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Abstract

Artificial Intelligence (Al) is set to transform the world in the field of head, neck and brain surgery by providing its exponential utilities in terms of
diagnosis, preoperative planning, intraoperative accuracy and intraoperative functionalities and postoperative management. As the anatomy of the
craniofacial region is becoming more and more complicated and neurovascular structures are getting more and more crucial, new Al-powered
technologies are becoming the important pillars in enhancing the accurateness of surgical procedures and patient outcomes. The current review
provides evidence of the versatile utility of Al in many fields, such as radiological diagnosis, robot-aided surgery, cancer management, or
neurorehabilitation. The use of advanced imaging algorithms based on Al has greatly improved the identification and the definition of anatomical
anomalies, tumor borders, perineural involvement, and vascular deviations. Specifically, deep learning types of segmentation models can be used to
identify important structures, including the cranial nerves, skull base orifices, and brainstem nuclei with high accuracy, which can be useful in risk
assessment before surgical operations. Machine learning applications also become helpful in the analysis of patient-specific clinical and radiologic
data to predict the prognosis and treatment response and risk of progression in patients with oral cancers, brain tumors, thyroid malignancies, and
vascular malformations. Other revolutionizing uses of Al are in real-time surgical guidance, robotic accuracy in cochlear implants and skull base
resection, and virtual 3D preoperative planning with incidents of maxillofacial reconstructions. The Al-based monitoring systems and in-host devices
are another factor in the optimization of the post-operative care process as they enable monitoring the recovery pathway and allow early detection of
the complications, which is followed by the intervention. There is the incredible potential of integrating Al into the process of a surgical intervention
in the head, neck, and brain in terms of the precision of medicine improvement, surgical learning, and improving morbidity. Nevertheless, continuous
validation, ethics control, and the collaboration of different disciplines are more important to the extensive clinical implementation of it.
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meninges, and limbic system are described to have an
amazing anatomy and functionality. These areas where
surgical opportunities include oncologic resections, vascular,
reconstructive, and neurosurgical operations present
considerable challenges to clinicians because of poor
operative visibility, extreme anatomic presentation, and the
small latitude in error. A significant degree of morbidity (loss

1. Introduction

The head and neck of a human being involve the complex
anatomy with a tightly organized set of critical anatomies
made of cranial nerves, blood vessels, lymphatic systems,
sensory organs, musculoskeletal systems, and endocrine
glands. Likewise, the brain and the rest of the structures in
the intracranial cavity namely the brainstem, ventricles,
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of speech, hearing, thinking, moving, or sight) may be caused
by any sacrifice in the accuracy of a surgery.'?

Over the past few years, Al has become a disruptive
technology in the medical field that provides novel solutions
to most of these problems. Al (more specifically via subareas
like machine learning (ML), deep learning (DL) and
computer-vision) is also increasingly being used in clinical
QA processes in radiology, surgery, pathology, and patient
management systems. The technologies can explicitly learn
complicated patterns of multimodal data, such as radiological
images, electronic health records, histopathological slides,
genomics sequences, and even the data recorded by cameras
during operative procedures, thus enabling improved
diagnostic accuracy, risk stratification, decision-making, and
procedural planning.®

The role of Al has been significantly boosted particularly
in the head, neck, and brain surgical procedures. As an
example, Al-based imaging analysis has shown to
outperform human analysis at detecting the fine radiological
abnormalities like early tumour infiltration, microvascular
anomalies, or perineural spread, unnoticeable by solely
human analysis. Using Al, segmentation tools, the
boundaries of tumors, lymph nodes involved, and the location
of adjacent anatomical structures can be remarkably accurate,
which is imperative in both preparing a surgical plan
preoperatively and setting borders of several fields using
radiotherapy. Such developments are needed especially in the
treatment of malignancies like Oral squamous cell
carcinoma, thyroid carcinoma, salivary gland tumors, skull
base tumors and tumors of prime brain like glioblastomas.*®
The Al-empowered surgical robotics and navigation systems
are now offering unbeaten accuracy in the instruments used
in intraoperative procedures. These aids make use of imaging
and sensors in real-time to assist in hand-eye coordination,
keep the practitioner spatially aware, and allow sub-
millimetre accuracy when using the surgical instrument. Such
useful data in skull base surgery, for example, includes the
use of Al-assisted systems to prevent serious structures,
including the internal carotid artery or optic nerve. During
cochlear implantation, the position of the electrodes is
optimized using Al algorithms and preoperative imaging,
which enhance auditory results. Along the same lines,
intraoperative neurosurgery can use Al-enhanced feedback to
help the neurosurgeon distinguish tumor locations and
healthy parenchyma with fluorescence-based approaches or
real time MRI feedback.® Al might have an enormous
potential in another area, namely, in the predictions and
prognostic modeling of the outcomes. Machine learning
algorithms are based on a combination of clinical variables,
molecular signatures, imaging biomarkers, and treatment

information to predict risk of recurrence, functional recovery,
chances of survival, and complication risks with amazing
accuracy. This kind of predictive knowledge should be useful
to multidisciplinary tumor boards and neurosurgical teams
when designing the personalised treatment plans, choosing
candidates that should receive organ-preserving treatment, or
to optimise adjuvant therapies. Surgical education is also
implementing the Al tools using augmented and virtual
reality, allowing them to learn complex surgical procedures
using anatomically realistic simulations.”

