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Abstract

     This comprehensive review examines the structure, function, regulation, and pathology of 
the circulatory and cardiovascular systems, emphasizing their essential role in maintaining sys-
temic homeostasis. The cardiovascular system, composed of the heart and an extensive network 
of arteries, veins, and capillaries, supports oxygen delivery, nutrient transport, waste removal, 
hormonal signaling, immune defense, and fluid balance. Systemic and pulmonary circulations 
function as interdependent pathways that ensure continuous gas exchange and tissue perfusion.

     Pulmonary circulation operates as a low-pressure, high-compliance system designed to op-
timize gas exchange while minimizing fluid accumulation. Pressure gradients, gravitational in-
fluences, and adaptive mechanisms such as capillary recruitment allow the lungs to accommo-
date increases in cardiac output without substantial elevation in pulmonary arterial pressure. 
Structural features, including pulmonary arteries, veins, lymphatics, and bronchial circulation, 
contribute to efficient oxygenation and fluid regulation. Disruption of pulmonary vascular in-
tegrity may result in conditions such as pulmonary edema, embolism, hypertension, and pleural 
effusion.

     Systemic circulation distributes oxygenated blood throughout the body and returns deoxygen-
ated blood to the heart. Vascular structure is closely adapted to function, with arteries designed 
to withstand high pressure, arterioles regulating resistance, capillaries facilitating exchange, 
and veins serving as capacitance reservoirs that support venous return. Vessel wall organization 
into tunica intima, media, and externa reflects mechanical and regulatory demands. Specialized 
microstructures such as vasa vasorum and nervi vasorum maintain vessel wall integrity and 
vascular tone.

    The heart functions as a coordinated four-chambered pump with structurally specialized 
valves and conduction pathways that ensure unidirectional blood flow. Cardiac muscle histolo-
gy, intrinsic pacemaker activity, and autonomic modulation collectively regulate the cardiac cy-
cle. Electrical impulses generated in the sinoatrial node propagate through the atrioventricular 
node and conduction fibers to produce synchronized atrial and ventricular contraction. Neural, 
hormonal, and baroreceptor-mediated reflex mechanisms continuously adjust cardiac output to 
meet metabolic demands. Age-related changes influence myocardial compliance, adaptability, 
and coronary perfusion, though resting cardiac output is generally preserved in healthy indi-
viduals.
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     Disorders of the cardiovascular system arise from structural, electrical, metabolic, and inflammatory disturbances. Coronary 
artery disease remains a leading cause of morbidity and mortality and develops primarily through atherosclerotic plaque for-
mation that restricts coronary blood flow. Additional contributors to cardiovascular risk include hypertension, dyslipidemia, 
diabetes mellitus, smoking, obesity, chronic stress, and advancing age. Congestive heart failure results from impaired ventricular 
function and progressive structural remodeling, while valvular disease alters hemodynamic efficiency through regurgitation or 
stenosis.

     Vascular diseases encompass arterial narrowing, aneurysms, venous thrombosis, chronic venous insufficiency, vasculitis, and 
congenital malformations. Atherosclerosis underlies many arterial disorders, while venous pathologies often involve impaired 
valve function or clot formation. Capillary exchange dynamics, endothelial signaling, and inflammatory pathways contribute to 
both protective and pathological processes.

     Blood itself is a dynamic tissue composed of plasma and formed elements. Red blood cells facilitate oxygen transport through 
hemoglobin-mediated binding and release, while white blood cells provide immune surveillance and defense. Platelets play 
central roles in hemostasis, inflammation, and vascular repair through complex granule release and receptor-mediated signal-
ing pathways. Plasma maintains osmotic balance, transports proteins and hormones, and supports coagulation and immune 
responses.

     Hematologic and immunologic disorders, including anemia, thrombocytopenia, leukopenia, and antiphospholipid syndrome, 
further illustrate the interconnected nature of circulatory physiology. Advances in gene therapy offer emerging therapeutic po-
tential for inherited disorders such as hemophilia, sickle cell disease, and beta thalassemia, highlighting the evolving interface 
between molecular biology and cardiovascular medicine.

    Overall, the circulatory and cardiovascular systems demonstrate remarkable structural specialization, regulatory precision, 
and adaptive capacity. Their coordinated function is essential for sustaining life, and disruption at any level, molecular, cellular, 
vascular, or cardiac, can produce widespread systemic consequences.

Introduction 

     The heart and blood vessels deliver oxygen and nutrients to every cell in the body while supporting metabolic waste removal and 
systemic balance. The cardiovascular system consists of the heart and an extensive arterial and venous network. Arteries carry blood 
away from the heart, while veins return blood back to it (Tucker et al. np). Structurally, the vascular system resembles a branching tree, 
where major arteries divide into progressively smaller vessels that ultimately form extensive capillary networks. These capillaries 
represent the terminal segments of the smallest arteries and enable exchange at the cellular level.

    Systemic circulation is one of the two interconnected circulatory pathways in the human body, supplying oxygen and nutrients to 
organs, tissues, and cells (Tucker et al. np). In contrast, pulmonary circulation introduces fresh oxygen into the bloodstream while 
facilitating carbon dioxide removal through the lungs. Together, these two systems maintain physiological homeostasis.

     During the cardiac cycle, coordinated contraction and relaxation regulate blood flow. As the heart relaxes between beats, blood fills 
the atria. Ventricular contraction then propels blood into the major arteries in a phase known as ejection. Oxygenated blood leaves the 
left ventricle through the aorta, initiating systemic circulation. As blood travels through progressively smaller arteries and capillaries, 
oxygen and nutrients diffuse into tissues while carbon dioxide and metabolic waste enter the bloodstream (Santos et al. 384).

     Deoxygenated blood returns to the right atrium and right ventricle, marking the beginning of pulmonary circulation. The right ven-
tricle pumps this blood through the pulmonary arteries into a network of capillaries surrounding alveolar air sacs. These grape-shaped 
pulmonary vesicles facilitate gas exchange by removing carbon dioxide and replenishing oxygen (Santos et al. 387). Oxygenated blood 
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then returns via the pulmonary veins to the left atrium and left ventricle, allowing circulation to begin again with each heartbeat.

The Cardiovascular System 

     The circulatory system comprises the heart, arteries, veins, and capillaries, forming a complex network responsible for transporting 
blood throughout the body. Cardiac contraction and relaxation drive this continuous flow, ensuring delivery of nutrients, oxygen, hor-
mones, and signaling molecules (Lavie et al. 211).

     The cardiovascular system develops early during embryogenesis and reaches functional maturity before many other organ systems. 
Its early emergence highlights the importance of maintaining cellular homeostasis throughout development and adulthood (Lavie 
et al. 212). The primitive heart begins rhythmic contractions during the fourth week after conception, establishing circulation long 
before birth.

     One of the primary functions of the circulatory system is the maintenance of internal stability. Millions of miles of capillaries perme-
ate tissues, allowing nutrients and signaling molecules to diffuse into interstitial fluid while removing metabolic waste. Blood distri-
bution is dynamically regulated through neural, hormonal, and mechanical mechanisms that adjust vascular tone and cardiac output 
based on physiological demands (Lavie et al. 217). These regulatory processes ensure that each tissue receives appropriate support 
despite varying metabolic requirements.

Pulmonary Circulation 

    The pulmonary circulatory system transports blood between the heart and lungs through an interconnected network of arteries, 
veins, and lymphatics (Fishman 1300). Specialized vascular structures support gas exchange and maintain low-pressure flow dynam-
ics. Due to its parallel capillary architecture, pulmonary circulation operates as a low-resistance system capable of receiving the full 
cardiac output from the right ventricle.

Arterial Circuit

    Pulmonary circulation begins in the right ventricle as blood enters the main pulmonary artery. After traveling approximately five 
centimeters, the artery divides into right and left branches that extend throughout the lungs. Compared to systemic arteries, pulmo-
nary arteries have larger diameters and thinner walls, allowing greater compliance and distensibility, approximately 7 mL/mmHg 
(Noordegraaf et al. np).

Venous Circuit

     Blood drains from pulmonary capillaries into venules that merge into larger pulmonary veins. These veins return oxygenated blood 
to the left atrium. Similar to pulmonary arteries, pulmonary veins are thinner and more flexible than systemic veins, enabling efficient 
transport of large blood volumes (Noordegraaf et al. np).

Pulmonary Lymphatics

    Lymphatic vessels prevent fluid accumulation around the pulmonary circulation and help maintain alveolar membrane integrity. 
Positioned near terminal bronchioles, these vessels collect lymphatic fluid and direct it toward central lymphatic channels (Noorde-
graaf et al. np). The parietal and visceral pleurae are interconnected through lymphatic and capillary networks that regulate pleural 
fluid drainage. Negative pleural pressure, typically ranging from −4 to −7 mmHg, maintains lung expansion by anchoring alveoli to the 
visceral pleura (Noordegraaf et al. np).

Bronchial Circulation

     The bronchial circulation originates from the aorta and delivers oxygenated blood directly to lung tissue. It consists of superficial 
and deep vascular systems. The superficial network drains into the azygos and hemiazygos veins, returning blood to the right atrium, 
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whereas the deep system drains into pulmonary veins and contributes to left ventricular filling (Choi et al. 659). This deep bronchial 
circulation functions as a minor shunt, contributing approximately 0.05% to 0.5% of total cardiac output (Choi et al. 660).

Pulmonary Circulation Disorders

     Maintaining consistent oxygen delivery depends heavily on pulmonary vascular integrity. Disruption of pulmonary circulation may 
lead to several clinical conditions:

Pulmonary Edema

     Pulmonary edema occurs when fluid accumulates within alveoli due to imbalances in Starling forces. Both cardiac and non-cardiac 
causes exist, including elevated hydrostatic pressure, heart failure, reduced oncotic pressure, inflammation, and impaired lymphatic 
drainage (Staub 678).

Pulmonary Embolism

    Embolization of blood clots, often originating from deep venous thrombosis, may obstruct pulmonary vessels. This can result in 
ischemia, impaired gas exchange, and potential lung infarction, particularly within peripheral lung regions (Muneuchi et al. 508).

Pulmonary Hypertension

     Pulmonary arterial hypertension is diagnosed when mean pulmonary artery pressure exceeds 25 mmHg. Symptoms frequently in-
clude exertional dyspnea, and untreated cases may progress to right ventricular dysfunction and cor pulmonale (Muneuchi et al. 509).

Pleural Effusion

    Fluid accumulation within the pleural space results from altered pleural Starling forces and may present with pleuritic chest pain 
and breathing difficulty (Muneuchi et al. 508).

Development of the Pulmonary and Cardiovascular Systems

     The fetal circulatory system begins forming approximately 15 days after conception and develops into a functional four-chambered 
heart by the fourth week of pregnancy. Nutrient exchange occurs through the placenta, which connects umbilical vessels to the inferior 
vena cava and right atrium (Muneuchi et al. 511).

    Fetal circulation employs specialized shunts, including the ductus venosus, foramen ovale, and ductus arteriosus, allowing blood to 
bypass immature organs. Blood flows from the right atrium to the left atrium without passing through the pulmonary circuit. After 
birth, pulmonary vascular resistance decreases, shunts close, and blood begins circulating through the lungs for gas exchange (Muneu-
chi et al. 513). Failure of this transition may result in persistent pulmonary hypertension of the newborn.

