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INTRODUCTION

Osteoporosis leads to decreased bone density and quality, heightening the risk of fragile fractures. It is a critical
global health issue that contributes to significant morbidity and mortality while placing a substantial burden on
healthcare systems, particularly in ageing populations.(1)

Standard methods for assessing fracture risk have relied on two main sources of information: clinical risk factors
and bone mineral density measurement (BMD). The World Health Organization (WHO) developed the Fracture
Risk Assessment Tool (FRAX®), a widely used algorithm to determine an individual’s 10-year risk probability
of major osteoporotic and hip fractures by using BMD and clinical factors, including age, sex, prior fracture
history, and glucocorticoid use. The Garvan Fracture Risk Calculator provides users with an alternate method
for estimating fracture risk probabilities. However, both assessment tools demonstrate particular sensitivity
challenges, resulting in many individuals who sustain fragility fractures not being identified as high-risk before
the occurrence of fractures. (1,2)

The primary method for diagnosing osteoporosis involves the assessment of bone mineral density using dual-
energy X-ray absorptiometry (DXA). However, individuals with BMD values in the osteopenic or normal range
sustain fractures at high rates, as BMD alone does not fully capture overall fracture risk. Conditions such as 2
diabetes mellitus and degenerative spinal disease further illustrate that fracture risk may increase when BMD
remains stable or above normal levels. This is because bone strength depends on both bone mass and its
structural factors, including microarchitecture, cortical geometry, tissue

mineralization, collagen integrity and microdamage accumulation.(3,4)

In recent years, quantitative imaging has developed beyond the capabilities of DXA. The techniques such as
quantitative computed tomography (QCT), high-resolution peripheral QCT (HR-pQCT), magnetic resonance
imaging (MRI), quantitative ultrasound (QUS), positron emission tomography (PET), and the trabecular bone
score (TBS) enables comprehensive evaluation of bone structure, which include cortical and trabecular
compartments, 3D bone geometry, microstructural patterns, bone marrow composition and skeletal metabolic
processes. Such advancements represent a transformation from density-based approaches towards the
multidimensional system for understanding bone fragility used to assess fracture risk, track treatment outcomes
and study the genetic mechanisms behind complex conditions like diabetic bone disease and glucocorticoid-
induced osteoporosis. (5—-8)
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The review provides a comprehensive overview of current quantitative imaging techniques used in osteoporosis
assessment, highlighting their fundamental principles, clinical uses, technical advantages, disadvantages and
their emerging role in personalized medicine systems.

1. Conventional Radiographic Assessment
1.1.Role of Plain Radiography in Osteoporosis Detection

Plain radiography is the most commonly used initial imaging technique in clinical practice and has long been
the foundation for detecting reduced bone density and fragility fractures. However, it has an important challenge,
as visible changes on radiographs appear only after about 30-50% of bone mineral has been lost, making it
unsuitable for early detection of osteoporosis. Older techniques, such as radiogrammetry and radiographic
absorptiometry, provides more objective estimate of bone mineral density (BMD), but these have now largely
been replaced by advanced quantitative imaging techniques. Despite its limitations, plain radiography continues
to be useful for detecting fractures, particularly in settings where DXA and QCT are not available. (7,9)

Figure 1: X-ray radiogrammetry of both hands of a patient with a Digital X-ray unit. Post-processing was
performed using automated determination of bone age. (10)

1.2.Radiographic Features of Osteopenia and Fragility Fractures

Osteopenia exhibits its radiographic characteristics through three main features: increased radiolucency, loss of
cortical bone, and heightened visibility of primary vertical trabecular patterns due to preferential loss of
secondary horizontal trabecular structures. In the spine, alterations present as translucent vertebral bodies,
forward-projecting endplates, and vertical striped patterns. The common spinal deformities comprise the
biconcave “cod-fish” vertebra, the anterior wedge deformity, and the crush fractures.

The most important vertebral body, proximal femur, and distal radius fragility fracture results are clinically
significant, while chest and spine radiographs show vertebral compression fractures as incidental findings
during examinations for different medical conditions. The distinction between osteoporotic and malignant
fractures becomes difficult when using plain films, leading to MRI evaluation when the diagnosis remains
uncertain. (7,9)
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Figure 2: Interpretation of osteopenia in long bones using radiograph; patient 1 at the age of 2 months (a),
patient at the age of 4 months (b), patient at the age of 8 months (c). Mild platyspondyly in a patient at the age
of 2 months (d), patient having round vertebral bodies at the age of 4 months I, patient having mild
platyspondyly at the age of 8 months (f). (11)

1.3. Vertebral Fracture Assessment and the Transition to Quantitative Methods

The limitations of plain radiography in systematically grading vertebral fractures led to the development of the
Genant classification, which scores vertebral deformity by degree of height reduction. This framework directly
laid the conceptual groundwork for vertebral fracture assessment (VFA), a lateral spine imaging technique
performed on modern DXA platforms that enables systematic vertebral evaluation with low radiation exposure
and is discussed further in the DXA section.(9-11)

Table: Genant classification of vertebral deformity based on percentage reduction in vertebral height.

Grade | Severity | Height Reduction | Description of Deformity

Grade 0 | Normal | <20% No significant deformity

Grade 1 | Mild 20-25% Slight reduction in vertebral height

Grade 2 | Moderate | 25-40% Noticeable reduction with clear deformity
Grade 3 | Severe > 40% Marked collapse and significant deformity

1.4. Strengths and Diagnostic Limitations

The main advantages of plain radiography are its minimal cost, availability and ability to provide rapid image
acquisition, essential in detecting fractures, assessing bone structure and identifying additional skeletal
disorders. However, it has specific diagnostic limitations. Density assessment relies on qualitative evaluation
that varies between different observers while being affected by technical parameters and body composition. In
addition, radiography only provides a two-dimensional image, limiting the evaluation of volumetric BMD, bone
microarchitecture, and changes that occur between cortical and trabecular bone.

