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Osteoporosis is a global health concern with bone frailty and high fracture risk. Existing
diagnostic paradigms largely rely on bone scanning and bone mineral density evaluation which
are hindered by the delayed prediction of fractures, especially in high-risk groups. This review
assesses existing and novel Osteoporosis biomarkers, their mechanisms, clinical efficacy,
drawbacks, and discusses the best biomarkers in Osteoporosis risk stratification and
management, to convert them into better patient care. An online search was conducted,
including PubMed, Web of Science, Embase, and Google Scholar up to June 2026. Passed
studies were reviewed critically and organized biomarkers into five different panels: traditional
and bone turnover markers, mineral metabolism and endocrine regulators, inflammatory and
immune mediators, novel metabolic and multi-omics biomarkers, and combined biomarkers
panels. The traditional markers are still useful in therapeutic monitoring although they have a
natural biological variability that cannot be used to achieve optimum diagnostic use. Combined
and inflammatory mediator panels showed greater discriminative ability, with Net
Reclassification Index of improvements of 0.15-0.23, which appropriately reclassified 15-23
percent of intermediate-risk patients who were misidentified using traditional screening. The
highest performance acquisition was experienced in diabetic cohorts where density-based
measurements often miss. The management of osteoporosis should be changed to precision
medicine with multi-dimensional biochemical profiling. The clinical utility and cost-
effectiveness of the integrated approach in biomarkers make them a mandatory complement to
imaging and a crucial point in holistic patient care for improved prognosis.

Introduction

criteria is around 19.8%. OP is a disease that is better prevented than

Osteoporosis [OP] is a metabolic disease characterized by reduced
bony mass and microarchitectural deterioration. It ultimately leads to
substantial morbidity and fragility, factored by reduced quality of life.
The overall burden of the disease is globally rising with increased life
expectancy and risk factors, including genetic factors, and early
menopause. OP and osteopenia prevalence based on recent WHO

treated 12

For a long time, radiological prediction has been the gold standard
for prediction. However, significant gaps still hinder the reliable
detection 3.

Radiological diagnosis of OP by dual-energy X-ray absorptiometry
[DXA-Scan] has limitations. One is that it provides a statistical
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measure of bone mineral density [BMD] without offering insight into
the bone's internal environment, including quality and turnover “.
Consequently, many patients experience fractures despite having
BMD values above the OP threshold. Several clinical risk tools, such
as FRAX [Fracture Risk Assessment Tool], were proposed to enhance
predictive value °. However, The utility or application of FRAX was
limitedby their variability across different populations and the lack of
biological and molecular insight into the bone internal environment.
Taken together, these limitations led to missed opportunities for
timely intervention .

Giant leaps in molecular biology, high-throughput platforms, and
integrative analytics have made biological markers a promising option
for OP prediction. Biological markers reflect the dynamic metabolic
environment of the bone and systemic influences, distinguishing early
skeletal bony changes before structural deterioration occurs, which
are captured by imaging 7%,

The advancement presented by biomarkers enables stratification of
population risk, implementation of personalized therapy, and
monitoring of disease progression %1°,

The current review critically discusses the current and emerging OP
biomarkers by exploring their underlying mechanism, advantages,
limitations, and performance in clinical practice. We aim to highlight
how biological markers are reshaping OP prediction, risk
stratification, and management. Our goal is to provide evidence-based
reference for clinicians with a comprehensive, integrated overview
that can be translated into improved patient care.

Understanding osteoporosis

Bone health is maintained throughout a process called bone
remodeling, a continuous process that keeps the bone integrity intact.
The process of bone formation and resorption is maintained in a
delicate balance among healthy individuals ''. Should that balance get
disturbed, the net will be progressive structural fragility,
microarchitecture bone damage that ultimately ends with OP '2. To
keep that equilibrium valid, 3-cell types are involved: osteoblast,
osteoclast, and osteocytes.

Osteoclasts are hematopoietic cell precursors that reabsorb old or

damaged bone. Later, they undergo apoptosis, triggering signaling
factors that initiate the bone formation phase. Osteoblast cells
[Mesenchymal stem cell-derived] migrate to the resorption pit,
depositing new matrix to restore bone volume . Part of these
osteoblasts will be encased in the mineralized matrix to become the
most abundant bony cell type, i.e., the osteocytes. The latter serves as
the central remodeling regulator; they behave as mechanosensors.
Once there is mechanical bone strain and microdamage, osteocytes
release molecular signals that orchestrate osteoblast and osteoclast
activity '*. Peri-lacunar remodeling allows osteocytes to modify the
surrounding bone directly 1°.
There are multiple factors that tilt the balance inside the bone toward
excessive bone resorption and inadequate bone formation, for
instance, hormonal factors, nutritional deficiencies, inflammation,
and genetic predisposition 618,

Once the balance is tilted, the result will be apparently normal
bone, but it is structurally
weakened. A deeper insight into this dynamic cellular-interplay
enhances our understanding of the limitations of conventional

diagnostic tools and deepens our appreciation for advanced
biomarkers in OP, highlighting the necessity for improvement '°.

Subjects and Methods

Review design and literature search strategy

This mini review adopted online search throughout electronic
databases like PubMed, WOS, Embase and Google Scholar to cover
publications up to November 2025. A combination of MeSH terms
and free text keywords was used [ osteoporosis, bone turn over
markers, endocrine markers, inflammatory biomarkers, multiomics,
combined biomarkers panels, advantage, performance, cost.

