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Preface 

Calcification sits at the crossroads of life and disease. When 

tightly regulated, the orderly deposition of calcium phosphate 

crystals fortifies our bones and teeth and drives countless 

cellular signals. When control is lost, the same minerals 

infiltrate arteries, kidneys, and soft tissues, silently accelerating 

cardiovascular events, kidney failure, and other chronic 

disorders. I first encountered this duality while studying 

calcium-driven biomaterials for surgical robotics; the question 

that has guided this book ever since is simple yet profound: 

How can one molecule be both architect and adversary of 

human health? 

Human Calcification Mechanisms: From Physiology to 

Pathology is my attempt to answer that question in three 

integrated parts. Section 1, “Fundamentals of Human 

Calcification,” lays the biochemical and genetic groundwork. 

We open with a broad introduction, then move through calcium 

homeostasis—focusing on parathyroid hormone, vitamin D, 

and FGF-23—before unpacking the molecular machinery, 

epigenetic regulators, and contrasting portraits of physiological 

versus pathological mineralisation. These chapters provide the 

common vocabulary needed by clinicians, biologists, and 

engineers alike. 

Section 2, “Technological Advances in Calcification 

Research,” pivots from mechanism to measurement. Here we 

explore how artificial intelligence and machine-learning 

models now forecast calcification risk with remarkable 

precision, how high-resolution imaging unmasks early mineral 

deposits, how multiscale computer simulations recreate crystal 

growth, and how emerging biomarkers allow clinicians to 



 
 X 

detect disease long before symptoms appear. Together, these 

tools redefine what is knowable—and when. 

Finally, Section 3, “Therapeutic Strategies and Future 

Directions,” translates knowledge into action. We review 

established pharmacologic approaches, practical dietary and 

lifestyle modifications, and frontier interventions that marry 

nanotechnology, gene therapy, and AI-guided drug delivery. 

The closing chapter surveys unanswered questions and charts 

the research horizons likely to shape patient care over the next 

decade. 

This book is written for endocrinologists deciphering calcium 

kinetics, nephrologists confronting mineral-bone disorders, 

cardiologists battling vascular calcification, biomedical 

engineers designing AI-driven diagnostic platforms, and 

graduate students eager to bridge bench and bedside. By 

aligning molecular insights with technological innovations and 

therapeutic possibilities, I hope to foster cross-disciplinary 

dialogue and accelerate solutions that keep calcium where it 

belongs—and nowhere else. 

I am indebted to mentors, colleagues, reviewers, and especially 

my students, whose curiosity and perseverance continually 

sharpen my own. May the pages that follow equip you to 

question deeply, innovate boldly, and ultimately improve the 

lives of those for whom calcification has become a foe rather 

than a friend. 

 

Dr. Ranjit Barua 

07th July, 2025 
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Chapter: 1  

Introduction to Human Calcification 

 

Human calcification refers to the biologically regulated process of 

calcium salt deposition in tissues. While this process is vital in 

physiological settings such as bone and tooth formation, abnormal 

or pathological calcification can have detrimental effects, 

particularly in soft tissues like arteries, kidneys, and skin. 

Understanding the underlying principles of human calcification is 

essential in both biomedical research and clinical practice. This 

chapter introduces the foundational concepts of human calcification, 

including its types, physiological and pathological roles, and 

implications for health and disease. 

1.1 Definition of Calcification 

Calcification is the accumulation of calcium salts, primarily in the 

form of calcium phosphate (hydroxyapatite), within body tissues. 

This process occurs naturally in bone formation (osteogenesis), 

where it is essential for skeletal rigidity and strength. However, 

when calcification occurs in non-skeletal tissues such as blood 

vessels, kidneys, lungs, or skin, it is referred to as ectopic or 

pathological calcification. The balance between promoters and 

inhibitors of mineralization tightly regulates this phenomenon. 
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In biochemical terms, calcification begins when the local 

concentration of calcium and phosphate exceeds their solubility 

product, resulting in the formation of mineral nuclei. These nuclei 

can either be resorbed by the body or grow into mature crystals 

depending on the surrounding biological environment. Molecular 

signals, inflammatory mediators, and systemic metabolic changes 

influence whether the calcification process proceeds in a 

physiological or pathological direction. 