Even in post operations, Al remains critical in the
process of overseeing patient recovery. Wearable biosensors
driven by Al algorithms are able to measure vital signs,
identify onset of infection, sleep interruptions or apnea and
an evaluation of the neuromuscular status, especially in
samples where reconstructive operations were conducted,
spinal cord injury or brainstem lesions were present. These
data driven insights make timely interventions and prevent
hospital readmissions. The natural language processing
(NLP) and speech recognition tools are being discussed in
terms of monitoring outcomes of brain surgery or
maxillofacial reconstruction insofar as cognitive and speech
are concerned. Although the prospective developments are
encouraging, there are multiple obstacles that need to be
overcome so that the implementation of Al in regular clinical
practice could proceed, untouched by difficulties. Among
them are the requirements of large and high-quality annotated
data; the standardization of the process of training
algorithms; strict testing in multicenter studies; explainability
of Al algorithms; and compliances with ethical or regulatory
rules. The clinicians should be engaged in the process of
developing and implementing the Al systems to provide that
they are relevant to the outcome of patient-centered needs.®

Using Al in the field of head, neck, and brain surgery is
a game-changer of precision medicine. With the assistance of
Al, computational intelligence can be introduced to all steps
of the surgical journey including the early diagnosis and
careful planning, the actual surgical process, and the post-
surgical rehabilitation. With Al in its ever developing state,
its accountable and evidence-based use can drastically
improve quality significantly and re-establish the concept of
surgical excellence in anatomically and functional important
areas of the human body.®

2. Al in Radiological Imaging and Diagnostics
2.1. Enhancement of imaging modalities

The use of Al in radiological imaging introduced the
opportunity of creating a paradigm shift in the diagnostic
accuracy, especially in the anatomically complex spaces of
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the head, neck, and brain. By applying ML and DL
approaches, Al has enhanced the traditional and widely
addressed imaging modalities such as magnetic resonance
imaging (MRI), computed tomography (CT), positron
emission tomography-computed tomography (PET-CT), and
high-resolution ultrasonography, improving image quality,
diagnostic accuracy and reading comprehensiveness.°

2.2. Tumor detection and deep learning-based segmentation

The most powerful one is probably Al-based lesion
segmentation and characterization. ArrayLists Compared to
traditional deep learning models, convolutional neural
networks (CNNs) have been proven to be more accurate in
the determination of the boundaries of the lesions in gliomas
and skull base neoplasms as well as carcinomas that are in the
oral cavity. The algorithms interpret three-dimensional
volumetric imaging data through a multidimensional process
that goes beyond conventional radiologic evaluation that has
associated problems such as inter-observer variability. Using
voxel level analysis, Al allows accurate measurement of the
tumor volume, infiltrations magnitude and peritumoral
edema, which is essential in planning the surgical process
margins and radiotherapy targeting. The various Al models
in the radiological-based imaging environment have
demonstrated immense clinical benefit with concerns to the
diagnosis and preoperative assessment of the head, neck, and
brain diseases. Table 1 summarizes some of the popular
imaging modalities, targeted conditions and the associated
benefits of Al

Table 1: Al in radiological imaging and diagnostics'?

2.3 Automated anatomical localization and risk mitigation

Besides the instructions oncologic lesion outlines, Al plays
an important role in automated anatomical localization.
Advanced models that are defined using annotated data can
locate detailed structures of the neurovascular and soft-tissue
bodies with remarkable levels of granularity. This entails
identification of brain nerves that pass over the base of the
skull, the cochlear duct in cochlear implant planning and the
internal carotid artery in the deformed tumor region. Real-
time identification of these landmarks provides by Al
eliminates the risk of inadvertent hurt or damage during both
diagnosis and operation.*?

2.4. Multimodal imaging fusion and radiomics

The other crucial development is that of multimodal fusion
and interpretation of images. Multi-imaging info multi-
imaging sequence where Al algorithms are able to synthesize
in a single, holistic anatomical and functional map: T1- and
T2-weighted MRI, diffusion tensor imaging (DTI) and the
PET-CT to obtain a unified anatomical and functional map.
This combination improves the radiologist to differentiate
tumoric changes, post treatment effects and benign variations
of anatomy, particularly in tricky post operated or irradiated
fields. The use of radiomics as the subfield of Al is also
getting traction. Radiomic models are used to extract features
of high dimensional images representing the contextual
information to identify subvisual patterns linked to the
histopathology and molecular marker datasets and to serve as
a non-invasive tool in grading tumors and prediction of
responses to treatment.®