Incidental vertebral fractures are often detected on chest or abdominal radiographs for non-related clinical
indications, leading to missed opportunities for the early diagnosis of osteoporosis that requires further
evaluation. Therefore, plain radiography serves as a diagnostic tool that supports quantitative imaging
techniques. When combined with BMD values obtained through DXA, QCT, and HR-pQCT, it contributes to
a comprehensive assessment of fracture risk. (7,9,12,13)

2. Dual-Energy X-Ray Absorptiometry (DXA)

Dual-energy X-ray absorptiometry (DXA) has been the clinical gold standard for bone densitometry for several
decades, and remains the most widely used method to identify osteoporosis and determine fracture risk.(14—17)
It establishes its central role in clinical practice through its ability to provide accurate BMD measurements from
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essential skeletal sites while producing minimal radiation exposure, approximately 1 to 10 uSv, rapid scan times,
and well — established normative reference databases. (18,19)

Despite the advantages, the development of imaging techniques has highlighted the inherent limitations of
existing imaging systems, discussed further.

2.1.Physical Principles and Instrumentation

Dual energy X-ray absorptiometry (DXA) works on the measurement of X-ray attenuation at two photon
wavelengths to differentiate between bone mineral content composed of hydroxyapatite and surrounding soft
tissue. This results in the calculation of areal bone mineral density (aBMD), expressed in grams per square
centimetre.

The technique is based on a two-dimensional projection system, which calculates aBMD by dividing mineral
content by projected bone area. Therefore, this results in a measurement that shows sensitivity to bone size,
while also exhibiting susceptibility to degenerative changes, which can lead to measurement errors.

Modern DXA technology primarily operates through fan beam systems. However, differences in beam geometry
between major manufacturers, such as Hologic and GE Lunar, require cross-calibration to ensure consistency.
In addition, routine daily phantom calibration is required to maintain measurement accuracy over time.
(15,16,19,20)

2.2.Measurement Sites and Standardized Protocols

According to the World Health Organization (WHO) and the International Society for Clinical Densitometry
(ISCD), DXA measurements should begin at three primary sites:

e Posteroanterior (PA) lumbar spine (L1-L4)
e Proximal femur (total hip and femoral neck)
e Distal one-third radius measurements

The forearm site is mainly useful when spine and hip measurements are not achievable or in conditions such as
primary hyperparathyroidism. (16,19,21,22)

The WHO classification mainly relies on femoral neck measurements for the diagnosis of osteoporosis. The
lumbar spine, consisting of a higher proportion of trabecular bone, is more sensitive to changes and therefore
utilized for monitoring the treatment responses than other sites.

In pediatric populations, the ISCD recommends assessment of total body less head (TBLH) and PA spine
measurements, with results reported as Z-scores. Accurate DXA assessment requires standardized patient
positioning along with consistent ROI placement and serial measurements. When different DXA systems are
used, cross-calibration between platforms is necessary to ensure reliable comparisons.(17,21,23,24)

s

7
/ Femoral

Figure 3: Standard DXA measurement sites and region-of-interest (ROI) placement: (A) posterior-anterior
lumbar spine (L1-L4), (B) proximal femur (femoral neck and total hip) (25)
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2.3.T-Score, Z-Score, and WHO Diagnostic Criteria

DXA-derived bone mineral density (BMD) is interpreted using the T-score and Z-score methods through
comparison with reference populations. The WHO classification applicable to postmenopausal women and men
aged 50 years and older defines four T-score categories given below. The WHO also identifies the femoral neck
T-score as both their diagnostic reference standard and an essential FRAX® tool.

Table: WHO classification of osteoporosis based on T-score with clinical application of T-score and Z-score.

Category T-score Range Clinical Interpretation
Normal >-1.0 Normal bone density
Osteopenia —-1.0to 2.5 Low bone mass

Osteoporosis <-2.5 Increased fracture risk

Severe Osteoporosis | <—2.5 + fragility fracture | Advanced disease with fractures

Z-scores are preferred in premenopausal women, men under 50 years of age, and children with values <-2.0
defined as below the expected range for age. However, a large percentage of fragility fractures occur in
individuals with osteopenic T-scores, highlighting the limitations of relying on BMD-based fracture risk
assessment methods. (17,26-28)

2.4.Precision, Accuracy, and Longitudinal Monitoring

DXA measurements demonstrate a 1-2% precision for lumbar spine assessments and 1.5-2.5% precision for
proximal femur assessments when performed under controlled conditions. The least significant change (LSC),
typically 0.03-0.05 g/cm? at the femoral neck, defines the minimum change interpretable as biologically
meaningful at a 95% confidence level.

However, the projection nature of DXA introduces certain limitations. Areal BMD (aBMD) consistently shows
lower BMD results for smaller individuals while producing higher BMD results for larger individuals. In
addition, the presence of osteophytes, endplate sclerosis, and aortic calcification in degenerative lumbar changes
results in false BMD elevation, leading to misinterpretation.

ISCD recommends that all serial measurements be performed using the same device and software version. If a
change is unavoidable, formal cross-calibration is required to ensure accurate comparison. (15,19,23)

2.5. Advanced DXA Applications

Advanced DXA techniques develop assessment beyond bone mineral density by evaluating bone quality,
vertebral integrity, body composition, and structural strength, improving fracture risk stratification.

Table: Advanced DXA applications for comprehensive skeletal and body composition assessment.