 

 

Figure 1.1. Different kinds of calcification according to the 

pathophysiology, shape, and site of plaque development [Image 

courtesy: Sivakumar et al., 2021]. 
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1.2 Types of Calcification 

Human calcification is broadly categorized into the following types: 

1.2.1 Physiological Calcification 

This form of calcification is essential for normal bodily functions. 

Examples include: 

Bone and tooth mineralization: Controlled deposition of calcium 

phosphate contributes to skeletal development and maintenance. 

Growth plate calcification: Occurs during endochondral 

ossification in childhood and adolescence. 

Lactational calcification: Small deposits in mammary glands 

during lactation, which are usually harmless. 

1.2.2 Pathological Calcification 

Pathological calcification occurs in tissues where mineral deposition 

is neither normal nor beneficial. It can be further subdivided into: 

Dystrophic calcification: Occurs in damaged or necrotic tissues 

without changes in systemic calcium levels. Common in 

atherosclerotic plaques, damaged heart valves, and tuberculous 

lesions. 

Metastatic calcification: Occurs in otherwise healthy tissues due to 

systemic disturbances in calcium-phosphate metabolism, such as in 

chronic kidney disease or hyperparathyroidism. 
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Figure 1.2. The mechanism of medial calcification [Image courtesy: 

Sivakumar et al., 2021]. 

1.3 Importance of Calcification in Human Health 

1.3.1 Positive Aspects 

Bone Integrity: Calcium phosphate crystallization confers strength 

and structural support to the skeletal system. 

Wound Healing and Remodeling: Calcified matrices can 

sometimes aid in tissue regeneration and scaffold formation. 

Cellular Signaling: Calcium ions play a vital role in signal 

transduction, muscle contraction, and neurotransmission. 
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1.3.2 Negative Consequences 

Despite its essential roles, dysregulated calcification is linked to 

several pathological conditions: 

Vascular Calcification: Contributes to arterial stiffness, 

hypertension, and increased cardiovascular mortality. 

Nephrolithiasis (Kidney Stones): Results from the precipitation of 

calcium salts in the renal system. 

Calcific Tendinitis and Chondrocalcinosis: Lead to joint pain and 

reduced mobility. 

Calciphylaxis: A rare, life-threatening condition characterized by 

skin necrosis due to vascular calcification, commonly seen in end-

stage renal disease. 

1.4 Clinical Relevance and Diagnostic Importance 

Understanding human calcification has profound implications for 

diagnosis, prognosis, and treatment in modern medicine. 

Calcification is frequently identified via imaging techniques such as 

X-rays, CT scans, and ultrasounds. For example: 

Coronary artery calcium scoring is used as a predictive tool for 

cardiovascular risk. 
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Figure 1.3. A diagrammatic representation of the primary 

anatomical sites where calcium salts can deposit: the brain, tendons, 

kidneys, breast cancer, aortic valves, and blood vessels. The 

anatomical sites of calcium deposits are shown in black, while the 

associated illnesses are shown in red. AD stands for Alzheimer's 

disease, CAVD for calcific aortic valve disease, MI for myocardial 

infarction, CKD for chronic kidney disease, and PAD for peripheral 

arterial disease. FIBGC is for familial idiopathic basal ganglia 

calcification [Image courtesy: Ortega et al., 2024]. 

Renal ultrasound can detect calcified kidney stones or 

nephrocalcinosis. 

Mammography routinely detects calcifications in breast tissue, 

aiding in the early detection of breast cancer. 
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Furthermore, biomarkers of calcium and phosphate metabolism 

(e.g., serum calcium, parathyroid hormone, and vitamin D levels) 

are critical in managing conditions like osteoporosis and chronic 

kidney disease. 

1.5 The Role of Womersley Number in Blood Flow Dynamics 

and Vascular Calcification 

The study of hemodynamics—the dynamics of blood flow—is 

essential in understanding vascular diseases, particularly 

atherosclerosis and vascular calcification. A critical parameter in this 

context is the Womersley number (α), a dimensionless quantity that 

characterizes the nature of pulsatile flow in blood vessels.  

