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Preface

Calcification, a pathological process marked by abnormal
calcium deposition in tissues, presents significant clinical
challenges across a range of disciplines—including cardiology,
nephrology, and orthopaedics. Traditional surgical
interventions, though often life-saving, are frequently hindered
by limitations in precision, visualization, and post-operative
outcomes. As the complexity and prevalence of calcification-
related disorders continue to rise, so too does the urgency for
innovative, minimally invasive, and highly accurate treatment
modalities.

This book, Robotic Surgical Innovations in Calcification:
Innovations and Future Prospects, is designed to provide a
comprehensive overview of the evolving landscape of robotic
and artificial intelligence (Al)-enhanced surgical interventions
targeting calcification. It brings together interdisciplinary
perspectives from clinicians, biomedical engineers, and
researchers to illuminate how robotics and advanced
technologies are transforming the management of calcific
diseases.

Section 1: Fundamentals of Calcification and Surgical
Challenges lays the scientific groundwork by exploring the
causes, pathophysiology, and consequences of calcification in
cardiovascular, renal, and orthopaedic systems. It delves into
the limitations of conventional surgical approaches and the
urgent need for technological intervention.

Section 2: Robotics and Al in Calcification Diagnosis and
Treatment focuses on the integration of cutting-edge

VIl



technologies such as robotic-assisted surgery, Al-powered
diagnostics, and systems like the Da Vinci Surgical System.
These tools are reshaping the precision, safety, and efficiency
of calcification-related procedures.

Section 3: Future Directions and Innovations projects
forward, examining the emerging frontiers of Al,
nanotechnology, and microrobotics. Through real-world case
studies, this section demonstrates the transformative potential
of these innovations in actual surgical settings.

This book aims to serve as a foundational resource for
healthcare professionals, researchers, and technologists
working at the intersection of medicine and engineering. It is
our hope that the insights within these pages will inspire
continued exploration and collaboration toward safer, smarter,
and more effective surgical solutions for calcification-related
disorders.

Dr. Ranjit Barua
07" July, 2025
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Chapter: 1

Introduction to Calcification: Causes
and Consequences

Calciﬁcation refers to the abnormal accumulation of calcium salts

in body tissues. Although calcium is an essential mineral for bone and
tooth formation, as well as numerous metabolic processes, its
deposition in soft tissues can result in pathological changes.
Calcification is broadly categorized into two types: dystrophic and
metastatic. Dystrophic calcification occurs in damaged or necrotic
tissues despite normal calcium metabolism, while metastatic
calcification arises in normal tissues due to systemic calcium-
phosphate imbalance (Demopoulos & Marinos, 2021). This essay
explores the causes, mechanisms, and health consequences of
calcification, highlighting its significance in both physiological and

pathological contexts.
1.1 Causes of Calcification

The etiology of calcification varies based on its type. Dystrophic
calcification is typically associated with localized tissue injury, such
as inflammation, trauma, or infection. It is common in aging tissues,
atherosclerotic plaques, and damaged heart valves (Parhami et al.,

2002). In contrast, metastatic calcification results from systemic



disturbances in calcium or phosphate metabolism, often linked to
hyperparathyroidism, chronic kidney disease (CKD), or excessive

vitamin D intake (Block et al., 2007).
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Figure 1.1. The formation of vascular calcification [Image courtesy:

Hashmi et al., 2023].

Certain biochemical and cellular processes promote calcium
deposition. For instance, the release of phospholipids from dying cells
provides a scaffold for calcium salt accumulation. Similarly,
oxidative stress and inflammation can promote the expression of
osteogenic proteins in vascular smooth muscle cells, leading to
vascular calcification (Giachelli, 2004). Vascular calcification
formation is demonstrated in Figure 1.1. Osteo- or chondroblast-like

vascular smooth muscle cells (SMCs) are created when SMCs



transdifferentiate into an osteo- or chondrogenic phenotype.
Extracellular vesicles that promote or induce calcification are
released when osteo/chondrogenic markers, osteopontin, osteocalcin,
osteoprotegerin, ALP, and the osteochondrogenic transcription
factors core-binding factor al (Cfbal) and Runt-related transcription
factor-2 (Runx2) are expressed at elevated levels. By triggering ECM
remodelling and death, immune cells, cytokines, and other cytotoxic
agents encourage calcification. This leads to the production of
extracellular vesicles and apoptotic bodies, which in turn causes
microcalcification and macrocalcification of the arteries, ultimately

resulting in CAC.
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Figure 1.2. The human body's distribution of calcification formation

[Image courtesy: de Jong et al., 2024].