Application Principle /| Clinical Utility Advantages Limitations | Reference
Measurement
Trabecular Lumbar spine | Enhances  fracture | Complements | Affected by | (17,19,29)
Bone Score | texture analysis | risk prediction | BMD BMI and soft
(TBS) reflecting trabecular | (FRAX®);  useful tissue
microarchitecture when BMD s thickness
misleading (e.g.,
diabetes,
glucocorticoid use)
Vertebral Lateral spine DXA | Detects and grades | Low radiation; | Lower image | (19)
Fracture imaging (T4-L4) vertebral fractures; | detects occult | resolution
Assessment influences fractures
(VFA) management
decisions
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Body Whole-body DXA | Evaluates Quantitative Limited (19,23)
Composition | for lean and fat | sarcopenia and | and standardized
Analysis mass distribution osteosarcopenia reproducible athletic
references
Hip Geometric and | Assesses bone | Provides Model-based; | (19)
structural biomechanical strength and | structural limited
analysis (I) analysis of the | resistance to stress insight beyond | routine use
. | proximal femur BMD
Bone Strain
Index (BSI)

2.6. Limitations and Sources of Error

DXA has several important limitations, including its inability to differentiate between cortical and trabecular
bone compartments. Its accuracy is reduced in patients with orthopedic implants, severe scoliosis or extreme
body habits. In addition, the incomplete validation of pediatric normative reference data across all demographic
groups represents its most serious limitations. (15,20)

To address these limitations, several advanced quantitative imaging techniques have been developed, which are
discussed in the following sections. These approaches provide complementary information and enhance the
overall assessment of bone health when used along with DXA. (24)

3. Quantitative Ultrasound (QUS)

Quantitative ultrasound (QUS) is a non-ionizing technique that analyzes bone properties by evaluating its
density, elasticity, microarchitecture, and strength. It functions as an additional tool that detects bone quality
elements that are not captured by the areal BMD measurements of DXA. In addition, it serves as an essential
pre-screening instrument in regions with limited DXA access.

QU transmits pulsed ultrasound waves through bone material to produce two main outputs depending on the
trabecular microstructure and porosity.

e Speed of sound (SOS), indicating trabecular stiffness and interconnectivity
e Broadband ultrasound attenuation (BUA), measuring frequency-dependent energy loss

Ex vivo calcaneal research demonstrates that SOS measurement directly relates to bone density, trabecular
thickness, bone volume fraction, and compressive strength, with the relationship remaining intact after BMD
correction. In contrast, BUA detection exhibits high sensitivity to plate-to-rod trabecular transformations, which
occur during the initial stage of remodelling disruption.

This dual sensitivity enables its function as a significant fracture risk predictor, applying to non-spinal locations
where structural damage happens before density reduction occurs. (30-32)
3.1. Quantitative Ultrasound (QUS) Parameters and Clinical Correlation

The fundamental QUS parameters include: Speed of Sound (SOS) and Broadband Ultrasound Attenuation
(BUA), and composite indices show bone density and trabecular structure information. The parameters show a
moderate to strong relationship with DXA-derived measurements, assisting in estimating fracture risk.

Table: QUS parameters, their ranges, and correlation with bone density and fracture risk (30-33)

Parameter Typical Range / | Correlation / Relationship | Clinical Significance
Value
Speed of Sound (SOS) 1,600-1,700 m/s | Correlates with DXA femoral | Reflects bone density and
neck T-score (r = 0.65-0.80) | elasticity; minimally
affected by hydration
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Broadband Ultrasound
Attenuation (BUA)

40-120 dB/MHz

Inversely correlates with bone
volume fraction (r = —0.55 to
—0.75)

Sensitive to trabecular
structure and plate loss

Derived  from
SOS & BUA

Composite Indices (e.g.,
Stiffness Index, QUI)

Predict fracture risk (hazard
ratio 1.4-2.2 per SD decline)

Comparable to DXA for
fracture risk prediction in

large studies

3.2. Peripheral Measurement Sites

QUS measurement primarily occurs at the calcaneus because its high trabecular density and optimal technical
properties enable precise fracture risk evaluation. The measurement process needs population-specific reference
standards to interpret results, yet remains clinically useful through additional peripheral testing sites and
established measurement techniques. (31,33,34)

Table: Essential QUS measurement parameters and site-specific data.

Parameter Key Data

Primary Site (Calcaneus) | >90% usage; ~95% trabecular bone

SOS: CV 0.4-1.2% BUA: CV 1.8-3.5%

Precision (Calcaneus)

Fracture Risk (Calcaneus) | Hip fracture HR ~1.7 per SD decline

Other Sites Mid-tibia (cortical), distal radius (cancellous), phalanges (HR ~1.3)

Techniques Through-transmission; pulse-echo

Population Variation South Asians differ by ~0.3—0.5 SD from the Caucasian reference

3.3. Clinical Applications in Screening and Risk Prediction

In primary care, QUS has seen a reduction in DXA requests by 40-60% while maintaining accuracy of 82-92%
for identification of DXA T-scores <—2.0 in postmenopausal women, leading to affordable patient evaluation.
Studies have also established that SOS and BUA could predict fractures with hazard ratios that ranged from 1.5
to 2.0 for non-spine fractures and 1.3 to 1.7 for hip fractures per drop in the standard deviation.

In addition, QUS parameters with FRAX improve the predictive parameters, increasing approximately 0.68 to
0.72 — 0.81 with area under the curve (AUC). When incorporated with machine learning, AUC further improves
by approximately 0.85, while further validation is necessary. (35-37)

Regional studies in the South Asian population, including India, demonstrate QUS as an effective tool for
locating cases in locations without DXA facilities, with a correlation range of r = 0.62—0.78. QUS is also useful
in detecting increased fracture risk in individuals on glucocorticoid therapy and type 2 diabetes mellitus,
exhibiting ~1.8 times higher risk than the general population

In pediatric populations, age-specific reference data support the use of QUS for monitoring peak bone mass
development. Guidelines from organizations such as the National Osteoporosis Foundation (NOF) and the
International Osteoporosis Foundation (IOF) include combined approaches such as hybrid QUS-FRAX and
QUS-DXA algorithms as a standard assessment strategy. (37,38)

3.4. Advantages and Technical Constraints

QUS presents as an emerging modality in bone health assessment, offering a non-ionizing, cost-effective, and
portable alternative for evaluating skeletal integrity beyond conventional BMD measurements, given below:

Advantages of QUS

e Non-ionizing technique — safe for repeated use without radiation exposure
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Portable equipment — devices can weigh less than 2 kg, suitable for field and rural use
Cost-effective — relatively affordable (approximately $3,000-$25,000)

Rapid results — scan time is usually within 60 seconds

Easy to operate — requires minimal operator training

Broad applicability — can be used in patients with implants or extreme body habitus without major
restrictions

