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ABSTRACT 

Background: Magnetic Resonance Imaging (MRI) has traditionally been regarded as a qualitative imaging modality that 

primarily relies on signal intensity differences for tissue characterization. While conventional MRI provides excellent 

anatomical detail, it frequently fails to detect subtle biochemical and microstructural alterations preceding macroscopic 

structural abnormalities. Quantitative MRI (qMRI) has emerged as a transformative imaging approach by providing 

objective, reproducible, and numerical biomarkers that reflect tissue composition, architecture, and physiology. Unlike 

conventional qualitative assessment, qMRI enables standardized evaluation of disease progression, treatment response, 

and tissue repair, thereby facilitating precision medicine. 

Objective: This review summarizes recent advances in quantitative MRI biomarkers with emphasis on their applications 

in musculoskeletal and neuroimaging. The review critically evaluates current techniques, discusses their biological 

significance, compares their diagnostic performance, and highlights future directions involving artificial intelligence and 

multiparametric imaging. 

Methods: Recent literature published between 2021 and 2026 was reviewed to identify clinically relevant quantitative 

MRI techniques and their applications. Major databases including PubMed, Scopus, Web of Science, and Google Scholar 

were surveyed. Quantitative imaging biomarkers including T1 mapping, T2 mapping, T2* mapping, diffusion-weighted 

imaging (DWI), diffusion tensor imaging (DTI), intravoxel incoherent motion (IVIM), magnetization transfer imaging 

(MTI), MR fingerprinting (MRF), chemical exchange saturation transfer (CEST), quantitative susceptibility mapping 

(QSM), and synthetic MRI were evaluated 

Results: Quantitative MRI has demonstrated substantial potential for detecting early biochemical alterations before 

irreversible structural damage becomes evident. In musculoskeletal imaging, quantitative biomarkers have enabled early 

diagnosis of cartilage degeneration, tendon injury, muscle pathology, intervertebral disc degeneration, and bone marrow 

disorders. In neuroimaging, quantitative MRI has significantly improved characterization of neurodegenerative diseases, 

multiple sclerosis, stroke, epilepsy, traumatic brain injury, and brain tumors by providing objective measures of tissue 

microstructure, myelin integrity, iron deposition, and cellularity. Emerging developments integrating artificial intelligence, 

radiomics, deep learning, and multiparametric MRI have further enhanced diagnostic accuracy and prognostic prediction. 

Conclusion: Quantitative MRI represents a paradigm shift from subjective image interpretation toward objective imaging 

biomarkers. Despite ongoing challenges related to standardization, acquisition time, multicenter reproducibility, and 

clinical implementation, quantitative MRI is expected to become an integral component of routine musculoskeletal and 

neuroimaging practice. Future research focusing on harmonized acquisition protocols, AI-assisted analysis, and large 

multicenter validation studies will accelerate the translation of quantitative MRI biomarkers into personalized clinical 

care. 

 

KEYWORDS: Quantitative MRI; Imaging Biomarkers; Musculoskeletal Imaging; Neuroimaging; T1 Mapping; T2 

Mapping; Diffusion Tensor Imaging; MR Fingerprinting; Artificial Intelligence; Radiomics 

 

1. INTRODUCTION 

Magnetic Resonance Imaging (MRI) has revolutionized diagnostic imaging owing to its superior soft tissue contrast, 

absence of ionizing radiation, and exceptional multiplanar capabilities. Since its introduction into clinical practice during 
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the early 1980s, MRI has become indispensable in evaluating diseases affecting the brain, spinal cord, joints, cartilage, 

muscles, ligaments, tendons, and other soft tissues. Conventional MRI sequences—including T1-weighted, T2-weighted, 

proton density-weighted, and short tau inversion recovery (STIR)—primarily generate qualitative images in which 

diagnosis depends on visual assessment of signal intensity changes by radiologists. Although qualitative MRI provides 

excellent anatomical information, it is inherently subjective and often insensitive to subtle biochemical alterations 

occurring during the earliest stages of disease(1). 

Many pathological processes begin at the molecular or microstructural level, long before gross anatomical abnormalities 

become detectable on conventional imaging. Early cartilage degeneration in osteoarthritis, microscopic white matter 

injury in traumatic brain injury, diffuse axonal injury, demyelination in multiple sclerosis, and muscle degeneration in 

inflammatory myopathies exemplify diseases in which conventional MRI frequently underestimates disease burden. 

Consequently, there is increasing demand for imaging techniques capable of quantitatively characterizing tissue 

composition and detecting preclinical pathological changes(2). 

