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Introduction

Precision Rehabilitation (PR) represents a transformative
approach in Physical and Rehabilitation Medicine (PRM),
emphasizing the integration of personalized care with the
best clinical evidence to enhance patient outcomes. This
article discusses the pivotal role of emerging technologies
such as Big Data (BD) and Artificial Intelligence (Al) in
revolutionizing rehabilitation practices. By leveraging vast
datasets and advanced algorithms, healthcare professionals
can develop tailored therapeutic plans, optimize
interventions, and monitor patient progress in real-time.
Additionally, the integration of genetic insights and
biomarkers into rehabilitation programs allows for a more
nuanced understanding of individual patient responses,
facilitating personalized treatment strategies. Neuroimaging
techniques further enhance the predictive capabilities
regarding functional recovery, while psychosocial and
environmental factors are acknowledged as critical
components in formulating comprehensive rehabilitation
plans. Despite the promising advancements, challenges
such as ethical considerations, data privacy, and the need
for standardized protocols remain. This article underscores
the importance of a biopsychosocial approach in
rehabilitation, advocating for a patient-centered model that
adapts to the unique characteristics and needs of each
individual. As PR continues to evolve, it holds the potential
to redefine rehabilitation care, making personalized medicine
a practical reality in clinical settings.
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Background

The provision of medical care and research are fundamental
pillars of physical and rehabilitation medicine (PRM),
traditionally centred around functionality and quality of life.
Precision Rehabilitation (PR) is an increasingly relevant
concept that combines the best clinical evidence with the
personalization of care and therapeutic programs. This
article explores key emerging topics, including BD and Al,
the influence of psychosocial and environmental factors,
biomarkers, genomics, neuroimaging, and digital
applications as operative premises of PR. It provides a
concise overview, summarizing the perspectives shared by
participants in the Research Department at the National
Congress of the Portuguese Society of Physical and
Rehabilitation Medicine (SPMFR) in February 2025.

Big data and artificial intelligence:
clinics and research

The convergence of BD and Al is transforming PRM,
creating new opportunities to personalize treatments and
optimize outcomes." ? BD refers to the vast volume of
available information, while Al encompasses computational
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systems that simulate decision-making. Together, these
technologies enable predictive analytics, the customization
of therapeutic plans, and real-time monitoring, fostering a
more effective approach to rehabilitation medicine.® In
clinical practice, Al plays a crucial role in analysing patient
data, facilitating outcome prediction, and optimizing
interventions. Through machine learning (ML) and deep
learning (DL) algorithms, personalized rehabilitation plans
can be developed to meet individual patient needs.
Wearable devices and Internet of Things (loT) sensors further
enhance real-time data collection, allowing continuous
monitoring of patient progress and enabling timely
adjustments to interventions.* 5 ¢

Translational research greatly benefits from these
innovations. The integration of clinical, epidemiological, and
genomic data into multimodal Al models supports the
development of personalized rehabilitation programs,
advancing the field of PR.” Additionally, population studies
leveraging BD analytics help validate rehabilitation medicine
strategies and establish evidence-based guidelines.

However, implementing these technologies presents
challenges. Ethical concerns, such as patient data privacy
and algorithmic bias, must be carefully addressed. Al should
be viewed as a complementary tool that supports, rather
than replaces, the human connection between healthcare
professionals and patients. Empathy and effective
communication remain essential to ensuring that technology
enhances rather than detracts from the rehabilitation
process.

In conclusion, the integration of BD and Al in PRM not only
enhances treatment efficacy and functional outcomes but
also paves the way for new research and clinical
advancements, fostering a more patient-centred and
evidence-based approach. Furthermore, these
advancements will drive the development of PRM, a tailored
approach that adapts treatments to individual
characteristics, needs, and responses.

The integration of genetics in the
innovation of rehabilitation programs

The achievement of genetic analyses after the Human
Project Genome in 2003, was the beginning of a revolution
in multiple fields of medicine and changed the contemporary
and future of clinical practice.® °® The integration of genetics
in personalized medicine is crucial to complete de
relationship between evidence-based medicine, precision
medicine and patient-centered care.’