Al Application Imaging Modality

Target Condition

Clinical Benefit

Automated tumor
segmentation

MRI Glioblastoma, Skull base tumors

Precise tumor boundary
detection for surgical planning

Lymph node

. I CT, PET-CT
metastasis prediction

Head and neck squamous cell
carcinoma

Improved staging and treatment
decision support

Vascular anomaly

. CTA, MRA
detection

Arteriovenous malformations,
aneurysms

Early identification, reduced
surgical risk

Cochlear structure

. High-res CT/MRI
mapping

Pre-cochlear implantation planning

Preservation of residual
hearing, better implant
outcomes

Bone erosion analysis CBCT, CT

Oral cancers, TMJ disorders

Guides bone resection extent in
mandibular surgeries
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2.5. Early detection and staging in head and neck
malignancies

Artificial intelligence has been promising in early diagnosis
of submucosal lesion, perineural invasion, and lymph node
metastasis in head and neck diagnostics with the assistance of
ultrasound and contrast-enhanced CT. Less labor intensive
characterization of the nodes in oral and thyroid malignancies
is being achieved through the use of machines trained to
recognize reactive and metastatic lymph nodes on the
character features of the nodes i.e. shape, margin, vascularity
or lack of it. By automating some of the routine tasks
included in the analysis of images, Al improves workflow
and the efficiency of work when it comes to segmentation,
annotation, and report generation, and thus decreases
radiologist fatigue and improves throughput. This is also
enabling the teleradiology application, which makes it
possible to have a speedy expertise consultation across
geographic boundaries. The use of Al in radiological image
acquisition and cancer diagnosis processes is not only
optimizing the reliability and accuracy of interpreting the
images but also advancing the use of tailored and data-driven
surgical planning and better overall management of the
patients in the field of head, neck, and brain.**

3. Al in Surgical Planning and Navigation

Artificial intelligence is changing the way to prepare surgery
and control it intraoperatively in the areas where the anatomy
is very dense and its functionality is significant, including the
head, neck, and brain. Using artificial intelligence-based
tools, surgical complex processes are being optimized due to
the automation of more complicated processes, the increase
in precision, and the reduction of human error.®

3.1. Al-driven 3D virtual surgical planning (VSP)

VSP platforms combined with Al can process unformatted
radiology data, such as CT and MR scans, into high-
definition, 3D models using automated algorithms based on
segmentation and anatomical analysis. The individual models
of the patients aid in the preoperation simulation of complex
measures, such as mandibular resections, orbital wall
recoveries and zygomatic arch corrections. The new
computer software makes it imaginable to generate virtual
osteotomy planning and reconstruction according to
oncologic margins, facial symmetry, biomechanical
parameters. Using Al in finite element analysis offers
estimations of postoperative stress distribution and functional
outcome improving the decision process of trauma and
tumor-related craniofacial reconstructions.

3.2. Robotic-assisted surgery with Al integration

Platforms with Al-powered navigation options in robotic
surgery have enhanced precision of operations especially in
instances where the access is restricted and anatomies vary
greatly. With skull base surgery, Al is used to perform real-
time interpretation of intraoperative imaging to continuously
adjust navigation, compensating the effects of anatomical
changes during operative resection of tumor. The Al in
cochlear implantation augments the optimal positioning of
the electrode array in the cochlea by estimating the insertion
angles and the depth required to reach sensitivity without
damaging residual hearing. The application of machine
learning to stabilizing motion may be used in robotic
guidance systems, hence minimizing tremor and allowing
interventional therapy on a microscale to be carried out on the
cochlea or in the brainstem areas.*6:18

3.3 Al-enhanced neuronavigation in brain surgery

Al is vital in neuronavigation by overcoming transcortical
brain shift, which is one of the drawbacks of conventional
surgical navigation. The usage of real-time MRI data to
supply deep learning models enables their use to permit the
adaptation of the brain maps to retain the accuracy of
navigation dependent on resection. The fusion capability with
functional MRI (fMRI) and diffusion tensor imaging (DTI)
allows the preservation of the crucial functional areas and the
white matter tracts with the decrease in the chances of the
postoperative neurological deficit.°

3.4 Augmented and mixed reality powered by Al

Mixed reality (MR) and augmented reality (AR) devices
augmented with Al-based image registration and tracking,
are able to superimpose actual organ anatomical markers over
that of the operative area in real time. Such systems have
improved spatial orientation especially in the course of
transoral, endoscopic and minimally invasive cranial
procedures. As an example, during orbital decompression or
infratemporal fossa surgeries, Al-driven AR can be of use to
ensure that eyes can focus on deep anatomical planes and
vascular landmarks without paying attention to the surgical
field. This type of integration enhances efficiency in the
inoperative process and eliminates reliance on external image
monitors.2°

3.5 Clinical impact and future outlook

Surgeries planning and navigation utilizing Al cause shorter
operative time, less aggressive resections, fewer
complications, and better aesthetical and functional results.
Its next-time step will include an element of real-time
feedback that biosensors provide, forecasting the pattern of
healing, and resolving adaptive control of robotic arms with
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reinforcement learning, further improving surgical safety and
customization.1>2

4. Al in Prognostication and Qutcome Prediction

Al in prognostic modeling and outcome predictions is a
landmark development in the sphere of recovery of the head,
neck, and brain surgery. Al-based tools, by taking advantage
of big-data and computational algorithms, are improving the
process of clinical decision-making, by providing
personalized risk stratification, prediction of functional
outcomes, and constantly optimized therapeutics with the
individual patient.??