Defined by the relation 𝛼 = 𝑅 √
𝜔𝜌

𝜇
, where R is the vessel radius, ω 

is the angular frequency of pulsation, ρ is the blood density, and μ is 

the dynamic viscosity, the Womersley number bridges the gap 

between fluid dynamics and vascular biology. 

In circulatory physiology, blood flow is inherently pulsatile due to 

the rhythmic action of the heart. The Womersley number helps 

differentiate between flow regimes in various parts of the vascular 

tree. In vessels with a low Womersley number (typically small 

arteries or capillaries), viscous forces dominate, resulting in 

parabolic (laminar) flow. Conversely, a high Womersley number, 

often found in large arteries like the aorta, signifies that inertial 
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forces dominate, producing a plug-like flow profile with a phase lag 

between pressure and velocity. 

This variation in flow dynamics significantly influences wall shear 

stress (WSS)—the tangential force exerted by blood on the vessel 

wall. Abnormalities in WSS, particularly low or oscillatory shear 

stress, have been directly implicated in endothelial dysfunction. 

Such dysfunction is a precursor to the initiation and progression of 

vascular calcification, a process where vascular smooth muscle cells 

(VSMCs) or endothelial cells transdifferentiate into osteoblast-like 

cells and deposit calcium phosphate crystals in the arterial wall. 

Regions of arteries with complex geometry—such as bifurcations, 

curvatures, or post-stenotic areas—are prone to disturbed flow 

patterns. Here, the Womersley number plays a pivotal role in 

determining whether the flow will remain streamlined or become 

oscillatory and turbulent. Oscillatory shear, enhanced by high α 

values, activates pro-calcific signaling pathways in endothelial cells, 

including the upregulation of bone morphogenetic proteins (BMPs) 

and Runx2, both key regulators in calcification. 

Moreover, computational models and experimental setups that 

replicate physiological conditions often incorporate the Womersley 

number to simulate realistic pulsatile flow conditions. These models 

have been instrumental in predicting regions susceptible to 

calcification and in designing vascular implants or stents that 

minimize shear stress anomalies. 
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Figure 1.4. The multi-stage computational model is utilised to 

analyse pressure and flow waves at different points within the body 

[Image courtesy: Xiao et al., 2013]. 
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The Womersley number serves as a fundamental link between the 

physical aspects of blood flow and the biological processes 

underlying vascular disease. By influencing flow profiles and shear 

stress distribution, it indirectly governs endothelial behavior and the 

molecular cascades leading to calcification. Thus, understanding and 

utilizing the Womersley number in hemodynamic analyses not only 

enhances our comprehension of vascular pathophysiology but also 

aids in the development of diagnostic tools and therapeutic 

strategies for calcific vascular diseases. 

 Relevance to Blood Flow: 

Low α (α < 1): Occurs in small vessels or low-frequency flow. Flow 

is quasi-steady and parabolic (Poiseuille-like). Viscous effects 

dominate. 

High α (α > 10): Seen in large arteries like the aorta. Inertia 

dominates over viscosity. Flow becomes plug-like, and phase lag 

between pressure and velocity is observed. 

 Link to Vascular Calcification: 

Calcification often develops in areas of abnormal hemodynamics, 

like low shear stress or oscillatory flow—both of which are 

influenced by the Womersley number: 

1. Wall Shear Stress (WSS): 

Womersley number affects velocity profiles, which in turn 

determine WSS. 
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Low WSS and oscillatory shear index (OSI) are associated with pro-

calcific endothelial signalling. 

 

Figure 1.5. A single workout session's intensity-dependent 

haemostatic response is visually displayed. Both of the oblique lines 

indicate the start of most haemostatic changes. Without the 

activation of blood coagulation systems, blood fibrinolysis increases 

until intensities surpass approximately 85% of V.O2. max. 