Function of Pulmonary Circulation

     The primary function of pulmonary circulation is gas exchange across the alveolar membrane, enabling oxygen delivery to tissues 
and removal of carbon dioxide. The bronchial circulation supplements oxygen supply to lung tissue, particularly in central lung re-
gions. Peripheral lung areas rely more heavily on pulmonary circulation, making them more susceptible to infarction. Low venous 
pressures combined with efficient lymphatic drainage prevent fluid accumulation in healthy lungs (Staub 703).

Mechanisms and Pressure Gradients

     Understanding pulmonary pressure gradients is essential for recognizing both normal physiology and pathological changes within 
the pulmonary circulation. Typical pressure ranges reflect the low-pressure nature of this system, with pulmonary artery pressures 
averaging about 25/8 mmHg, right ventricular pressures around 25/0 mmHg, pulmonary capillary pressures near 7/0 mmHg, and left 
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atrial or pulmonary capillary wedge pressures approximately 5/0 mmHg. These relatively low capillary pressures support efficient 
gas exchange by minimizing fluid leakage into the alveolar space. Direct measurement of left atrial pressure is often difficult in clinical 
settings, so pulmonary capillary wedge pressure is frequently used as an indirect indicator. Elevated wedge pressure generally sug-
gests a cardiac origin of pulmonary symptoms, whereas normal wedge pressure values may indicate primary pulmonary pathology 
(Handoko et al. np).

     During exercise, the pulmonary circulation adapts dynamically to increased cardiac output through recruitment of additional capil-
lary beds, dilation of existing vessels, and modest elevations in arterial pressure. Even with these changes, pulmonary artery pressure 
typically remains relatively stable due to the high compliance of the pulmonary vasculature, which allows the lungs to accommodate 
increased blood flow without significant increases in resistance.

Zones of Pulmonary Blood Flow

     Gravity produces a hydrostatic pressure gradient of approximately 23 mmHg between the apex and base of the lungs, which results 
in greater pulmonary blood flow toward the lower lung regions (Soohoo et al. 1984). This gradient contributes to the division of pul-
monary circulation into functional zones based on the relationship between alveolar pressure and pulmonary capillary pressure. In 
Zone 1, pulmonary capillary pressure remains lower than alveolar pressure, resulting in minimal or absent blood flow; this condition 
is typically observed only during abnormal physiological states such as severe hemorrhage or positive-pressure ventilation. Zone 2 
is characterized by intermittent perfusion, where blood flow occurs primarily during systole when capillary pressure briefly exceeds 
alveolar pressure, a pattern most often seen near the lung apex.

     In contrast, Zone 3 demonstrates continuous perfusion because pulmonary capillary pressure exceeds alveolar pressure through-
out the entire cardiac cycle, allowing sustained gas exchange. This zone is most prominent in the lung bases under normal conditions. 
During exercise or increased cardiac output, pulmonary blood flow rises and additional regions transition into Zone 3, thereby en-
hancing the efficiency of oxygen and carbon dioxide exchange across the alveolar-capillary membrane (Soohoo et al. 1986).

Systemic Circulation

     Systemic circulation delivers oxygen and nutrients to tissues while removing waste products. Blood exits the left ventricle, travels 
through arterial branches, and enters capillary networks where exchange occurs (Chen 2064). Deoxygenated blood then returns to the 
right atrium through venous pathways.

     Major arterial branches include the coronary arteries, brachiocephalic trunk, left common carotid artery, and left subclavian artery. 
The abdominal aorta supplies visceral organs through celiac, mesenteric, renal, gonadal, and other branches. Lumbar arteries nourish 
spinal structures, while external and internal iliac arteries supply the lower extremities and pelvic organs.

Major Systemic Veins

     After gas exchange, blood travels through venules and veins before entering either the superior or inferior vena cava, both of which 
empty into the right atrium (Qureshi 413). These venous pathways ensure efficient return of deoxygenated blood for pulmonary ox-
ygenation.

Fetal Circulation

    Although similar to adult circulation, fetal physiology includes adaptations that compensate for immature lungs and digestive or-
gans. Oxygenated blood reaches the fetus via the umbilical vein, while metabolic waste returns through the umbilical arteries (Kiserud 
np). The ductus venosus allows blood to bypass the liver, and fetal shunts such as the foramen ovale and ductus arteriosus divert blood 
away from the lungs until birth.
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Components of the Cardiovascular System 
Heart 
Functions of the Heart

     At the center of the circulatory system lies the heart, a muscular organ responsible for pumping blood throughout the body to deliver 
oxygen and nutrients while removing metabolic waste such as carbon dioxide. Together with an extensive network of blood vessels 
and capillaries, the heart forms the cardiovascular system. Because of its central physiological role, even modest cardiac dysfunction 
can produce widespread systemic effects. Roughly the size of an adult fist, the heart is housed within the pericardial sac in the thoracic 
cavity, positioned slightly left of midline beneath the sternum (Hunter et al. 147).

     Structurally, the heart contains four chambers, four one-way valves, and a highly coordinated vascular network that maintains con-
tinuous circulation. Oxygenated blood travels through arteries to peripheral tissues, while deoxygenated blood returns to the heart 
through venules and veins (Hunter et al. 149). The pulmonary arteries and veins represent exceptions to the typical oxygenation pat-
tern, as pulmonary arteries carry deoxygenated blood and pulmonary veins carry oxygenated blood.

     The upper chambers, or atria, are separated by the atrial septum. Deoxygenated blood enters the right atrium through the superior 
and inferior vena cava, transporting blood from the upper and lower body, respectively. The left atrium receives oxygenated blood 
from the pulmonary veins draining the lungs. During fetal development, oxygenated blood is delivered through the umbilical vein via 
placental circulation (Hunter et al. 150).

     Blood flow from the atria to the ventricles is regulated by the atrioventricular valves. The tricuspid valve directs deoxygenated blood 
from the right atrium into the right ventricle, while the mitral valve controls the movement of oxygenated blood from the left atrium 
into the left ventricle (Hunter et al. 153). The ventricles form the lower chambers of the heart and generate the pressure required to 
propel blood into the pulmonary and systemic circulations.

     The pulmonary valve, a semilunar valve, connects the right ventricle to the pulmonary trunk. During ventricular filling, the tricuspid 
and mitral valves remain open while the semilunar valves remain closed, allowing blood to accumulate within the ventricles. When 
ventricular contraction begins, the atrioventricular valves close and the pulmonary and aortic valves open, permitting blood to exit the 
heart. Deoxygenated blood flows through the pulmonary arteries toward the lungs, while oxygenated blood leaves the left ventricle 
through the aortic valve and enters the aorta, eventually branching into systemic arteries such as the common iliac vessels (Hunter et 
al. 169).

The Histology of Cardiac Muscle

     Cardiac muscle tissue is composed of contractile proteins organized into sarcomeres, fibrils, and fibers. Unlike skeletal muscle, car-
diac muscle fibers consist of branching cells connected by specialized junctions known as intercalated discs. These discs contain folded 
regions of the sarcolemma that allow strong mechanical adhesion and rapid electrical communication between cells. Ion exchange 
across intercalated discs enables synchronized depolarization, contraction, and repolarization waves throughout the myocardium 
(Hashizume et al. 458).

    Cardiomyocytes contain abundant mitochondria, allowing sustained aerobic metabolism and continuous function. Cardiac tissue 
is myogenic, meaning it possesses intrinsic rhythmicity and can generate contractions independent of external neural input. Neural 
control primarily influences contraction rate and force rather than initiating contraction itself (Hashizume et al. 458). Structural in-
tegrity is reinforced by a collagenous cardiac skeleton that surrounds the atrioventricular junction and provides mechanical support 
for muscle layers.
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The Cardiac Cycle 

    The cardiac cycle describes the coordinated sequence of contraction (systole) and relaxation (diastole) that enables continuous 
blood circulation. Atrial contraction precedes ventricular contraction to ensure optimal ventricular filling, and synchronized myocar-
dial activity combined with properly functioning valves maintains unidirectional blood flow. Under normal physiological conditions, 
ventricular cardiac output equals venous return, preventing congestion within either the pulmonary or systemic circuits (Fukuta et 
al. 3).

     The cycle begins with early diastole, during which both atria and ventricles relax. The atrioventricular valves open while the semi-
lunar valves remain closed, allowing deoxygenated blood to return to the right atrium and oxygenated blood to enter the left atrium. 
During passive ventricular filling, blood flows from the atria into the ventricles through the open atrioventricular valves. Atrial systole 
follows, completing ventricular filling as the atria contract and venous valves prevent retrograde flow. Ventricular systole then occurs, 
with ventricular contraction closing the atrioventricular valves and opening the semilunar valves to eject blood into the pulmonary 
trunk and aorta. Finally, during late diastole, ventricular relaxation causes the semilunar valves to close, preventing backward flow 
into the ventricles.

    Cardiac output refers to the volume of blood pumped by the heart per minute. In resting adults, cardiac output averages approxi-
mately 5 dm³ per minute, but it may increase to nearly 20 dm³ per minute during intense physical exertion (Fukuta et al. 6). Stroke 
volume represents the amount of blood ejected with each heartbeat and is calculated by dividing cardiac output by heart rate. For 
example, a resting cardiac output of 5 dm³ per minute at a heart rate of 70 beats per minute corresponds to a stroke volume of approx-
imately 71.4 cm³ per beat (Fukuta et al. 10).

Regulation of the Cardiac Cycle by Intrinsic Mechanisms

     Because cardiac muscle is myogenic, the heart can maintain rhythmic contractions even when neural connections are absent, such 
as following transplantation. Electrical impulses spread through intercalated discs, allowing neighboring cells to synchronize with the 
fastest pacemaking region (Goodwill 321).

     The sinoatrial node (SAN), located in the right atrial wall near the openings of the vena cava, serves as the primary pacemaker. De-
polarization waves spread across the atria before reaching the atrioventricular node (AVN), situated near the ventricular septum. The 
collagenous cardiac skeleton creates electrical resistance, ensuring impulses pass only through the AVN before entering ventricular 
tissue.

    From the AVN, impulses travel through the bundle of His and specialized Purkinje fibers to the ventricular apex. This conduction 
pathway ensures that ventricular contraction occurs after atrial contraction. A brief delay at the AVN allows complete ventricular fill-
ing prior to systole. Repolarization restores resting membrane potential, preparing the myocardium for the next cycle (Goodwill 321).

Modification of the Cardiac Cycle 
Hormonal Regulation

     Hormones produced by the adrenal medulla, including adrenaline and noradrenaline, enhance cardiac performance by dilating cor-
onary arteries and increasing heart rate and contractile force. Parasympathetic signaling through acetylcholine counterbalances these 
effects, promoting slower heart rates and reduced contractility.

Neural Regulation

     Although intrinsic pacemaker mechanisms initiate and maintain cardiac rhythm, input from the autonomic nervous system contin-
uously modulates cardiac output to match changing physiological demands. Activation of the sympathetic nervous system increases 
both heart rate and myocardial contractility, thereby elevating cardiac output, whereas parasympathetic stimulation produces the op-
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posite effect by slowing the heart and reducing contractile force. These adjustments are coordinated through two primary medullary 
control centers: the cardioacceleratory center, which enhances cardiac output through sympathetic signaling, and the cardioinhibitory 
center, which decreases cardiac activity through parasympathetic pathways.