4.1 Predictive modeling in post-surgical outcomes

ML algorithms, in particular, models of supervised learning,
namely, support vector machines (SVM) random forest, and
deep neural networks have proved to be rather effective in the
prediction of patient-specific surgical outcomes. Al models
are increasingly being used in head and neck surgeries where
nerve preservation, speech articulation, and salvaging of the
ability to swallow are of utmost importance to analyze
intraoperative parameters and preoperative imaging and
determining the probability of the functional restoration after
completion of treatment. As an example, ML-based models
may predict the efficiency of swallowing after total/ partial
laryngectomy and phonation capabilities by considering the
anatomical, clinical, and surgical factors of the patient.
Equally, during neuro-oncological resections prediction of
post-craniotomy motor deficits or seizure control by tumor
location, the extent of resection, and functional connectivity
incurred by preoperative functional MRI and DTI-
tractography has been possible using Al.% The time-series
deep learning models are spread into clinics to monitor and
predict the complications that may arise like a cerebrospinal
fluid leakage, wound dehiscence, or implant rejection
facilitating early clinical intervention and the problematic
reduction. These models have a continuous learning ability to
be more accurate according to the available postoperative
data, so the clinical accuracy and adaptiveness will be better
with the time passing.?*

4.2. Radiomics and genomic data integration for precision
prognosis

The application of radiomics features its high-dimensional
quantitative content extraction of medical images that have
proved important in Al-based disease progression and
response to treatment. Radiomic signatures of CT, MRI, or
PET scans may reflect non-invasively the tumor
heterogeneity, angiogenesis, tissue hypoxia, and texture that
human eye can hardly detect in many cases when it is
combined with ML techniques. Al systems also stratify

patients with head and neck cancers, specifically oral,
salivary gland and thyroid malignancies, using imaging data
plus histopathological and molecular data to risk strata
patients according to the risk of recurrence, risk of metastases
and radiosensitivity. This harmonisation of radiomic and
genomics to create what can be called radiogenomics has
introduced new possibilities of customising the therapeutic
processes like targeted radiotherapy or
immunochemotherapy.? By way of example, convolutional
neural networks (CNNs) have been trained to classify
imaging phenotypes with mutations in genes such as TP53,
EGFR, or BRAF, therefore, offering a non-invasive
equivalent of molecular profiling. Such an approach helps to
determine early presence of aggressive subtypes of tumors
and assist in clinical decision-making, including the
requirement to elective neck dissection and adjuvant
radiotherapy.?®

The implementation of Al-like prognosis is in
development to be embedded in clinical decision support
systems (CDSS), which will enable oncologists and surgeons
to depict probabilistic course of actions, test outcomes
scenarios, and take part in shared decision-making with
patients. The use of Al in prognosis and outcome forecasting
is re-writing the treatment paradigm of head, neck, and brain
conditions. The use of Al is also leading to a more
personalized, adaptive, and proactive patient care strategy
since, in contrast to gut clinical predictions, it is becoming
increasingly sensitive to changes in the clinical predictions,
as it can exploit multimodal data and intelligent models.?”

Recent technological innovations produced in the field
of artificial intelligence have resulted in the introduction of a
highly specialized model of Al programming in a number of
subspecialities of ENT and head, neck, and brain surgery.
These models such as convolutional neural networks
(CNNSs), support natural machine (SVM) and reinforcement
learning algorithms are customized to fulfilling the
anatomical and functional needs of different clinical regions.
In otology, to improving tumor segmentation in head and
neck oncology, Al systems are transforming the accuracy of
the diagnosis, surgical planning, intrasurgical navigation, and
rehabilitation after surgery. In the Table 2 subspecialties will
be outlined with particular Al methodologies followed by
their respective clinical uses. The specific Al models used in
subspecialties of ENT and their clinical applications are
mentioned in Table 2.
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Table 2: Specific Al models used in subspecialties of ENT and their clinical applications

ENT Subspecialty

Al Models / Programming Used

Clinical Applications

Otology (Cochlear
Implantation)

- Convolutional Neural Networks (CNNs)
- Machine Learning (Random Forest, SVM)

- Cochlear structure mapping
- Optimizing electrode array placement
- Auditory outcome prediction

