HYDROELECTROLYTIC IMBALANCE
Feghiu Iuliana, Tacu Lilia

The distribution of body fluids between the ICF (intracellular fluid compartment) and ECF (extracellular fluid) compartments relies on the concentration of ECF sodium and water. Water provides approximately 90% to 93% of the volume of body fluids and sodium salts approximately 90% to 95% of ECF solutes. Normally, equivalent changes in sodium and water are such that the volume and osmolality of ECF are maintained within a normal range. Because it is the concentration of sodium (in milligrams per liter) that controls ECF osmolality, changes in sodium are usually accompanied by proportionate changes in water volume.
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Regulation of water balance
      Total body water (TBW) accounts for approximately 60% of body weight. Individual water content varies with the amount of adipose tissue, which is essentially water free (i.e., fat is approximately 10% water composition compared with skeletal muscle, which is 75%). In men, TBW approximates 60% of body weight during young adulthood and decreases to approximately 50% in old age; in young women it is approximately 50% and in elderly women approximately 40%. Obesity produces further decreases in TBW, sometimes reducing these levels to values as low as 30% to 40% of body weight in adults (Fig.1). 

      Infants normally have more TBW than older children or adults. TBW constitutes approximately 75% to 80% of body weight in full-term infants and is even greater in premature infants. In addition to having proportionately more body water than adults have, infants have relatively more water in their ECF compartment. Infants have more than half of their TBW in the ECF compartment, whereas adults have only approximately a third. The greater ECF water content of an infant can be explained in terms of its higher metabolic rate, its larger surface area in relation to its body mass, and its inability to concentrate its urine because of immature kidney structures. Because ECF is more readily lost from the body, infants are more vulnerable to fluid deficit than are older children and adults. As an infant grows older, TBW decreases, and by the second year of life, the percentages and distribution of body water approach those of an adult.
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Fig. 1. Body composition of a lean and an obese individual 
(From C. Porth and G. Matfin; Pathophysiology. Concepts of altered health states).
Gains and losses. Regardless of age, all healthy persons require approximately 100 mL of water per 100 calories metabolized for dissolving and eliminating metabolic wastes. This means that a person who expends 1800 calories for energy requires approximately 1800 mL of water for metabolic purposes. The metabolic rate increases with fever, rising by approximately 12% for every 1˚C (7% for every 1˚F) increase in body temperature.  Fever also increases the respiratory rate, resulting in additional loss of water vapor through the lungs. The main source of water gain is through oral intake and metabolism of nutrients. Water, including that obtained from liquids and solid foods, is absorbed from the gastrointestinal tract. Tube feedings and parenterally administered fluids are also a source of water gain. Metabolic processes also generate a small amount of water. The amount of water gained from these processes varies from 150 to 300 mL/day (metabolic water), depending on the metabolic rate. Normally, the largest loss of water occurs through thekidneys, with lesser amounts being lost through the skin, lungs, and gastrointestinal tract. Even when oral or parenteral fluids are withheld, the kidneys continue to produce urine as a means of ridding the body of metabolic wastes. The urine output that is required to eliminate these wastes is called the obligatory urine output. Water losses that occur through the skin and lungs are referred to as insensible water losses because they occur without a person’s awareness. Insensible water loss through the respiratory tract averages300 to 400 mL/day. The sources of body water gains and losses are summarized in Table 1.

TABLE 1. Sources of Body Water Gains and Losses in the Adult

(From C. Porth and G. Matfin; Pathophysiology. Concepts of altered health states).
[image: image3.png]Gains Losses
Oral intake Urine 1500 mL
As water 1000mL  Insensible losses
In food 1300 mL Lungs 300 mL.
Water of 200 mL Skin 500 mL
oxidation Feces 200 mL.
Total 2500 mL Total 2500 mL





Regulation of sodium balance

Sodium is the most plentiful electrolyte in the ECF compartment with a concentration ranging from 135 to 145 mEq/L (135 to145 mmol/L). In contrast, only a small amount (10 to 14 mEq/L [10 to 14 mmol/L]) is located in the ICF compartment. Sodium functions mainly in regulating the ECF volume. As the major cation in the ECF compartment, Na+ and its attendant anions (Cl-and HCO3-) account for approximately 90% to 95% of the osmotic activity in the ECF. Serum osmolality (normal range, 275 to 295 mOsm/kg) usually changes with changes in serum sodium concentration. Because sodium is part of the sodium bicarbonate molecule, it is important in regulating acid-base balance, and as a current-carrying ion, it contributes to the function of the nervous system and other excitable tissue.

Gains and losses. Sodium normally enters the body through the gastrointestinal tract and is eliminated by the kidneys or lost from the gastrointestinal tract or skin. Sodium intake normally is derived from dietary sources. Body needs for sodium usually can be met by as little as 500 mg/day. Dietary intake, which frequently exceeds the amount needed by the body, is often influenced by culture and food preferences rather than need. As package labels indicate, many commercially prepared foods and soft drinks contain considerable amounts of sodium. Other sources of sodium are intravenous saline infusions and medications that contain sodium. Most sodium losses occur through the kidney. The kidneys are extremely efficient in regulating sodium output, and when sodium intake is limited or conservation of sodium is needed, the kidneys are able to reabsorb almost all the Na+ that has been filtered by the glomerulus. This results in essentially sodium-free urine. Conversely, urinary losses of sodium increase as intake increases.Usually, less than 10% of sodium intake is lost through the gastrointestinal tract and skin. Although the sodium concentration of fluids in the upper part of the gastrointestinal tract approaches that of the extracellular fluid, sodium is reabsorbed as the fluids move through the lower part of the bowel, so that the concentration of sodium in the stool is only approximately 40 mEq/L. Sodium losses increase with conditions such as vomiting, diarrhea, fistula drainage, and gastrointestinal suction that remove sodium from the stomach or small intestine. Sodium leaves the skin by way of the sweat glands. Sweat is a hypotonic solution containing both sodium and chloride. Although sodium losses due to sweating are usually negligible, they can increase greatly during exercise and periods of exposure to a hot environment. A person who sweats profusely can lose up to 15 to30 g of sodium each day for first few days of exposure toa hot environment. This amount usually drops to less than 3 to 5 g a day after 4 to 6 weeks of acclimatization.
MECHANISMS OF WATER AND SODIUM REGULATION
The major factor regulating water and sodium balance is the maintenance of the effective circulating volume (also termed the effective arterial blood volume), which can be described as that portion of the ECF that fills the vascular compartment and is “effectively” perfusing the tissues. A low effective circulating volume results in feedback mechanisms that produce an increase in renal sodium and water retention, and a high circulating volume results in feedback mechanisms that decrease sodium and water retention. The effective circulating volume is monitored by a number of sensors that are located in both the vascular system and the kidney. These sensors are commonly referred to as baroreceptors because they respond to pressure-induced stretch of the vessel walls in which they are located. There are baroreceptors located in the low pressure side of the circulation (walls of the cardiac atria and large pulmonary vessels) that respond primarily to fullness of the circulation. Baroreceptors are also present in the high-pressure arterial side of the circulation (aortic arch and carotid sinus) that respond primarily to changes in the arterial pressure. The activity of both types of receptors regulates renal sodium and water elimination by modulating sympathetic nervous system outflow and antidiuretic hormone (ADH) secretion. The sympathetic nervous system responds to changes in arterial pressure and blood volume by adjusting the glomerular filtration rate and thus the rate at which sodium is filtered from the blood. Sympathetic activity also regulates tubular reabsorption of sodium and renin release. ADH, which is secreted from the posterior pituitary glands, controls the permeability of the collecting tubules and ducts of the kidney to water, thereby regulating the amount of water that is lost in the urine. An additional mechanism that influences sodium excretion by the kidneyis the atrial natriuretic peptide (ANP). ANP, which is released from the heart in response to atrial stretch and overfilling, increases the excretion of sodium by the distaland collecting tubules of the kidney. Pressure-sensitive receptors in kidney, particularly in the afferent arterioles, respond directly to changes in arterial pressure through stimulation of the sympathetic nervous system and release of renin with activation of the renin-angiotensin-aldosterone system (RAAS). The RAAS exerts its action through angiotensin II and aldosterone. Angiotensin II acts directly on the renal tubules to increase sodium reabsorption. It also acts to constrict renal blood vessels, thereby decreasing the glomerular filtration rate and slowing renal bloodflow so that less sodium is filtered and more is reabsorbed. Angiotensin II is also a powerful regulator of aldosterone, a hormone secreted by the adrenal cortex. Aldosterone acts at the level of the cortical collecting tubules of the kidneys to increase sodium reabsorption while increasing potassium elimination.
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Fig. 2. Regulation of salt and water balance 
 (From Despopoulos, Color Atlas of Physiology, 2003)
DISORDERS OF WATER BALANCE (Hydric dyshomeostasis)
Disorders of water balance can be divided into two main categories: (1) isotonic contraction or expansion of the ECF volume brought about by proportionate changes in sodium and water, and (2) hypotonic dilution or hypertonic concentration of the ECF sodium concentration brought about by disproportionate changes in sodium and water (Fig.3). Isotonic disorders usually are confined to the ECF compartment, producing a contraction (fluid volume deficit= dehydration) or expansion (fluid volume excess= hyperhydration) of the interstitial and vascular fluids. Disorders of sodium concentration produce a change in the osmolality of the ECF with movement of water from the ECF compartment into the ICF compartment (hyponatremia) or from the ICF compartment into the ECF fluid compartment (hypernatremia) (Fig.3).
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Fig. 3. Effect of isotonic fluid excess and deficit and of hyponatremia and hypernatremia on movement of water between the extracellular fluid (ECF) and intracellular fluid (ICF) compartment. 
(From C. Porth and G. Matfin; Pathophysiology. Concepts of altered health states).
All hydric changes are known as “dyshidria”. Increased water volume in the body is called hyperhydration (overhydration), decreased water volume – hypohydration (dehydration). In function of electrolyte concentration in the body liquids (and respectively their osmolarity) both, hyperhydration and hypohydration can have following pathogenetic types:

1. Hyperhydration/dehydration with preservation of normal osmolarity of the body fluids (isotonic or isoosmolar hyperhydration or hypohydration);

2. Hyperhydration/dehydration with decreased blood osmolarity (hypotonic or hypoosmolar hyperhydration or hypohydration);

3. Hyperhydration/dehydration with increased blood osmolarity (hypertonic or hyperosmolar hyperhydration or hypohydration) (Fig.4).
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Fig. 4. Disturbances of salt and water homeostasis
(From Despopoulos, Color Atlas of Physiology, 2003)

Due to continuous circulation of liquid between liquidian compartments of the body (indifferently in which compartment this began) finally will involve all compartments (intracellular, intercellular and intravascular) so, that only from a scientifical aspects there can be separately distinguished disorders in each of these compartments. Separate disequilibrium in one single compartment of the body are just temporary and last till equilibration with other fluid compartment. 
Tab. 2. General manifestations of fluid volume deficit (dehydration) and fluid volume excess (hyperhydration) 
(From C. Porth and G. Matfin; Pathophysiology. Concepts of altered health states).
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Hyperhydration

Hyperhydration can be local (edemas) as well as general. 

