse inputs,
including hemodynamic data, biochemistry, echo-
cardiographic data, and contextual history to cre-
ate predictions of risk that can continually be reca-
librated as the patient receives treatment [36, 37].
Rather than utilizing static estimates, predictive al-
gorithms have produced indefinite probabilities in
a continual manner as patients proceed with their
medical care.

The ability to continually update predictive prob-
abilities is a vast improvement over previous pre-
dictive technologies and represents an epistemo-
logical transformation. Risk is no longer assessed
at distinct points but instead inferred on a contin-
ual basis using automated algorithmic functions
that operate behind the scene during clinical inter-
ventions. As such, clinical decision-making occurs
collaboratively with these evolving algorithmic sys-
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Table 1. Historical evolution of risk and responsibility in cardiac surgery

Era Approximate Dominant technol- Conceptualization  Primary locus of  Ethical character-
time period ogies/practices of risk responsibility istics
Experimental/  1890-1950 Direct cardiac Qualitative, Individual surgeon Moral courage,
Heroic Era repair, early experiential, personal
experimental largely accountability,
extracorporeal unquantified acceptance of
concepts, uncertainty uncertainty,
individual experimental
technical transgression
innovation
Technological 1950-1970  Cardiopulmonary Observable but Surgeon supported  Shared learning,
Transition Era bypass, incompletely by emerging procedural
physiological quantified risk institutional standardization,
monitoring, early structures emerging
outcome reporting collective
responsibility
Statistical/ 1970-1990 Outcome Quantified, Institutions, Benchmarking,
Institutional registries, population-based professional transparency, risk
Era standardized probability societies, standardization,
reporting, early healthcare accountability
risk stratification systems through metrics
models
Predictive/ 1990-present Artificial Dynamic, Distributed Opacity,
Algorithmic intelligence, probabilistic, across clinicians, automation
Era machine learning, continuously institutions, and bias, diffusion
electronic updated prediction algorithms of responsibility,
health records, governance
continuous challenges
monitoring
systems
Ethical Contemporary Human-Al Contextualized Human moral Responsible action
Synthesis co-piloting uncertainty agent within under uncertainty,
(Calculated frameworks, integrating data sociotechnical ethical humility,
Courage) ethical governance and judgment systems interpretive
structures authority, moral
stewardship

tems, which provide an increasingly “intelligent”
means of risk assessment through machine learn-
ing. In this new paradigm, the surgeon is not the
only holder of knowledge, nor is he or she the final
authority. Instead, the surgeon operates within an
environment where both clinical experience and
machine learning will shape clinical decisions. This
shift provides a pathway to addressing many of the
critical ethical implications associated with con-
temporary cardiac surgery (e.g., authority, account-
ability, and what is meant by “risk”). The historical
transformation of surgical risk and the correspond-
ing shifts in moral responsibility across successive
eras of cardiac surgery are summarized in Table I.

The problem of algorithmic authority

While advances in artificial intelligence have
substantially improved predictive accuracy in car-
diac surgery, they have also introduced new and
unresolved ethical tensions. Central among these
is the increasing opacity of machine-learning sys-
tems. A major concern surrounding contemporary

machine-learning systems is their limited inter-
pretability. Complex models — particularly deep
neural networks — often produce predictions with-
out providing a clear explanation of how specific
variables contributed to the result. This opacity
creates a phenomenon sometimes described as
algorithmic authority, where clinicians may place
undue confidence in computational outputs even
when the reasoning behind those outputs cannot
be fully examined or validated. In such circum-
stances, decision-making risks are shifting sub-
tly from human judgment toward algorithmically
generated suggestions [38-41].

The emergence of algorithmic authority rep-
resents a qualitative shift in the structure of
clinical decision-making. Historically, debates
surrounding authority in medicine focused on
the balance between physician paternalism and
patient autonomy. The advancement of artificial
intelligence, and the role of these technologies
in society, has changed the way modern society
looks at the ethical dimension of human deci-
sion-making (and those who provide healthcare)
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working together with machine intelligence (Al).
Machine intelligence produces probabilistic out-
put that can be interpreted by society as neutral,
objective or superior to scientific. Because of that,
the machine has the power to affect people’s deci-
sions without the person necessarily being aware
of the influence, which is a significant risk [40, 41].

Although Al-driven tools can reduce diagnos-
tic variability, enhance consistency, and support
safety, scholars have cautioned against the phe-
nomenon of “automation bias”, whereby human
expertise is diminished through habitual over-re-
liance on computational systems [42]. In such
cases, clinicians may give disproportionate weight
to algorithmic outputs, discounting contradictory
clinical signs or experiential knowledge. In cardi-
ac surgery, where intraoperative conditions can
change abruptly and unpredictably, blind adher-
ence to probabilistic forecasts may suppress intui-
tive, experience-based decision-making — the very
essence of surgical judgment developed through
years of embodied practice [43]. What is lost is
not merely autonomy, but the capacity for moral
discernment under uncertainty.

Beyond epistemic concerns, algorithmic author-
ity also complicates traditional notions of account-
ability. As emphasized by Morley et al., when Al-driv-

en recommendations contribute to patient harm,
responsibility becomes distributed across multiple
actors, including the surgeon, software developers,
healthcare institutions, and regulatory bodies [44].
The challenge of the changing ethical dimension of
healthcare is that the person has traditionally been
the moral agent responsible for the outcome of their
actions; thus all ethical codes assume that there is
a person responsible for their moral agency. In the
case of machine intelligence, there is no known per-
son responsible for the outcome of the machine;
therefore, there will always be an unknown, uniden-
tifiable, source of moral ambiguity in relation to the
ethical accountability of artificial intelligence and its
impact on people’s individual choice regarding life-
and-death decisions.

Therefore, not only are there the positive as-
pects of greater precision in medical treatment by
means of machine intelligence, but there is also the
negative aspect of increased confusion regarding
moral responsibility due to the loss of transpar-
ency in decision making. In order to create a new
type of ethical framework that maintains the val-
ue of human moral agency and accountability, it
will take more than developing better technology
— it will take a change in the overall philosophy of
creating a new ethics framework. The differences

Table Il. Comparison of traditional surgical risk models and artificial intelligence-based predictive systems in

cardiac surgery

Dimension

Traditional risk models
(e.g., EuroSCORE, STS)

Al-based predictive systems

Primary purpose

Preoperative estimation of operative
mortality and morbidity

Continuous prediction of perioperative
and postoperative outcomes

Data structure

Structured, predefined clinical variables

High-dimensional, multimodal data
(clinical, imaging, physiological,
longitudinal)

Temporal scope

Static; calculated at a single preoperative
time point

Dynamic; continuously updated
throughout the care pathway

Methodological basis

Statistical regression models

Machine learning and deep learning
architectures

Interpretability

High; variable contribution generally
transparent

Variable; often limited due to “black box”
behavior

Adaptability

Periodic recalibration using new datasets

Continuous learning and real-time model
updating

Clinical integration

Established in guidelines and routine
practice

Increasingly embedded in electronic
health records and monitoring systems

Decision-making role

Advisory; supports but rarely overrides
clinician judgment

Influential; may subtly shape or bias
clinical decisions

Primary ethical concern

Risk aversion and avoidance of high-risk
cases

Diffuse accountability, automation bias,
opacity

Responsibility attribution

Clearly human and institutional

Distributed across clinicians, systems,
developers, and institutions

sensitivity to complex interactions

Strengths Transparency, standardization, Precision, personalization, responsiveness
comparability to change
Limitations Limited individualization; reduced Reduced explainability; governance and

accountability challenges
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between traditional surgical risk models and con-
temporary artificial intelligence—based predictive
systems are summarized in Table II.