Neurosurgery / Skull Base
Surgery

- Deep Learning with Real-time MRI
- Reinforcement Learning

- Neuronavigation with brain shift
compensation

- Tumor vs. healthy tissue differentiation
- Robotic arm control

Maxillofacial & Oral
Surgery

- 3D CNNs
- Al-powered Finite Element Analysis (FEA)
- Radiomics Integration

- 3D Virtual Surgical Planning
- Jaw resection simulation
- Tumor boundary mapping

Head and Neck Oncology

- Radiomics + ML (SVM, Decision Trees)
- CNN-based Radiogenomics

- Early detection of malignancies
- Metastasis risk prediction
- Mutation profiling (e.g., TP53, EGFR)

Speech & Swallowing
Rehab

- NLP and Speech Recognition Al
- EEG/EMG-driven Al Models

- Voice and phonation outcome
monitoring

- Swallowing function prediction
- Neuroadaptive therapy

Cranial Nerve / Facial
Nerve Mapping

- Segmentation Algorithms using CNNs

- Facial nerve tracking

- Avoiding nerve damage in skull base
and parotid surgery

5. Al in Postoperative Monitoring and Rehabilitation

In head, neck, and brain surgeries, the postoperative period is
usually a critical place that should be monitored with
particular ~ attention in order timely identify any
complications, regulate the rehabilitation process, and
achieve functional outcomes. Once combined with smart
technologies, Al will be increasingly instrumental in the field
of transforming postoperative care through provisions of
continuous patient monitoring, self-adjusting recovery plans,
and augmented approaches to neurorehabilitation.?

5.1. Al-integrated wearable devices and smart monitoring
systems

The use of intermittent clinical assessments has been the
traditional method of post-operative care, and it can be
missed as detrimentalor slower than expected improvement.
However, Al-enabled wearables provide a real-time and
continuous measurement of physiological data, thus enabling
early identification of abnormalities. Such wearables will
have various biosensors that take many different measures
such as vital signs, muscle tone, cranial nerve activity, speech
dynamics and balance of patients mostly rehabilitating after

maxillofacial reconstruction, cochlear implantation surgery,
skull base tumor and skull base tumor surgery. These devices
evaluate the data they obtain with the help of machine
learning algorithms to extract deviations in recovery trends.
An example is that, in the case of cochlear implant users, the
Al systems will be able to analyze audio nerve reaction and
automatically adjust device parameters. Sensor-integrated
splints and braces combined with Al can also measure
swelling, symmetry, and post-traumatic healing progress and
transfer the information to the clinician to monitor and treat
remotely and early in the case of craniofacial trauma.

5.2 Al in neurorehabilitation: enhancing recovery of
cognitive and motor function

The brainstem, the cerebellum, or the spinal cord are very
sensitive parts of the body and are usually responsible for
causing functional impairments that require a long
rehabilitation period. Neurorehabilitation applications on
artificial intelligence are filling the existing gaps in standard
therapy, providing adaptive, patient-specific recovery
options using data-driven therapy. Such platforms are
employed through real-time implications of motion sensing,
electromyography (EMG) and electroencephalography
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(EEG) to determine accountability of the motor, reflex action
and attention engagement.?®

Machine learning models would learn neural plasticity
patterns, then optimise treatment exercises based on the
patterns. Artificial intelligence-powered exoskeletons as well
as rehabilitation robots control the level of resistance and
accordingly the range of movement depending on the
progress of the patient, reducing fatigue and maximising
neuroplasticization. In cognitive rehabilitation, Al-based
neurofeedback devices depend on visual and auditory
feedback to reinforce memory, attention, and executive
performance and are especially useful to patients with frontal
lobe damage or impede mental fog post-surgery. The virtual
reality (VR) environments enabled by the Al platforms
provide a simulation of a task in the real world that helps
patients to rehearse functional skills in a safe and entertaining
environment. The combination of Al and VR makes the
tasks-based assessment more accurate by adjusting the
difficulty to performance during the test. This type of
neuroadaptive recovery does not only speed up the healing
process but also enables patients to feel increasingly
strengthened in their autonomy concerning healing
themselves.

The use of postoperative care and neurorehabilitation in
head, neck and brain surgery is paradigmatically redefined to
be Al-enabled technologies. Al will make possible dynamic,
real-time, patient-specific recovery protocols, thus allowing
the detection of complications at an early stage, accurate
functional testing, and individualized rehabilitation pathway.
Their smooth integration into clinical practice as these
systems keep evolving, has the potential of impacting
positively on surgical outcomes, decrease in hospital
readmissions, and make life easier to patients who have gone
through complicated neurosurgical and craniofacial
procedures.

6. Challenges and Ethical Considerations

The involvement of Al in the head, neck, and brain surgery
will deliver revolutionary advantages, but it is not devoid of
challenges on a remarkably high level. These are multifactor
obstructions that cut crosswise data governance, algorithmic
stability, and legislative supervision and ought to be
practically considered to permit securely and impartially
clinical actualization.