     Sympathetic neurons release noradrenaline at the sinoatrial node, atrioventricular node, and ventricular myocardium, accelerating 
electrical conduction and strengthening contraction (Lacey et al. 385). In contrast, parasympathetic fibers traveling through the vagus 
nerve release acetylcholine, which slows depolarization at the sinoatrial node and prolongs conduction at the atrioventricular node, 
ultimately reducing cardiac output (Lacey et al. 386).

Reflex Control of Cardiac Function

    Three primary baroreceptor-mediated reflex pathways contribute to the regulation of cardiovascular stability by continuously moni-
toring pressure changes and adjusting cardiac output. The carotid sinus reflex involves baroreceptors located near the internal carotid 
artery, which detect alterations in blood pressure supplying the brain. When arterial pressure rises, increased stretch activates the 
cardioinhibitory center, slowing heart rate and lowering blood pressure; when stretch decreases, the response reverses and the car-
dioacceleratory center becomes more active (Pluznick et al. 339). Similarly, the aortic reflex relies on baroreceptors within the aortic 
arch that respond to systemic pressure fluctuations and help maintain vascular stability by modifying cardiac output.

     The Bainbridge reflex functions through baroreceptors located in the venae cavae and right atrium, where increased venous return 
stretches the atrial walls and stimulates the cardioacceleratory center. This response elevates heart rate, supporting efficient venous 
circulation and preventing excessive pooling of blood. Together, these reflex pathways integrate neural feedback with cardiovascular 
mechanics to maintain consistent blood flow and pressure despite ongoing physiological changes.

Chambers and the Cardiac Cycle 

     The heart contains four distinct chambers that work together to maintain continuous, directional blood flow. Venous blood returns 
to the heart and enters the atria, the two upper chambers. Oxygenated blood returns from the lungs through the pulmonary veins 
and enters the left atrium, where it is positioned for delivery to systemic tissues. This oxygen is essential for aerobic metabolism in 
virtually every cell of the body (Sengupta et al. 326). In contrast, deoxygenated blood returning from systemic tissues enters the right 
atrium through the major venous vessels. This returning blood has delivered much of its oxygen to tissues and contains higher levels 
of carbon dioxide, a cellular waste product. In addition to respiratory gases, circulating blood transports nutrients, hormones, and 
signaling molecules that support systemic function and homeostasis.

     During ventricular filling, the ventricles relax and expand, allowing blood to move passively from the atria into the ventricles. Atrial 
contraction contributes an additional volume of blood to complete ventricular filling. Once filled, the ventricles contract and eject 
blood forcefully into the arterial system, a process that occurs briefly and rhythmically with each heartbeat (Sengupta et al. 328). The 
left ventricle ejects oxygenated blood into the aorta, the largest artery in the body. From the aorta, arterial branches distribute oxygen-
ated and nutrient-rich blood to organs and tissues throughout the body, excluding the lungs.

     The heart itself receives blood through the coronary arteries, which arise from the aorta and supply the myocardium. On the right 
side, the right ventricle ejects blood into the pulmonary trunk, which branches into the pulmonary arteries leading to the lungs. With-
in the pulmonary circulation, carbon dioxide is removed and oxygen is replenished, restoring blood oxygen content. As ventricular 
ejection occurs, arterial pressure rises rapidly to its peak value, referred to as systolic blood pressure (Sengupta et al. 329). During 
ventricular relaxation, blood continues to move forward through arteries into capillaries, and arterial pressure decreases to the dia-
stolic pressure. Importantly, diastolic pressure does not fall to zero because of elastic recoil within large arteries and the brief interval 
between cardiac cycles.

    While the ventricles eject blood, the atria simultaneously relax and begin refilling, preparing for the next sequence of filling and 
ejection. Completion of these coordinated events constitutes one cardiac cycle. Because systemic blood must return to the heart after 
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passing through the body, the cycle repeats continuously throughout life (Sengupta et al. 330). The rate of blood flow is represented by 
cardiac output (CO), defined as the volume of blood pumped per minute. Cardiac output is calculated as the product of stroke volume 
(SV) and heart rate (HR), yielding the relationship: CO = SV × HR.

     The synchronized contractions of the chambers are regulated by specialized cardiac muscle cells that generate and conduct elec-
trical impulses. A cluster of such cells in the right atrium initiates each heartbeat and is commonly referred to as the heart’s intrinsic 
pacemaker. Electrical activity spreads through the atria and is transmitted to the ventricles in a coordinated pattern. As electrical 
impulses propagate, they can be detected at the body surface and recorded as an electrocardiogram (ECG or EKG).

     The cardiac cycle reflects alternating contraction and relaxation of the atria and ventricles, enabling effective circulation. The cycle 
begins at the onset of one heartbeat and ends immediately before the next. Cardiac contraction begins early in embryonic develop-
ment, with rhythmic activity emerging by approximately the third week of pregnancy. The cycle consists of diastole, when chambers 
relax and fill, and systole, when chambers contract and eject blood. Both atria and ventricles experience systole and diastole; however, 
the timing is coordinated so that atrial contraction supports ventricular filling, followed by ventricular contraction to propel blood 
forward.

Cardiac Cycle Phases

     The cardiac cycle is initiated by a spontaneously generated action potential in the sinoatrial (SA) node. This electrical event triggers 
a sequence of mechanical changes in the atria and ventricles. The cycle is organized around the two overarching states of diastole 
(filling) and systole (ejection). The major phases are described below.

Atrial Diastole

     The cycle begins with atrial diastole, during which the atria function as low-pressure receiving chambers and conduits for blood flow 
into the ventricles. For a brief interval, the atria have not yet received the next depolarization signal, allowing passive filling to occur 
(Kunzendorf et al. np). During this phase, blood flows from the pulmonary veins into the left atrium and from the superior and inferior 
vena cava into the right atrium. As atrial pressure rises, a pressure gradient forms between atria and ventricles, promoting eventual 
opening of the atrioventricular valves and initiating ventricular filling.

Atrial Systole

     Atrial systole occurs when atrial depolarization triggers coordinated contraction of atrial myocardium, moving the remaining atrial 
blood volume into the ventricles. This final component of ventricular filling supports optimization of end-diastolic volume, particularly 
under conditions where filling time is reduced (Kunzendorf et al. np). As blood enters the ventricles, intraventricular pressure increas-
es slightly, preparing the ventricles for contraction.

Ventricular Diastole

    Ventricular diastole begins as the ventricles relax. At the onset of this phase, both the atrioventricular and semilunar valves are 
closed. Although intraventricular pressure falls rapidly, ventricular volume remains constant, a process known as isovolumetric re-
laxation. Once ventricular pressure drops below atrial pressure, the atrioventricular valves open and ventricular filling begins. Early 
filling is typically rapid due to the pressure gradient, followed by slower filling as pressures equilibrate. The majority of ventricular 
filling occurs passively; however, atrial systole contributes the remaining volume at the end of diastole (Kunzendorf et al. np). The 
total volume of blood present in the ventricle at the end of diastole is termed end-diastolic volume, commonly associated with preload.

Ventricular Systole

     Ventricular systole begins when electrical impulses reach the ventricles via the atrioventricular (AV) node and downstream con-
duction pathways. A physiologic delay at the AV node allows atrial contraction to complete before ventricular contraction begins. 
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Impulses are transmitted through the conduction system, including the bundle of His and the right and left bundle branches, enabling 
coordinated ventricular depolarization and contraction (Kunzendorf et al. np).

    As ventricular pressure rises above atrial pressure, the atrioventricular valves close. Initially, pressure increases without volume 
change because the semilunar valves remain closed, producing isovolumetric contraction. When ventricular pressure exceeds pres-
sure in the outflow tracts, the semilunar valves open and blood is ejected. The volume of blood remaining in the ventricle at the end of 
systole is termed end-systolic volume, often discussed in relation to afterload. Stroke volume represents the amount of blood ejected 
per beat. Ejection fraction is calculated as stroke volume divided by end-diastolic volume and is commonly approximated near 60% in 
typical physiological states. After ejection, ventricular pressure falls, semilunar valves close, and isovolumetric relaxation begins again, 
restarting the cycle (Kunzendorf et al. np).

Disorders Affecting the Cardiac Cycle

     The cardiac cycle depends on precise electrical signaling and coordinated mechanical contraction to maintain effective circulation. 
Disruptions in timing, conduction, or pressure relationships can impair cardiac output and systemic perfusion. Some disturbances 
arise acutely, such as those caused by electrolyte abnormalities, while others develop gradually and may progress to structural dys-
function or heart failure

Electrolyte Imbalance

     Electrolytes, including sodium, potassium, calcium, and chloride, are essential components of both intracellular and extracellular en-
vironments. They play a critical role in generating and propagating cardiac action potentials. Potassium (K⁺), in particular, is central to 
establishing resting membrane potential and regulating repolarization dynamics. Variations in extracellular potassium concentration 
significantly influence membrane excitability and conduction velocity. Both hyperkalemia and hypokalemia can destabilize cardiac 
electrical activity and may become life-threatening due to their effects on rhythm generation and impulse propagation (Kimura et al. 
np).

Hyperkalemia

     Hyperkalemia refers to an abnormally elevated concentration of potassium ions in the bloodstream. Increased extracellular potas-
sium alters the electrochemical gradient across the cardiac cell membrane, resulting in a less negative resting membrane potential 
and an initially more excitable state. As potassium levels continue to rise, sodium channel activity becomes impaired, reducing sodium 
influx during depolarization. This slows the formation of action potentials and delays impulse conduction through cardiac tissue. One 
important mechanism involves slowed atrioventricular nodal conduction, which can impair transmission of depolarization waves 
from the atria to the ventricles (Palmer et al. np).

    Rapid-onset hyperkalemia represents the most clinically dangerous presentation. Symptoms may be absent in some individuals, 
while others experience chest discomfort, dyspnea, muscle weakness or paralysis, and palpitations. Characteristic electrocardiograph-
ic findings often include: tall, peaked T waves resulting from accelerated repolarization, flattened or widened P waves due to atrial 
conduction impairment, prolongation of the PR interval reflecting slowed conduction from the sinoatrial node to the atrioventricular 
node, and widening of the QRS complex, which may eventually merge with the T wave as conduction deteriorates. Progressive electri-
cal dysfunction reduces myocardial contractility, leading to decreased cardiac output, cardiac enlargement, and potentially life-threat-
ening circulatory compromise.

Hypokalemia

    Hypokalemia describes a critically low concentration of potassium ions in the blood. Reduced extracellular potassium increases the 
electrochemical gradient across the cardiac membrane, producing a more negatively charged resting potential. Although this state 
may initially increase cellular excitability, abnormal repolarization and conduction instability often develop (Noori et al. np). Purkinje 
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fibers are particularly sensitive to fluctuations in potassium concentration, making ventricular conduction vulnerable to disruption.

   Ectopic beats may occur when regions outside the primary pacemaker become electrically active. These abnormal impulses can 
trigger disorganized ventricular contractions and various arrhythmias. Sudden reductions in serum potassium may also inhibit potas-
sium channels responsible for repolarization, prolonging recovery time between action potentials and increasing the risk of reentrant 
electrical circuits (Noori et al. np). Electrocardiographic findings associated with hypokalemia include: flattened or inverted T waves, 
prominent U waves, ST-segment depression, and prolonged QT intervals. These abnormalities interfere with coordinated contraction, 
reducing the heart’s ability to pump blood efficiently.