The ethics of predictive medicine

The current emphasis on prediction is a mani-
festation of the society’s desire to decrease uncer-
tainty, improve outcomes and control the biolog-
ical uncertainties of existence. This is particularly
true in the field of cardiac surgery because of the
critical nature of decision-making and the ethical
responsibility to prevent harm from occurring. Yet,
as Jonas famously reminded, every technological
advance expands the scope of human responsibil-
ity rather than diminishing it [13]. The increasing
availability of precise risk probabilities may there-
fore create an illusion of control, suggesting that
uncertainty has been mastered, while in reality it
has merely been reframed in computational terms.

Al-supported predictive medicine can uninten-
tionally blur the distinction between statistical
probability and ethical judgment. Although predic-
tive models provide estimates of likely outcomes,
these probabilities should not be mistaken for
deterministic conclusions or moral guidance re-
garding the best course of action. Even with the
best models available today, there is still a signif-
icant amount of unpredictability associated with
the outcomes produced from these models when
using mathematical precision to predict. The un-
predictability associated with various aspects of
intraoperative decision-making (i.e. the effect of
provider judgement), the patient’s unique capa-
bilities to cope with stress, and the occurrence
of unforeseen events, all impact ultimately upon
the outcome of the surgical procedure. When we
understand prediction as determinism, the ethical
implications for decision making are postponed
rather than remedied [40-42].

Emanuel and Wachter caution that algorith-
mic medicine may inadvertently privilege numer-
ical abstraction over the relational and narrative
dimensions of clinical care [45]. Because the
informed consent process increasingly utilizes
quantifiable morbidity and mortality estimates
to inform the patient of the risks associated with
a surgical procedure, we are losing sight of the
non-quantifiable aspects of risk i.e. the emotional
components of fear, hope, trust and vulnerability.
We may provide a patient with their estimated
probabilities of risk without adequately ensuring
that he/she has the ability to adequately process
the significance of these probabilities within the
context of his/her own life experience. In such
contexts, ethical communication requires more
than accurate data; it demands interpretive guid-
ance and empathic engagement.

For McKneally, genuine surgical wisdom does

not consist in the elimination of uncertainty but in
the capacity to act responsibly within it [15]. From
this perspective, courage in the digital age is not
defined by resistance to technological assistance,
nor by uncritical acceptance of algorithmic output,
but by discernment — the ability to integrate da-
ta-driven insight with contextual judgment, mor-
al reflection, and professional responsibility. The
surgeon’s task is not to compete with predictive
systems, but to contextualize them within the ir-
reducibly human dimensions of care.

Ethically, the central challenge of predictive
medicine is therefore to reconcile artificial intelli-
gence’s growing epistemic power with the preser-
vation of human moral agency. While algorithms
can assist in the decision-making process as well
as enhance the capabilities of professionals in
several different areas of health care, they cannot
bear moral accountability or take responsibility
for their actions. Moral accountability and hu-
man intentionality must remain linked. Therefore,
the evolution of the practice of cardiac surgery is
reliant upon the establishment of balanced par-
adigms that utilize computational intelligence as
tools to support human intervention by way of
clinical judgment without compromising ethical
responsibility. This experience provides an oppor-
tunity to create an equilibrium between prudence
and prediction within the present-day model of
calculated courage.

Philosophical reflections on risk and
responsibility

The nature of surgical risk

In surgery, risk has always been more than
a statistical abstraction; it constitutes an existen-
tial condition that defines the very act of inter-
vention. Every surgical decision involves acting in
the face of uncertainty, where outcomes cannot
be fully predicted and consequences may be ir-
reversible. As Paul Ricoeur proposed, human ac-
tion is intrinsically bound to uncertainty, because
every decision unfolds within a horizon of incom-
plete knowledge and unforeseeable effects [19,
20]. Cardiac surgery, perhaps more than any other
medical discipline, transforms this philosophical
insight into lived reality: every incision embodies
a wager between necessity and danger, interven-
tion and restraint.

In the pre-quantitative era, as earlier sections
have shown, risk was experienced primarily as
a moral burden, carried by the surgeon’s con-
science and personal courage. Responsibility was
immediate, visible, and deeply individualized.
With the advent of statistical models and, later,
algorithmic prediction, this moral dimension has
been progressively externalized and mediated
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through numbers, probabilities, and technological
systems. Risk has become something that can be
calculated, communicated, and compared, often
creating the impression that uncertainty has been
domesticated.

Yet, as Jonas compellingly argued, technological
progress does not diminish human responsibility;
on the contrary, it amplifies it [13]. The expansion
of predictive power enlarges the sphere of moral
obligation, because the ability to foresee potential
outcomes entails a duty to reflect on their ethical
implications. In this sense, predictive tools do not
absolve clinicians from uncertainty but relocate it
within a more complex decision-making environ-
ment.

The modern-day cardiac surgeon is not re-
moved, liberated or absolved from engaging in
moral accountability as a result of technology.
However, the surgeon has been given a more sig-
nificant duty of understanding the potential and
limitations of predictive algorithms as well as
responsibly incorporating those predictive algo-
rithms into his or her clinical judgment. Surgical
risk will continue to be inherently human even
though it can be modeled accurately. The signif-
icance of surgical risk, and its moral significance,
will remain with the individual making the deci-
sion to proceed with surgery. Being aware of this
tension is critical to continuous ethical agency in
a world increasingly focused on calculation and
prediction.

The surgeon as a moral agent

Historically, the surgeon’s role has oscillated
between heroism and humility, between bold in-
tervention and sober acknowledgment of lim-
itation. The early pioneers described in previous
sections embodied a form of “calculated trans-
gression”, acting at the threshold between what
was technically possible and what was ethically
permissible [5]. Their courage was rooted in per-
sonal conviction and experiential judgment, and
their accountability was largely self-contained,
borne by the individual practitioner who both de-
cided and acted.

In contrast, the contemporary moral landscape
of cardiac surgery is markedly more complex. As
Beck argues in his theory of the risk society, mo-
dernity tends to replace visible and immediate
danger with systemic risk — risk that is diffuse,
managed through institutions, and distributed
across bureaucratic and technological structures
[14]. Within such systems, individual action is
increasingly embedded in networks of protocols,
teams, and decision-support tools. The cardiac
surgeon’s responsibilities are shared among var-
ious individuals and systems, thus clouding their
ethical role. The cardiac surgeon can no longer

consider themselves an independent moral agent,
rather they operate within the larger system of
multidisciplinary teams, healthcare systems, reg-
ulatory agencies, and increasingly, computerized
decision-making.