 

 
Fig. 1.1: Shows the Evolution of MRI 

 

Quantitative MRI (qMRI) addresses these limitations by generating numerical parameters that directly reflect tissue 

characteristics rather than relative image contrast. Instead of relying solely on visual interpretation, quantitative MRI 

measures intrinsic tissue properties such as longitudinal relaxation time (T1), transverse relaxation time (T2), apparent 

diffusion coefficient (ADC), fractional anisotropy (FA), magnetization transfer ratio (MTR), susceptibility values, proton 

density, and other quantitative biomarkers. These parameters offer objective, reproducible, and standardized 

measurements that facilitate longitudinal monitoring, multicentre research, and therapeutic response assessment(3). 

During the past decade, rapid technological advances have substantially expanded the capabilities of quantitative MRI. 

Novel acquisition techniques—including T1 and T2 mapping, diffusion tensor imaging (DTI), diffusion kurtosis imaging 

(DKI), intravoxel incoherent motion (IVIM), magnetic resonance fingerprinting (MRF), chemical exchange saturation 

transfer (CEST), quantitative susceptibility mapping (QSM), and synthetic MRI—have significantly improved tissue 

characterization beyond conventional anatomical imaging. Simultaneously, improvements in gradient hardware, higher 

magnetic field strengths (3 T and 7 T), compressed sensing, parallel imaging, and accelerated reconstruction algorithms 

have reduced acquisition times while improving image quality and quantitative accuracy(4). 

In musculoskeletal imaging, quantitative MRI has transformed the evaluation of cartilage, tendons, ligaments, skeletal 

muscle, bone marrow, and intervertebral discs. Techniques such as T2 mapping, T1ρ imaging, delayed gadolinium-

enhanced MRI of cartilage (dGEMRIC), ultrashort echo time (UTE) imaging, and diffusion imaging enable visualization 

of biochemical changes associated with collagen disruption, proteoglycan depletion, increased water content, and tissue 

degeneration before morphological abnormalities become visible. These biomarkers facilitate early diagnosis of 

osteoarthritis, monitoring of cartilage repair procedures, assessment of sports injuries, and evaluation of inflammatory 

musculoskeletal disorders(5). 

Similarly, quantitative MRI has profoundly influenced neuroimaging by enabling objective assessment of brain 

microstructure, myelin integrity, axonal organization, iron deposition, and cerebral metabolism. Diffusion tensor imaging 

provides quantitative evaluation of white matter integrity through parameters such as fractional anisotropy and mean 

diffusivity. Quantitative susceptibility mapping enables precise measurement of iron accumulation implicated in 

Parkinson's disease, Alzheimer's disease, and multiple sclerosis. Magnetization transfer imaging provides indirect 

assessment of myelin content, while MR fingerprinting simultaneously estimates multiple tissue parameters within a 

single acquisition. These imaging biomarkers have demonstrated considerable value in diagnosing neurodegenerative 

disorders, brain tumors, cerebrovascular disease, epilepsy, and traumatic brain injury(6). 

The emergence of artificial intelligence (AI), machine learning, radiomics, and deep learning has further accelerated the 

clinical utility of quantitative MRI. Automated segmentation, feature extraction, predictive modeling, and decision-

support systems are increasingly integrated with quantitative imaging biomarkers to improve diagnostic performance, 
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prognostic prediction, and individualized treatment planning. Multiparametric MRI combining several quantitative 

biomarkers provides a comprehensive characterization of tissue biology and may serve as a surrogate endpoint in clinical 

trials(7). 

Despite remarkable progress, several challenges remain before widespread clinical implementation can be achieved. 

Variability in acquisition protocols, scanner hardware, reconstruction algorithms, field strengths, and post-processing 

techniques affects reproducibility across institutions. Standardization initiatives by organizations such as the Quantitative 

Imaging Biomarkers Alliance (QIBA) and the International Society for Magnetic Resonance in Medicine (ISMRM) are 

addressing these issues through harmonized imaging protocols, quality assurance procedures, and multicenter validation 

studies(8). 

This review provides a comprehensive overview of contemporary quantitative MRI biomarkers with particular emphasis 

on musculoskeletal and neuroimaging applications. We critically discuss the physical principles, biological significance, 

clinical applications, diagnostic performance, limitations, and future prospects of major quantitative MRI techniques. 

Additionally, we explore the growing role of artificial intelligence and radiomics in enhancing quantitative image analysis 

and facilitating precision medicine. By synthesizing recent evidence, this review aims to highlight the evolving role of 

quantitative MRI as a bridge between advanced imaging science and routine clinical practice(9). 

 

2. PRINCIPLES OF QUANTITATIVE MRI 

2.1 Introduction 

Magnetic resonance imaging (MRI) has evolved from a predominantly qualitative imaging modality to a sophisticated 

quantitative tool capable of measuring intrinsic tissue properties with high precision. Conventional MRI relies on relative 

signal intensity differences between tissues, which are influenced by scanner settings, pulse sequence parameters, and 

hardware characteristics. Consequently, image contrast in conventional MRI is subjective and lacks direct biological 

interpretation, limiting reproducibility across scanners and institutions(10). 