Heart Failure

     Heart failure is a clinical syndrome in which the heart cannot pump sufficient blood to meet metabolic demands. It commonly devel-
ops as a consequence of structural or functional impairment affecting ventricular contraction or relaxation. Systolic dysfunction occurs 
when the ventricles lose contractile strength or encounter increased afterload, while diastolic dysfunction arises when ventricular 
relaxation is impaired or myocardial stiffness increases (Groenewegen et al. 1343).

     Clinical presentation varies depending on whether the left or right side of the heart is primarily affected. Left-sided heart failure is 
frequently associated with chronic hypertension, valvular disease, or dilated cardiomyopathy (Groenewegen et al. 1347). Typical man-
ifestations include: shortness of breath, paroxysmal nocturnal dyspnea, orthopnea, and persistent cough, sometimes with discolored 
sputum. Right-sided heart failure may develop secondary to pulmonary hypertension, tricuspid valve disorders, pulmonary stenosis, 
or progression from left-sided failure (Groenewegen et al. 1349). Clinical features often include: peripheral edema, sacral edema, 
ascites, generalized swelling (anasarca), hepatosplenomegaly, and cardiac cachexia and unintended weight loss. Although compensa-
tory mechanisms can temporarily maintain circulation, symptomatic heart failure is typically progressive and carries a risk of acute 
decompensation during illness or treatment nonadherence.

Cardiac Valves 

     Valves regulate blood flow between the atria and ventricles and from the ventricles into the arterial system. They open in response 
to forward pressure gradients and close when pressure reverses, preventing retrograde flow. During ventricular contraction, a small 
volume of blood initially attempts to move backward toward the atria; closure of the atrioventricular valves prevents this. Similarly, 
semilunar valves close during ventricular relaxation to prevent arterial blood from returning to the ventricles (Ryan et al. 294). This 
coordinated valve function ensures efficient, unidirectional circulation.

Layers of the Heart

     The heart wall consists of three structural layers: the endocardium, myocardium, and epicardium.

Endocardium

     The endocardium forms the smooth inner lining of the heart chambers. Its uninterrupted surface prevents blood from contacting 
underlying collagen, which could trigger clot formation. Thrombi originating within the heart may embolize into systemic circulation 
if the surface becomes damaged.

Myocardium

     The myocardium is the thick muscular middle layer responsible for generating the force required for cardiac pumping. It consists 
primarily of cardiac muscle fibers interwoven with connective tissue and occasional adipose deposits (Ryan et al. 297). Myocardial 
thickness varies by chamber, with the left ventricle possessing the thickest wall due to the greater pressure required for systemic 
circulation.
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Epicardium

     The epicardium forms the outermost layer and consists of connective tissue covered by epithelial cells. This layer reduces friction 
within the pericardial cavity and stabilizes the heart within the thoracic space while allowing controlled movement during contraction.

Coronary Blood Flow 

    Continuous cardiac activity requires a constant supply of oxygen and metabolic substrates. Coronary arteries deliver oxygenated 
blood to myocardial cells, supporting aerobic metabolism and energy production (Goodwill et al. 321). Due to the thickness of the myo-
cardial wall, diffusion from intracardiac blood alone is insufficient to meet metabolic demands. Coronary capillaries remove metabolic 
by-products such as carbon dioxide and water, which are subsequently cleared by pulmonary and renal systems.

     Insufficient coronary blood flow impairs myocardial energy production, leading to reduced contractile performance. Individuals ex-
periencing inadequate oxygen delivery to the heart muscle may develop shortness of breath, fatigue, dizziness, syncope, or myocardial 
infarction. Adequate coronary perfusion is therefore essential for sustained cardiac function.

Cardiac Adaptability 

    Cardiac output must adjust continuously to meet changing metabolic demands. Increased physical activity elevates tissue oxygen 
consumption and waste production, requiring enhanced circulation. Adjustments in stroke volume and heart rate allow rapid modu-
lation of blood flow. Negative feedback mechanisms involving neural and hormonal signaling regulate heart rate and vascular tone to 
maintain homeostasis (Guarina et al. 154).

     The autonomic nervous system monitors internal physiological changes and modifies cardiac performance accordingly. Hormonal 
influences further modulate cardiac output, while intrinsic myocardial mechanisms regulate stroke volume through changes in pre-
load and contractility.

Age-Related Changes in the Heart  
Resting Conditions 

     Aging introduces structural and functional modifications to cardiac tissue; however, resting cardiac output typically remains stable. 
Compensatory mechanisms include increased circulating norepinephrine levels and subtle structural adaptations within the atria and 
myocardium that help preserve contractile performance (Ganeshan et al. 340).

Cardiac Adaptability

     The ability to increase cardiac output during physical exertion gradually declines with age. Despite this change, compensatory in-
creases in stroke volume help maintain overall circulatory capacity. Rising norepinephrine levels during exertion appear to support 
these adjustments, particularly in older individuals (Ganeshan et al. 340).

     One unfavorable age-related change is increased residual blood volume in the left ventricle following contraction. Reduced efficiency 
of ventricular emptying may contribute to pulmonary congestion and elevated pulmonary capillary pressure, increasing the risk of 
pulmonary edema during strenuous activity. As a result, older individuals may experience earlier onset of fatigue and dyspnea.

     Cardiac efficiency also decreases with age as myocardial tissue becomes thicker and less compliant, increasing oxygen demand de-
spite similar pumping volumes (Niemczyk et al. 5362). While healthy coronary arteries can adapt through dilation, reduced coronary 
perfusion increases vulnerability to ischemic events, particularly during exercise (Cui et al. n.p).

Exercise and the Aging Heart 

    Exercise has been widely studied for its effects on younger individuals; however, fewer studies have focused specifically on how 
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structured training influences the aging heart. Current evidence suggests that regular physical activity may improve stroke volume and 
cardiac efficiency without significantly altering resting heart rate or maximal heart rate. Some findings also indicate a reduced heart 
rate requirement during peak exertion and minimal change in resting heart rate with advancing age (Niemczyk et al. 5362). Ongoing 
research is expected to further clarify the potential benefits of exercise for older populations. In addition to direct cardiac effects, con-
sistent physical activity supports vascular health, metabolic balance, and overall cardiovascular resilience.

     For meaningful physiological adaptation in older adults, exercise programs must include moderately strenuous activity performed 
consistently over extended periods. Sessions conducted every few days appear necessary to maintain measurable improvements. Ex-
ercise intensity, duration, and frequency all influence outcomes, whereas brief or infrequent low-intensity activity shows limited ben-
efit for the aging myocardium (Niemczyk et al. 5362). Positive changes in cardiac output may occur within days to weeks of initiating 
training, while discontinuation of exercise can reverse these adaptations within a similar timeframe.

Adaptation of The Heart to Its Functions

    Structural features of the heart reflect its functional demands. Ventricular walls are thicker than atrial walls because they must 
generate greater pressure during blood ejection. The right ventricle pumps blood to the lungs at relatively low pressure, while the left 
ventricle possesses a substantially thicker myocardium to support systemic circulation (Seo et al. 160).

     Two sets of valves regulate blood flow and prevent backflow: atrioventricular valves between the atria and ventricles, and semilunar 
valves located at the ventricular outflow tracts. Semilunar valves at the base of the great arteries open during ventricular contraction 
and close during relaxation, preventing retrograde movement of blood. Septal structures further support efficient circulation. The atri-
al septum separates the upper chambers, and the ventricular septum divides the lower chambers, preventing the mixing of oxygenated 
and deoxygenated blood (Seo et al. 160).

    Cardiac muscle differs from skeletal muscle in its resistance to fatigue and its reliance on aerobic metabolism. Continuous oxygen 
delivery through the coronary arteries supports sustained myocardial contraction and energy production.

Heart Disorders

     Although overall cardiac output does not decline dramatically with age under resting conditions, the prevalence of cardiovascular 
disease increases over time. Greater exposure to environmental and metabolic stressors, combined with longer latency periods for 
disease progression, contributes to rising incidence rates. Cardiovascular disease represents one of the leading causes of medical con-
sultation, functional limitation, and mortality among older adults (Seo et al. 160).

Coronary Artery Disease 

     Coronary artery disease is among the most common and clinically significant cardiac conditions associated with aging.

Functions of Coronary Arteries

     Coronary arteries supply oxygen and nutrients directly to the myocardium. Under resting conditions, coronary blood flow is general-
ly sufficient to meet metabolic demands. During increased physical activity or emotional stress, myocardial oxygen requirements rise 
as heart rate, contractility, and ventricular wall tension increase. Healthy coronary vessels respond by dilating, allowing greater blood 
flow and maintaining energy production within cardiac cells (Nakamura et al. 863). This adaptive capacity is critical for maintaining 
cardiac performance during periods of heightened workload.

Effects of Atherosclerosis

     Atherosclerosis gradually narrows coronary arteries through the accumulation of lipid-rich plaque within vessel walls (Nakamura 
et al. 863). As plaque develops, arterial elasticity decreases, limiting the vessel’s ability to expand during increased oxygen demand. 
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The endothelial surface may become irregular, exposing collagen fibers that promote clot formation. Reduced blood flow creates an 
imbalance between oxygen supply and myocardial demand.

     When oxygen delivery becomes insufficient, cardiac muscle cells shift toward anaerobic metabolism, producing lactic acid and con-
tributing to cellular dysfunction (Lee et al. 443). Persistent ischemia weakens myocardial contraction, reduces systemic blood flow, 
and compromises organ function. The brain, kidneys, lungs, and heart itself are particularly vulnerable to reduced oxygen delivery due 
to their high metabolic requirements.

     Episodes of temporary oxygen imbalance may produce angina, characterized by chest discomfort that subsides when cardiac work-
load decreases. Prolonged oxygen deprivation leads to myocardial infarction, during which cardiac muscle cells undergo irreversible 
damage. Structural changes following infarction can impair valve function, promote clot formation, and increase the risk of stroke. 
Survivors often face long-term challenges, including reduced cardiac efficiency and changes in daily functioning (Lee et al. 443).

Risk Factors

    Despite the seriousness of coronary artery disease, many contributing factors are modifiable. Advances in lifestyle awareness, 
preventive medicine, and clinical management have significantly reduced cardiovascular mortality over recent decades (Fruchart et 
al. 15). The coexistence of multiple risk factors amplifies cardiovascular risk in a multiplicative manner rather than an additive one, 
underscoring the importance of comprehensive prevention strategies that address metabolic, behavioral, and physiological influences 
simultaneously.

Smoking

    Tobacco exposure elevates blood pressure, promotes endothelial dysfunction, and introduces oxidizing chemicals that accelerate 
plaque formation within arterial walls. Nicotine stimulates sympathetic nervous system activity, increasing heart rate and vascular 
resistance. Combined exposure to smoking and hormonal contraceptives significantly elevates cardiovascular risk, particularly among 
women, highlighting the importance of smoking cessation as a primary preventive strategy (Fruchart et al. 15).

High Blood Pressure

    Chronic hypertension contributes to repeated injury of arterial walls, triggering inflammatory repair processes that lead to scar 
formation and plaque accumulation. Elevated pressure increases myocardial workload and oxygen demand, promoting long-term 
structural remodeling of the heart muscle (Song et al. n.p). Regular monitoring and management of blood pressure become increas-
ingly important with advancing age due to progressive arterial stiffening.