1.2 Consequences of Calcification

The impact of calcification on health depends on its location and
severity. Vascular calcification, particularly in arteries, contributes to
arterial stiffness, hypertension, and an increased risk of
cardiovascular events, such as myocardial infarction and stroke
(London et al., 2003). In the kidneys, nephrocalcinosis can impair
renal function, while calcification in the lungs or gastric mucosa can

interfere with normal organ physiology (Torregrosa et al., 2011).

There are several obstacles to overcome before this concept of the
calcification process (Figure 1.2) can be supported. First of all, it is
very challenging to demonstrate the existence of a limited "ability to
calcify" because, in contrast to imaging, there are no suitable methods
available to see significant calcifications. Second, the degree of
calcification is also influenced by the hard-to-quantify degree of
aberrant development, inadequate defence against infections, or the
extent of vascular damage, making it challenging to assess the
"strength" of the calcification process. Third, compared to acute
diseases, chronic diseases (such those caused by stiff vessels) are
more challenging to study and necessitate a longer observation
period. Fourth, epidemiological studies that examine the calcification
process in arteries and the skeleton show conflicting effects, at least
later in life. For instance, the well-known osteoporosis paradox states
that lesser bone density is linked to increased vascular calcification.
Rapid bone loss may be caused by inadequate vasculature, although

this pleiotropic system may also have completely opposite effects.



Fifth, arterial plaque microcalcifications are believed to destabilise

plaques in their early phases.

The beginning, calcification, and development of plaque to
atherosclerosis are schematically represented in Figure 1.3. (A) The
onset and development of calcification and atherosclerotic plaque.
Vascular smooth muscle cells (SMCs) multiply and move to create
the fibrous cap that stabilises the plaque during atherosclerosis.
Through transdifferentiation, SMCs can produce a variety of cell
types, including mesenchymal-stem-like, osteoblast-like,
myofibroblast-like, and foam-like cells within the plaque core. The
production of tiny, calcified deposits known as microcalcifications is
caused by the release of calcifying extracellular vesicles and SMC
death. Through the endothelium, monocytes move into the intimal
thickening, where they consume lipids and develop into foam cells.
These cells have the potential to die and release apoptotic bodies and
extracellular vesicles, which furthers the calcification process.
Following microcalcification, macrocalcification—which can lead to
calcified sheets and plates—occurs when larger calcium punctate
deposit speckles appear. Nodular calcification, which causes plaque
rupture and thrombosis, can result from the fracturing of these
calcified sheets. Plaque rupture may also result from the presence of
macrocalcifications in the thin fibrous cap. (B) The connection
between calcification and plaque stability. In contrast to unstable
plaques, which have microcalcification and a thin fibrous cap linked
to a higher risk of plaque rupture, macrocalcification may result in

stable calcified plaques with a thick collagen-rich extracellular matrix



fibrous cap. Microcalcification increases the fibrous cap's mechanical
stress and likelihood of rupture, which can result in myocardial

infarction or stroke.

In addition to contributing to chronic disease progression,
calcification can complicate diagnostic imaging. For example, it may
obscure radiographic interpretation or mimic other pathological
processes (Lanzer et al., 2014). Moreover, once established,
calcification is challenging to reverse and may require invasive
interventions, such as surgical removal or management of underlying

metabolic disturbances.
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Figure 1.3. Diagrammatic illustration of the development of plaque,
its calcification, and its progression to atherosclerosis [Image

courtesy: Hashmi et al., 2023].



1.3 Conclusion

Calcification is a complex process driven by both local and systemic
factors. While it serves protective roles in some contexts, such as
limiting infection spread, its pathological forms are associated with
significant morbidity. Understanding the mechanisms underlying
calcification is crucial for the prevention and treatment of related
diseases. Future research may offer targeted therapies that modulate
calcification without disrupting essential calcium functions in the

body.
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Chapter 2:

Pathophysiology of Cardiovascular,

Renal, and Orthopaedic Calcifications

Many organ systems are impacted by the complex pathological

process of calcification. The kidneys, skeletal system, and
cardiovascular system are some of the most clinically relevant
calcification locations. Numerous underlying processes, including
abnormalities in mineral metabolism, persistent inflammation,
cellular apoptosis, and local cell trans-differentiation into osteogenic
morphologies, can cause these calcifications. Enhancing diagnostic
precision and creating focused therapies require an understanding of
the pathophysiology of calcifications in the cardiovascular, renal, and
orthopaedic systems. The deposition of calcium (as calcium
phosphate crystals, such as hydroxyapatite and carbonate apatite) in
tissues is known as calcification. The physiological process of
calcification occurs in hard tissues like teeth and bone. On the other
hand, ectopic or pathological calcification is the accumulation of
calcium phosphate crystals in soft tissues, including the liver, brain,

and cardiovascular system.