Quantitative MRI (qMRI) overcomes these limitations by measuring absolute physical tissue parameters that reflect 

underlying tissue composition and microstructure. Instead of assigning tissues as simply "hyperintense" or "hypointense," 

qMRI generates numerical maps representing relaxation times, diffusion characteristics, magnetic susceptibility, proton 

density, or exchange rates. These quantitative parameters serve as imaging biomarkers that can objectively characterize 

disease severity, monitor progression, and evaluate therapeutic response(11). 

Unlike qualitative MRI, quantitative imaging aims to produce measurements that remain consistent regardless of scanner 

manufacturer, magnetic field strength, or imaging center. This standardization is essential for longitudinal follow-up 

studies, multicenter clinical trials, and precision medicine(12). 

 

2.2 Definition of Quantitative MRI 

According to the Quantitative Imaging Biomarkers Alliance (QIBA), quantitative MRI refers to imaging techniques that 

generate objective numerical values directly related to biological or physiological tissue properties(13). 

A quantitative MRI biomarker should satisfy several essential criteria: 

• High accuracy 

• Excellent repeatability 

• Good reproducibility 

• Biological relevance 

• Clinical interpretability 

• Standardized acquisition protocol 

• Robust post-processing methodology 

Unlike conventional qualitative assessment, quantitative MRI enables statistical comparison between patients, 

populations, and imaging time points. 

 

2.3 Biological Basis of MRI Biomarkers 

Most pathological processes alter tissue composition long before morphological abnormalities become apparent. 

 

Tissue 

Change 

Biological 

Process 

Quantitative 

MRI 

Parameter 

Increased 

water content 

Edema T2 ↑ 

Fibrosis Reduced 

mobility 

ADC ↓ 

Collagen 

disruption 

Cartilage 

degeneration 

T2 ↑ 

Proteoglycan 

loss 

Osteoarthritis T1ρ ↑ 

Demyelination Multiple 

sclerosis 

MTR ↓ 
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Iron 

deposition 

Parkinson's 

disease 

QSM ↑ 

Axonal injury White matter 

damage 

FA ↓ 

Cell 

proliferation 

Tumor 

growth 

ADC 

TABLE 2.1: The table summarizes common pathological tissue alterations and their corresponding quantitative MRI 

biomarkers. The direction of change (↑ or ↓) represents the typical trend observed in the respective quantitative MRI 

parameter(14). 

 

2.4 MRI Signal Formation 

The MRI signal originates from hydrogen nuclei (¹H protons), which align along the main magnetic field (B₀). After 

excitation by a radiofrequency (RF) pulse, the spins return to equilibrium through two simultaneous relaxation 

mechanisms(15): 

 

Longitudinal Relaxation (T1) 

T1 relaxation represents recovery of longitudinal magnetization along the magnetic field. 

It depends upon: 

• Molecular motion 

• Tissue composition 

• Water content 

• Protein concentration 

• Magnetic field strength 

Tissues with short T1 recover rapidly, whereas tissues with long T1 recover slowly(16). 

 

Clinical significance: 

• Fat has short T1. 

• CSF has long T1. 

• Gadolinium shortens T1. 

• Fibrosis prolongs T1. 

• Inflammation alters T1 values. 

• Transverse Relaxation (T2) 

T2 relaxation reflects decay of transverse magnetization due to spin-spin interactions(17). 

Factors influencing T2 include: 

• Water mobility 

• Collagen orientation 

• Tissue organization 

• Edema 

• Degeneration 

• Clinical significance: 

• Edema → prolonged T2 

• Cartilage degeneration → increased T2 

• Muscle injury → prolonged T2 

• Tumors → prolonged T2 

T2* 

T2* includes both intrinsic T2 decay and magnetic field inhomogeneity. 

It is especially useful for detecting: 

• Hemorrhage 

• Iron deposition 

• Calcification 

• Microbleeds 

 

2.5 Quantitative Parameter Mapping 

Rather than acquiring one weighted image, quantitative MRI acquires multiple images with varying acquisition 

parameters. 

Mathematical fitting algorithms estimate tissue-specific parameters for every voxel(18). 

Technique Output Map 

T1 Mapping T1 (ms) 

T2 Mapping T2 (ms) 

T2* Mapping T2* (ms) 
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DWI ADC (×10⁻³ mm²/s) 

DTI FA, MD 

QSM Susceptibility (ppm) 

MRF Multi-parametric maps 

TABLE 2.2: The final output is a parametric map(18). 

 

3. MAJOR QUANTITATIVE MRI BIOMARKERS 

Quantitative magnetic resonance imaging encompasses a diverse group of techniques that objectively characterize tissue 

composition, microstructure, and physiological function by measuring intrinsic magnetic resonance properties. Unlike 

conventional MRI, which relies primarily on qualitative interpretation of signal intensity, quantitative MRI generates 

reproducible numerical parameters that serve as imaging biomarkers for disease detection, prognosis, and treatment 

monitoring(19). These biomarkers provide valuable insights into pathological processes occurring at the molecular and 

cellular levels, often before morphological abnormalities become apparent on conventional imaging. Recent technological 

advancements in pulse sequence design, image reconstruction, and computational modeling have expanded the range of 

quantitative MRI techniques available for clinical and research applications. Among these, relaxometry-based imaging, 

diffusion imaging, magnetization transfer techniques, susceptibility imaging, and multiparametric approaches have 

emerged as the most clinically relevant biomarkers in musculoskeletal and neuroimaging(20). 