Isoosmolar (isotonic) hyperhydration = Isotonic Fluid Volume Excess. General causes for increased liquid quantity in the body with normal osmotic pressure are increased ingestion as well as reduced elimination from the body of isoosmolar liquids. 

1- Infusion of massive quantities of isotonic solutions (in experimental conditions or in patients in postoperative period);

2- Liquid retention in the body in diseases of cardiovascular and kidney systems;

3- Inadequate correction of hydro-electrolytic disorders (ex. excessive administration of isotonic solutions).

          Heart failure produces a decrease in the effective circulating volume and renal blood flow and a compensatory increase in sodium and water retention. Persons with severe congestive heart failure maintain a precarious balance between sodium and water intake and output. Even small increases in sodium intake can precipitate a state of fluid volume excess and a worsening of heart failure. A condition called circulatory overload results from an increase in blood volume; it can occur during infusion of intravenous fluids or transfusion of blood if the amount or rate of administration is excessive.
Isotonic hyperhydration is not associated with liquid redistribution between intracellular and extracellular body liquid compartments, because their osmolarity is not changed and increased water volume in the body is realized by increased volume of extracellular liquid (interstitial and intravascular), meantime, volume of intracellular liquid is unchanged (Fig.4)  .

Isotonic fluid volume excess is manifested by an increase in interstitial and vascular fluids. It is characterized by weight gain over a short period of time. Mild fluid volume excess represents a 2% gain in weight; moderate fluid volume excess, a 5% gain in weight; and severe fluid volume excess, a gain of 8% or more in weight. 

Isoosmolar hyperhydration manifests by increased volume of circulating blood as result of increased plasmatic volume – oligocytemic hypervolemia (hemodilution). As vascular volume increases, central venous pressure increases, leading to distended neck veins, slow-emptying peripheral veins, a full and bounding pulse, and an increase in central venous pressure. As result of hemodilution, hematocrit, BUN (blood urea nitrogen) and plasmatic proteins decrease, mainly that of albumin (relative hypoproteinemia with hypoonchia). Characteristic are peripheral edemas, liquid storages in the body cavities (ascites, hydrothorax, hydropericardium), there is possible to develop acute pulmonary edema. Edemas and hydropsy are consequences of increased hydrostatic pressure of blood as well as hypoonchia which lead to intensified filtration of water in the metabolic sector of microcirculation (Tab.2).

Hypoosmolar hyperhydration (hypotonic hyperhydration) represents excessive water accumulation without equivalent electrolyte retention. In this case, osmolarity of body fluids is reduced under 275 mOsm/l. Such a situation in some cases is described as “hydric intoxication”. 

Causes of hypoosmolar hyperhydration are:

1- Exaggerated consumption of  water without salts (ex. recuperation of water losses by perspiration, vomiting, diarrhea with potable water without salts);

2- Excessive secretion of antidiuretic hormone (ADH) with intensified canalicular reabsorbtion of water and its retention in the body (ex. hereditary ADH hypersecretion – Parhon syndrome);

3- Massive infusion of isotonic solutions of glucose (5%), which is rapidly assimilated and transformed in glycogen in  the liver, such administered  solutions becoming fast hypoosmolar;

4- Renal disorders with oliguria and anuria;

5- Post-operatory stage with cessation of diuresis;

6- Excessive administration of solution without salts for correction of dehydration (ex. dyspepsia in breast-feeded children);

7- Enema or abundant intestinal irrigations with water.

Main pathogenetic mechanism of hypoosmolar hyperhydration is excessive volume of extracellular liquid accompanied by reduced osmolarity. This lead to disturbance of osmotic equilibrium between intracellular and extracellular liquid compartments of the body. The process bigins with hypervolemia and intravascular hypoosmolarity, followed by water translocation from vascular space into interstitial space associated with dilution of interstitial space. In turn, dilution and hypoosmolarity of interstitial space lead to translocation of water into intracellular space (Fig.2).  As result, there is increased volume of intracellular hydric space – intracellular edema, cell intumescence, cell swelling. All these changes occur mostly due to increased volume of free cellular water. Should be mentioned that changes of intracellular compartment volume of the body develop more slowly and later than extracellular volume changes (mostly that of blood plasma). In normal conditions, in these cases there is compensatory increased hydric diuresis. If excretory kidneys function is disturbed (ex. renal failure or excessive secretion of ADH), water consumption will increase the volume of hypotonic liquid in both spaces – intracellular and extracellular.  Cell hyperhydration can lead to cell membrane injury and finally to osmotic cytolysis.

Manifestations of hypoosmolar hyperhydration are represented by excessive accumulation of water in extracellular compartment of the body, increased volume of circulating blood accompanied by hemodilution - oligocytemic hypervolemia (Tab.2). Osmotic cell injuries affect predominantly erythrocytes with development of hemolysis, hemoglobinemia and hemoglobinuria, these ultimately will affect renal canaliculies and will reduce diuresis. In the plasma there is decreased concentration of sodium ions (hyponatremia). There is relative hypoproteinemia with decreased colloid-osmotic pressure of the blood. These will intensify liquid filtration from vascular space into interstitial space and edemas. Brain edema and intensified licqvorogenesis lead to intracranial hypertension with headache, nausea, vomiting, consciousness disturbances (sopor, comatose state) (see also Tab.2).

Hyperosmolar hyperhydration (hypertonic hyperhydration) represents a hyperhydration with increased osmolarity of the body fluids above 330 mosm/l, usually accompanied by positive sodium balance and hypernatremia. 

Causes of hyperosmolarity are following:

1. Infusion of high volumes of hyperosmolar ionic solutions (sol. bicarbonate);

2. Consumption of see water in extremal situations;

3. Sodium retention into the body (ex. primary hyperaldosteroinism – Conn syndrome,  secondary hyperaldosteroinism, hypersecrition of glucocorticoids);

Main pathogenetic loop of hyperosmolar hyperhydration is increased volume of extracellular liquid (hypervolemia and excessive interstitial volume), increased level of sodium in the body (hypernatremia), that leads to increased osmotic pressure of extracellular, intracellular and interstitial liquids. Hyperosmolarity of interstitial liquid leads to osmotic cell dehydration as result of water shift from cells into extracellular space and development of cellular dehydration (Fig. 4).

Manifestations of hyperosmolar hyperhydration are determined by hypervolemia (increased blood volume with hypertension), hypernatremia, hyperosmolarity with first and polydipsia, cell dehydration. There are cardiovascular and central nervous functions disturbances (restlessness, anxiety, in severe cases comatose state) (Tab.2.).
Dehydration

Reduced summary volume of water in the body is defined as hypohydration (or dehydration). Dehydration represents a negative water balance which develops both, in water deficiency or in cases when hydric losses exceed water intake. In these cases there is decreased volume of intracellular hydric compartment as well as volume of extracellular compartment. Like hyperhydration, dehydration can be iso- hypo- and hyperosmolar.

In function of anatomy and pathogeny, there are following types of dehydration:

1. Dehydration with absolute water deficit in the body (hydric inanition); as result of decreased solvent volume with preservation of dissolved substance to which will be added some metabolic substances and development of hyperosmotic dehydration; 

2. Dehydration with salt deficit in the body as result of concomitant losses of water and electrolytes, with incomplete recuperation of water deficit without salt restoration (hypoosmolar dehydration);

3. Dehydration with concomitant deficit of water and electrolytes as result of equilibrated loss of solvent and substances dissolved in this (isoosmolar dehydration).

Because electrolytes represent component parts of tampon system of the body, every dishydria is associated with different types of acid-base disbalance: 1) dehydration with acidosis (as result of bicarbonate loss with intestinal fluid in diarrhea, with pancreatic juice, with bile); 2) dehydration with alcalosis (as result of H+ ions losses with gastric juice in vomiting); 3) dehydration without pH modification for example in water deficit.

Isoosmolar dehydration (isotonic dehydration = isotonic fluid volume deficit)
The term isotonic fluid volume deficit (isotonic dehydration) is used to differentiate the type of fluid deficit in which there are proportionate losses in sodium and water from water deficit and the hyperosmolar state associated with hypernatremia. Unless other fluid and electrolyte imbalances are present, the concentration of serum electrolytes remains essentially unchanged. When the effective circulating blood volume is compromised, the condition is often referred to as hypovolemia.
Isotonic fluid volume deficit results when water and electrolytes are lost in isotonic proportions. It is almost always caused by a loss of body fluids and is often accompanied by a decrease in fluid intake. 

