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Abstract
Hypertonicity causes severe clinical manifestations and is associated with mortality and severe short-term and long-term neurological sequelae. The main clinical syndromes of hypertonicity are hypernatremia and hyperglycemia. Hypernatremia results from relative excess of body sodium over body water. Loss of water in excess of intake, gain of sodium salts in excess of losses or a combination of the two are the main mechanisms of hypernatremia. Hypernatremia can be hypervolemic, euvolemic or hypo​volemic. The management of hypernatremia addresses both a quantitative replacement of water and, if present, sodium deficit, and correction of the underlying pathophysiologic process that led to hypernatremia. Hypertonicity in hyperglycemia has two components, solute gain secondary to glucose accumulation in the extracellular compartment and water loss through hyperglycemic osmotic diuresis in excess of the losses of sodium and potassium. Differentiating between these two components of hypertonicity has major therapeutic implications because the first component will be reversed simply by normalization of serum glucose concentration while the second component will require hypotonic fluid replacement. An estimate of the magnitude of the relative water deficit secondary to osmotic diuresis is obtained by the corrected sodium concentration, which represents a calculated value of the serum sodium concentration that would result from reduction of the serum glucose concentration to a normal level.
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Core tip: States of hypertonicity cause transfer of fluid from inside the body cells into the fluid compartment surrounding the cells. The shrinking of the brain cells in hypertonicity causes severe manifestations and even death. The management of hypertonicity requires administration of intravenous solutions. The volume and the composition of the administered solutions are calculated by various equations. Close monitoring of the condition of the patient and frequent measurements of appropriate blood chemistries during treatment are critical steps for a favorable outcome. The two major states of hypertonicity are hypernatremia, an elevation of the concentration of sodium in the blood, and hyperglycemia, an elevation of the concentration of glucose in the blood. The management of severe hypertonicity in hypernatremia and hyperglycemia encounters different obstacles and requires different equations for the quantitative replacement of body fluid deficits. 

INTRODUCTION

A previous report discussed pathophysiological aspects, quantitative predictions and experimental testing of hypertonicity[1]. Knowledge of these fields is critical in understanding the clinical consequences of hypertonicity and in guiding their correction. Hypertonicity causes severe clinical manifestations and death. In addition to the degree of hypertonicity, the rapidity of its de​velopment is an important factor in the severity of its clinical manifestations, whether one deals with hypertonicity developing de novo or as a complication of treatment of a hypotonic state. In the second case, severe neurological manifestations may develop after rapid rises in tonicity even when it does not reach hypertonicity levels[2]. The neurological manifestations of hypertonicity are secondary to cell shrinking due to osmotic transfer of water out of cells[1]. Spontaneous restoration of cell volume after development of hypertonicity is achieved following cellular solute gain by intracellular transfer of extracellular electrolytes and both intracellular entry and cellular formation of new organic osmolytes[1]. 

Intracellular acquisition of organic osmolytes fo​llowing a hypertonic stimulus is slower than electrolyte acquisition because it depends on slow tonicity-induced transcription and expression of genes regulating osmolyte transport and generation processes[1]. Consequently cellular acquisition of organic osmolytes characterizes the chronicity of a hypertonic state. Hypertonicity of less than 48 h duration is categorized as acute while hypertonicity of longer that 48 h duration is categorized as chronic. The slow nature of organic osmolyte ac​quisition has clinical consequences both during rapid development of hypertonicity when rates of increase in tonicity exceed the capacity of the brain to acquire organic osmolytes and during its treatment when the slow loss of brain osmolytes may cause swelling of the brain cells[3-6]. This report presents the pathology, clinical manifestations, major categories, and principles of correction of hypertonicity. 

PATHOLOGY AND CLINICAL MANIFESTATIONS OF HYPERTONICITY

The pathology of the brain has been studied in both patients who died during hypertonic episodes[7] and experiments in animals subjected acutely to severe hypertonicity[8]. The histologic changes are the consequence of decrease in the brain cell volume. In acute hypertonicity the brain looks shrunken with many petechial hemorrhages and larger hemorrhages in the subarachnoid space. The hemorrhages are a consequence of brain shrinking. They result from tearing of bridging veins which cross the subdural space. There are also subdural fluid collections and hematomas, vascular congestion and venous occlusion and thrombosis[7,8]. 