 

 
Fig. 3.1: Shows the Major Quantitative MRI Biomarkers 

 

3.1 T1 Mapping 

T1 mapping is one of the most established quantitative MRI techniques and provides voxel-wise measurements of the 

longitudinal relaxation time (T1) expressed in milliseconds. The T1 relaxation time reflects the rate at which excited 

hydrogen nuclei recover longitudinal magnetization following radiofrequency excitation. This recovery is strongly 

influenced by tissue composition, including water content, fat concentration, macromolecular structure, and protein 

interactions. Consequently, pathological alterations affecting tissue hydration, fibrosis, inflammation, edema, or cellular 

infiltration produce measurable changes in T1 values(21). 

Several pulse sequence strategies have been developed for T1 mapping, including inversion recovery, saturation recovery, 

Modified Look-Locker Inversion Recovery (MOLLI), Shortened MOLLI (ShMOLLI), and variable flip angle techniques. 

Mathematical fitting of signal intensities acquired at multiple inversion or saturation times enables calculation of 

quantitative T1 values for every voxel, producing color-coded parametric maps that facilitate objective tissue 

characterization(22). 

In musculoskeletal imaging, T1 mapping has demonstrated considerable utility for evaluating articular cartilage 

composition, skeletal muscle disorders, bone marrow pathology, and tendon degeneration. Healthy cartilage possesses a 

highly organized extracellular matrix composed of collagen fibers and proteoglycans that maintain relatively stable T1 

relaxation properties. Degenerative processes associated with osteoarthritis disrupt this matrix, increase water content, 

and prolong T1 relaxation times before morphological cartilage defects become visible on conventional MRI. 

Consequently, T1 mapping has become an important biomarker for detecting early cartilage degeneration, monitoring 

cartilage repair procedures, and evaluating regenerative therapies(23). 
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Within neuroimaging, T1 mapping enables quantitative assessment of cortical maturation, demyelination, 

neurodegeneration, and brain tumor characterization. Increased T1 relaxation times have been associated with multiple 

sclerosis plaques, diffuse axonal injury, Alzheimer's disease, and cerebral edema, whereas decreased T1 values may occur 

in tissues exhibiting iron deposition or calcification. The objective nature of T1 mapping permits longitudinal monitoring 

of disease progression and improves reproducibility compared with conventional qualitative MRI assessment(24). 

Despite these advantages, T1 mapping remains susceptible to variability arising from magnetic field strength, pulse 

sequence selection, B1 field inhomogeneity, and scanner-specific implementation. Standardization of acquisition 

protocols and multicenter validation studies remain essential before widespread routine clinical adoption(25). 

 

3.2 T2 Mapping 

T2 mapping quantitatively measures transverse relaxation time and is among the most widely utilized biomarkers in 

musculoskeletal MRI. T2 relaxation reflects interactions among neighboring hydrogen nuclei and is particularly sensitive 

to tissue hydration, collagen orientation, extracellular matrix integrity, and inflammatory changes. Because alterations in 

water mobility frequently represent one of the earliest manifestations of tissue injury, T2 mapping provides exceptional 

sensitivity for detecting preclinical degeneration(26). 

The technique involves acquisition of multiple images at progressively increasing echo times followed by mono-

exponential curve fitting to calculate voxel-wise T2 relaxation values. The resulting quantitative maps provide objective 

assessment of tissue integrity that is independent of subjective image interpretation(27). 

The clinical importance of T2 mapping is especially evident in articular cartilage imaging. Progressive degradation of 

collagen fibers and increased water content during early osteoarthritis produce elevated T2 relaxation times before 

cartilage thinning or surface irregularity becomes detectable on conventional MRI. Numerous clinical investigations have 

demonstrated significant correlations between T2 values and histological measures of cartilage degeneration, establishing 

T2 mapping as an important biomarker for early osteoarthritis, postoperative cartilage evaluation, and assessment of 

disease progression(28). 

Beyond cartilage, T2 mapping has become increasingly valuable for evaluating skeletal muscle injuries, inflammatory 

myopathies, tendon degeneration, rotator cuff pathology, and intervertebral disc degeneration. Elevated T2 values indicate 

edema, inflammation, or disruption of normal collagen architecture, allowing objective assessment of tissue healing 

following conservative or surgical treatment(29). 