Inclusion criteria: Peer reviewed human studies, including
controlled trials, systematic reviews, meta-analyses, observational
studies published in English up to June 2026. Studies focusing on OP
biomarkers and their diagnostic or predictive role were prioritized. All
studies involving adult human aged> 18 years. We did not start time
restriction for inclusion however we include studies published in
electronic databases mentioned earlier with no lower date restriction
and with an upper limit of June 2026.

Exclusion Criteria: Case reports, editorials, letters to the editor,
conference abstracts, in vitro, animal studies and non-English
publications, given the review's primary focus was on clinical
applicability. Studies lacking sufficient methodological details and
performance, such as sensitivity, specificity, and AUC were all
excluded.

The selection of studies was performed according to a two-stage
process, with initial screening based on title and abstract, and a second
stage involving a full-text assessment. Both stages were carried out
separately by two researchers, with any discrepancies resolved
through a consensus process, with a third researcher acting as a
mediator in any disputes. All studies meeting the predetermined
selection criteria were included, with no studies excluded based on the
nature of their findings in order to avoid any potential selection bias.
The Extracted data were synthesized to provide a structural overview
regarding the biological basis, clinical applicability, limitations, and
future potential, see Figure 1.

Markers were categorized into five panels.
e  Traditional Bone Turnover Markers
e  Mineral Metabolism & Endocrine Markers
e Inflammatory & Immune Markers
e  Novel Metabolic & Multi-Omics Markers
e  Combined Biomarker Panels

Results
Traditional bone turnover markers [BTM]

The bone is not a static tissue; it is in a delicate balance of bone
formation [by the osteoblast] and bone resorption [by the osteoclast].
This balance is called bone remodeling. Makers of bone remodeling
can reflect the bone internal environment and are measured in serum

or urine 202!,
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If these markers increase, it indicates that bone turnover is elevated,
underscoring deterioration in bone health and an increased risk of
fragility. These makers are categorized into:

bone formation markers [total and bone-specific alkaline
phosphatase [ALP], procollagen type 1 N-propeptide [P1NP],
osteocalcin, and procollagen type 1 C-propeptide [P1CP] 2223,

bone resorption makers [pyridinoline, tartrate-resistant acid
phosphatase 5b, deoxypyridinoline, the carboxy-terminal cross-
linked telopeptide of type 1 collagen [CTX-1], and the amino-

terminal cross-linked telopeptide of type 1 collagen [NTX-1]
24,25

Identification

l

Titles and abstracts screened

Independent dual review: discrepancies resolved by consensus (third reviewer as

mediator); Records screened (n = 142)

l

Full-text articles assessed for eligibility

mediator). ; Full-text articles assessed (n = 113)

|

Eligibility criteria applied

Independent dual review: discrepancies resolved by consensus (third reviewer as ————»

What is special about these markers is their sensitivity to the
changes in bone turnover rates, which makes them recommended
to check adherence and response to treatment 26 .The most
recommended markers by the International Osteoporosis Society
for predicting fracture risk and OP therapy are [PINP and CTX-
1] for bone formation and resorption, respectively 2. One of
their limitations is that they do not specify the affected bone, but
rather reflect overall bone turnover. For that, they are
recommended as an adjuvant tool rather than a sole detection tool
alongside DXA [28], see Table 1.

Records identified through database searching PubMed, Web of Science, Embase, Google Scholar
Search period: inception — June 2026: Key terms: osteoporosis: bone turnover markers: endocrine markers:
inflammatory biomarkers: multiomics: combined biomarker panels Records identified (n = 142)

Records excluded (n =29)

Case reports, editorials, letters, conference abstracts, in
vitro/animal studies, non-English publications

Full-text articles excluded (n=234)

Insufficient methodological detail: diagnostic performance
data not reported (sensitivity, specificity, AUC)

Studies included in qualitative synthesis (n = 79)

1. Peer-reviewed human studies (RCTs, systematic reviews, meta-analyses,
observational studies) 2. English-language publications, up to June 2026 3.

—_—

Traditional Bone Turnover Markers ; N=13
Mineral Metabolism & Endocrine Markers; N= 19

screening & eligibility

Adults aged > 18 years 4. Focus on osteoporosis biomarkers with diagnostic or
predictive role 5. No restriction applied on the basis of study outcome (to
minimize selection bias). 6. Studies lacking sensitivity, specificity, or AUC data

* Inflammatory & Immune Markers ;N=14
* Novel Metabolic & Multi-Omics Markers ;N=13

excluded

Figure 1: study flow chart showing how studies were included and excluded

Combined Biomarker Panels ; N=20

Table 1 summarizes the most common BTM, their methods, sampling specimen advantages, limitations, and performance.

Biomarkers Method/  sample Mechanism of action Advantage Limitation Performance reference
used
PINP Immune assay; They mirror osteoblast FDA-approved Affected by liver Good 29
[Procollagen ELISA, ECLIA; activity &  bone for monitoring disease & has AUC: 0.65-0.75
Type 1 N-  Serum/Plasma; formation. It has Low diurnal Renal  clearance Sensitivity: 65—
terminal High levels mean rapid  variation issues 75%
Propeptide] bone turnover. Sit is stable in Limited population
serum data
Strong  fracture + The test is
prediction [HR Expensive
1.2-1.6]
It measures the Long clinical The results may Fair 30
Enzyme released history & is show cross- AUC: 0.55-0.68
BSAP [Bone- during bone formation, widely available reactivity with  Sensitivity: 50—
Specific ELISA, IRMA; i.e.,, it reflects bone- The assay is Heat- liver ALP 60%
Alkaline Serum sample forming activity  stable The test showed
Phosphatase] [osteoblast] Age-dependent

variation & has
limited specificity

97

Nori, et al.