Jonas warned that such fragmentation of agen-
cy risks severing moral responsibility from indi-
vidual intention, particularly in technologically
advanced societies where outcomes emerge from
complex systems rather than discrete acts [13].
This concern becomes especially salient in the
context of Al-assisted surgery, where recommen-
dations may be generated by opaque models that
clinicians neither fully understand nor directly
control [44].

Therefore, as part of the larger system of shared
responsibility, the role of the cardiac surgeon has
evolved away from that of the heroically auton-
omous individual to that of a member of a team
acting as a reflective steward of the communal
and technological framework of understanding,
risk, and accountability. Moral agency is preserved
not through isolation, but through active engage-
ment with uncertainty, transparency about limita-
tions, and a continued willingness to assume re-
sponsibility for decisions that no system can fully
automate [45].

Courage, uncertainty, and the meaning of
responsibility

Courage remains the moral center of surgi-
cal practice, yet its meaning has changed. In the
mid-twentieth century, courage meant daring to
operate when others would not. In the twenty-first
century, courage may instead mean resisting over-
confidence in technology — daring to question the
algorithm and assume responsibility for human
judgment [3-5].

Using Heidegger's concept of being-to-
ward-death, one could say that the surgeon’s
ability to confront risk exemplifies the authentic
human condition: the ability to make decisions in
the presence of finality [46]. Similarly, Camus, in
The Myth of Sisyphus [25], describes the absurd
hero as one who engages in meaningful action de-
spite the impossibility of achieving success. In this
way, the surgeon embodies the same existential
approach: acting without total control of the out-
come and confronting an uncertain future.

The philosophy of Ricoeur further illuminates
this duality: responsible action requires both
conviction and prudence. In cardiac surgery, this
means balancing the imperative to innovate with
the humility to acknowledge limits [19, 20]. Cour-
age is thus redefined — not as defiance of risk, but
as the moral strength to bear uncertainty con-
sciously.
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From heroic individualism to ethical
systems

Cardiac surgery today exists in an environment
where ethics, institutions, technology have merged
to dominate a large part of clinical decision mak-
ing. These large systems include government
regulations, quality metrics, digital platforms, al-
gorithmic tools, all intended to mitigate the un-
certainty inherent in the performance of a cardiac
surgery through standardized approaches to sur-
gery, ongoing monitoring, and feedback. As Luh-
mann described, such systems are self-referential:
they reduce complexity by translating uncertainty
into manageable categories and processes [18].
While these systems are extremely sophisticated,
they do not eliminate the risk associated with the
human element in cardiac surgery, the unpredict-
able outcomes resulting from the combination of
biological variability, situational judgement, and
contingent circumstance that characterize cardiac
surgery.

Therefore, the ethical challenge of cardiac sur-
gery today is not to replace the individual ethical
agent with systems; rather, to reintroduce the in-
dividual ethical agent within the context of the
institutional systems developed to support car-
diac surgeons and their patients. While systems
can guide, constrain, and support decision-mak-
ing, they cannot assume responsibility or moral
intent. As Jonas emphasized, ethical responsi-
bility must extend beyond immediate outcomes
to encompass long-term and intergenerational
consequences —a principle that becomes increas-
ingly salient as Al-driven technologies reshape
surgical practice and influence future standards
of care [13].

As these systems continue to transform, so
too must the role of the surgeon evolve. The sur-
geon must no longer function as a mere execu-
tor of technical support; rather, the surgeon is
now an ethical curator of innovation. An ethical
curator of innovation evaluates the potentiali-
ties of technology, continually questions these
potentialities and places them in context. As the
ethical curator of innovation, the surgeon must
always ensure that efficiency, precision, and
predictive capacity do not become more import-
ant than empathy, accountability, and reflective
judgement.

Consequently, by evaluating risks in the con-
text of an ethical curator of innovation, we can see
risk as a place where we have the opportunity to
grow as ethical beings, where we can learn about
our ethical intention and the capacity to evaluate
technology. Preserving this space is essential if
cardiac surgery is to remain not only technologi-
cally advanced, but also ethically grounded in an
age of mechanized precision.

Toward an ethics of calculated courage

Re-defining courage in the technological
age

Innovation and accountability have always
been at the core of cardiac surgery. Courage be-
fore was interpreted as operating under extreme
conditions of unknown results and embracing
failure. In contrast, contemporary surgical practice
confronts a different challenge. Courage today can
be interpreted as intervening when the patient’s
best interests are at stake by deciding with known
risk, quantified outcomes, algorithms, published
benchmarks from peer-reviewed journals, and
regulatory bodies approving interventions. Cal-
culated courage may be defined as the capacity
to act decisively under irreducible uncertainty by
integrating probabilistic knowledge, experiential
judgment, and ethical responsibility.

Digitalization has increased our ability to pro-
vide modern surgical techniques with more ac-
curacy and predictability than ever; however, the
increased reliance on numerical measurements in-
cludes falling victim to the loss of authority in in-
terpreting human patient care. To practice courage
within this environment requires reclaiming clini-
cal decision-making as a profoundly human act,
one that resists both technological determinism
and defensive passivity. Courage, in this sense, in-
volves the willingness to question models, to rec-
ognize their limits, and to assume responsibility
for decisions that cannot be fully delegated to sys-
tems or scores [47]. The ethical position advanced
in this review is captured schematically in Fig-
ure 3. The concept of calculated courage is pre-
sented as a dynamic equilibrium between human
clinical judgment, predictive intelligence, and
ethical humility. While artificial intelligence and
statistical models enhance the precision of risk
estimation, they do not replace the surgeon’s re-
sponsibility to interpret data within clinical con-
text, acknowledge uncertainty, and assume moral
accountability. Calculated courage thus represents
the capacity to act decisively under irreducible
uncertainty, integrating technological insight with
experiential knowledge and ethical reflection.

Modern surgical courage is therefore best un-
derstood as calculated — not because it seeks to
abolish uncertainty, but because it consciously
integrates it into ethical deliberation. Calcula-
tion provides orientation, but it does not replace
judgment. As Ricoeur argued, responsible action
emerges from the union of conviction and pru-
dence: the capacity to act decisively while remain-
ing open to reflection and doubt [20]. In cardiac
surgery, this ethical posture manifests as the
ability to weigh probabilistic risk models against
lived clinical experience, to interpret data without
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Figure 3. Calculated courage as an ethical equilibrium in contemporary cardiac surgery. This conceptual diagram
illustrates calculated courage as a dynamic ethical balance between human clinical judgment, predictive intelli-
gence, and ethical humility. Human judgment provides experiential insight, contextual awareness, and personal
accountability. Predictive intelligence contributes data-driven risk estimation and pattern recognition but lacks
moral agency. Ethical humility anchors decision-making by acknowledging uncertainty and the limits of prediction.
Calculated courage emerges at the intersection of these domains, representing the surgeon’s capacity to act re-
sponsibly and decisively within technologically mediated, yet irreducibly uncertain, clinical environments

being governed by it, and to attend not only to
metrics but also to the patient’s narrative, vulner-
ability, and values.