Limitations of QUS

e Lower precision than DXA — coefficient of variation ranges from 0.8% to 5% (vs. 0.8%—2% in DXA)

e Inter-device variability — T-score differences of 0.7—1.2 SD between manufacturers

e Limited monitoring capability — less sensitive to small treatment-related BMD changes (1-3%
annually) compared to DXA (2—6%)

o Temperature sensitivity — SOS measurements decrease by ~1-2% per °C increase (though modern
devices apply correction algorithms)

Clinical Recommendation: According to the International Society for Clinical Densitometry and the
International Osteoporosis Foundation, QUS is recommended for screening and risk stratification; DXA
confirmation is required before initiating treatment. (31,37,38)

4. Quantitative Computed Tomography (QCT)
4.1. Technical Principles and Calibration Techniques

QCT uses phantom-based calibration to transform Hounsfield unit (HU) data into volumetric BMD (vBMD,
mg/cm?), delivering accurate three-dimensional density measurements. It remains unaffected by bone size, soft
tissue and degenerative changes, providing a fundamental benefit over DXA two-dimensional areal
measurements. It also enables vBMD estimation from existing clinical CT datasets, which were obtained for
different purposes when phantom scanning cannot occur at the same time. (12,13,39,40)

4.2. Volumetric BMD and Trabecular—Cortical Differentiation

The primary clinical advantage of QCT lies in its ability to measure cortical bone and trabecular bone areas as
separate entities. At sites such as the lumbar spine and proximal femur, trabecular vBMD detects initial bone
loss and treatment effects better than DXA aBMD.

In addition, QCT provides information on bone structure, measuring bone geometry and cortical thickness,
serving as important factors that determine bone strength. Advanced applications, such as the QCT-based finite
element analysis (FEA) extension transforms voxel-level density data into a biomechanical model estimating
bone stiffness and failure load for assessing fracture resistance of vertebral and femoral bones. (40-42)

4.3. Peripheral QCT (pQCT) and High-Resolution pQCT (HR-pQCT)

Peripheral quantitative computed tomography (pQCT) is used to measure the bone density and geometry of the
distal radius and tibia. It involves lower radiation exposure than central QCT to produce specific volumetric
BMD (vBMD) and geometric measurements, including cortical thickness and cross-sectional moment of inertia.

The HR-pQCT system, with systems such as XtremeCT I with a resolution of 82 ym and XtremeCT II with a
resolution of approximately 61 um, enables complete microarchitectural assessment. It allows measurement of
trabecular number, thickness, separation and bone volume fraction with cortical thickness and porosity, which
DXA and standard QCT cannot detect. In addition, micro-finite element analysis (LFEA) applied to HR-pQCT
datasets yields estimates of bone stiffness and failure load. The meta-analysis conducted by Cheung et al. (2020)
demonstrated that HR-pQCT parameters, particularly cortical vBMD and trabecular thickness, can
independently assess fracture risk beyond DXA limits, with the distal radius and tibia conducting
complementary predictive assessments. (43—45)

HR-pQCT has been incorporated into major studies such as MrOS, OFELY, CaMos and the Framingham
Osteoporosis Study. These studies describe changes in microarchitectural structure based on menopausal status,
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fracture history, and metabolic bone disease, as well as treatment response through structural changes measured
following antiresorptive and anabolic therapies.

Despite advanced diagnostic capabilities, clinical adoption remains limited. This is due to limited facilities
worldwide, high cost, motion artifacts affecting diagnostic accuracy, and a lack of validated normative databases
across multiple population groups. Current priorities for image analysis pipelines include standard procedures
and validating HR-pQCT through micro-CT examination, serving as the histological reference standard. (46—
48)

4.4. Opportunistic Osteoporosis Screening Using Routine CT

Opportunistic CT screening uses routine CT scans obtained for different medical purposes. These scans include
abdominal, chest and pelvic studies. It enables the detection of individuals at increased risk of fractures without
exposing them to any additional radiation.

The Density measurement for vertebral trabecular ROIs can be determined through two methods.

o The first method uses HU measurement of vertebral trabecular ROIs
e The second method uses phantom-calibrated or asynchronous calibration, which converts HU to vBMD
equivalents.

Advances in Al have further enhanced this approach. Automated Al algorithms allow to perform vertebral
segmentation, BMD estimation and fracture detection with equal effectiveness to dedicated QCT systems. These
methods are typically validated using large retrospective datasets. (13,49)

Emerging technologies continue to increase the capabilities of CT-based bone assessment. Dual-energy CT
(DECT) enables material decomposition of calcium and soft tissue, allowing BMD estimation and bone marrow
characterization without a calibration phantom. Photon-counting CT (PCCT) offers superior spatial resolution,
reduced electronic noise, and intrinsic spectral information, properties that may further enhance
microarchitectural detail and opportunistic BMD quantification in future clinical workflows. (12,13)

(B)

Figure 4: Opportunistic diagnosis of osteoporosis during abdominal CT: (A) Selection of axial image passing
from the center of vertebrae, and (B) placement of ROI at axial image to measure mean HU. (50)

4.5.Radiation Dose and Clinical Considerations

Central QCT involves an effective radiation dose that ranges between 0.25 and 1 mSv, higher than the radiation
dose from DXA (ranges from 0.001 to 0.01 mSv) but falls within the range of most standard diagnostic CT
scans. Modern low-dose protocols for CT scanning with iterative reconstruction methods have enabled a
continuous decline in effective radiation dose.

In comparison, HR-pQCT delivers only ~5 puSv per scanned centimetre, well below a standard chest radiograph
(~50-70 puSv), making it particularly suitable for follow-up studies and use in younger populations.

Several technical factors, such as CT scanner type, reconstruction kernel, tube voltage and slice thickness, affect
the HU values determining the vBMD results. Therefore, cross-scanner standardization is essential to ensure
precise consistency and accuracy.
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The main challenge faced is the lack of universally accepted HU-based diagnostic thresholds established for
opportunistic osteoporosis screening. Organizations such as the International Society for Clinical Densitometry
(ISCD) are working towards their consensus development process. (43,44,46)

5. Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) provides non-ionizing, multi-parametric assessment of bone marrow
composition, trabecular and cortical microarchitecture, and metabolic activity, dimensions inaccessible to DXA
or standard QCT.(51,52) The advanced technology enables faster imaging and better Al performance, expanding
its role in research and clinical settings for the evaluation of osteoporosis.