Al-Kindy College Medical Journal 2026:22 (2)

*  Bone-specific

Marker of osteoblast protein
Osteocalcin function & vitamin K e« Reflects vitamin
[Total & gi“rlusn?’ Cost: gé‘_’ status. K status
Undercarboxy 40 ’ ) Undercarboxylated * Related to
lated] form = poor bone fracture geometry
quality. . Metabolic
insights
Gold standard as a
resorption
It measures collagen biomarker
CTX-I [C- degradation, ie.,, Extensive
. Immune assay ; . ..
terminal reflects bone available clinical
. ECLIA, ELISA; .
Telopeptide] . resorption [osteoclast data
. fasting Serum e : .
[resorption samples activity]. High levels Licensed for
biomarker ] P mean increased bone treatment

resorption.

monitoring & has
a Rapid therapy

response
it has the

TRACP 5b Its measured using Z?\‘I/iingtage rea dir(n)gf

tart_rate- . mopoclonal It reflects osteoclastic ~when CTX

resistant acid antibody-based . . .

hosphatase immunoassay enzyme directly and is reading become

P not cleared renal unreliable in renal

5b [ELISA], ELISA; .

. system for that failure cases

[resorption done on  Serum can monitor anti

biomarker | samples resorptive
treatment

There is poor assay
standardization

* Very unstable

. Multiple
isoforms

. Temperature
sensitive

* Difficult interpret

It has a severe
diurnal  variation
[~50%]. The

patient should fast
The renal function
test should be
good.

It has poor fracture
prediction alone.

Limited
availability ,

not yet validated
for fracture
prediction nor OP.

Poor 31
AUC: 0.50-0.63
Sensitivity: 45—

55%

32

Fair

AUC: 0.60-0.70
Sensitivity: 55—
65%

33

It showed
moderate
performance in
practice and has
association with
long term risk of
fracture

ELISA: Enzyme-Linked Immunosorbent Assay, ECLIA: Electrochemiluminescence Immunoassay, IRMA: Immunoradiometric Assay; RIA:

Radioimmunoassay, AUC; Area Under the Curve

The data displaced in Table 1 unveil an interesting pattern: while
PINP stands out as the marker with most favorable performance
[AUC 0.65-0.75, sensitivity 65-75%] and showing a low diurnal
variability, the gold-standard CTX-I — as resorption marker — is
severely constrained by diurnal variation of up to 50%, demanding
mandatory fasting morning samples to be clinically valid 2%32.
Osteocalcin showed poorest performance across studies [AUC 0.50—
0.63], owing to thermal instability in addition to multiple isoforms
that complicate assay standardization [31]. Collectively, the tabulated
evidence confirms that no single BTM reaches diagnostic-grade
performance in isolation, which imply that these markers are
adjunctive rather than primary tools 228,

Mineral metabolism and endocrine markers

Here we have bone markers involved in calcium and phosphates
hemostasis as well as the hormones that govern bone metabolism.
These markers gives insight into systemic factors that affect bone
health by reflecting the underlying mechanisms of bone loss such as
endocrine dysfunction and nutritional deficiency 3+

Some of these key factors [include Parathyroid Hormone [PTH],
Vitamin D, Calcium, Phosphate, Fibroblast Growth Factor 23
[FGF23], and Estradiol [17B-Estradiol]. PTH is one of these
hormones that critically regulate calcium and phosphate levels and
indirectly impact bone remodeling 3638,

for example, PTH once increased, can cause bone resorption; where
is vitamin D deficiency is an another risk factor for OP. Calcium and

phosphate levels reflects the overall mineral balance, and abnormal
levels underscore systemic illness that impact bone health *.
Evaluation of these biomarkers aids in the diagnosis and management
of OP and other related bone diseases; moreover, monitoring changes
in their levels can help assess response to therapy, especially among
cases receiving supplement or pharmacological therapy 404!,
Typically, these markers are used in connection with bone density
measurement in the diagnosis of OP. It is worth noting that the
interplay of these hormones and minerals is quite complex, and the
interpretation of a single marker can be challenging. The levels of
these markers can be influenced by diet, kidney function, drugs, and
other medical comorbidities; thus, careful evaluation is required *2.
Table 2 shows a comparison of the most researched mineral
metabolism and endocrine markers.

As shown in Table 2, Vitamin D exhibits the broadest evidence base
between endocrine markers [AUC 0.68—0.78], however the threshold
controversy — with sufficient levels inconsistently defined between
20 and 50 nmol/L across enrolled studies — hinders direct clinical
translation 3% 4344, PTH present a more limited and indirect predictive
performance . PTH value is focused on identifying secondary OP
causes rather than primary fracture prediction, a distinction that
carries direct implications in clinical practice **. Despite that FGF-23
is ,mechanistically sound among CKD populations, the current
evidence remains preliminary with no validated clinical threshold in
daily practice cut-off established 3.
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Inflammatory & Immune Markers in Osteoporosis

The delicate balance between bone formation and bone resorption can
be influenced by various inflammatory and autoimmune processes
that ultimately affect bone remodeling *°. Imbalance in these
biomarkers can increase bone resorption and reduce bone formation.
Moreover, pro-inflammatory cytokines can promote osteoclast
differentiation, leading to suppressed osteoblast formation and
differentiation, and shifting the balance for bone resorption, which
contributes to bone loss and increased fracture risk %57