In neuroimaging, T2 mapping provides quantitative evaluation of cerebral edema, white matter abnormalities, 

demyelinating diseases, ischemic injury, and neurodegeneration. Increased T2 relaxation times have consistently been 

reported in multiple sclerosis, traumatic brain injury, and various neuroinflammatory disorders, reflecting increased tissue 

water content and structural disruption. Because T2 mapping produces standardized numerical measurements, it has 

become increasingly attractive for longitudinal clinical trials evaluating therapeutic interventions. 

Nevertheless, T2 measurements remain sensitive to the magic angle phenomenon, tissue anisotropy, sequence parameters, 

and patient motion, all of which require careful consideration during clinical interpretation(30). 

 

3.3 T2 Mapping* 

T2* mapping extends conventional T2 relaxometry by incorporating both intrinsic transverse relaxation and magnetic 

field inhomogeneities. Unlike spin-echo techniques used for T2 mapping, T2* measurements are typically obtained using 

multi-echo gradient echo sequences that are highly sensitive to susceptibility effects produced by iron, calcium, 

hemorrhage, and oxygenated blood(31). 

The principal strength of T2* mapping lies in its ability to detect subtle susceptibility-related tissue changes that remain 

invisible on conventional MRI. In neuroimaging, T2* mapping has become an indispensable biomarker for evaluating 

cerebral microbleeds, diffuse axonal injury, intracranial hemorrhage, vascular malformations, and neurodegenerative 

diseases characterized by abnormal iron accumulation. Progressive iron deposition within the substantia nigra, basal 

ganglia, and deep gray matter structures has been implicated in Parkinson's disease, Alzheimer's disease, Huntington's 

disease, and multiple sclerosis, making T2* mapping an important quantitative marker of disease progression(32). 

Musculoskeletal applications include assessment of tendon integrity, cartilage degeneration, meniscal pathology, and 

osteochondral repair. Because tissues such as tendons, ligaments, and cortical bone possess extremely short transverse 

relaxation times, conventional MRI often fails to adequately characterize these structures. Advanced T2* techniques 

combined with ultrashort echo time imaging have significantly improved visualization and quantitative assessment of 

these rapidly relaxing tissues(33). 

 

Technique Primary 

Tissue 

Biomarker 

Pathological 

Change 

Detected 

Most Sensitive 

Tissue 

Component 

T1 

Mapping 

Longitudinal 

relaxation 

(T1) 

Edema, fibrosis, 

inflammation, 

demyelination 

Water content and 

macromolecular 

composition 

T2 

Mapping 

Transverse 

relaxation 

(T2) 

Increased tissue 

hydration, 

collagen 

Water mobility and 

collagen matrix 



Genetics and Molecular Research 25 (13s): 2026                     7 

disruption, 

inflammation 

T2 

Mapping* 

Apparent 

transverse 

relaxation 

(T2*) 

Iron deposition, 

hemorrhage, 

calcification, 

susceptibility 

changes 

Magnetic 

susceptibility 

variations 

T1ρ 

Mapping 

Spin-lattice 

relaxation in 

rotating frame 

Proteoglycan 

depletion, early 

cartilage 

degeneration 

Proteoglycan–

water molecular 

interactions 

Although T2* mapping provides excellent sensitivity to susceptibility changes, measurements may be influenced by 

magnetic field inhomogeneity, air-tissue interfaces, and sequence optimization, requiring standardized acquisition 

protocols for reliable clinical application(33). 

 

3.4 T1ρ (T1 Rho) Mapping 

T1ρ mapping has emerged as a highly sensitive biomarker for detecting early biochemical alterations in cartilage and other 

connective tissues. Unlike conventional T1 and T2 relaxation, T1ρ measures spin-lattice relaxation in the rotating frame 

and is particularly sensitive to slow molecular interactions between water molecules and macromolecules such as 

proteoglycans(34). 

Proteoglycan depletion represents one of the earliest pathological events in osteoarthritis. Since T1ρ values increase in 

response to proteoglycan loss before collagen disruption occurs, this technique enables identification of cartilage 

degeneration at a stage when conventional MRI remains normal. Numerous studies have demonstrated superior sensitivity 

of T1ρ compared with T2 mapping for detecting early osteoarthritic changes, making it an attractive biomarker for 

preventive interventions and monitoring cartilage regeneration. 

Beyond cartilage imaging, T1ρ has shown promise in evaluating liver fibrosis, myocardial disease, skeletal muscle 

disorders, and several neurological conditions, including Alzheimer's disease and epilepsy. However, relatively long 

acquisition times, specialized pulse sequences, and limited availability continue to restrict widespread clinical 

implementation(35). 

Table 3.1: Comparison of Major Quantitative MRI Techniques and Their Clinical 

Applications(1,7,10,12,13,15,21,23,27,28,32,35–37). 

