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 All blood vessels, except the capillaries, have walls composed of three layers, or coats, called tunicae. The tunica externa, or tunica adventitia, is the outermost covering of the vessel. This layer is composed of fibrous and connective tissues that support the vessel. The tunica media, or middle layer, is largely a smooth muscle layer that constricts to regulate and control the diameter of the vessel. The tunica intima, or inner layer, has an elastic layer that joins the media and a thin layer of endothelial cells that lie adjacent to the blood. The endothelial layer provides a smooth and slippery inner surface for the vessel. This smooth inner lining, as long as it remains intact, prevents platelet adherence and blood clotting. The layers of the different types of blood vessels vary with vessel function. The walls of the arterioles, which control blood pressure, have large amounts of smooth muscle. Veins are thin-walled, distensible, and collapsible vessels. Capillaries are single cell– thick vessels designed for the exchange of gases, nutrients, and waste materials.

Vascular smooth muscle.  Smooth muscle contracts slowly and generates high forces for long periods with low energy requirements; it uses only 1/10 to 1/300 the energy of skeletal muscle. These characteristics are important in structures, such as blood vessels, that must maintain their tone day in and day out. Compared with skeletal and cardiac muscle, smooth muscle has less well-developed sarcoplasmic reticulum for storing intracellular calcium, and it has very few fast sodium channels. Depolarization of smooth muscle instead relies largely on extracellular calcium, which enters through calcium channels in the muscle membrane. Sympathetic nervous system control of vascular smooth muscle tone occurs by way of receptor-activated opening and closing of the calcium channels. In general, α-adrenergic receptors are excitatory in that they cause the channels to open and produce vasoconstriction; and β-adrenergic receptors are inhibitory in that they cause the channels to close and produce vasodilation. Calcium channel blocking drugs cause vasodilation by blocking calcium entry through the calcium channels. Smooth muscle contraction and relaxation also occur in response to local tissue factors such as lack of oxygen, increased hydrogen ion concentrations, and excess carbon dioxide. Nitric oxide (NO), formerly known as the endothelial relaxing factor, acts locally to produce smooth muscle relaxation and regulate blood flow. 
 Arterial system. The arterial system consists of the large and medium-sized arteries and the arterioles. Arteries are thick-walled vessels with large amounts of elastic fibers. The elasticity of these vessels allows them to stretch during cardiac systole, when the heart contracts and blood enters the circulation, and to recoil during diastole, when the heart relaxes. The arterioles, which are predominantly smooth muscle, serve as resistance vessels for the circulatory system. They act as control valves through which blood is released as it moves into the capillaries. Changes in the activity of sympathetic fibers that innervate these vessels cause them to constrict or to relax as needed to maintain blood pressure. Based on their size and structural features, arteries are divided into three types: (1) large or elastic arteries, including the aorta, its large branches (particularly the subclavian, common carotid, and iliac arteries), and pulmonary arteries; (2) medium-sized or muscular arteries, comprising other branches of the aorta (e.g., coronary and renal arteries); and (3) small arteries (less than approximately 2 mm in diameter) and arterioles (20 to 100 μm in diameter).
              Venous system. The veins and venules are thin-walled, distensible, and collapsible vessels. The venules collect blood from the capillaries, and the veins transport blood back to the heart. The veins are capable of enlarging and storing large quantities of blood, which can be made available to the circulation as needed. Even though the veins are thin walled, they are muscular. This allows them to contract or expand to accommodate varying amounts of blood. Veins are innervated by the sympathetic nervous system. When blood is lost from the circulation, the veins constrict as a means of maintaining intravascular volume. The venous system is a low-pressure system, and when a person is in the upright position, blood flow in the venous system must oppose the effects of gravity. Valves in the veins of extremities prevent retrograde flow, and with the help of skeletal muscles that surround and intermittently compress the veins in a milking manner, blood is moved forward to the heart. Their pressure ranges from approximately 10 mm Hg at the end of the venules to approximately 0 mm Hg at the entrance of the vena cava into the heart. There are no valves in the abdominal or thoracic veins, and blood flow in these veins is heavily influenced by the pressure in the abdominal and thoracic cavities, respectively.
             Capillaries. Capillaries are microscopic, single-cell–thick vessels that connect the arterial and venous segments of the circulation. In each person, there are approximately 10 billion capillaries, with a total surface area of 500 to 700 m2. The capillary wall is composed of a single layer of endothelial cells surrounded by a basement membrane. Intracellular junctions join the capillary endothelial cells; these are called the capillary pores. Lipid-soluble materials diffuse directly through the capillary cell membrane. Water and water-soluble materials leave and enter the capillary through the capillary pores. The size of the capillary pores varies with capillary function. In the brain, the endothelial cells are joined by tight junctions that form the blood–brain barrier. This prevents substances that would alter neural excitability from leaving the capillary. In organs that process blood contents, such as the liver, capillaries have large pores so that substances can pass easily through the capillary wall. In the kidneys, the glomerular capillaries have small openings called fenestrations that pass directly through the middle of the endothelial cells. Fenestrated capillary walls are consistent with the filtration function of the glomerulus.
                 LOCAL CONTROL OF BLOOD FLOW

              Tissue blood flow is regulated on a minute-to-minute basis in relation to tissue needs and on a longer-term basis through the development of collateral circulation. Neural mechanisms regulate the cardiac output and blood pressure needed to support these local mechanisms.

· Short-term autoregulation

            Local control of blood flow is governed largely by the nutritional needs of the tissue. For example, blood flow to organs such as the heart, brain, and kidneys remains relatively constant, although blood pressure may vary over a range of 60 to 180 mmHg. The ability of the tissues to regulate their own blood flow over a wide range of pressures is called autoregulation. Autoregulation of blood flow is mediated by changes in blood vessel tone due to changes in flow through the vessel or by local tissue factors, such as lack of oxygen or accumulation of tissue metabolites (potassium, lactic acid, or adenosine, which is a breakdown product of ATP). Local control is particularly important in tissues such as skeletal muscle, which has blood flow requirements that vary according to the level of activity. An increase in local blood flow is called hyperemia. The ability of tissues to increase blood flow in situations of increased activity, such as exercise, is called functional hyperemia. When the blood supply to an area has been occluded and then restored, local blood flow through the tissues increases within seconds to restore the metabolic equilibrium of the tissues. This increased flow is called reactive hyperemia. The transient redness seen on an arm after leaning on a hard surface is an example of reactive hyperemia. Local control mechanisms rely on a continuous flow from the main arteries; therefore, hyperemia cannot occur when the arteries that supply the capillary beds are narrowed. For example, if a major coronary artery becomes occluded, the opening of channels supplied by that vessel cannot restore blood flow.

                 Tissue factors contributing to local control of blood flow. Vasodilator substances, formed in tissues in response to a need for increased blood flow, also aid in the local control of blood flow. The most important of these are histamine, serotonin, kinins, and prostaglandins. Histamine increases blood flow. Most blood vessels contain histamine in mast cells and non–mast cell stores; when these tissues are injured, histamine is released. In certain tissues, such as skeletal muscle, the activity of the mast cells is mediated by the sympathetic nervous system; when sympathetic control is withdrawn, the mast cells release histamine. Vasodilation then results from increased histamine and the withdrawal of vasoconstrictor activity. Serotonin is liberated from aggregating platelets during the clotting process; it causes vasoconstriction and plays a major role in control of bleeding. Serotonin is found in brain and lung tissues, and there is some speculation that it may be involved in the vascular spasm associated with some allergic pulmonary reactions and migraine headaches. The kinins (kallidins and bradykinin) are liberated from the globulin kininogen, which is present in body fluids. The kinins cause relaxation of arteriolar smooth muscle, increase capillary permeability, and constrict the venules. In exocrine glands, the formation of kinins contributes to the vasodilation needed for glandular secretion. Prostaglandins are synthesized from constituents of the cell membrane (the long-chain fatty acid arachidonic acid). Tissue injury incites the release of arachidonic acid from the cell membrane, which initiates prostaglandin synthesis. There are several prostaglandins (e.g., E2, F2, I2), which are subgrouped according to their chemical characteristics; some produce vasoconstriction, and some produce vasodilation. Prostacyclin (PGI2), which is synthesized mainly by the vascular endothelium, is a powerful vasodilator, and thromboxane (TXA2), which is synthesized by platelets, is a powerful vasoconstrictor.
            Endothelial control of  vasodilation and vasoconstriction
           The endothelium, which lies between the blood and the vascular smooth muscle, serves as a physical barrier for vasoactive substances that circulate in the blood. Once thought to be nothing more than a single layer of cells that line blood vessels, it is now known that the endothelium plays an active role in controlling vascular function. In capillaries, which are composed of a single layer of endothelial cells, the endothelium is active in transporting cell nutrients and wastes. In addition to its function in capillary transport, the endothelium removes vasoactive agents such as norepinephrine from the blood, and it produces enzymes that convert precursor molecules to active products (angiotensin I to angiotensin II in lung vessels). One of the important functions of the normal endothelium is to synthesize and release factors that control vessel dilation. Of particular importance was the discovery, first reported in the early 1980s, that the intact endothelium was able to produce a factor that caused relaxation of vascular smooth muscle. This factor was originally named endothelium-derived relaxing factor and is now known to be nitric oxide. Many other cell types produce nitric oxide. In these tissues, nitric oxide has other functions, including modulation of nerve activity in the nervous system. The normal endothelium maintains a continuous release of nitric oxide, which is formed from L-arginine through the action of an enzyme called nitric oxide synthase. The production of nitric oxide can be stimulated by a variety of endothelial agonists, including acetylcholine, bradykinin, histamine, and thrombin. Shear stress on the endothelium resulting from an increase in blood flow or blood pressure also stimulates nitric oxide production and vessel relaxation. Nitric oxide also inhibits platelet aggregation and secretion of platelet contents, many of which cause vasoconstriction. The fact that nitric oxide is released into the vessel lumen (to inactivate platelets) and away from the lumen (to relax smooth muscle) suggests that it protects against both thrombosis and vasoconstriction. It has been suggested that the tendency toward vasoconstriction that characterizes atherosclerotic vessels may be related to impaired vasodilator function due to disruption of the vessel endothelial layer. In addition to nitric oxide, the endothelium also produces other vasodilating substances such as the prostaglandin prostacyclin, which produces vasodilation and inhibits platelet aggregation. The endothelium also produces a number of vasoconstrictor substances, including angiotensin II, vasoconstrictor prostaglandins, and a family of peptides called endothelins. There are at least three endothelins. Endothelin-1, made by human endothelial cells, is the most potent endogenous vasoconstrictor known. Receptors for endothelins also have been identified.

· Long-term regulation

           Circulation is a mechanism for the long-term regulation of local blood flow. In the heart and other vital structures, anastomotic channels exist between some of the smaller arteries. These channels permit perfusion of an area by more than one artery. When one artery becomes occluded, these anastomotic channels increase in size, allowing blood from a patent artery to perfuse the area supplied by the occluded vessel. For example, persons with extensive obstruction of a coronary blood vessel may rely on collateral circulation to meet the oxygen needs of the myocardial tissue normally supplied by that vessel. As with other long-term compensatory mechanisms, the recruitment of collateral circulation is most efficient when obstruction to flow is gradual rather than sudden.
Endothelial cells
Endothelium is critical for maintaining vessel wall homeostasis and circulatory function. Endothelial cells contain Weibel-Palade bodies, intracellular membrane-bound storage organelles for von Willebrand's factor. Antibodies to von Willebrand's factor and/or platelet-endothelial cell adhesion molecule-1 (PECAM-1 or CD31, a protein localized to interendothelial junctions) can be used to identify endothelial cells immunohistochemically.

Vascular endothelium is a multifunctional tissue with a wealth of synthetic and metabolic properties; at baseline it has several constitutive activities critical for normal vessel homeostasis. Thus, endothelial cells maintain a non-thrombogenic blood-tissue interface (until clotting is necessitated by local injury) modulate vascular resistance, metabolize hormones, regulate inflammation, and affect the growth of other cell types, particularly smooth muscle cells. In most regions the interendothelial junctions are substantially impermeable. However, tight endothelial cell junctions can loosen under the influence of hemodynamic factors (e.g., high blood pressure) and/or vasoactive agents (e.g., histamine in inflammation), resulting in the flooding of adjacent tissues by electrolytes and protein; in inflammatory states, even leukocytes can slip between adjacent endothelial cells. Although endothelial cells share many general attributes, endothelial cell populations that line different portions of the vascular tree (large vessels vs. capillaries, arterial vs. venous) have distinct transcriptional repertoires and behavior. There is also substantial phenotypic variability depending on specific anatomic site. Thus, endothelial cells in liver sinusoids or in renal glomeruli are fenestrated (they have holes, presumably to facilitate filtration), while the endothelial cells of the central nervous system (with the associated perivascular cells) create an impermeable blood-brain barrier.

Structurally intact endothelial cells can respond to various pathophysiologic stimuli by adjusting their usual (constitutive) functions and by expressing newly acquired (inducible) properties—a process termed endothelial activation. Inducers of endothelial activation include cytokines and bacterial products, which cause inflammation and septic shock; hemodynamic stresses and lipid products, critical to the pathogenesis of atherosclerosis; advanced glycosylation end products (important in diabetes); as well as viruses, complement components, and hypoxia. Activated endothelial cells, in turn, express adhesion molecules, and produce cytokines and chemokines, growth factors, vasoactive molecules that result either in vasoconstriction or in vasodilation, major histocompatibility complex molecules, procoagulant and anticoagulant factors, and a variety of other biologically active products. Endothelial cells influence the vasoreactivity of the underlying smooth muscle cells through the production of both relaxing factors (e.g., nitric oxide [NO]) and contracting factors (e.g., endothelin). Normal endothelial function is characterized by a balance of these responses.

Three major processes characterize blood vessel formation and remodeling: vasculogenesis, angiogenesis, and arteriogenesis.

 • Vasculogenesis is the de novo formation of blood vessels during embryogenesis. Hemangioblast angiogenic precursors develop and migrate to the sites of vascularization. These differentiate into endothelial cells that associate to form a primitive vascular plexus; with time and the influence of local genetic, metabolic, and hemodynamic factors, this network of cells remodels (through pruning and/or vessel enlargement) into the definitive vascular system. The various isoforms of vascular endothelial growth factor (VEGF) are the primary growth factors involved in this process. Subsequent stabilization of the endothelial tubes during development (and induction of endothelial cell quiescence) also critically requires the recruitment of pericytes and smooth muscle cells, a process that involves angiopoietin 1 binding to endothelial cell Tie2 receptors. 

   • Angiogenesis (or neovascularization) constitutes the process of new vessel formation in the mature organism. 

   • Arteriogenesis refers to the remodeling of existing arteries in response to chronic changes in pressure or flow, and results from an interplay of endothelial cell–and smooth muscle cell–derived factors.
The microcirculation
The capillaries, venules, and arterioles of the circulatory system are collectively referred to as the microcirculation. It is here that exchange of gases, nutrients, and metabolites takes place between the tissues and the circulating blood. Blood enters the microcirculation through an arteriole, passes through the capillaries, and leaves by way of a small venule. The metarterioles serve as thoroughfare channels that link arterioles and capillaries. Small cuffs of smooth muscle, the precapillary sphincters, are positioned at the arterial end of the capillary. The smooth muscle tone of the arterioles, venules, and precapillary sphincters serves to control blood flow through the capillary bed. Depending on venous pressure, blood flows through the capillary channels when the precapillary sphincters are open. Blood flow through capillary channels, designed for exchange of nutrients and metabolites, is called nutrient flow. In some parts of the microcirculation, blood flow bypasses the nutrient capillary bed, moving through a connection called an arteriovenous shunt, which directly connects an arteriole and a venule. This type of blood flow is called nonnutrient flow because it does not allow for nutrient exchange. Nonnutrient channels are common in the skin and are important in terms of heat exchange and temperature regulation.

The lymphatic system represents an accessory system that removes excess fluid, including osmotically active proteins, and large particles from the interstitial spaces and returns them to the circulation. Because of their size, these proteins and large particles cannot be reabsorbed into the venous capillaries. The removal of proteins from the interstitial spaces is an essential function, without which death would occur in approximately 24 hours.

Localized circulatory disorders are characterized by increased or decreased blood flow in organs (hyperperfusion or hypoperfusion). The exact forms of these are arterial hyperemia, venous hyperemia, ischemia, blood stasis (venous, ischemic and capillary stasis).
ARTERIAL HYPEREMIA
      
   Arterial hyperemia represents an excessive filling of an organ or a part of a tissue with arterial blood due to increased influx of blood through the dilated arterioles with increased perfusion (hyperperfusion).

  Etiology. Classification of etiological factors which can trigger development of arterial hyperemia is made according to different criteria. According to the origin there are exogenous and endogenous factors. The exogenous factors can be: mechanical (mechanical trauma, local action of hypobaria), physical (high temperature), chemical (acids, basis, alcohol), biological (bacterial or parasitic toxins), and psychic. To endogenous factors refers some mediators and hormones (acetylcholine, histamine), metabolites (adenosine, lactic acid), prostaglandins and other biologic active substances (kinins). 
According to the etiological factor and biological significance, arterial hyperemia can be classified in physiological and pathological.   