11

2.1 Cardiovascular Calcification

Vascular calcification and heart valve calcification are two conditions
that can develop in the cardiovascular system. Aortic wall
calcification can appear in two different layers: the intimal layer, also
called intimal calcification or the calcification of atherosclerotic
plaques, and the medial layer, sometimes called Monckeberg's medial
sclerosis. Calcification is associated with inflammation in advanced
atherosclerotic plaques. On the other hand, medial calcification
happens in the medial layer without the involvement of inflammation
or atherosclerosis. Moreover, medial calcification is associated with
vascular smooth muscle cells (VSMCs) and occurs in the elastic
portion of the arteries. On the other hand, macrophages and vascular
smooth muscle cells are linked to intimal calcification, especially in

lipid-rich regions of atheromatous plaques.
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Figure 2.1. An outline of the causes and effects of vascular

calcification [Image courtesy: Villa-Bellosta., 2024].

Furthermore, because of their impact on calcification, lipoproteins are

an important pathogenetic factor in both atherosclerosis and aortic
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valve sclerosis. Vascular calcification usually predominantly
develops in the internal and common carotid arteries, the coronary
artery, and the aortic artery. Particularly, an episode of ischaemia,
primarily in the heart or brain, can be triggered by the release of a
calcium phosphate crystal from these arteries (Figure 2.1).
Furthermore, progeria, or rapid ageing, diabetes, and end-stage
chronic kidney disease (haemodialysis) are among the conditions that
are commonly linked to vascular calcification. Furthermore, vascular
calcification and other ectopic calcification are associated with
specific hereditary disorders. These disorders include diffuse
idiopathic skeletal hyperostosis, familial idiopathic basal ganglia
calcification (type 1), generalised arterial calcification of infancy, and

pseudoxanthoma elasticum.

Oral
phosphate intake

Organic phosphate > Inorganic Phosphate

‘40%-70%

Cells —
Bone «—

!

Kidney
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extracellular and plasma phosphate [Image courtesy: Villa-Bellosta.,

2024].
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Cardiovascular calcification primarily manifests in the form of
vascular and valvular calcification. In arteries, it may occur in either
the intimal or medial layer. Intimal calcification is often associated
with atherosclerosis, wherein lipid accumulation, inflammation, and
necrosis initiate calcium deposition (Giachelli, 2004). Medial
calcification, commonly seen in chronic kidney disease (CKD) and
diabetes, leads to arterial stiffness and increased pulse pressure

(London et al., 2003).
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Figure 2.3. A summary of the elements that contribute to

dysregulated phosphate homeostasis [Image courtesy: Villa-
Bellosta., 2024].

Hyperphosphatemia, or elevated serum inorganic phosphate, is a
major risk factor for vascular calcification in the general population
as well as haemodialysis patients (Jono et al., 2000). In this regard, a
number of mechanisms, including phosphate excretion by the kidneys
and phosphate absorption by the intestine, play a role in the

appropriate regulation of phosphate homeostasis (refer to Figure 2.2).
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Figure 2.4. An illustration of the crystal formation of calcium

phosphate [Image courtesy: Villa-Bellosta., 20247].

Serum phosphate levels may slightly rise as a result of decreased
excretion or improved absorption of phosphate, and this rise is
associated with the existence of calcified arteries (Villa-Bellosta et
al., 2011). Many medical conditions, such as chronic renal disease,
diabetes mellitus, hyperparathyroidism, disorders related to vitamin
D (hyper- and hypovitaminosis), and osteoporosis, are linked to the
dysregulation of phosphate homeostasis (Figure 2.3). Phosphate
binders have been linked to a slower rate of cardiovascular
calcification progression in haemodialysis patients (Carfagna et al.,
2018). An illustration of the crystal formation of calcium phosphate
(refer to Figure 2.4). The four types of inorganic phosphate are
displayed in the blue box. The red circles represent calcium phosphate
crystals that are present in calcified tissues and bone, such as
dicalcium phosphate dihydrate (Ca(HPO4)2H>0), hydroxyapatite
(Cai0(PO4)s(OH),), amorphous calcium phosphate (Cao(PO4)6nH,0),
and octocalcium phosphate (CagH2(PO4)65H>0).
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At the cellular level, vascular smooth muscle cells (VSMCs) play a
critical role by undergoing osteogenic differentiation in response to
oxidative stress, inflammation, and elevated phosphate levels. These
VSMCs express bone-related proteins such as osteocalcin and bone
morphogenetic proteins (BMPs), promoting matrix mineralization
(Shanahan et al., 2011). Moreover, apoptosis of VSMCs provides
nucleation sites for calcium phosphate crystal deposition. Valvular
calcification, particularly of the aortic valve, is a progressive process