Under this redefined framework, courage is no
longer confused with defiance or technical brava-
do (the bravado that comes from technological ca-
pability). Rather, courage becomes a form of moral
clarity that is exercised under constraint as a com-
mitment to perform one’s duties and responsibil-
ities in an environment that may be influenced
by prediction, pressure and complexity. A calcu-
lated courage ethos (principle or belief) provides
a pathway to the future for cardiothoracic surgery
within the technological era by preserving the eth-
ical agency of the practitioner and embracing the
technological capabilities available through mod-
ern medical equipment.

Restoring moral agency in an algorithmic
system

Al will increasingly take center stage, in surgical
practice, bridging the gaps in predictive analytics
and also supporting clinicians with clinical deci-
sion-support systems. The emergence of these
technologies represents a shift in how we view
medical decision-making. It poses a significant
threat to the propriety of our profession in that

it will diffuse moral agency amongst algorithms,
protocols, and institutional hierarchies. Rather
than having a single person responsible for every
decision made in surgical contexts, there may not
be a clear decision-maker. Morley et al. [44] and
Emanuel and Wachter [45] caution that algorith-
mic medicine, while designed to enhance safety
and efficiency, may unintentionally diminish pro-
fessional responsibility by interposing technolog-
ical systems between judgment and action. This
phenomenon, sometimes described as “moral
buffering”, occurs when reliance on automated
recommendations attenuates the perceived need
for individual ethical reflection.

In order to mitigate this risk, any use of Al in
surgical practice should be enveloped in an explic-
it governance framework to ensure accountabili-
ty, transparency, and the audit trails of decisions
[48]. Therefore, these frameworks should outline
the responsibilities of the clinician, developer, in-
stitution, and regulatory body, and the algorithmic
outputs should always be viewed as support rath-
er than authorship. Without such protections, we
risk losing professional integrity and patient trust
due to the diffusion of responsibility.

To thrive in this environment, surgeons must
exercise calculated courage and take back their
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interpretive responsibilities. This involves critically
engaging with algorithmic recommendations, rec-
ognizing their assumptions and limitations, and
remaining willing to override them when clinical
context or moral judgment so requires. As Jonas
argued, the ethics of technological civilization de-
pend fundamentally on foresight — on an aware-
ness of how present decisions shape future prac-
tices, norms, and consequences [13]. In this sense,
the cardiac surgeon emerges not only as a tech-
nical expert, but also as a steward of innovation,
mediating thoughtfully between human judgment
and computational intelligence to preserve ethical
agency in an increasingly algorithmic system.

Ethical humility and the limits of prediction

Although there is remarkable precision and
breadth of the predictive analytics available in
the present day, it must be remembered that un-
certainties abound with biological complexity;
the variability of individuals; and the synergistic
effects of other environmental variables. Thus,
no matter how sophisticated a model may be, it
cannot encapsulate or replicate the continuous
dynamic of physiology, environment, and human
response that constitutes surgical practice. As
Beck cautioned, the modern preoccupation with
safety may evolve into a culture of “safetyism”, in
which deviation from standardized pathways is
discouraged and innovation becomes constrained
by fear rather than guided by judgment [14]. In
such settings, algorithmic overconfidence risks
generating false reassurance, masking residual
uncertainty behind the appearance of control and
precision [49].

Ethical response to Al is not to stop using tech-
nology, but to develop epistemic humility; that is,
an understanding of the inherent limitations of
our ability to predict certain events and the use
of limited evidence, or knowledge, to generate
those predictions. In Al-assisted cardiac surgery,
ethical humility adds a critical view on the author-
ity of algorithms and indicates to clinicians that
the output of predictive algorithms is a best guess
of how patients will respond and not an absolute
fact. Ethical humility provides a buffer against
physicians placing too much importance on the
statistical accuracy of Al algorithms when making
medical decisions.

Philosophy supports the concept of ethi-
cal humility in medicine. Heidegger’'s being-to-
ward-death discusses the fact that all people
eventually die and that we are obligated to act
when we feel uncertainty or limitation [46].
Camus’ Absurd Hero epitomizes that a person can
take actions that have meaning and value even
if there is no certainty or ultimate control [25].
Ethical humility, therefore, is about respecting the

unpredictability of patients (and how they will re-
spond) and accepting the notion that every indi-
vidual patient, heart, and surgical procedure can-
not be completely controlled.

The concept of humility provides a foundation
for how to conduct practice; it does not diminish
or undermine the professional authority of a sur-
geon, but establishes that authority. Surgeons’
ability to recognize the limits inherent in their
ability to predict things allows them to create the
ethical space in which they will make their mor-
al decisions, innovate, and be compassionate to
their patients/clients. As such, ethical humility is
a prerequisite to the calculated courage that ac-
companies the technological precision of surgical
care; without ethical humility, the technological
precision of surgical care will not match the reali-
ties of how we care for each other.

Integrating systems, virtues, and futures

We as professionals must develop an ethical
paradigm that can combine increasingly sophis-
ticated technology with ethical depth and under-
standing. As predictive systems, automation, and
artificial intelligence move towards becoming cen-
tral to surgical care, the need for ethical reflection
cannot remain a secondary consideration. Hospi-
tals, professional societies, and academic centers
must actively embed virtue-based ethics — such as
reflection, empathy, and accountability — into both
surgical training and Al governance structures [50,
51]. Technical proficiency alone is insufficient; as
McKneally has emphasized, the cultivation of sur-
gical wisdom is as essential as the mastery of op-
erative skill [15].

In developing a paradigm for ethical calculated
courage, we must, through our reflection on the
interplay of ethics and technology, articulate three
principles that are mutually dependent upon one
another. First, epistemic clarity requires a clear un-
derstanding of the capabilities and limitations of
predictive technologies, we must resist uncritical
acceptance of algorithmic authority. Second, mor-
al responsibility requires that we maintain human
accountability in ever-complex algorithmic sys-
tems, and that ethical ownership of decision-mak-
ing in respect to patient care persists, rather than
being supplanted by algorithmic procedures.
Third, ethical humility affirms the need to act de-
cisively and also to acknowledge the unavoidable
presence of uncertainty as an essential condition
for biological life and the caring of other humans.

The aforementioned principles modify how
we think of surgical professional conduct in re-
lation to digital technologies and therefore have
changed the position of “the surgeon” from a pure
operator of sophisticated technological tools to an
ethical agent who employs judgement and cau-
tion to guide patients through times of uncertain-
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ty. Furthermore, risk should not only be viewed
as something to be mitigated; it has become
a shared moral space where courage, empathy,
and the ability to assess one’s own values coexist
[4, 5, 18].

Thus, as we look at the area of cardiac surgery,
it has consistently been, at its very essence, both
an example of technological advancement and
an incredible showing of what the application of
science and the principles that provide for human
welfare can create together.

Discussion and future perspectives

This review has described the history, episte-
mology and ethics of cardiac surgery, tracing this
development through the exemplary courage dis-
played by early pioneers and their ability to apply
moral principles in practice through the present
day’s application of quantitatively defined risk us-
ing CSS models. A major thread running through
all of these developments is that with each tech-
nological advancement, uncertainty was increased
rather than eliminated, and the ways in which we
construct, define, and ultimately allocate moral
responsibility for risks associated with surgical in-
terventions continues to transform.