Coagulation and fibrinolysis mechanisms are thereby both triggered 

at the same time. After exercise, the fibrinolytic potential rapidly 

decreases, whereas the coagulation potential remains elevated for 

hours after ceasing [Image courtesy: Skouras et al., 2023]. 
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2. Endothelial Response: 

At high Womersley numbers, pulsatile and reversing flow can lead 

to endothelial dysfunction. 

This promotes osteogenic signaling, leading to intimal or medial 

calcification. 

3. Disease Sites: 

Areas like bifurcations or curved arteries exhibit complex flow 

patterns (due to geometry and high α), making them prone to 

calcific plaque formation. 

Aspect Influence of Womersley Number 

Flow profile From parabolic (low α) to plug-like (high α) 

Shear stress Altered WSS and OSI can trigger calcification 

Calcification 

zones 
High α and complex geometry = prone regions 

Diagnostic 

insight 

Helps model flow patterns in CFD studies of 

vascular disease 
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Figure 1.6. Vascular calcification (VC) in chronic kidney disease 

(CKD) is caused by pathogenic processes. Vascular cells undergo 

osteochondrogenic differentiation when calcification inhibitors such 

fetuin A, osteoprotegerin, and matrix GLA protein (MGP) are lost 

due to hyperphosphatemia and hypercalcemia. Additionally, VC is 

impacted by both conventional risk factors (such as smoking and 

ageing) and non-traditional ones such elevated FGF23 and 

dysfunctional calcium-phosphorus metabolism. Vascular stiffness 

develops throughout time as a result of elastin deterioration and 

mineral buildup in the artery walls. Aortic and mitral valve 

calcifications, left ventricular hypertrophy, and other cardiovascular 

problems are made more likely by inflammation and the buildup of 
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oxidised lipids in plaques, which further encourage calcification 

[Image courtesy: Skouras et al., 2023]. 

1.6 Emerging Research and Technological Advances 

The study of calcification is undergoing a revolution with the 

integration of molecular biology, materials science, and artificial 

intelligence. Key areas of advancement include: 

Biomolecular research into osteogenic genes (e.g., RUNX2, BMP2) 

and inhibitors (e.g., matrix Gla protein, fetuin-A). 

Nanotechnology and imaging: Development of high-resolution 

modalities to study calcification at the nanoscale. 

Computational modeling: Quantum mechanics and AI-based 

simulations to predict crystal growth and calcification risk. 

Regenerative medicine: Leveraging calcification pathways for 

bone tissue engineering and biomimetic materials. 

1.7 Conclusion 

Human calcification is a dual-edged biological process with 

essential physiological functions and potentially harmful 

pathological consequences. While bone and dental calcification are 

crucial for structural integrity, ectopic calcification contributes 

significantly to disease burden in aging populations and those with 

metabolic disorders. As science progresses, a deeper understanding 

of the molecular and biochemical basis of calcification will enable 
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the development of innovative diagnostic tools and therapeutic 

strategies. Recognizing its importance is the first step toward 

mitigating the risks associated with pathological calcification and 

optimizing health outcomes across various medical disciplines. 
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Chapter 2:  

Calcium Homeostasis: Role of 

Parathyroid Hormone, Vitamin D, and 

FGF-23 

 

Calcium is a vital mineral involved in numerous physiological 

functions including muscle contraction, neural transmission, blood 

clotting, and bone mineralization. Maintaining its concentration 

within a narrow physiological range is critical for systemic 

homeostasis. This regulation is orchestrated by a hormonal triad—

Parathyroid Hormone (PTH), Vitamin D, and Fibroblast Growth 

Factor-23 (FGF-23). These three components work together through 

feedback mechanisms that involve the intestines, bones, and kidneys 

to tightly control serum calcium and phosphate levels. This chapter 

discusses the physiological roles, mechanisms of action, and 

interactions among PTH, Vitamin D, and FGF-23 in the regulation 

of calcium homeostasis. 

2.1 Introduction to Calcium Homeostasis 

Calcium homeostasis refers to the maintenance of stable serum 

calcium concentrations, which typically range between 8.5 and 10.5 

mg/dL in healthy individuals. Dysregulation of calcium homeostasis 

can lead to a spectrum of clinical disorders, from hypocalcemia and 