 

3.5 Diffusion-Weighted Imaging (DWI) 

Diffusion-weighted imaging (DWI) quantifies the random Brownian motion of water molecules within biological tissues, 

providing information about tissue cellularity and membrane integrity. The apparent diffusion coefficient (ADC) is the 

primary quantitative parameter derived from DWI. Restricted diffusion with low ADC values is commonly observed in 

acute ischemic stroke and highly cellular tumors, whereas increased ADC values indicate tissue degeneration or edema. 

In musculoskeletal imaging, DWI assists in the evaluation of bone marrow lesions, soft-tissue tumors, and inflammatory 

conditions(38). 

 

3.6 Diffusion Tensor Imaging (DTI) 

Diffusion tensor imaging (DTI) extends conventional diffusion imaging by evaluating the directionality of water diffusion 

within tissues. Quantitative parameters such as fractional anisotropy (FA) and mean diffusivity (MD) provide valuable 

information about white matter integrity and fiber organization. DTI is extensively used in neuroimaging to assess 

traumatic brain injury, multiple sclerosis, and neurodegenerative diseases, while emerging musculoskeletal applications 

include peripheral nerve and skeletal muscle evaluation(39). 

 

3.7 Diffusion Kurtosis Imaging (DKI) 

Diffusion kurtosis imaging (DKI) is an advanced diffusion technique that measures the non-Gaussian diffusion behavior 

of water molecules in complex tissues. Compared with conventional DTI, DKI offers greater sensitivity to microstructural 

changes and has demonstrated promising applications in brain tumors, Alzheimer's disease, Parkinson's disease, and spinal 

cord disorders. Its use in musculoskeletal imaging is expanding, particularly for assessing cartilage and muscle 

microarchitecture(40). 

 

3.8 Intravoxel Incoherent Motion (IVIM) 

Intravoxel incoherent motion (IVIM) imaging separates true molecular diffusion from microvascular perfusion without 

requiring contrast administration. Quantitative parameters derived from IVIM provide insights into tissue perfusion and 

cellularity, making it valuable for tumor characterization, stroke assessment, and inflammatory disorders. In 

musculoskeletal imaging, IVIM has shown potential in evaluating bone marrow and skeletal muscle perfusion(41). 

 

3.9 Magnetization Transfer Imaging (MTI) 

Magnetization transfer imaging (MTI) measures the exchange of magnetization between free water protons and 

macromolecular-bound protons. The magnetization transfer ratio (MTR) serves as a biomarker of myelin integrity and 
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tissue composition. MTI has been widely applied in multiple sclerosis, traumatic brain injury, and neurodegenerative 

diseases, while musculoskeletal applications include cartilage degeneration, tendon pathology, and ligament 

assessment(42). 

 

3.10 Chemical Exchange Saturation Transfer (CEST) 

Chemical exchange saturation transfer (CEST) imaging detects low-concentration endogenous metabolites by exploiting 

proton exchange between solutes and water molecules. This technique provides metabolic information beyond 

conventional MRI and has shown promise in evaluating brain tumors, ischemia, epilepsy, and cartilage degeneration. 

CEST is increasingly recognized as a non-invasive biomarker for early biochemical tissue changes(37). 

 

3.11 Quantitative Susceptibility Mapping (QSM) 

Quantitative susceptibility mapping (QSM) measures tissue magnetic susceptibility and enables accurate quantification 

of iron, calcium, and other paramagnetic substances. QSM has become an important biomarker in Parkinson's disease, 

Alzheimer's disease, multiple sclerosis, and cerebral microbleeds by assessing abnormal iron accumulation. Its 

musculoskeletal applications include evaluation of bone mineralization and hemorrhagic lesions(36). 

 

3.12 Magnetic Resonance Fingerprinting (MRF) and Synthetic MRI 

Magnetic resonance fingerprinting (MRF) is an innovative quantitative MRI technique that simultaneously measures 

multiple tissue properties, including T1, T2, and proton density, within a single acquisition. Synthetic MRI uses these 

quantitative maps to generate multiple contrast-weighted images retrospectively, improving workflow and reducing scan 

time. Both techniques offer excellent reproducibility and are expected to play an increasingly important role in precision 

imaging, particularly in musculoskeletal and neuroimaging applications(43). 

 

4. APPLICATIONS OF QUANTITATIVE MRI IN MUSCULOSKELETAL IMAGING 

Quantitative MRI has significantly advanced musculoskeletal imaging by enabling the assessment of biochemical and 

microstructural tissue changes that precede morphological abnormalities visible on conventional MRI. Unlike qualitative 

imaging, quantitative techniques provide objective biomarkers for evaluating cartilage, tendons, ligaments, muscles, bone 

marrow, and intervertebral discs, facilitating early diagnosis, disease monitoring, and treatment response assessment(44). 

 

4.1 Articular Cartilage 

Articular cartilage is one of the most extensively studied tissues using quantitative MRI. Techniques such as T2 mapping, 

T1ρ mapping, dGEMRIC, and T2* mapping can detect early alterations in collagen organization, proteoglycan content, 

and water distribution before structural cartilage damage becomes evident. These biomarkers have demonstrated 

considerable value in the early diagnosis of osteoarthritis, postoperative evaluation of cartilage repair procedures, and 

monitoring of regenerative therapies(45). 