             Physiological arterial hyperemia may be caused by physiological factors as well as by pathological ones. The distinctive character of the physiological arterial hyperemia is the qualitative and quantitative adequacy to the intensity of the causal factor and adaptive, protective and compensatory features (ex. hyperemia due to high temperature or hyperemia in cases of inflammation). Pathologic arterial hyperemia doesn’t depend on causal factors and it is without any favorable biological features (ex. neuroparalytic hyperemia due to a mechanical trauma of the vasomotor nerves).

   
   Pathogenesis of arterial hyperemia.  The main pathogenetic factor of arterial hyperemia is arteriole dilation that develops by different pathogenetic mechanisms: neurogenic, metabolic and humoral. 
The arterial hyperemia with neurogenic mechanism may be of two types: neurotonic and neuroparalytic.

      
Neurotonic mechanism of arterial hyperemia is due to predominance of vasodilator influences on the vasoconstrictor influences on arterioles, which leads to vasodilatation. This may be due to increased tonus of the parasympathetic vegetative system and respectively, increased acetylcholine levels in the neuro-muscular synapses in vessels, or direct excitation of the receptors with parasympathetic projection in CNS, excitation of preganglionar fibers and of intramural parasympathetic ganglions by mechanical, physical, chemical and biological excitants. The vasodilatation may be due as well to increased vascular cholinoreactivity, which is caused by increased concentration of the extracellular hydrogen, potassium ions and others. Typical examples of neurotonic neurogenic arterial hyperemia are the hyperemia of the face and neck, due to emotions as well as pathologic processes of the internal organs (ovaries, heart, liver, lungs), arterial hyperemia along the intercostals nerves in case of neuroinfection with Herpes zoster. Through cholinergic mechanism (acetylcholine action) develops arterial hyperemia of the salivary glands, tongue, and external sexual organs, where are predominantly vessels with parasympathetic innervations. In absence of parasympathetic innervations, the development of the arterial hyperemia is due to cholinergic and hystaminergic sympathetic innervations with M-cholinoreceptors or H2 receptors. 

      
The main mechanism of neuroparalytic neurogenic arterial hyperemia is vasodilatation produced through decreased tonus of the sympathetic vegetative system and respectively decreased level of catecholamines at the level of neuro-muscular synapses of arteriole. These can be the results of injuries at the level of sympathetic ganglia, post-ganglionar fibers and peripheral sympathetic nervous endings which occurs in different traumas or surgical interventions. Another mechanism of neuroparalytic arterial hyperemia is decreased vascular adrenoreactivity due to physical-chemical changes in inflammatory focus (tissue acidosis decreases vasoconstrictors effect of catecholamines). Because the sympathetic innervation is responsible for the vascular tone, at decreased or interrupted sympathetic action on vessels, the vascular tone decreases and under the action of intravascular pressure, the vessels dilate. So, in this way, occurs arterial hyperemia. The neuroparalytic neurogenic arterial hyperemia may be caused also by pharmacological way, via administration of ganglioblockers (guanetidine, trimethaphan), that interrupt impulse propagation to periphery at the level of the sympathetic ganglia or via nervous endings blocking with sympatholytic drugs (rezerpine) and alpha –adrenoblockers (phentolamine, prazozine). In this case there is blockage of slow voltage dependent calcium channels and calcium cannot enter into vascular myocytes, such contraction of vascular smooth muscles at action of noradrenaline becomes impossible.
                The neuromyoparalytic mechanism of arterial hyperemia is depletion of the catecholamines reserves in the vesicles of the sympathetic nervous endings that lead to decreased tonus of smooth muscles fibers  of arterioles as well as in case of prolonged vessel compression (ex. ascites). Another cause is decreased blood vessels adrenoreactivity in tissue acidosis, or in the presence of other vasoactive antagonists (histamine). 

               Humoral mechanism of arterial hyperemia is due to increased local concentration of biological active substances with vasodilator effect (histamine, adenosine, prostaglandins, kinins), or increased vascular reactivity to this substances (ex. increased extracellular potassium concentration). 

              Metabolic mechanism of arterial hyperemia is arteriolar dilatation, due to a direct action on smooth muscles of the arteriole of tissular metabolic products, which decrease the vascular tone, indifferently of the nervous influence. An important role in increasing of blood flow through arteriole is assigned to accumulation of metabolic products: increased hydrogen ions concentration with acidosis, accumulation of carbon dioxide, adenosine diphosphate, lactic acid, which decrease vascular tone, increase sensitivity of vascular myocytes to adenosine.

               According to biological significance, arterial hyperemia may be functional, reactive, adaptive, collateral, dysvegetative (predominance of the parasympathetic system – parasympathicotonia or sympathicoplegia), psycho-emotional, inflammatory, allergic and others.
                Functional arterial hyperemia is arteriolar dilatation with increased arterial blood flow to organs with increased function (pancreas hyperemia during digestion, skeletal muscles hyperemia during physical effort, of brain during psychic effort, of kidney during its functional effort). Functional arterial hyperemia develops through metabolic or humoral pathophysiological mechanisms. For example, in the brain and muscles vasodilatation happens due to action of the tissular metabolic products. An important role in functional arterial hyperemia has as well the humoral factor. For example, gastric and intestinal hormones act on vessels of gastro intestinal tract, causing a vasodilatation in proportion to functional needs. So, secretin contributes to the vessel dilatation at the level of stomach musculature, cholecystokinin dilates intestinal vessels, but glucagon has a direct action on arterial hepatic vessels.

             The mechanical factors, the same, are involved in development of functional arterial hyperemia. For example, vessels compression by muscular contraction leads to decreased vascular tone of the arterioles in skeletal muscles during their contraction, such contributing to neuromyoparalytic dilatation. 

            The biological significance of functional arterial hyperemia is achieving a balance between the metabolic supply of an organ and degree of its activity by modification in blood flow. 

                  Reactive arterial hyperemia involves metabolic and humoral pathogenetic mechanisms and is in direct relation with chemical modifications in ischemic tissues. Vessel dilatation is due to the action of tissue metabolic products (CO2, lactic acid, adenosine, H+ and K+ ions). To the mechanisms of increased blood flow concomitantly with metabolic mechanism participates also the myogenic mechanism (auto-regulation mechanisms). During ischemia there is reduced blood circulation and intravascular pressure, these decreases vascular tone. During reperfusion the intravascular pressure rises causing extension of the hypotonic vascular wall with abundant blood flow - reactive arterial hyperemia. 
            Biologic significance of reactive arterial hyperemia consists in removal of metabolic disbalance caused by ischemia: hypoxia, hypercapnia, acidosis, energy deficiency, and repair of damaged structures.
          Other types of arterial hyperemia (inflammatory, allergic, acidotic, in hyperkaliemia, collateral arterial hyperemia) are exposed in their compartments.

           Arterial hyperemia manifestations consist from hemodynamic and lymphodynamic changes, metabolic changes and external manifestations.
                  Regional hemodynamic and lymphodynamic changes:

a. Arterial vessels dilation under the action of causal factor, increased blood flow and hydrostatic pressure in arterioles, capillaries, venules, derived from dilated vessels.

b. Increased linear and volumetric blood velocity (amount of blood flowing through a portion of the vessel in a unit of time), due to increased lumen of vessels leading to increased blood flow in organ –hyperperfusion.

c. Increased blood pressure in microvessels, dilation of small arteries and arterioles, dilation of capillaries; pulsation of small arterial vessels, where in normal physiological condition blood flow is linear and even. 

d. Increased number of functional vessels and amplification of vascular network in the hyperemic region, due to increased blood flow as well as intensification of microcirculation. 
e. Increased transcapillary filtration pressure with increased transcapillary filtration, due to increased hydrostatic pressure at the level of capillaries concomitant with reduced reabsorbtion; increased volume of interstitial liquid. 
f. Intensification of lymphogenesis and lymphodynamics.

    Metabolic changes in arterial hyperemia
a. Decreased arterial-venous difference in oxygen pressure - “arterializations” of venous blood due to high speed of blood flow and decreasing circulation time of erythrocyte through metabolic vessels.
b. Increased supply as well as oxygen consumption, increased supply of nutritive substances, concomitantly with complete and rapid elimination of metabolic waste products due hyperperfusion. 
c.  Increased oxidative metabolic processes in the hyperemic region.
d. Increased energogenesis, accumulation of macroergic and nutritive substances in the cells from hyperemic area. 
e.  Increased organ functional and energetic potential.
f.  Increased reactivity and resistance of hyperemic tissue to harmful action.
         Exterior changes in arterial hyperemia

a) Diffuse erythema, due to arterial vessel dilatation in the affected area, intensification of blood network, increased supply with blood rich in oxyhaemoglobin, as well as “arterialization” of venous blood.

b) Increased local temperature, resulting from increased arterial blood flow as well as from increased metabolism and energogenetic processes.
c)  Insignificant swelling of the hyperemic region in the result of overfilling of organ with blood and also due to increased filtration and lymphogenesis. 

a) Increased tissue turgor as a result of optimal hydration due to tissular overfilling with blood and lymph. 

  Consequences. Both, physiological and pathological arterial hyperemia can have favorable and unfavorable consequences for the organism. So, favorable consequences of arterial hyperemia are:

· Ensures optimal conditions for increasing specific tissular or organic functions.

· Stimulation of non-specific basal functions in tissues (cellular division, regeneration, repair processes, plastic anabolic processes, trophicity, local resistance and protective mechanisms, lymphogenesis and tissue drainage). 
· Ensures energetic and plastic processes of hyperplasia and hypertrophy. 
Favorable effects of arterial hyperemia can be confirmed by its therapeutical effects which can be performed by compression, mustard plaster, physiotherapeutic procedures, administration of pharmacological vasodilator drugs. 

   Unfavorable consequences can be caused both, by physiological as well as pathological arterial hyperemia. So, excessive dilation of the brain vessels, in case of vascular disorders like arteriosclerosis, can cause rupture of the brain arteries that leads to hemorrhagic head stroke. Increased blood flow to the skeletal musculature in case of pronounced physical effort or to other organs in case of physiological arterial hyperemia, leads to redistribution of blood with hypoperfusion at the level of the brain with syncope. Arterial hyperemia in inflammatory foci, beneath benefic consequences, can also cause spreading of the infection throughout the body. 

          Biologic signification. In most cases, arterial hyperemia is accompanied by organ hyperperfusion with improvement and enhancement of tissue metabolic processes, resistance, reparative capacity and organ function. Such arterial hyperemia represents a reaction of adaptation, protection, repair and compensation. 

ISCHEMIA
    
  Ischemia represents a disorder of peripheral blood flow, characterised by diminished or complete cessation of arterial blood influx into tissue with organ hypoperfusion. 

    
  Etiology. The general effect common for all etiological factors of ischemia is the narrowing of afferent arteriole that will reduce blood inflow leading to organ hypoperfusion. Ischemia can be caused by various pathogenic factors. According to their origin, the etiologic factors of ischemia are classified in exogenous and endogenous. According to their nature, the causing factors of ischemia can be: mechanical, physical (low temperature), chemical (nicotine, ephedrine, and phenylephrine), and biological active substances (toxins of microorganisms).

    
 Pathogeny. There are three main mechanisms responsible for diminished blood inflow to the organ or tissue: neurogenic, humoral and mechanical.

a) Neurogenic or angiospastic mechanism represents the arterial spasm caused by increased tonus of sympathetic innervation. 

b) By obstruction, when the vascular lumen is decreased in size because of a thrombus, emboli, or atheromatous plaque. 

c) By compression of arterial vessel from exterior by a tumor, suture, scar.

d) By redistribution of blood flow in the result of increased blood afflux to other regions of the organism. 

According to duration, ischemia can be classified in acute and chronic. 

            The neurogenic mechanism of ischemia represents the long-lasting angiospasm of arterioles developed by neuro-reflex way. Neurogenic angiospasm is the result of vegetative disbalance with domination of vasoconstrictor action of the sympathetic vegetative system on parasympathetic vasodilator effects at the level of arterioles. This can be seen in increased tonus of sympathetic nervous system and respectively enhanced sympathetic influences on vessels. Another mechanism of vasoconstriction can be increased adrenoreactivity of the arterial wall, determined by the increased sodium and calcium ion concentration in the cells of the arterial wall, mechanism which is also called neurotonic. This mechanism of vasoconstriction can be found in excitation of vasomotor center, in arachnoiditis, trauma or tumors of spinal cord.

             Vascular spasm can develop by reflex way under the action of physical, chemical, biologic excitation, or in case of acute pain excitation. Angiospastic ischemia can also develop under the direct excitation of the vasoconstrictor apparatus as well as the reflex spasm caused by psychogenic or emotional factors (fear, anger). Excitation of the receptors located into internal organs (intestine, biliary way, urinary bladder, uterus)  through viscero-visceral reflex mechanisms lead to vascular spasm in other organs. So, cholecystitis or acute gallbladder colic can manifest as well with spasm of coronary arteries and clinical symptoms of stenocardia. Constriction of coronary vessels can be caused also by excitation of gastric baroreceptors (gastro-coronial reflex), as well as by prolonged excitation of the duodenum. Different areas with ischemia and even necrosis can develop at distance from the affected area where the pathogenic factor is acting, for example vasoconstriction and massive necrosis of the renal cortex with local injury of the kidney, spasm of the afferent arterioles of the renal glomeruli with uremia after surgical intervention on urinary bladder, ischemia and acute ulcer formation in the stomach and duodenum in patients with head trauma or in massive burns.

               Vasoconstriction effect can be also due to diminished vasodilator influences, especially reduced parasympathetic tonus (for example in case of damage of the intramural parasympathetic ganglia or nervous trunks in inflammations, mechanical trauma, tumor process or surgical manipulation). This variety of neurogenic mechanism is also called neuroparalytic. 

   
  On the basis of humoral mechanism there is action on the organ or tissue vessels of endogenous substances which have a vasoconstrictor action as angiotensin II, endothelin, prostaglandins from the group F, thromboxan A2, and catecholamine. An intense releasing of catecholamines from the medullar layer of the adrenal gland is observed in case of stress. Similar vasoconstrictor effect has also decreased cholinoreactivity of the arterial wall.

           
Decreased blood afflux to organs or tissues can be due as well to a mechanical obstruction of the arterial blood vessels, this significantly increasing the vascular resistance and decreasing vessel patency and concomitantly blood debit. Mechanical obstacle can be due to a compression, obstruction or obliteration of the artery. External compression can be caused by a tumor, scar, and edema. Ischemia by compression of the brain can develop, for example, in high intracranial pressure. Obstruction of the vascular lumen can be due to thrombi, emboli, aggregated erythrocytes. Usually obstructive ischemia is aggravated by the angiospastic component. Obliteration of arterial wall can be caused by tumefaction, inflammation, sclerosis or imbibitions of the vascular wall with erythematous masses. 

           Decreased arterial blood inflow to some organs can be the result of the blood redistribution in the organism, for example ischemia of the brain can develop in the result of liquid removal from the peritoneal cavity in ascites, in this condition there is reactive hyperemia at the level of the abdominal organs. 

        Manifestations. Ischemia manifests by hemodynamic, metabolic and functional disorders as well as structural changes of affected tissue.

      Hemodynamic changes in ischemia:

a) Narrowing of the arteriole lumen caused by direct action of the pathogenic factor with decreased blood inflow – hypoperfusion.

b) Diminished volumetric and linear velocity of blood, decreased filling of tissue or organ with arterial blood.

c) Decreased hydrostatic blood pressure in the capillary network situated distally to obstacle.

d) Diminished vascular network in the result of blood depletion after blood inflow blockage and transformation of blood capillaries in plasmatic capillaries.

e) Diminished transcapillary filtration pressure with reduced filtration, concomitantly with intensification of reabsorbtion of interstitial tissue.

f) Diminished lymphogenesis and lymphodynamics;
     Metabolic disorders:

a) Diminished oxygen and nutritive substances supply to the ischemic organ or tissue                   (hypoxia, hyponutrition).

b) Reduction of metabolic processes as well as oxidative energogenesis (hypoenergogenesis);

c) Intensification of anaerobe metabolic processes with accumulation of acid intermediary metabolic wastes (metabolic acidosis);

d) Reduction of the nutritive substances and macroergic storages in the cells of ischemic area;

e) Functional damage of the ischemic organ (hypofunction);

f) Development of hypoxic, acidotic and dysmetabolic cellular injuries;

g) Necrosis, inflammation, sclerosis, atrophy;
 External manifestations:

a) Paleness of ischemic tissue, as a result of decreased blood afflux;

b) Decreased local temperature due to a low blood afflux, diminished metabolic processes and energogenesis;

c) Decreased volume and size of ischemic organ or tissue due to diminished filling with blood of the organ, reduced volume of interstitial fluid and lymphogenesis as well as cellular dehydratation. 

d) Diminished cutaneous elasticity as a consequence of diminished filling with blood of the organ or tissue;

e) Local pain and paresthesia because of hypoxia and excitation of nervous ends.
Consequences. Direct local consequences of ischemia are:

a) Ischemic stasis;

b) Cellular injuries;

c) Cellular dystrophy;

d) Necrosis;

e) Inflammation;

f) Sclerosis;

          An important role in ischemia evolution and severity of its consequences has collateral blood circulation, which is performed concomitantly with magistral blood flow. Collateral blood vessels vary in different organs and are different by their type (arterial, venous, capillary), type of anastomosis (lateral or terminal), and their caliber comparative with the magistral vessels.