6.1. Data privacy and security concerns

Training and use of Al in surgical oncology and
neuroimaging requires access to very large, high-resolution
datasets with imaging (MRI, CT, PET-CT) imaging, genomic
profile, histopathology slides, and electronic health records.

Although these datasets are essential to construct correct
predictive and diagnostic models, they represent a significant
challenge to the privacy of patients and ownership of data.
Intelligent Al systems are usually built using cloud or
networked training architectures, which expose them to data
leakages or possible attacks. De-identification of imaging
data is not complete in eliminating the risk of re-identification
particularly when coupled with other data. HIPAA, GDPR
and the developing regional data protection rules should also
be followed strictly. The possible solution could be
developing decentralized Al models including federated
learning, enabling the possibility to train a model without
exchanging sensitive data between institutions.*

6.2. Algorithmic bias and dataset representativeness

Quality and diversity of the training data sets on which Al
algorithms are trained is inherently an issue. The unfortunate
thing is that most existing databases today are biased against
certain ethnicities, geographies or healthcare systems, which
is a detriment to generalizability. As an example, an Al model
that has been largely trained on the West-based imageries
would be very poor in diagnosing head-and-neck
malignancies in South-Asian or African, as a result of
anatomical and pathological differences. These biases may
result in underdiagnosis, misclassification, or any other
treatment suggestion, which advances healthcare disparities.
Reducing this problem would involve the evolution of
comprehensive, multi-centre database that would signify
worldwide demographic and pathologic heterogeneity. The
task of disaggregation of the model performance metrics by
subgroups is required to uncover an existence of latent biases
to address them and mitigate biases.3*

6.3. Clinical validation and regulatory oversight

Even though there is an increased interest in using Al
technologies in surgical planning, tumor mapping, and
intraoperative decision support, clinical validation of its use
is lacking. Most models are accurate and precise in the
controlled research settings but not in the real-world clinical
environments where the imaging protocols may differ,
imaging may be influenced by comorbidities, and some part
of the data may be missing. It is urgent to conduct
prospective, multi-institutional clinical trials that compare Al
tools with normal-of care diagnostics and surgical outcomes.
Regulatory agencies such as the FDA, EMA and CDSCO are
starting to lay systems for Al-based medical devices,
however standards in dynamic or continuously learning
systems are still developing. The explainability of the way Al
makes its predictions is also an important issue, since
clinicians will be hesitant to trust a so called black-box
algorithm.®
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Table 3: Challenges and ethical considerations®?

Challenge Description

Impact on Clinical Use

Suggested Mitigation
Strategy

Risk of patient re-identification
in large radiological/genomic
datasets

Data privacy

Limits data sharing across

Use of federated learning and

institutions strong encryption

Underrepresentation of diverse

Inaccurate predictions in

Inclusion of multicenter,

uncertainty based medical tools

Model bias o L underrepresented demographically diverse
populations in training datasets - ;
ethnic/geographic groups datasets
Clinical Lack of standa_r dized Delays regulatory approval and | Prospective multicentric trials,
- performance metrics across g L :
validation L . adoption explainability mechanisms
clinical environments
Algorithm "Black box" nature of some Al Reduces clinician trust and Development of interpretable
transparency models interpretability Al models (e.g., SHAP, LIME)
Regulatory Evolving frameworks for Al- Hinders integration into Early engagement with

clinical workflows regulatory bodies

With the growing integration of Al into the clinical
infrastructure of head, neck, and brain surgery, effective
future planning and a strong validation are necessary. The
key to ensuring the right to privacy, removing bias, and
creating clinical reliability are ethical requirements beyond
just technical issues needed to preserve the trust, safety, and
the equity of care given to patients. A multidisciplinary effort
by engineers, surgeons, ethicists, and regulatory bodies will
all be critical to the responsible development of Al in surgical
science. Although the technological adoption of Al in
surgical workflows is evidently bright, there are quite a
number of technical and ethical issues to be addressed. These
comprise issues of data governance issues, model
generalizability, and clinical adoption. Table 3 provides the
key implementation barriers and mitigation strategies.®

7. Conclusion

The integration of Al into the sphere of head, neck, and brain
surgery represents the paradigm shift in contemporary
surgery. Combining the capabilities of processing complex
data, identifying minute trends and providing timely and
evidence-based advice, Al is reshaping clinical processes,
making them more efficient than ever before, taking place in
both preoperative diagnostics, intraoperative guidance, and
postoperative management. In aerostatic surgery and facial
reconstruction therapy, the analytical imaging in Al can
enable better mapping of the anatomy so that the issue of
pathological entities that are otherwise undetected, like the
edges of tumors, vascular malformations, and nerve-based
damage can be recognized early in neurosurgery. Real-time
Al connectivity to robotic systems and navigation devices in