High Blood LDL Levels

    Low-density lipoproteins (LDLs) transport cholesterol through the bloodstream and contribute to plaque development when pres-
ent in excess. High-density lipoproteins (HDLs) assist in removing cholesterol from circulation and transporting it to the liver for 
processing. Age-related metabolic changes often lead to increased LDL levels and reduced HDL levels, increasing susceptibility to 
atherosclerosis.

    Dietary patterns influence lipid balance. Limiting cholesterol and saturated fat intake may help regulate LDL levels. Foods high in 
saturated lipids include egg yolks, dairy products containing milk fat or cream, red meats such as beef and pork, solid shortening, and 
oils such as palm and coconut oil. Heavy alcohol consumption is associated with increased LDL levels and should be avoided, whereas 
moderate intake combined with regular physical activity may support healthier lipid profiles (Song et al. n.p). Individuals with elevat-
ed LDL-to-HDL ratios are often advised to seek clinical evaluation.
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Diabetes Mellitus

     Diabetes mellitus alters lipid metabolism and vascular function, increasing the likelihood of atherosclerotic plaque formation. Lipo-
proteins containing cholesterol and triglycerides circulate in higher concentrations, contributing to endothelial damage and reduced 
vascular flexibility (Chu et al. 49). Elevated LDL levels and declining HDL levels are commonly observed with advancing age and meta-
bolic dysfunction. Dietary management, lipid monitoring, and medical guidance may support risk reduction.

Family History

    Genetic predisposition plays a role in the development of coronary artery disease, although the exact mechanisms remain incom-
pletely understood. Individuals with a family history of cardiovascular conditions may inherit metabolic traits that influence lipid 
processing, blood pressure regulation, or inflammatory responses. While genetic risk cannot be modified, awareness allows for earlier 
monitoring and proactive management of modifiable factors.

Advancing Age

     Age increases cardiovascular risk through multiple mechanisms. Arterial stiffness reduces vascular compliance, while myocardial 
efficiency declines, increasing oxygen requirements for the same level of cardiac output. Aging is also associated with higher blood 
pressure, increased LDL levels, reduced HDL levels, greater prevalence of diabetes, and decreased physical activity (Chu et al. 49). 
Although aging itself cannot be prevented, lifestyle interventions may mitigate its physiological impact.

Additional Risk Factors 
High Blood Homocysteine

     Homocysteine (Hcy) is a metabolic byproduct of methionine breakdown. Elevated levels are associated with increased risk of vascu-
lar inflammation and atherosclerosis. Vitamin B6 and vitamin B12 play essential roles in homocysteine metabolism, and deficiencies 
may contribute to elevated levels (Chu et al. 49). Age, menopause, dietary patterns, and certain genetic conditions may influence ho-
mocysteine concentrations. Adequate nutritional intake and clinical monitoring can help maintain balance.

Physical Inactivity

     Sedentary lifestyles reduce cardiovascular conditioning and limit myocardial efficiency. Like other muscles, the heart weakens when 
underused, reducing its ability to respond to sudden increases in physical demand. Physical inactivity contributes to elevated blood 
pressure, unfavorable lipid ratios, and increased stress levels, all of which promote atherosclerosis (Chu et al. 49). Regular physical 
activity supports vascular health, improves lipid balance, and enhances psychological resilience.

Obesity

    Excess body weight increases cardiac workload and contributes to hypertension, dyslipidemia, insulin resistance, and metabolic dys-
function. Fat deposition may impair cardiac efficiency and increase systemic inflammation. Structured dietary adjustments combined 
with consistent physical activity can help reduce obesity-related cardiovascular risk.

Chronic Emotional Stress

   Persistent psychological stress elevates blood pressure and contributes to vascular inflammation. Behavioral interventions such 
as exercise, recreational activities, structured relaxation techniques, and professional counseling may help reduce chronic stress re-
sponses and support cardiovascular health (Chu et al. 49).

Menopause

     Hormonal changes associated with menopause reduce the protective effects of estrogen and progesterone on vascular tissues. Sur-
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gical removal of the ovaries produces similar physiological changes. Hormone replacement therapy may be considered in certain cases 
under specialist supervision (Fruchart et al. 15).

Male Gender

     Historically, men have demonstrated higher rates of coronary artery disease, partly due to increased exposure to risk factors. How-
ever, incidence among women rises after menopause as hormonal protection declines.

Personality and Behavioral Patterns

   Certain high-stress behavioral traits, including perfectionism, time urgency, and competitiveness, have been associated with in-
creased cardiovascular risk. Current evidence suggests that chronic stress responses rather than personality traits alone contribute 
to disease development.

Abnormally High Iron Levels

     Elevated iron levels may promote oxidative stress and encourage LDL accumulation within arterial walls. Excess iron can also con-
tribute to free radical formation, potentially damaging vascular tissue (Fruchart et al. 15). Management strategies may include dietary 
adjustments, monitoring iron intake, and medical evaluation when necessary.

Periodontal Disease

    Emerging evidence suggests a relationship between periodontal disease and cardiovascular conditions, including atherosclerosis 
and stroke. Potential mechanisms include systemic inflammation, bacterial toxin exposure, and endothelial dysfunction triggered by 
oral pathogens (Chu et al. 49).

Congestive Heart Failure 

     The prevalence and severity of congestive heart failure (CHF) increase significantly with advancing age. In the United States, CHF 
affects an estimated three million individuals, with approximately 400,000 new diagnoses occurring each year. More than 75 percent 
of reported cases occur in individuals over the age of 65. Epidemiological data indicate that prevalence doubles with each decade after 
age 45, and nearly 10 percent of individuals older than 80 years are affected (Fruchart et al. 15). CHF remains one of the leading causes 
of hospitalization among older adults and is strongly associated with disability, reduced independence, and increased mortality risk. 
Projections suggest that the overall incidence rate may rise substantially by 2040.

     Conditions that weaken myocardial structure or impair cardiac function are primary contributors to CHF. Coronary artery disease, 
chronic hypertension, valvular abnormalities, obesity, and renal disease represent major underlying causes. Long-term physiologi-
cal stress forces the heart to adapt structurally. In early stages, the myocardium thickens and enlarges in an attempt to compensate 
for increased workload (Song et al. n.p). Although these adaptations initially enhance contractile strength, prolonged stress leads to 
pathological remodeling characterized by ventricular dilation, myocardial stiffening, and reduced pumping efficiency.

     As cardiac output declines, blood accumulates within the chambers of the heart, leading to reduced forward flow to vital organs. De-
creased perfusion results in progressive organ dysfunction, while elevated pressures within pulmonary circulation contribute to fluid 
accumulation in lung tissue, commonly referred to as pulmonary edema (Chu et al. 49). Individuals with CHF frequently experience 
shortness of breath, fatigue, and decreased tolerance to physical activity. Peripheral circulation may also be compromised, leading to 
swelling, discomfort, and vascular complications in the lower extremities. Over time, continued enlargement and thickening of the 
heart exacerbate functional decline. Without appropriate intervention, progressive myocardial weakening and increased systemic 
demand can ultimately lead to life-threatening cardiac failure.
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Valvular Heart Disease 

    Severe valvular heart disease can contribute significantly to the development or progression of congestive heart failure when left 
untreated. Damage to cardiac valves often results from chronic heart disease or inflammatory conditions such as rheumatic fever, 
which may cause valve deformation or incomplete closure (Vahanian et al. 600). When valves fail to close properly, blood flows back-
ward during each cardiac cycle, a condition known as regurgitation. This backward flow reduces forward cardiac output and increases 
workload on the heart.

   Valve dysfunction places mechanical stress on myocardial tissue, leading to compensatory hypertrophy and eventual structural 
fatigue. Over time, impaired valve performance disrupts hemodynamic balance, contributing to symptoms such as fatigue, reduced 
exercise tolerance, and progressive circulatory insufficiency.

Blood Vessels 

     Blood travels throughout the body via an extensive network of vessels that includes arteries, arterioles, capillaries, venules, and 
veins (Samuel et al. n.p). Arteries carry blood away from the heart and branch into progressively smaller arterioles, which regulate 
blood flow into capillary networks. Capillaries serve as the primary sites of exchange between blood and tissues. After exchange 
occurs, blood enters venules and then larger veins, which return it to the heart. The arterial system operates under higher pressure 
and therefore possesses thick, resilient vessel walls with a round profile. In contrast, veins function under lower pressure, have larger 
lumens, and display thinner walls that may appear flattened when not filled with blood.

Layers of the Vascular Wall

     Most blood vessels are composed of three structural layers that work together to support vascular integrity and regulate blood flow. 
The tunica intima forms the innermost lining and consists of simple squamous epithelium supported by a thin layer of connective 
tissue, creating a smooth endothelial surface that promotes efficient circulation (Samuel et al. n.p). Surrounding this layer is the tunica 
media, a thicker middle region composed primarily of smooth muscle and elastic connective tissue that allows the vessel to adjust its 
diameter through vasoconstriction and vasodilation in response to physiological demands. The tunica externa forms the outer con-
nective tissue layer that anchors the vessel to surrounding structures and provides structural support, and in veins this layer often 
contains a greater proportion of connective tissue compared to arteries. Capillaries differ structurally from other vessels because they 
consist primarily of a single endothelial layer, an adaptation that supports rapid diffusion and exchange of gases, nutrients, and meta-
bolic waste between blood and tissues.

Arteries

    Arteries transport blood away from the heart and play a central role in maintaining circulation throughout the body. Pulmonary 
arteries carry deoxygenated blood from the right ventricle to the lungs for gas exchange, while systemic arteries distribute oxygenat-
ed blood from the left ventricle to tissues and organs (Reynolds et al. 639). Large elastic arteries emerging from the heart gradually 
branch into smaller muscular arteries and arterioles. Arterioles contribute significantly to peripheral vascular resistance and regulate 
blood flow into capillary networks. At any given time, approximately 10 percent of total blood volume is contained within the systemic 
arterial system.
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Figure 1: Artery. A representative arterial wall demonstrating the three-layered organization 
described above: a smooth endothelial tunica intima, a prominent smooth-muscle tunica 

media responsible for diameter control, and a connective tissue tunica externa that provides 
anchoring support and elastic reinforcement (Reynolds et al. 639).

Capillaries

     Capillaries are the smallest and most numerous blood vessels and form the interface between arterial and venous circulation (Reyn-
olds et al. 639). Their primary role is to enable exchange of oxygen, nutrients, hormones, and metabolic waste between blood and 
surrounding tissues. Capillary density varies according to metabolic demand. Highly active tissues such as skeletal muscle, liver, and 
kidneys possess dense capillary networks, while connective tissues contain fewer capillaries. Certain structures, including the epider-
mis and the lens and cornea of the eye, lack capillary networks entirely. Approximately 5 percent of total blood volume resides within 
systemic capillaries, while pulmonary capillaries account for a significant portion of gas exchange within the lungs. Smooth muscle 
at the arteriolar level regulates entry of blood into capillary beds, allowing tissues to adjust perfusion according to metabolic needs.

Figure 2: Capillaries.
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Veins

     Veins return blood to the heart following tissue exchange. Blood moves from capillaries into venules, then into progressively larger 
veins before reaching the heart. In pulmonary circulation, pulmonary veins carry oxygenated blood from the lungs to the left atrium 
(Samuel et al. n.p). Systemic veins return deoxygenated blood from body tissues to the right atrium. Veins generally have thinner, more 
compliant walls than arteries, allowing them to hold larger volumes of blood at lower pressure. More than 70 percent of total blood 
volume is contained within the venous system at any given time (Samuel et al. n.p). Venous valves support forward flow, particularly 
in the limbs where gravity opposes venous return, by preventing retrograde movement of blood.

