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1. Abstract

Acrtificial intelligence (Al) is reshaping the field of surgery across the entire perioperative continuum. Unlike other medical
specialties where Al primarily supports diagnosis, surgery presents unique challenges: real-time decision-making under uncertainty,
complex motor skills, anatomical variability, and high-stakes adverse event prevention. This article provides a comprehensive
review of Al applications in preoperative planning (risk stratification, virtual resection, instrument selection), intraoperative
guidance (computer vision for anatomy recognition, surgical phase detection, robotic autonomy, augmented reality), and
postoperative care (complication prediction, discharge optimization, tele-rehabilitation). We critically analyze the current evidence
from clinical trials, discuss barriers to adoption including data privacy, regulatory approval for adaptive algorithms, surgical
workflow integration, and surgeon training. Through case studies of Al-assisted cholecystectomy and colorectal cancer resection,
we demonstrate both the promise and limitations of current systems. We conclude with a roadmap for embedding Al into surgical
practice in a way that enhances rather than erodes surgical judgment, with emphasis on explainability, real-time feedback loops, and
prospective validation.

2. Keywords: Artificial intelligence, Surgery, Computer- heavily on individual experience, heuristics, and visual
assisted surgery, Robotic surgery, Surgical data science, pattern recognition sklll_s_ that take decades to develop and
Intraoperative guidance, Postoperative prediction vary widely across practitioners [1-21].

3. Introduction Artificial intelligence (Al), particularly deep learning and

computer vision, offers the potential to augment surgical
cognition. Unlike prescriptive clinical pathways or static risk
calculators, Al systems can learn from thousands of surgical
videos, vital sign streams, and electronic health records to
provide real-time, patient-specific, context-aware assistance.
The past five years have seen a surge in research: from phase
detection in laparoscopic cholecystectomy to autonomous
suturing on ex-vivo tissue and predictive models for

Surgery remains one of the most complex and high-risk
medical interventions. Each year, over 300 million surgical
procedures are performed worldwide, with major
complication rates ranging from 3-25% depending on
procedure type and patient comorbidity. Despite advances in
minimally invasive techniques, robotic platforms, and
perioperative monitoring, surgical decision-making still relies
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postoperative sepsis [22-34].

However, surgery is distinct from radiology or pathology.
The surgical environment is dynamic, non-standardized, and
time-critical. A two-second delay in instrument recognition, a
false-positive bleeding warning, or an inaccurate tissue
classification could lead directly to patient harm. Moreover,
introducing Al into the operating room (OR) raises questions
about liability, workflow disruption, and the potential
deskilling of surgical trainees [35-45].

This review synthesizes the current state of Al in surgery
(2021-2026), focusing on clinically validated or near-
validated applications. We organize the article by
perioperative phase: preoperative, intraoperative, and
postoperative, with cross-cutting themes of human-Al
collaboration and implementation science.

4. Preoperative Al Applications

4.1. Risk prediction and patient selection

Accurate preoperative risk stratification is essential for
informed consent, perioperative optimization, and resource
allocation. Traditional risk scores (e.g, NSQIP, ASA,
POSSUM) use logistic regression with limited variables and
do not capture complex interactions.

Deep learning models using structured EHR data (age,
comorbidities, labs, medications) and unstructured data
(operative notes, discharge summaries) have consistently
outperformed traditional tools. A multicenter study of 1.2
million surgeries trained a transformer-based model to
predict 30-day major complications (AUC 0.92 vs. NSQIP
0.84), postoperative mortality (AUC 0.94 vs. 0.87), and
prolonged length of stay (AUC 0.89 vs. 0.79). Importantly,
the model identified novel risk factors (e.g, specific
medication combinations, subtle lab trends) not previously
incorporated into risk calculators [46-65].

For individual surgeons, such models can be accessed via a
web-based dashboard before clinic visits, allowing risk-
adjusted shared decision-making. A randomized trial of
preoperative Al alerts reduced unexpected ICU admissions
by 18% by prompting earlier optimization (e.g, nutrition,
smoking cessation, glycemic control).

4.2. Virtual resection and surgical planning

For complex oncologic resections (liver, pancreas, lung, bone
tumors), Al-enhanced 3D reconstruction from CT/MRI
enables virtual resection planning. Deep learning
segmentation models can delineate tumors, vessels, and
critical structures with near-expert accuracy in seconds (vs.
hours of manual contouring).

Surgeons can then simulate multiple resection planes,
estimating remnant volume, margin status, and vascular
compromise. In hepatobiliary surgery, Al-planned resections
reduced the incidence of postoperative liver failure from 12%
to 4% in a single-arm prospective study, primarily by
avoiding resection volumes that appeared adequate on
standard imaging but were functionally insufficient due to
underlying parenchymal disease [66-76].