Etiology. 
As causes of isotonic dehydration are factors which lead to losses of isoosmolar fluids or which lead to proportional loss of water and electrolytes:

1. Stenosis of pylori with sequestration of gastric juice in the stomach;

2. Superior intestinal obstruction with sequestration of intestinal content in proximal part of the intestine;

3. Diarrhea with loss of isoosmolar intestinal juice (cholera, enterocolitis);

4. Plasmorrhagia in mechanic trauma, extensive burns;
This form of volume loss may follow a variety of disorders, including the loss of gastrointestinal fluids, as would be found in gastrointestinal suction, fistulas, drainage tube losses, and severe vomiting or diarrhea; 
Pathogeny .Main pathogenetic mechanism is reduced volume of extracellular compartment – isoosmolar hypovolemia with relative polycythemia (hemoconcentration) and reduced interstitial liquid, but without cell-interstitium water shift (Fig.4). 
In case of isotonic dehydration rapid water deficit involve primarily extracellular and intravascular compartments (blood plasma). For example, in diarrhea accompanied by massive losses of liquid through intestine (cholera, acute bacterial dysentery), as well as in superior intestinal obstruction, there is an equivalent loss of water and electrolytes. As a consequence, polycythemic hypovolemia develops with increased hematocrit, BUN and blood viscosity, peripheral vascular resistance, all these having a negative impact on blood circulation (Tab.2). These disorders are inevitably accompanied by disorders of electrolytic balance. So, in case of incoercible vomiting (frequently in pregnant women), the body can lose daily up to 15% of total sodium quantity and up to 28% of chloride  – these aggravating functional disturbances by hyponatremia and hypochloremia. In severe bleedings, hypovolemia is compensated by transition of interstitial liquid in vascular space (from 750 ml up to 1000 ml/24 h).  Should be remarked that, functional disturbances of organs and system of organs in isoosmolar dehydration manifest rapidly and have a more severe evolution than in hyperosmolar dehydration.

Manifestations. The manifestations of fluid volume deficit reflect a decrease in ECF volume (Tab.2). They include thirst, loss of body weight, signs of water conservation by the kidney, impaired temperature regulation, and signs of reduced interstitial and vascular volumes. A loss in fluid volume is accompanied by a decrease in body weight. One liter of water weighs 1 kg (2.2 lb). A mild ECF deficit exists when weight loss equals 2% of body weight. In a person who weighs 68 kg (150 lb), this percentage of weight loss equals 1.4 L of water. A moderate deficit equates to a 5% loss in weight and a severe deficit to an 8% or greater loss in weight. To be accurate, weight must be measured at the same time each day with the person wearing the same amount of clothing. 

Manifestations of isoosmolar dehydration are hemodynamic changes conditioned by hypovolemia and hemoconcentration  - reduced volume of circulating blood, reduced venous return to heart, systolic volume and cardiac output, there is also decreased arterial pressure and central venous pressure, hemocirculatory disturbances with brain, heart, kidneys, liver hypoperfusion with respective functional symptoms -  disturbed central nervous activity, apathy, in severe cases even development of comatose state, decreased renal filtration up to anuria and renal failure, myocardial ischemia and that of the liver. These disorders increase the risk of poly-organic insufficiency. Urine output decreases and urine osmolality and specific gravity increase as ADH levels rise because of a decrease in vascular volume. The fluid content of body tissues decreases as fluid is removed from the interstitial spaces. The eyes assume a sunken appearance and feel softer than normal as the fluid content in the anterior chamber of the eye is decreased. Fluids add resiliency to the skin and underlying tissues that is referred to as tissue turgor. Tissue turgor is assessed by pinching a fold of skin between the thumb and forefinger. The skin should immediately return to its original configuration when the fingers are released. A loss of 3% to 5% of body water in children causes the resiliency of the skin to be lost, and the tissue remains elevated for several seconds. Decreased tissue turgor is less predictive of fluid deficit in older persons (65 years) because of the loss of tissue elasticity. In infants, fluid deficit may be evidenced by depression of the anterior fontanel due to a decrease in cerebrospinal fluid. 
Hypoosmolar dehydration(hypotonic dehydration) represents dehydration with decreased osmolarity of liquids and develops in cases when electrolytes losses exceed water losses or as result of an incorrect treatment of isoosmolar hypohydration, when liquid recuperation is performed without salt recuperation. 

Causes of hypotonic dehydration are:

1. Excessive renal salts losses in saline diabetes, osmotic diuresis;

2. Adrenal glands insufficiency (hyposecretion of mineralocorticoids, corticosteroids).
Pathogeny of hypotonic dehydration consists in association of polycythemic hypovolemia associated with hypoosmolarity of extracellular liquids. Hypoosmolarity of extracellular liquids leads to osmotic passage of water from the extracellular compartments into the cells, leading to cell swelling (Fig.4).  In these cases, water ingestion without electrolytes can aggravate cellular edema and respectively clinical state of the patient. For this form of hypohydration, there is characteristic hyponatremia, hyperkaliemia as result of eventual cell injuries, metabolic acidosis.

In clinical picture predominate symptoms of severe hemodynamic disturbances, hypovolemia, hemoconcentration, increased blood viscosity, disturbed microcirculation in tissues and organs (Tab.2). There can develops an extrarenal insufficiency of kidneys with drastic reduction of filtration and increased level of BUN. Concomitantly, there can develop signs of cerebral edema (headache, nausea, vomiting, apathy, consciousness disturbances).  Because osmolarity of the blood is reduced, first sensation is lacking.

From the most important compensatory mechanisms in hypotonic dehydration are:

1. Aldosterone hypersecretion, leading to intense reabsorbtion of sodium and water in the kidneys;

2. Reduced elimination of sodium by kidneys;

Hypotonic dehydration can be observed in children with mucoviscidosis, when there is loss of salts with sweating. In elder children hypoosmolar dehydration develops more frequently in nephritis with salt losses as well as in children with hypo-saline and hypohydric diets, in fever. Sometimes in these situation children have considerable myasthenia.

Hyperosmolar dehydration (hypertonic dehydration) represents the variant which develops in case of massive loss of hypotonic liquids (saliva, sweat) or drastic reduction of water ingestion (hydric inanition). As a consequence, water losses exceed electrolytes losses. 

Etiology:

      1. Reduced ingestion of water in dysphagia (tumoral stenosis of esophagus, atresy of esophagus); in comatose states, inanition, brain diseases, when patients can’t drink water independently;

     2. Excessive water losses by skin and intense sweating (ex. in hyperthermia, fever);

     3. Pulmonary hyperventilation;

    4. Long-lasting polyuria in congenital hyposensibility of distal and collector renal tubes to ADH, diabetes insipidus, nephritis and chronic pyelonephritis;

This type of dehydration is developing promptly in small children, for example in so-called syndrome of hyperventilation which frequently complicate evolution of infectious diseases. In these cases, profound and frequent breathing leads to massive pure liquid losses (almost without electrolytes), and in addition, to development of gaseous alcalosis as result of excessive elimination of carbon dioxide. Children body support heavier dehydration because minor concentration capacities of kidneys, small water reserves. In addition, in children intensity of metabolic processes is more higher so higher is necessities in water. 

Pathogeny. In this type of dehydration, there is increased osmolarity of extracellular liquid, this leading to passage of water from cells into interstitial space (Fig.4.). Cell dehydration leads to cell lysis with release of potassium ions and hyperkaliemia. Concentration of sodium in the blood is increased (hypernatremia) and can reach up to 160 mmol/l (normal maximal value is 140 mmol/l). Hematocrit is increased, as well as protein concentration in the blood plasma. 

In diabetes insipidus, daily diuresis can reach up to 25 l of urine per day with a very low relative density (hypostenuria). If water losses in these patients are not restored, in some hours there develops a very severe dehydration with collapse and fever; because of hemoconcentration, disturbances of systemic hemodynamics as well as microcirculation evoluate towards general hypoperfusion and eventually lethal end.

Compensation of hydric disturbances are realized by vasopressin hypersecretion, and compensation of electrolytic disturbances – by intensification of natriuresis as result of decreased aldosterone release and increased secretion of natriuretic atrial peptide.

Manifestations. Hyperosmolar hypohydration is characterized by an irresistible polydipsia as well as clear symptoms of CNS excitation – anxiety, in some cases – crepuscular states; in severe cases with comatose state. There are dry skin and mucosa (xerodermia, xeroglossia and xerostomia), decreased skin turgor, decreased tonus of eyeballs, hyperthermia, cardiovascular disturbances (tachycardia, hypovolemia, arterial hypotension, cardiac arrhythmias), decreased blood flow in the kidneys this leading to increased concentration of nitrogen in te blood, severe acidosis and sometimes – renal failure (Tab.2).

Severity of manifestations in hyperosmolar dehydration is in close relation with degree of dehydration: 1) light dehydration is when there is a water deficit that doesn’t exceeds 2,5% of body weight (about 1,5 l water) – in this case there is increased thirst; 2) moderate dehydration when there is about 4-4,5 l water deficit and is manifested by polydipsia, xerostomia, dysphagia, asthenia, oliguria; 3) Severe dehydration when there is a deficit of 5-10 l water and is characterized by severe nervous and psychic disorders, psychosis. In these cases vital prognostic is reduced.
Disturbances in sodium balance

· Hyponatremia

Hyponatremia is commonly defined as a serum sodium concentration of less than 135 mEq/L (135 mmol/L). 
It is one of the most common electrolyte disorders seen in hospitalized patients and is also common in the outpatient population, particularly in the elderly. A number of age-related events make the elderly population more vulnerable to hyponatremia, including a decrease in renal function accompanied by limitations in sodium conservation. Although older people maintain body fluid homeostasis under most circumstances, the ability to withstand environmental, drug-related, and disease-associated stresses becomes progressively limited. Because of the effects of osmotically active particles such as glucose, hyponatremia can present as a hypotonic or hypertonic state.
1. Hypertonic hyponatremia (translocational hyponatremia) results from an osmotic shift of water from the ICF to the ECF, such as occurs with hyperglycemia. In this situation, the sodium in the ECF becomes diluted as water moves out of body cells in response to the osmotic effects of the elevated blood glucose level. 

