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Abstract:
Osteoporosis (OP) is a bone degenerative disease, wherein progressive deterioration of microarchitecture of
bones make them porous, fragile and brittle leading to bone hollowing. OP is characterized by decrease in
bone mineral density (BMD) wherein spine, shoulder, hip, wrist bones are more prone to fracture risks that
causes high morbidity and socio-economic burden. This necessitates early diagnosis of OP and prediction of
fragility fracture risk. Conventional diagnostic methods, include Dual-Energy X-ray Absorptiometry (DXA),
do not give accurate predictions of risk of fractures as minor changes in bone structure are often overlooked.
The fact that most fractures occur at non-osteoporotic BMD values, despite the operative diagnosis being
based on BMD, is an obstacle in management of OP. With the advent of artificial intelligence, a series of
reports suggest deep learning applications in screening and diagnosis of OP. Deep learning methods can
emerge as a promising method for detection and diagnosis of osteoporotic fractures via machine learning
(ML).
The ever-expanding field of nanotechnology has witnessed rapid development of its potential application for
OP treatment. While traditional therapies for OP are effective, their use are severely limited due to reduced
bioavailability, non-specific distribution coupled with adverse effects. Nanotherapeutics have emerged as
a promising approach for managing OP. The unique physicochemical properties of nanoparticles include
tunable surface characteristics, ultra-small size, high surface-to-volume ratio that empower them to overcome
the confines of traditional therapies. Nanotechnology applications in OP therapeutics are still in the early
phases, with more research needed to fully uncover its potential.
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1. Introduction

Osteoporosis (OP) is a progressive systemic skeletal
disorder characterized by a reduction in bone mineral
density (BMD) and compromised bone microarchitec-
ture, leading to increased bone fragility and susceptibility
to fractures [1]. It causes bones to become more porous
and brittle, which lowers BMD and increases the fracture

risks. Spine, hip, wrist and shoulder bones are most ad-
versely affected in this disease. Low BMD and increased
bone fracture are one of the main characteristics of OP
[2]. OP leads to long-term complications, including
stooped posture, persistent pain, skeletal deformities,
functional impairment, and psychological impacts such
as depression, collectively diminishing quality of life
[3]. OP is becoming extremely common as the life
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expectancy is increasing globally.
OP is reported in all gender, ethnicities and different

age groups; however, post-menopausal women are at
notably higher risk. The various OP risks factors are
outlined below in (Table 1) by S. Misner, et al. (2017,
2018) [4]. Women are at high risk after menopause
which is referred to as post-menopausal OP (PMO). An
estimated 200 million women worldwide, including 75
million across Europe, Japan, and the United States, are
affected by PMO [5].

Bones are hard, compact rigid tissues that enables the
body to perform multiple functions. Outermost layer of
bone is referred to as cortical bone, it plays the major
weight-bearing function in the body and is extremely
resistant to bending and torsion [6]. The trabecular or
cancellous bone is the innermost layer of bone; it is
spongy and highly vascularized in nature consisting of
bone marrow [7]. Osteoblasts, osteoclasts, osteocytes,
fibroblasts are the main cellular components that alto-
gether constitutes bone microenvironment. Osteoblasts
are specialized mesenchymal-derived cells responsible
for bone formation through the process of osteogenesis,
contributing to new bone synthesis and the growth of
existing bone tissue. In contrast, osteoclasts, derived
from hematopoietic precursors, mediate bone resorption
via osteoclastogenesis, a process that involves the degra-
dation and remodeling of bone matrix [8]. These cells
play a crucial role in bone remodelling. In a healthy in-
dividual these cells function in normal manner, to repair
all the flaws and cracks, maintaining healthy bones [9].
However, when bone remodelling activity gets imbal-
anced i.e., when bone resorption by osteoclast exceeds
bone formation by osteoblast, it results in pathophysio-
logical changes leading to low BMD, loss in trabecular
region of bone making them more porous, brittle and
enhancing risks of fracture, altogether causing OP in
an individual. Apart from the osteoclast and osteoblast
activities, various systemic factors (hormones) such as
estrogen, calcitonin, parathyroid hormone, testosterone
contribute key role in remodelling of bone and thereby
sustaining the skeletal homeostasis. Estrogen plays a
critical role in regulating bone remodeling, as its recep-
tors are expressed on both osteoblasts and osteoclasts
[10]. The marked decline in estrogen levels during
menopause disrupts the balance between osteogenesis
and bone resorption, favoring increased bone turnover
and contributing to the pathogenesis of osteoporosis.

At present no active treatment for OP is prescribed
rather its treatment and prevention can be addressed by
using home remedies for its management. OP prevention
involves taking steps to change the environment and way
of living so that a high peak BMD is maintained [11].
A regular healthy diet plan, regular exercise, avoiding
risk factors like alcohol abuse and smoking is advised to
all who are at an increased risk of disease. Conversely,
treatment involves intervention for patients who have
established OP that could lower down the chances of
subsequent fractures [12].

Hormone-based therapies have shown considerable

efficacy in the management of osteoporosis, particu-
larly in peri- and postmenopausal women. Hormone
Replacement Therapy (HRT) remains a key therapeutic
approach, significantly reducing the risk of both vertebral
and nonvertebral fractures across various dosing regi-
mens [13]. HRT contributes to the preservation of BMD
throughout the skeletal system and helps normalize bone
remodelling dynamics. Additionally, Selective Estrogen
Receptor Modulators (SERMs), lasofoxifene, raloxifene
and bazedoxifene, Selective Tissue Estrogenic Activity
Regulators (STEARs) like tibolone have demonstrated
efficacy in improving BMD at both femoral and verte-
bral sites. Furthermore, the Tissue-Selective Estrogen
Complex (TSEC), which combines conjugated estrogens
with bazedoxifene, not only attenuates bone turnover and
increases BMD but also alleviates climacteric symptoms
associated with menopause [14].