the surgical theater is taking over microsurgery with less
operative morbidity. Al is helping to make surgical
approaches more personal, through the wuse of
multidimensional data radiological, histopathological, and
molecular within predictive models that help to inform more
surgical approaches. These data-driven techniques do not
only enhance the oncological results but also maintain the
structural integrity, especially important in the anatomically
resplendent areas such as skull base or oral-maxillofacial
complex. In the future, with the evolution of an Al, its
integration with augmented reality, genomics, high-
throughput radiomics, etc. offers the prospects of creating
intelligent and adaptive systems that would be able to learn
and grow with each surgery case. They will be useful in
optimizing the therapeutic algorithms, improved surgical
education, and improvement of minimally intrusive
procedures. Finally, strategic and ethically managed
application of Al will also become a foundation upon which
future of precision surgery in terms of safer intervention,
faster recovery, and improvement of patient life will be
enabled in case of complex surgeries of head, neck, and brain
surgery.

8. Source of Funding

None.

9. Conflict of Interest
None.



Ingole et al. / IP Indian Journal of Anatomy and Surgery of Head, Neck and Brain 2025;11(2):27-36 35

References

1.

10.

11

12.

13.

14.

15.

Roesch ZK, Tadi P. Anatomy, head and neck, neck. In:
StatPearls [Internet]. Treasure Island (FL): StatPearls
Publishing; 2025. [cited 2023 Jul 24]. Available from:
https://www.ncbi.nlm.nih.gov/books/NBK542313/.
Koroulakis A, Jamal Z, Agarwal M. Anatomy, head and neck,
lymph nodes. In: StatPearls [Internet]. Treasure Island (FL):
StatPearls Publishing; 2025. [cited 2022 Dec 11]. Available
from: https://www.ncbi.nlm.nih.gov/books/NBK513317/.
Bajwa J, Munir U, Nori A, Williams B. Artificial intelligence in
healthcare: transforming the practice of medicine. Future
Healthe J. 2021;8(2):e188-¢194.

Broggi G, Maniaci A, Lentini M, Palicelli A, Zanelli M, Zizzo
M, et al. Artificial intelligence in head and neck cancer
diagnosis: a comprehensive review with emphasis on radiomics,
histopathological, and molecular applications. Cancers (Basel).
2024;16(21):3623.

Bi WL, Hosny A, Schabath MB, Giger ML, Birkbak NIJ,
Mehrtash A, et al. Artificial intelligence in cancer imaging:
clinical challenges and applications. CA Cancer J Clin.
2019;69(2):127-57.

Knudsen JE, Ghaffar U, Ma R, Hung AJ. Clinical applications
of artificial intelligence in robotic surgery. J Robot Surg.
2024;18(1):102.

Dixon D, Sattar H, Moros N, Kesireddy SR, Ahsan H,
Lakkimsetti M, et al. Unveiling the influence of Al predictive
analytics on patient outcomes: a comprehensive narrative
review. Cureus. 2024;16(5):¢59954.

Abd-alrazaq A, Aslam H, AlSaad R, Alsahli M, Ahmed A,
Damseh R, et al. Detection of sleep apnea using wearable Al:
systematic review and meta-analysis. J Med Internet Res.
2024;26:e58187.

Williams S, Horsfall HL, Funnell JP, Hanrahan JG, Khan DZ,
Muirhead W, et al. Artificial intelligence in brain tumour
surgery-an  emerging  paradigm. Cancers  (Basel).
2021;13(19):5010.

Najjar R. Redefining radiology:
intelligence integration in medical imaging. Diagnostics
(Basel). 2023;13(17):2760.

Cé M, Irmici G, Foschini C, Danesini GM, Falsitta LV, Serio
ML, et al. Artificial intelligence in brain tumor imaging: a step
toward personalized medicine. Curr Oncol. 2023;30(3):2673—
701.

Touska P, Connor SEJ. Recent advances in MRI of the head and
neck, skull base and cranial nerves: new and evolving
sequences, analyses and clinical applications. Br J Radiol.
2019;92(1104):20190513.

Huang W, Shu N. Al-powered integration of multimodal

a review of artificial

imaging in precision medicine for neuropsychiatric disorders.
Cell Rep Med. 2025;6(5):102132.

Deng C, HuJ, Tang P, Xu T, He L, Zeng Z, et al. Application of
CT and MRI images based on artificial intelligence to predict
lymph node metastases in patients with oral squamous cell
carcinoma: a subgroup meta-analysis. Front Oncol.
2024;14:1395159.

Guo C, He Y, Shi Z, Wang L. Artificial intelligence in surgical
medicine: a brief review. Ann Med Surg (Lond). 2025;87(4):2180—

6.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Upreti G. Advancements in skull base surgery: navigating
complex challenges with artificial intelligence. Indian J
Otolaryngol Head Neck Surg. 2024;76(2):2184-90.

Iftikhar M, Saqib M, Zareen M, Mumtaz H. Artificial
intelligence: revolutionizing robotic surgery: review. Ann Med
Surg (Lond). 2024;86(9):5401-9.