2.  Hypotonic hyponatremia, is the most common type of hyponatremia. It can be hypovolemic or hypervolemic based on accompanying ECF fluid volumes. 
· Hypovolemic hypotonic hyponatremia (absolute hyponatremia) occurs when water and sodium is lost, but the loss of water far exceeds the associated loss of sodium and then only the water is replaced (hypotonic dehydration). Among the causes of hypovolemic hyponatremia is excessive sweating in hot weather, particularly during heavy exercise, which leads to loss of salt and water. Hyponatremia develops when water, rather than electrolyte-containing liquids, is used to replace fluids lost in sweating. Another potential cause of hypovolemic hypotonic hyponatremia is the loss of sodium from the gastrointestinal tract caused by frequent gastrointestinal irrigations with distilled water. Iso-osmotic fluid loss, such as occurs in vomiting or diarrhea, does not usually lower serum sodium levels unless these losses are replaced with disproportionate amounts of orally ingested or parenterally administered water. Gastrointestinal fluid loss and ingestion of excessively diluted formula are common causes of acute hyponatremia in infants and children. Hypovolemic hypotonic hyponatremia is also a common complication of adrenal insufficiency and is attributable to a decrease in aldosterone levels. A lack of aldosterone increases renal losses of sodium and water. 
· Hypervolemic hypotonic hyponatremia (relative or dilutional hyponatremia) is seen when hyponatremia is accompanied by water retention in edema-associated disorders such as decompensated heart failure, advanced liver disease, and renal disease. Although the total body sodium is increased in heart failure, the ECV is often sensed as inadequate by the baroreceptors (i.e., relative arterial underfilling), resulting in increased ADH levels (nonosmotic ADH secretion). Abuse of methylenedioxymethylamine (MDMA), also know as “ecstasy,” can lead to severe neurologic symptoms, including seizures, brain edema, and herniation due to severe hyponatremia. MDMA and its metabolites have been shown to produce enhanced release of ADH from the hypothalamus.

Manifestations. The manifestations of hyponatremia depend on the rapidity of onset and the severity of the sodium dilution. The signs and symptoms may be acute (refers to onset within 48 hours), as in severe water intoxication, or more insidious in onset and less severe, as in chronic hyponatremia. Because of water movement, hyponatremia produces an increase in intracellular water, which is responsible for many of the clinical manifestations of the disorder (Table 3). Fingerprint edema is a sign of excess intracellular water. This phenomenon is demonstrated by pressing the finger firmly over the bony surface of the sternum for 15 to 30 seconds. When excess intracellular water is present, a fingerprint similar to that observed when pressing on a piece of modeling clay is seen. Muscle cramps, weakness, and fatigue reflect the effects of hyponatremia on skeletal muscle function and are often early signs of hyponatremia. These effects commonly are observed in persons with hyponatremia that occurs during heavy exercise in hot weather. Gastrointestinal manifestations such as nausea and vomiting, abdominal cramps, and diarrhea may also develop. The cells of the brain and nervous system are the most seriously affected by increases in intracellular water. Symptoms include apathy, lethargy, and headache, which can progress to disorientation, confusion, gross motor weakness, and depression of deep tendon reflexes. Seizures and coma occur when serum sodium levels reach extremely low levels. These severe effects, which are caused by cerebral edema, may be irreversible. If the condition develops slowly, signs and symptoms do not usually develop until serum sodium levels approach 120 mEq/L (120 mmol/L) in severe hyponatremia. The term water intoxication is often used to describe the neurologic effects of acute hypotonic hyponatremia.
· Hypernatremia
Hypernatremia implies a serum sodium level above 145 mEq/L (145 mmol/L) and a serum osmolality greater than 295 mOsm/kg. 
Because sodium is functionally an impermeable solute, it contributes to tonicity and induces movement of water across cell membranes. Hypernatremia is characterized by hypertonicity of extracellular fluids and almost always causes cellular dehydration.
Causes. Hypernatremia represents a deficit of water in relation to the body’s sodium stores. It can be caused by net loss of water (relative hypernatremia) or sodium gain (absolute hypernatremia). 
Relative hypernatremia occurs when there is an excess loss of body fluids that have a lower than normal concentration of sodium so that water is lost in excess of sodium. This can result from increased losses from the respiratory tract during fever or strenuous exercise, from watery diarrhea. Also, net water loss can occur through the urine or skin. One of the causes of relative hypernatremia is deficiency in ADH. A defect in thirst or inability to obtain or drink water can interfere with water replacement. With pure water loss, each body fluid compartment loses an equal percentage of its volume. Because approximately one third of the water is in the ECF compartment, compared with the two thirds in the ICF compartment, more actual water volume is lost from the ICF than the ECF compartment. Normally, water deficit stimulates thirst and increases water intake. Therefore, hypernatremia is more likely to occur in infants and in persons who do not experience or cannot express their thirst or obtain water to drink. With hypodipsia, or impaired thirst, the need for fluid intake does not activate the thirst response. Hypodipsia is particularly prevalent among the elderly. In persons with diabetes insipidus, hypernatremia can develop when thirst is impaired or access to water is impeded.
The therapeutic administration of sodium-containing solutions may cause absolute hypernatremia. For example, the administration of sodium bicarbonate during cardiopulmonary resuscitation increases body sodium levels because the sodium concentration of each 50-mL ampule of 7.5% sodium bicarbonate contains 892 mEq of sodium. Rapid ingestion or infusion of sodium with insufficient time or opportunity for water ingestion can produce a disproportionate gain in sodium. Rarely, salt intake occurs rapidly, as in taking excess salt tablets or during near-drowning in salt water. Also, absolute hypernatremia will happen in hyperaldosteroinism due to increased sodium reabsorbtion from the kidneys.
Manifestations.The clinical manifestations of relative hypernatremia (caused by water loss) are largely those of ECF loss and cellular dehydration (see Table 3). Should be mentioned, that in absolute hypernatremia there are more characteristics the signs of increased blood volume. The severity of signs and symptoms is greatest when the increase in serum sodium is large and occurs rapidly. Body weight is decreased in proportion to the amount of water that has been lost. Because blood plasma is roughly 90% to 93% water, the concentrations of blood cells and other blood components increase as ECF water decreases. Thirst is an early symptom of water deficit, occurring when water losses are equal to 0.5% of body water. Urine output is decreased and urine osmolality increased because of renal water-conserving mechanisms. Body temperature frequently is elevated, and the skin becomes warm and flushed. The vascular volume decreases, the pulse becomes rapid and thready, and the blood pressure drops. Hypernatremia produces an increase in serum osmolality and results in water being pulled out of body cells. As a result, the skin and mucous membranes become dry, and salivation and lacrimation are decreased. The mouth becomes dry and sticky, and the tongue becomes rough and fissured. Swallowing is difficult. The subcutaneous tissues assume a firm, rubbery texture. Most significantly, water is pulled out of the cells in the CNS, causing decreased reflexes, agitation, headache, and restlessness. Coma and seizures may develop as hypernatremia progresses (Tab. 3).
Tab. 3. Manifestations of hyponatremia and hypernatremia
(from Porth, Pathophysiology)
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Disorders of antidiuretic hormone

The reabsorption of water by the kidneys is regulated by ADH, also known as vasopressin. Because the human hormone contains arginine, it is often referred to as arginine-vasopressin (AVP) to distinguish it from its analogs. ADH is a small peptide, nine amino acids in length, that is synthesized by cells in the supraoptic and paraventricular nuclei of the hypothalamus and then transported along a neural pathway (i.e., hypothalamic-hypophysial tract) to the posterior pituitary gland, where it is stored. When the supraoptic and paraventricular nuclei in thehypothalamus are stimulated by increased serum osmolality or other factors, nerve impulses travel down the hypothalamic-hypophysial tract to the posterior pituitary gland, causing the stored ADH to be released into the circulation. As with thirst, ADH levels are controlled by ECF volume and osmolality. Osmoreceptors in the hypothalamus sense changes in ECF osmolality and stimulate the production and release of ADH. A small increase in serum osmolality of 1% is sufficient to cause ADH release. Likewise, stretch receptors that are sensitive to changes in blood pressure and the effective circulating volume contribute to the regulation of ADH release (i.e.,nonosmotic ADH secretion). A blood volume decrease of 5% to 10% produces a maximal increase in ADH levels. As with many other homeostatic mechanisms, acute conditions produce greater changes in ADH levels thando chronic conditions.ADH exerts its effects through three types of vasopressin (V) receptors—V1, V2, and V3 receptors. V1 receptors, which are located in vascular smooth muscle, cause vasoconstriction - hence the name vasopressin. The distal and collecting tabules of the kidney express V2 receptors, which mediate water retention. V3 receptors are mainly found in the central nervous system (CNS), Especially in the anterior pituitary gland, where their stimulation modulates corticotrophin release. The V2 receptors in the kidney are responsible for maintaining the osmolality of body fluids. ADH acts on the luminal membranes of the distal and collecting tubules to increase their permeability to water. In the presence of ADH, highly permeable water channels called aquaporins are inserted into the membrane. The increased water permeability allows water to be reabsorbed from the tubular cells and makes the urine more concentrated or hyperosmotic. The abnormal synthesis and release of ADH occurs in a number of stress situations. Severe pain, nausea, trauma, surgery, certain anesthetic agents, and some narcotics (e.g., morphine and meperidine) increase ADH levels. Among the drugs that affect ADH are nicotine, which stimulates its release, and alcohol, which inhibits it. Two important conditions alter ADH levels: diabetes insipidus and the syndrome of inappropriate secretion of ADH.