The fundamentals of genetic in rehabilitation include the
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response to treatment, predisposition to diseases, physical
and cognitive capacity, psychological aspects, and ageing.
Specifically for recovery from neurological diseases, as stroke
and spinal cord injury, researchers are interested in the
importance of cognitive reserve and neuroplasticity.'® 1. 12

The efficiency of neuroplasticity can be influenced by many
factors, including genetic polymorphisms." Some of the
genes related to recovery of nervous system includes: brain-
derived neurotrophic factor (BDNF), apolipoprotein E (ApoE),
neuregulin-1 (NRG1), matrix metalloprotease-9 (MMP-9), G-
protein coupled beta-2-adrenergic receptor (ADRB2), as well
as genes related to the dopaminergic system (DRD1, DRD2,
COMT, SLC6A3) and serotonergic system (SLC6A4, HTR2A,
MTHFR) or genes associated with specific functions or
processes related to psychomotor and sensorimotor
development (PPARD, IGF1, FOXP1).™

One of the most studied is the BDNF gene, which encodes
a protein that is a nerve growth factor secreted by neurons.
Its activity is related to the functioning of cholinergic and
dopaminergic pathways implicated in brain development
and modulation of neuronal structure, function and
transmission. The Val66Met BDNF polymorphism, present
in 20-30% of people, is related to the reduction of BDNF
protein activity and the consequent reduction of the ability
of the nervous system to make plastic changes. Its presence
in stroke patients is related to a worse outcome.™ '* Other
important protein is apolipoprotein E, encoded by the ApoE
gene, produced in the brain mainly by astrocytes and related
to lipid metabolism. ApoE polymorphisms are strongly
associated with the risk of atherosclerosis, acute
cardiovascular syndromes and the development of
Alzheimer’s disease, but more important for plasticity is the
relationship of the ApoE4 allele with various
neurophysiological aspects of brain functioning. Its
presence in traumatic brain injury is associated with a poor
functional outcome. 3 14

The current major challenge of precision medicine applied
to rehabilitation is the possibility of predicting recovery and
intervening in the chain of consequences of disease, using
strategies that introduce the modification of the genetic
profile of each patient through the environment, experiences
and therapeutic interventions, and thus personalize health
care.

Biomarkers in the personalization

of rehabilitation

Rehabilitation medicine has been evolving toward a more
personalized paradigm, with biomarkers playing a central

role in optimizing treatments. Precision rehabilitation differs
from the traditional evidence-based approach by leveraging
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individual data to predict functional prognosis and tailor
interventions more effectively. Biomarkers are biological
indicators that reflect physiological processes and
treatment responses. Their application enables patient
stratification, recovery prediction, and clinical progress
monitoring. These biomarkers include molecular markers,
such as genetic and epigenetic elements and proteins
associated with treatment response.™ '® Physiological
biomarkers assess functions like heart rate variability and
muscle strength, while neuroimaging biomarkers analyze
functional brain activity and neural connectivity, contributing
to post-injury functional predictions.'

Integrating biomarkers into clinical practice allows for more
efficient, patient-specific treatment. Studies have shown
that monitoring biomarkers such as the S100B protein and
functional neuroimaging facilitates the development of
predictive models for upper limb functionality after a stroke.
By combining clinical, laboratory, and imaging variables,
these models can accurately estimate the likelihood of
recovery, thereby enabling personalized therapeutic
approaches.'®' The incorporation of biomarkers into
rehabilitation programs offers several advantages, including
greater precision in treatment personalization, early
identification of complications, continuous monitoring with
the possibility of dynamic adjustments, increased patient
adherence through objective feedback, early prognosis
prediction, and more efficient allocation of resources.

Despite these advancements, integrating biomarkers into
rehabilitation still presents challenges, such as the need for
standardized protocols, the high cost of certain
technologies, and the effective integration of digital health
systems. However, advances in artificial intelligence and big
data analytics will enhance the accuracy of functional
recovery predictions and expand treatment personalization.
The integration of neuroimaging, molecular biomarkers, and
digital applications in rehabilitation represents the future of
physical and rehabilitation medicine, fostering a more
effective and patient-centered approach. As these
technologies continue to evolve, we can anticipate a
revolution in rehabilitation care where personalized
medicine is no longer just a concept but a reality applied in
clinical practice.