 

4.2 Meniscus 

CC 

 

4.3 Tendons and Ligaments 

Conventional MRI often has limited sensitivity for evaluating highly organized collagenous tissues because of their short 

relaxation times. Advanced quantitative techniques, including UTE imaging, T2* mapping, and magnetization transfer 

imaging, provide objective assessment of tendon and ligament integrity. These methods are increasingly used in the 

evaluation of rotator cuff injuries, Achilles tendinopathy, anterior cruciate ligament (ACL) reconstruction, and 

postoperative healing(46). 

 

4.4 Skeletal Muscle 

Quantitative MRI has become an important tool for assessing muscle composition, inflammation, edema, and fatty 

infiltration. T2 mapping, diffusion-weighted imaging, Dixon imaging, and MR spectroscopy provide valuable biomarkers 

for muscular dystrophies, inflammatory myopathies, sports injuries, and sarcopenia. These techniques also facilitate 

longitudinal monitoring of rehabilitation and therapeutic response(47). 

 

4.5 Bone Marrow 

Diffusion-weighted imaging, intravoxel incoherent motion (IVIM), and Dixon techniques have improved the 

characterization of bone marrow by differentiating benign from malignant lesions and assessing marrow infiltration. 

Quantitative biomarkers also play an important role in evaluating osteoporosis, metastatic disease, hematological 

disorders, and treatment response(48). 

 

4.6 Intervertebral Disc 

Quantitative MRI has emerged as a sensitive method for evaluating early intervertebral disc degeneration. T2 mapping, 

T1ρ mapping, diffusion imaging, and chemical exchange saturation transfer (CEST) imaging enable assessment of water 

content, collagen organization, and proteoglycan concentration within the nucleus pulposus and annulus fibrosus. These 

biomarkers facilitate early diagnosis of degenerative disc disease and improve understanding of chronic low back pain(49). 
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4.7 Clinical Significance 

The integration of quantitative MRI into musculoskeletal practice provides objective biomarkers for early disease 

detection, accurate disease staging, treatment planning, and postoperative follow-up. As acquisition protocols become 

standardized and artificial intelligence is incorporated into image analysis, quantitative MRI is expected to become an 

essential component of routine musculoskeletal imaging and precision medicine(49). 

 

5. APPLICATIONS OF QUANTITATIVE MRI IN NEUROIMAGING 

Quantitative MRI has revolutionized neuroimaging by providing objective biomarkers that characterize tissue 

microstructure, myelin integrity, iron deposition, and metabolic alterations beyond the capabilities of conventional MRI. 

These techniques facilitate early diagnosis, disease monitoring, prognosis, and evaluation of therapeutic response in a 

wide range of neurological disorders. By generating reproducible quantitative parameters, qMRI has become an important 

tool in both clinical practice and neuroscience research(50). 

 

5.1 Multiple Sclerosis (MS) 

Multiple sclerosis is characterized by inflammatory demyelination and axonal degeneration within the central nervous 

system. Quantitative MRI techniques such as T1 mapping, T2 mapping, diffusion tensor imaging (DTI), magnetization 

transfer imaging (MTI), and quantitative susceptibility mapping (QSM) provide sensitive biomarkers for assessing myelin 

loss, axonal injury, and iron accumulation. These techniques improve lesion characterization, disease staging, and 

longitudinal monitoring of treatment response(50). 

 

5.2 Alzheimer's Disease 

In Alzheimer's disease, quantitative MRI enables early detection of neurodegenerative changes before significant brain 

atrophy becomes apparent. T1 mapping, diffusion imaging, and QSM have demonstrated utility in evaluating cortical 

degeneration, white matter disruption, hippocampal microstructural changes, and abnormal iron deposition. These 

biomarkers may support early diagnosis and assessment of disease progression(50). 

 

5.3 Parkinson's Disease 

Quantitative MRI has become increasingly important in Parkinson's disease by identifying pathological changes within 

the substantia nigra and other deep brain nuclei. QSM and T2* mapping quantify iron accumulation, while diffusion 

imaging evaluates microstructural degeneration of neural pathways. These biomarkers contribute to early diagnosis, 

differentiation from atypical parkinsonian syndromes, and monitoring of disease progression(50). 

 

5.4 Brain Tumors 

Quantitative MRI provides valuable information regarding tumor cellularity, vascularity, and tissue heterogeneity. 

Diffusion-weighted imaging (DWI), diffusion kurtosis imaging (DKI), intravoxel incoherent motion (IVIM), and CEST 

imaging assist in tumor grading, treatment planning, differentiation of tumor recurrence from radiation necrosis, and 

assessment of therapeutic response. Multiparametric MRI has significantly improved non-invasive characterization of 

brain neoplasms(51). 