The clinical manifestations of acute hypertonicity result from both shrinking of the brain cells and vascular changes. Very young and very old patients are most commonly affected by this disorder. The manifestations of acute hypertonicity vary between these two age groups. Children with acute hypertonicity typically present with symptoms that progress in severity from irritability, restlessness and muscular twitching to hyperreflexia and seizures[9,10]. Elderly with hypertonicity may present with lethargy, delirium and coma, but rarely if ever develop seizures[10,11]. Patients with hypertonicity may develop fever, nausea and vomiting[10]. Intense thirst is a frequent complaint of patients with hypertonicity who are not comatose[9,10]. Clinical signs of hypovolemia (orthostatic hypotension and pulse increase, decreased skin turgor, flat neck veins, dry mucous membranes) may be present when the hypertonic state was created by net loss of hypotonic fluids[9,10]. Death may follow coma and seizures[7]. Mortality is high in children with acute hypertonicity[10]. One study reported severe neurological deficits in the majority of infants who survived severe episodes of hypertonicity[12]. However, these infants were also suffering from other illnesses that can cause permanent neurological damage (e.g., meningitis). The degree of hypertonicity correlates with the depression of sensorium in hospitalized elderly patients with hyper​natremia[13]. 

Chronic hypertonic states may manifest with only subtle neurological changes even when hypertonicity is severe. However, mortality in adults with chronic hypertonicity is also high[11]. The osmotic demyelination syndrome following rapid rise in serum tonicity during correction of hyponatremia or during acute hyper​natremia has a high mortality and may cause severe neurological deficits[14].

CLINICAL SYNDROMES OF HYPERTONICITY

Hypertonicity denotes relative excess of solute with extracellular distribution over body water regardless of whether body water is normal, reduced or excessive. Relative excess of solutes distributed in body water cause rises in the osmolality of body fluids, but has no effects on tonicity. Sodium salts, including sodium chloride and sodium bicarbonate, are the major extracellular solutes. Although the largest, by far, amount of sodium easily accessible to osmotic events is in the extracellular compartment, its apparent volume of distribution is total body water. This means that extracellular sodium concentration represents the fraction of total extracellular sodium and total intracellular potassium over total body water when there are no excesses of other extracellular solutes[15]. Hypernatremia from relative excess of sodium salts represents a major category of hypertonicity[16-18]. Unlike hyponatremia, which may be associated with hypotonicity, isotonicity or hypertonicity, hypernatremia routinely indicates hypertonicity. A rare exception is encountered when the serum sodium concentration ([Na]S) is overestimated if it is measured by indirect ion-selective potentiometry in subjects with decreased serum solid content[19]. The degree of overestimation of [Na]S in this instance is modest. For example, indirect potentiometry would report a [Na]S value of 148.5 mmol/L in a patient with true [Na]S equal to 145 mmol/L and serum solids equal to an extremely low 2% of his/her serum volume[19]. 

In addition to sodium salts, other solutes with extracellular distribution can cause hypertonicity. As in the case of relative sodium excess, gain in other extracellular solutes leads to osmotic exit of water from the intracellular compartment. The osmotic water transfer dilutes the extracellular solutes. Sodium salts normally represent the great majority of these solutes. As a consequence of the osmotic fluid shift into the intracellular compartment, hypertonicity is typically associated with hyponatremia in case of excess of extracellular solutes other than sodium salts. Solutes responsible for hypertonic hyponatremia may be exogenous, e.g., mannitol, or endogenous, e.g., glucose[20,21]. This report will analyze the topics of hypernatremia and hyperglycemia, which represent the most common syndromes of hypertonicity. However, it should be remembered that hypertonicity secondary to exogenous solutes is the source of diagnostic miscues and potential mismanagement of patients presenting with hyponatremia if the previous infusion history is not known to the treating medical practitioners[22]. 