Surgeons today define their ethical and pro-
fessional identities at the intersection of human
judgment and artificial intelligence. Increasingly,
the applications of predictive analytics and deci-
sion support are shaping how clinicians formulate
clinical reasoning, how they communicate risk,
and how they will be held accountable at the lev-
el of institutions; and furthermore, the ways in
which technology can enhance a surgeon’s abil-
ity to accurately assess a patient’s risk of death
or complications, will redefine the boundaries
between expertise, autonomy, and governance.
Dr. Eric Topol has indicated that the proper use
of artificial intelligence has the capacity to en-
hance the standard of clinical care when imple-
mented in a manner that protects the agency and
trust of the clinician [52]. Similarly, Shahian and
Normand have emphasized that risk models and
performance metrics, while essential for quality
improvement, inevitably shape behavior and pro-
fessional norms in ways that extend beyond their
technical intent [53].

This transformation reflects a broader shift in
medicine toward data-driven decision-making, in
which numerical representations of risk acquire
normative authority. As indicated by Emanuel
and Wachter, algorithmic approaches to medicine
are generating new ethical issues concerning ac-
countability, transparency and the maintenance
of professional accountability for the application
of algorithmic approaches to medical care [45]. In
cardiothoracic surgery, where the effects of surgi-

cal decisions are often irreversible, the introduc-
tion of predictive approaches to the assessment of
patients’ risks will exacerbate the historical chal-
lenges faced by physicians as they seek to balance
their desire for innovation with their commitment
to caution, their desire to develop standard prac-
tice with their obligation for personal clinical judg-
ment, and their commitment to a safe outcome
with their desire to demonstrate the moral cour-
age required to take on risky surgery.

Thus, this is an analysis of the primary ethical
challenges presented by the shift from traditional
to algorithmic risk, and how these ethical issues
can be addressed moving forward. Rather than
viewing artificial intelligence as a break from sur-
gical tradition, we believe that artificial intelligence
is a continuation of the long-standing tension be-
tween the technological capabilities of surgeons
and the ethical obligations of surgeons. An un-
derstanding of the historical tension between the
technological advancements in cardiac surgery
and the ethical challenges facing surgeons will
be essential to building the necessary regulatory
structures, educational policies, and professional
norms to ensure that the development of these
innovations is consistent with the core human val-
ues that underlie the practice of cardiac surgery.

Moral agency and systemic delegation

One of the most significant challenges in mod-
ern cardiac surgery is the progressive diffusion of
moral agency. In the past, way before the inven-
tion of artificial intelligence or machine learning,
pioneers of surgical practice made all of their own
clinical decisions based on how ethical or feasible
the procedure was. They were responsible for all
of their decisions and all clinical aspects, and this
responsibility was based on their personal belief,
judgement and experience. Today, the practice
of cardiac surgical care happens in the context
of various forms of institutionalization, regulato-
ry compliance and technological infrastructure,
with responsibility now increasingly being divided
among multidisciplinary teams of highly skilled
professionals, hospital organizations, metrics of
performance, and the use of algorithms in deci-
sion-making. The level of delegation of this re-
sponsibility may change even further with the
advent of artificial intelligence into the clinical
workflow of the surgical profession.

Most contemporary Al systems function as
“black boxes”, generating outputs that may equal
or even outperform human reasoning, yet lack
transparent or readily interpretable rationales.
While such systems can enhance consistency and
predictive accuracy, their opacity introduces new
ethical tensions. As Emanuel and Wachter have
described, this dynamic can result in “moral buff-
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ering”, whereby accountability is subtly displaced
from individual clinicians to technological systems
or institutional processes, weakening the link be-
tween decision-making and moral ownership [45].

In cardiothoracic surgery, where decisions fre-
quently involve irreversible consequences, the
ethical implications of such displacement are es-
pecially consequential. Scholars have emphasized
that the deployment of Al in high-risk medical
domains must be accompanied by robust ethical
governance, including mechanisms for traceabili-
ty, auditability, and human oversight [54]. Morley
et al. [44] and Horgan et al. [55] similarly argue
that transparency and explainability are not op-
tional technical features, but ethical prerequisites
for responsible Al implementation. Without these
safeguards, algorithmic recommendations risk ac-
quiring de facto authority without corresponding
accountability.

Empirical and conceptual work in medical ethics
further supports this concern. London has argued
that opaque algorithmic systems threaten profes-
sional responsibility by undermining clinicians’
capacity to justify and defend their decisions [56].
Likewise, Grote and Berens have highlighted that
meaningful human control over Al systems is es-
sential to preserve moral agency in safety-critical
domains such as medicine [57]. In the surgical
environment, it is necessary for the surgeon to
maintain the ability to assess algorithm-generat-
ed output critically instead of accepting them as
absolute truths or unquestionable authority.

Therefore, the role of the cardiac surgeon is not
to eliminate the use of algorithms but to avoid the
practice of relying solely on the logical conclusions
made by algorithms. Thus, “calculated courage”
is found in maintaining interpretive power and
moral responsibility while utilizing technological
devices effectively. The surgeon must remain the
final moral agent — capable of integrating algorith-
mic insight with contextual judgment, patient val-
ues, and professional accountability. Only through
this active engagement can systemic delegation
coexist with the preservation of ethical agency in
contemporary cardiac surgery [58].

The illusion of certainty and the
persistence of uncertainty

Predictive analytics promise accuracy, antici-
pation, and control, yet their growing influence
risks fostering an illusion of certainty in domains
that remain inherently uncertain. As Beck warned,
the modern pursuit of absolute safety can evolve
into a culture of “safetyism”, in which procedural
compliance and technical assurance displace mor-
al judgment and reflective decision-making [14].
In cardiac surgery, where biological variability
and intraoperative complexity are irreducible, no

algorithm, however sophisticated, can fully elim-
inate uncertainty. The danger lies not in predic-
tion itself, but in the assumption that prediction
equates to mastery.

Overconfidence in algorithmic outputs may gen-
erate false reassurance among clinicians and con-
tribute to progressive deskilling, particularly when
decision-support systems are treated as authorita-
tive rather than advisory [59-61]. Research shows
that automation bias is common in safety-critical
environments such as medicine, where clinicians
tend to rely more on automated system sugges-
tions than their own clinical judgment [62]. When
clinicians rely on predictive systems too much, they
may lose the ability to detect unusual patient pre-
sentations, creatively deal with unforeseen events,
or dispute incorrect predictive system outputs.
This is especially problematic in the field of cardiac
surgery, where the dramatic physiological changes
that occur during surgery can require a healthcare
provider to be aware of conditions that cannot be
predicted from preoperative or real-time data.

Many clinical studies have been undertaken re-
cently to clarify the potential promise of these pre-
dictive technologies and also their limitations. Us-
ing technology such as a machine-learning based
hemodynamic monitoring system (e.g., the hypo-
tension prediction index, (HPI), used in the field
of cardiac anesthesia) has shown improvement in
the ability to effectively and successfully control
blood pressure during surgery when utilized in
a controlled trial setting. For example, randomized
studies have shown reductions in hypotensive
episodes when clinicians proactively responded
to HPI alerts [63]. However, subsequent inves-
tigations revealed variable effectiveness across
patient populations, surgical contexts, and institu-
tional settings, highlighting challenges related to
generalizability and clinical integration [64]. These
findings underscore that predictive systems are
highly context-dependent and that their perfor-
mance is contingent upon appropriate interpreta-
tion and human response.