These recent medications and therapies for OP treat-
ment have several adverse side effects causing renal
impairment and acute kidney toxicity. HRT have po-
tential risks of breast cancer, thrombosis, hot flushes,
vaginal bleeding, stroke, cardiovascular disease, throm-
boembolism and various other complications have been
reported with the use of SERMs [15]. In light of these
challenges, alternative strategies employing biomateri-
als, particularly nanoparticles, have been explored for
therapeutic applications of OP and enhanced bone re-
generation. Nanoparticles fall within the range of 1 to
100 nm, exhibiting a high surface area-to-volume ratio
because of their nanoscale dimensions [16]. Nanopar-
ticles are used as vehicle for site-specific drug delivery
due to their small size. Drugs are either encapsulated
or adsorbed within nanoparticles, thereby increasing
their biostability [17]. Since bone is a nanocomposite,
utilization of nanomaterials for bone tissue regenera-
tion and OP treatment serves as an effective approach.
Nanomaterials also serve as osteoconductive agents that
stimulates stem cells differentiation to an osteolineage
[18]. For instance, calcium phosphate-based nanoma-
terials interact with integrin receptors on mesenchymal
stem cells (MSCs), leading to activation of focal adhe-
sion kinase (FAK) signalling pathways. This activation
upregulates key transcription factors such as Runx2 and
Osterix, which drive the osteogenic markers expression
including collagen type I, alkaline phosphatase, osteocal-
cin, culminating in matrix mineralization and osteoblast
differentiation [19].

2. General understanding of OP for
developing nanotherapeutics

2.1 Etiology

Strength of bone is determined by the two critical com-
ponents: bone mineral density (BMD) and bone quality.
While BMD remains the clinical gold standard for diag-
nosing osteoporosis and evaluating initial fracture risk,
emerging evidence indicates that BMD alone may not
comprehensively predict fracture susceptibility or mon-
itor therapeutic efficacy. Consequently, the concept of
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bone quality has gained prominence, as it encompasses
both material and structural attributes that contribute to
overall bone strength [20].
Structural properties are largely influenced by bone
geometry-specifically the size and shape of the bone-as
well as its microarchitectural organization, including
thickness of trabecular, trabecular connectivity, also
thickness or porosity. On the other hand, material prop-
erties are defined by parameters such as the mineral-to-
matrix ratio, hydroxyapatite crystal size (mineralization),
collagen composition (including collagen type and cross-
linking patterns), and the extent of microdamage or
micro-fracture accumulation [21].
Moreover, estrogen deficiency following menopause has
been strongly correlated with accelerated bone loss and
increased bone turnover, significantly elevating fracture
risk. These alterations in bone remodelling dynamics
can be broadly classified as:

2.1.1 Primary OP

Primary OP is linked with the process of aging and
deficiency of sex hormones. Estrogen deficiency in
post-menopausal women results in lower BMD [22].
Aging results in degradation of trabecular region of the
bone making them porous and brittle, therefore resulting
in reduced bone mass. With advancing age, increased
levels of sex hormone-binding globulin (SHBG) lead to
the inactivation of estrogen and progesterone, resulting
in decline of BMD in males [23].

2.1.2 Secondary OP

Numerous coexisting conditions and/or medicines can
lead to secondary OP. It results due to imbalance of sex
hormones, calcium and vitamin D levels [24]. BMD has
been seen to drop off quickly within three to six months
of starting glucocorticoid medication. Secondary OP
may occur due to different reasons in different genders
[25]. In male individuals, OP is more frequently linked
to excessive alcohol consumption, use of glucocorticoids
and hypogonadism. A study has indicated that the males
undergoing androgen-deprivation therapy (ADT) are at
an increased risk of OP. In females, 78% of chances
of secondary OP were caused by calcium metabolism
disorders and hyperparathyroidism [26].

2.2 Epigenetics associated with OP
Research has identified several genes that contribute to
risk of developing of OP. These genes primarily regulate
processes involved in maintenance and development of
bone, as well as calcium and vitamin D metabolism,
both of which are vital for skeletal health [27]. Three
genes are reported to be involved with maintenance of
bone health as variations in them may affect the bone
densities.

i) Vitamin D Receptor (VDR) Gene: Variations in
this gene affects vitamin D metabolism, influencing
calcium absorption and bone mineralization [28].

ii) COL1A1 and COL1A2 Genes: These genes en-
code type I collagen, a major structural protein
in bones. Mutations in these genes can lead to
osteogenesis imperfecta and other bone disorders
[29].

iii) LRP5 Gene: This gene is crucial for bone forma-
tion and density. Mutations in LRP5 are linked
to high bone mass or, conversely, to osteoporosis
pseudo glioma syndrome [30].

Research indicates that epigenetic modifications can in-
fluence genes involved in bone remodelling. For instance,
alterations in the expression of the RUNX2 gene, which
is essential for bone formation, can result in changes to
density and structure of bone.

Beyond DNA sequence variations, epigenetic mod-
ifications also play a crucial role in health of bone.
Epigenetics involves modification in expression of gene
without any alterations in the sequence of DNA fre-
quently through mechanisms like DNA methylation and
histone modification. Overall, the crosstalk between
bone health and genetics is highly complex, and further
research is essential to understand holistically how the
genetic factors contribute to the development of OP [31].

2.3 Environmental factors affecting OP
Osteoporosis (OP) is a complex, multifactorial skeletal
disorder that arises from the interplay between genetic
determinants and environmental influences, bone home-
ostasis. While genetic plays a foundational role, recent in-
vestigations emphasize the significance of environmental
and lifestyle-related factors-such as chronic psychosocial

Table 1. List of various factors affecting osteoporosis.

Uncontrollable factors Controllable factors
Post menopause Intake of balanced diet
Hormone levels Intake of Calcium and Vitamin D rich diet
Old age Diet rich in vegetables and fruits
Gender mainly females Proper medications
Genetics Consumption of alcohol
Environmental factors, exposure to low level of sunlight Smoking
Body structure, having thin and small body structure Weight loss
Family history Maintaining healthy everyday lifestyle
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stress, physical inactivity, and diets deficient in essen-
tial nutrients for modulating bone metabolism. Despite
awareness of these ecological determinants, the impact
of environmental pollutants, particularly airborne con-
taminants, on bone health remains inadequately explored.
This represents a critical gap in current knowledge, as
bone tissue serves as a long-term depot for heavy metals
acquired through environmental and dietary exposure.
Metals such as lead (Pb), cadmium (Cd), mercury (Hg),
and aluminum (Al) accumulate in the skeletal matrix by
replacing calcium within hydroxyapatite crystals, render-
ing the bone a biological repository for toxic substances
throughout the lifespan [32]. Lead exposure, in particu-
lar, has been associated with multiple deleterious skeletal
effects, including suppression of 1,25-dihydroxyvitamin
D synthesis, enhanced osteoclastic bone resorption, and
impaired osteoblastic bone formation. These combined
effects contribute to net bone loss and reduced bone min-
eral density, there aggravating the risk of osteoporosis
[33, 34].