MRI utilizes differences in proton density, T1 and T2 relaxation times, and magnetic susceptibility to
characterize bone marrow composition at spatial resolutions of 100400 pm on 3T and 7T systems. The bone
marrow fat fraction (BMFF) shows an increase in osteoporosis, with adult vertebral BMFF ranging from 25%
to 80%. This highlights a shift in mesenchymal stem cells that differentiate into fat cells instead of bone-building
cells. BMFF inversely correlates with lumbar BMD (r = —0.52 to —0.75) and trabecular BV/TV (r = —0.60 to
—0.82). (53-55)

High-resolution structural MRI techniques, such as multi-echo gradient echo (ME-GRE) and susceptibility-
weighted imaging (SWI) provides three-dimensional analysis of trabecular microarchitecture by measuring
trabecular thickness, separation, number, and connectivity density and plate-to-rod ratio, which identify strong
connections to elastic modulus measurements (r = 0.85-0.96) and can predict bone fracture risk independently.
(53,55,56)

Advanced MRI sequences, including ultrashort echo time (UTE) and zero echo time (ZTE), enable detection of
cortical bone signals from bound water protons at the collagen-mineral interface and pore water within
Haversian canals. It serves as indicators of bone structure integrity and osteolytic bone loss. However, these
tools remain exclusive to specialized research applications on advanced high-field imaging systems. (53,56)

5.1. Quantitative MRI Techniques: Relaxometry, Diffusion, and Dixon Methods

Relaxometry methods include T1 mapping (sensitive to marrow hypocellularity, with T1 prolongation of ~15—
30% in osteoporosis), T1p imaging (sensitive to collagen cross-link integrity and proteoglycan content), and
T2* mapping — where R2* (= 1/T2%*) scales inversely with BV/TV (r = —0.68 to —0.88) and correlates with ex
vivo vertebral stiffness, providing an indirect microstructural index derivable from standard clinical MRI
hardware. (51,52,57)

Diffusion tensor imaging (DTI) yields ADC, fractional anisotropy, and mean diffusivity from bone marrow;
ADC is elevated ~25-45% in osteoporotic marrow reflecting reduced cellular packing, though DTI tractography
is not yet clinically validated for osteoporosis. Multi-echo Dixon PDFF quantification enables breath-hold
volumetric fat mapping of the spine and proximal femur (CV <1.2%) with demonstrated sensitivity to treatment
effects: bisphosphonate therapy reduces BMFF by ~7—18%, while aromatase inhibitor use increases it by ~10—
22%.

Relaxation- based MRI techniques provide additional information on bone quality. T1 mapping can detect
marrow hypocellularity, with T1 values that increase by approximately 15 to 30% in osteoporosis cases. T1p
imaging detects collagen cross-link integrity and proteoglycan content. T2* mapping shows that R2*, which
equals 1 divided by T2*, displays an inverse relationship with BV/TV according to the range of r values,
extending from -0.68 to -0.88. The relationship between R2* and vertebral stiffness establishes a pathway to
determine microstructural characteristics through standard clinical MRI equipment. (58)

Diffusion tensor imaging (DTI) includes three parameters: apparent diffusion coefficient (ADC), fractional
anisotropy, and mean diffusivity within bone marrow. In osteoporotic marrow, ADC value increases by
approximately 25 to 45% due to decreased cellular density. Although DTI tractography requires clinical
validation to assess osteoporosis cases.

The multi-echo Dixon technique allows quantification of proton density fat fraction (PDFF), enabling spine and
proximal femur fat volume measurement. It typically requires breath-holding while achieving volumetric fat
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measurement to prove treatment effects at a coefficient of variation below 1.2%. The bisphosphonate therapy
decreases bone marrow fat fraction by approximately 7 to 18%, while the aromatase inhibitor results in a bone
marrow fat fraction increase of approximately 10 to 22%. (59)

5.2. Trabecular Microarchitecture and Cortical Porosity Analysis

High-field MRI (3T and 7T) enables individual trabecula segmentation and topological analysis, which
distinguishes between plate-like and rod-like elements. Postmenopausal women experience a ~30% reduction
in plate volume fraction, and the plate-to-rod dissociation index shows strong correlation with uFE-based failure
load measurements, having a correlation range of r = 0.82—0.94.

Bi-exponential T2* fitting and IR-UTE sequences enable measurement of cortical porosity ranging from 3% to
30% across different skeletal sites. Every 10% increase in measurement raises hip fracture risk by 2.8 to 3.5
times, while denosumab treatment leads to cortical porosity reduction of approximately 12% to 20% through
RANKL blockade. (53,55,56)

5.3.MR Spectroscopy and Fat Fraction Quantification

Single-voxel '"H-MR spectroscopy (SVS) provides highly accurate measurements of bone marrow fat fraction
(BMFF) with a coefficient of variation between 1.8 and 3.5%. It also enables assessment of lipid unsaturation
levels, showing a reduction between 15 and 25% due to osteoporosis.

Multi-peak Dixon-based proton density fat fraction (PDFF) shows excellent agreement with single-voxel
spectroscopy (r = 0.94—0.99) while offering whole-skeleton volumetric coverage in 8—12 minutes, making them
more practical option for routine research protocols.

These techniques show sensitivity to treatment-related changes. Anabolic therapies such as romosozumab and
teriparatide reduce BMFF by approximately 10 to 20% while increasing trabecular thickness by about 15 to
25%. In contrast, antiresorptive therapy with alendronate decreases the lipid saturation index by approximately
8%.