that shares pathophysiological features with bone formation. It



16

involves endothelial dysfunction, inflammation, and osteogenic
signaling, ultimately resulting in valvular stenosis and impaired

cardiac output (Rajamannan et al., 2011).

Electrolyte pi

B Ca Mg
and Endocrine 5
Disorders PTH  VitD

Inflammation CRP IL-6 etc.

d Uremic Toxins Is AGES
Impaired Promoting FGF23 Vascular
kidney koctors ORG 108 calcification,
function F— S — especially CAC
\ / Factors Fetuin-A  Zinc K j

Figure 2.6. Risk factors for arterial calcification in patients with
chronic kidney disease. AGEs: advanced glycation end products;
FGF23: fibroblast growth factor-23; OPG: osteoprotegerin; OS:
oxidative stress; MGP: matrix Gla protein; PPi: pyrophosphate;
CAC: coronary artery calcification; Pi: phosphorus; Ca: calcium,;
Mg: magnesium; PTH: parathyroid hormone; VitD: vitamin D;
CRP: C-reactive protein; IL-6: interleukin-6; IS: indoxyl sulphate;
OS: oxidative stress; MGP: matrix Gla protein; PPi: pyrophosphate;
and CAC: coronary artery calcification [Image courtesy: Dai et al.,

2023].
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2.2 Renal Calcification

Renal calcification, or nephrocalcinosis, is characterized by the
deposition of calcium salts within the renal parenchyma. It commonly
results from hypercalcemia, hyperphosphatemia, or a high urinary
concentration of calcium and oxalate. Conditions such as primary
hyperparathyroidism, distal renal tubular acidosis, and CKD

predispose individuals to nephrocalcinosis (Torregrosa et al., 2011).

In CKD, impaired phosphate excretion leads to secondary
hyperparathyroidism, further exacerbating calcium and phosphate
imbalance. The kidneys become targets for metastatic calcification,
which can damage nephrons and worsen renal function. Additionally,
decreased expression of calcification inhibitors such as matrix Gla
protein (MGP) and fetuin-A contributes to this pathological
mineralization (Moe & Chen, 2004).

2.3 Orthopaedic Calcification

Orthopaedic calcifications refer to calcium deposition in joints,
tendons, cartilage, and soft tissues. Common examples include
calcific tendinitis, chondrocalcinosis, and heterotopic ossification.
These processes are often associated with aging, mechanical stress,

and metabolic disorders.

Calcific tendinitis, particularly of the rotator cuff, is thought to result
from fibrocartilaginous metaplasia and subsequent deposition of
hydroxyapatite crystals in tendons. The pathophysiology involves an

initial formative phase, a resting phase, and a resorptive phase, during
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which inflammation and pain become prominent (Uhthoff et al.,

2006).

Chondrocalcinosis, or pseudogout, is caused by the deposition of
calcium pyrophosphate dihydrate (CPPD) crystals in articular
cartilage. It may occur idiopathically or in association with metabolic
conditions such as hemochromatosis and hyperparathyroidism (Zaka
& Williams, 2006). Inflammatory responses to CPPD crystals lead to

joint pain and swelling.

The crystal formation of calcium pyrophosphate (CPP) is illustrated
in Figure 2.7. (A) A knee radiograph that suggests chondrocalcinosis
due to linear calcification in the joint space (*). (B) The femoral
intercondylar region's axial ultrasonography shows hyperechoic
deposits in the hyaline cartilage that are parallel to the cartilage
surface and do not exhibit posterior acoustic shadowing (>). (C)
Femoral condyle longitudinal ultrasound scan demonstrating CPP
deposition (>). (D) A knee radiograph showing joint space
calcification (*), which is in line with the deposition of CPP crystals.
(E) The lateral and longitudinal ultrasound scans of the knee show

deposits of CPP in the lateral meniscus (>); m is the meniscus.