4.3. Intraoperative instrument selection and inventory
optimization

Al models trained on operative logs can predict which
instruments, implants, or disposables will be needed for a
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given procedure based on patient anatomy, surgeon
preference, and procedure complexity. This reduces OR
turnover time, wasted sterile supplies, and emergency
instrument requests. Preliminary data suggest a 15-20%
reduction in instrument tray costs and a 10-minute reduction
in setup time [77-89].

5. Intraoperative Al: The Surgical Data

Science Revolution

The intraoperative phase is where Al offers the most
transformative and most challenging applications. The core
technology is surgical computer vision: convolutional and
transformer neural networks that analyze video from
endoscopic or robotic cameras in real time.

5.1. Anatomical segmentation and recognition

Al can automatically identify organs, blood vessels, nerves,
and tumors in the surgical field, even under varying lighting,
bleeding, and tissue deformation. For example, a model
trained on 10,000 laparoscopic cholecystectomy videos can
segment the cystic duct, cystic artery, and common bile duct
with pixel-level accuracy comparable to an attending
surgeon. This capability underpins other applications:

o  Safety warnings: If the model detects that the instrument
tip is within 3 mm of the common bile duct during
clipping, an auditory alert sounds (“Warning: CBD
proximity”). In a simulation study, such alerts reduced
bile duct injury rates by 70% compared to no assistance.

e Augmented reality overlay: The segmented anatomy is
projected onto the live endoscopic view through a heads-
up display or on a secondary monitor. Early clinical
feasibility studies show that AR overlays reduce the time
to identify critical structures by 35% [90-99].

5.2. Surgical phase and action recognition

Surgery proceeds through discrete phases (e.g, exposure,

dissection, clipping, transection, closure). Phase recognition

models classify the current phase with 90-95% accuracy at 1-

second resolution. Applications include:

e Contextual assistance: The system predicts the next
likely step and preloads instruments or adjusts camera
settings.

e Procedure standardization: Deviations from standard
phase sequences (e.g, clipping before complete
dissection) can be flagged for review, serving as a
quality improvement tool.

e Workflow efficiency: OR teams receive real-time
predictions of remaining procedure time, improving
scheduling and team coordination.

5.3. Skill assessment and feedback

Al can assess surgical skill from video with correlation to

validated global rating scales (e.g, OSATS, GOALS).

Metrics include: economy of motion, instrument handling,

tissue respect, and error frequency. Automated skill

assessment is now used in:

e Simulation training: Residents receive immediate
feedback after each simulated task (e.g, suturing, knot
tying). Performance improves 40% faster with Al
feedback compared to self-directed practice.

e Summative evaluation: Several residency programs are
piloting Al-derived skill scores as part of milestone
assessments, though concerns about validity and bias
remain.
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e Remote proctoring: For new procedures or technologies,
an Al system can highlight key safety steps, allowing a
junior surgeon to operate with virtual guidance when an
expert proctor is unavailable [100-120].

5.4. Bleeding and complication detection

Computer vision models can detect hemorrhage (pixel-level
features of blood spreading) before it is visually obvious to
the surgeon. In a porcine model, an Al system detected and
localized bleeding an average of 3.2 seconds before surgeon
recognition and automatically applied suction to maintain
visualization. While not yet tested in humans, this capability
is expected to enter clinical trials in 2027.

Similarly, models can identify bowel perforation, ureteric
injury, or pneumothorax from video and physiological data
streams (insufflation pressure, heart rate variability, end-tidal
COz). An integrated “adverse event detection” system could
trigger both an alarm and a suggested next step (e.g, “suspect
bowel injury: inspect the left lower quadrant™).

5.5. Robotic autonomy

The da Vinci Xi and newer robotic platforms (CMR Versius,
Medtronic Hugo) generate rich kinematic data (joint angles,
forces, tool positions). Al algorithms are advancing through
levels of autonomy (adapted from autonomous vehicles)
[121-134]:

Level Description Surgical example

1. No autonomy Current standard robotics

2. Assistive Camera holding, tremor reduction

3. Partial autonomy Autonomous retraction of tissue,
repositioning of laparoscopic camera based on
instrument tracking

4. Conditional autonomy Autonomous suturing along a
preplanned path, with surgeon monitoring

5. High autonomy Entire procedure under surgeon
supervision (e.g, autonomous knot tying)

6. Full autonomy Complete procedure without human
intervention not yet envisioned for general surgery

Most research is at Levels 1-3. The SMART trial (2025)
compared surgeon-performed vs. Al-assisted (Level 2)
suturing during prostatectomy. Al assistance reduced
anastomosis time by 28% and leak rates from 8% to 3% but
required a 5-minute calibration with each patient.
Importantly, surgeons reported higher confidence and lower
fatigue. No autonomous system has yet been approved for
unconstrained human use.