HYPERNATREMIA

Hypernatremia, defined as a [Na]S exceeding 145 mmol/L, has an estimated prevalence of 2% among pa​tients admitted to hospitals and is less common than hyponatremia, which is seen in about 10% of this po​pulation[23].

Pathophysiology of hypernatremia - clinical states leading to hypernatremia

The determinants of [Na]S, when there are no excesses of other extracellular solutes, are total exchangeable body sodium, total exchangeable body potassium and total body water[24]. Like hyponatremia[14,25,26], hyper​natremia results from isolated or combined changes of these determinants. While hyponatremia secondary to potassium deficits has been documented, hypernatremia secondary to potassium excess has not been reported, to our knowledge. This may be due to the limitations of available methods measuring total body potassium, to the lethal consequences of even small potassium gains, or to a combination of the two mechanisms. Anyway, hypernatremia should be analyzed as a disorder of the relationship between body sodium and body water. Table 1 shows potential combinations of changes in body sodium and water resulting in hypernatremia and clinical examples for each pathophysiologic combination.

Body water abnormalities are the cause of hyper​natremia in a large number of cases. In these subjects hypernatremia develops following a discrepancy bet​ween water intake and water output resulting in net water deficit. This discrepancy is usually the result of inadequate water intake in the setting of normal or increased water losses. Table 2 shows clinical conditions characterized by inadequate water intake and leading to hypernatremia. 

Under normal conditions, water losses through respiration, the gastrointestinal fluids, the urine and the skin constitute the obligatory water loss. Obligatory water loss is normally in relative excess to the losses in sodium and potassium. Patients unable to replete their obligatory losses of water are prone to hypernatremia. However, even increased water loss does not cause hypernatremia in conscious individuals, except in exceptional cases. Hypertonicity is the major stimulus of thirst[27]. Neph​rectomized animals subjected to hypertonic stimuli consumed enough water to maintain their serum tonicity within the baseline normal levels[28]. Increased water loss leads to increased water intake in conscious individuals having free access to water. Consequently, large water loss does not result in significant hypernatremia unless it is enormous or it is combined with inability to drink water for various reasons (Table 2). 

Table 3 shows clinical states causing excessive water loss. Large water losses causing hypernatremia can be of extrarenal or renal origin. Extrarenal sites of water loss are the skin, the respiratory system and the gastrointestinal tract. Fluid losses from the gastrointestinal tract can be of enormous magnitude, are routinely hypotonic and lead to hypernatremia particularly in infants or children[29,30]. Table 4 shows the electrolyte composition of gastrointestinal fluids[31]. 

The ability of the kidneys to concentrate the urine constitutes the main defense against excessive water loss[10]. Two general mechanisms are responsible for renal water loss secondary to reduced urinary concentrating capacity: (1) decreased vasopressin production (diabetes insipidus) or impaired renal response to vasopressin (nephrogenic diabetes insipidus)[19,32]; and (2) increased urinary solute excretion (solute or osmotic diuresis). Osmotic diuresis leads to increased losses of both water and monovalent cations. The tendency to develop hypernatremia in this setting is due to the lower cation concentration (sodium plus potassium) in the urine than in plasma which leads to water loss in excess of the cation loss[33,34]. 

In a minority of cases, hypernatremia results from pure sodium excess, although this is usually associated with a lack of access to water. Isolated increase in body sodium may occur as a result of intake of salt tablets or infusion of hypertonic solutions of sodium salts. Salt poisoning from near-drowning in sea water[35], during environmental disasters or after suicidal attempts with soy sauce ingestion[36] have also been reported.

Diagnostic approach to hypernatremia

Like hyponatremia, hypernatremia is classified as hypervolemic, hypovolemic, or euvolemic[10,37]. The history and physical examination assist in the diagnosis of the type of hypernatremia and of its pathogenesis. Hypervolemic hypernatremia is encountered after ingestion of salt, often in the form of salt tablets. Both accidental and suicidal salt ingestion leading to severe hypernatremia have been reported. In hospitalized patients, hypervolemic hypernatremia develops after infusion of saline or sodium bicarbonate solutions without adequate water content[38-40]. Hypervolemic hypernatremia, with weight gain and edema formation is the most common category of hypernatremia developing after saline infusions in patients exhibiting difficulty in excreting solute loads[40]. Hypervolemic hypernatremia without edema may develop in patients with primary hyperaldosteronism, Cushing syndrome, or after ingestion of salt tablets or infusion of hypertonic sodium bicarbonate and has been noticed in the past immediately following dialysis with a dialysate containing high concentrations of dextrose[10].