Prediction of functional outcomes with
neuroimaging

Neuroimaging techniques such as functional magnetic
resonance imaging (fMRI), diffusion tensor imaging (DTI),
transcranial magnetic stimulation, are powerful tools for
assessing brain plasticity and recovery processes, enabling
the identification of functional recovery indicators and the
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dynamic personalization of therapeutic interventions over
time.'®20 These non-invasive biomarkers have been shown to
predict a range of functional outcomes in chronic pain and
neurological disorders, such as motor and neurocognitive
recovery after stroke or traumatic brain injury'®?2. For
instance, studies using volumetric MRI in mild traumatic brain
injury have demonstrated that the reduction in thalamic
volume is significantly associated with higher levels of
fatigue.?" In stroke patients, fMRI indicators such as the
intensity of baseline motor activation and the strength of
functional connectivity, alongside DTI metrics (particularly
microstructural changes in the corticospinal tract, including
measures like fractional anisotropy) are among the most
robust predictors of motor outcomes.'® 22 Regarding the
prediction of cognitive function, the presence of cerebral
atrophy, microbleeds, and the increasing severity of white
matter hyperintensities are significantly associated with
poorer cognitive outcomes. Despite the growing interest in
neuroimaging biomarkers for clinical application, several
limitations persist that hinder their effective implementation.
Key challenges include the lack of standardization in
development and validation processes, small sample sizes,
limited evidence across certain clinical contexts, and high
inter- and intra-individual variability. Moreover, clinical trials
lack long-term follow-up, resulting in weak correlations
between biomarkers and clinical or functional outcome
measures. Additionally, high costs, the need for specialized
training and equipment, and barriers to access and
implementation present further obstacles. Nonetheless, the
integration of neuroimaging with artificial intelligence
techniques, such as machine learning algorithms, presents
significant opportunities to enhance data analysis, optimize
outcomes, and improve clinical utility.”2%24 |t is important to
highlight that neuroimaging data and biomarkers should be
integrated into multivariate predictive models that can capture
the individuality of each patient through a biopsychosocial
approach. Rehabilomics emerges as an important framework
that allows omics research built upon clinical practice,
especially in outcome prediction and individualized
rehabilitation.?® In conclusion, neuroimaging plays a central
role in precision rehabilitation by enabling the prediction of
functional outcomes and supporting the design of more
effective and personalized rehabilitation strategies.

The Influence of Psychosocial and
Environmental Factors on the
Rehabilitation

The World Health Organization (WHO) defined health as “a
state of complete physical, mental, and social well-being
and not merely the absence of disease or infirmity”.2®



Engels (1977) was the first to speak about the
“biopsychosocial model of health”, seeing it as a holistic
model, considering the person’s psychological and social
state, and health as a result of a complex and interactive
relation between the human being and the environment,
encompassing time.

The Biopsychosocial health care model considers health to
be the total biological, social, and emotional well-being.

The biopsychosocial model and ICF consider functionality
not as a consequence of a disease, but as a fundamental
component of health. Functionality and disability express
the dynamic interaction between health states (diseases,
disorders, injuries, etc.) and contextual factors
(environmental and personal factors). Disability is not an
attribute of the person, but rather a complex set of
conditions that result from their interaction with the
environment.?”28 The WHO defines rehabilitation as a series
of interventions to optimize functioning and reduce disability
in individuals with health conditions as they interact with
their environment.?® The brain can adapt to environmental
pressure, experiences, and challenges, including brain
damage. Neuroplasticity is the property of the Central
Nervous System (CNS) to reorganize after a lesion and is the
basis of neurological recovery. Rehabilitation is a learning
process, where old skills have to be re-acquired and new
skills have to be learned on the basis of practice.