Diabetes insipidus. Diabetes insipidus (DI) is caused by a deficiency or a decreased response to ADH (Fig.5). Persons with DI are unable to concentrate their urine during periods of water restriction and they excrete large volumes of urine, usually 3 to 20 L/day, depending on the degree of ADH deficiency or renal insensitivity to ADH. This large urine output is accompanied by excessive thirst. As long as the thirst mechanism is normal and fluid is readily available, there is little or no alteration in the fluid levels of persons with DI. The danger arises when the condition develops in someone who is unable to communicate the need for water or is unable to secure the needed water. In such cases, inadequate fluid intake rapidly leads to increased serum osmolality and hypertonic dehydration. There are two types of DI: neurogenic or central DI, which occurs because of a defect in the synthesis or release of ADH, and nephrogenic DI, which occurs because the kidneys do not respond to ADH. In neurogenic DI, loss of 80% to 90% of ADH-secretory neurons is necessary before polyuria becomes evident. Most persons with neurogenic DI have an incomplete form of the disorder and retain some ability to concentrate their urine. Temporary neurogenic DI may follow traumatic head injury or surgery near the hypothalamo-hypophysial tract. Nephrogenic DI is characterized by impairment of urine-concentrating ability and free-water conservation. It may occur as with the genetic loss of the ADH receptor, lithium toxicity, and electrolyte disorders such as potassium depletion or chronic hypercalcemia. Lithium and the electrolyte disorders are thought to interfere with the postreceptor actions of ADH on the permeability of the collecting ducts. The manifestations of DI include complaints of intense thirst, especially with a craving for ice water, and polyuria, the volume of ingested fluids ranging from 2 to 20 L daily with corresponding large urine volumes. Partial DI usually presents with less intense thirst and should be suspected in persons with enuresis. DI may present with hypernatremia and dehydration, especially in persons without free access to water, or with damage to the hypothalamic thirst center and altered thirst sensation. The management of central or neurogenic DI depends on the cause and severity of the disorder. Many persons with incomplete neurogenic DI maintain near-normal water balance when permitted to ingest water in responseto thirst. Pharmacologic preparations of ADH are available for persons who cannot be managed by conservative measures. The preferred drug for treating chronic DI is desmopressin acetate (DDAVP). It usually is given orally, but is also available in parenteral and nasal forms. The oral antidiabetic agent chlorpropamide may be used to stimulate ADH release in partial neurogenic DI. It usually is reserved for special cases because of its ability to cause hypoglycemia. Both neurogenic and nephrogenic forms of DI respond partially to the thiazide diuretics (e.g., hydrochlorothiazide). These diuretics are thought to act by increasing sodium excretion by the kidneys, leading to ECF volume contraction, a decrease in the glomerular filtration rate (along with filtered load of sodium), and an increase in sodium and water reabsorption.

Syndrome of inappropriate antidiuretic hormone.
The syndrome of inappropriate ADH (SIADH) results from a failure of the negative feedback system that regulates the release and inhibition of ADH. In persons with this syndrome, ADH secretion continues even when serum osmolality is decreased, causing marked water retention and dilutional hyponatremia (Fig.5). SIADH may occur as a transient condition, as in a stress situation, or as a chronic condition, resulting from disorders such as lung tumors. Stimuli such as surgery, pain, stress, and temperature changes are capable of stimulating ADH through the CNS. Drugs induce SIADH in different ways; some drugs are thought to increase hypothalamic production and release of ADH, and others are believed to act directly on the renal tubules to enhance the action of ADH. More chronic forms of SIADH may result from lung tumors, chest lesions, and CNS disorders. Tumors, particularly bronchogenic carcinomas and cancers of the lymphoid tissue, prostate, and pancreas, are known to produce and release ADH independent of normal hypothalamic control mechanisms. Other intrathoracic conditions, such as advanced tuberculosis, severe pneumonia, and positive-pressure breathing, also cause SIADH. The suggested mechanism for SIADH in positive-pressure ventilation is activation of baroreceptors (e.g., aortic baroreceptors, cardiopulmonary receptors) that respond to marked changes in intrathoracic pressure. Disease and injury to the CNS can cause direct pressure on or direct involvement of the hypothalamic–posterior pituitary structures. Examples include brain tumors, hydrocephalus, head injury, meningitis, and encephalitis. Human immunodeficiency virus (HIV) infection is an established cause of SIADH (e.g.,related to associated infections, tumors, drugs, etc.). The manifestations of SIADH are those of dilutional hyponatremia. Urine output decreases despite adequate or increased fluid intake. Urine osmolality is high and serum osmolality is low. Hematocrit and the serum sodium and BUN levels are all decreased because of the expansion of the ECF volume. The severity of symptoms is usually related to the extent of sodium depletion and water intoxication. The treatment of SIADH depends on its severity. In mild cases, treatment consists of fluid restriction. If fluid restriction is not sufficient, diuretics such as mannitol and furosemide may be given to promote diuresis and free-water clearance. Lithium and the antibiotic demeclocycline inhibit the action of ADH on the renal collecting ducts and sometimes are used in treating the disorder. In cases of severe water intoxication, a hypertonic (e.g., 3%) sodium chloride solution may be administered intravenously. The recently developed antagonists to the antidiuretic action of ADH (aquaretics) offer a new therapeutic approach to the treatment of euvolemic hyponatremia. These agents (e.g., conivaptan) are specific ADH V2 receptor antagonists and result in aquaresis (i.e., the electrolyte-sparing excretion of free water).
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Fig. 5. ADH excess and deficiency. Causes and manifestations.
(from S. Silbernagl and F. Lang; Color Atlas of Pathophysiology)
POTASSIUM BALANCE
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Potassium is the second most abundant cation in the body and the major cation in the ICF compartment. Approximately 98% of body potassium is contained within body cells, with an intracellular concentration of 140 to 150mEq/L (140 to 150 mmol/L). The potassium content of the ECF (3.5 to 5.0 mEq/L [3.5 to 5.0 mmol/L]) is considerably less. Because potassium is an intracellular ion, total body stores of potassium are related to body size and muscle mass. In adults, total body potassium is approximately 50 mEq/kg of body weight. Approximately 65%to 75% of potassium is in muscle. Thus, total body potassium content declines with age, mainly as a result of a decrease in muscle mass.

Regulation of potassium balance. Potassium balance is strongly influenced by dietary intake and urine output. In healthy persons, potassium balance usually can be maintained by a daily dietary intake of 50 to 100 mEq. Additional amounts of potassium are needed during periods of trauma and stress. The kidneys are the main source of potassium loss. Approximately 80% to90% of potassium losses occur in the urine, with the remainder being lost in stools or sweat.
Mechanisms of regulation. Normally, the ECF concentration of potassium is precisely regulated at about 4.2 mEq/L (4.2 mmol/L). The precise control is necessary because many cell functions are sensitive to even small changes in ECF potassium levels. An increase in potassium of as small an amount as 0.3 to 0.4 mEq/L can cause serious cardiac arrhythmias and even death. Serum potassium levels are largely regulated through two mechanisms: (1) renal mechanisms that conserve or eliminate potassium and (2) a transcellular shift between the ICF and ECF compartments.
Renal regulation. The major route for potassium regulation of potassium elimination is controlled by secretion from the blood into the tubular filtrate rather than through reabsorption from the tubular filtrate into the blood. Potassium is filtered in the glomerulus, reabsorbed along with sodium and water in the proximal tubule and with sodium and chloride in the thick ascending loop of Henle, and then secreted into the late distal and cortical collecting tubules for elimination in the urine. The latter mechanism serves to “fine-tune” the concentration of potassium in the ECF. Aldosterone plays an essential role in regulating potassium elimination in the distal tubule of the kidney. In the presence of aldosterone, Na+ is transported back into the blood and K+ is secreted in the tubular filtrate for elimination in the urine. The rate of aldosterone secretion by the adrenal cortex is strongly controlled by serum potassium levels. For example, an increase of less than 1 mEq/L (1 mmol/L) of potassium causes aldosterone levels to triple. The effect of serum potassium on aldosterone secretion is an example of the powerful feedback regulation of potassium elimination. There is also a potassium/hydrogen exchange mechanism in the cortical collecting tubules of the kidney. When serum potassium levels increase, K+ is secreted into the urine and H+ is reabsorbed into the blood, producing a decrease in pH and causing metabolic acidosis. Conversely, when potassium levels are low, K+ is reabsorbed and H+ is secreted in the urine, leading to metabolic alkalosis.

Extracellular - intracellular shifts. Normally, it takes 6 to 8 hours to eliminate 50% of potassium intake. To avoid an increase in ECF potassium levels during this time, excess potassium is temporarily shifted into red blood cells and other cells such as those of muscle, liver, and bone. This movement is controlled by the function of the Na+/K+-ATPase membrane pump and the permeability of ion channels in the cell membrane. Among the factors that alter the intracellular/extracellular distribution of potassium are serum osmolality, acid-base disorders, insulin, and β-adrenergic stimulation. Acute increases in serum osmolality cause water to leave the cell. The loss of cell water produces an increase in intracellular potassium, causing it to move out of the cell into the ECF. The H+ and K+ ions, which are positively charged, can be exchanged between the ICF and ECF in a cation shift (Fig. 6). In metabolic acidosis, for example, H+ moves into body cells for buffering, causing K+ to leave and move into the ECF. Both insulin and the catecholamines (e.g., epinephrine) increase cellular uptake of K+ by increasing the activity of the Na+/K+- ATPase membrane pump. Insulin produces an increase in cellular uptake of potassium after a meal. The catecholamines, particularly epinephrine, facilitate the movement of potassium into muscle tissue during periods of physiologic stress. β -adrenergic agonist drugs, such as pseudoephedrine and albuterol, have a similar effect on potassium distribution. Exercise can also produce compartmental shifts in potassium. Repeated muscle contraction releases potassium into the ECF. Although the increase usually is small with modest exercise, it can be considerable during exhaustive exercise. Even the repeated clenching and unclenching of the fist during a blood draw can cause potassium to move out of cells and artificially elevate serum potassium levels.
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Fig 6. Mechanisms regulating transcellular shifts in potassium. 
(From C. Porth and G. Matfin; Pathophysiology. Concepts of altered health states).
Disorders of potassium balance
As the major intracellular cation, potassium is critical to many body functions. It is involved in a wide range of body functions, including maintenance of the osmotic integrity of cells, acid-base balance, and the kidney’s ability to concentrate urine. Potassium is necessary for growth and it contributes to the intricate chemical reactions that transform carbohydrates into energy, change glucose into glycogen, and convert amino acids to proteins. Potassium also plays a critical role in conducting nerve impulses and controlling the excitability of skeletal, cardiac, and smooth muscle. It does this by regulatingthe (1) resting membrane potential, (2) opening of the sodium channels that control the flow of current during the action potential, and (3) rate of membrane repolarization. Changes in nerve and muscle excitability are particularly important in the heart, where alterations in serum potassium levels can produce serious cardiac arrhythmias and conduction defects. Changes in serum potassium levels also affect the electrical activity of skeletal muscles and the smooth muscle in the blood vessels and gastrointestinal tract.