Ghosh S, Sindhujaa P, Kesavan DK, Gulyas B, Mathé D. Brain—
computer interfaces and Al segmentation in neurosurgery: a
systematic review of integrated precision approaches. Surgeries.
2025;6(3):50.

Tangsrivimol JA, Schonfeld E, Zhang M, Veeravagu A, Smith
TR, Hértl R, et al. Artificial intelligence in neurosurgery: a state-
of-the-art review from past to future. Diagnostics (Basel).
2023;13(14):2429.

Ramirez MDE, Chmutin G, Nurmukhametov R, Soto GR,
Kannan S, Piavchenko G, et al. Integrating augmented reality in
spine surgery: redefining precision with new technologies.
Brain Sci. 2024;14(7):645.

Hashimoto DA, Rosman G, Rus D, Meireles OR. Artificial
intelligence in surgery: promises and perils. Ann Surg.
2018;268(1):70-6.

Maniaci A, Lavalle S, Gagliano C, Lentini M, Masiello E, Parisi
F, et al. The integration of radiomics and artificial intelligence
in modern medicine. Life (Basel). 2024;14(10):1248.

Nair APS, Mishra SK, Alba Diaz PA. A systematic review of
machine learning approaches in cochlear implant outcomes.
NPJ Digit Med. 2025;8(1):411.

Laguardia S, Piccioni A, Vera JEA, Muqaddas A, Garcés M,
Ambreen S, et al. A comprehensive review of the role of the
latest minimally techniques and
outcomes for brain and surgeries.
2025;17(5):e84682.

Bera K, Braman N, Gupta A, Velcheti V, Madabhushi A.
Predicting cancer outcomes with radiomics and artificial
intelligence in radiology. Nat Rev Clin Oncol. 2022;19(2):132—
46.

Viswanathan VS, Toro P, Corredor G, Mukhopadhyay S,
Madabhushi A. The state of the art for artificial intelligence in
lung digital pathology. J Pathol. 2022;257(4):413-29.

Wang L, Chen X, Zhang L, Li L, Huang YB, Sun Y, et al.
Artificial intelligence in clinical decision support systems for
oncology. Int J Med Sci. 2023;20(1):79-86.

Jafleh EA, Alnagbi FA, Almaeeni HA, Faqeeh S, Alzaabi MA,
Al Zaman K. The role of wearable devices in chronic disease

invasive neurosurgery

spinal Cureus.

monitoring and patient care: a comprehensive review. Cureus.
2024;16(9):68921.

Calderone A, Latella D, Bonanno M, Quartarone A,
Mojdehdehbaher S, Celesti A, et al. Towards transforming
neurorehabilitation: the impact of artificial intelligence on
diagnosis and treatment of disorders.
Biomedicines. 2024;12(10):2415.

Banyai AD, Brisan C. Robotics in physical rehabilitation:
systematic review. Healthcare (Basel). 2024;12(17):1720.
Ansari ZJ, Aher A, Thitame SN. Advancements in robotics and
Al transforming surgery and rehabilitation. J Pharm Bioallied
Sci. 2025;17(Suppl 1):S46-8.

Rao KN, Fernandez-Alvarez V, Guntinas-Lichius O, Sreeram
MP, de Bree R, Kowalski LP, et al. The limitations of artificial
Ther.

neurological

intelligence in head and neck oncology. Adv
2025;42(6):2559-68.


https://www.ncbi.nlm.nih.gov/books/NBK542313/
https://www.ncbi.nlm.nih.gov/books/NBK513317/

36

33.

34.

35.

Ingole et al. / IP Indian Journal of Anatomy and Surgery of Head, Neck and Brain 2025;11(2):27-36

Parvin N, Joo SW, Jung JH, Mandal TK. Multimodal Al in
biomedicine: pioneering the future of biomaterials, diagnostics,
and personalized healthcare.  Nanomaterials  (Basel).
2025;15(12):895.

Celi LA, Cellini J, Charpignon ML, Dee EC, Dernoncourt F,
Eber R, et al. Sources of bias in artificial intelligence that
perpetuate healthcare disparities-a global review. PLOS Digit
Health. 2022;1(3):¢0000022.

Kenig N, Monton Echeverria J, Muntaner Vives A. Artificial
intelligence in surgery: a systematic review of use and

validation. J Clin Med. 2024;13(23):7108.

36.

Mennella C, Maniscalco U, De Pietro G, Esposito M. Ethical
and regulatory challenges of Al technologies in healthcare: a
narrative review. Heliyon. 2024;10(4):¢26297.

Cite this article: Ingole K, Khuspe P, Phade S, Kale S, Mane
D. Role of artificial intelligence in head, neck, and brain
surgery: transforming diagnosis, planning, and precision
therapy. IP Indian J Anat Surg Head, Neck Brain.
2025;11(2):27-36.