Three-dimensional chemical shift imaging (3D-MRSI) allows assessment of multiple vertebral levels at the
same time, while its reduction of olefinic signal indicates increased risk for vertebral fracture development,
which has a hazard ratio of 2.3. More advanced techniques, such as phosphorus (*'P) and carbon (*C)
spectroscopy prevents its use in routine clinicals. (54,59)

5.4.Clinical and Research Applications

MRI plays a key clinical role in the identification of vertebral compression fractures, particularly in
differentiating acute and chronic fractures. This is achieved through identification of marrow edema using STIR
or fat-suppressed T2- weighted sequences. It also plays an important role in the oncologic assessment of bone,
helping differentiate osteoporotic fractures from malignant involvement and guiding appropriate treatment
decisions.

Beyond fracture detection, Multi-parametric MRI provides advanced fracture risk assessment and disease
subtype classification. These include glucocorticoid-induced marrow adiposity, type 2 diabetes—related
dissociation between marrow fat and BMD, and hyperparathyroidism-associated cortical porosity. It also
provides non-invasive resources to monitor drug effects in both clinical and research settings. (51,52,54)

Recent advances in Al methods have enhanced MRI techniques. Convolutional neural networks model receives
training on both MRI and pFE data to accomplish fracture prediction through AUC 0.90-0.96, demonstrating
better results than DXA alone, with its 0.72 prediction accuracy. In addition, hybrid approaches such as MRI-
QCT and MRI-radiomics pipelines provide accurate skeletal phenotype identification.

Despite these advantages, the practical limitations restrict its clinical use. These include high scan costs and
long acquisition time (20—50 minutes), motion artifact vulnerability and field inhomogeneity in obesity or
kyphosis conditions. However, the clinical feasibility of accelerated protocols that combine IDEAL-PDFF and
T2* mapping and diffusion imaging within 12-18 minutes has improved through cloud-based Al
postprocessing. (51,53,55)
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6. Positron Emission Tomography (PET)
6.1. Molecular Imaging of Bone Metabolism

The '*F-sodium fluoride (**F-NaF) PET method represents the most advanced technique for detecting bone
metabolism through molecular imaging, enabling measurement of bone turnover rates by observing bone blood
circulation and ongoing hydroxyapatite surface changes. '*F-fluoride ions incorporate at sites of active
remodelling, serving as a regional proxy for bone formation rate, though uptake reflects surface turnover and
perfusion rather than osteoblast number directly. (60,61)

The '¥F-NaF method achieves three times greater bone distribution than traditional **Tc-MDP bone
scintigraphy while delivering superior image resolution and quantitative accuracy, making it an essential
research instrument for studying bone physiology and pathology. (62—64)

6.2. 8F-NaF PET for Bone Turnover Evaluation

Static SUV measurements and dynamic Patlak kinetic modelling are the two methods used in *F-NaF PET
analysis to determine the net fluoride influx constant (Ki), which serves as a more accurate biological
measurement of bone formation rate that remains unaffected by changes in blood flow.(65) "*F-NaF PET
provides better sensitivity and spatial resolution than planar scintigraphy and SPECT, which allows to highlight
the metabolic abnormalities in osteoporosis studies and cancer-related bone disease research.(66,67)

6.3. Hybrid Imaging: PET/CT and PET/MRI

The combination of PET and CT technology enables the use of metabolic activity maps and structural CT data
with attenuation correction. It identifies active bone turnover regions while studying local structural alterations
that include cortical thinning and trabecular disruption. It also distinguishes between bone metastases that show
metabolic activity and bone degeneration caused by simultaneous osteoporosis and cancer presence. (68)

PET/MRI substitutes the CT part with simultaneous MRI acquisition, which provides better soft tissue imaging
and bone marrow assessment without exposing patients to CT radiation. It makes it especially beneficial for
children and individuals with detailed imaging of marrow infiltration or edema. This is due to conditions that
require precise visual assessment of affected areas. It integrates '*F-NaF metabolic assessment with MRI multi-
parametric marrow evaluation to establish a thorough skeletal phenotyping system. (69,70)

6.4.Role in Osteoporosis Research and Treatment Monitoring

The *F-NaF PET imaging technique has proven its value as a research tool for osteoporosis studies. It detects
changes in bone metabolism before DXA measurements show BMD changes. Therefore, useful for assessing
the effects of antiresorptive and anabolic treatments according to their Ki values from Patlak modelling, serving
as initial clinical trial results. (71)

The evidence base in primary osteoporosis remains limited compared to data from oncological studies due to
most published research focusing on metastatic bone disease, Paget’s disease and other conditions that exhibit
high bone turnover. Clinicians interpreting serial scans must anticipate the flare phenomenon, a transient uptake
increase after effective therapy that reflects reactive bone remodelling, not progression.(72,73) The newly
developed tracers “®*Ga-labeled bisphosphonate analogues and agents that target RANKL and sclerostin
pathways may provide better techniques to assess bone activities between osteoblasts and osteoclasts.(71)

6.5. Practical Limitations and Clinical Feasibility

The practical limitations restrict the routine *F-NaF PET application for osteoporosis diagnosis stem from its
high price, unpredictable insurance coverage, and requirement for cyclotron access, which supports the tracer’s
110-minute half-life.(74,75)

The challenge of diagnosing osteoporotic individuals through bone scans arises due to their elevated uptake
pattern, which appears in both healthy bone healing and various medical conditions, along with cancerous
tumors. The effective radiation dosage from '®F-NaF PET examination depends on 4 to 7 mSv, which increases
to 5 to 8 mSv when the CT component of the PET/CT scan is added; PET/MRI systems maintain the same tracer
dosage without exposing patients to CT radiation.(76)

1JDDT, Volume 16 Issue 35s, 2026 Page 875




Quantitative Imaging Techniques for Osteoporosis: Current Status, Advances, and Future Directions

7. Comparative Evaluation of Quantitative Imaging Modalities

The complete assessment of skeletal weakness requires multiple techniques, as no single method can provide
all necessary information. The table below summarises key performance domains, radiation burden, cost and
accessibility, microarchitectural capability, fracture risk prediction, longitudinal suitability, and primary
application across the seven modalities reviewed. The clinical deployment of each technique is shaped by the
specific question being addressed: DXA anchors diagnosis and monitoring; QCT and opportunistic CT extend
quantitative BMD assessment; HR-pQCT and MRI serve research phenotyping; QUS enables low-resource
triage; and PET provides unique molecular metabolic data.