The resting membrane potential is determined by the ratio of ECF to ICF potassium concentration. A decrease in the ECF potassium concentration (hypokalemia) causes the resting membrane potential to become more negative, moving it further from the threshold for excitation (Fig.7). Thus, it takes a greater stimulus to reach the threshold potential and open the sodium channels that are responsible for the action potential. An increase in serum potassium (hyperkalemia) has the opposite effect; it causes the resting membrane potential to become more positive, moving it closer to the threshold. With severe hyperkalemia, the resting membrane potential approaches the threshold potential, causing sustained subthreshold depolarization with a resultant in activation of the sodium channels and net decrease in excitability. The rate of repolarization (return of the membrane potential toward its resting potential so it can undergo another action potential) also varies with serum potassium levels. It is more rapid in hyperkalemia and delayed in hypokalemia.
Hypokalemia

Hypokalemia refers to a decrease in serum potassium levels below 3.5 mEq/L (3.5 mmol/L). Because of transcellular shifts, temporary changes in serum levels can occur as the potassium moves between the ECF and ICFcompartments.

Causes. The causes of potassium deficit can be grouped into three categories: (1) inadequate intake; (2) excessive gastrointestinal, renal, and skin losses; and (3) redistribution between the ICF and ECF compartments.

Inadequate intake is a frequent cause of hypokalemia. A potassium intake of at least 40 to 50 mEq (40 to50 mmol)/day is needed to compensate for obligatory urine losses. Insufficient dietary intake (typically - 40 mEq [40 mmol]/day) may result from the inability to obtain or ingest food or from a diet that is low in potassium containing foods. Potassium intake is often inadequate in persons on fad diets and those who have eating disorders. Elderly persons are particularly likely to have potassium deficits. Many have poor eating habits as a consequence of living alone; they may have limited income, which makes buying foods high in potassium difficult; they may have difficulty chewing many foods that have high potassium content because of poorly fitting dentures; or they may have problems with swallowing.

Excessive loss is the second cause of potassium deficit. Approximately 80% to 90% of potassium losses occur in the urine, with the remaining 10% to 20% being eliminated in the stool or through sweating. The kidneys lack the homeostatic mechanisms needed to conserve potassium during periods of insufficient intake. Excessive renal losses occur with diuretic therapy, metabolic alkalosis, magnesium depletion, trauma and stress, and an increase in aldosterone levels. Diuretic therapy, with the exception of potassium-sparing diuretics, is the most common cause of hypokalemia. Both thiazide and loop diuretics increase the loss of potassium in the urine. Magnesium depletion, which often coexists with potassium depletion due to diuretic therapy, produces additional urinary losses. Renal losses of potassium are accentuated by aldosterone and cortisol. Primary aldosteronism, caused by either a tumor or hyperplasia of the cells of the adrenal cortex that secrete aldosterone, can produce severe losses of potassium. Although potassium losses from the skin and the gastrointestinal tract usually are minimal, these losses can become excessive under certain conditions. For example, burns increase surface losses of potassium. Losses due to sweating increase in persons who are acclimated to a hot climate, partly because increased secretion of aldosterone during heat acclimatization increases the loss of potassium in urine and sweat. Gastrointestinal losses also can become excessive; this occurs with vomiting and diarrhea and when gastrointestinal suction is being used. 
Hypokalemia can also be caused by transcellular shifts in potassium. Because of the large difference between extracellular and intracellular potassium levels, a redistribution of potassium from the ECF to the ICF compartmentcan produce marked decreases in the serum potassium (see Fig. 6). A wide variety of β2-adrenergic agonist drugs (e.g., decongestants and bronchodilators) shift potassium into cells and cause transient hypokalemia. Insulin also increases the movement of potassium into the cell. Because insulin increases the movement of glucose and potassium into cells, potassium deficit often develops during treatment of diabetic ketoacidosis.

Manifestations. The manifestations of hypokalemia include alterations in neuromuscular, gastrointestinal, renal, and cardiovascular function (Table 4). These manifestations reflect the effects of hypokalemia on the electrical activity of excitable tissues such as those of the neuromuscular systems as well as the body’s attempt to regulate ECF potassium levels within a more normal level. The signs and symptoms of potassium deficit seldom develop until serum potassium levels have fallen to less than 3.0 mEq/L (3.0 mmol/L). They are typically gradual in onset, and therefore the disorder may go undetected for some time. The renal mechanisms that conserve potassium during hypokalemia interfere with the kidney’s ability to concentrate urine. Urine output and plasma osmolality are increased, urine specific gravity is decreased, and complaints of polyuria, nocturia, and thirst are common. Metabolic alkalosis and renal chloride wasting are signs of severe hypokalemia 
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Fig 7.  Effect of changes in serum hypokalemia (red) and hyperkalemia (blue) on the resting membrane potential in relation to the threshold potential 
(From C. Porth and G. Matfin; Pathophysiology. Concepts of altered health states).
There are numerous signs and symptoms associated with gastrointestinal function, including anorexia, nausea, and vomiting. Atony of the gastrointestinal smooth muscle can cause constipation, abdominal distention and in severe hypokalemia, paralytic ileus. When gastrointestinal symptoms occur gradually and are not severe, they often impair potassium intake and exaggerate the condition. The most serious effects of hypokalemia are those affecting the cardiovascular system. Most persons with serum potassium levels of less than 3.0 mEq/L (3.0 mmol/L) demonstrate electrocardiographic (ECG) changes typical of hypokalemia (Fig. 8). Hypokalemia produces a decrease in the resting membrane potential, causing prolongation of the PR interval. It also prolongs the rate of ventricular repolarization and lengthens the relative refractory period, causing a depression of the ST segment, flattening of the T wave, and appearance of a prominent U wave. The U wave may be present on the normal ECG but should be of lower amplitude than the T wave. With hypokalemia, the amplitude of the T wave decreases as the U-wave amplitude increases. Although these ECG changes usually are not serious, they may predispose to reentry ventricular arrhythmias. Hypokalemia also increases the risk of digitalis toxicity in persons being treated with the drug and there is an increased risk of ventricular arrhythmias, particularly in persons with underlying heart disease. The dangers associated with digitalis toxicity are compounded in persons who are receiving diuretics that increase urinary losses of potassium. Complaints of weakness, fatigue, and muscle cramps, particularly during exercise, are common in moderate hypokalemia (serum potassium 3.0 to 2.5 mEq/L [3.0 to2.5 mmol/L]). Muscle paralysis with life-threatening respiratory insufficiency can occur with severe hypokalemia (serum potassium - 2.5 mEq/L). Leg muscles, particularly the quadriceps, are most prominently affected. Some persons complain of muscle tenderness and paresthesias rather than weakness. In chronic potassium deficiency, muscle atrophy may contribute to muscle weakness. 
In a rare genetic condition called hypokalemic familial periodic paralysis, episodes of hypokalemia cause attacks of flaccid paralysis that last 6 to 48 hours if untreated. The paralysis may be precipitated by situations that cause severe hypokalemia by producing an intracellular shift in potassium, such as ingestion of a high-carbohydrate meal or administration of insulin, epinephrine, or glucocorticoid drugs. The paralysis often can be reversed by potassium replacement therapy. A similar condition can occur with poorly controlled hyperthyroidism (thyrotoxic hypokalemic periodic paralysis), especially in Asian subjects. Treatment consists of potassium replacement and appropriate therapy for the underlying thyroid disorder.
Table 4. Manifestations of hypokalemia and hyperkalemia
(from Porth, Pathophysiology)
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Cardiovascular
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Diagnosis and treatment. A diagnosis of hypokalemia is based on clinical manifestations and serum potassium levels. When possible, hypokalemia caused by a potassium deficit is treated by increasing the intake of foods high in potassium content - meats, dried fruits, fruit juices (particularly orange juice), and bananas. Oral potassium supplements are prescribed for persons whose intake of potassium is insufficient in relation to losses. This is particularly true of persons who are receiving diuretic therapy and those who are taking digitalis. Potassium may be given intravenously when the oral route is not tolerated or when rapid replacement is needed. Magnesium deficiency may impair potassium correction; in such cases, magnesium replacement is indicated. The rapid infusion of a concentrated potassium solution can cause death from cardiac arrest. Health personnel who assume responsibility for administering intravenous solutions that contain potassium should befully aware of all the precautions pertaining to their dilutionand flow rate.
Hyperkalemia

Hyperkalemia refers to an increase in serum levels of potassium in excess of 5.0 mEq/L (5.0 mmol/L). It seldom occurs in healthy persons because the body is extremely effective in preventing excess potassium accumulation in the extracellular fluid. A pseudohyperkalemia can occur secondary to release of potassium from intracellular stores after a blood sample has been collected, hemolysis of red blood cells from excessive agitation of a blood sample, traumatic venipuncture, or prolonged application of a tourniquet during venipuncture.

Causes. The three major causes of potassium excess are (1) decreased renal elimination, (2) movement of potassium from the ICF to ECF compartment, and (3) excessively rapid rate of potassium administration. The most commoncause of serum potassium excess is decreased renal function.