2.4 Pathophysiology

Bone tissue undergoes continuous remodelling, with
individuals reaching optimum bone mass at about 30
years of age; thereafter, a gradual decline in bone mass
begins [35]. While genetics significantly influences
peak bone mass, various other factors, including dietary
habits, physical activity, and certain diseases or medica-
tions, can also affect bone mass (figure 1) [36]. Bone
tissue undergoes continuous remodelling throughout life,
mediated by osteoblasts and osteoclasts. Osteoclasts
facilitate bone resorption whereas osteoblasts mediate
osteogenesis occurs when bone resorption exceeds bone
formation, resulting in structural deterioration and loss of
bone formation [37]. Several local (e.g., growth factors
and cytokines) and systemic (hormones) factors such
as calcitonin, estrogen, testosterone and parathyroid to-
gether maintain the bone homeostasis [38]. Parathyroid
hormone enhances osteoblasts differentiation by regulat-
ing calcium homeostasis and thus indirectly increases
formation of bones [39]. Cytokines, such as receptor
activator of nuclear factor kappa-B ligand (RANKL),
are crucial mediators in the osteoclastogenic signalling
cascade. RANKL is primarily expressed by stromal cells
and osteoblasts and it binds to RANK receptor on present
on osteoclast precursors. This binding triggers the re-
cruitment of various adaptor molecules, including Tumor
Necrosis Factor Receptor Associated Factor 6 (TRAF6)
which activates transcription factor nuclear factors kappa
B (NF-kB) and MAP kinase pathway [40]. These tran-
scription factors activate the nuclear factor of activated
T-cells cytoplasmic 1 (NFATc1), which is considered as
main regulator of osteoclastogenesis. This signalling cas-
cade culminates in the activation of osteoclast-specific
genes, promoting the differentiation of pre-osteoclasts
into mature osteoclasts and subsequently triggering bone
resorption This signalling cascade culminates in the
activation of osteoclast-specific genes, promoting the
differentiation of pre-osteoclasts into mature osteoclasts

and subsequently triggering bone resorption [41].

2.5 Diagnosis
Osteoporosis (OP) is primarily diagnosed through the
presence of fragility fractures and the assessment of
bone mineral density (BMD), typically measured by
dual-energy X-ray absorptiometry (DXA), with results
expressed as a T-score (Table 2) [42]. The T-score
indicates the number of standard deviations by which
a patient’s BMD differs from that of a young, healthy
reference population. According to the World Health
Organization (WHO), normal BMD is defined by a T-
score between +2.5 and −1.0, osteopenia (low BMD)
by a T-score between −1.0 and −2.5, osteoporosis by
a T-score below −2.5, and severe osteoporosis by a T-
score below −2.5 accompanied by additional clinical
risk factors. The WHO has also introduced the FRAX
tool for estimating the 10-year probability of fragility
fractures [41].

Despite being considered the gold standard, a key
limitation of this diagnostic approach is that the majority
of fractures occur in individuals with T-scores ranging
from −1.0 to −2.5 (osteopenia) or even above −1.0
(normal BMD), thereby reducing its effectiveness as a
comprehensive screening tool for osteoporosis [43].

Virtual and physical AI are two subtypes of AI in
medicine: the former includes support systems useful
for imaging solutions and therapeutic decision-making,
while the latter includes insightful prostheses and robotic
surgery (figure 2) [44, 45, 46]. Apart from therapeutic
decision-making, the virtual subtype of AI presently
dominates OP management, with diagnostic tools, bone
quality evaluation, fracture risk assessment and fracture
detection available or in development [47, 48].

2.5.1 AI applications in OP diagnosis
There is multiple rationale for using opportunistic tech-
niques in the operative diagnosis of OP. For instance,
the WHO recommends, measurements of BMD using
DXA [49]. Availability of DXA devices is a key factor
influencing access to OP screening. Regulatory restric-
tions and reimbursement policies play a significant role,
Accessibility to osteoporosis diagnosis is influenced not
only by the availability of DXA units within a coun-
try but also by patient-related barriers, including travel
distance and transportation limitations. According to
a recent survey, the number of DXA units per million
population varies significantly, ranging from fewer than
10 units—considered inadequate—to over 50 in some
regions [50]. The limited availability of DXA devices
in most countries highlights the need for alternative
methods. Conventional radiography, being more widely
accessible, presents a potential substitute for addressing
this challenge [51]. Moreover, if panoramic radiographs
suggest signs of OP, patients be referred to medical
specialists on recommendation for further evaluation
and management [52]. Therefore, there is a compelling
need for creating AI-assisted tools to enhance the di-
agnostic efficacy of these opportunistic OP screening
techniques [53]. For instance, convolutional neural
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networks (CNNs) have shown promise in diagnosing
osteoporosis (OP) using panoramic radiographs. In a
pilot study, CNN models achieved an accuracy of up to
86.5% in identifying low bone mineral density regions,
demonstrating potential as a screening tool in dental set-
tings [54, 55]. The AUC values varied from 0.98 to 0.99
depending on the CNN [56]. However, two skilled oral
and maxillofacial radiologists diagnosed OP, based on
radiographs rather than utilising DXA, the gold-standard
reference technology [57].

Conventional hand and wrist radiographs have also
been used to construct AI-based software solutions for
opportunistic OP detection [58]. Indeed, in one work, the
algorithm was trained and tested using cancellous texture
analysis from the distal radius and cortical radiogram
from the third metacarpal bone shaft, with DXA serving
as a reference standard with an accuracy of over 89%,
the created program may be a viable choice for broader
clinical usage.

Other techniques, like as quantitative computed to-
mography (QCT), computed tomography (CT), and quan-
titative ultrasonography, have also been suggested for
the opportunistic diagnosis of OP [52, 59]. Recent
studies have demonstrated that frequent chest CT scans,
when analysed using artificial intelligence (AI), can ef-
fectively facilitate opportunistic screening for osteopenia
and osteoporosis. Several researches have demonstrated
that integration of AI with routine chest CT imaging
offers significant potential for opportunistic screening of
osteopenia and osteoporosis [60, 61].

Recently, a first meta-analysis and systematic review
was conducted due to the abundance of imaging-based
AI methods for opportunistic OP detection. Seven trials
with over 3,000 patients were determined to be qualified
for inclusion. The pooled specificity and sensitivity,

using a random effects model, were 0.95 and 0.96, re-
spectively [62]. However, as the authors accurately noted,
results should be interpreted cautiously because of the
substantial heterogeneity and high risk of bias in patient
selection. Nevertheless, it should be mentioned that only
three of the seven included research have made use of
DXA technology as a reference standard [63].