To be successful, Rehabilitation must be repetitive, task-
specific, and intensive, but the results are better if the patient
is actively involved, vigilant, and the tasks are based on the
patient’s interests.0 31

Rehabilitation must be for each specific individual (the
individual rehabilitation project), with a Health Condition and
his/her contextual factors (ICF, taking into consideration
his/her societal roles and expectations, regardless of the
psychological and physical impairments (32). Ask not what
disease the person has, but rather what person the disease
has (William Osler, 1849-1919).%

Personalizing Care with Mobile
Applications/Apps

Health Care’s dynamic evolution has led to a New Health
Paradigm—Digital and Mobile Health—which represents a
revolutionary transformation (including in PRM.)* This shift
promotes decentralized, proximity-based and personalized
digital care, with hospital-centered interventions moving to
alternative settings. Digital technologies—Telemedicine,
Telerehabilitation and Individual Rehabilitation Programs
(IRP), designed for continuous adaptation, health literacy
improvement, patient accountability, multitasking and task
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shifting—enable the development and implementation of
Personalized Mobile Health Applications (PMHA). Health
5.0, Artificial Intelligence, Big Data, Machine Learning and
Business Intelligence/Analytics are also associated with
PMHA, making information systems and technological
investment an imperative reality.

PMHA support essential PRM and Rehabilitation objectives,
procedures and interventions:  clinical/functional
assessment, health promotion, disease prevention,
therapeutics, retraining, palliation, home-based care and
monitoring (clinical and functional parameters, medication,
adherence). They are integrated in IRP across multiple
pathologies and conditions—cardiac, respiratory, ortho-
traumatological, osteo-metabolic, neurological, pelvic floor,
oncological—both pre- and postoperatively, including
exercise reconditioning (with metabolic data), sleep,
medication management and fall prevention.

Rehabilitation Care personalization through PMHA requires
multiprofessional, inter- and multidisciplinary Rehabilitation
Teams across hospital and community settings, using hybrid
or tele-health tools (real-time or remote) throughout clinical
follow-up and Integrated Care Pathways. This process must
include patient evaluation, prescription, supervision and
team coordination by a physiatrist.*

PMHA in Rehabilitation combine medical rehabilitation
science with Behavioural Science to strengthen patient
engagement in product and service design.®

These tailor-made solutions function as adjunct tools for
diverse health needs, supporting greater adherence,
integration with medical devices, efficient clinical data
management and analysis, performance progression,
education of patients/families/caregivers, development of
competencies and self-responsibility, compliance with
regulatory and safety standards, health management
planning and a more efficient patient-centered connection
between Health Systems, Community and Home-Based
Care. A wide variety of often low-cost PMHA is available.

With the growing use of Rehabilitation PMHA, it is critical to

assess patient-reported health status, outcomes,
experiences, facilitators, barriers, advantages,
disadvantages and opportunities for improvement.

Maintaining a clear vision is essential to ensure meaningful
value in this new paradigm.

Discussion and conclusion

This paper integrates several important innovations in the
field of Physical and Rehabilitation Medicine, highlighting
the incorporation of emerging technologies — such as Big
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Data, Artificial Intelligence (Al), and Machine Learning — to
personalize treatments, predict outcomes, and monitor
patients in real-time, making rehabilitation more precise and
tailored to individual needs. This paper also addresses the
incorporation of genetics and biomarkers — by identifying
genes and proteins that influence neuroplasticity and
recovery, it allows for personalized therapeutic interventions
based on the patient’s genetic profile, which is still
underexplored in daily clinical practice. It also focuses on
neuroimaging as a predictive tool — applying advanced
techniques like fMRI and DTI and transcranial magnetic
stimulation, to predict functional recovery and dynamically
adapt treatments, represents a progress in the objective
assessment of the rehabilitation process. Regarding the

focus on the biopsychosocial model and environmental
factors, the article emphasizes the importance of
considering not only the biological aspect but also the
psychological, social, and environmental context of the
patient, promoting a holistic and more effective approach to
care. Finally, the integration of digital technologies and
mobile applications in clinical management is highlighted,
facilitating patient autonomy, remote monitoring, and
multidisciplinary coordination, thus promoting continuous
and personalized care. In summary, “precision rehabilitation”
gathers and articulates these modern technologies and
concepts, pointing towards a future for a rehabilitation that
is patient-centered, highly personalized, data-driven, and
focused on a multidimensional approach to care.
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