Chronic hyperkalemia is almost always associated with chronic kidney disease. Usually, the glomerular filtration rate must decline to less than 10 mL/minute before hyperkalemia develops. Some kidney disorders, such as sickle cell nephropathy, lead nephropathy and systemic lupus nephritis, can selectively impair tubular secretion of potassium without causing kidney failure. Acidosis also increases ECF potassium concentration. Persons with acute kidney failure accompanied by lactic acidosis or ketoacidosis are at increased risk for the development of hyperkalemia. Correcting the acidosis usually helps to correct the condition. Aldosterone acts at the level of the distal tubular sodium/potassium exchange system to increase potassium excretion while facilitating sodium reabsorption. A decrease in aldosterone-mediated potassium elimination can result from adrenal insufficiency, depression of aldosterone release due to a decrease in renin or angiotensin II, or impaired ability of the kidneys to respond to aldosterone will lead to hyperkalemia. Potassium-sparing diuretics can produce hyperkalemia by means of the latter mechanism. Because of their ability to decrease aldosterone levels, the angiotensin converting enzyme inhibitors and angiotensin II receptor blockers can also produce an increase in serum potassium levels. 
The movement of potassium out of body cells into the ECF also can lead to elevated serum potassium levels. Acidosis tends to increase serum potassium levels in part by causing potassium to move from the ICF to the ECF. Although the mechanism responsible for this effect is not completely understood, one effect of increased hydrogen ion concentration is to decrease the activity of the Na+/K+-ATPase pump. Tissue injury also causes release of intracellular potassium into the ECF compartment. For example, burns and crushing injuries cause cell death and release of potassium into the extracellular fluids. The same injuries often diminish renal function, which contributes to the development of hyperkalemia. Transient hyperkalemia may be induced during extreme exercise or seizures, when muscle cells are permeable to potassium. 
Potassium excess can also result from excessive oral ingestion or intravenous administration of potassium. Normally it is difficult to increase potassium intake to the point of causing hyperkalemia when renal function is adequate and the aldosterone Na+/K+ exchange system is functioning. An exception to this rule is the intravenous route of administration. In some cases, severe and fatal incidents of hyperkalemia have occurred when intravenous potassium solutions were infused too rapidly. Because the kidneys control potassium elimination, the administration of intravenous solutions that contain potassium should not be initiated until urine output has been assessed and renal function has been deemed to be adequate.
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Fig. 8. Comparison of the (A) normal electrocardiogram with electrocardiographic changes 
that occur with (B) hypokalemia and (C) hyperkalemia.
 (From C. Porth and G. Matfin; Pathophysiology. Concepts of altered health states).
Manifestations. The signs and symptoms of potassium excess are closely related to a decrease in neuromuscular excitability (Table 4). The neuromuscular manifestations of potassium excess usually are absent until the serum concentration exceeds 6 mEq/L (6 mmol/L). The first symptom associated with hyperkalemia typically is paresthesia. There may be complaints of generalized muscle weakness or dyspnea secondary to respiratory muscle weakness. The most serious effect of hyperkalemia is on the heart. Hyperkalemia decreases membrane excitability, producing a delay in atrial and ventricular depolarization, and it increases the rate of ventricular repolarization. As the serum potassium concentration rises, there is a characteristic sequence of changes in the ECG that are due to the effects of hyperkalemia on atrial and ventricular depolarization (represented by the P wave and QRScomplex, respectively) and repolarization (represented by the T wave and QRS complex, respectively). The earliest ECG changes are peaked and narrowed T waves and a shortened QT interval, which reflect abnormally rapid repolarization (Fig. 8). The alteration inT-wave configuration typically becomes prominent when the serum potassium concentration exceeds 6 mEq/L (6 mmol/L). If serum potassium levels continue to rise, delayed depolarization of the atria and ventricles produces further changes in the ECG. There is a prolongation of the PR interval, widening of the QRS complex with no change in its configuration, and decreased amplitude, widening, and eventual disappearance of the P wave. The heart rate may be slow. Ventricular fibrillation and cardiac arrest are terminal events. Detrimental effects of hyperkalemia on the heart are most pronounced when the serum potassium level rises rapidly.

Diagnosis and treatment. Diagnosis of hyperkalemia is based on complete history, physical examination to detect muscle weakness and signs of volume depletion, serum potassium levels, and ECG findings. The history should include questions about dietary intake, use of potassium-sparing diuretics, history of kidney disease, and recurrent episodes of muscle weakness. The treatment of potassium excess varies with the degree of increase in serum potassium and whether there are ECG and neuromuscular manifestations. On an emergent basis, calcium antagonizes the potassium-induced decrease in membrane excitability, restoring excitability toward normal. The protective effect of calcium administration is usually short lived (15 to 30 minutes) and must be accompanied by other therapies to decrease the ECF potassium concentration. The redistribution of potassium from the ECF into the ICF compartment can be accomplished by the administration of sodium bicarbonate, β-agonists (e.g., nebulized albuterol), or insulin to rapidly decrease the ECF concentration. Intravenous infusions of insulin and glucose may also be used for this purpose. Less emergent measures focus on decreasing or curtailing intake or absorption, increasing renal excretion, and increasing cellular uptake. Decreased intake can be achieved by restricting dietary sources of potassium. The major ingredient in most salt substitutes is potassium chloride, and such substitutes should not be given to patients with kidney problems. Increasing potassium output often is more difficult. Persons with kidney failure may require hemodialysis or peritoneal dialysis to reduce serum potassium levels.
CALCIUM BALANCE
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Calcium, phosphorous, and magnesium are the major divalent cations in the body. Approximately 99% of calcium, 85% of phosphorous, and 50% to 60% of magnesium are found in bone. Most of the remaining calcium (approximately 1%), phosphorous (approximately 14%),and magnesium (approximately 40% to 50%) are located in the ICF. Only a small amount of the electrolyte form of calcium, phosphorous, and magnesium is present in ECF. Normal homeostatic mechanisms that regulate serum, intracellular, and bone deposition of calcium and phosphorous occur in three major organs - the intestine, kidney, and bone – principally through the complex integration of two hormones, parathyroid hormone (PTH) and vitamin D (Fig.9). The main function of PTH is to maintain ECF calcium concentrations. It does this by stimulating the release of calcium and phosphorous from bone into the ECF; increasing renal reabsorption of calcium and excretion of phosphorous; and enhancing the gastrointestinal absorption of calcium and phosphorous through its effects on vitamin D synthesis. Vitamin D, which is really a hormone,is synthesized by the skin and metabolized by the kidney to an active hormone, calcitriol. The active form of vitamin D has several effects on the intestines, kidneys,and bone that increase serum levels of calcium and phosphorous and contribute to their feedback regulation. It stimulates the absorption of calcium, and to a lesser extent phosphorous, from the intestine; it increases calcium and phosphorous reabsorption by the renal tubules; and it inhibits PTH synthesis by the parathyroid glands. A third hormone, calcitonin, tends to decrease ECF calcium concentrations and, in general, has effects opposite those of PTH. However, the quantitative effects of calcitonin are far less than those of PTH. 

Parathyroid hormone. PTH, a major regulator of serum calcium and phosphorous, is secreted by the parathyroid glands. There are four parathyroid glands located on the dorsal surface of the thyroid gland. PTH is synthesized as a preprohormone in the parathyroid gland and cleaved first to a prohormone with 90 amino acids, then to the PTH with 84 aminoacids, and finally packaged into secretory granules for release into the circulation. The dominant regulator of PTH secretion is the serum calcium concentration. A unique calcium receptor on the parathyroid cell membrane (extracellular calcium-sensing receptor) responds rapidly to changes in serum calcium levels. When the serum calcium level is high, the secretion of PTH is inhibited, and serum calcium is deposited in the bones. When the level is low, PTH secretion is increased, and calcium is mobilized from the bones and released into the blood. The synthesis and release of PTH from the parathyroid gland are also influenced by magnesium. Magnesium serves as a cofactor in the generation of cellular energy and is important in the function of second messenger systems. Magnesium’s effects on the synthesis and release of PTH are thought to be mediated through these mechanisms. Because of its function in regulating PTH release, severe and prolonged hypomagnesemia can markedly inhibit PTH levels.
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Fig 9. Regulation of serum calcium concentration by parathyroid hormone.
(From C. Porth and G. Matfin; Pathophysiology. Concepts of altered health states).
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Fig 10. Distribution of body calcium between the bone and the intracellular fluid (ICF) and extracellular fluid (ECF) compartments. The percentages of free, complexed, and protein-bound calcium in extracellular fluids are indicated 
(From C. Porth and G. Matfin; Pathophysiology. Concepts of altered health states).
Disorders of calcium balance

Calcium is the major divalent cation in the body. Approximately 99% of body calcium is found in bone, where it provides the strength and stability for the skeletal system and serves as an exchangeable source to maintain extracellular calcium levels. Most of the remaining calcium (approximately 1%) is located inside cells, and only approximately 0.1% to 0.2% (approximately 8.5 to10.5 mg/dL [21 to 26 mmol/L]) of the remaining calciumis present in the ECF. Extracellular calcium exists in three forms: (1) protein bound, (2) complexed, and (3) ionized (Fig. 10). Approximately 40% of serum calcium is bound to plasma proteins, mostly albumin. Another 10% is complexed (i.e.,chelated) with substances such as citrate, phosphorous, and sulfate. This form is not ionized. The remaining 50% of serum calcium is present in the ionized form. Only the ionized form of calcium is free to leave the vascular compartment and participate in cellular functions. Since most of the protein-bound calcium combines with albumin, total serum calcium is significantly altered by serum albumin levels. As a general rule, a decrease in serum albumin of 1.0 g/dL below normal will decrease total calcium by 0.8 mg/dL. Ionized calcium levels are inversely affected by the pH of the blood. For example, when the arterial pH increases in alkalosis, more calcium becomes bound to protein. Although the total serum calcium remains unchanged, the ionized portion decreases. Ionized calcium serves a number of functions. It participates in many enzyme reactions; exerts an important effect on membrane potentials and neuronal excitability; is necessary for contraction in skeletal, cardiac, and smooth muscle; participates in the release of hormones, neurotransmitters, and other chemical messengers; influences cardiac contractility and automaticity by way of slow calcium channels; and is essential for blood clotting. Calcium is required for all but the first two steps of the intrinsic pathway for blood coagulation. Because of its ability to bind calcium, citrate often is used to prevent clotting in blood that is to be used for transfusions.