      From the functional point of view collaterals are classified in:

a) Absolutely sufficient collaterals – lumen of all collaterals in sum is equal with the lumen of obstructed vessel and the blood flow is restored completely (ex: in striated musculature, intestine); 

b) Relative sufficient collaterals  – collateral lumen in sum is smaller than the lumen of obstructed vessel and the blood flow is restored  partially (ex: lungs);

c) Absolutely insufficient collaterals – collateral circulation is made only at the capillary level and in case of an obstacle in the magisterial vessel the blood flow can’t be restored (ex: myocardium); 
The effects of vascular occlusion can range from no or minimal effect to causing the death of a tissue or person. The major determinants of the eventual outcome are: (1) the nature of the vascular supply, (2) the rate at which an occlusion develops, (3) vulnerability to hypoxia, and (4) the oxygen content of the blood. 

             Nature of the vascular supply. The availability of an alternative blood supply is the most important determinant of whether vessel occlusion will cause damage. For example, the lungs have a dual pulmonary and bronchial artery blood supply that provides protection from thromboembolism-induced infarction. Similarly, the liver, with its dual hepatic artery and portal vein circulation, and the hand and forearm, with their dual radial and ulnar arterial supply, are all relatively resistant to ischemia. In contrast, renal and splenic circulations are end-arterial, and vascular obstruction generally causes tissue death. 
             Rate of occlusion development. Slowly developing occlusions are less likely to cause infarction, because they provide time to develop alternate perfusion pathways. For example, small interarteriolar anastomoses - normally with minimal functional flow, interconnect the three major coronary arteries in the heart. If one of the coronaries is only slowly occluded (by an encroaching atherosclerotic plaque), flow within this collateral circulation may increase sufficiently to prevent infarction, even though the larger coronary artery is eventually occluded. 
           Vulnerability to hypoxia. Neurons undergo irreversible damage when deprived of their blood supply for only 3 to 4 minutes. Myocardial cells, though hardier than neurons, are also quite sensitive and die after only 20 to 30 minutes of ischemia. In contrast, fibroblasts within myocardium remain viable even after many hours of ischemia. 
           Oxygen content of blood. A partial obstruction of a small vessel that would be without effect in an otherwise normal individual might cause infarction in an anemic or cyanotic patient. 
            Biological significance: Ischemia has a negative biological character with severe consequences for the ischemic organ and the entire body: inflammation, dystrophy, necrosis, sclerosis.

Embolism

      
One of the frequent causes of ischemia is a pathologic process called embolism.

Embolism is the presence and circulation through the blood vessels of foreign endogenous or exogenous bodies, which obstruct vascular lumen and disturb blood circulation.

An embolus is a detached intravascular solid, liquid, or gaseous mass that is carried by the blood to a site distant from its point of origin. The term embolus was coined by Rudolf Virchow in 1848 to describe objects that lodge in blood vessels and obstruct the flow of blood. Almost all emboli represent some part of a dislodged thrombus, hence the term thromboembolism. Rare forms of emboli include fat droplets, nitrogen bubbles, atherosclerotic debris (cholesterol emboli), tumor fragments, bone marrow, or even foreign bodies. However, unless otherwise specified, emboli should be considered thrombotic in origin.

               Etiology. According to embolus origin the emboli can be exogenous and endogenous. Exogenous emboli penetrate the blood flow from the environment. From this group can be named: air embolism, gaseous embolism, microbial, parasitic, and embolism with foreign bodies. In the case of endogenous embolism, emboli are formed in the body from the own substances of the organism. There can be counted following endogenous emboli: with thrombi, tissular, and lipid, cellular, with amniotic liquid, and atheromatous. 

               In function of localization of the embolus, there can be embolism of systemic circulation, embolism of pulmonary, and embolism of portal vein.

Pulmonary embolism. In more than 95% of cases, PEs originate from leg deep vein thromboses. Fragmented thrombi from deep venous thrombosis are carried through progressively larger channels and the right side of the heart before slamming into the pulmonary arterial vasculature. Depending on the size of the embolus, it can occlude the main pulmonary artery, straddle the pulmonary artery bifurcation (saddle embolus), or pass out into the smaller, branching arteries. Frequently there are multiple emboli, perhaps sequentially or as a shower of smaller emboli from a single large mass; in general, the patient who has had one PE is at high risk of having more. Rarely, an embolus can pass through an interatrial or interventricular defect and gain access to the systemic circulation (paradoxical embolism). 
Most pulmonary emboli (60% to 80%) are clinically silent because they are small. With time they become organized and are incorporated into the vascular wall; in some cases organization of the thromboembolus leaves behind a delicate, bridging fibrous web.  Sudden death, right heart failure (cor pulmonale), or cardiovascular collapse occurs when emboli obstruct 60% or more of the pulmonary circulation.  Embolic obstruction of medium-sized arteries with subsequent vascular rupture can result in pulmonary hemorrhage but usually does not cause pulmonary infarction. This is because the lung has a dual blood supply, and the intact bronchial circulation continues to perfuse the affected area. However, a similar embolus in the setting of left-sided cardiac failure (and compromised bronchial artery flow) can result in infarction
Systemic thromboembolism. Systemic thromboembolism refers to emboli in the arterial circulation. Most (80%) arise from intracardiac mural thrombi, two thirds of which are associated with left ventricular wall infarcts and another quarter with left atrial dilation and fibrillation. The remainder originates from aortic aneurysms, thrombi on ulcerated atherosclerotic plaques, or fragmentation of valvular vegetation, with a small fraction due to paradoxical emboli; 10% to 15% of systemic emboli are of unknown origin. In contrast to venous emboli, which tend to lodge primarily in one vascular bed (the lung), arterial emboli can travel to a wide variety of sites; the point of arrest depends on the source and the relative amount of blood flow that downstream tissues receive. Major sites for arteriolar embolization are the lower extremities (75%) and the brain (10%), with the intestines, kidneys, spleen, and upper extremities involved to a lesser extent. The consequences of embolization in a tissue depend on its vulnerability to ischemia, the caliber of the occluded vessel, and whether there is a collateral blood supply; in general, arterial emboli cause infarction of the affected tissues. 

            Embolism of portal vein, although it is found rarer than the embolism of the pulmonary and systemic circulation, it is characterized by specific manifestations and evolutions, associated with severe hemodynamic disorders. Because of big volume of portal vein, its obstruction or obstruction of its branches lead to overfilling of the abdominal organs with venous blood (small intestine, spleen) and development of portal hypertension syndrome, characterized by increased portal vein pressure from a normal value of 8-10 to 40-60 cm of water. This syndrome is characterized by ascites, dilatation of superficial veins of the abdominal wall and splenomegaly. Concomitantly there is development of other general clinical manifestations, like diminished venous return to the heart, reduced cardiac output, drop in arterial pressure, dyspnea, and neurological disorders. On the basis of this modifications there is decreased blood volume because of accumulation of venous blood in the portal vein (90% from the free venous blood), changes which lead to severe consequences and hemodynamic disorders and death. 

               Emboli can be classified also according to direction of their circulation: orthograde, retrograde, paradoxical. 

             Orthograde embolism represents movements of an embolus in the direction of the blood flow. To this type refers majority of emboli described above.

             Retrograde embolism differs from the orthograde because the embolus movement is in the opposite direction to the blood stream flow, and is the result of gravitation force. In these conditions, usually, embolus falls down till obstruction of the vessel lumen. This can happen at the rupture of a massive thrombus from the inferior vena cava or in case of emboli with foreign bodies (bullet). 

            Paradoxical embolism represents obstruction of arteries of the systemic circulation with an embolus formed in the veins of the systemic circulation. This can happen in case of cardiac vices with intra-arterial or intra-ventricular defect. In these conditions the thrombus doesn’t enter in the pulmonary circulation but from the right compartment of the heart enters directly in the left compartment of the heart and from here directly in the systemic circulation.

              Pathogenesis. Mechanism of formation and evolution of different forms of emboli is different and depends on the origin and peculiarities of the embolus, type of obstructed vessel, direction of embolus circulation. Inevitably, emboli lodge in vessels too small to permit further passage, causing partial or complete vascular occlusion; a major consequence is ischemic necrosis (infarction) of the downstream tissue. Depending on where they originate, emboli can lodge anywhere in the vascular tree; the clinical outcomes are best understood based on whether emboli lodge in the pulmonary or systemic circulations.
          
Air embolism. Air emboli represent the obstruction of the vessel lumen with atmospheric air. Gas bubbles within the circulation can coalesce to form frothy masses that obstruct vascular flow (and cause distal ischemic injury). For example, a very small volume of air trapped in a coronary artery during bypass surgery, or introduced into the cerebral circulation by neurosurgery in the “sitting position,” can occlude flow with dire consequences. Generally, more than 100 cc of air are required to have a clinical effect in the pulmonary circulation; however, this volume of air can be inadvertently introduced during obstetric or laparoscopic procedures, or as a consequence of chest wall injury. Air protrusion is also possible in case of trauma of magistral big veins (jugular, subclavicular), injury of the venous sinuses in the skull. In these veins the blood pressure is lower than the atmospheric one and the vascular wall are fixed on the adjacent tissue and at their rupture do not collapse, due to this the atmospheric air is aspired in vessel. The airs bubbles circulate with the blood flow and enter through the right atrium in the right ventricle, and from this the bubbles of air are pumped in the pulmonary circulation, where these obstruct the branches of pulmonary artery. Obstruction of more than 2/3 of pulmonary capillaries leads to death of the patient. In pulmonary barotrauma caused by explosive wave or in condition of hypobaria, sudden dilatation of air from the alveolus cause their rupture, the air enters in vessels through the damaged alveolo-capillary membrane, and escape into systemic circulation. Rare, the air embolism can be a complication during delivery or aborts, when the air bubbles can enter in the venous sinuses of placenta during muscular contraction of the uterus. Air emboli can be iatrogenic, during inappropriate medical manipulations, as during intra-arterial administration of different drugs, blood transfusion, radiological or angiographic investigations. 

              Microbial emboli are a consequence of entering in the blood stream of microorganism from septic inflammatory foci, such obstructing the vascular lumen as well as development of infectious metastatic foci in different organs. This form of embolism usually develops in case of septic lyses of thrombi, that’s why it is characteristic for both, systemic and pulmonary circulation. In the place of vessel obstruction will develop a purulent focus. 

               Parasitic emboli are developing in case of different parasites (worms) which protrude vascular wall and enter in the blood stream, where lead to vessel obstruction. This can lead to generalization of the parasitic invasion with involvement of different organs in parasitic disease. 

             Emboli with foreign bodies represent a rare form of embolism which can be found in case of gun shot, when the bullets or other foreign bodies enter in the vessel and obstruct them. Weight of these bodies usually is high, that’s why they circulate only for a small distance in the vessels, for example from vena cava till right ventricle.  

             Gaseous embolism. A particular form of gas embolism, called decompression sickness, occurs when individuals experience sudden decreases in atmospheric pressure. Scuba and deep sea divers, underwater construction workers, and individuals in unpressurized aircraft in rapid ascent are all at risk. Because gas solubility is directly proportional with the pressure, in hyperbaric condition increases concentration of dissolved O2 and NO2 in the blood and in the tissue, and at a rapid diminishing of pressure, their solubility decreases and there is releasing of bubbles. Released oxygen gradually is used by tissues and its quantity decrease from the blood, but the NO2 can’t be absorbed by the tissues and that’s why it remains in the blood in gaseous form, forming in the interior of vessels a lot of bubbles obstructing the vessel with a similar caliber of the gas bubble, causing tissue ischemia. Additional to this, at NO2 bubbles surface there is thrombocyte adhesion that activates the mechanism of blood coagulation. Formed thrombi worsen the obstruction of vessel. It is necessary to remark that this process happens simultaneously in the whole organism and in this case the emboli have a generalized character with very severe consequences. The rapid formation of gas bubbles within skeletal muscles and supporting tissues in and about joints is responsible for the painful condition called the bends. In the lungs, gas bubbles in the vasculature cause edema, hemorrhage, and focal atelectasis or emphysema, leading to a form of respiratory distress called the chokes. A more chronic form of decompression sickness is called caisson disease (named for the pressurized vessels used in the bridge construction; workers in these vessels suffered both acute and chronic forms of decompression sickness). In caisson disease, persistence of gas emboli in the skeletal system leads to multiple foci of ischemic necrosis; the more common sites are the femoral heads, tibia, and humeri. Acute decompression sickness is treated by placing the individual in a high pressure chamber, which serves to force the gas bubbles back into solution. Subsequent slow decompression theoretically permits gradual resorption and exhalation of the gases so that obstructive bubbles do not re-form.

                Embolism with thrombi is one of most common cause of embolism and represents the obstruction of vessel lumen with a thrombus that was mobilized from its initial place. Because thrombi are formed usually (90%) in big and deep vessels of the inferior members (veins), in case of phlebothrombosis, at their rupture from the vessel wall, these enter in the pulmonary circulation and obstruct the branches of pulmonary artery. Just when the thrombus is formed in the left part of the heart (endocarditis, heart aneurism) or in the arteries (atherosclerosis) can be obstructed vessels of systemic circulation (brain, heart, kidneys, intestines, skeletal musculature). The most frequent and most severe form is thromboembolism of pulmonary artery, causing sudden death of the patient. 

           Tissular embolism is the result of transporting through the blood of different tissular particles resulted from mechanical trauma (example: fragments muscles, brain and liver). These emboli obstruct vessels of pulmonary circulation.

           Lipid embolism. Microscopic fat globules, with or without associated hematopoietic marrow elements, can be found in the circulation and impacted in the pulmonary vasculature after fractures of long bones (which have fatty marrow) or, rarely, in the setting of soft tissue trauma and burns. Fat and associated cells released by marrow or adipose tissue injury may enter the circulation after the rupture of the marrow vascular sinusoids or venules. Fat and marrow elements are very common incidental findings after vigorous cardiopulmonary resuscitation and are probably of no clinical consequence. Indeed, fat embolism occurs in some 90% of individuals with severe skeletal injuries, but less than 10% of such patients have any clinical findings. 

Fat embolism syndrome is the term applied to the minority of patients who become symptomatic. It is characterized by pulmonary insufficiency, neurologic symptoms, anemia, and thrombocytopenia, and is fatal in about 5% to 15% of cases. Typically, 1 to 3 days after injury there is a sudden onset of tachypnea, dyspnea, and tachycardia; irritability and restlessness can progress to delirium or coma. Thrombocytopenia is attributed to platelet adhesion to fat globules and subsequent aggregation or splenic sequestration; anemia can result from similar red cell aggregation and/or hemolysis. A diffuse petechial rash (seen in 20% to 50% of cases) is related to rapid onset of thrombocytopenia and can be a useful diagnostic feature.

      The pathogenesis of fat emboli syndrome probably involves both mechanical obstruction and biochemical injury. Fat microemboli and associated red cell and platelet aggregates can occlude the pulmonary and cerebral microvasculature. Release of free fatty acids from the fat globules exacerbates the situation by causing local toxic injury to endothelium, and platelet activation and granulocyte recruitment (with free radical, protease, and eicosanoid release) complete the vascular assault. 
 Volume of lethal lipid emboli in humans is in limits of 0.9 -3 cm3/kg. 

                Cellular embolism represents transporting through the blood of cells originating from tumors localized in some organs, leading to metastatic tumors.

                 Embolism with amniotic liquid. Amniotic fluid embolism is an ominous complication of labor and the immediate postpartum period. Although the incidence is only approximately 1 in 40,000 deliveries, the mortality rate is up to 80%, making amniotic fluid embolism the fifth most common cause of maternal mortality worldwide; it accounts for roughly 10% of maternal deaths in the United States and results in permanent neurologic deficit in as many as 85% of survivors. The onset is characterized by sudden severe dyspnea, cyanosis, and shock, followed by neurologic impairment ranging from headache to seizures and coma. If the patient survives the initial crisis, pulmonary edema typically develops, along with (in half the patients) disseminated intravascular coagulation, as a result of release of thrombogenic substances from the amniotic fluid. The underlying cause is the infusion of amniotic fluid or fetal tissue into the maternal circulation via a tear in the placental membranes or rupture of uterine veins. Classic findings include the presence of squamous cells shed from fetal skin, lanugo hair, fat from vernix caseosa, and mucin derived from the fetal respiratory or gastrointestinal tract in the maternal pulmonary microvasculature. Other findings include marked pulmonary edema, diffuse alveolar damage, and the presence of fibrin thrombi in many vascular beds due to intravascular coagulation. 

	


               Embolism with atheromatous masses is caused by cholesterol and other substances originated from disintegrated atheromatous plaques, that enters in the vessels and are transported by the blood flow in the systemic circulation, usually in the brain. 

          Consequences of emboli can have a local character –ischemia, venous hyperemia, metastasis of  inflammatory process or tumor, or general  - functional damage according to the vital role of affected organ.