 

5.5 Stroke 

Quantitative MRI plays a pivotal role in the diagnosis and management of acute ischemic stroke. Diffusion-weighted 

imaging detects restricted water diffusion within minutes of ischemia, while ADC values provide quantitative assessment 

of tissue viability. Perfusion imaging and IVIM further assist in identifying the ischemic penumbra and predicting 

functional outcomes, thereby guiding timely therapeutic intervention(51). 

 

5.6 Traumatic Brain Injury (TBI) 

Conventional MRI often underestimates diffuse axonal injury following traumatic brain injury. Quantitative techniques, 

particularly diffusion tensor imaging, susceptibility imaging, and T1 mapping, detect subtle microstructural abnormalities 

that correlate with cognitive impairment and neurological deficits. These biomarkers improve diagnostic sensitivity and 

facilitate long-term monitoring of recovery(51). 

 

5.7 Epilepsy 

Quantitative MRI contributes to the evaluation of patients with drug-resistant epilepsy by identifying subtle structural and 

microstructural abnormalities that may not be visible on routine imaging. T1 and T2 mapping, diffusion imaging, and 

CEST techniques enhance the detection of hippocampal sclerosis, focal cortical dysplasia, and other epileptogenic lesions, 

thereby improving presurgical assessment(51). 

 

5.8 Clinical Significance 

The incorporation of quantitative MRI into neuroimaging has transformed the assessment of neurological diseases by 

providing objective, reproducible, and biologically meaningful imaging biomarkers. These techniques support earlier 

diagnosis, improve disease stratification, enable accurate monitoring of therapeutic response, and facilitate personalized 

treatment strategies. As artificial intelligence and radiomics continue to evolve, the clinical impact of quantitative MRI in 

neuroimaging is expected to expand further, promoting precision medicine in neurological care. 
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6. ARTIFICIAL INTELLIGENCE AND RADIOMICS IN QUANTITATIVE MRI 

The integration of artificial intelligence (AI) and radiomics has significantly enhanced the clinical utility of quantitative 

MRI by enabling automated image analysis, feature extraction, and predictive modeling. Machine learning and deep 

learning algorithms facilitate automated segmentation, quantitative parameter estimation, and lesion classification with 

improved accuracy and reproducibility. Radiomics converts quantitative MRI data into high-dimensional imaging features 

that can be correlated with histopathological, genomic, and clinical outcomes(52). In musculoskeletal imaging, AI-assisted 

quantitative MRI has shown promise in detecting early cartilage degeneration, muscle disorders, and bone marrow 

abnormalities, whereas in neuroimaging it improves the diagnosis and prognosis of brain tumors, neurodegenerative 

diseases, and stroke. The combination of quantitative MRI biomarkers with AI is expected to support precision medicine 

and personalized treatment strategies(52). 

 

7. CHALLENGES AND LIMITATIONS 

Despite its growing clinical importance, several challenges limit the widespread implementation of quantitative MRI. 

Variability in scanner hardware, magnetic field strength, pulse sequence design, and post-processing software can affect 

measurement reproducibility across institutions. Longer acquisition times, susceptibility to motion artifacts, lack of 

standardized imaging protocols, and the absence of universally accepted reference values further restrict routine clinical 

use. In addition, advanced quantitative techniques require specialized software, technical expertise, and multicentre 

validation before they can be fully integrated into clinical workflows. 

 

8. FUTURE PERSPECTIVES 

Future developments in quantitative MRI are expected to focus on faster acquisition techniques, standardized imaging 

protocols, and improved reproducibility across different MRI platforms. Emerging technologies such as magnetic 

resonance fingerprinting, synthetic MRI, ultrahigh-field imaging, and multiparametric MRI will enable comprehensive 

tissue characterization within shorter examination times. The integration of artificial intelligence, radiomics, and cloud-

based image analysis will further enhance automated biomarker quantification and clinical decision-making. Large 

multicenter studies and standardized reporting guidelines will be essential for translating quantitative MRI biomarkers 

into routine musculoskeletal and neuroimaging practice. 

 

9. CONCLUSION 

Quantitative MRI has transformed conventional MRI from a qualitative imaging technique into a powerful biomarker-

based modality capable of objectively assessing tissue composition and microstructural alterations. Advanced techniques, 

including T1 and T2 mapping, diffusion imaging, magnetization transfer imaging, quantitative susceptibility mapping, 

and magnetic resonance fingerprinting, provide valuable biomarkers for the early diagnosis, disease monitoring, and 

treatment evaluation of musculoskeletal and neurological disorders. Although challenges related to standardization and 

clinical implementation remain, continuous technological advancements and the integration of artificial intelligence are 

expected to accelerate the adoption of quantitative MRI in routine clinical practice. As evidence continues to grow, 

quantitative MRI is poised to play a central role in precision imaging and personalized healthcare. 
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