Figure 3: Veins.

Blood Vessel Disorders

    Blood vessel illnesses are collectively referred to as vascular diseases and involve abnormalities affecting arteries, veins, and lym-
phatic vessels within the circulatory system. These vessels form an extensive network that transports blood and fluid throughout the 
body, supplying vital organs such as the heart, lungs, liver, intestines, brain, and extremities with oxygen and nutrients. Arterial dis-
eases occur when structural or functional damage affects artery walls, disrupting blood flow and increasing the risk of ischemic injury 
(Libby 139). Venous diseases involve impaired return of blood to the heart, often due to valve dysfunction or clot formation, while 
disorders of the lymphatic system interfere with fluid balance and immune regulation. Numerous conditions fall under the umbrella 
of vascular disease, and while mechanisms differ, many share inflammatory and atherosclerotic pathways.

Atherosclerosis (Hardening or Narrowing of the Arteries)

    Atherosclerosis develops when lipid-rich plaque accumulates within arterial walls, gradually narrowing the vessel lumen and re-
stricting blood flow to tissues and organs (Libby 139). Over time, plaque deposits reduce oxygen delivery and impair organ function. 
Plaques may rupture or promote clot formation, and fragments can travel through the circulation to obstruct smaller vessels. Severe 
obstruction leads to ischemia, increasing the risk of heart attack, stroke, or tissue injury. Tobacco use, elevated cholesterol, and di-
abetes are common contributors, and atherosclerosis frequently affects multiple vascular beds simultaneously, including coronary 
arteries, carotid arteries, femoral arteries, and the aorta.

    Several vascular disorders may arise as direct consequences of atherosclerosis. Carotid artery disease involves narrowing of the ma-
jor neck arteries that supply the brain and increases stroke risk when plaque or clots dislodge. Coronary artery disease (CAD) occurs 
when plaque restricts blood flow to the heart muscle, potentially causing angina or myocardial infarction. Mesenteric artery disease af-
fects intestinal perfusion and may produce abdominal pain, weight loss, and digestive disturbances. Peripheral arterial disease (PAD) 
reduces circulation to the legs and feet and can result in ulcers, pain, or critical limb ischemia. Renovascular disease involves narrow-
ing of renal arteries and may contribute to hypertension and progressive kidney dysfunction. Vertebrobasilar insufficiency disrupts 
blood flow to the brainstem and may cause dizziness, balance disturbance, and visual changes (Tyrrell et al. 64).
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Aneurysms 

     An aneurysm is a localized balloon-like dilation of an artery caused by weakening of the vessel wall (Wanhainen et al. 33). The aorta 
is particularly vulnerable due to the high pressures it withstands, though aneurysms may also occur in cerebral or peripheral arteries. 
Progressive weakening allows the vessel to expand, raising rupture risk and constituting a medical emergency. Abdominal aortic an-
eurysms develop in the lower aorta, whereas thoracic aortic aneurysms occur within the chest. Aortic dissection involves a tear in the 
inner aortic layer, allowing blood to separate vessel wall layers and severely disrupt circulation. Cerebral aneurysms may rupture and 
cause hemorrhagic stroke, often presenting with sudden severe headache and neurological symptoms (Wanhainen et al. 33).

Venous Thrombosis

     Venous thrombosis refers to formation of blood clots within veins, which may obstruct circulation or travel to other regions (Wan-
hainen et al. 33). Risk factors include trauma, prolonged immobility, surgery, obesity, pregnancy, cancer, and certain medications. Deep 
vein thrombosis (DVT) typically occurs in large veins of the legs or arms and can produce swelling, pain, and pressure. Pulmonary em-
bolism (PE) is a potentially life-threatening complication that occurs when a clot migrates to the lungs, producing chest pain, breathing 
difficulty, and rapid heart rate. Superficial vein thrombosis (SVT) affects veins closer to the skin surface and generally produces more 
localized symptoms. Anticoagulant therapy is commonly used to limit clot growth and reduce recurrence risk.

Varicose Veins and Venous Insufficiency 

    When venous valves weaken or fail, blood can pool in the lower limbs and contribute to varicose veins, which appear enlarged, 
twisted, and visible beneath the skin (Youn et al. 269). Symptoms may include aching, burning, swelling, or skin discoloration. Chronic 
venous insufficiency (CVI) develops when persistent valve dysfunction limits venous return, leading to edema, itching, ulcer formation, 
and progressive tissue changes.

Lymphedema

    Lymphedema is characterized by significant swelling of the arms or legs resulting from impaired lymphatic drainage. Damage to 
lymphatic vessels after surgery, infection, or congenital abnormalities can disrupt fluid balance and lead to persistent tissue swelling 
and discomfort.

Vascular Birth Defects

    Congenital vascular malformations (CVMs) are rare developmental abnormalities in which blood vessels form improperly (Youn 
et al. 269). These defects may involve arteries, veins, or both and can present with swelling, altered circulation, or skin discoloration. 
Port-wine stains are one example of vascular birthmarks associated with malformations.

Inflammatory Vascular Disease (Vasculitis)

    Vasculitis refers to inflammation of blood vessels resulting from immune-mediated processes. It can damage vessel walls, reduce 
blood flow, and increase the risk of aneurysm formation (Yang et al. 1920). Large-vessel forms include giant cell arteritis and Takayasu 
arteritis; medium-vessel disorders include polyarteritis nodosa and Kawasaki disease; and small-vessel conditions include hypersen-
sitivity vasculitis, Behçet’s syndrome, and granulomatosis with polyangiitis. Autoimmune diseases such as rheumatoid arthritis or lu-
pus may also trigger vascular inflammation. Buerger’s disease (thromboangiitis obliterans) is a rare inflammatory condition strongly 
associated with tobacco use that restricts blood flow to extremities and may lead to ulcers and chronic pain.

Vasospasm

    Vasospasm involves transient constriction of blood vessels that reduces circulation to affected tissues. Raynaud’s phenomenon is 
a common example, characterized by color changes in fingers or toes due to reduced blood flow, often triggered by cold exposure or 
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emotional stress (Yang et al. 1920). Severe cases may lead to tissue ischemia or nonhealing wounds.

Other Vascular Conditions

     Additional vascular disorders include vascular steal syndrome, in which blood is diverted away from a target region due to arterial 
obstruction, and compression syndromes where vessels or nerves are compressed by surrounding structures. Thoracic outlet syn-
drome (TOS) occurs when vessels or nerves exiting the chest become compressed, causing arm pain, swelling, or numbness (Chen et 
al. 135). Popliteal entrapment syndrome involves compression behind the knee and may produce leg pain during activity or increased 
clot risk.

Adaptation of the Blood Vessels to Their Functions

    Blood vessels exist in several structural forms, each specialized to support the pressures, flow patterns, and exchange demands of 
circulation. Despite these differences, all vessels share foundational design features, including a hollow lumen and a wall organized to 
regulate transport and maintain integrity. Arteries and arterioles are positioned closer to the heart and must tolerate higher intravas-
cular pressures generated by ventricular contraction, which contributes to their thicker walls compared with veins and venules (Qiu 
et al. 296). Arterial lumens are typically narrower than venous lumens, a feature that helps maintain pressure as blood moves through 
the vascular tree. In cross-section, arteries often appear more circular because their thicker walls resist collapse, whereas veins more 
commonly appear irregular or flattened due to thinner walls and lower internal pressure.

    As blood moves through capillary networks and enters venules, vascular pressure decreases substantially. Because venules and veins 
function at lower pressures, their walls can remain thinner and their lumens wider, enabling a large volume of blood to return to the 
heart with relatively low resistance (Campinho et al. 552). Many veins, especially those in the extremities, contain valves that reinforce 
one-way blood flow. These valves are particularly important when venous pressure is low and gravity promotes pooling in the limbs, 
slowing venous return.

     The walls of arteries and veins consist largely of living cells supported by collagenous and elastic fibers that provide strength and 
compliance. In large vessels, diffusion from blood within the lumen cannot adequately nourish the entire thickness of the vessel wall, 
particularly because blood moves quickly through large arteries and the walls are relatively thick (Campinho et al. 552). To address 
this limitation, large arteries and veins contain specialized microvessels called the vasa vasorum (“vessels of the vessel”), which supply 
nutrients and assist in waste removal for the vessel wall. In arteries, high intraluminal pressure limits vasa vasorum function mainly 
to the outer layers because internal extension risks collapse. In veins, lower intraluminal pressure allows the vasa vasorum to extend 
closer to the lumen (Campinho et al. 552). Both arterial and venous walls also contain small autonomic nerve fibers that regulate 
smooth muscle tone and influence constriction and relaxation; these fibers are collectively termed the nervi vasorum.

    The walls of arteries and veins are organized into three major layers, traditionally called tunics (from the Latin tunica, meaning 
“clothing”): the tunica intima, tunica media, and tunica externa.

Tunica Intima

    The tunica intima, also called the tunica interna, forms the innermost lining of the vascular system and consists of epithelial and 
connective tissue components. Its lumen-facing surface is covered by endothelium, a specialized simple squamous epithelium that 
also lines the heart chambers (Cao et al. 835). Endothelial integrity is essential for normal circulation, because injury exposes under-
lying collagen fibers and increases the likelihood of clot formation. Although the endothelium was historically considered primarily a 
passive barrier, it is now recognized as an active regulatory interface involved in vascular tone, capillary exchange, and local control 
of blood flow (Cao et al. 836). Endothelial cells can produce endothelin, a potent vasoconstrictor that increases vessel tone and can 
elevate blood pressure; excessive endothelin signaling has been implicated in hypertension and cardiovascular disease.
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Figure 4: (a) Arteries and (b) veins share the same general features, but the walls of arteries 
are much thicker because of the higher pressure of the blood that flows through them. (c) A 

micrograph shows the relative differences in thickness. LM × 160.

    Beneath the endothelium lies the basement membrane (basal lamina), which anchors endothelial cells to underlying connective 
tissue while remaining flexible and selectively permeable (Cao et al. 837). The outer portion of the tunica intima contains areolar 
connective tissue, with elastic fibers supporting compliance and smaller amounts of collagen contributing tensile strength. In larger 
arteries, a distinct internal elastic membrane (internal elastic lamina) borders the tunica intima and supports recoil during pressure 
fluctuations (DuPont et al. 4208). Veins generally lack a clearly defined internal elastic membrane. In many veins, valves form where 
the endothelium thickens and is reinforced by connective tissue, producing flap-like projections into the lumen that support unidirec-
tional flow.