Furthermore, the chemokines that recruit immune cells may
indirectly impact bone remodeling >%. Many novel inflammatory
markers are being examined for their potential in predicting low BMD
or OP risk, aiming for a newer approach in preventing, diagnosing,
and treating OP [see Table 3]. It is worth noting that these markers are
not currently used as standalone diagnostic biomarkers; they hold
promise for stratification of the fracture risk, monitoring disease
progression, and assessing therapeutic targets. One of the limitations
of these biomarkers is their non-specificity, as they may rise in various
inflammatory conditions other than OP %,

Taken together data in Table 3 reveals that RANKL/OPG ratio
surpassed individual cytokine measurement [AUC 0.62—0.74 vs 0.53—
0.62 for IL-6], which reinforces the mechanistic view that osteoclast
activators and inhibitors interplay — rather than a solitary signaling
pathway is what drives bone resorption . Still , as the SII data from
the postmenopausal cohort by Di et al ¢, discussed that
inflammatory mediators derived from routine blood counts has
pragmatic clinical advantage added to their accessibility making them
appealing option over RANKL/OPG and TNF-a that are hindered
by technical complexity and inter assay variability.

Novel Metabolic and Multi-Omics Markers in Osteoporosis

This category represents an advanced approach aimed at
understanding the complex pathology of OP. These categories provide
a holistic approach for OP understanding by integrating more than one
pathway [genomics, transcriptomics, proteomics, and metabolomics]
to leverage our understanding beyond traditional BTM [64] .

In proteomics, researchers tend to analyse large-scale protein profiling
and identify candidates to mitigate their risk, improving diagnostic
accuracy and giving mechanistic insight %5, Metabolomics involves
analyzing small metabolites to provide a snapshot of cellular activity.
For instance, alanine can serve as a potential biomarker in post-meal
conditions, particularly in cases of Type 2 diabetes %. MicroRNA
[miRNA], also known as osteomiRs, regulates gene expression,
acting as serum-based biomarkers ¢7.

Multi-omics integration unveils a complex interaction, like a
genetic variant, that guides bone metabolism and pathway [ i.e.,
MAPK/TGF-, ans WNT/B-catenin]. These markers hold promise in
personalized medicine via early diagnosis, risk stratification, and
disease progression; these markers may guide personalized treatment
and serve as independent diagnostic markers 8.

One of the promising biomarkers is sclerostin [bone formation
inhibitor] which showed potential of therapeutic as well as predictive
value for OP. Romosozumab ; an anti-sclerostin inhibiter showed
strong efficacy in reducing vertebral fractures by 70 % , still the

studies are conflicting and needs further validation ®. These markers
are hindered by cost, data complexity, and need for validation; [see
Table 4]. Additionally, the causal association needs rigorous studies
and advanced bioinformatics instruments.

The above table clarify the negative relationship between mechanistic
complexity and clinical applicability in this category. Metabolomic
panels and miRNA signatures accomplish the best discriminative
performance [AUC 0.80-0.93], yet both are limited to research
settings owing to cost, technical difficulty, and lack of multicenter
validation 7" 73, Sclerostin has a clinically unique place: its AUC of
0.67—-0.76 is modest compared to multi-omics panels, still its dual role
as a predictive biomarker and therapeutic target for Romosozumab
making it the most promising candidate for clinical translation among
this panel ¢ 72. On the other hand AGEs demonstrate a meaningful
performance especially in diabetic subgroups 7°, which confirms its
value as a disease specific biomarker

The Combined Biomarker Panels

Owing to the multifactorial nature of osteoporosis, a single biomarker
cannot capture the whole picture. By integrating combined biomarker
panels from multiple categories, such as BTM, mineral/endocrine
biomarkers, inflammatory mediators, and omics-driven biomarkers,
along with clinical risk factors, we aim to improve diagnostic
accuracy, better stratify risk, and monitor therapeutic response 4.
This approach collects diverse biological signals to provide a deeper
insight into the inner bone health environment—for instance,
combining clinical risk factors and hip BMD improves risk score
prediction by 30% 7. Through multi-omics integration, we will gain
a deeper understanding of genetic variants and pathways that impact
bone metabolism 7> 76, Machine learning, on the other hand, enables
the interpretation of complex datasets, yielding optimal marker
combinations with the highest predictive accuracy for osteoporosis
77,78

This panel holds promise for earlier prediction, more accurate
diagnosis, and better response follow-up, especially in cases with
borderline bone density or unclear pathology. It also holds promise
for high-risk individuals by enabling precision health options. One of
the significant challenges of their application in practice is the
complexity of interpreting the data, as there are no standardized panels
to compare to 7°; see Table 5. Since most of them are in the research
phase, they suffer high costs and need validation to be translated into
clinical practice.

The compound panel give the best evidence for the core argument
of this review. The panels incorporating BTM, inflammatory and
metabolic markers reliably yielded improvements in NRI of 0.15—
0.23 over traditional screening in the wvalidation cohorts —
corresponding to correctly reclassifying between 15% and 23% of
intermediate-risk patients °>'%, The figures for the diabetic cohort
[NRI 0.31] are noteworthy: this is precisely the population for which
BMD-based tools perform poorest, and alongside where biomarker
panels provide highest additive benefit '°'-192, Optimization of panel
using machine-learning yielded a further improvement [ AUC was
increased up to 0.83 in recent works] 77-’® which open the path for
future implementation in practice.
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Table 2: Mineral Metabolism and endocrine markers comparison with respect to the mechanism of action, advantages, limitations, and