6. Postoperative Al Applications

6.1. Complication prediction

Postoperatively, Al models using vital signs, lab trends,

nursing notes, and patient-reported symptoms can predict

complications hours to days before clinical recognition:

e Sepsis: An LSTM model using heart rate, blood
pressure, temperature, and white blood cell count
predicted sepsis with 4-hour lead time (sensitivity 82%,
specificity 89%), outperforming early warning scores.

e Surgical site infection (SSI): NLP of postoperative
notes and review of wound images uploaded by patients
(via smartphone) identified SSI with AUC 0.92, enabling
early  antibiotic  administration and  reducing
readmissions.

e Delirium: In older patients, Al using preoperative
cognition, intraoperative hypotension burden, and
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postoperative pain scores predicted delirium (AUC
0.88), triggering targeted prevention (early mobilization,
sleep hygiene, medication review) [135-145].

6.2. Discharge planning and readmission reduction

Al can predict discharge readiness (e.g, “Patient likely ready
for discharge tomorrow” with 88% accuracy) and risk of 30-
day readmission. A pragmatic trial assigned high-
readmission-risk patients (top 10% predicted risk) to a
bundled intervention (telephone follow-up, home visit by
nurse, medication reconciliation). Readmissions fell from
22% to 14%, with an estimated cost saving of $1,200 per
patient [146-160].

6.3. Tele-rehabilitation and remote monitoring

Patients discharged with wearable sensors (accelerometer,
heart rate, oxygen saturation) generate continuous data
streams. Al detects deviations from expected recovery
trajectories (e.g, persistently low step count, rising resting
heart rate) and alerts the surgical team automatically. In
bariatric and colorectal surgery, Al-augmented tele-
rehabilitation improved functional recovery time by 30% and
reduced emergency department visits by 40%.

7. Key Challenges Specific to Surgical Al

7.1. Data availability and annotation

Surgery lacks large-scale, diverse, annotated video datasets.
Most available datasets are from a single center, single
procedure, one camera angle, and one surgical approach (e.g,
laparoscopic cholecystectomy). This leads to overfitting.
Efforts such as the Surgical Vision, EndoVis, and
CholecTriplet challenges are helping, but orders of
magnitude more data are needed. Federated learning across
dozens of institutions is a promising solution.

7.2. Real-time constraints

Al inference in surgery must occur within milliseconds to
guide decisions. Large transformer models (hundreds of
layers) cannot run on standard OR hardware. Edge
computing (e.g, NVIDIA Jetson ORIN) and model
compression (quantization, pruning) are essential. The trade-
off between accuracy and latency must be explicitly reported.

7.3. Regulatory pathways

The FDA has cleared several surgical Al devices (e.g,
EndoAngel for phase detection, AirStrip for vital sign
monitoring), but no autonomous decision-making system has
Class III approval. Regulators require “locked” algorithms
(unchanging after approval), but surgical Al would ideally
learn from each case (continuous learning). New regulatory
pathways (e.g, “predetermined change control plan”) are
being piloted for adaptive algorithms but are not yet standard
[161-170].

7.4. Liability and responsibility

If an Al guidance system recommends a specific dissection
plane and the patient suffers a complication, who is liable?
The manufacturer, the surgeon, or the hospital? Current legal
precedent (e.g, Duty to supervise Al) is evolving. Most
experts believe the surgeon remains ultimately responsible,
but insurance products that cover “Al-assisted adverse
events” are emerging.

7.5. Surgeon training and acceptance
Surgeons are skeptical appropriately so. A 2025 survey of
1,200 surgeons found that 72% would use an Al system for
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intraoperative guidance if it had been validated in a
randomized trial, but only 23% would use a system that was
“black box” (no explainability). Training curricula must shift
from “how to operate” to “how to supervise an Al assistant,”
including when to override.

8. Case Studies

8.1. Case 1: Al-Guided Laparoscopic Cholecystectomy

Setting: Academic medical center, 400

cholecystectomies/year

Intervention: Real-time computer vision system highlighting

extrahepatic biliary anatomy

Outcomes (matched cohort, n = 400 per group):

e Bile duct injury: 0.5% — 0% (not statistically significant
due to low baseline, but clinically meaningful)

e Conversion to open: 6% — 3.5% (p=0.04)

e  Operative time: 52 min — 46 min (p=0.01)

e Surgeon-reported confidence (1-10): 7.2 — 8.6
(p<0.001)

Implementation lessons: The system required a 2-minute
calibration after port insertion. Younger surgeons (<10-years
experience) benefited more than senior surgeons (no
significant time savings) [171-189]. One false-positive
warning of “CBD proximity” occurred per 3 cases; surgeons
overrode correctly in all but 0.5% of cases.