Beyond technical limitations, these observa-
tions reaffirm a deeper epistemological point: al-
gorithms do not abolish uncertainty; they reframe
it. As Kelly et al. have argued, the translation of
machine-learning models into clinical practice of-
ten exposes gaps between statistical performance
and real-world utility, particularly when sociotech-
nical factors are neglected [65]. Similarly, Wynants
et al. have cautioned that even high-performing
predictive models may fail when deployed outside
their development context, reinforcing the need
for continuous validation and skepticism toward
claims of certainty [66].

In this light, Ricoeur’s ethical insight remains
highly relevant. Responsible action, he argued,

el40

Arch Med Sci Atheroscler Dis 2026



Calculated courage: risk, responsibility, and the ethos of cardiac surgery in the age of artificial intelligence

does not consist in eliminating uncertainty, but in
acting prudently within it — balancing knowledge
with humility, and conviction with reflection [20].
Thus, the ethical duty of a cardiac surgeon is not
to use technology to avoid uncertainty, but rather,
to acknowledge and accept responsibility to in-
terpret it correctly. Even when the predictive tools
are available to assist clinical judgment, they will
never replace the moral responsibility that will al-
ways be necessary when dealing with the unpre-
dictability associated with human life.

Transparency, trust, and the doctor—patient
relationship

The integration of artificial intelligence into
cardiac surgery does not only reshape clinical de-
cision-making; it also alters the moral fabric of the
doctor—patient relationship. Traditionally, surgical
risk has been communicated through narrative
explanation, professional judgment, and empathic
dialogue. Risk assessment in the modern-day pre-
sentation still remains an evolving practice, yet to-
day the presentation of risk has been replaced with
numerical estimates and algorithmically generated
probabilities. This can lead to an increase in the
ability to analyze risk accurately, however this fo-
cus on numerical estimates can also be detrimental
to the patient’s understanding and emotional re-
sponse to clinical uncertainty. Meaningful informed
consent is not obtained through disclosure alone,
as emphasized by Hanson and Pitt, but through
open dialogue that allows patients to place the
information obtained in the context of their own
values, beliefs, fears and expectations [34].

When an algorithmic tool is being used with-
in the clinical space, the ethical requirements for
informed consent change due to the need to ed-
ucate the patient not only on the risks and bene-
fits of the procedure they are considering but also
about how the use of artificial intelligence may
impact how the provider determines whether or
how often they recommend a certain treatment
to a particular patient. This includes clarity re-
garding the degree of human oversight, the ad-
visory nature of algorithmic assistance, and the
inherent limitations of predictive models [44, 55,
67]. Without such contextual explanation, numer-
ical risk estimates may be misinterpreted as de-
terministic truths rather than probabilistic guid-
ance, potentially undermining patient autonomy.
Research on risk communication has long demon-
strated that numerical data alone are often poorly
understood and can mislead rather than inform
when not carefully translated into accessible
terms [68].

Empirical work on shared decision-making fur-
ther underscores the importance of interpretive
mediation. Elwyn et al. have shown that trust

and patient engagement are strengthened when
clinicians actively contextualize probabilistic infor-
mation within meaningful narratives that reflect
patients’ lived experiences and priorities [69].
Conversely, uncontextualized statistical framing
may increase anxiety or foster false certainty. This
challenge is amplified in Al-assisted care, where
the opacity of algorithms complicates explana-
tion. Watson et al. have argued that clinical trust
in machine learning depends not merely on tech-
nical accuracy but on the capacity of clinicians to
explain how and why algorithmic recommenda-
tions are used [70].

Transparency, therefore, cannot be reduced to
technical explainability alone. A review by Brown
et al. on transparency in cardiac surgery under-
scored that openness enhances trust only when
accompanied by compassion, professional ac-
countability, and contextual interpretation [33].
Algorithmic transparency must thus be paired
with ethical translation: surgeons interpreting
predictive outputs not as authoritative verdicts,
but as one source of insight among many, framed
within the patient’s unique clinical and personal
context. As Topol has argued, the promise of arti-
ficial intelligence lies not in replacing the human
relationship, but in restoring time, empathy, and
attentiveness to patient care [52]. At the same
time, Grote and Berens emphasize that preserving
meaningful human control over algorithmic sys-
tems is essential to sustaining trust in high-stakes
medical domains [57].

Patient-centered research further supports this
view. Studies on patient attitudes toward medical
Al suggest that trust is contingent on the visible
presence of human judgment and accountabili-
ty; patients are often resistant to Al involvement
when it appears to displace clinician responsibility
rather than support it [71]. Taken together, these
findings indicate that trust in the doctor—patient
relationship is not generated by data alone, but
by the assurance that technology remains subor-
dinate to human care.

The ethical use of Al in assisting with cardiac
surgery means the need for transparency in the
decision-making process. This will require the cli-
nician to act as a bridge between the computa-
tional insight provided by an algorithm and the
understanding that the patient has of his/her con-
dition; predictive medicine must also be rooted in
intuition, understanding, and accountability for
medical professionals.

Validation, safety, and implementation

As the technology continues to advance, and
with appropriate governance and validation of Al
technology, the relational component of providing
quality surgical care should be enhanced rather
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Figure 4. Decision-making in contemporary cardiac surgery: Human-Al co-piloting across the surgical timeline.
This schematic diagram illustrates the integration of artificial intelligence across the preoperative, intraoperative,
and postoperative phases of cardiac surgery within a human-in-the-loop framework. Predictive systems support
clinical care through risk estimation, imaging analysis, real-time monitoring, and outcome analytics. At each stage,
however, clinicians retain interpretive authority, contextual judgment, and moral accountability, including the ca-
pacity to override algorithmic recommendations. The model emphasizes co-piloting rather than automation, high-
lighting that responsibility for clinical decisions remains fundamentally human despite increasing technological

mediation

than diminished through advances in technolo-
gy. Many published algorithms have been derived
from retrospective datasets, trained in single in-
stitutions, or evaluated only through internal vali-
dation. As a result, relatively few have undergone
prospective clinical testing, external validation
across diverse populations, or formal regulatory
assessment [43, 55]. This gap between technical
performance and clinical readiness represents
one of the major barriers to responsible imple-
mentation. The practical implications of this eth-
ical framework are illustrated in Figure 4, which
depicts a human-Al co-piloting model across the
surgical timeline. While artificial intelligence con-
tributes predictive analytics, real-time monitoring,
and pattern recognition at each phase of care,
interpretive authority and moral responsibility
remain anchored in the clinician. This human-in-
the-loop approach emphasizes that algorithmic
systems function as decision-support tools rather
than autonomous agents, ensuring that account-
ability is preserved throughout preoperative as-
sessment, intraoperative decision-making, and
postoperative management. The ethical challeng-
es introduced by Al-assisted decision-making,
along with corresponding human responsibilities
across the surgical timeline, are summarized in
Table 111

The experience gained from traditional risk
modeling remains instructive. As Nashef et al
demonstrated in the development and iterative
refinement of EuroSCORE, model credibility de-
pends not only on discrimination, but also on
reproducibility, calibration, and continuous up-
dating across different clinical contexts [8]. These
principles are equally — if not more — essential for
machine-learning models, which are vulnerable to
dataset shift, overfitting, and performance degra-
dation when deployed outside their development
environment. Methodological research has repeat-
edly shown that models performing well in devel-
opment cohorts may fail when externally vali-
dated, underlining the necessity of independent
testing before clinical adoption [72].