Regulation of calcium balance

Calcium enters the body through the gastrointestinal tract, is absorbed from the intestine under the influence of vitamin D, is stored in bone, and is excreted by the kidney. The major sources of calcium are milk and milk products. Only 30% to 50% of dietary calcium is absorbed from the duodenum and upper jejunum; the remainder is eliminated in the stool. There is a calcium influx of approximately 150 mg/day into the intestine from the blood. Net absorption of calcium is equal to the amount that is absorbed from the intestine less the amount that moves into the intestine. Calcium balance can become negative when dietary intake (and calcium absorption) is less than intestinal secretion. Calcium is stored in bone and excreted by the kidney. The ionized form of calcium is filtered from the plasma into the glomerulus and then selectively reabsorbed back into the blood. The distal convoluted tubule is an important regulatory site for controlling the amount of calcium that enters the urine. PTH and possibly vitamin D stimulate calcium reabsorption in this segment of the nephron. Thiazide diuretics, which exert their effects in the distal convoluted tubule, enhance calcium reabsorption. Another factor that influences calcium reabsorption by the kidney is the serum concentration of phosphorous. An increase in serum phosphorous stimulates PTH, which increases calcium reabsorption by the renal tubules, thereby reducing calcium excretion. The opposite occurs with reduction in serum phosphorous levels.
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Fig. 12. Compensatory mechanisms in hypocalcemia and hypercalcemia

(From S. Silbernagl and F, Lang; Color Atlas of Pathophysiology)
Hypocalcemia

Hypocalcemia represents a total serum calcium level of less than 8.5 mg/dL (2.1 mmol/L) and an ionized calcium level of less than 4.6 mg/dL (1.2 mmol/L). 
A pseudohypocalcemia is caused by hypoalbuminemia. It results in a decrease in protein-bound, rather than ionized, calcium and usually is asymptomatic. Thus, before a diagnosis of hypocalcemia can be made, the total calcium should be corrected for low albumin levels.
Table 5. Manifestations of Hypocalcemia and Hypercalcemia

(from Porth Pathophysiology)
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Causes. The most common causes of hypocalcemia are abnormal losses of calcium from the kidney, impaired ability to mobilize calcium from bone due to hypoparathyroidism, and increased protein binding or chelation such that greater proportions of calcium are in the nonionized form. An important cause of hypocalcemia is renal failure, which decreased production of activated vitamin D and hyperphosphatemia both play a role.  Because of the inverse relation between calcium and phosphate, serum calcium levels fall as phosphate levels rise in renal failure. Hypocalcemia and hyperphosphatemia occur when the glomerular filtration rate falls to less than 25 to 30 mL/minute (normal is 100 to 120 mL/minute). The ability to mobilize calcium from bone depends on PTH levels. Decreased levels of PTH may result from the previously discussed primary or secondary forms of hypoparathyroidism. Suppression of PTH release may also occur when vitamin D levels are elevated. Magnesium deficiency also inhibits PTH release and impairs the action of PTH on bone resorption. This form of hypocalcemia is difficult to treat with calcium supplementation alone and requires correction of the magnesium deficiency. Hypocalcemia is also a common problem in acute pancreatitis in which fat necrosis and precipitation of calcium soaps produce a decrease in serum calcium. Since only the ionized form of calcium is able to leave the capillary and participate in body functions, conditions that alter the ratio of protein-bound to ionized calcium can also produce signs of hypocalcemia. This can occur in situations where the increase in pH that occurs with alkalosis produces a decrease in ionized calcium. For example, hyperventilation sufficient to cause respiratory alkalosis can produce a decrease in ionized calcium sufficient to cause tetany. Free fatty acids also increase protein binding, causing a reduction in ionized calcium. Elevations in free fatty acids sufficient to alter calcium binding may occur during stressful situations that cause elevations of epinephrine, glucagon, growth hormone and adrenocorticotropic hormone levels.

Manifestations. Hypocalcemia can manifest as an acute or chronic condition. Most persons with mild hypocalcemia are asymptomatic, whereas large or abrupt changes in ionized calcium lead to increased neuromuscular excitability and cardiovascular effects (Table 5). Ionized calcium stabilizes neuromuscular excitability, thereby making nerve cells less sensitive to stimuli. Nerves exposed to low ionized calcium levels show decreased thresholds for excitation, repetitive responses to a single stimulus, and, in extreme cases, continuous activity. The severity of the manifestations depends on the underlying cause, rapidity of onset, accompanying electrolyte disorders, and extracellular pH. Increased neuromuscular excitability can manifest as paresthesias (i.e., tingling around the mouth and in the hands and feet), tetany (i.e., muscle spasms of the muscles of the face, hands, and feet), and, in severe hypocalcemia, laryngeal spasm and seizures. Cardiovascular effects of acute hypocalcemia include hypotension, cardiac insufficiency, cardiac arrhythmias (particularly heart block and ventricular fibrillation), and failure to respond to drugs such as digitalis, norepinephrine, and dopamine that act through calcium-mediated mechanisms.

Diagnosis and Treatment. The diagnosis of hypocalcemiais initially based on serum calcium levels and signs of increased neuromuscular excitability. Chvostek and Trousseau tests can be used to assess for increased neuromuscular excitability that is associated with hypocalcemia (Fig. 11). Chvostek sign is elicited by tapping the face just below the temple at the point where the facial nerve emerges. Tapping the face over the facial nerve causes spasm of the lip, nose, or face when the test result is positive. An inflated blood pressure cuff is used to test for Trousseau sign. The cuff is inflated 10 mm Hg above systolic blood pressure for 3 minutes. Contraction of the fingers and hands (i.e., carpopedal spasm) indicates the presence of tetany. Acute hypocalcemia is an emergency situation, requiring prompt treatment. An intravenous infusion containing calcium (e.g., calcium gluconate, calcium chloride) is used when tetany or acute symptoms are present or anticipated because of a decrease in the serum calcium level. Chronic hypocalcemia is treated with oral intake of calcium. Oral calcium supplements of carbonate, gluconate, or lactate salts may be used. Long-term treatment may require the use of vitamin D preparations, especially in persons with hypoparathyroidism and chronic kidney disease. The active form of vitamin D is administered when the liver or kidney mechanisms needed for hormone activation are impaired. Synthetic PTH can be administered by subcutaneous injection as replacement therapy in hypoparathyroidism.
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FIGURE 11. (A) The Chvostek sign: a contraction of the facial muscles elicited in response to a light tap over the facial nerve in front of ear. (B) The Trousseau sign: carpopedal spasminduced by inflating a blood pressure cuff above systolic blood pressure. (From C. Porth and G. Matfin; Pathophysiology. Concepts of altered health states).
Hypercalcemia

Hypercalcemia represents a total serum calcium concentration greater than 10.5 mg/dL (2.6 mmol/L). Falsely elevated levels of calcium can result from prolonged drawing of blood with an excessively tight tourniquet. Increased serum albumin levels may also elevate the total serum calcium but not affect the ionized calcium.
Causes. Hypercalcemia occurs when calcium movement into the circulation overwhelms calcium regulatory hormones or the ability of the kidney to remove excess calcium ions. The two most common causes of hypercalcemia are increased bone resorption due to neoplasms and hyperparathyroidism. Hypercalcemia is a common complication of malignancy, occurring in approximately 20% to 30% of persons with advanced disease. A number of malignant tumors, including carcinoma of the lungs, have been associated with hypercalcemia. Some tumors destroy the bone, while others produce humoral agents that stimulate bone resorption or inhibit bone formation. Less common causes of hypercalcemia include prolonged immobilization, increased intestinal absorption of calcium, excessive doses of vitamin D, or the effects of drugs such as lithium and thiazide diuretics. Prolonged immobilization and lack of weight bearing cause demineralization of bone and release of calcium into the bloodstream. Intestinal absorption of calcium can be increased by excessive doses of vitamin D or as a result of a condition called the milk-alkali syndrome. The milk-alkali syndrome is caused by excessive ingestion of calcium (often in the form of milk) and absorbable antacids. Because of the availability of nonabsorbable antacids, the condition is seen less frequently than in the past, bu it may occur in women who are overzealous in taking calcium preparations for osteoporosis prevention. Discontinuance of the antacid repairs the alkalosis and increases calcium elimination. A variety of drugs elevate calcium levels. The use of lithium to treat bipolar disorders has been shown to cause hyperparathyroidism and hypercalcemia. The thiazide diuretics increase calcium reabsorption in the distal convoluted tubule of the kidney. Although the thiazide diuretics seldom cause hypercalcemia, they can unmask hypercalcemia from other causes such as underlying bone disease and conditions that increase bone resorption.
Manifestations. The signs and symptoms of calcium excess reflect a decrease in neural excitability, alterations in cardiac and smooth muscle function, and exposure of the kidneys to high concentrations of calcium (see Table 5). There may be a dulling of consciousness, stupor, weakness, and muscle flaccidity due to a decrease in neural excitability. Behavioral changes may range from subtle alterations in personality to acute psychoses. The heart responds to elevated levels of calcium with increased contractility and ventricular arrhythmias. Digitalis accentuates these responses. Gastrointestinal symptoms reflect a decrease in smooth muscle activity and include constipation, anorexia, nausea, and vomiting. High calcium concentrations in the urine impair the ability of the kidneys to concentrate urine by interfering with the action of ADH (an example of nephrogenic DI). This causes salt and water diuresis and an increased sensation of thirst. Hypercalciuria also predisposes to the development of renal calculi. Pancreatitis is another potential complication of hypercalcemia and is probably related to stones in the pancreatic ducts.

Hypercalcemic crisis describes an acute increase in the serum calcium level. Malignant disease and hyperparathyroidism are the major causes of hypercalcemic crisis. In hypercalcemic crisis, polyuria, excessive thirst, volume depletion, fever, altered levels of consciousness, azotemia (i.e., nitrogenous wastes in the blood), and a disturbed mental state accompany other signs of calcium excess. Symptomatic hypercalcemia is associated with a high mortality rate; death often is caused by cardiac arrest.

Diagnosis and treatment. The diagnosis of hypercalcemiais based on history, clinical manifestations, and serum calcium levels. Treatment of calcium excess usually is directed toward rehydration and use of measures to increase urinary excretion of calcium and inhibit release of calcium from bone. Fluid replacement is needed in situations of volume depletion. The excretion of sodium is accompanied by calcium excretion. Diuretics and sodium chloride can be administered to increase urinary elimination of calcium after the ECF volume has been restored. Loop diuretics commonly are used rather than thiazide diuretics, which increase calcium reabsorption. The initial lowering of calcium levels is followed by measures to inhibit bone reabsorption. Drugs that are used to inhibit calcium mobilization include bisphosphonates, calcitonin, and corticosteroids. The bisphosphonates, which act mainly by inhibiting osteoclastic activity, provide a significant reduction in calcium levels with relatively few side effects. Calcitonin inhibits osteoclastic activity, thereby decreasing resorption. The corticosteroids inhibit the conversion of vitamin D to its active form and are used to treat hypercalcemia due to vitamin D toxicity and hematologic malignancies.

BIBLIOGRAPHY

1. CAROL MATTSON PORTH.  Pathophysiology. Concepts of Altered Health States; 9th edition, 2014; pag 1019-1050
2. STEFAN SILBERNAGL and FLORIAN LANG. Color Atlas of Pathophysiology. 3rd edition, 2016, pag 132-139