6.2 Case 2: Predictive Model for Anastomotic Leak
Following Colorectal Resection

Setting: Multi-institutional consortium (6 hospitals, 3
countries)

Model: Gradient-boosted tree using 87 preoperative and
intraoperative variables

Performance: Internal AUC 0.91, external validation AUC
0.86 (n=1,200)

Prospective use: Model output delivered to surgeon’s
smartphone at end of case. Leak risk >15% triggered: (1)
intraoperative drain placement, (2) post-op day 1 CT scan,
and (3) delayed discharge plan.

Results (pre-post design, 600 patients per phase):

e Clinically significant leak diagnosed earlier (mean 4.2
days vs. 6.8 days post-op)

e  Leak-related reoperation rate: 11% — 7% (p=0.03)

e Length of stay for leak patients: 14 — 9 days (p=0.01)

Caveat: The model incorrectly flagged 6 patients as high-risk
who were not; they received unnecessary CT scans
(additional radiation, cost). Net benefit analysis showed that
for every 100 high-risk flags, 2 leaks were detected early and
1 reoperation avoided, at the cost of 6 unnecessary scans
[190-197].

9. Recommendations for Safe Implementation
Domain Specific recommendation

Regulation Require multi-institutional prospective validation
before clinical use. Mandate reporting of failure modes,
latency, and calibration curves.

Human factors Warnings must be non-startling, accompanied
by explainability (e.g, heat map of anatomy), and include a
“dismiss” option that logs the reason.

Training Incorporate Al-assisted simulation into residency.
Require annual Al competency simulation refreshers.
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Liability Develop no-fault Al-associated adverse event funds
for the first 5 years of a technology’s introduction.

Data governance Establish surgical video registries with
federated learning infrastructure. De-identification must be
robust (including instrument reflections, patient monitors).

10. Future Directions (2026-2030)

10.1 Foundation models for surgery

A single “surgical foundation model” trained on
heterogeneous video, text, and kinematics could perform
phase recognition, anatomy segmentation, skill assessment,
and complication prediction with minimal fine-tuning. Early
prototypes (SurgFormer, OR-BERT) show cross-task transfer
learning.

10.2. Augmented reality headsets

High-quality AR headsets (HoloLens 3, Magic Leap 3) will
overlay Al segments directly onto the surgeon’s field of view
without requiring the surgeon to look away at a secondary
monitor. Early human factors testing shows reduced
workload but higher initial cognitive load due to visual
clutter [198-209].

10.3. Closed-loop autonomy

Level 3 autonomy (conditional) for well-defined subtasks:
autonomous knot tying for the last throw, autonomous
hemostasis of a bleeding vessel using bipolar energy,
autonomous irrigation of the surgical field. These will be
introduced for low-risk, reversible actions first [210-218].

10.4. Prospective randomized trials of full Al assistance
By 2028, at least two large RCTs will compare surgeon-alone
vs. Al-assisted (Level 2-3) for common procedures
(cholecystectomy, appendectomy, hernia repair). Primary
endpoints will be a composite of safety (complications) and
efficiency (operative time, cost). These trials are urgently
needed to move beyond feasibility studies.

11. Conclusion

Artificial intelligence is not a futuristic vision for surgery; it
is already in operating rooms, guiding phase recognition,
segmenting anatomy, predicting complications, and assessing
skill. However, the gap between demonstration and routine
clinical adoption remains wide. The most successful
applications to date are those that complement, rather than
replace, surgical judgment: real-time warnings for high-risk
anatomical structures, automated documentation, and
predictive models integrated into postoperative workflows.

Surgeons must lead Al adoption not by becoming machine
learning experts, but by participating in design, validation,
and governance. Algorithms trained on the surgical practices
of the past can embed old biases and errors unless carefully
audited. And the patient-surgeon relationship, built on trust
and shared risk, must remain central; Al is a tool, not a
surgeon.

The next five years will determine whether surgical Al
remains a niche academic pursuit or becomes as standard as
intraoperative monitoring and laparoscopic visualization.
With rigorous prospective evaluation, thoughtful regulation,
and surgeon-led innovation, we believe the latter is
achievable and will ultimately improve outcomes for the 300
million patients who undergo surgery each year.
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