performance in OP prediction

Biomarkers Method/ Mechanism of action Advantage Limitation Performance reference
sample used
LCMS, vitamin D status influences The assay has strong ~ Good 43,44
CLIA; calcium absorption & bone . . seasonal variation AUC: 0.68-0.78
. L * Routinely used in L
Serum mineralization. Reduced .. . . [40-60%)] Sensitivity: 60-75%
.. clinical practice, widely .
samples levels predict high fracture & standardization OR: 1.5-2.2 per SD
. accepted, and cost- .
risk. effective issues. There are
25[OH]D [25- threshold
o * has a strong fracture .
hydroxyvitamin D] L controversies.
assoclation .
& population
and serves as a treatable .
taraet differences
& There are
confounding Lifestyle
factors.
ECLIA, Secondary An indirect bone
IRMA; h thyroidism i . - ker that h; k
’ yperparathyrolism 15 a Well-established clinical o 4 ~as‘wea
Serum response of the body to low . fracture prediction.
.. . marker that gives
samples vitamin D or calcium. mechanistic insieht into The assay levels are Fair
PTH [Parathyroid Chronic elevation causes . g affected by age- 45,46
Hormone] bone resorption mineral metabolism related changes AUC: 0.58-0.67
rpHon. useful biomarker in £es, Sensitivity: 50-65%
.. among other factors
treatment monitoring
. Moreover, there are
sample stability
issues.
Estradiol [17p- Immune Low estrogen levels in It has strong biological It has assay Fair
Estradiol] assay ; menopausal women cause and mechanical insight sensitivity limits; its AUC: 0.60-0.72 47,48
ELCA, bone loss into OP. levels are very low in  Sensitivity: 55-70%
RIA, Very low levels are a good It is associated with postmenopausal Best in severe
Serum predictor of rapid bone loss menopause timing and women. deficiency
sample has a clear therapeutic It showed wide
target. interpersonal
variation
Expensive test with
limited clinical utility
AMH [Anti-Miillerian ~ Immune Reflects the ovarian reservoir ~ Non-invasive, gives Limited data in Good
Hormone] assay in women. Low levels were early insight into OP risk  practice, it needs Sensitivity:85%
ELISA, associated with increased validation & specificity 60% 49,50
SERUM fracture risk and fragility Show variability
samples fractures across the population
Adipokines ; such as:  Serum Adipokines interact with Easily measured and It showed population Independent risk
Adiponectin, leptin samples are  bone health via regulating gives insight about the diversity factors for site 51,52
analyzed by  energy, bone remodeling and  systemic metabolic Their levels are specific- OP
ELISA their effect on inflammatory statues and highlight site  affected by metabolic ~ fractures
pathways. Adiponectin is specific fracture risk syndrome , obesity
linked with vertebral fracture and other co-
risk , while leptin is linked to morbidities
long bone fracture risk
ELISA, Guide phosphate and vitamin It gives mechanical Limited clinical data; ~ Currently 53,54
FGF23 [Fibroblast SERUM, D metabolism insight as it links only in research, and exploratory
Growth Factor 23] and plasma Disturbed levels affect phosphate & mineral it is expensive.
samples mineralization metabolism. Complex regulation

It has a novel research
application with a
potential therapeutic
target

with no standard
threshold

ELISA: Enzyme-Linked Immunosorbent Assay, ECLIA: Electrochemiluminescence Immunoassay, IRMA: Immunoradiometric Assay; RIA: Radioimmunoassay,
AUC; Area Under the Curve, LCMS: Liquid Chromatography-Mass Spectrometry; CLIA: Chemiluminescence Immunoassay
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Table 3: shows a comparison of Inflammatory & Immune Markers in Osteoporosis with respect to sample used, the mechanism of action,
advantages, limitations, and performance in OP prediction.

Biomarkers Method/ Mechanism of action ~ Advantage Limitation Performance Ref
sample used
It has direct 60
. mechanical insight
It mirrors the central i a st It has a hich cost. i
with a stron as a high cost, is
RANKL/OPG pathway of bone . . & . £ .
Ratio [Receptor Immune makeover biological used in research, and ~ Fair
ver. . .
. P assay ELISA; . . rationale. has technical AUC: 0.62-0.74
Activator of NF- A high ratio means .
. Serum . It has a novel difficulty Mostly research-based
kB Ligand / increased osteoclast e .
. sample . research Only with limited evidence
Osteoprotegerin] activity and bone .. . . L
. application witha  clinical application
fragility. .
potential
therapeutic target
Iti ker of 61
Well-established 18 amarkero
. systemic
inflammatory . . .
. inflammation, which
marker with .
. . confounds its
Pro-inflammatory available assays .
. . level;i.e, it lacks
ELISA, cytokines stimulate that have specificity Poor
IL-6 [Interleukin-  ECLIA,; teoclast i biological :
[Interleukin : osteociastogeness, - brologiea Additionally, ithas  AUC: 0.53-0.62
6] Serum and chronic plausibility . .
L . acute-phase Non-specific predictor
sample elevation is linked to ~ Mechanistic L
. variability.
bone loss. association .
It has limited value as
between
. . a standalone test,
inflammation & .
owing to low fracture
bone o
prediction.
TNF-o [Tumor ELISA, It governs cytokines, =~ Widely used Sample instability Poor 62
Necrosis Factor-a]  Serum leading to bone marker in research  and technical AUC: 0.50-0.60
samples resorption as an inflammatory  challenges with poor ~ Research use only
factor with reproducibility
mechanistic Highly variable levels
insight and a with weak predictive
promising power
therapeutic target.
Systemic Immune- Whole blood  Composite index Simple, Non-specific marker; ~ High SII associated 63
Inflammation [hematology  derived from inexpensive, influenced by with increased risk of
Index [SII] testing] — platelets, routinely available  infections, chronic osteoporosis and
postmenopau  neutrophils, and from standard inflammation, and osteoporotic fractures
sal women [n  lymphocytes; blood counts comorbidities in postmenopausal
=238, mean reflects systemic women
age 60.5 + inflammatory status
8.1 years] that contributes to