2.5.2 AI application in Osteoporotic fractures detection
The identification of fractures in standard radiographs
is a cornerstone of OP treatment. Thus, it should come
as no surprise that a sizable number of software tools
for fracture diagnosis that are backed by AI have been
created so far [64, 65, 66]. The majority of them usually
use a single CNN algorithm, as Inception, Xception,
or DenseNet, although occasionally a group of CNNs,
commonly called “ensemble,” is employed [67]. It has
been generally demonstrated that AI technologies are
trustworthy for diagnosing fractures with high accuracy
compared to the skilled medical professionals like ra-
diologists or orthopaedics [68]. Lindsey et al. (2018)
demonstrated that deep learning models significantly
improve fracture detection accuracy in wrist radiographs.
When used by emergency clinicians, the AI model in-
creased sensitivity from 80.8% to 91.5% and specificity
from 87.5% to 93.9%, with a 47% reduction in misinter-
pretation rates. These findings highlight AI’s potential
to equate or enhance radiologist-level performance in
fracture diagnosis [50].

In contrast to the findings from analysis of subgroups
that only includes long bones, excluding clavicle, ver-
tebrae and ribs, one meta-analysis reported that the
diagnostic efficacy (specificity and pooled sensitivity)
was suboptimal when considering all eligible studies.
This result holds clinical significance, as it suggests

Figure 1. Illustration of various variables impacting BMD thus resulting in fractures and OP.

Table 2. OP defined by WHO. BMD assessment done by DXA and results represented as T-score.

Category T-score
Normal, healthy condition −1.0 and above
OP, reduced bone mineral density (BMD) −2.5 and below
Osteopenia, reduced bone mass −1.0 to −2.5
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Figure 2. An illustration of AI’s hierarchical structure: Machine learning, subfield of AI, gives computer ability to learn on their own without need for
explicit programming. Deep learning or end-to-end learning, subfield of Machine learning for medical image feature extraction comprising convolutional
and recurrent Neural Networks as its subset.

that fracture detection AI tools may not be fully reliable
when the site is of interest, along with surrounding tissue,
exhibits greater complexity. Such complexity can hinder
accurate classification of the region of interest and the
detection of fracture lines [69].

Osteoporotic fractures are the common vertebral frac-
tures, only a fraction of them would be diagnosed right
away; the remaining fractures would be found more or
less by accident or during the diagnostic assessment
of persistent back pain. AI-based technical assistance
seems like a sensible addition in raising awareness. As a
result, in standard chest and spine radiographs AI devel-
opers have recently focused on the automatic diagnosis
of vertebral fractures [70, 71, 72, 73].

Recently, an AI-based method was created to auto-
matically detect new osteoporotic vertebral fractures;
“new” was defined as occurring within three months of
the injury. These AI generated methodologies, as per the
authors, may improve the everyday care of osteoporotic
patients by lowering the number of new osteoporotic
vertebral fractures that are misdiagnosed, without spine
surgeons and radiologists in hospitals [74]. However, a
major limitation of the algorithm is its inability to detect
pathological fractures, such as those associated with
metastatic bone disease, despite certain methodological
restrictions including a rather limited training data set
[75].

In recent years, numerous AI-based technical tools
have been designed to predict the risk of fractures [76,
77]. For instance, a new AI-based model for predicting
fractures was created and performance was contrasted
with that of the nation-specific version of FRAX® in
newly prospective community-based cohort research [78].
Furthermore, it should be remembered that even while
these AI models performed admirably in the community
under study, the findings cannot be easily extended to
other communities because baseline fracture risks can
vary significantly between populations [79, 80].

3. Therapeutics for OP

3.1 Non-medical interventions
It includes maintaining calcium homeostasis, vitamin
D intake, exercises, no smoking, no alcohol abuse and
low caffeine intake [81]. The Institute of Medicine
(IOM) recommends that women over 51 and men over 71
should limit their calcium intake to no more than 1,200
mg per day, while the per day calcium intake for male
individuals aged 50 to 70 should not exceed 1,000 mg.
Vitamin D plays a vital part in sustaining skeletal health
and absorption of calcium. According to the IOM, adults
aged 70 or above requires 800 IU of calcium per day and
individuals between the age of 51 and 70 requires 600
IU of calcium per day [82].

3.2 Pharmacological treatment
OP medications include antiresorptive drugs like bis-
phosphonates, calcitonin, estrogen agonist/antagonists
[EAAs], RANKL inhibitors, denosumab and anabolic
drugs that enhances bone formation like teriparatide
and decreases bone resorption rate [83]. According to
AACE/ACE guidelines, denosumab, zoledronic acid,
risedronate, alendronate are treatments for the most
of PMO patients who are at increased fracture risks.
Bisphosphonates, such as alendronate and zoledronic
acid, offer long term skeletal retention and effectively
reduce fracture risk but are contraindicated in patients
with renal impairment due to their renal excretion. In
contrast, denosumab, is preferred in renal insufficiency
and demonstrates superior BMD gains and fracture risk
reduction compared to bisphosphonates. However, its
discontinuation is related with rebound loss of bone
and increase in risk of fractures, necessitating careful
follow-up. Hence, recommendations for treatment are
based on various variables including gender, likelihood
of extra risk factors such as coexisting diseases or med-
ications and fracture likelihood likelihood [84]. The
high affinity of bisphosphonates for the mineral matrix
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of bone, along with their capacity to inhibit resorption of
bone mediated by osteoclast, leads to reduced turnover
of bone and increased mass of bone. Bisphosphonates
inhibit bone resorption by blocking osteoclast activity in
in-vitro models but when translated to in-vivo model re-
sults has revealed complexities [85, 86]. Experiments in
early clinical and preclinical settings have examined the
application of growth hormones, including bone morpho-
genetic protein-2 (BMP-2), to encourage development
of bone. Hormone-based therapies are designed to com-
bat estrogen deficiency that occurs in ageing women
and men to target bone regeneration [87]. Numerous
scaffold-based treatments have exposed to improve bone
differentiation and decrease rate of bone of resorption in
addition to hormone-based treatments [88].