         Biological significance. Embolism has a negative biological character, because it is the cause of local and general hemodynamic disorders.
VENOUS HYPEREMIA
   
   Venous hyperemia represents an excessive filling of an organ or tissue with venous blood as a result of difficult outflow through veins concomitant with decreased perfusion. 

  
    Etiology. General effect of all etiologic factors common for venous hyperemia is increased mechanical resistance in the way of blood reflux from the organ or tissue. This may be due to decreased arterial-venous pressure gradient, decreased aspiration force of the thorax, decreased vascular lumen (compression, obliteration, and obstruction), as well as modification in structure and mechanic capacities of veins. 

              Decreased arterial-venous pressure gradient is the result of the heart dysfunction, with diminished pump function of the left or right ventricle with venous hyperemia respectively in systemic or pulmonary circulation, diminished heart compliance and limitation of the diastolic filing of ventricles in exudative pericarditis. This leads to reduction of arterial pressure concomitantly with increasing of central venous pressure, such decreasing arterial-venous pressure gradient, making difficult the venous blood return to the heart.    

   Decreased aspiration force of the thorax is caused by increased intra-thorax pressure, in mediastinal tumors, pleural collection (hemothorax, pneumothorax). In normal conditions, blood pressure in the thorax region of the large veins is negative compared with the atmospheric pressure. Increased intra-thoracic pressure leads to increased pressure at the level of these veins (becomes positive) and makes difficult venous blood return to the heart.

    
  Decreased vessel lumen by compression can be caused by a tumor, scars, edema, sutures, that compress directly the vein such increasing the resistance to blood flow. Obstruction of the vein lumen is more frequent in thrombus formation. Different pathological processes localized in the veins wall (inflammation, sclerosis, substances storing) leads to obliteration –thickening of the wall, concomitant with the lumen narrowing such making difficult the venous return to the heart. 

   
   Another cause can be constitutional insufficiency of elasticity at the level of venous wall that manifest more frequently in the lower limbs and leads to gradual dilatation of veins, relative valvular insufficiency, retain of blood in veins and increased hydrostatic pressure. This blocks blood reflux from the tissues and leads to venous hyperemia. 

           
In case of blood reflux blocking through magisterial veins, there is collateral vein dilatation with phenomena of venous hyperemia. So, in liver cirrhosis, blood flow from portal vena into hepatic veins is blocked with development of portal hypertension. In this condition porto-caval anastomosis are opened, with increased blood flux through paraombilical veins, esophageal veins, hemaoraidal veins, leading to a significant venous hyperemia in these regions. 

   
  Pathogenesis. The main pathogenetic factor that stays on the basis of all changes found in venous hyperemia is the reduction of venous reflux with organ hypoperfusion. This determines all manifestations in venous hyperemia: homodynamic disorders, lymphogenesis and changes in local lymphodynamics, disorders in metabolic processes, modification of structure and functions of organ.

      
Manifestations
Hemodynamic changes, disorders of lymphogenesis and local lymphodynamics: 

a) Diminished blood reflux from the organ under a direct action of the etiologic factor concomitantly with temporary adequate arterial supply of the tissue.

b) Excessive accumulation of blood in the venous and capillary compartment of microcirculatory unit, which lead to increased intravascular pressure.

c)  Diminished arterial influx, reduction in linear and volumetric blood velocity; decreased blood supply concomitantly with increased hydrostatic pressure in the veins and capillaries of tissue.

d) Intensification of the vascular network due to vessel dilatation and their extra-filling with blood.

e) Intensification of the transmural filtration process in capillaries and venules as a result of increased filtration pressure.
f) Reduced interstitium-capillary reabsorbtion process with excessive accumulation of interstitial liquid and increased mechanical pressure in the tissue.

g)  Hemoconcentration in the area of venous hyperemia with increased hematocrit, high blood viscosity, increased aggregation of cellular components of the blood and enhancement of blood coagulation. 

h) Intensification of lymphogenesis as a result of abundant transcapillary filtration 
i) Diminished lymph reflux from the organ in the result of lymphatic vessel compression by increased mechanical pressure.

j) Edema development in the result of increased hydrostatic pressure in the  capillaries, vascular hyperpermeability in condition of hypoxia, acidosis and mechanical extensions of the vascular wall, as well as in the result of interstitial hyperosmolarity in the affected area.

      
Metabolic changes:

a) Diminished supply of oxygen and nutritive substances - hypoxia and hyponutrition;
b) Disturbances in the capillary-interstitial gas changes in the area of venous hyperemia as a consequence of edema.

c) Diminished oxidative metabolic processes and energogenetic processes. 

d) Intensification of anaerobic catabolic processes with accumulation of intermediate metabolites –metabolic acidosis.

e) Qualitative disorders of the metabolism with accumulation of lactic acid, ketone bodies, products of proteolysis.

f) Diminished function of affected organ, reduction of adaptive, compensatory, protective and repair capacities;
g) Development of hypoxic, hyponutritive, hypoenergetic and acidotic cell injuries, necrosis with reduction of cell population, sclerosis – substitution of the specific tissue with conjunctive tissue.
External manifestations:

a) Redness with cyanotic tint of the affected region because of vessel overfilling with venous blood rich in reduced hemoglobin and carbohemoglobin; 

b) Tumefaction of organ or the portion of tissue because of edema;
c) Decreased local temperature as a consequence of reduction of arterial blood inflow and reduction of the tissular metabolic processes as well as diminished energogenesis.

d) Hemorrhages as a result of excessive extension of the venous wall and its rupture.
Consequences. Local consequences of venous hyperemia of different origin have a negative biological character and are conditioned by hypoperfusion, hypoxia, hyponutrition, hypoenergogenesis, organ dysmetabolisms. The main consequences of venous hyperemia are:

a) Venous stasis 

b) Hypoxic, hypoenergetic and dismetabolic cellular injuries;
c) Necrosis

d) Inflammation

e) Atrophy

f) Organ sclerosis 
Concomitantly with local changes, venous hyperemia with generalized character can cause also disorders in systemic hemodynamics with severe consequences. More frequently these disorders appear in case of obstruction of vein with big caliber - portal vein, vena cava inferior. Accumulation and retention of the blood in this venous deposits (90% from active blood) lead to reduction of venous blood return to the heart, that leads to a severe reduction in cardiac output and hypotension (vasogen circulatory insufficiency, collapse) decreased blood flow in vital organs, especially in the brain (syncope). 

      
Biological significance. Venous hyperemia has a negative biological character. Because of that venous hyperemia needs removal of obstacle from the blood vessel in order to reestablish hemocirculation. For recovering of damaged structures and restoration of functions after venous hyperemia, there is necessary to remove main pathogenic factors: hypoperfusion, hyponutrition, acidosis, metabolic disorders.
BLOOD STASIS
            Stasis represents decreased or cessation of blood flow at the microcirculatory level in an organ or a part of a tissue.

           Etiology. Common general action for all etiological factors of stasis is decreased or complete cessation of the blood flow at the level of micro-circulatory unit. According to the mechanism of action etiological factors of stasis can be divided into several groups:

a) Ischemic factors, which decrease or stop the arterial blood afflux to an organ causing ischemia and cessation of micro-circulation; such type of stasis is called ischemic stasis.

b) Factors which block or stop the venous outflow from the organ causing venous hyperemia and cessation of micro-circulation; such type of stasis is called venous stasis.

c) Factors that don’t change the arterial afflux and venous outflow, but increase the circulation resistance at the level of capillaries until cessation of blood flow; such type of stasis is called capillary stasis. 

d) Action of damaging factors like exposure of tissue to high or low temperature, dryness of the tissue surface exposed to air, exposure to hypertonic solutions of NaCl, acids, basis, microorganisms toxins.

e) Factors that affect the endothelial layer and decrease the capillary lumen.

f) Factors which have general action on the body – hypertensive disease, atherosclerosis, shock, collapse, blood flow insufficiency, acute inflammations, viral affection (flu).
              Pathogenesis. Venous and ischemic stases are a direct consequence of venous hyperemia and ischemia. 

              The main pathogenic factor in the development of capillary stasis, indifferently of its cause, is the intra-capillary aggregation of erythrocytes, which manifest by their adhesion and formation of conglomerates, which increase the peripheral resistance and make an obstacle for blood flow. Aggregation and agglutination of erythrocytes can be the result of increased concentration of pro-aggregation substances in the region (thromboxan A2, prostaglandins, catecholamine, and agglutinins). This process is associated with cellular activation and release of biological active substances. A major role in development of stasis is also attributed to increased blood viscosity in conditions of capillary hyperpermeability in the affected area.

             Increased capillary wall permeability under the action of biological active substances (serotonin, bradykinin), diminished local pH and reduction of colloidal-osmotic pressure that causes extravasations of liquids, in association with vessel dilatation, contributes to increased blood viscosity, decreased blood velocity, aggregation and agglutination of erythrocytes and, as a consequence development of blood stasis. These processes are favored also by plasmatic albumins exit from the vessels leading to increased macromolecular protein concentration in the plasma (globulins, fibrinogen) – phenomenon which reduces negative charge of erythrocytes and enhance their sedimentation. Additionally, etiologic factors which have a chemical origin can enter into capillaries and act directly on the erythrocyte, changing their physical-chemical proprieties and favoring their aggregation. The same effect of diminishing the negative charge of erythrocytes have increased concentration of K+ and Mg++ ions, released from the blood cells and endothelial cells during their damage. Ion absorption on the erythrocyte surface will neutralize the negative charge, favoring adhesion and aggregation of erythrocytes. As a consequence, from erythrocytes there will be eliminated pro-aggregation substances such increasing more their aggregation, causing in this way a vicious circle.

              Injury of capillary wall with edema and endothelial cell swelling, (example under the action of histamine), also can cause increased peripheral vascular resistance and diminished blood velocity.

      Each type of stasis has its own peculiarities.

              Capillary stasis or primary stasis develops in the result of rheological disturbances of the blood or in case of capillaropathy, when to the blood flow through capillaries oppose an invincible resistance force. In these conditions, the blood column from capillaries and venules becomes immobile; blood becomes homogenous, there is erythrocyte swelling with a considerable loss of hemoglobin that together with plasma passes into the extravascular space. Should be mentioned that in case of capillary stasis erythrocytes are not damaged and blood doesn’t coagulate. 

                Venous stasis is a consequence of venous hyperemia, due to presence of an obstacle that impede the venous outflow from tissue, leading to overfilling with venous blood and increased hydrostatic pressure at the level of venules and capillaries, which, when achieving the level of blood pressure in arterioles, annihilate the pressure gradient and consecutively the propulsion force of the blood through veins. 

                Venous stasis has a relatively slow evolution, having some stages. Initially there is prestasis, characterized by pulsatile, pendulating movements, followed by definitive stop of circulation. Pulsatile movement of the blood is due to increased hydrostatic blood pressure at the level of venules that will become equal with diastolic pressure at the level of arterioles. As a consequence, blood through capillaries flow only in systole, when systolic arterial pressure exceeds the venule pressure, but during diastole, the pressure equalize and blood flow will stops. If the causing factor of venous hyperemia persists, hydrostatic pressure of blood in the venous region will increase even more, exceeding the diastolic pressure. In this situation during systole of the heart, blood at the microcirculatory level will flow in usual direction, but in diastole of the heart there is an opposite gradient of pressure and blood circulates in the opposite direction –by this way there will develop pendulating movements of the blood at the level of microcirculatory unit. Ultimately, the amplitude of pendulating movements of blood will decrease gradually till the blood flow will stop completely causing venous stasis.

              Ischemic stasis is a consequence of ischemia, when because of an obstacle the blood afflux is stopped completely.

                Venous and ischemic stases are called secondary stasis, because these develop as a consequence of venous hyperemia and ischemia. Venous stasis and ischemic one in the beginning represent reversible processes because if removing the obstacle, the blood circulation will be reestablished. In both cases, if blood flow isn’t reestablished soon, there will be initiation of aggregation and agglutination of erythrocytes accompanied by increased vascular permeability developing by this way rheological blood disturbances. Association to venous and ischemic stasis of rheological blood changes transforms these in irreversible capillary stasis, when the blood flow can’t be more reestablished. According to the degree of stasis spreading it can be local (in the inflammatory foci) and generalized (malaria, typhus exanthematicus). 

              Manifestations. Manifestation of secondary stasis (venous and ischemic) overlaps and amplifies the primary disorders of peripheral blood circulation. Manifestations of capillary stasis are present just in the case of primary stasis and are the following: 

a) Decreased local temperature, as a result of diminished or stopping of blood inflow, reduced oxygen delivery with severe disorders of the metabolism and energogenesis in the affected tissues;

b) Tumefaction of the portion with stasis, because of local edema due to increased hydrostatic pressure and increased transcapillary filtration;

c) Cyanosis because of reduced blood velocity and accumulation of carbohemoglobin in vessels;

d) Microhemorrhages as a result of high hydrostatic pressure at the level of microvessels as well as hyperpermeability of vessels with extravasations of erythrocytes.
               Consequences. In the area of tissue with blood stasis, hypoperfusion and pronounced hypoxia causes severe metabolic disorders, accompanied by cellular injuries, cellular dystrophy, necrobiosis, necrosis, inflammation, atrophy, sclerosis. From the general consequences of stasis should be mentioned resorbtive intoxication, coagulopathy.  

              Biological significance. Stasis has a negative biological character with severe consequences and irreversible damages in the affected tissues. 
RHEOLOGICAL BLOOD DISORDERS
           Rheological properties of the blood represent its capacity to remain a liquid and flow through vessels and are determined, especially by the blood viscosity and by the suspension stability of blood cells and other components.   

              Rheological properties are determined by many factors:

       1) Concentration and molecular mass of simple substances dissolved in the plasma; 

       2) Concentration, molecular mass and charge of plasmatic protein;

       3) Concentration, shape, size and charge of blood cells suspended in the plasma;

       4) Interaction of the blood cells between them and with vascular walls;

       5 ) Diameter and mechanical properties of vessels;

          In usual conditions, blood represents of stable suspension of cells in the plasma. Suspension stability is due to negative electrical charge of erythrocytes and thrombocytes, as well as due to anti-adhesive and anti-aggregation properties of thrombocyte, constant ratio between plasmatic protein fractions and a stable blood velocity. Increased level of globulin and/or fibrinogen in the blood leads to their absorption on the erythrocyte surface, reducing their negative charge and decreasing blood suspension stability with erythrocyte aggregation. Decreased blood velocity aggravates this process.  

               Viscosity was defined by Isaac Newton for all the liquids like ”absence of gliding between the neighbor layers of the liquid” and this can be applied to the blood too. By the friction of molecules of substances and blood particles between them and with vascular walls are generated forces that appose the blood flow. Resistance oppose by the blood to these forces is directly proportional with viscosity. Blood viscosity and vessels peculiarities (diameter, endothelium) determine in a high manner the peripheral resistance, respectively arterial pressure, such having an important role in hemodynamics. Relative viscosity is determined by comparing the speed of blood flow with water flow through capillary tubes. Water viscosity conventionally is accepted to be equal to 1, the blood viscosity is 4.6 (males 4.7, females 4.4), but plasma viscosity is 1.86. So, the presence of blood cells represents the main factor, which determines blood viscosity. 

             Increased blood viscosity can be due to reduced volume of plasma or increased concentration and total volume of the blood components in the plasma (cells, proteins). In both cases, there is hemoconcentration with increased blood viscosity and high peripheral resistance. Volume of plasma diminishes in case of severe dehydration like in vomiting or diarrhea (cholera, dysentery, and salmonellas), massive and deep burns with intra- and extracorporeal hydric translocations, severe hyperthermia with abundant transpiration, intoxication with toxic war gases which cause chemical burns in the lungs and liquid accumulation in the pulmonary tissue (till 10 liters), forced diuresis in the absence of the parental restitution of water in intoxications. Increased number of blood cells is characteristic for absolute erythrocytosis, in case of erythropoiesis intensification as a compensatory reaction as well as in leukemia. In this conditions, there is increased hematocrit, blood becomes viscous, decreased blood velocity, can be erythrocyte aggregation and thrombogenesis. Generally, this process is reversible, but in severe cases of dehydratation or leukemic polycythemia when there is considerably increased peripheral resistance, can lead to hypertrophy of the heart with cardiac insufficiency.

              Diminished blood viscosity – hydremia – develops in case of increased liquid part of the blood or diminished concentration of blood cells. Plasma volume in relation with the blood cells volume is increased in renal dysfunctions, during rapid reabsorbing of edemas, in case of massive transfusion of plasma or of  blood components for recovery of circulating blood volume. Volume of the blood cells decrease in case of anemia or massive hemorrhages.

      One of the forms of blood rheological disturbances, frequently encountered, is the disorders of blood elements stability called sludge. Sludge leads to increased blood viscosity, but at the same time can be itself a consequence of primary increased blood viscosity. Essence of sludge consists in the erythrocyte aggregation and formation of erythrocyte columns which consists from some erythrocyte, as well as addition of thrombocyte and leukocyte and formation of conglomerates of diverse forms and dimensions that obstruct the blood vessels. Intravascular agglutination and aggregation of the blood cells is known for a long time (Haller, 1754; Lister, 1858), but this phenomenon for the first time was studied, proved and named sludge by Knisely (1941). Sludge differs from the capillary stasis by the fact that in sludge erythrocyte aggregation happens not only in capillaries, but also in vessels with different calibers, inclusive veins and arteries. Clinically this phenomenon manifest by increased erythrocyte sedimentation rate (ESR). 