Hypovolemic or euvolemic hypernatremia occur in clinical settings that may be similar. The contribution of physical examination in the differential diagnosis between these two categories of hypernatremia is questionable when there are no clear-cut clinical signs of hypovolemia. History is of greater assistance in differentiating between hypovolemic and euvolemic hyponatremia in this case. Careful questioning addressing the presence or absence of thirst and the volume of urine allows further categorization of both hypovolemic and euvolemic hypernatremia. Figure 1 shows a diagnostic scheme for these two categories of hypernatremia. 

Presence or absence of thirst and polyuria, and daily urinary solute load are the three characteristics of hypovolemic or euvolemic hypernatremias allowing a correct diagnosis of their pathophysiology (Figure 1). The combination of urine with high osmolality, and absence of polyuria and of high urinary solute output indicates either extrarenal water loss, when it is associated with thirst, or adipsia or hypodipsia, when thirst is absent. Polyuria associated with high urine osmolality and consequently with high urine solute load is a sign of osmotic diuresis. Polyuria associated with dilute urine and normal urine solute load is a sign of diabetes insipidus. In this last case, the response to desmopressin infusion leads to distinction between central and nephrogenic diabetes insipidus. 

Treatment of hypernatremia

Acute hypernatremia, which is not encountered often, should be considered a medical emergency in the presence of severe neurological manifestations, e.g., seizures, or when [Na]S exceeds 160 mmol/L. Its treatment consists of intravenous infusion of large volumes of 5% dextrose in water (D5/W). The goal is to normalize [Na]S within 24 h. Hypotonic saline should be infused instead of D5/W when hypernatremia and volume deficit are present together. 

Hypernatremia is chronic in the majority of instances. Chronic hypernatremia typically causes minimal symptoms or may be asymptomatic. The treatment of chronic hypernatremia has two aims. The first aim is to correct the existing deficit of water, and the deficit of sodium when present, by administration of water or hypotonic saline. Cerebral edema secondary to excessive entry of water into brain cells, primarily astrocytes, may complicate a rapid decline in [Na]S in severe chronic hypernatremia. Rapid correction of chronic hypernatremia in infants and children has resulted in seizures[7]. The target rate of decrease in [Na]S is 10 mmol/L in 24 h. The volume of hypotonic saline (V3) that is needed to produce a desired decrease in [Na]S is calculated as follows: The determinants of the final serum sodium concentration ([Na]S2) include V3, the presenting serum sodium concentration ([Na]S1), the sodium concentration in the infused hypotonic saline ([Na]S3) and the initial body water (V1). The value of the desired serum sodium concentration is calculated as[1]: [Na]S2 = ([Na]S1xV1 + [Na]S3xV3])/(V1 + V3)                  (1).

By rearranging equation 1, the following value of V3 for a desired [Na]S2 is: V3 = V1x([Na]S1 - [Na]S2)/([Na]S2 - [Na]S3)                                                                  (2).

For example, equation 2 calculates that the volume V3 of half-normal saline ([Na]S3 = 77 mmol/L) needed to reduce [Na]S from a [Na]S1 value of 150 mmol/L to a [Na]S2 value of 140 mmol/L in a person with initial body water (V1) equal to 40 L is 6.67 L. Emphasis should be placed on entering as [Na]S3 in equation 2 the sum of sodium plus potassium concentrations in the infusate[18,25]. Figure 2 shows the effect on [Na]S of infusion of various volumes of solutions containing various combinations of sodium and potassium concentrations. 

When the replacement fluid consists only of water, e.g., when 5% dextrose in water is infused, equation 2 takes the form: V3 = V1x([Na]S1 - [Na]S2)/[Na]S2            (3).

According to equation 3, the volume of dextrose in water required to reduce [Na]S from 150 to 140 mmol/L in a person with V1 equal to 40 L is 2.86 L. 