To achieve the safe integration of Al into ex-
isting practice, additional pathway evaluation
mechanisms are needed that span the technical,
clinical and ethical dimensions of application in
cardiothoracic surgery. In this regard, it has been
proposed that ethical frameworks will augment
the measures of conventional performance by in-
cluding related issues such as transparency and
explainability, as well as addressing issues of bias
and accountability (in addition to predictive ac-
curacy). Such frameworks recognize that safety
in Al-assisted surgery is not solely a function of
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Table IlI. Ethical challenges and human responsibilities across the cardiac surgical timeline in Al-assisted care

Surgical
phase

Al contributions

Human
responsibilities

Key ethical risks

Ethical safeguards
and mitigation
strategies

Preoperative
assessment

Risk prediction,
imaging analysis,
outcome estimation,
patient stratification

Contextual

interpretation

of predictions,
patient-centered

risk communication,
shared decision-
making, informed
consent

Over-reliance on
numerical risk
scores, deterministic
interpretation of
probabilities, erosion
of patient autonomy

Narrative-based
risk explanation,
clinician-led consent
process, explicit
acknowledgment of
uncertainty

Intraoperative
decision-
making

Real-time
physiological
monitoring, predictive
alerts, pattern
recognition

Situational awareness,
judgment under
uncertainty, override
of algorithmic
recommendations,
accountability for
action

Automation bias,
delayed human
response, suppression
of experiential
judgment

Clear override
authority, continuous
human supervision,
training in critical Al

engagement

Postoperative

Trend detection,

Clinical prioritization,

Alert fatigue, false

Clinical validation

monitoring early warning validation of alerts, positives, diffusion of ~ protocols, escalation
systems, complication  proportional response responsibility criteria, human-led
prediction to warnings decision confirmation
System-level Outcome analytics, Ethical oversight, Moral buffering, Human-in-the-
learning and performance accountability opacity of loop governance,
governance benchmarking, model attribution, responsibility, transparency
retraining governance of institutional blame requirements,

deployment and use

shifting

auditability, ethical

review structures

algorithmic precision, but of how systems inter-
act with human users and institutional workflows
[73]. Without these safeguards, even technically
robust models may introduce new forms of risk.

The advent of Al-assisted tools and techniques
that utilize machine vision, motion tracking and
intraoperative data analysis in cardiothoracic sur-
gery offers great promise for improving precision
with respect to surgical techniques, assessing the
skill of surgeons, and enhancing the process of
training new surgeons. Early studies suggest that
these technologies can augment performance and
reduce variability, provided that human oversight
remains central and that Al outputs are interpret-
ed as supportive cues rather than prescriptive
commands [74, 75]. These findings reinforce the
importance of maintaining the surgeon’s interpre-
tive authority within technologically augmented
environments.

In today’s cardiothoracic surgery environ-
ment, it is critical that any algorithms being inte-
grated into the surgical process are based upon
a “co-piloting” philosophy. In this way, Al is an
assistive partner rather than an autonomous de-
cision-maker. This philosophy ensures that human
moral agency is preserved and also maximizes the
computational strengths inherent in Al, so that all
responsibility for clinical decisions continues to be
assigned to individual human practitioners. Both
regulatory agencies and professional societies are

becoming increasingly involved with the imple-
mentation of Al-based medical devices. Thus, to
continue to promote advances in the fields of sur-
gery, it is necessary to align the standards for vali-
dation with the principles of ethical governance to
ensure that the development of new technologies
does not negatively impact the safety of patients
or the integrity of the profession [76].

From a clinical perspective, the framework of
calculated courage offers practical guidance for
surgeons navigating Al-assisted decision-making.
By positioning predictive systems as decision-sup-
port tools rather than authoritative agents, clini-
cians can preserve interpretive judgment, main-
tain meaningful informed consent, and retain
moral accountability across the surgical timeline.
This human-in-the-loop approach supports re-
sponsible innovation while safeguarding profes-
sional agency and patient trust in increasingly
data-driven clinical environments.

Future perspectives
Explainable and transparent Al

The development of interpretable models, com-
monly referred to as explainable artificial intelli-
gence (XAl), is essential for maintaining clinician
trust, accountability, and safe clinical adoption
[77, 78]. Transparent algorithms allow surgeons
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to understand the factors influencing predictions,
facilitate ethical and regulatory review, and enable
meaningful clinical contestability when algorith-
mic outputs conflict with human judgment. More-
over, explainability has been linked to improved
error detection and mitigation, particularly in
high-risk clinical environments, thereby strength-
ening patient safety [79, 80].

Integrating ethics from design to
deployment

The ethical basis for any Al system must not
be developed once the system has been imple-
mented, but rather maintained throughout the life
cycle of development, validation and implementa-
tion. Horgan et al. [55] and Emanuel and Wachter
[45] illustrate the importance of having multidis-
ciplinary co-design teams which include ethicists,
data scientists, clinicians, and patients as soon
as possible in order to identify any hidden bias-
es, value conflicts, or unintended consequences.
Such participatory approaches align technological
innovation with societal values and have been
shown to improve acceptance and legitimacy of Al
tools in healthcare settings [81].

Moral reflexivity and education

The next generation of cardiac surgeons must
be trained not only in data interpretation and
technical proficiency, but also in moral reason-
ing about technology, automation, and respon-
sibility. As McKneally stresses, surgical wisdom
must evolve to include ethical literacy regarding
Al-assisted decision-making and the limits of pre-
diction [15]. Educational curricula that integrate
ethics, systems thinking, and reflective practice
alongside technical training are increasingly rec-
ognized as essential for preparing clinicians to
navigate algorithmically mediated care [82].

Continuous validation and regulation

Al systems are dynamic and can deteriorate
in performance due to changes in data distribu-
tion, as well as become subject to bias or oth-
er safety issues that were previously unknown.
Therefore, these systems need to be monitored
continuously once they have been deployed to
perform optimally; this will entail auditing and
recalibrating. Evaluation of Al systems on a pro-
spective basis (similar to what is done with phar-
maceutical phase IV trials) has been suggested
as one method for conducting long-term evalu-
ation of Al technology; it would assist with early
identification of any adverse effects of a partic-
ular application of Al technology and maintain
performance monitoring at a mass scale or orga-
nizational level [83].

Human oversight as ethical core

It is important to note that while technology
evolves, it cannot replace the surgeon as the ul-
timate decision-maker and accountable person
in this process. As noted by Jonas, the increase
in the use of technology will not lessen your re-
sponsibility as the surgeon; rather, it will add to
your responsibility [13]. For this reason, future
regulations and systems for managing Al-gen-
erated insights must clearly specify how they fit
into clinical practice; they should not dictate how
physicians conduct their work but serve as an aid
in decision-making. Maintaining this principle is
essential for ensuring that accountability, trust,
and ethical practices are upheld throughout the
surgical discipline.