The combination of sequential and multimodal strategies allows for testing, which starts with QUS triage and
progresses to DXA testing while also enabling the use of DXA with TBS for microarchitectural analysis and

DXA with VFA for vertebral fracture identification without needing advanced research facilities.

Table: Comparison of imaging modalities based on radiation, cost, structural assessment, and clinical utility.

Modality Radiatio | Cost & | Microarchitectura | Fracture Longitudina | Primary
n Availabilit | 1 Assessment Risk 1 Monitoring | Applicatio
Exposure |y Prediction n
Plain Low Widely None (qualitative | Poor Not Fracture
Radiograph available, only) (insensitive | applicable detection
y (12,77) very  low to early
cost loss)
DXA (78— | Very low | Widely None (2D areal | Excellent Excellent Clinical
80) (1-10 available, BMD) (validated standard
uSv) moderate T-score)
cost
QCT Moderate | Moderately | Good (3D, | Good; Moderate Clinical &
(78,80,81) (0.25-1 available, compartmental) excellent research
mSv) higher cost with FEA
HR-pQCT Very low | Very Excellent (in vivo | Very good | Good Research
(44,81,82) (~3-5 limited, microstructure) (incrementa | (research)
uSv/site) | very  high 1to DXA)
cost
QUS (77,79) | None Widely Indirect (SOS, | Moderate Limited Screening
available, BUA) (comparabl & triage
very  low e to DXA
cost for hip)
MRI (12,78) | None Moderately | Very good (marrow | Good Moderate Research
available, + microstructure) (research (research)
high cost cohorts)
PET  (**F- | High (4 | Limited, None (metabolic | Emerging Limited Research &
NaF) (12,83) | 15 mSv | very high | only) oncology
with CT) | cost

8. Emerging Technologies and Artificial Intelligence

Al and advanced computational imaging are rapidly reshaping osteoporosis assessment, addressing limitations:
underdiagnosis of vertebral fractures, insensitivity of BMD-based metrics to bone quality, and underutilization
of CT data acquired for other clinical indications.
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8.1. Machine Learning in Opportunistic CT-Based BMD Assessment

The complete BMD analysis process includes vertebral segmentation, trabecular ROI placement, and HU
extraction with BMD equivalence conversion. This process can be fully automated by Al-based tools, enabling
opportunistic CT without needing any radiologist manual work.

CNN models trained on large retrospective CT datasets demonstrate performance comparable to phantom-
calibrated QCT across diverse scanner types and patient populations, with several tools receiving or pending
regulatory clearance. The extensive global CT usage generates a major clinical effect, while two main obstacles
remain, including the need for standard HU-based diagnostic thresholds and the requirement for prospective
outcome research to show that opportunistic screening results in fracture prevention benefits, beyond its ability
to enhance detection rates.(13,49)

8.2. Automated Vertebral Fracture Detection

Fewer than one-third of incidentally visible vertebral fractures are reported on routine radiological reads.
Automated detection systems trained on CT and DXA-VFA images with Genant grading frameworks achieve
sensitivity and specificity approaching or exceeding expert radiologist performance, while eliminating fatigue-
related variability and standardizing reporting across institutions. (7,13)

Current limitations include variable performance on non-standard spinal anatomy such as scoliosis, post-
surgical changes, severe degenerative disease, reduced sensitivity for Grade 1 deformities, and dataset
characteristics that may not generalize across all ethnic populations or protocols; integration into radiology
information systems with radiologist oversight is the pragmatic path to routine implementation.

Figure 5: Comparison of manual and automated L1 trabecular ROI (Region of Interest) on abdominal CT scans
in a 70-year-old woman. Left Image represent axial image showing a manually placed oval ROI in the L1
trabecular space. The right image shows an automated ROI region, having the older feature-based image
processing algorithm (red-yellow) and the newer deep learning algorithm (green-yellow). The area of overlap
is indicated by the yellow colour between the two automated methods.(84)

8.3.Radiomics and Texture-Based Bone Quality Analysis

Radiomics extracts high-throughput quantitative features (texture, shape, histogram metrics) from CT and MRI
images of bone, capturing trabecular heterogeneity and cortical texture beyond mean HU values or BMD.
Vertebral CT radiomic signatures have improved AUC for fracture prediction by 0.05-0.12 beyond DXA-based
BMD in published cohort studies, particularly identifying structurally fragile individuals with osteopenic T-
scores; MRI-based radiomics adds sensitivity to marrow compositional changes preceding gross density loss,
and hybrid CT-MRI radiomic models are an active development area. (85-87)

Note that TBS, though sharing conceptual overlap with radiomics in its pixel-level gray-level variation
approach, was developed independently within the DXA framework and should not be classified as a radiomic
technique. The principal barrier to clinical translation is feature reproducibility: radiomic features are sensitive
to scanner manufacturer, tube voltage, reconstruction kernel, and slice thickness; the Image Biomarker
Standardization Initiative (IBSI) is working to harmonize feature definitions, but cross-institutional validation
remains an ongoing priority. (85,86)
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8.4. Broader Al Considerations: Explainability, Validation, and Clinical Integration

Several cross-cutting considerations apply across all three Al application domains. Many high-performing deep
learning models operate as black boxes, raising concerns about accountability and regulatory approval;
explainability methods such as Grad-CAM and SHAP are increasingly applied, but no consensus explainability
standard for medical imaging Al currently exists. External validation across diverse populations, scanner types,
and healthcare settings is essential before clinical deployment, yet many published studies report only internal
validation metrics, and performance degradation on out-of-distribution data remains a well-documented
vulnerability.