Tunica Media

     The tunica media is the muscular middle layer of the vessel wall and is typically more developed in arteries than in veins (DuPont et 
al. 4209). It consists primarily of smooth muscle supported by elastic fibers and connective tissue that organize contractile layers into 
functional rings. Contraction of smooth muscle narrows the lumen and increases resistance (vasoconstriction), whereas relaxation 
widens the lumen (vasodilation), reducing resistance and lowering blood pressure (DuPont et al. 4211). Regulation of vascular tone 
depends on neural and chemical input, including sympathetic autonomic fibers within the vessel wall and signaling molecules pro-
duced locally or circulated systemically (Cao et al. 832). In larger arteries, an external elastic membrane (external elastic lamina) may 
separate the tunica media from the tunica externa, though this feature is uncommon in veins and smaller arteries (DuPont et al. 4211).
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Tunica Externa

     The tunica externa, also known as the tunica adventitia, forms the outer protective and anchoring layer of the vessel wall. It consists 
largely of collagen fibers that provide structural support, with fewer elastic fibers than the tunica media. In veins, the tunica externa 
may contain smooth muscle fibers and can be relatively prominent (Sahu et al. 274). Its outer boundary blends into surrounding 
connective tissue, stabilizing the vessel within its anatomical environment and helping prevent kinking or disruption of flow during 
movement.

Arteries

     Arteries transport blood away from the heart and must withstand high pressures produced by cardiac ejection (Tansey et al., 2019). 
The arteries closest to the heart have the thickest walls and contain abundant elastic fibers across all three tunics. Elastic arteries are 
typically larger than 10 mm in diameter and expand during ventricular systole, then recoil as pressure decreases. This recoil helps 
maintain pressure gradients that keep blood moving forward during diastole. Because they accept large volumes of blood and distrib-
ute flow to smaller branches, elastic arteries are also referred to as conducting arteries (Tansey et al., 2019).

    Further from the heart, arteries contain fewer elastic fibers in the tunica intima and a higher proportion of smooth muscle in the 
tunica media, forming muscular arteries. Muscular arteries typically range from 1–10 mm in diameter and rely more on vasoconstric-
tion and vasodilation to regulate distribution of blood to body regions. For this reason, muscular arteries are often called distributing 
arteries (Tansey et al., 2019). The shift from elastic to muscular arteries occurs gradually along the vascular tree rather than at a dis-
tinct boundary.

Figure 5: Comparison of the walls of an elastic artery, a muscular artery, and an arteriole. In terms 
of scale, the diameter of an arteriole is measured in micrometers compared to millimeters for 

elastic and muscular arteries.

Arterioles

    Arterioles are smaller branches that ultimately terminate in capillary beds. They contain the same three tunics as larger arteries but 
in thinner form, with an intact endothelial lining in the tunica intima and a tunica media that may contain only one to two layers of 
smooth muscle (Wenceslau et al. H77). Because arterioles often measure 30 micrometers or less in diameter, they contribute substan-
tially to vascular resistance and are therefore termed resistance vessels (Wenceslau et al. H86). Arterioles maintain baseline vascular 
tone through partial smooth muscle contraction and adjust tissue perfusion primarily through vasoconstriction and vasodilation reg-
ulated by neural and chemical signals (Wenceslau et al. H80).

Capillaries

     Capillaries are microscopic vessels that deliver blood directly into tissues (perfusion) and serve as the primary site for exchange be-
tween blood and interstitial fluid, including gases, nutrients, hormones, and metabolic waste products (Cai et al. 102654). The small-
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est capillaries may have a lumen as narrow as 5 micrometers, requiring erythrocytes to pass through in a single file. Capillary walls 
are designed for permeability and consist mainly of endothelium supported by a basement membrane, with minimal smooth muscle 
contribution. Capillary structure varies by tissue and functional demand, and the three major types are continuous, fenestrated, and 
sinusoid capillaries.

     Continuous capillaries are the most common type and contain closely opposed endothelial cells (Höving et al. 2). Their tight junc-
tions restrict permeability, although small molecules may pass through clefts when present. Continuous capillaries in the brain have 
specialized features that support the blood-brain barrier, including dense junctions, fewer clefts, thicker basement membranes, and 
astrocyte end-feet, which collectively limit passage of many substances (Höving et al. 3). Fenestrated capillaries contain pores that 
increase permeability and facilitate absorption and filtration, making them common in the small intestine and kidneys (Nakakura et 
al. 823). They also occur in specialized endocrine regions such as the choroid plexus. Sinusoid capillaries are the rarest type and have 
large gaps and discontinuities that permit movement of larger molecules, including plasma proteins and even cells. Their slow flow 
supports extensive exchange, and they are found in organs such as the liver, spleen, and bone marrow, where high-capacity transfer is 
required (Jakab et al., 2020).

Figure 6: The three major types of capillaries: continuous, fenestrated, and sinusoid.

Metarterioles and Capillary Beds

    Metarterioles are intermediate vessels that combine features of arterioles and capillaries. They are larger than typical capillaries 
and contain discontinuous smooth muscle rings that form precapillary sphincters at capillary entrances (Cicchetti et al., 2019). These 
sphincters regulate blood entry into capillary networks based on tissue metabolic signals. When oxygen is low or waste products 
accumulate, sphincters dilate to increase perfusion; when conditions normalize, sphincters constrict. If sphincters are closed, blood 
may bypass the capillary bed through a thoroughfare channel, producing a functional vascular shunt (Cicchetti et al., 2019). Blood 
flow through capillary beds is therefore dynamic rather than continuous, and vasomotion is influenced by chemical signals related to 
oxygen, carbon dioxide, hydrogen ions, and lactate levels, particularly during exercise or rest (Cicchetti et al., 2019).

Venules

     Venules range from approximately 8–100 micrometers in diameter and connect capillary networks to the venous system. Their walls 
contain endothelium, a thin middle layer with limited muscle cells and elastic fibers, and an outer connective tissue layer (Cao et al. 
837). Venules are key sites for diapedesis, the process by which leukocytes adhere to endothelial surfaces and migrate through vessel 
walls into surrounding tissues, particularly during inflammatory responses.
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Figure 7: In a capillary bed, arterioles give rise to metarterioles. Precapillary sphincters located at the 
junction of a metarteriole with a capillary regulate blood flow. A thoroughfare channel connects the 

metarteriole to a venule. An arteriovenous anastomosis may allow additional shunting pathways.

Veins

     Veins return blood to the heart after tissue exchange and are characterized by thinner walls and larger, more irregular lumens than 
arteries. Because venous pressure is low and gravitational forces can oppose upward blood flow, especially in the lower limbs, larger 
veins contain valves that prevent backflow toward capillaries (Cao et al. 839).

Figure 8: Many veins have valves to prevent back flow of blood, whereas venules do not. In terms 
of scale, the diameter of a venule is measured in micrometers compared to millimeters for veins.
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Veins as Blood Reservoirs and Venous Return

     In addition to transporting blood back to the heart, veins serve as major blood reservoirs. Systemic veins contain approximately 64 
percent of total blood volume at any given time, reflecting their high capacitance and compliance (Thrush 160). Sympathetic stimula-
tion can induce venoconstriction, increasing venous pressure and accelerating return of blood to the heart. Venous reserve refers to 
the volume that can be mobilized through venoconstriction to support redistribution of blood during physiological demand (Thrush 
162).

Disorders of the Cardiovascular System: Edema and Varicose Veins

     Even with venous valves and supportive physiological mechanisms, some blood tends to pool in the lower limbs during the day due 
to gravity. As venous pressure rises, this pressure is transmitted backward through venules to capillaries, promoting movement of flu-
id into interstitial spaces. Edema refers to abnormal accumulation of interstitial fluid and can result from multiple conditions including 
hypertension, heart failure, renal failure, or protein deficiency. Because edema is a symptom rather than a primary disease, treatment 
depends on addressing the underlying cause.

     Varicose veins commonly occur in superficial leg veins when valves fail, allowing blood to pool and distend the vessel. These veins 
may protrude visibly and can cause aching, itching, or throbbing. Varicose veins are more common in women and may be triggered or 
worsened by pregnancy (Gawas 503). Supportive measures include leg elevation and compression garments, while procedural treat-
ments may involve laser therapy or interventional radiology techniques. In severe cases, damaged veins may be surgically removed, 
typically without major disruption to circulation because collateral pathways (anastomoses) can compensate (Gawas 509). Varicose 
veins have also been associated with increased risk of thrombus formation in some clinical contexts.

Blood

     Blood supports whole-body homeostasis by transporting gases, nutrients, signaling molecules, and metabolic byproducts while also 
contributing to immune defense and hemostasis. The circulatory system functions as a distribution and clearance network, delivering 
essential materials to tissues and returning waste products for removal via the lungs, kidneys, and liver.

Transport Functions of Blood 

    A primary transport function of blood is the delivery of oxygen from the lungs to peripheral tissues. Oxygen enters the lungs and 
diffuses across the thin alveolar-capillary membrane into the pulmonary capillaries, where it binds to hemoglobin within red blood 
cells (Diaz-Canestro et al. 334). Red blood cells travel through capillaries in single file, and their biconcave shape, thin membrane, 
flexibility, and high hemoglobin content optimize gas exchange and systemic oxygen delivery (Diaz-Canestro et al. 336). In tissues with 
low oxygen availability, oxygen dissociates from hemoglobin and diffuses into cells to support aerobic metabolism. At the same time, 
carbon dioxide produced by cellular metabolism is collected and transported back to the lungs for elimination during exhalation (Di-
az-Canestro et al. 335–336). Because deoxygenated hemoglobin reflects light differently than oxygenated hemoglobin, venous blood 
appears darker red than arterial blood.

    Blood also distributes nutrients absorbed from the gastrointestinal tract. After digestion, vitamins, minerals, carbohydrates, fats, 
and amino acids enter capillary networks in the small intestine and are carried to tissues according to metabolic demand (Smith et 
al., 2022). Waste products and toxins are transported to organs responsible for clearance and regulation, including filtration of excess 
water and solutes by the kidneys and detoxification and metabolic processing by the liver.

    In addition, blood transports hormones that act as chemical messengers between tissues and organ systems. Hormones released 
from endocrine glands circulate to target organs where they bind receptors at the cell surface or within cells, regulating growth, me-
tabolism, reproduction, mood, and other physiologic processes (Smith et al., 2022). Although blood circulates systemically, hormonal 
effects may be widespread or localized depending on hormone concentration, receptor distribution, and feedback regulation. Along-
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side transport, blood contributes to protection through immune surveillance and response, primarily mediated by leukocytes and 
soluble immune factors.

Formed Elements and Plasma 

     Blood consists of formed elements (cells and cell fragments) suspended in plasma. The major cellular component is the red blood 
cell, which is specialized for gas transport. White blood cells provide immune defense, and platelets support clot formation and wound 
repair. Plasma is the liquid phase that carries water, electrolytes, proteins, antibodies, and coagulation factors.

Red Blood Cells

    Red blood cells (erythrocytes) are the most abundant formed element and are specialized for efficient oxygen transport. In adult 
humans they are small, flexible, and biconcave, and they lack a nucleus, which increases space for hemoglobin and supports oxygen 
delivery (Pretini et al. 945). Their deformability allows passage through narrow capillaries, and their membrane composition supports 
durability during repeated circulation.

    Red blood cells are produced in the bone marrow through erythropoiesis, during which developing erythroblasts accumulate he-
moglobin and lose organelles, including the nucleus and mitochondria, before entering circulation as reticulocytes and maturing into 
erythrocytes. Mature red blood cells circulate for roughly 100–120 days before being removed by macrophages in the spleen and liver, 
which recycle cellular components including iron (Pretini et al. 945). Variation in red blood cell morphology may occur in disease 
states, such as sickle cell anemia, where abnormal hemoglobin contributes to cell deformation and microvascular obstruction (Yoshida 
et al. 27).