The calculation of the volume of hypotonic saline or water required for a desired decrease in [Na]S by the method presented is subject to two types of error. The first potential error stems from the estimate of initial body water introduced in equations 2 and 3. Body water is calculated by formulas derived by comparing measurements of body water by dilution of an index substance (e.g., heavy water, tritiated water, and antipyrine) to anthropometric measurements. For adult patients, the anthropometric Watson formulas calculate body water as a function of gender, height, weight and, in men only, age[41]. For children, body water is calculated by the Mellits-Cheek formulas by the use of gender, weight and height[42]. Both the Watson and Mellits-Cheek formulas were derived from studies in subjects with euvolemia. Consequently, these formulas should be expected to provide a reasonable approximation of body water in subjects with euvolemia, but will systematically overestimate body water in subjects with hypovolemia and underestimate body water in subjects with hypervolemia[43]. If the weight at euvolemia has been recorded recently, an approximation of the body water at hypovolemia or hypervolemia can be obtained by calculating body water at the euvolemic weight and then subtracting from or adding to the euvolemic value of body water the difference between the euvolemic weight and the weight at presentation with volume abnormality[44]. This adjustment of body water is not feasible in most instances, particularly in chronic hypernatremia. In any case, the estimate of body water at presentation with hypernatremia is prone to significant errors. 

The second source of error is ongoing losses of fluid and monovalent cations during treatment. These losses, from the urinary tract, the gastrointestinal tract, the airways or the skin can be large but are not predictable and are not included in the equations calculating the volumes infused. Figure 3 shows the effects of varying urine volume with varying urinary monovalent cation (sodium plus potassium) concentrations on the change in [Na]S in a patient infused with the same volume of solutions containing various sodium concentrations. 

Because of the potential magnitude of the errors introduced by body water estimates and urinary loses, close monitoring of the patient during treatment of hypernatremia is the critical measure of success. In addition to the clinical status and both [Na]S and serum glucose concentration ([Glu]S), the volume and electrolyte composition of external losses should be monitored. Serum measurements should be done frequently, e.g., every 4-6 h. Fluid and electrolyte losses should be replaced concomitantly with the calculated replacement fluid for correction of hypernatremia. Differences between changes in [Na]S observed and predicted by formulas 2 or 3 should lead to a search for the cause of these differences (i.e., erroneous values for body water used in the formulas or not accounted for losses in water and monovalent cations). Emergency hemodialysis[45,46] or peritoneal dialysis[47] should be considered in extreme cases of symptomatic hypernatremia or in severe hypernatremia in patients with end-stage renal disease with volume overload who may tolerate poorly even 5% dextrose in water infusions. 

The second treatment aim is to manage the under​lying cause of hypernatremia. For example, admini​stration of corticosteroids may correct adipsia caused by neurosarcoidosis; intranasal or subcutaneous desmo​pressin (dDAVP) corrects the urinary concentrating defect of central diabetes insipidus; in nephrogenic diabetes insipidus, a diet low in sodium and protein reduces the urinary solute load and volume and thiazide diuretics induce hypovolemia which causes increased proximal tubular reabsorption of sodium and water, decreased delivery of water to the vasopressin-sensitive sites in the collecting tubules and reduction in the urine output. 

HYPERGLYCEMIA

Hypertonicity is one of the cardinal manifestations of hyperglycemic crises[48]. Assessment and management of hypertonicity in severe hyperglycemia are critical[49]. 

Degree of hypertonicity in hyperglycemia

Serum tonicity([Ton]), in mOsm/L or mmol/L, is calculated in hyperglycemia as [Glu]S + 2x[Na]S with [Glu]S expressed in mmol/L[20]. The error from considering the osmotic coefficient of sodium salts in the serum as equal to 2 in this calculation is insignificant in most instances. When [Na]S is determined by indirect potentiometry, a significant underestimation of tonicity calculated by this formula occurs in hyperglycemic states associated with decreased water fraction of the serum, e.g., in patients with hyperlipidemia or elevated serum protein concentration. The normal range of serum tonicity is 280-290 mOsm/L. 