Federated learning, a collaborative model training across institutions without centralizing patient data, offers a
promising solution to the tension between large, diverse training datasets and data privacy constraints; several
consortia are actively developing federated osteoporosis Al initiatives. The regulatory landscape is evolving
rapidly: multiple tools for opportunistic CT BMD assessment and vertebral fracture detection have received or
are under FDA 510(k)/CE review, marking a transition from research tools to regulated medical devices;
clinicians should verify regulatory status and post-market surveillance obligations before adoption. (86)

9. Challenges and Future Directions

Despite remarkable advances across quantitative imaging modalities for osteoporosis, significant challenges
remain before these technologies can deliver their full clinical and public health potential.

9.1. Standardization and Reproducibility

Cross-platform standardization remains one of the most persistent challenges in quantitative bone imaging. For
DXA, differences in calibration, edge detection, and manufacturer-specific reference databases introduce
systematic BMD discrepancies affecting diagnostic classification. For CT-based methods, variability in scanner
hardware, tube voltage, reconstruction kernels, and slice thickness produces substantial HU measurement
variability, an acute issue in opportunistic CT screening, where scanner heterogeneity is inevitable (19,23,26)

QIBA has developed standardized CT-based BMD protocols representing an important step toward
harmonization; Dixon-based PDFF quantification has demonstrated exceptional MRI reproducibility across
field strengths and manufacturers, setting a methodological reference point for quantitative MRI biomarker
development. (88,89)

9.2. Development of Reference Databases

The diagnostic utility of any quantitative imaging modality depends on robust, population-representative
normative reference databases, yet significant gaps persist for pediatric populations, male patients, and non-
European ethnic backgrounds.(24) The clinical consequences are real: a study of Mexican pediatric populations
demonstrated vBMD values ~40% lower than Caucasian norms, risking systematic misclassification; the China
Kadoorie Biobank generated vBMD normative data from opportunistic CT in over 69,000 adults, revealing
significant geographic variation in osteoporosis prevalence within a single country. (26)

Reference data are even more limited for newer modalities: HR-pQCT normative databases remain largely
derived from European and North American cohorts, while MRI-based biomarkers lack standardized reference
ranges for routine clinical use across most populations. Developing ethnically and geographically diverse
normative datasets is a research priority across all modalities.(90)

9.3.Regulatory and Clinical Adoption Barriers

DXA holds a recognized regulatory-approved position for osteoporosis diagnosis. Several newer modalities,
including QCT, HR-pQCT, MRI-based bone biomarkers, and REMS, have not yet received uniform
endorsement across jurisdictions, limiting their use to research or supplementary clinical roles.(17,91) REMS
(Radiofrequency Echographic Multi-Spectrometry) is a non-ionizing, ultrasound-based technology that
analyzes radiofrequency signals from bone; Zambito et al. (2025) report sensitivity and specificity exceeding
90% in selected cohorts, approaching quality-assured DXA performance, but REMS lacks ISCD review and
standardized protocols and should be considered emerging rather than established. (91)
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For Al-based tools, the regulatory environment is evolving rapidly: several tools for opportunistic CT BMD
assessment and vertebral fracture detection have received FDA 510(k)/CE clearance, but ongoing scrutiny
regarding post-market surveillance, model drift, and demographic subgroup performance means published AUC
values (0.90-0.97) from single-institution internal validation sets do not reliably predict real-world
performance. (18,92)

9.4.Need for Large-Scale Validation Studies

Most imaging biomarkers and Al-driven approaches reviewed here lack the large-scale prospective multicentre
validation needed for guideline incorporation. Two gaps are critical:

e C(Clinical outcome linkage, demonstrating that a biomarker-driven screening pathway leads to
measurable fracture incidence reduction, not merely improved detection (the China Kadoorie Biobank
showed opportunistic CT screening is operationally feasible, but prospective fracture-prevention data
are absent) (26)

e External generalizability, Al and radiomic models trained on specific datasets frequently degrade when
applied to external populations, different scanner types, or non-standard protocols; deep learning
classifiers for osteoporosis screening from chest radiographs are particularly vulnerable to overfitting;
similar considerations apply to TBS and body composition analysis (19,29,93)

9.5. Integration into Fracture Risk Prediction Models

TBS has been successfully incorporated into FRAX® as an adjustment factor, the most mature example of
imaging biomarker integration into a validated clinical risk tool.(19,29) Beyond TBS, integration of CT-derived
vBMD, MRI-based bone marrow biomarkers, HR-pQCT microarchitectural parameters, and Al-extracted
imaging features into FRAX or next-generation risk models remains active research; UTE-MRI collagen-bound
water proton density correlates with FRAX scores in preliminary studies, though confirmation in larger
prospective cohorts is required.(21) Machine learning feature selection offers a principled approach to
identifying independently predictive biomarkers, but dataset heterogeneity, input feature standardization gaps,
and translational barriers between research and clinical imaging environments remain significant obstacles.(29)

9.6. Toward Personalized and Preventive Bone Health Imaging

The convergence of advanced imaging, Al, and multi-omics data is driving precision osteoporosis medicine,
where fracture risk assessment and treatment selection are tailored to the individual’s complete biological and
imaging profile. Opportunistic CT screening is the most immediately scalable preventive strategy: more than
half of all osteoporotic fractures occur in individuals who have never undergone formal bone density testing
(26,90), and systematic Al-enabled BMD extraction from existing clinical CT volumes could substantially
narrow this diagnostic gap without additional patient burden or radiation. Radiogenomics, integrating imaging
biomarkers with polygenic risk scores for BMD and fracture susceptibility, offers the possibility of identifying
elevated lifetime fracture risk before clinical bone loss is apparent, enabling truly preventive intervention.
(26,29)

Emerging imaging technologies hold particular promise: dark-field X-ray imaging (AUC ~0.80 for osteoporotic
vs. non-osteoporotic bone ex vivo; Gassert et al., 2023) (28), UTE-MRI (non-ionizing cortical matrix integrity
assessment) (94), and REMS (portable, radiation-free DXA alternative under active validation).(91) Addressing
the global diagnostic gap also requires confronting economics: osteoporotic fractures cost approximately $57
billion annually in the US and £4 billion in the UK.(26), providing a compelling rationale for investment in
esarlier detection, though cost-effectiveness analyses for emerging modalities remain limited and will be
essential for health system adoption alongside technical performance data. (26)
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