3.3 Emerging therapies
Monoclonal antibodies against sclerostin like Ro-
mosozumab and cathepsin K inhibitor are novel mech-
anisms which are some of the new emerging thera-
pies. The process of bone production is slowed down
by sclerostin, a protein secreted by osteocytes in the
skeletal tissue that inhibits osteoblast activity and prolif-
eration. During bone resorption, activated osteoclasts
produce a powerful protease called cathepsin K (CatK),
which breaks down the mineral components and de-
grades the bone matrix [83, 89]. The FDA disapproved
Romosozumab, a humanized monoclonal antibody that
targets and inhibits sclerostin for treating OP in July
2017, as it leads to adverse cardiovascular events [90].
Blosozumab and BPS804 are two other anti-sclerostin
monoclonal antibodies that are being developed and
evaluated. Odanacatib is a drug that selectively inhibits
CatK; however, its production was halted by Merck in
2016 due to its association with an elevated risk of stroke.
Mineral based therapies and bioactive coating implants
are focusing on reducing bone loss and enhancing new
bone formation [91]. Existing titanium or ceramic bone
implants have been studied for bioactive coatings to pro-
mote new bone development. Calcium-based mineral
therapies utilise calcium phosphate, hydroxyapatite, or
bisphosphonates loaded within scaffolding material to
promote stem cells differentiation into osteo-lineage [92].
Hydrophilicity, biocompatibility and biodegradability
are some of the characteristics which should be kept
in mind while designing the scaffolding materials [93].
Materials such as dextran, pullulan, poly (ethylene gly-
col) (PEG), silica, chitosan and poly(lactic-co-glycolic
acid) (PLGA) are being utilized in the treatment of OP
(figure 3) [94].

4. Drawbacks associated with OP treatment

Recent medications that are in use for OP treatment have
several adverse side effects on the patients. Generally,
bisphosphonates are excreted by kidneys, but if a patient
have a condition of renal impairment, bisphosphonates
will keep on accumulating in the body resulting in tox-
icity [95]. As a result, bisphosphonates should not be
administered to patients whose creatinine clearances are

below the established recommendations. While hormone
replacement therapy (HRT) remains effective in improv-
ing BMD with reduced fracture risk, its use is limited
due to serious long-term risks such as thromboembolism,
stroke, and hormone-sensitive cancers. It is generally
recommended only for early postmenopausal women
when benefits clearly outweigh the risks [96]. HRT is
not recommended for patients above 60 years of age, as
it have a potential risk of breast cancer and other com-
plications outweighing its advantages. Also, protective
impact of HRT on BMD disappears at an unpredictable
rate once the therapy is terminated [97]. Various clin-
ical trials on SERMs such as raloxifene have reported
hot flashes, vaginal bleeding, worsening of pre-existing
hypertriglyceridemia, venous thromboembolism, stroke
death and cardiovascular diseases [103]. Calcitonin is
also not recommended a first-line treatment for OP due
to insufficient evidence demonstrating its effectiveness
in reducing nonvertebral fractures as suggested by the
Women Health Initiative (WHI) and Million Women’s
Study [a101].

5. Nanotherapeutics for OP treatment

In light of the aforementioned issues, alternative ap-
proaches utilizing biomaterials, especially nanoparticles,
explored for treatment of OP and bone regeneration en-
hanced. Nanotechnology is an innovative strategy owing
to its immense applications ranging from novel fabrica-
tions of nanomaterials to sophisticated nanobiosensing
and revolutionizing for nanodiagnostics [104]. Nanotech-
nology offers multiple advantages in delivery of thera-
peutics including sustained drug release, site-specific
drug delivery, increased bioavailability and biocompati-
bility with low toxicity [105]. Compared to macro-sized
particles, nanomaterials have a large surface area to vol-
ume ratio since they are typically in the nanometer range
(1-100 nm). Because of their small size, a large percent-
age of their atoms reside on the surface of nanoparticles
(NPs), which results in size-dependent characteristics
[106]. High surface reactivity and efficient targeted intra-
cellular delivery are the outcomes of this property. The
bioavailability and biostability of drugs can be enhanced
via their encapsulation in NPs. Furthermore, NPs can
be chemically modified to increase tissue selectivity or
therapeutic loading while concurrently lowering dosage
without impairing efficacy of the therapies [107]. Fur-
thermore, NPs can be chemically modified to increase
tissue selectivity or therapeutic loading while concur-
rently lowering dosage without impairing efficacy of the
therapies. Given that bone is a nanocomposite, incorpo-
rating nanoparticles is a suitable strategy for promoting
bone regeneration in OP treatments (Table 3) [108].

By enabling targeted drug delivery and sustained re-
lease, which enhance bioavailability and minimize side
effects, nanotechnology-based therapies for osteoporosis
(OP) provide benefits over traditional treatments like
bisphosphonates, hormone replacement therapy (HRT),
and calcium supplement [109]. In contrast to conven-
tional medication delivery methods, bone tissue can be
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Figure 3. Schematic representation of different therapies and treatment options available for OP.

precisely targeted by nanoparticles, reducing off-target
effects [110]. However, while conventional therapies
have well established safety profiles, nanoparticle-based
treatments still face concerns over long-term toxicity,
tissue accumulation, and immune responses. Despite
these challenges, nanotechnology holds promise in over-
coming the limitations of traditional therapies, offering
more effective and localized treatment options for OP,
provided that further research into safety and scalability
is conducted [100, 111].

5.1 Nanomaterials for OP therapeutics

Nanomaterials have been developed for treatment of OP.
Mesoporous silica nanoparticles (MSNs) loaded with
𝛽-estradiol showed improved in vitro osteoconductivity
on a titanium substrate, according to a recent study by
Hu et al. (2010). Kang et al. (2012) also studied

in an in vivo mouse model, that RGD-tetrapeptide se-
quences, 17-amino-11-hydroxyandrost-1,4-diene-3-one
and a succinyl spacer constituting a nano-delivery sys-
tem enhanced bone mineral density (BMD) without any
known risk of endometrial hyperplasia or thrombosis
[112]. Cao et al. (2014) used chitosan nanoparticles
(NPs) containing the growth factor BMP-2 for sustained
release in a significant lesion in an in-vivo research
on rabbits. BMP-2 loaded Chitosan NPs promoted os-
teogenesis and angiogenesis by delivering the BMP2
gene to mesenchymal stem cells, leading to elevated
BMP2 protein expression. This upregulation activates
the Smad1/5/8 signalling pathway, which in turn the
expression of ALP and osteocalcin increased known as
osteogenic markers, culminating in enhanced mineral-
ization and formation [113]. However, the mechanical
qualities of these scaffolds were not found to be opti-

Table 3. Current Nanomaterials-based strategies for OP treatment.