Virtue-based institutional culture

In addition to technical safeguards, the environ-
ment of hospitals and educational training pro-
grams must be established where moral dialogue,
ethical contemplation and mentoring are an inte-
gral part of surgical education and the develop-
ment of surgical professionals. Ricoeur’s concept
of reflective responsibility [20] and Heidegger’s
thought of authentic action that is grounded in
the awareness of one’s own finitude [46] suggest
that, in order for ethical practices to flourish, they
should not only rely on skills or competencies, but
rather on the ongoing integration of reflection
with action.

Digital twins and closed-loop systems

The advent of emerging technologies, such as
patient-specific digital twins and closed-loop per-
fusion/hemodynamic control systems, has the po-
tential to transform the future of cardiac surgery
as well as the perioperative care [12]. The promise
of these solutions to provide unparalleled per-
sonalization and automation raises new ethical
issues which go beyond just the individual hu-
man-machine interface-scale accountability, data
governance, and accountability in an intercon-
nected technological ecosystem. It will be critical
to anticipate and to develop methods to address
these ethical challenges as these technologies
come closer to being implemented clinically in the
future.

Concluding remarks

Over the last century, cardiac surgery has
evolved significantly in how we manage risk; how
risk was formerly managed by a surgeon based
upon their intuition, experience and courage, has
now become a computationally driven process
based upon predictive analytics and algorithms.
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When we compare how risk is managed today
(computationally driven) vs. historically (by a sur-
geon), although technology is taking over the
management of risk, moral responsibility contin-
ues to be a human responsibility. No matter how
“advanced” the technology is, the moral burden
of making decisions regarding when and how to
intervene on behalf of a patient remains with the
clinician making the decision.

If we want to see cardiac surgery develop suc-
cessfully into a future with advanced technology
we need to create a way to give clinicians a struc-
ture of both technical precision and human judg-
ment. Predictive technologies can help identify
patterns, improve risk estimates and facilitate
decision-making; however predictive technologies
do not have the ability to take on the burden of
moral responsibility for each patient’s unique life.
As multiple scholars have emphasized, the cen-
tral challenge of artificial intelligence in medicine
lies not in its accuracy alone, but in preserving
accountability, trust, and professional integrity in
increasingly automated environments [84, 85].

Within this context, the concept of calculated
courage offers a guiding ethical orientation. Qual-
ified courage does not ignore the uncertainty that
comes with medicine, and it also does not suc-
cumb to the idea that technology should deter-
mine the way a clinician practices medicine. Qual-
ified courage is the ability for a clinician to take
responsibility for their decisions when presented
with complex data. Qualified courage is the com-
bination of probabilistic knowledge and the expe-
riential wisdom of the clinician, along with ethi-
cal reflection and compassion. Qualified courage
means taking responsibility for how the clinician
interprets and applies data about a patient’s med-
ical conditions.

In the age of artificial intelligence, cardiac sur-
geons must be equally committed to both techni-
cal proficiency and ethical awareness. Technolog-
ically advanced devices will enhance the accuracy
with which machines are able to perform complex
tasks, however, these machines cannot replicate
or substitute for the combined power of human
judgment, empathy, and ethical reasoning. In or-
der to ensure that advances in technology will be
accompanied by corresponding ethical growth, it
will be essential for cardiac surgeons to under-
stand that their role is more profound than cre-
ating longevity through innovation; cardiac sur-
geons also need to care for people when they are
at their most vulnerable [86-94].

Limitations

This review, while broad in scope and depth, has
certain limitations that should be acknowledged.
This publication employs an interpretative/narra-

tive method (historical, ethical and philosophical)
to study how the fields of surgery, bioethics and
philosophy intersect, instead of using a system-
atic/quantitative method. The result of producing
deep, analytically comprehensive narratives can
help create a better picture or awareness of the
fields being studied, but the process increases the
likelihood of bias from selections made when cre-
ating the narratives as well as reducing the ability
to reproduce results and find them in systematic
reviews and meta-analyses.

Interdisciplinary methodology combines inter-
pretational reasoning with empirical data. There-
fore, the results of this manuscript do not present
proven or statistically supported hypotheses; rath-
er, they present a collection of literature and phil-
osophical paradigms, along with an exploratory
review of the concepts of risk, accountability and
moral agency. Thus, this document serves as a plat-
form upon which to gain an understanding of these
concepts, but it does not encompass every single or
complete study performed to date in these fields.

Similarly, because many of the studies/techno-
logical advancements discussed herein are only in
an initial/investigative phase of research, few Al/
CV models of cardiac/thoracic surgery have been
validated and continue to be developed solely via
retrospective analyses or as part of a researcher’s
experience within individual centers. Thus, while
this manuscript has pointed out and highlighted
current ethical and procedural trends, the extent
to which these will continue to develop safely, ef-
fectively or with a positive influence on practice
has yet to be evaluated.

A further limitation lies in the normative nature
of ethical reasoning. The discussions of account-
ability, transparency, and virtue ethics are inter-
pretive and theoretical rather than empirically
tested. This means that while ethical recommen-
dations are grounded in established philosophical
principles, their practical implementation will de-
pend on evolving institutional frameworks, tech-
nological capabilities, and regulatory oversight.

Finally, the philosophical perspective adopted in
this work draws predominantly from Western tra-
ditions of thought, including phenomenology and
deontological ethics. Perspectives rooted in other
cultural or relational paradigms of medical morality
are not extensively represented here but would pro-
vide valuable future contributions to a more plural-
istic understanding of surgical ethics in the Al era.

Although this review has limitations in that it
does not address all historical issues concerning
cardiac surgery nor provide solutions for all cur-
rent and future ethical dilemmas surrounding
the practice, it does provide a unified and cohe-
sive framework that relates the development of
cardiac surgery throughout history to the ethical
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challenges facing surgeons today. In addition, this
framework encourages practitioners to reflect on
how they define courage, responsibility and wis-
dom in the context of their profession when mak-
ing surgical decisions using intelligent systems.

Conclusions

The ongoing dialogue regarding innovation and
responsibility has progressed over time from the
“heroic” era of open-heart surgery pioneers to the
present reliance on Al for data-driven precision.
In recent years, the way we measure and manage
surgical risk has changed due to technological
advances; however, regardless of the advances
made, it is conclusive that the moral weight of
surgical decision-making will continue to exist.
In this rapidly evolving environment, the ultimate
challenge for surgeons will be to maintain ethical
agency and discernment when faced with ever-in-
creasing levels of technological complexity such as
systems of prediction and automation. The idea of
“calculated courage” captures the essence of how
surgeons must conduct themselves with technical
competence, prudent judgement and humility in
today’s environment. This requires surgeons to
take advantage of the benefits provided by Al, yet
maintain the benefit of human judgement which
gives surgical practice its moral authority. Future
research should explore how calculated courage
can be operationalized in surgical education, Al
governance frameworks, and multidisciplinary de-
cision-making models. The future of cardiac sur-
gery will not only rest on the intelligence of the
technologies but also on the wisdom, integrity
and courage of the people using them.
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