bone resorption and
osteoporosis

ELISA: Enzyme-Linked Immunosorbent Assay, ECLIA: Electrochemiluminescence Immunoassay, IRMA: Immunoradiometric Assay; RIA:
Radioimmunoassay, AUC; Area Under the Curve, LCMS: Liquid Chromatography-Mass Spectrometry; CLIA: Chemiluminescence

Immunoassay
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Table 4: Comparison of Novel Metabolic and Multi-Omics Biomarkers in Osteoporosis with Respect to Sample Used, Mechanism of Action,
Advantages, Limitations, and Performance in Osteoporosis Prediction.

Biomarkers Method/ Mechanism of action Advantage Limitation Performance Ref
sample used
AGEs HPLC, Reflect on the Assesses bone quality It has a high cost, is Fair 70
[Advanced Fluorescence; relationship between with a strong diabetes— used in research, and AUC: 0.63-0.71
Glycation the samples are  collagen cross-linking bone link has technical Diabetes
End- : Serum/Tissue & bone quality They offer novel difficulty subgroup only
products] deterioration, mechanistic insights &
particularly among have strong research Only with limited
diabetic cases. potential clinical application
Metabolomic LCMS/MS; They offer an integrated ~ They give a systemic It has a very high Excellent* 71
Panel samples metabolic profile for biological approach cost, is used in AUC: 0.82-0.93
[Multi- . include . ‘.bone-r.e.lated pathways .reﬂ.ected by pathway research, and has *Proof-of-
m.etabollte Serum/Urine; in addltl(?n to . insight _ technical difficulty concept stage
Signatures] personalized risk It showed high
signatures. discrimination power Only with limited
strengthened by clinical application
personalized signature
Sclerostin ELISA; Serum It is a direct Wnt Being a direct Wnt Inconsistent results Good 72
[SOST Gene pathway inhibitor. signaling inhibitor with age-dependent AUC: 0.67-0.76
Product] Increased levels predict  offers a Novel L Emerging
o ) variability & has o )
bone loss. @echamstlc pathway it technical difficulty clinical evidence
is refered as
independent predictor It has a high cost,
of Osteoporotic used in research,
fractures independent only not yet
of BMD and classical approved for clinical
BTMs. practice
early data showed a
promising therapeutic There was raised
target as anti-sclerostin metébolic and
mADbs [romosozumab] cCardloI\fas:.ular
omplication
miRNA qRT-PCR, serum mirror bone cell As a multi-target Hindered by high Excellent* 73
Panel Array; serum activity & fracture risk regulator it reflect a cost, limited to AUC: 0.80-0.90
[MicroRNA  samples by multi-target potential high research, and has *Research
Signatures] regulation. specificity. settings only

it has therapeutic
potential, especially in
personalized medicine.

technical difficulty

HPLC: High-Performance Liquid Chromatography; LC-MS/MS: Liquid Chromatography with Tandem Mass Spectrometry; ELISA: Enzyme-
Linked Immunosorbent Assay; qRT-PCR: Quantitative Reverse Transcription Polymerase Chain Reaction
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Table 5: Comparison of Combined Biomarker Panels in Osteoporosis with Respect to Components, Mechanism, Advantages, Limitations, and

Predictive Performance.

Biomarkers Method/ sample Mechanism of action Advantage Limitation Performance Ref
used
This panel has It presents an They are clinically feasible They are hindered by 80-82
three markers as integrative panel that & acceptable. diurnal variation, require
Standard assays. provides data regarding ~ They have established skilled personnel, they have
bone formation, assays of moderate cost. limited population data. Good
Basic BTM Panel resorption, and mineral They have moderate AUC:  0.72—
[PINP + CTX + bone metabolism performance. 0.80
25[OH]D] markers. Better  than
single markers
by combining multi- . L
. h d dict . . . Good
Extended Panel . pathway risk a§ . 1mpr0ve. PIECICtVE 4 s a high cost, is used in 00 83,84
It contains 8-10 ability via strong .. AUC: 0.75-
[BTMs + assessment [bone e research, and has limited
markers collected mechanistic insight .. S 0.82
Hormones + . turnover markers, clinical validation.
as Mixed assays has Strong research Research-level
Inflammatory] hormones, and . S
. . applications validation
inflammation]
They showed the highest Limited by High cost, 85-87
AlL-Enhanced variable AI associate multiple predictive accura‘cy. . implementation barriers &  Excellent*
. . biomarkers with  have  personalized risk no regulatory approval AUC:  0.83-
Panel [Machine biomarkers are .. . . .. .
. . . clinical and/or stratification as well as The decision-making  0.92
Learning included , with . . . . . .
- . demographic data to adaptive models. with an process is challenging to *Experimental
Integration] Al algorithms . . s . . o S
predict OP risk . optimistic future-ready  explain to patient. Limited to  validation
approach research
Osteoporosis 84
was detected
in 85.7%;
Serotonin controls the Total =
. bone formation and . 79.8%.
Serotonin+ fat Combines several

soluble vitamin +

resorption; vitamins A,
D3, K as bone control

biochemical and hormonal

small samples size; external

Accuracy  of
internal

BTM[E2, TPINP, serum . . predictors; is a better T . S
. variables; indicators of . . . validity is not yet available. validation
PTH, Osteocalcin, predictor of the diagnosis
bone turnover are 72.5%.
BMI] . . than BMD. .
evidence of dynamic Serotonin and
Bony remodeling. vitamin K had
the best
predictive
roles.
The latter have normal or increased BMD but they show paradoxically
Discussion high rates of fractures because of deteriorated bone quality and
. ; ; 12
Summary of Study Finding microarchitecture '*.