Strategy Nanomaterials used Advantages Disadvantages

Accelerated Bone
Regeneration

-Nano-hydroxyapatite (nHA)
-Synthetic silicate

nanoparticles (Si NPs)
- Layered double

hydroxides (LDHs)

Enhance mechanical strength
of scaffolds also Promote os-
teoblast proliferation & differ-
entiation

- High Si NP concentration
may be cytotoxic
- Limited data on
LDH toxicity and

cellular effects [98]

Regulation of
Bone Remodelling

- Bisphosphonates
- Calcium phosphate

-based materials
- Synthetic silicates

Reduce osteoclast activity in
vitro and Encourage Oste lineage
stem cell differentiation

- Poor osteoclast
inhibition in vivo
- Limited success
of anti-resorptive

therapies [99]

Therapeutic
Delivery

- Nanocarriers (e.g., liposomes,
polymeric NPs)

- Drug-loaded calcium
phosphate or silicate NPs

Support bone formation and en-
able targeted drug release [100]

- Potential risks: thrombosis,
cancer, endometrial
hyperplasia [101]

Combinatorial
Nanoengineered

Approaches

- Combining nanomaterials
(e.g., nHA, Si NPs, LDHs)
- Combined with hydrogels
& osteo inductive factors

Synergistic effects on osteogen-
esis and Scaffold design mimics
bone ECM

- Early-stage research
- Limited data on in vivo

efficacy and scalability [102]
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mal for treating weight-bearing bones because of poros-
ity. Thus, different nanomaterials used for osteoporosis
therapy—such as mesoporous silica, chitosan, and hy-
droxyapatite nanoparticles—offer distinct advantages
and limitations. Mesoporous silica provides controlled
drug release but lacks biodegradability and mechanical
strength. Chitosan is biocompatible and biodegradable
but unsuitable for weight-bearing bones due to its poor
mechanical properties. Hydroxyapatite mimics bone
composition and supports osteogenesis, though its clin-
ical translation is limited by brittleness and scalability
issues. Overall, while these materials show potential,
challenges like long-term safety, in vivo toxicity, and
regulatory approval remain significant barriers to clinical
application. Also, overall, protein-based therapies using
nanomaterials have showed potential for OP treatment
but long-term use of hormone-based therapies are con-
strained due to thrombosis, cancer and various other
risks associated with high dosage and extended use of
them [99].

5.2 Nanomaterials for regulating bone remodelling

The focus of current osteoporotic therapies is to en-
hance new bone growth and reduce bone resorption.
Alendronate is one of the clinical and experimental bis-
phosphonates that has been utilized to actively decrease
osteoclast activity, thereby reducing bone resorption
[114]. Among the nanomaterials explored for the OP
treatment, various mineral-based nanomaterials like hy-
droxyapatite, calcium phosphate, silica closely mimic
bone composition and exhibit strong osteoconductivity,
promoting bone regeneration, is proving to be a promis-
ing candidate. Calcium phosphate stimulates activity of
osteoblasts and enhances osteogenesis [115]. In a study
by Ignjatovi et al. (2013), modified crystal structure of
hydroxyapatite by replacing cobalt for calcium ions and
altered diamagnetic material to paramagnetic as calcium-
based nanomaterials possess osteoblast-promoting prop-
erties [116]. In-vivo results of this study has shown
enhanced osteogenesis, osteoporotic bone replacement
as well as bone regeneration. When osteoblast cells were
cultured with hydroxyapatite-coated iron oxide (Fe3O4)
nanoparticles, a considerable proportion of osteoblasts
differentiated into new bone and the degree of miner-
alization increased, according to a study by Tran et al.
(2011) [113, 117]. Additionally, these nanoparticles
maintained their magnetic properties, which could al-
low for potential in vivo guidance to osteoporotic bone.
Bosco et al. (2015) found out that when alendronate, a
bisphosphonate drug co-administered with hydroxyap-
atite nanocrystal it reduced in-vitro osteoclast activity by
inducing apoptosis of osteoclast cells also used calcium-
based materials that have osteoblast-promoting effect and
bisphosphonates as a coating on titanium bone implants
[118]. These findings collectively suggest that bioactive
molecules should be focused for next generation of OP
treatments as they are potent enough to stimulate stem
cells differentiation into an osteolineage [119]. Dex-
amethasone (DEX) and bone morphogenetic protein-2

(BMP-2), as key bioactive agents, are instrumental in
directing MSC differentiation toward osteoblast lineages,
making them strong candidates for next-generation osteo-
porosis therapies. DEX promotes osteogenesis primarily
by enhancing Wnt/𝛽-catenin signalling— through up-
regulation of FHL-2, which facilitates 𝛽-catenin nuclear
translocation—and by activating the MAPK pathway,
which modulates the key osteogenic transcription factor
Runx2. It also induces TAZ expression, a transcrip-
tional coactivator that further amplifies Runx2-driven
osteogenic gene transcription [120, 121, 101, 122]. BMP-
2 acts through the TGF- 𝛽/SMAD signalling cascade,
specifically activating Smad1/5/8 proteins to upregulate
osteogenic markers like ALP and osteocalcin. Moreover,
BMP-2 boosts TAZ levels and synergizes with Wnt/𝛽-
catenin signalling to enhance osteoblast differentiation.
These pathways do not function in isolation—TGF- 𝛽
signalling modulates both BMP and Wnt pathways, and
its dose-dependent effects can either promote or inhibit
osteogenesis. Collectively, DEX and BMP-2 orchestrate
a complex network of intracellular signalling events,
providing a robust framework for stem cell-based bone
regeneration in osteoporosis therapy [123].

5.3 Nanoengineered biomaterials for accelerating
bone regeneration

Polymeric materials like PEG, PLGA, chitosan, algi-
nate, dextran and collagen could be used for bone tissue
engineering. Chitosan is most commonly utilized for
bone tissue engineering as it structurally resembles gly-
cosaminoglycans (GAGs), one of the main constituents
of extracellular matrix (ECM). Study by Tripathi et al.
(2012) demonstrated use of nanocopper-zinc (nCu-Zn)
composite with nano-hydroxyapatite (nHA) and chitosan
[124]. Copper possesses antimicrobial activity and zinc
metal have a role in mineralization. In theory, these
metal ions and hydroxyapatite should encourage mineral-
ization and stem cell osteo-differentiation while lowering
the prospects of bacterial infection after implantation
[125]. According, to Saravanan et al. (2013), protein
adsorption was improved when keratin nanoparticles syn-
thesized using chicken feathers were added to a chitosan
scaffold [126]. However, only cytotoxicity assessments
were carried out in that study. Xu et al. (2013) have in-
corporated nano-hydroxyapatite crystals and reinforced
polyetheretherketone (PEEK) with carbon fibres that
resulted in osteogenesis and stem cells differentiation
[127]. Compared to titanium, the carbon fiber-reinforced
PEEK material exhibited enhanced contact in in vivo
research, while in vitro studies demonstrated increased
osteolineage formation and mineralization of stem cells
[128]. Nanoengineered biomaterials such as chitosan,
PEG, and PLGA offer superior biocompatibility and
controlled biodegradability compared to traditional bone
grafts or rigid synthetic scaffolds like metals and ceram-
ics. These polymers support osteogenesis and cellular in-
tegration, yet often lack the mechanical strength needed
for load-bearing applications. While in vitro studies
demonstrate promising outcomes in cell adhesion and