      Sludge can be caused by central or regional hemodynamic disorders (cardiac insufficiency, venous stasis, and ischemia); increased blood viscosity (hemoconcentration, hyperproteinemia, polycythemia); hypothermia or hyperthermia, burns or frost bites; intoxication with arsenium, cadmium, ether, chloroform; gas or lipid embolism; diverse form of shock, oliguria, acute vascular insufficiency, disorders associated with increased fibrinogen and globulins level in the blood, concomitantly with decreased albumins (macroglobulinemia, diabetes mellitus, heart ischemic disease). Sludge can be induced by intravenous administration of macromolecular substances (dextran, denatured proteins, methylcellulose), ADP, ATP, ethylic alcohol, thrombin, serotonin, noradrenalin, bradykinin. 

          According to its character sludge can be reversible, if there is only aggregation of blood cells, and irreversible, if there is agglutination. 

      According to the size and shape of conglomerates and erythrocyte density, there can be following types of sludge:

       a) Classic sludge –aggregates have big dimensions, irregular shape, and high erythrocyte density, develops in case of vessel obstruction.

       b) Dextranic sludge – aggregates have various dimensions, round shape, high erythrocyte density; develops in intravenous administration of the macromolecular dextran (a polysaccharide produced by the action of bacteria on sucrose: used as a substitute for plasma in blood transfusions);

       c) Amorphous sludge – enormous quantity of small aggregates with granular form made of a few erythrocytes; develops at intravenous administration of ethylic alcohol, ADP, ATP, thrombin, serotonin, and noradrenalin.

            In different types of sludge phenomenon, aggregates dimensions differ in size from 10x10 till 100x200 µ. Intravascular process of aggregation can have a local or generalized character and runs in a certain order. Initially, aggregates are formed in capillaries and venules from thrombocytes and chylomicrons, which fix on the vascular wall or are transported by the blood flow in other regions, where cause other foci of aggregation. Ultimately, this process involves formation of aggregates from erythrocytes, firstly in venules and after that in arterioles, leading to reduced blood velocity such aggravating more the microcirculation. 

          Pathogenesis of the intravascular erythrocyte aggregation is explained by: cellular activation and releasing of substances with a strong pro-aggregate action (ADP, thromboxan, kinin, histamine); diminished negative electrical charge at the level of external surface of the blood cells due to increased concentration of potassium, calcium, magnesium cations released from the injured cells as well as in condition associated with increased level of macromolecular proteins in the plasma (fibrinogen and globulins). Additionally, adsorption of protein mycelium on the erythrocytes surface leads to their sedimentation and favors the adhesion, aggregation and agglutination process.

            Localized sludge leads to regional circulatory disorders (stasis, ischemia, venous hyperemia). As a consequence there is reduced perfusion in capillaries, where circulates only plasma, which cause inhibition and desquamation of endothelium, phenomenon which is aggravated by acid reaction of the environment, accumulation of metabolic residues and biological active substances (serotonin, histamine) released by degranulation of tissular basophiles from the adjacent tissues. Increased vascular permeability and extravasations of liquid from blood vessels contributes even more to increased blood viscosity with reduction of circulation velocity such worsening the sludge phenomenon. On the background of these changes, there is reduced vascular-interstitial metabolism, tissue hypoxia, decreased energogenesis and dysfunction of organs and systems of organs. Complex of physiopathologic changes of the microcirculation, that develops in case of vascular aggregation and which is characterized by reduced tissular tophic processes, is called capillaro-trophic insufficiency. So, the sludge phenomenon, that initially develops as a local reaction to injury, in dynamics can become a systemic reaction or even a general response of the body.

              Sludge consequences are disorders of the local blood circulation (stasis and ischemia), trophic and energogenetic disorders, cellular injuries, necrosis, inflammation.                  

HEMOSTASIS AND THROMBOSIS
             
[image: image2]  Normal hemostasis is a consequence of tightly regulated processes that maintain blood in a fluid state in normal vessels, yet also permit the rapid formation of a hemostatic clot at the site of a vascular injury. The pathologic counterpart of hemostasis is thrombosis; it involves blood clot (thrombus) formation within intact vessels. Both hemostasis and thrombosis involve three components: the vascular wall (particularly the endothelium), platelets, and the coagulation cascade. 

Normal hemostasis
              • After initial injury there is a brief period of arteriolar vasoconstriction mediated by reflex neurogenic mechanisms and augmented by the local secretion of factors such as endothelin (a potent endothelium-derived vasoconstrictor). The effect is transient, however, and bleeding would resume if not for activation of the platelet and coagulation systems.

               • Endothelial injury exposes highly thrombogenic subendothelial extracellular matrix (ECM), facilitating platelet adherence and activation. Activation of platelets results in a dramatic shape change (from small rounded discs to flat plates with markedly increased surface area), as well as the release of secretory granules. Within minutes the secreted products recruit additional platelets (aggregation) to form a hemostatic plug; this process is referred to as primary hemostasis.

              • Tissue factor is also exposed at the site of injury. Also known as factor III and thromboplastin, tissue factor is a membrane-bound procoagulant glycoprotein synthesized by endothelial cells. It acts in conjunction with factor VII (see below) as the major in vivo initiator of the coagulation cascade, eventually culminating in thrombin generation. Thrombin cleaves circulating fibrinogen into insoluble fibrin, creating a fibrin meshwork, and also induces additional platelet recruitment and activation. This sequence, secondary hemostasis, consolidates the initial platelet plug.

              • Polymerized fibrin and platelet aggregates form a solid, permanent plug to prevent any further hemorrhage. At this stage, counter-regulatory mechanisms (e.g., tissue plasminogen activator, t-PA) are set into motion to limit the hemostatic plug to the site of injury (Fig.1).
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             Fig.1. Normal hemostasis. A, After vascular injury local neurohumoral factors induce a transient vasoconstriction. B, Platelets bind via glycoprotein Ib (GpIb) receptors to von Willebrand factor (vWF) on exposed extracellular matrix (ECM) and are activated, undergoing a shape change and granule release. Released adenosine diphosphate (ADP) and thromboxane A2 (TxA2) induce additional platelet aggregation through platelet GpIIb-IIIa receptor binding to fibrinogen, and form the primary hemostatic plug. C, Local activation of the coagulation cascade (involving tissue factor and platelet phospholipids) results in fibrin polymerization, “cementing” the platelets into a definitive secondary hemostatic plug. D, Counter-regulatory mechanisms, mediated by tissue plasminogen activator (t-PA, a fibrinolytic product) and thrombomodulin, confine the hemostatic process to the site of injury. (From Robbins-Cotran; Pathological basis of disease)
               Endothelium. Endothelial cells are key players in the regulation of homeostasis, as the balance between the anti- and prothrombotic activities of endothelium determines whether thrombus formation, propagation, or dissolution occurs. Normally, endothelial cells exhibit antiplatelet, anticoagulant, and fibrinolytic properties; however, after injury or activation they acquire numerous procoagulant activities. Besides trauma, endothelium can be activated by infectious agents, hemodynamic forces, plasma mediators, and cytokines. 
                 Antithrombotic properties. Under normal circumstances endothelial cells actively prevent thrombosis by producing factors that variously block platelet adhesion and aggregation, inhibit coagulation, and lyse clots.

          • Antiplatelet effects. Intact endothelium prevents platelets (and plasma coagulation factors) from engaging the highly thrombogenic subendothelial ECM. Nonactivated platelets do not adhere to endothelial cells, and even if platelets are activated, prostacyclin (PGI2) and nitric oxide produced by the endothelial cells impede platelet adhesion. Both of these mediators are potent vasodilators and inhibitors of platelet aggregation; their synthesis by the endothelium is stimulated by several factors produced during coagulation (e.g., thrombin and cytokines). Endothelial cells also elaborate adenosine diphosphatase, which degrades adenosine diphosphate (ADP) and further inhibits platelet aggregation.

     • Anticoagulant effects. These effects are mediated by endothelial membrane-associated heparin-like molecules, thrombomodulin, and tissue factor pathway inhibitor (see Fig. 4-6 ). The heparin-like molecules act indirectly; they are cofactors that greatly enhance the inactivation of thrombin and several other coagulation factors by the plasma protein antithrombin III (see later). Thrombomodulin binds to thrombin and converts it from a procoagulant into an anticoagulant via its ability to activate protein C, which inhibits clotting by inactivating factors Va and VIIIa. Endothelium also produces protein S, a co-factor for protein C, and tissue factor pathway inhibitor (TFPI), a cell surface protein that directly inhibits tissue factor–factor VIIa and factor Xa activities.

         • Fibrinolytic effects. Endothelial cells synthesize tissue-type plasminogen activator (t-PA), a protease that cleaves plasminogen to form plasmin; plasmin, in turn, cleaves fibrin to degrade thrombi.

                 Prothrombotic properties. While normal endothelial cells limit clotting, trauma and inflammation of endothelial cells induce a prothrombotic state that alters the activities of platelets, coagulation proteins, and the fibrinolytic system. 

            • Platelet effects. Endothelial injury allows platelets to contact the underlying extracellular matrix; subsequent adhesion occurs through interactions with von Willebrand factor (vWF), which is a product of normal endothelial cells and an essential cofactor for platelet binding to matrix elements.

            •   Procoagulant effects. In response to cytokines (e.g., tumor necrosis factor [TNF] or interleukin-1 [IL-1]) or bacterial endotoxin, endothelial cells synthesize tissue factor, the major activator of the extrinsic clotting cascade. In addition, activated endothelial cells augment the catalytic function of activated coagulation factors IXa and Xa.

            • Antifibrinolytic effects. Endothelial cells secrete inhibitors of plasminogen activator (PAIs), which limit fibrinolysis and tend to favor thrombosis.
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Fig. 2. Anti- and procoagulant activities of endothelium. NO, nitric oxide; PGI2, prostacyclin; t-PA, tissue plasminogen activator; vWF, von Willebrand factor. The thrombin receptor is also called a protease-activated receptor (PAR). (From Robbins-Cotran; Pathological basis of disease)
                 Antithrombotic properties. Under normal circumstances endothelial cells actively prevent thrombosis by producing factors that variously block platelet adhesion and aggregation, inhibit coagulation, and lyse clots.
          • Antiplatelet effects. Intact endothelium prevents platelets (and plasma coagulation factors) from engaging the highly thrombogenic subendothelial ECM. Nonactivated platelets do not adhere to endothelial cells, and even if platelets are activated, prostacyclin (PGI2) and nitric oxide produced by the endothelial cells impede platelet adhesion. Both of these mediators are potent vasodilators and inhibitors of platelet aggregation; their synthesis by the endothelium is stimulated by several factors produced during coagulation (e.g., thrombin and cytokines). Endothelial cells also elaborate adenosine diphosphatase, which degrades adenosine diphosphate (ADP) and further inhibits platelet aggregation.

     • Anticoagulant effects. These effects are mediated by endothelial membrane-associated heparin-like molecules, thrombomodulin, and tissue factor pathway inhibitor (see Fig. 4-6 ). The heparin-like molecules act indirectly; they are cofactors that greatly enhance the inactivation of thrombin and several other coagulation factors by the plasma protein antithrombin III (see later). Thrombomodulin binds to thrombin and converts it from a procoagulant into an anticoagulant via its ability to activate protein C, which inhibits clotting by inactivating factors Va and VIIIa. Endothelium also produces protein S, a co-factor for protein C, and tissue factor pathway inhibitor (TFPI), a cell surface protein that directly inhibits tissue factor–factor VIIa and factor Xa activities.
         • Fibrinolytic effects. Endothelial cells synthesize tissue-type plasminogen activator (t-PA), a protease that cleaves plasminogen to form plasmin; plasmin, in turn, cleaves fibrin to degrade thrombi.
                 Prothrombotic properties. While normal endothelial cells limit clotting, trauma and inflammation of endothelial cells induce a prothrombotic state that alters the activities of platelets, coagulation proteins, and the fibrinolytic system. 
            • Platelet effects. Endothelial injury allows platelets to contact the underlying extracellular matrix; subsequent adhesion occurs through interactions with von Willebrand factor (vWF), which is a product of normal endothelial cells and an essential cofactor for platelet binding to matrix elements.
            •   Procoagulant effects. In response to cytokines (e.g., tumor necrosis factor [TNF] or interleukin-1 [IL-1]) or bacterial endotoxin, endothelial cells synthesize tissue factor, the major activator of the extrinsic clotting cascade. In addition, activated endothelial cells augment the catalytic function of activated coagulation factors IXa and Xa.

            • Antifibrinolytic effects. Endothelial cells secrete inhibitors of plasminogen activator (PAIs), which limit fibrinolysis and tend to favor thrombosis.
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          Fig.3. Platelet adhesion and aggregation. Von Willebrand factor functions as an adhesion bridge between subendothelial collagen and the glycoprotein Ib (GpIb) platelet receptor. Aggregation is accomplished by fibrinogen bridging GpIIb-IIIa receptors on different platelets. Congenital deficiencies in the various receptors or bridging molecules lead to the diseases indicated in the colored boxes. ADP, adenosine diphosphate. (From Robbins-Cotran; Pathological basis of disease)

             In summary, intact, nonactivated endothelial cells inhibit platelet adhesion and blood clotting. Endothelial injury or activation, however, results in a procoagulant phenotype that enhances thrombus formation.

           Platelets. Platelets are disc-shaped, anucleate cell fragments that are shed from megakaryocytes in the bone marrow into the blood stream. They play a critical role in normal hemostasis, by forming the hemostatic plug that initially seals vascular defects, and by providing a surface that recruits and concentrates activated coagulation factors. Their function depends on several glycoprotein receptors, a contractile cytoskeleton, and two types of cytoplasmic granules. α-Granules have the adhesion molecule P-selectin on their membranes and contain fibrinogen, fibronectin, factors V and VIII, platelet factor 4 (a heparin-binding chemokine), platelet-derived growth factor (PDGF), and transforming growth factor-β (TGF-β). Dense (or δ) granules contain ADP and ATP, ionized calcium, histamine, serotonin, and epinephrine.
After vascular injury, platelets encounter ECM constituents such as collagen and the adhesive glycoprotein vWF. On contact with these proteins, platelets undergo: (1) adhesion and shape change, (2) secretion (release reaction), and (3) aggregation. 

                 • Platelet adhesion to ECM is mediated largely via interactions with vWF, which acts as a bridge between platelet surface receptors (e.g., glycoprotein Ib [GpIb]) and exposed collagen. Although platelets can also adhere to other components of the ECM (e.g., fibronectin), vWF-GpIb associations are necessary to overcome the high shear forces of flowing blood. Reflecting the importance of these interactions, genetic deficiencies of vWF (von Willebrand disease; or its receptor (Bernard-Soulier syndrome) result in bleeding disorders.

                • Secretion (release reaction) of both granule types occurs soon after adhesion. Various agonists can bind platelet surface receptors and initiate an intracellular protein phosphorylation cascade ultimately leading to degranulation. Release of the contents of dense-bodies is especially important, since calcium is required in the coagulation cascade, and ADP is a potent activator of platelet aggregation. ADP also begets additional ADP release, amplifying the aggregation process. Finally, platelet activation leads to the appearance of negatively charged phospholipids (particularly phosphatidylserine) on their surfaces. These phospholipids bind calcium and serve as critical nucleation sites for the assembly of complexes containing the various coagulation factors.
                • Platelet aggregation follows adhesion and granule release. In addition to ADP, the vasoconstrictor thromboxane A2 (TxA2; is an important platelet-derived stimulus that amplifies platelet aggregation, which leads to the formation of the primary hemostatic plug. Although this initial wave of aggregation is reversible, concurrent activation of the coagulation cascade generates thrombin, which stabilizes the platelet plug via two mechanisms. First, thrombin binds to a protease-activated receptor (PAR) on the platelet membrane and in concert with ADP and TxA2 causes further platelet aggregation. This is followed by platelet contraction, an event that is dependent on the platelet cytoskeleton that creates an irreversibly fused mass of platelets, which constitutes the definitive secondary hemostatic plug. Second, thrombin converts fibrinogen to fibrin in the vicinity of the platelet plug, functionally cementing the platelets in place.