The current work had systematically evaluated biochemical
markers [five different panel] to predict osteoporosis; including
traditional bone turnover markers, mineral metabolism and endocrine
markers, inflammatory and immune markers, novel metabolic and
multi-omics markers, and combined biomarker panels. The combined
panels were found to be substantially better than bone mineral density
and FRAX in reclassifying fracture-risk, and thus, fill crucial
diagnostic gaps where traditional imaging is not effective, especially
in high-risk groups [i.e. renal kidney cases, individuals with
hyperlipidemia and patients with type 2 diabetes] [88-90].

Comparative performance of biomarkers across panels

The conventional bone turnover markers especially s-CTX and s-
PINP remain to be the standards in monitoring therapeutic response
but due to their high biological variability, cannot be used as
diagnostic tools for osteoporosis; on their own -2,

Endocrine markers are specific to detect secondary osteoporosis
causes, but have no specificity in fracture prediction as they lack
specificity %4,

The appearance provides
understanding of bone quality: Lecithin-Cholesterol Acyltransferase
has diagnostic capability with an Area Under the Curve of 0.822 and
a sensitivity of 75.9% and is better than vitamin D screening due to its

of new biomarkers mechanistic
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dual regulation activity that favors osteoblast differentiation and
inhibits osteoclast maturation >

Importantly, some markers as sclerostin do not serve as a predictive
biomarker, but also a diagnostic indicator. High levels of sclerostin
discriminate candidate eligible for to anabolic treatment with
Romosozumab, a sclerostin inhibitor, and, therefore, guide
therapeutic ~ choice. It is worth noting that sclerostin based
requirement for selecting cases and therapeutic strategies to use are
still lacking °7%8,

The combination of panels with CTX, PINP, LCAT, sclerostin, and
inflammatory markers and metabolic signatures had better
performance, with an improved Net Reclassification Index [NRI] by
0.15-0.23 in validation cohorts, which is equivalent to 15-23 percent
of patients with intermediate risks; who were obscured by traditional
screening being reclassified appropriately %19, Interestingly, the
enhancement achieved by combined panels is highest in diabetic
populations (NRI 0.31) where conventional instruments display the
worst performance, which is translated to more than half a billion
people in the world at high risk of fracture without reduced bone
density 101,

It is especially applicable in type 2 diabetes where advanced
glycation end product interferes with collagen cross-linking and
osteoblast glycolysis with a net effect of inhibiting bone formation
despite maintained density measurements '°2,

Likewise, the multi-marker evaluation of bone turnover dynamics is
beneficial to glucocorticoid-treated patients, chronic kidney disease,
and cases suffering mineral metabolism disorders; all of these groups
are not visible or captured on static routine imaging '°>104,

See comparative Table 6 .

In summary, this review finding supports a stratified diagnostic
paradigm; the classical markers for monitoring therapeutic response;
endocrine markers for etiological characterization; multi-omics
panels combined for risk reclassification in populations where
imaging-based screening performs least well, and there is the most
unmet clinical need 193194 The worth of the panel is in not
substituting DEXA as the first-line screening, but properly
reclassifying intermediate-risk patients to actionable high-risk or true
low-risk groups, to optimize intervention strategies.

Notably, this diagnostic paradigm does not imply the simultaneous
application of the five categories in every patient encounter. Rather,
it supports the context-driven selection of these five markers based on
the patient’s phenotypic characteristics. For example, the biochemical
profile of a postmenopausal woman with borderline bone density
differs from that of a patient receiving glucocorticoids or one with
type 2 diabetes and normal bone density 38103104, Standardization of
pre-analytical variables, such as fasting morning blood samples for
CTX-1, and harmonization of the LCAT and sclerostin assays, remain
the main obstacles to the translation of this tiered model into clinical
guidelines. As these prerequisites are addressed, the application of
multi-dimensional biomarker profiling in combination with
traditional densitometry is the only model with any real promise to
achieve precision fracture risk assessment—and to bridge the
diagnostic gap for millions of high-risk patients, including those with
diabetes and glucocorticoid-induced osteoporosis, currently not
identified by standard-of-care imaging approaches '1-106,

Clinical implication in practice

The implementation pathway in clinical practice involves
consideration of three priorities. To start with, potential validation
studies need to define population-specific cutoff points and
demonstrate an improvement in the Net Reclassification Index [NRI]
across a variety of cohorts. This includes postmenopausal women and
patients with diabetes and osteosarcopenia , whereby a simultaneous
decrease in muscle mass increases the risk of fractures. 12,105 to
become part of the clinical practice instructions, regulatory agreement
through standardized panels, parallel to how the lipid panel was
developed as a research instrument to be used to screen cardiovascular
risk, would be needed. Additionally, they should be approved by
worldwide osteoporosis groups to create payment streams 1%,
Second, rigid pre-analytical harmonization procedures need to curb
CTX diurnal variability, for example by using fasting and morning-
only samples, since biological averaging of combined markers does
not overcome assay limitations °.