Evaluation of the degree of hypertonicity in hyper​natremia is simple. The rise in tonicity ([Ton]) in this case is equal to 2 × [Na]S where [Na]S is the rise in [Na]S above a normal level. In contrast to hypernatremia, evaluation of the degree of hypertonicity in hyperglycemia is complex. In this case, the mechanism of hypertonicity consists of two major influences, the primary (direct) effect of rise in extracellular solute content secondary to glucose gain and the secondary effects of hyperglycemia on solute and water balances. These effects are analyzed below.

Direct effect of hyperglycemia on body fluid tonicity

The solute gain during development of hyperglycemia results in rises of different magnitude in serum glucose concentration ([Glu]S) and tonicity([Ton]). The difference between [Glu]S and [Ton], when they are both expressed in mOsm/L, results from the fact that [Glu]S represents the fraction solute (glucose) gain over extracellular volume (Ve) while [Ton] represents the fraction solute gain over body water (V)[1,16]. The relationship between [Ton] and [Glu]S can be visualized as follows: At first approximation the amount of glucose gained, expressed in mmol or mOsm, and the amount of total solute gained are equal, or: [Ton] × V = [Glu]S × Ve                                                                              (4).

Division of both sides of equation 4 by Δ[Glu]S × V reveals: [Ton]/[Glu]S = Ve/V                                (5).

Equation 5 is the key to understanding the internal factors that affect the rise in tonicity in hyperglycemia. Extracellular volume status influences the degree of hypertonicity in hyperglycemic episodes[50,51]. Figure 4 shows examples of [Ton] at the same [Glu]S (100 mmol/L or 1800 mg/dL) in euvolemia, hypovolemia, hypervolemia and extreme hypervolemia. In euvolemia, extracellular volume is approximately one-third of body water and, therefore, the fraction [Ton]/[Glu]S should be around 0.33. [Ton]/[Glu]S values lower than 0.33 should be encountered in hypovolemia and values higher than 0.33 should be encountered in hypervolemia[50-52]. 

The degree of hyperglycemia is another factor potentially influencing the relationship between [Ton] and [Glu]S. Robin and collaborators calculated a progressive rise of the value Ton/[Glu]S as [Glu]S increases progressively[53]. The effect of hyperglycemia on [Ton] is mediated by the commensurate increase in extracellular volume, which increases progressively, while intracellular volume decreases by the same volume as [Glu]S increases, if external losses of water and solute are negligible[52]. Figure 5 shows calculations of the extracellular fraction of body water in various degrees of hyperglycemia. The degree of hyperglycemia that can be expected to have clinically relevant effects on the rise in tonicity is extreme[52]. 

[Ton] values lower than the corresponding [Glu]S values are obtained in hyperglycemia because of the osmotic translocation of intracellular fluid into the extracellular compartment secondary to extracellular solute (glucose) gain. The net osmotic fluid shift stops when intracellular osmolality, which is increasing with the loss of intracellular fluid, becomes equal to the extracellular osmolality, which is decreasing with the extracellular gain of fluid. The attenuation of the rise in extracellular osmolality secondary to the internal osmotic fluid shift is expressed as a decrease in [Na]S. In this case, [Ton] is the algebraic sum of the rise in serum glucose concentration ([Glu]S) and the decrease in serum sodium salt concentration (2 × [Na]S). Therefore: [Ton] = [Glu]S - 2 × [Na]S                                        (6).

where [Na]S is the baseline euglycemic [Na]S minus the hyperglycemic [Na]S. Thus the effect of the various internal factors affecting the rise in tonicity for any given rise in [Glu]S is mediated through the decrease in [Na]S. The decrease in [Na]S caused by hyperglycemia, therefore, becomes an important part of the calculations of the tonicity of the replacement solutions.