                 
[image: image6]
             Fig.4. The coagulation cascade. Factor IX can be activated either by factor XIa or factor VIIa; in lab tests, activation is predominantly dependent on factor XIa of the intrinsic pathway. Factors in red boxes represent inactive molecules; activated factors are indicated with a lower case “a” and a green box. Note also the multiple points where thrombin (factor IIa; light blue boxes) contributes to coagulation through positive feedback loops. The red “X”s denote points of action of tissue factor pathway inhibitor (TFPI), which inhibits the activation of factors X and IX by factor VIIa. PL, phospholipid; HMWK, high-molecular-weight kininogen. (From Robbins-Cotran; Pathological basis of disease)

                Noncleaved fibrinogen is also an important component of platelet aggregation. Platelet activation by ADP triggers a conformational change in the platelet GpIIb-IIIa receptors that induces binding to fibrinogen, a large protein that forms bridging interactions between platelets that promote platelet aggregation Predictably, inherited deficiency of GpIIb-IIIa results in a bleeding disorder (Glanzmann thrombasthenia). The recognition of the central role of the various receptors and mediators in platelet cross-linking has led to the development of therapeutic agents that block platelet aggregation—for example, by interfering with thrombin activity, by blocking ADP binding (clopidogrel), or by binding to the GpIIb-IIIa receptors (synthetic antagonists or monoclonal antibodies). Antibodies against GpIb are on the horizon. Red cells and leukocytes are also found in hemostatic plugs. Leukocytes adhere to platelets via P-selectin and to endothelium using several adhesion receptors; they contribute to the inflammation that accompanies thrombosis. Thrombin also drives thrombus-associated inflammation by directly stimulating neutrophil and monocyte adhesion and by generating chemotactic fibrin split products during fibrinogen cleavage.

           Platelet-endothelial cell interactions. The interplay of platelets and endothelium has a profound impact on clot formation. The endothelial cell-derived prostaglandin PGI2 (prostacyclin) inhibits platelet aggregation and is a potent vasodilator; conversely, the platelet-derived prostaglandin TxA2 activates platelet aggregation and is a vasoconstrictor. Effects mediated by PGI2 and TxA2 are exquisitely balanced to effectively modulate platelet and vascular wall function: at baseline, platelet aggregation is prevented, whereas endothelial injury promotes hemostatic plug formation. The clinical utility of aspirin (an irreversible cyclooxygenase inhibitor) in persons at risk for coronary thrombosis resides in its ability to permanently block platelet TxA2 synthesis. Although endothelial PGI2 production is also inhibited by aspirin, endothelial cells can resynthesize active cyclooxygenase and thereby overcome the blockade. In a manner similar to PGI2, endothelial-derived nitric oxide also acts as a vasodilator and inhibitor of platelet aggregation.
               Coagulation cascade . The coagulation cascade is the third arm of the hemostatic process. The coagulation cascade is essentially an amplifying series of enzymatic conversions; each step proteolytically cleaves an inactive proenzyme into an activated enzyme, culminating in thrombin formation. Thrombin is the most important coagulation factor, and indeed can act at numerous stages in the process. At the conclusion of the proteolytic cascade, thrombin converts the soluble plasma protein fibrinogen into fibrin monomers that polymerize into an insoluble gel. The fibrin gel encases platelets and other circulating cells in the definitive secondary hemostatic plug, and the fibrin polymers are covalently cross-linked and stabilized by factor XIIIa (which itself is activated by thrombin).
                 Each reaction in the pathway results from the assembly of a complex composed of an enzyme (activated coagulation factor), a substrate (proenzyme form of coagulation factor), and a cofactor (reaction accelerator). These components are typically assembled on a phospholipid surface and held together by calcium ions (as an aside, the clotting of blood is prevented by the presence of calcium chelators). The requirement that coagulation factors be brought close together ensures that clotting is normally localized to the surface of activated platelets or endothelium; it can be likened to a “dance” of complexes, in which coagulation factors are passed successfully from one partner to the next. Parenthetically, the binding of coagulation factors II, XII, IX, and X to calcium depends on the addition of γ-carboxyl groups to certain glutamic acid residues on these proteins. This reaction uses vitamin K as a cofactor and is antagonized by drugs such as coumadin, which is a widely used anticoagulant. 
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                    Fig.  5. Schematic illustration of the conversion of factor X to factor Xa via the extrinsic pathway, which in turn converts factor II (prothrombin) to factor IIa (thrombin). The initial reaction complex consists of a proteolytic enzyme (factor VIIa), a substrate (factor X), and a reaction accelerator (tissue factor), all assembled on a platelet phospholipid surface. Calcium ions hold the assembled components together and are essential for the reaction. Activated factor Xa becomes the protease for the second adjacent complex in the coagulation cascade, converting prothrombin substrate (II) to thrombin (IIa) using factor Va as the reaction accelerator. (From Robbins-Cotran; Pathological basis of disease)
              Blood coagulation is traditionally classified into extrinsic and intrinsic pathways that converge on the activation of factor X. The extrinsic pathway was so designated because it required the addition of an exogenous trigger (originally provided by tissue extracts); the intrinsic pathway only required exposing factor XII (Hageman factor) to thrombogenic surfaces (even glass would suffice). However, such a division is largely an artifact of in vitro testing; there are, in fact, several interconnections between the two pathways. Moreover, the extrinsic pathway is the most physiologically relevant pathway for coagulation occurring when vascular damage has occurred; it is activated by tissue factor (also known as thromboplastin or factor III), a membrane-bound lipoprotein expressed at sites of injury.
            Clinical laboratories assess the function of the two arms of the coagulation pathway through two standard assays: prothrombin time (PT) and partial thromboplastin time (PTT). The PT assay assesses the function of the proteins in the extrinsic pathway (factors VII, X, II, V, and fibrinogen). This is accomplished by adding tissue factor and phospholipids to citrated plasma (sodium citrate chelates calcium and prevents spontaneous clotting). Coagulation is initiated by the addition of exogenous calcium and the time for a fibrin clot to form is recorded. The partial thromboplastin time (PTT) screens for the function of the proteins in the intrinsic pathway (factors XII, XI, IX, VIII, X, V, II, and fibrinogen). In this assay, clotting is initiated through the addition of negative charged particles (e.g., ground glass), which you will recall activates factor XII (Hageman factor), phospholipids, and calcium, and the time to fibrin clot formation is recorded.

             In addition to catalyzing the final steps in the coagulation cascade, thrombin exerts a wide variety of proinflammatory effect. Most of these effects of thrombin occur through its activation of a family of protease activated receptors (PARs) that belong to the seven-transmembrane G protein–coupled receptor family. PARs are expressed on endothelium, monocytes, dendritic cells, T lymphocytes, and other cell types. Receptor activation is initiated by cleavage of the extracellular end of the PAR; this generates a tethered peptide that binds to the “clipped” receptor, causing a conformational change that triggers signaling. 
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                   Fig. 6. Role of thrombin in hemostasis and cellular activation. Thrombin plays a critical role in generating cross-linked fibrin (by cleaving fibrinogen to fibrin, and by activating factor XIII), as well as activating several other coagulation factors. Through protease-activated receptors (PARs, see text), thrombin also modulates several cellular activities. It directly induces platelet aggregation and TxA2 production, and activates ECs to express adhesion molecules, and a variety of fibrinolytic (t-PA), vasoactive (NO, PGI2), and cytokine mediators (e.g., PDGF). Thrombin also directly activates leukocytes. ECM, extracellular matrix; NO, nitric oxide; PDGF, platelet-derived growth factor; PGI2, prostacyclin; TxA2, thromboxane A2; t-PA, tissue plasminogen activator. (From Robbins-Cotran; Pathological basis of disease).
           Once activated, the coagulation cascade must be restricted to the site of vascular injury to prevent runaway clotting of the entire vascular tree. Besides restricting factor activation to sites of exposed phospholipids, three categories of endogenous anticoagulants also control clotting. (1) Antithrombins (e.g., antithrombin III) inhibit the activity of thrombin and other serine proteases, including factors IXa, Xa, XIa, and XIIa. Antithrombin III is activated by binding to heparin-like molecules on endothelial cells; hence the clinical usefulness of administering heparin to minimize thrombosis. (2) Proteins C and S are vitamin K–dependent proteins that act in a complex that proteolytically inactivates factors Va and VIIIa. Protein C activation by thrombomodulin was described earlier. TFPI is a protein produced by endothelium (and other cell types) that inactivates tissue factor–factor VIIa complexes.
              Activation of the coagulation cascade also sets into motion a fibrinolytic cascade that moderates the size of the ultimate clot. Fibrinolysis is largely accomplished through the enzymatic activity of plasmin, which breaks down fibrin and interferes with its polymerization. The resulting fibrin split products (FSPs or fibrin degradation products) can also act as weak anticoagulants. Elevated levels of FSPs (most notably fibrin-derived D-dimers) can be used in diagnosing abnormal thrombotic states including disseminated intravascular coagulation (DIC), deep venous thrombosis, or pulmonary embolism (described later). Plasmin is generated by enzymatic catabolism of the inactive circulating precursor plasminogen, either by a factor XII–dependent pathway or by plasminogen activators (PAs). The most important of the PAs is t-PA; it is synthesized principally by endothelium and is most active when bound to fibrin. The affinity for fibrin makes t-PA a useful therapeutic agent, since it largely confines fibrinolytic activity to sites of recent thrombosis. Urokinase-like PA (u-PA) is another PA present in plasma and in various tissues; it can activate plasmin in the fluid phase. Finally, plasminogen can be cleaved to plasmin by the bacterial enzyme streptokinase, an activity that may be clinically significant in certain bacterial infections. As with any potent regulator, plasmin activity is tightly restricted. To prevent excess plasmin from lysing thrombi indiscriminately elsewhere in the body, free plasmin is rapidly inactivated by α2-plasmin inhibitor. 
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Fig.7. The fibrinolytic system, illustrating various plasminogen activators and inhibitors
            Endothelial cells also fine-tune the coagulation/anticoagulation balance by releasing plasminogen activator inhibitor (PAI); it blocks fibrinolysis by inhibiting t-PA binding to fibrin and confers an overall procoagulant effect. PAI production is increased by thrombin as well as certain cytokines, and probably plays a role in the intravascular thrombosis accompanying severe inflammation. (From Robbins-Cotran; Pathological basis of disease).
THROMBOSIS

            Thrombosis represents a physiological process which happens in the alive body, characterized by formation at the level of blood vessels or heart walls of hard conglomerate formed from blood cells and stable fibrin which is oriented to stop the bleeding.  In situation when this clot obstructs the blood vessels in the respective area, thrombosis becomes a pathological process.

        Having discussed the components of normal hemostasis, we now turn our attention to the three primary abnormalities that lead to thrombus formation (called Virchow's triad): (1) endothelial injury, (2) stasis or turbulent blood flow, and (3) hypercoagulability of the blood. 
                                         [image: image10.png]Hypercholesterolemia
Inflammation

ENDOTHELIAL INJURY

THROMBOSIS

HYPERCOAGULABILITY |

Inherited

ABNORMAL
BLOOD FLOW

Stasis .g., factor V Leiden)t
i(e.g., atrial fibrilation, bed rest) ©g. Acqluireg‘
Turbulence )

i (e.g., disseminated cancer),
{&.g.

vessel narrowing)




Fig.8. Virchow's triad in thrombosis.
       Endothelial integrity is the most important factor. Injury to endothelial cells can alter local blood flow and affect coagulability. Abnormal blood flow (stasis or turbulence), in turn, can cause endothelial injury. The factors promote thrombosis independently or in combination. (From Robbins-Cotran; Pathological basis of disease).
               Endothelial injury
               Endothelial injury is particularly important for thrombus formation in the heart or the arterial circulation, where the normally high flow rates might otherwise impede clotting by preventing platelet adhesion and washing out activated coagulation factors. Thus, thrombus formation within cardiac chambers (e.g., after endocardial injury due to myocardial infarction), over ulcerated plaques in atherosclerotic arteries, or at sites of traumatic or inflammatory vascular injury (vasculitis) is largely a consequence of endothelial cell injury. Clearly, physical loss of endothelium can lead to exposure of the subendothelial ECM, adhesion of platelets, release of tissue factor, and local depletion of PGI2 and plasminogen activators. However, it should be emphasized that endothelium need not be denuded or physically disrupted to contribute to the development of thrombosis; any perturbation in the dynamic balance of the prothombotic and antithrombotic activities of endothelium can influence local clotting events. Thus, dysfunctional endothelial cells can produce more procoagulant factors (e.g., platelet adhesion molecules, tissue factor, PAIs) or may synthesize less anticoagulant effectors (e.g., thrombomodulin, PGI2, t-PA). Endothelial dysfunction can be induced by a wide variety of insults, including hypertension, turbulent blood flow, bacterial endotoxins, radiation injury, metabolic abnormalities such as homocystinemia or hypercholesterolemia, and toxins absorbed from cigarette smoke.

             Alterations in normal blood flow
             Turbulence contributes to arterial and cardiac thrombosis by causing endothelial injury or dysfunction, as well as by forming countercurrents and local pockets of stasis; stasis is a major contributor in the development of venous thrombi. Normal blood flow is laminar such that the platelets (and other blood cellular elements) flow centrally in the vessel lumen, separated from endothelium by a slower moving layer of plasma. Stasis and turbulence therefore: 

             • Promote endothelial activation, enhancing procoagulant activity, leukocyte adhesion, etc., in part through flow-induced changes in endothelial cell gene expression.
            •   Disrupt laminar flow and bring platelets into contact with the endothelium
            •   Prevent washout and dilution of activated clotting factors by fresh flowing blood and the inflow of clotting factor inhibitors

            Turbulence and stasis contribute to thrombosis in several clinical settings. Ulcerated atherosclerotic plaques not only expose subendothelial ECM but also cause turbulence. Aortic and arterial dilations called aneurysms result in local stasis and are therefore fertile sites for thrombosis. Acute myocardial infarctions result in areas of noncontractile myocardium and sometimes cardiac aneurysms; both are associated with stasis and flow abnormalities that promote the formation of cardiac mural thrombi. Rheumatic mitral valve stenosis results in left atrial dilation; in conjunction with atrial fibrillation, a dilated atrium is a site of profound stasis and a prime location for developing thrombi. Hyperviscosity (such as is seen with polycythemia vera; increases resistance to flow and causes small vessel stasis; the deformed red cells in sickle cell anemia cause vascular occlusions, with the resulting stasis also predisposing to thrombosis.
 
 Role of hepercoagulation

Hypercoagulation state is induced by many mechanisms:

-
  Increased amount of pro-coagulant substances in the blood (ex. catecholamine, glucocorticoids) which can lead to increased synthesis of fibrinogen and prothrombin. This can be found in septicemia, massive burns with abundant release of tissular thromboplastin, or in disorders which are associated with hemoconcentration and increased thrombocytes count which release thrombocyte coagulation factors;

- Increased concentration of clotting factor activators which can be found in shock, septicemia, burns;

- Reduced concentration or blocked activity of anticlotting substances (ex. deficiency of antithrombin III which can be detected in liver failure, deficiency of heparin in hyperlipoproteinemias, etc..);

- Reduced concentration or decreased activity of fibrinolytic  factors (ex. deficiency of plasminogen or surplus of anti-plasmin which inhibits the fibrinolytic process);

           Fate of the thrombus
           If a patient survives the initial thrombosis, in the ensuing days to weeks thrombi undergo some combination of the following four events: 

           • Propagation. Thrombi accumulate additional platelets and fibrin. This process was discussed earlier.

          • Embolization. Thrombi dislodge and travel to other sites in the vasculature. This process is described below.

         • Dissolution. Dissolution is the result of fibrinolysis, which can lead to the rapid shrinkage and total disappearance of recent thrombi. In contrast, the extensive fibrin deposition and crosslinking in older thrombi renders them more resistant to lysis. This distinction explains why therapeutic administration of fibrinolytic agents such as t-PA (e.g., in the setting of acute coronary thrombosis) is generally effective only when given in the first few hours of a thrombotic episode.

        • Organization and recanalization. Older thrombi become organized by the ingrowth of endothelial cells, smooth muscle cells, and fibroblasts. Capillary channels eventually form that re-establish the continuity of the original lumen, albeit to a variable degree. 

         Although the earliest capillary channels may not restore significant flow to obstructed vessels, continued recanalization may convert a thrombus into a smaller mass of connective tissue that becomes incorporated into the vessel wall. Eventually, with remodeling and contraction of the mesenchymal elements, only a fibrous lump may remain to mark the original thrombus. Occasionally the centers of thrombi undergo enzymatic digestion, presumably as a result of the release of lysosomal enzymes from trapped leukocytes and platelets. In the setting of bacteremia such thrombi may become infected, producing an inflammatory mass that erodes and weakens the vessel wall. If unchecked, this may result in a mycotic aneurysm.