     Beyond oxygen and carbon dioxide transport, hemoglobin can bind nitric oxide-related species, and nitric oxide signaling influences 
vascular tone and perfusion. Nitroglycerin therapies increase nitric oxide availability and can improve oxygen delivery by promoting 
vasodilation (McMahon 1417). Surface glycolipids and glycoproteins on red blood cells determine blood type antigens and contribute 
to immune compatibility.

Hemoglobin

     Hemoglobin is an iron-containing protein concentrated in red blood cells that reversibly binds oxygen and contributes to systemic 
gas transport. Its oxygenation state alters its color, contributing to the bright red appearance of oxygenated arterial blood compared 
with darker venous blood (McMahon 1417). Hemoglobin contains heme groups with iron atoms that bind oxygen, and its multimeric 
structure supports cooperative binding, producing a sigmoidal oxygen dissociation curve that facilitates oxygen loading in the lungs 
and unloading in tissues (Yoshida et al. 27). Hemoglobin function is modulated by factors including pH, carbon dioxide, and allosteric 
effectors that shift oxygen affinity to match metabolic demands, particularly under hypoxic conditions such as altitude or fetal devel-
opment (Yoshida et al. 27). In sickle cell anemia, a mutated hemoglobin variant (HbS) alters red blood cell shape under low oxygen 
conditions, shortening cell lifespan and increasing microvascular complications (Yoshida et al. 27).

White Blood Cells

     White blood cells (leukocytes) comprise a small fraction of blood cells but play essential roles in immune defense, recognizing and 
eliminating pathogens and abnormal cells (Sharma et al., 2022). Leukocytes are categorized into granulocytes (neutrophils, eosino-
phils, basophils) and agranulocytes (monocytes and lymphocytes), which can be distinguished histologically by staining character-
istics and cellular morphology (Frenis et al. 1378). Neutrophils support early innate defense through chemotaxis, diapedesis, and 
phagocytosis, while eosinophils contribute to responses against parasites and modulate allergic inflammation. Basophils participate 
in inflammatory and allergic pathways, including IgE-mediated responses (Frenis et al. 1378). Monocytes differentiate in tissues into 
macrophages and related phagocytes involved in antigen presentation and debris clearance. Lymphocytes include B cells, T cells, and 
natural killer cells, which coordinate antibody production, cytotoxic responses, and immune surveillance (Sharma et al., 2022). HIV is 
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clinically significant in part because it targets T cells, disrupting immune function and facilitating systemic infection over time.

    Leukocyte migration into tissues is mediated by inflammatory signaling, including recognition of pathogen-associated and dam-
age-associated molecular patterns (PAMPs and DAMPs). Cytokines and chemokines promote endothelial activation, leukocyte rolling, 
adhesion, and transmigration through endothelial junctions, allowing immune cells to reach sites of infection or tissue injury (Frenis 
et al. 1378).

Platelets and Coagulation Factors

     Platelets are small cell fragments derived from megakaryocytes and are essential for hemostasis and wound repair. They circulate 
at high concentrations and rapidly adhere to sites of vascular injury when endothelial disruption exposes collagen and other activat-
ing signals (Sang et al. 100733). Activated platelets aggregate to form an initial platelet plug and release mediators that amplify local 
clotting responses. Coagulation factors then convert fibrinogen into fibrin, stabilizing the clot and limiting blood loss during healing 
(Sang et al. 100733). Vitamin K is required for the function of several coagulation factors, and deficiency can impair clotting. Platelets 
may also be activated under nonphysiologic conditions such as contact with negatively charged surfaces or altered flow patterns in 
stenosis or artificial devices.

Plasma and Serum

     Plasma is the liquid component of blood and comprises approximately 55% of blood volume (Al-Harthi et al. 110716). It contains 
water, electrolytes, proteins, antibodies, nutrients, hormones, and coagulation factors that support osmotic balance, pH regulation, 
transport, and defense. Centrifugation separates blood into cellular components and plasma, with formed elements settling below 
the plasma layer (Al-Harthi et al. 110716). Serum is similar to plasma but lacks most coagulation factors; it contains proteins such as 
albumin and immunoglobulins that contribute to transport and immune protection. Albumin is the most abundant plasma protein and 
supports osmotic pressure regulation, buffering, and transport of hormones and fatty acids (Al-Harthi et al. 110716).

Lymphoid and Platelet Biology 

   Lymphocytes are agranulocytic leukocytes that function as central components of the adaptive immune system and represent ap-
proximately 20–40% of circulating white blood cells. These cells originate in primary lymphoid organs and migrate through lym-
phatic tissues, where they develop antigen recognition capabilities and participate in immune surveillance and coordinated immune 
responses (Frenis et al. 1378). Through receptor-mediated recognition of foreign antigens, lymphocytes contribute to immunologic 
memory and long-term host defense.

Platelet Structure and Granule Composition

    Platelets are anucleate cytoplasmic fragments derived from megakaryocytes that contain numerous organelles, granules, and mi-
tochondria, giving them complex functional capabilities despite their small size. Secretory granules internalize molecular cargo and 
release their contents onto the platelet surface or into the extracellular environment following activation. Approximately 300 proteins 
may be released from platelet granules during activation, supporting coagulation, inflammation, and vascular repair processes (Frenis 
et al. 1378).

     Platelets contain several specialized granule populations. Alpha granules, which occupy nearly 10% of platelet volume and number 
roughly 50–80 per platelet, store hemostatic proteins including integrins, immunoglobulin family receptors, and coagulation factors 
such as Factors V and XI (Yallampalli et al. 219). Dense granules are fewer in number but contain high concentrations of signaling 
molecules such as ADP, ATP, calcium, histamine, polyphosphate, and serotonin, which amplify platelet activation responses. Lysosomal 
granules function as enzyme reservoirs involved in receptor cleavage, extracellular matrix remodeling, and fibrinolysis. Emerging evi-
dence also suggests the presence of tubular T-granules that may participate in toll-like receptor signaling pathways (Alharbi et al. 890).
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     Abnormalities in platelet granule formation can result in bleeding disorders, including Grey Platelet Syndrome and Hermansky-Pud-
lak Syndrome. Platelets also demonstrate significant metabolic activity due to functioning mitochondria, which support ATP produc-
tion and participate in signaling pathways related to platelet activation and apoptosis (Yallampalli et al. 219). A specialized subtype 
known as collagen-and-thrombin activated (COAT) platelets exhibits enhanced fibrinogen binding, increased microparticle release, 
and elevated reactive oxygen species production, reflecting structural remodeling during activation (Frenis et al. 1378).

Platelet Surface Receptors and Signal Transduction

    Platelet membranes contain a diverse array of receptors that regulate adhesion, activation, and downstream signaling. Integrins, 
immunoglobulin superfamily receptors, tyrosine kinase receptors, and C-type lectin receptors such as P-selectin and CLEC-2 coor-
dinate interactions with the extracellular matrix and vascular endothelium. Integrins consist of alpha and beta subunits and act as 
transmembrane adhesion receptors that detect mechanical and chemical changes in the extracellular environment (Long et al. 13). 
Platelets express multiple integrin receptors capable of binding fibrinogen, collagen, laminin, fibronectin, and vitronectin, allowing 
precise control over cytoskeletal remodeling and signal complex assembly (Yallampalli et al. 219).

     G-protein-coupled receptors further regulate platelet behavior by responding to extracellular agonists such as thrombin, ADP, and 
thromboxane. Protease-activated receptors PAR1 and PAR4, along with ADP receptors P2Y1 and P2Y12, initiate signaling cascades 
that promote platelet aggregation and stabilization of thrombus formation.

Platelet Function in Hemostasis

     Hemostasis consists of primary hemostasis, secondary hemostasis, and fibrinolysis. During primary hemostasis, platelets adhere to 
damaged vascular surfaces and form a platelet plug that limits blood loss (Long et al. 13). Under normal conditions, intact endothelium 
prevents platelet adhesion; however, vascular injury exposes extracellular matrix proteins that rapidly initiate platelet binding.

     Platelet adhesion begins when GPIb-IX-V receptors interact with von Willebrand factor deposited within the subendothelial matrix. 
This transient tethering slows platelet movement and promotes further receptor activation. Collagen receptors GPVI and integrin 
α2β1 then strengthen adhesion and trigger intracellular calcium signaling, cytoskeletal remodeling, and granule secretion (Frenis et 
al. 1378). Stable adhesion enables platelet aggregation through integrin αIIbβ3 interactions with fibrinogen and additional matrix 
proteins.

Platelet Functions Beyond Hemostasis

    Beyond clot formation, platelets participate in inflammatory signaling, innate immune defense, and vascular remodeling. Plate-
lets express toll-like receptors (TLR1–9) that recognize pathogen-associated molecular patterns, enabling platelets to act as immune 
sentinels. Activation of TLR pathways has been linked to inflammatory signaling, oxidative stress, and thrombosis (Chiou et al. 640). 
Platelets therefore contribute to immune modulation, atherosclerosis progression, and tumor-associated processes.

Plasma and Circulatory Context

    Plasma composition and physiological roles were described previously; therefore, subsequent discussion focuses on pathological 
conditions rather than repeating foundational plasma physiology.

Blood Disorders 
Clotting Disorders

    Certain autoimmune conditions, including systemic lupus erythematosus, are associated with abnormal clot formation due to anti-
phospholipid or anticardiolipin antibodies. Laboratory testing such as partial thromboplastin time, dilute Russell viper venom time, 
and VDRL assays may assist in diagnosis (Mohammadian Gol et al. 61). Antiphospholipid syndrome may present with thrombosis, re-
current miscarriage, and thrombocytopenia. Anticoagulant therapies including heparin or coumadin are often used to reduce clotting 
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risk when clinical symptoms are present.

Anemia

    Anemia refers to reduced hemoglobin levels that impair oxygen delivery to tissues. Common forms associated with autoimmune 
disease include iron deficiency anemia, anemia of chronic disease, and autoimmune hemolytic anemia. Iron deficiency may result from 
chronic blood loss or inadequate intake, whereas anemia of chronic disease reflects inflammatory dysregulation of erythropoiesis 
(Abdelhak et al. 167). Autoimmune hemolytic anemia occurs when antibodies target red blood cells, leading to premature destruction 
primarily within the spleen.

Platelet Disorders

    Thrombocytopenia occurs when platelet counts fall below normal ranges, increasing bleeding risk. Immune thrombocytopenic 
purpura results from antibody-mediated platelet destruction and may present with bruising, petechiae, or mucosal bleeding (Bhat-
tacharya et al. 804). Treatment strategies often involve immunosuppressive therapy, intravenous immunoglobulin, or splenectomy 
when necessary.

White Blood Cell Disorders

     Leukopenia, particularly lymphopenia and granulocytopenia, may occur in autoimmune disease and can increase susceptibility to 
infection. Reduced leukocyte counts may result from immune-mediated destruction or medication effects, and levels often improve 
after treatment adjustments (Aimagambetov et al. 715).

Gene Therapy and Inherited Blood Disorders

     Advances in gene therapy have shown promise for inherited bleeding disorders and hemoglobinopathies. Clinical trials investigating 
therapies for hemophilia A and B demonstrate sustained reductions in bleeding episodes following single-dose treatments (Kaplan et 
al. 392). Experimental gene therapies for sickle cell disease and beta thalassemia aim to reduce transfusion dependence and improve 
long-term outcomes by correcting underlying genetic defects.
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