Third, new biological indicators can be incorporated into treatment
strategies. Especially metabolites that are associated with the gut -
bacterial- imbalance that favor bone erosion, in addition to biomarkers
that remain detectable during anti-resorptive therapy [such as
individuals on denosumab] 107108,

Cost effectiveness and consideration in practice

The health economic value proposition is not similar to mere cost
comparison. Though multi-marker panel assessment is more
expensive than a single DEXA scan, the cost is reasonable given the
prevention of fractures in high-risk groups , where the imaging is not
reliable .In fact one fracture of the hip costs healthcare as much as
$40,000-80,000; so a small fraction of the fracture in diabetic or
glucocorticoid-treated cohorts when prevented via better risk
stratification will result in a significant long-term savings 19119 Also,
continuous monitoring of biomarkers enables prompt intervention,
which would enable clinicians to take appropriate action to correct
metabolic abnormalities before bone is damaged irretrievably. This
helps in the administration of treatment in its most effective state *.
Equally, diagnostic sclerostin measurements are used to select the best
candidates to receive Romosozumab, making the most of the costly
anabolic regimens to the most likely responder °3.

Strengths and Weaknesses of the Study
The main strength of the present research is in the comprehensive
assessment of mechanistically different biomarkers, which combine
the novel markers with theragnostic potential. The biomarkers act as
a retrospective lens which discloses the longitudinal history of bone
metabolic health which provides a granular perspective of bone
physiological integrity which is not possible with simple imaging.
Their range is constantly growing besides increasing their diagnostic
accuracy which allow screening, stratifying risks, early identifying
complications and tracking treatment effectiveness.
These panels are not set to replace the existing imaging; instead, they
are poised to complement conventional densitometry '>112113 Their
capability to detect subtle variations in the bone microarchitecture
even before such changes can be detected through the use of imaging
techniques, qualifies them as the promising tools of improved OP
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care. Nevertheless, the path is not yet flawless. There are critical
issues to address '%. In spite of being a promising option , there are
barriers to clinical translation of OP biomarkers, including a wide
range of pre-analytical and data gaps, and the lack of results validation

114

For that, larger and multicenter cohorts should be used to standardize
assay procedures and establish population-specific thresholds, which

biomarker patterns during the treatment process is lacking, and
prospective studies that measure the health-economic benefit of
fracture prevention are also lacking ''>'5.To break the existing
barriers on standardization, implementing multi-marker panels should

be adopted. These panels are the future of osteoporosis treatment, as

are needed by the hard and fast requirements of calibration of such
markers as CTX 9111 Moreover, longitudinal data that follow

Table 6 : Comparative landscape of OP biomarkers performance in practice with advantages and limitations

they enable a shift towards generalized, reactive care and active
precision medicine, which is based on personal metabolic signatures.

Bone Turnover Markers

Mineral Metabolism

Inflammatory &

Parameter (BTMs) & Endocrine Markers  Immune Markers Multi-Omics Markers ~ Combined Panels
Non-invasive assessment Diagnoses secondary ~ Links systemic Identifies molecular Higher discrimination than
Detects high-turnover osteoporosis inflammation to bone  subtypes single markers
before BMD changes Guides specific loss Potential for precision =~ May refine FRAX®
Advantages interventions (Vit D, =~ May identify therapy = medicine predictions
Monitors anti-resorptive hormone therapy) responders Discovers novel drug
efficacy targets
Cost-effective for
targeted populations
High preanalytical Low specificity for No validated assays Prohibitive cost Increased cost and
variability (+30%) fracture risk or cut-points ($500-$5000+) complexity
Requires Seasonal/diurnal Non-specific No clinical-grade No consensus panel
fasting/standardized timing  variation (elevated in multiple  standardization composition
Lacks fracture-specific conditions)
Criti thresholds Regulatory/reimbursement
ritical . .
Limitations Inconsistent reference D0e§ not assess bone ) La(_:ks c_)utcome barriers
ranges quality No RCT evidence for  validation
clinical utility Limited head-to-head trials
Confounding by vs. standard care
Weak independent comorbidities Significant
fracture association confounding/ethical
concerns
Evidence Level 4/5 4/5 4/5 1/5 2/5

(1-5)
Clinical
Readiness

Cost

Special notes

Ready for clinical use

Moderate

Their use is limited to
therapy monitoring;
insufficient as a standalone

Ready for clinical use

low

Useful for excluding
secondary causes per
clinical guidelines.

Ready for clinical use

ModeraT

Theoretical only; they
requires prospective
fracture outcome

Research-stage

High

Still in research stage ;
they need validation,
replication, and

Research-stage

High

Theoratical only ; Requires
demonstration of net
reclassification improvement

fracture predictor Not recommended for  studies before clinical ~demonstrated and cost-effectiveness.
primary fracture risk  implementation. superiority to
assessment. FRAX®/BMD
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Conclusion

Treatment of osteoporosis should be changed towards a density-
focused paradigm to a precision medicine paradigm based on
combined biochemical profiling. This change is essential in mitigating
the diagnostic blindness of DEXA especially in Type 2 diabetes
whereby fracture risk is not a result of reduced bone density but a
result of impaired bone quality. The diagnostic potential of such
markers as sclerostin can help us precisely direct the anabolic
therapies to those who will respond the best. Even though the
standardization demands strict compliance with the protocols, health
economic benefits of fracture prevention among high-risk and
density-preserved populations justify the investment in multi-marker
strategies as a complementary measure to the standard imaging.
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