            Clinical consequences
            Thrombi are significant because they cause obstruction of arteries and veins, and are sources of emboli. Which effect predominates depends on the site of the thrombosis. Venous thrombi can cause congestion and edema in vascular beds distal to an obstruction, but they are far more worrisome for their capacity to embolize to the lungs and cause death. Conversely, although arterial thrombi can embolize and cause downstream infarctions, a thrombotic occlusion at a critical site (e.g., a coronary artery) can have more serious clinical consequences.
             Arterial and cardiac thrombosis 

            Atherosclerosis is a major cause of arterial thromboses, because it is associated with loss of endothelial integrity and with abnormal vascular flow. Myocardial infarction can predispose to cardiac mural thrombi by causing dyskinetic myocardial contraction as well as damage to the adjacent endocardium, and rheumatic heart disease may engender atrial mural thrombi as discussed above. Besides local obstructive consequences, cardiac and aortic mural thrombi can also embolize peripherally. Although any tissue can be affected, the brain, kidneys, and spleen are particularly likely targets because of their rich blood supply.
EDEMA

[image: image11]CAPILLARY–INTERSTITIAL FLUID EXCHANGE

Approximately one sixth of the body consists of spaces between body cells called the interstitium. The interstitium is supported by collagen and elastin fibers and filled with proteoglycan (sugar-protein) molecules that combine with water to form a tissue gel. The tissue gel acts like a sponge to entrap the interstitial fluid and provide for even distribution of the fluid to all the cells, even those that are most distant from the capillary. Although most of the fluid is entrapped in the tissue gel, small “trickles” of free fluid develop between the proteoglycan molecules. Normally, only a small amount of free fluid is present. In a condition called edema, in which excess fluid is present in the interstitial spaces, the amount of free fluid can expand tremendously. Four forces determine the movement of fluid between capillaries and the interstitial spaces: (1) the intracapillary fluid pressure, (2) the interstitial fluid pressure, (3) the plasma colloidal osmotic pressure, and (4) the interstitial colloidal osmotic pressure. Water moves between the capillary and the tissue by the processes of filtration and osmosis. Filtration is the movement of water across the capillary wall due to differences in fluid pressures between the capillary and the tissue. Osmosis is the movement of water across the capillary wall due to differences in osmotic pressure between the capillary and the tissue. The intracapillary and tissue pressures can be viewed as pushing pressures that force fluid out of the capillary or interstitial space and the osmotic pressures as pulling pressures that draw fluid into the capillary or interstitium. The intracapillary pressure causes fluids to move through the capillary pores into the interstitial spaces, and the capillary colloidal osmotic pressure pulls the fluids back into the capillary. Also important to this exchange mechanism is the lymphatic system, which returns osmotically active proteins and excess interstitial fluids to the circulatory system. Normally, the movement of fluid between the capillary bed and the interstitial spaces is continuous. As E. H. Starling pointed out more than a century ago, a state of equilibrium exists as long as equal amounts of fluid enter and leave the interstitial spaces.  The capillary fluid pressure is 28 mm Hg. The capillary pressure, along with a negative interstitial pressure (3 mm Hg) and an interstitial colloidal osmotic pressure (8 mm Hg), contributes to the outward movement of fluid. Plasma proteins and other nondiffusible particles that remain in the capillary exert an osmotic pressure (28 mm Hg) that pulls fluids back into the venous end of the capillary. This yields a total outward pushing pressure of approximately 39 mm Hg and an inward pulling pressure of 28 mm Hg at the arterial end of the capillary. On the venous end, the outward pushing pressures drop to 21 mm Hg, and the inward pulling forces remain at 28 mm Hg. A slight imbalance in forces (i.e., 11 mm Hg outward forces and 7 mm Hg inward forces) causes slightly more filtration of fluid into interstitial spaces than is pulled back into the capillary; it is this fluid that is returned to the circulation by the lymphatic system.

Capillary filtration pressure. The intracapillary fluid pressure, also called the capillary filtration pressure, is the force that pushes water through the capillary pores into the interstitial spaces. Capillary filtration pressure reflects the arterial pressure, the venous pressure, and the hydrostatic effects of gravity. The pressure at the arterial end of the capillary is normally higher than the pressure at its venous end because arterial pressure decreases as blood moves away from the heart. If arterial pressure changes, capillary pressure changes, which in turn affects the movement of water across the membrane. For example, if arterial pressure falls owing to hemorrhage, the movement of water out of the capillaries into the tissues decreases, helping to maintain vascular volume. Capillary pressure also reflects changes in capillary volume. For example, intracapillary fluid pressure can be expected to increase when the tone of the precapillary sphincters and the arterioles that supply the capillary bed is decreased. The swelling that occurs with inflammation develops because of a histamine-induced dilatation of the precapillary sphincters and arterioles that supply the affected area. Venous pressure can be transmitted back to the capillary, thereby increasing intracapillary fluid pressure and the outward movement of fluid. For example, venous thrombosis can obstruct venous flow, producing an increase in venous and capillary pressures. The pressure due to gravity is called the hydrostatic pressure. In a person in the standing position, the weight of the blood in the vascular column causes an increase of  1 mm Hg in pressure for every 13.6 mm of distance below the level of the heart. The hydrostatic pressure in the veins of an adult man can reach a level of 90 mm Hg. This pressure is then transmitted to the capillary bed. Gravity has no effect on blood pressure in a person in the recumbent position because the blood vessels are then at the level of the heart. Because of the passive nature of pressure in the capillary bed, the terms capillary fluid pressure and hydrostatic pressure are often used interchangeably.
Interstitial fluid pressure. The interstitial fluid pressure reflects the pressure exerted on the interstitial fluids. It can be positive or negative. In some organs, such as the kidneys, which are encased in a tough fibrous capsule, the interstitial fluid pressure is positive, thereby opposing filtration of fluid out of the capillaries. Atmospheric pressure is usually negative in relation to capillary pressure. In the skin exposed to atmospheric pressure, the interstitial pressure is usually several millimeters of mercury less than capillary pressures. A negative interstitial fluid pressure increases the outward forces that influence the movement of fluid out of the capillary into the interstitium.
Capillary colloidal osmotic pressure. The capillary colloidal osmotic pressure reflects the osmotic effect of the plasma proteins in drawing fluid into the capillary. Osmosis is the movement of water across a semipermeable membrane along its concentration gradient, moving from the side of the membrane that has the greatest number of particles to the one that has the least number. A colloid solution is one in which there are evenly dispersed particles, much as cream particles become dispersed when milk is homogenized. The term colloidal osmotic pressure is used to differentiate the osmotic effects of the particles in a colloidal solution from those of the dissolved crystalloids such as sodium. The pressure units (millimeters of mercury) used for measuring osmotic pressure represent the mechanical pressure or force that would be needed to oppose the osmotic movement of water. The plasma proteins are large molecules that disperse in the blood and occasionally escape into the tissue spaces. Because the capillary membrane is almost impermeable to the plasma proteins, these particles exert a force that draws fluid into the capillary and offsets the pushing force of the capillary filtration pressure. The plasma contains a mixture of plasma proteins, including albumin, the globulins, and fibrinogen. Albumin, which is the smallest and most abundant of the plasma proteins, accounts for approximately 70% of the total osmotic pressure. It is the number, not the size, of the particles in solution that controls the osmotic pressure. One gram of albumin (molecular weight of 69,000) contains almost six times as many molecules as 1 g of fibrinogen (molecular weight of 400,000). (Normal values for the plasma proteins are albumin, 4.5 g/dL; globulins, 2.5 g/dL; and fibrinogen, 0.3 g/dL.)
Tissue colloidal osmotic pressure. Although the size of the capillary pores prevents most plasma proteins from leaving the capillary, small amounts do leak into the interstitial spaces to exert an osmotic force that favors movement of capillary fluid into the interstitium. This amount is often increased in conditions such as inflammation that increase capillary permeability. The lymphatic system is responsible for removing proteins from the interstitium. In the absence of a functioning lymphatic system, tissue colloidal osmotic pressure increases, causing fluid to accumulate. Normally, a few white blood cells, plasma proteins, and other large molecules enter the interstitial spaces; these cells and molecules, which are too large to reenter the capillary, rely on the loosely structured wall of the lymphatic vessels for return to the vascular compartment.
THE LYMPHATIC SYSTEM

The lymphatic system, commonly called the lymphatics, serves almost all body tissues, except cartilage, bone, epithelial tissue, and tissues of the CNS. Most of these tissues, however, have prelymphatic channels that eventually flow into areas supplied by the lymphatics. Lymph is derived from interstitial fluids that flow through the lymph channels. It contains plasma proteins and other osmotically active particles that rely on the lymphatics for movement back into the circulatory system. When lymph flow is obstructed, a condition called lymphedema occurs. Involvement of lymph structures by malignant tumors and removal of lymph nodes at the time of cancer surgery are common causes of lymphedema. The lymphatic system is also the main route for absorption of nutrients, particularly fats, from the gastrointestinal tract. The lymph system also filters the fluid at the lymph nodes and removes foreign particles such as bacteria.

The lymphatic system is made up of vessels similar to those of the circulatory system. These vessels commonly travel with an arteriole or venule or with its companion artery and vein. The terminal lymphatic vessels are made up of a single layer of connective tissue with an endothelial lining and resemble blood capillaries. The lymphatic vessels lack tight junctions and are loosely anchored to the surrounding tissues by fine filaments. The loose junctions permit the entry of large particles, and the filaments hold the vessels open under conditions of edema, when the pressure of the surrounding tissues would otherwise cause them to collapse. The lymph capillaries drain into larger lymph vessels that ultimately empty into the right and left thoracic ducts. The thoracic ducts empty into the circulation at the junctions of the subclavian and internal jugular veins. Although the divisions are not as distinct as in the circulatory system, the larger lymph vessels show evidence of having intimal, medial, and adventitial layers similar to blood vessels. The intima of these channels contains elastic tissue and an endothelial layer, and the larger collecting lymph channels contain smooth muscle in their medial layer. Contraction of this smooth muscle assists in propelling lymph fluid toward the thorax. External compression of the lymph channels by pulsating blood vessels in the vicinity and active and passive movements of body parts also aid in forward propulsion of lymph fluid. The rate of flow through the lymphatic system by way of all of the various lymph channels, approximately 120 mL/hour, is determined by the interstitial fluid pressure and the activity of lymph pumps.

Approximately 60% of lean body weight is water. Two thirds of the body's water is intracellular, and the remainder is in extracellular compartments, mostly the interstitium (or third space) that lies between cells; only about 5% of total body water is in blood plasma. The movement of water and low molecular weight solutes such as salts between the intravascular and interstitial spaces is controlled primarily by the opposing effect of vascular hydrostatic pressure and plasma colloid osmotic pressure. Normally the outflow of fluid from the arteriolar end of the microcirculation into the interstitium is nearly balanced by inflow at the venular end; a small residual amount of fluid may be left in the interstitium and is drained by the lymphatic vessels, ultimately returning to the bloodstream via the thoracic duct. 
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                Fig.9. Factors influencing fluid transit across capillary walls. Capillary hydrostatic and osmotic forces are normally balanced so that there is no net loss or gain of fluid across the capillary bed. However, increased hydrostatic pressure or diminished plasma osmotic pressure will cause extravascular fluid to accumulate. Tissue lymphatics remove much of the excess volume, eventually returning it to the circulation via the thoracic duct; however, if the capacity for lymphatic drainage is exceeded, tissue edema results. (From Robbins-Cotran; Pathological basis of disease)

Either increased capillary pressure or diminished colloid osmotic pressure can result in increased interstitial fluid. If the movement of water into tissues (or body cavities) exceeds lymphatic drainage, fluid accumulates. An abnormal increase in interstitial fluid within tissues is called edema, while fluid collections in the different body cavities are variously designated hydrothorax, hydropericardium, and hydroperitoneum (the last is more commonly called ascites).  Anasarca is a severe and generalized edema with widespread subcutaneous tissue swelling.

   Edema leads to physical and structural changes in the tissues and organs and is associated with functional disturbances. The liquid which accumulates in case of edema is called edematous liquid or transudate. By its physico-chemical particularities, the transudate is almost the tissue liquid, but differs a lot from the exudate which forms in case of edema of inflammatory origin. The transudate is transparent, contains until 2% proteins and a small number of cells. Edema fluid of this type is seen in patients suffering from heart failure, renal failure, hepatic failure, and certain forms of malnutrition. 
               Any organ or tissue can be involved, but edema is most commonly seen in subcutaneous tissues, the lungs, and the brain. Subcutaneous edema can be diffuse or more conspicuous in regions with high hydrostatic pressures. In most cases the distribution is influenced by gravity and is termed dependent edema (e.g., the legs when standing, the sacrum when recumbent). Finger pressure over substantially edematous subcutaneous tissue displaces the interstitial fluid and leaves a depression, a sign called pitting edema. Edema as a result of renal dysfunction can affect all parts of the body. It often initially manifests in tissues with loose connective tissue matrix, such as the eyelids; periorbital edema is thus a characteristic finding in severe renal disease. With pulmonary edema, the lungs are often two to three times their normal weight, and sectioning yields frothy, blood-tinged fluid—a mixture of air, edema, and extravasated red cells. Brain edema can be localized or generalized depending on the nature and extent of the pathologic process or injury. With generalized edema the brain is grossly swollen with narrowed sulci; distended gyri show evidence of compression against the unyielding skull

    Etiology of edema


Edema may be induced by different factors that influence the capillary-interstitial change parameters, as well as factors that alter lymphogenesis and lymphodynamics. Etiologic factors that induce edema can be divided in:

a) Factors that increase the hydrostatic pressure of the blood in capillaries – venous hyperemia and stasis, systemic circulatory failure; 
b) Factors that induce the decrease in protein concentration leading to decreased oncotic pressure of the blood plasma– hypoproteinemia and hypoonkia.

c) Factors that induce increased permeability of the capillary walls for proteins – inflammation, allergic reactions, intoxications;

d) Factors that induce increase of proteins and electrolytes concentration and respectively of oncotic and osmotic pressure at the level of interstitium;

e) Factors that stop the lymphatic drainage – compression, obturation, inflammation of lymphatic vessels, lymph coagulation.

Pathogenesis of edema 

The mechanism of edema development is specific for each etiologic factor. 

In the pathogenesis of local edemas the main role belongs to local disorders of capillary-interstitial change, to lymphogenesis and to lymphatic reflux.


Classification of the edema according to theirs pathogenesis:

1. Simple forms of edema:

· congestive (of stasis, hydrostatic) edema
· hypooncotic edema
· hyperosmotic edema
· membranogenic edema
· lymphostatic edema
2. Combined variants of edema:

· renal

· cachectic

· hepatic

· inflammatory

· allergic

· toxic

3. Particular forms of edemas

· laryngeal edema

· pulmonary edema

· cerebral edema

· hydrothorax

· hydropericardium

· ascites

· anasarca

Simple edema

1. Congestive edema (hydrostatic edema) is induced by factors that increase hydrostatic pressure of the blood in capillaries. The main pathogenetic mechanism of congestive edema is blood stasis in capillaries and venules, that leads to increased effective pressure of filtration not only in the proximal part of the arterial capillary, but also at the level of venous end as well as in the venules. All this leads to increased filtration and complete stop of the reabsorbtion at the level of microcirculatory unit. The volume of interstitial non-reabsorbed liquid exceeds the lymphatic capillary drainage capacity and this remains in the tissues – such develops edema. Regional increases in hydrostatic pressure can result from a focal impairment in venous return. Thus, deep venous thrombosis in a lower extremity may cause localized edema in the affected leg. On the other hand, generalized increases in venous pressure, with resulting systemic edema, occur most commonly in congestive heart failure, where compromised right ventricular function leads to pooling of blood on the venous side of the circulation. It should be mentioned that edema development in case of venous stasis depends as well on intensity of collateral venous circulation from the anatomical area. In case in which the venous stasis is associated with absolute insufficiency of the drainage function of the veins, there can develop a pronounced hemorrhagic edema, because the increased hydrostatic pressure can lead to rupture of the capillary walls. When the drainage function of the veins is partially reduced, the edema is not so pronounced. 
             In stasis, in development of edema an important role plays morphologic and structural particularities of the veins, especially, lowering of the collagen fibers from veins wall and increasing of proteoglycans. At the same time, there is dysfunction of the endothelial cells of capillaries and venules, increased leukocyte adhesion and their trans-endothelial migration. All this phenomena are accompanied with increased capillary permeability. Also, in development of hydrostatic edema a high pathogenic role have some specific proteins from the venous endothelial layer, like selectin-E and endothelial P-proteins from the group of immunoglobulins. These molecules bind selectively the circulating leukocytes that contain on their membrane the complementary factors. Leukocytes synthesize and release leukotrienes, platelet activating factor (PAF) that later, together with cell adhesion molecules, intensify the adhesion and migration of other leukocytes in the extravascular space. The migration is performed trans-endothelial and through the interendothelial spaces. The activation of leukocyte is also accompanied by accumulation of oxygen reactive species and of proteolytic enzymes which enhance vascular permeability. These mechanisms also participate in the development of the inflammatory and trophic edema in the tissue in case of local venous stasis. 

2. Hypooncotic edema develops in case of decreased level of serum proteins (mainly albumins below 25 g/l) that leads to decreased intravascular oncotic pressure. The main pathogenetic mechanism of hypooncotic edema is the increased trans-capillary filtration due to increased effective filtration pressure. Causes of hypoonkia are:

a) loss of proteins by urine;
b) loss of proteins by feces in enteropathies;
c) disturbances of protein synthesis in the liver;
d) insufficient dietary intake of proteins;

            Reduced plasma oncotic pressure occurs when albumin, the major plasma protein, is not synthesized in adequate amounts or is lost from the circulation. An important cause of albumin loss is the nephrotic syndrome, in which glomerular capillaries become leaky; patients typically present with generalized edema. Reduced albumin synthesis occurs in the setting of severe liver diseases (e.g., cirrhosis) or protein malnutrition. Hypoonkia also may be a consequence of dysproteinemia, explained by changes in the globulins and albumins ratio (in normal conditions 1:2) with total predominance of plasmatic globulins.  
             In each case, reduced plasma osmotic pressure leads to a net movement of fluid into the interstitial tissues with subsequent plasma volume contraction. The reduced intravascular volume leads to decreased renal perfusion. This triggers increased production of renin, angiotensin, and aldosterone, but the resulting salt and water retention cannot correct the plasma volume deficit because the primary defect of low serum protein persists.
The plasma hypoonkia determines a high effective pressure of filtration at the level of all capillaries, due to these hypooncotic edemas are characterized by an extensive spread on the surface of the body, but more rapidly these develop in the regions rich in subcutaneous lax adipose tissue.