 https://dx.doi.org/10.57647/j.ijnd.2026.1701.01

https://dx.doi.org/10.57647/j.ijnd.2026.1701.01


10 Malik et al., Int. J. Nano Dimens., 2026; 17(1)

differentiation, in vivo results are often less consistent
due to immune responses and complex tissue environ-
ments [129]. Moreover, despite significant preclinical
progress, clinical translation remains limited by scala-
bility, regulatory hurdles, and long-term performance
uncertainties. The characteristics of bioactive nanopar-
ticles may be further investigated in future bone tissue
engineering research to see how they impact stem cell
differentiation and bone repair.

5.4 Multi-component nano-engineered approaches

Using a synergistic approach, implantable scaffolds are
likely to be the foundation for OP treatments and bone
tissue engineering. The highly intricate designs of these
scaffolds promote osteoblast differentiation, cellular ad-
hesion, and infiltration, giving the osteoporotic bone
considerable mechanical stability until new bone growth
takes place [130].

Currently different approaches are used for OP treat-
ment (a) regulating bone remodelling by nanomaterials
(Fig. 4 a), (b) nanomaterials for therapeutic delivery
(Fig. 4 b), (c) combinatorial nanoengineered approaches
(Fig. 4 c), (d) nanoengineered biomaterials for enhanced
bone regeneration (Fig. 4 d). Significant results have
been achieved by incorporating bioactive NPs, which can
direct cells towards an osteogenic lineage, with mineral-
based nanomaterials to regulate bone remodelling [131].
Multi-component nano-engineered approaches enhance
bone regeneration by combining osteogenic molecules,
nanoparticles, and scaffolds, offering superior mechani-
cal properties and synergistic effects compared to single-
material systems. These combinatorial strategies provide
a more comprehensive treatment than traditional thera-
pies like bisphosphonates by targeting multiple aspects

of bone healing. However, challenges in clinical trans-
lation include controlling the release kinetics, ensuring
uniform distribution, and managing potential toxicity. In
contrast, non-nano-based treatments lack the precision
and multi-targeted approach that nano-engineered sys-
tems offer, limiting their effectiveness in complex bone
regeneration [85].

While the integration of nanomaterials into bone re-
generation strategies holds significant promise, there is
a need for comprehensive in vitro and in vivo studies to
evaluate their cytotoxicity, biodistribution, and long-term
safety profiles. Last, but not the least, combinatorial
nanoengineered methods have also been investigated.
The usefulness of multi-component systems for enhanc-
ing the mechanical properties has not received much
attention [100].

6. Clinical translation challenges
Despite the remarkable progress in developing nano-
engineered biomaterials for osteoporosis (OP) treatment,
a significant gap persists between promising preclini-
cal outcomes and successful clinical implementation.
One of the foremost challenges is the limited number
of nanoparticle-based therapies that have advanced to
clinical trials, indicating hurdles in translating labora-
tory findings into viable human treatment. Scalability
and reproducibility of nanoparticle synthesis remain key
obstacles, as precise control over size, surface chemistry,
and drug loading is essential to ensure consistent thera-
peutic efficacy and safety [132]. Furthermore, immune
responses and off-target effects pose substantial risks, es-
pecially given the complex and dynamic in vivo environ-
ment. Another critical concern is cost-effectiveness, as
the production of high-quality, GMP-compliant nanoma-

Figure 4. Schematic illustration of different nanomaterials designed for treating OP, (a) nanomaterials for regulating bone remodelling, (b) nanomaterials
for therapeutic delivery, (c) combinatorial nanoengineered approach, (d) nanoengineered biomaterials designed for accelerated bone regeneration.
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terials at scale often entails significant expense, limiting
accessibility. Additionally, regulatory challenges, in-
cluding lack of standardized evaluation criteria and long
approval timelines, hinder the progress of nanoparticle-
based OP therapies [133]. Inter-individual variability
in nanoparticle uptake, distribution, and metabolism
also complicates clinical translation, as factors like age,
gender, comorbidities, and genetic background can sig-
nificantly influence therapeutic outcomes. Addressing
these multifaceted challenges requires a coordinated ef-
fort across disciplines to establish robust translational
pipelines and regulatory frameworks that can bridge the
gap between bench and bedside [134].

7. Future directions

Recently, for OP treatment and bone regeneration, a novel
class of bioactive nanomaterials has come into existence.
Graphene is extensively utilized in industry, neural tis-
sue engineering as it possesses electrically conductive
properties. Graphene oxide enhances differentiation of
osteogenic markers through the ERK1/2-MAPK path-
way activation, resulting in an increased expression of
alkaline phosphatase (ALP), RUNX2, and COL1A1.
Kalbacova et al. demonstrated that graphene substrates
facilitate the attachment of mesenchymal stromal cells
and human osteoblasts, indicating the material’s poten-
tial to support osteogenic processes [135]. Carbon-based
material has also shown potential of stem cells differen-
tiation in osteolineage [136]. Nano-hydroxyapatite and
silica nanoparticles are examples of inorganic nanomate-
rials that promote osteogenic stem cells differentiation
and aid in osteogenesis. Nano-hydroxyapatite is well
documented for mineralization and differentiation of
stem cells osteolineage new tissue formation of bone. It
is utilized in coating orthopaedic implants to enhance os-
seointegration [98]. Osteoconductive materials include
2D nanostructures, that can be easily incorporated into
the matrix of interest and have completely different prop-
erties from the same material’s 3D arrangement. Layered
double hydroxides (LDHs), silicate nanoparticles and
graphene also known as “layered clay” re-emerging as
leading candidates for the next generation OP therapeu-
tics and bone tissue engineering [137]. Silicate NPs
are becoming a more innovative 2D osteoconductive
substance. These have shown the capacity to drive
stem cells differentiation into osteoblasts by releasing or-
thosilicic acid [Si(OH)4], which enhances type I collagen
synthesis and activates osteogenic pathways, including
BMP-2/Smad/RUNX2, ERK1/2, and WNT/SHH sig-
nalling. These mechanisms collectively contribute to
the rise in expression of osteogenic markers and miner-
alization. These aid as a flexible targeted drug delivery
vehicle as particle centres are negatively charged and pos-
itive charges are compelled to gather along the edges of
the substance [138]. This distribution of surface charge
makes it possible for shear-thinning and increases stabil-
ity in an aqueous solution, making it promising for use
in an injectable or 3D-printed osteoconductive system
[139]. Artificial silicate nanoparticles have demonstrated