3. Osmotic edema. The agents that induce electrolytes retention in the tissues (predominantly of Na+) lead to increased osmotic pressure and development of hyperosmotic edema. In these cases, the main factor in development of local edema is the osmotic pressure gradient between blood plasma and interstitium.

Tissue hyperosmia can be determinate by:

a) Erythrocyte retention in the tissue capillaries in case of local hemocirculation  disturbances with the elimination from those of metabolites and electrolytes;

b) Decrease of ions active transport through cell membrane in case of tissue hypoxia;

c) Massive output of ions from the damaged cells;

d) High level of dissociation of salts in acid environment.

The capacity of tissue colloids to retain water increases in case of acidosis. It increases also under the action of hyaluronidase on the mucopolizaharides from the fundamental substance, in inanition. It was demonstrated that insulin facilitates the retention of water in the tissues.

           An important pathogenetic mechanism in osmotic edema is the activation of renin-angiotensin-aldosteron system. Increased salt retention, with obligate associated water, causes both increased hydrostatic pressure (due to intravascular fluid volume expansion) and diminished vascular colloid osmotic pressure (due to dilution). Salt retention occurs whenever renal function is compromised, such as in primary disorders of the kidney and disorders that decrease renal perfusion. One of the most important causes of renal hypoperfusion is congestive heart failure, which (like hypoproteinemia) results in the activation of the renin-angiotensin-aldosterone axis. In early heart failure, this response tends to be beneficial, as the retention of sodium and water and other adaptations, including increased vascular tone and elevated levels of antidiuretic hormone (ADH), improve cardiac output and restore normal renal perfusion. However, as heart failure worsens and cardiac output diminishes, the retained fluid merely increases the venous pressure, which (as already mentioned) is a major cause of edema in this disorder. Unless cardiac output is restored or renal sodium and water retention is reduced (e.g., by salt restriction, diuretics, or aldosterone antagonists), a downward spiral of fluid retention and worsening edema ensues. Primary retention of water (and modest vasoconstriction) is produced by the release of ADH from the posterior pituitary, which normally occurs in the setting of reduced plasma volumes or increased plasma osmolarity. Inappropriate increases in ADH are seen in association with certain malignancies and lung and pituitary disorders and can lead to hyponatremia and cerebral edema (but interestingly not to peripheral edema).
4. Membranogenous edema. The factors that increase the permeability of capillaries walls for proteins contribute to development of membranogenous edemas. The main pathogenetic mechanism of this edema is the plasma protein extravasation in the interstitial liquid, this increasing the effective pressure of filtration and finally will enhance filtration of fluid into interstitium. 


It was found that membranogenous mechanism of edema development is involved in almost all types of edemas: acute glomerulonephritis, heart failure, toxic edemas, allergic edema, inflammatory edema.


Main factors that increase the vascular wall permeability are:

a) Excessive stretching of capillary walls;
b) Enlarged pores of capillary wall under the action of mediators (histamine, anaphylatoxin);

c) Injuries of endothelial cells with contraction of intra-endothelial acto-miozinic fibers;

d) Injuries of basement membrane;

In conditions with increased permeability of vascular walls, there is filtration of blood proteins into interstitial space, leading to increased oncotic pressure in the interstitium. The vascular permeability can be directly changed by some exogenous toxins like snake toxins, bacterial toxins, severe hypoxia, hyperthermia. Increased permeability can be associated with hyperonkia of the interstitial liquid  resulting from partial transfer of plasmatic proteins into tissue, release of proteins from injured cells, increased hydrophilic capacities of interstitial proteins due to excessive amount of  hydrogen, Na++ , Ca++ ions or thyroxin.

In the context of membranogenous edema mechanisms, should be mentioned the role of transcellular and intercellular leukocytes migration, process that leads to formation of open channels in the capillary walls with the diameter of 50-100 nm. This fact increases the exit of plasmatic proteins into extravascular space, leading decreased oncotic pressure in the plasma, meantime increasing it in the interstitium. The exit of fibrinogen from the blood vessels leads to formation of a dense cuff around the vessels such impeding oxygen and nutritive substances delivery and worsening tissular hypoxia. Membranogenous edema is characterized by a rapid onset and intense development. 
5. Lymphatic edema is caused by factors that disturb the lymph reflux. The main pathogenetic mechanism is the accumulation of interstitial fluid due to difficulties in circulation of lymph by lymphatic vessels. This leads to gradual accumulation of edematous fluid which is rich in proteins (2-4g/100ml). In 24 hours there can be formed 2 l of lymph.  Lymph reflux disorder can be present in hypoplasia of lymphatic vessels, their compression by scars (e.g. removal of lymph nodes in radical mastectomy), malignancy of lymph nodes, neurospasm of lymphatic vessels. Increased central venous pressure in cardiac failure impedes the lymphatic return from tissue to lymph vessels. Dynamic insufficiency of lymphatic circulation is found in nephrotic, cachectic and ascites edema. In disorders of lymphogenesis and lymphodynamic with impaired lymphatic drainage a large amount of proteins are filtrated out of capillaries through pinocytosis and ultrafiltration and accumulate in the interstitial space. With accumulation of proteins the colloid-osmotic pressure increases, leading to edema. At the beginning the lymphatic edema is lax, soft, but later edematous tissue becomes hard, consistent. Subsequent fibrosis may lead to thickening of the epidermis. Long lasting lymphatic stasis leads to elephantiasis. 
6. Allergic and inflammatory edemas are caused by increased vascular permeability. Acute allergic reactions induce local release of vasoactive substances (histamine) that causes dilatation of microcirculatory bed and increases capillary permeability. Allergic edema frequently is located in the skin, where manifests in the form of papules (urticaria). Sometimes this affects large areas of skin, involving in process the larynx and bronchioles with airway narrowing (angioedema). Angioedema is considered a form of local edema, because it is caused by local disturbances of liquid exchange and not by Na++ ions and water retention in the body. In inflammation there is increased permeability of capillaries under the influence of inflammatory mediators: biogenic amines (serotonin, histamine), kinin system (bradykinin), prostaglandins, leukotrienes. A special role has tissue acidosis accompanied by the action of hydrolases released in the inflammatory focus. 
Combined edema   

Unlike simple edema, from pathogenetic point of view, associated or combined edemas that accompany various pathological processes are more complicated. 

1. Cardiac edema. The cause of this edema is heart failure, characterized by an obvious decrease in cardiac output. The main mechanism for the development of cardiac edema in the initial stage is increased central and peripheral venous pressure, which leads to increased filtration and decrease in capillary fluid reabsorption due to enhanced hydrostatic pressure (hemodynamic or congestive factor of edema development). At the same time, in the development of cardiac edema involve renal pathogenetic mechanisms by following pathway. Cardiac failure with low cardiac output leads to redistribution of circulation with renal hypoperfusion that will activate the renin-angiotensin-aldosterone system, which further enhances retention of sodium and water into the body (osmotic mechanism of cardiac edema). Hypernatremia and blood hyperosmolarity, which result from this, excites hypothalamic osmoreceptor with increased secretion of ADH (antidiuretic hormone or vasopressin), which favors water reabsorption in the kidney such increasing circulating blood volume (hypervolemia). The same, decreased urine output leads to hypervolemia. In condition of heart pump failure increased volume of circulating blood will worsen the edemas because of increased hydrostatic pressure at the level of capillaries and venules.  

Excessive amount of sodium (in the result of renin-angiotensinogen-aldosterone system activation) will pass from the vascular space into interstitium where leads to hyperosmolarity. This favors fluid retention in the interstitium due to hyperosmotic mechanism. Circulatory failure with tissular hypoperfusion leads to hypoxia and acidosis in the tissues, these increasing permeability of vascular wall (membranogenous factor of edema). Increased venous pressure and edema, can compress the lymphatic vessels impeding lymphatic outflow, such involving in the pathogenetic mechanisms of cardiac edemas the lymphogenic factor as well. Disturbance of blood circulation in the liver (venous stasis) causes cellular injuries in hepatocytes, liver dystrophy, which leads to decreased  synthesis of proteins in the liver with development of hypoonchia (low oncotic pressure in the blood)  – hypooncotic factor of edema.  So, cardiac edema is characterized by many pathogenetic mechanisms which are involved in it evolution: congestive, hyperosmotic, membranogenous, lymphogenic and hypooncotic. 

2. Renal edemas. Renal edemas are divided into nephritic and nephrotic. Main link in development of nephrotic edema is impaired tubular reabsorption of proteins from primary urine, especial albumin, and excessive loss of proteins with urine (proteinuria), which leads decreased level of albumins in the blood (hypoproteinemia, hypoalbuminemia) with decreased oncotic pressure.  Proteinuria in nephrotic syndrome is related with selective increase in glomerular membrane permeability and excessive filtration of proteins through the renal filter, as well as disorders in their reabsorption at the level of renal tubules. Urine protein loss can reach up to 30-50 g/24 h (in normal conditions does not exceed 50 mg). So, the main pathogenic mechanism of nephrotic edema is related to reduced oncotic pressure in the blood. Hypoproteinemia increases fluid leakage from vessels into interstitium leading to development of hypovolemia. Resultant hypovolemia will reduce the cardiac output leading to redistribution of circulation with renal hypoperfusion and activation of renin-angiotensin-aldosterone system with retention of sodium and water. By this pathway there will be involvement of second pathogenetic mechanism in renal edemas – plasma hyperosmolarity, which will stimulate ADH secretion. This will increase water reabsorption at the level of the kidney.

 Nephritic renal edema develops in case of acute diffuse glomerulonephritis that favor retention of water and salts in the body. These are mainly due to excessive secretion of aldosterone in the result of renal ischemia (at the level of the renal cortex), that contributes to activation of renin-angiotensin-aldosterone system. Hypernatremia activates ADH secretion, which contributes to increased reabsorption of water in distal collecting tubules. In patients with glomerulonephritis there were found increased activity of plasmatic kallikrein that increases vascular permeability. So, in pathogenesis of nephritic renal edema are involved the hyperosmotic and membranogenous mechanisms of edema. The characteristic features of nephritic edema are: 

a) increased protein level in edematous fluid; 

b) increased hydrophilic properties of connective tissue due to aldosterone, ADH, active biologic substances, kinin and prostaglandins action.
          3. Ascites and edema in liver cirrhosis. The main mechanism in ascites development is deterioration of blood circulation at the level of the liver with increased hydrostatic pressure in the system of portal vein (congestive or hydrostatic mechanism of edema). Oncotic pressure of the plasma will be normal as long as the protein synthesis in the liver will be within normal ranges. Concentration of proteins in the ascitic fluid is high. With more severe liver failure that will compromise the hepatic synthesis of albumin, there will be plasmatic hypoalbuminemia with reduced oncotic pressure – such there will be involved also the hypooncotic mechanisms in edema development. Because of increased hydrostatic pressure in the portal vein, the fluid will leak into abdominal cavity, leading to hypovolemia that will initiate the activation of renin-angiotensin-aldosteron system (by renal hypoperfusion). As well in liver failure there is insufficient degradation of aldosteron in the liver leading to secondary hyperaldosteronism. Hyperaldosteronism is responsible for hypernatremia and water retention at the level of the kidneys (hyperosmotic mechanism in development of edema). Hypernatremia will stimulate secretion of ADH that will enhance more water reabsorbtion in the distal renal tubes. In liver cirrhosis there is obstruction of intrahepatic lymphatic spaces (Disse spaces) that will impede lymphatic drainage (lymphostatic mechanism of edema). So, in the pathogenesis of edema in chronic liver disorders (especially with development of liver cirrhosis) are involved multiple mechanisms: stasis of blood in the portal system (hydrostatic mechanism), decreased protein synthesis in the liver (hypooncotic mechanism), active retention of sodium in the body as a consequence of secondary hyperaldosteronism as well as activation of renin-angiotensin-aldosteron system (hyperosmotic mechanism), obstruction of lymphatic spaces in the liver (lymphogenic mechanism).  

            4. Cachectic edema. This edema occurs in case of hunger or severe deficiency of protein that will lead to reduced level of albumins in the blood and low oncotic pressure. The consequences of decreased oncotic pressure of blood plasma and low circulating blood volume contribute to activation of homeostatic mechanisms for correction of fluid balance (hypersecretion of aldosterone and ADH). So, the main pathogenetic mechanisms of cachectic edema are hypoonchia and hyperosmia.
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             Fig. 10. General pathways leading to systemic edema from primary heart failure, primary renal failure, or reduced plasma osmotic pressure (e.g., from malnutrition, diminished hepatic synthesis, or protein loss from nephrotic syndrome). (From Robbins-Cotran; Pathological basis of disease)
             Clinical Consequences of edema 

            The consequences of edema range from merely annoying to rapidly fatal. Subcutaneous tissue edema is important primarily because it signals potential underlying cardiac or renal disease; however, when significant, it can also impair wound healing or the clearance of infection. Pulmonary edema is a common clinical problem that is most frequently seen in the setting of left ventricular failure; it can also occur with renal failure, acute respiratory distress syndrome, and pulmonary inflammation or infection. Not only does fluid collect in the alveolar septa around capillaries and impede oxygen diffusion, but edema fluid in the alveolar spaces also creates a favorable environment for bacterial infection. Brain edema is life-threatening; if severe, brain substance can herniate (extrude) through the foramen magnum, or the brain stem vascular supply can be compressed. Either condition can injure the medullary centers and cause death.
Cerebral edema

Cerebral edema, or brain swelling, is an increase in tissue volume secondary to abnormal fluid accumulation. There are two types of brain edema: vasogenic and cytotoxic. Vasogenic edema occurs when integrity of blood–brain barrier is disrupted, allowing fluid to escape into the extracellular fluid that surrounds brain cells. Cytotoxic edema involves the actual swelling of brain cells themselves. Brain edema may or may not increase ICP. The impact of brain edema depends on the brain’s compensatory mechanisms and the extent of the swelling.

Vasogenic edema. Vasogenic edema occurs with conditions that impair the function of the blood–brain barrier and allow transfer of water and protein from the vascular into the interstitial space. It occurs in conditions such as tumors, prolonged ischemia, hemorrhage, brain injury, and infectious processes (e.g., meningitis). Vasogenic edema occurs primarily in the white matter of the brain, possibly because the white matter is more compliant than the gray matter. Vasogenic edema can displace a cerebral hemisphere and can be responsible for various types of herniation. The functional manifestations of vasogenic edema include focal neurologic deficits, disturbances in consciousness, and severe intracranial hypertension.

Cytotoxic edema. Cytotoxic edema involves an increase in intracellular fluid. It can result from hypoosmotic states such as water intoxication or severe ischemia that impair the function of the sodium–potassium membrane pump. Ischemia also results in the inadequate removal of anaerobic metabolic end products such as lactic acid, producing extracellular acidosis. If blood flow is reduced to low level for extended periods or to extremely low levels for a few minutes, cellular edema can cause the cell membrane to rupture, allowing the escape of intracellular contents into the surrounding extracellular fluid. This leads to damage of neighboring cells. The altered osmotic conditions result in water entry and cell swelling. Major changes in cerebral function, such as stupor and coma, occur with cytotoxic edema. The edema associated with ischemia may be severe enough to produce cerebral infarction with necrosis of brain tissue.
Pulmonary edema

Pulmonary edema can result from hemodynamic disturbances (hemodynamic or cardiogenic pulmonary edema) or from direct increases in capillary permeability, as a result of microvascular injury.

Hemodynamic pulmonary edema

The most common hemodynamic cause of pulmonary edema is increased hydrostatic pressure, as occurs in left-sided congestive heart failure. Whatever the clinical setting, pulmonary congestion and edema are characterized by heavy, wet lungs. Fluid accumulates initially in the basal regions of the lower lobes because hydrostatic pressure is greater in these sites (dependent edema). Histologically, the alveolar capillaries are engorged, and an intra-alveolar granular pink precipitate is seen. Alveolar microhemorrhages and hemosiderin-laden macrophages (“heart failure” cells) may be present. In long-standing cases of pulmonary congestion, such as those seen in mitral stenosis, hemosiderin-laden macrophages are abundant, and fibrosis and thickening of the alveolar walls cause the soggy lungs to become firm and brown (brown induration). These changes not only impair normal respiratory function but also predispose to infection.
Edema caused by microvascular injury

The second mechanism leading to pulmonary edema is injury to the capillaries of the alveolar septa. Here the pulmonary capillary hydrostatic pressure is usually not elevated, and hemodynamic factors play a secondary role. The edema results from primary injury to the vascular endothelium or damage to alveolar epithelial cells (with secondary microvascular injury). This results in leakage of fluids and proteins first into the interstitial space and, in more severe cases, into the alveoli. In most forms of pneumonia the edema remains localized and is overshadowed by the manifestations of infection. When diffuse, however, alveolar edema is an important contributor to a serious and often fatal condition like acute respiratory distress syndrome.
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