potential in bone tissue regeneration, as their products
of degradation—such as sodium, magnesium (Mg2+),
lithium, and orthosilicic acid (Si(OH)4)—are biocompat-
ible and can enhances mesenchymal stem cells (MSCs)
to osteogenically differentiate eliminating the need for
additional growth factor [140]. Si(OH)4, as mentioned
above, reported to promote the formation of collagen
and type 1 the Mg2+ released during the breakdown of
silicates improves cell adhesion to scaffolds. Without
osteo-inductive agents like BMP-2 or dexamethasone,
the quantities necessary to induce the development of
new bone did not reach the hazardous levels even though
the silicate nanoparticles in the experiments displayed
cytotoxicity at high dosages, further highlighting the
novelty of this method for controlling fate of stem cells
in bone tissue regeneration [141].

Another class of nanomaterials under investigation
are layered double hydroxides (LDHs), which consists
of hydroxide sheets interspersed with cationic metal
atoms. These nanosheets’ layered and ionic structures
can be used as delivery vehicles for genetic material
and medications, and when they are incorporated into
matrices, their qualities are further enhanced. LDHs has
shown the potential for the future development of next
generation of OP therapeutics as they can be used as a
blank canvas for the integration and regulated release of
medications and ions [102].

While nanotechnology and AI present promising av-
enues for osteoporosis (OP) management, several gaps
must be addressed to facilitate clinical translation. Most
notably, there is insufficient data for longterm in vivo
safety of nanoengineered materials, with potential risks
like bioaccumulation and systemic toxicity still under-
explored. The absence of standardized protocols for
nanoparticle toxicity testing and pharmacokinetics fur-
ther complicates regulatory approvals. Additionally, the
concept of personalized nanomedicine remains under-
developed, despite known inter-individual differences
in bone metabolism and nanoparticle response. For AI
applications, the need for multicenter clinical validation
is urgent to ensure model reliability and generalizability
across diverse populations. Bridging these gaps requires
interdisciplinary collaboration, regulatory clarity, and ro-
bust translational frameworks to bring these innovations
from bench to bedside.

8. Conclusion
Hormone-based therapy and osteoclast activity inhibition
have been the mainstays of conventional treatment for
this degenerative disease. Currently available treatments
are focused on strategies that reduces osteoclast activity
by using variety of anti-resorptive drugs like bisphos-
phonates such as alendronate, risendronate, zoledronic
acid, and ibandronate, calcitonin, various estrogen ag-
onist/antagonists, RANKL inhibitors like denosumab
and variety of anabolic drugs like teriparatide [142].
Also, current research focusses on effective therapy op-
tions for OP that combine multiple components of care,
osteoclast suppression and osteoblasts differentiation.
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However, the heightened risk of thrombosis and differ-
ent cancer types associated with prolonged hormone
therapy has recently highlighted the need to explore
new strategies for addressing bone loss in OP [143].
Future OP treatments could be substantially aided by
employing nanoparticles in tissue engineering of bone.
Current developments in nanotechnology, particularly
the application of nanoparticles (NPs), present numer-
ous benefits, including site-specific therapeutic delivery,
enhanced bioavailability, biocompatibility, and low toxi-
city. Various engineered nanoparticles promoting bone
remodeling and regeneration hold significant potential
to serve as the next generation of OP treatments in the
near future [144]. Polymeric materials such as PLGA,
alginate, dextran, chitosan, PEG and collagen can be uti-
lized in bone tissue engineering. Additionally, calcium
phosphate-based nanoparticles have been combined with
silica to develop bioactive coatings that enhance bone
regrowth and inhibit the progression of OP. Biomaterial
scaffolds are biocompatible, hydrophilic, and intricately
integrated with biochemical signals. It has been shown
that treatments employing these biomaterial scaffolds
can increase bone mineralization levels and encourage
osteolineage differentiation of stem cells [145]. When
combined with osteo-conductive nanoparticles, biomate-
rial scaffolds offer promising prospects for guided bone
regeneration and represent the next generation of thera-
peutics aimed at combating the bone loss characteristic
of OP [146].

Also, attempts to design ML-based models for rec-
ognizing new risk of fracture elements and improves
prediction of future, represent reliable research directions.
Accurate evaluation of outcomes and their therapeutic
implications necessitates adherence to and comprehen-
sive duct for the execution and reporting of machine
learning models [147]. In summary, several AI algo-
rithms have been created in few past years to help with
OP care, including diagnostic tools, assessment risk of
fractures, fracture detection, estimation of bone qual-
ity, and therapy nomination. Performance comparisons
between these solutions and human medical specialists,
where applicable, yield comparable outcomes or even
support the AI system [148]. In particular, radiomics,
which includes AI-supported opportunistic techniques
for evaluating bone mineral density in conjunction with
clinical data, seems to hold considerable promise for the
early identification of individuals who are more likely
to suffer fractures. However, methodological techniques
underlying any novel AI algorithm should always be
thoroughly examined and rigorously evaluated, even if
study findings seem good at first look. Limitations that
are regularly seen in AI development research include the
utilization of subpar reference criteria or the nomination
of characteristics (i.e., variables) that have minimum
use in clinical practice. Furthermore, it’s not always
clear that the AI algorithm designed or selected will per-
form better than straightforward, conventional statistical
techniques [145]. High-calibre clinical research in the
area of AI in OP therapy is therefore obviously needed.

This might be accomplished, for example, by creating a
globally accepted best practice framework that takes into
account healthcare authorities, including those engaged
in regulatory procedures, AI developers, OP specialists,
and their respective scientific societies.

The potential of AI to completely transform OP
treatment may be unleashed if these quality standards
are satisfied, and future advantages for doctors, patients,
and healthcare in general should become increasingly
apparent and significant.
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