The decrease in [Na]S as a result of osmotic fluid addition to the extracellular compartment during development of hyperglycemia should be equal to the increase in [Na]S after correction of hyperglycemia when there are no other influences on [Na]S. Estimating the drop in [Na]S for a given rise in [Glu]S and therefore predicting the rise in [Na]S after correction of the hyperglycemia has important therapeutic implications. The effects of internal osmotic fluid transfers on [Na]S will be reversed with correction of hyperglycemia without the need for additional interventions. These effects should be differentiated from the effects of other processes affecting [Na]S routinely in severe hyperglycemic episodes because these other influences on [Na]S require additional therapeutic measures[20,54]. The Katz formula, which calculates only the effects of the internal osmotic fluid shift resulting from hyperglycemia, predicts a decrease in [Na]S by 1.6 mmol/L for each 100 mg/dL (5.6 mmol/L) increase in [Glu]S[55]. Using formula 6, the fraction [Ton]/[Glu]S predicted by the Katz formula is equal to 0.43[49]. This fraction, which represents a modest degree of hypervolemia (Figure 2), reflects the extracellular expansion that results from the internal osmotic fluid shift during development of hyperglycemia[56]. 

Clinical evaluation of the Katz formula is complicated by the indirect effects of hyperglycemia on serum tonicity[54]. Hyperglycemia in oligoanuric patients allows the study of this formula with minimal interference from these indirect effects. Studies of [Ton]/[Glu]S in hyperglycemic patients on chronic dialysis observed mean [Ton]/[Glu]S values very close to 0.43[56,57]. Figure 6 shows the mean changes in tonicity predicted by the Katz formula and observed in severe hyperglycemic episodes in patients on chronic dialysis treated with insulin infusion and no other interventions[56]. Predicted and observed [Ton]/[Glu]S values were close. 

High [Ton]/[Glu]S values were observed during treatment of hyperglycemia only in a small number of dialysis patients with profound hypervolemia[56]. The relationship [Ton]/[Glu]S during treatment of severe hyperglycemic episodes in patients on dialysis with insulin infusion and no other measures was used to evaluate the state of extracellular volume in one study[58]. In this study, the observed [Ton]/[Glu]S values allowed proper characterization of the volume status in a small number of patients with pronounced edema and a larger number of subjects whose body weight was close to their dry weight[58]. We did not find any reports documenting the effect of the degree of hyperglycemia on [Ton]/[Glu]S. We suggest that the Katz formula can be expected to predict with reasonable accuracy the value of [Ton]/[Glu]S that results from the direct effect of correction of hyperglycemia in patients with absence of severe hypervolemia. Application of the Katz formula in the prediction of the change in tonicity secondary to correction of hyperglycemia in patients with severe volume disturbances will require special caution[49,56]. 

Indirect effects of hyperglycemia on body fluid tonicity

In addition to its hypertonic effect from accumulation of glucose in extracellular fluids, hyperglycemia has two other indirect influences on tonicity. The first indirect effect of hyperglycemia is the result of osmotic diuresis secondary to glucosuria. Osmotic diuresis in severe or protracted hyperglycemia can be massive and leads to water losses in excess of monovalent cation losses[20,21]. Loss of water in excess of the losses of potassium and sodium leads to elevation in [Na]S[21] which in several studies analyzing severe hyperglycemic episodes was within the normal range or even in the hypernatremic range in the face of profound hyperglycemia[21,56]. 

The second indirect effect of hyperglycemia is fluid intake secondary to thirst. Hyperglycemia causes a lesser degree of thirst than hypernatremia causing similar levels of hypertonicity[16]. Water gain secondary to thirst and fluid intake during development of hyperglycemia is not enough to compensate for the water loss through osmotic diuresis in severe cases of hyperglycemia. Hyperglycemic patients with oligoanuria develop minimal or no osmotic diuresis. In the absence of any other change in solute and water balance in these patients, water intake driven by hyperglycemic thirst should lead to hyponatremia after correction of hyperglycemia even though [Na]S rises as [Glu]S decreases[49]. Hyponatremia after correction of severe hyperglycemia with insulin infusion and no other interventions was documented in approximately one third of the cases in patients on chronic dialysis[59]. 

Management of hypertonicity in hyperglycemia

In addition to correction of hyperglycemia and ketoacidosis, when present, the treatment of hyperglycemic crises addresses the critical areas of hypovolemia, potassium deficit and hypertonicity plus less frequently other deficits, e.g., deficits of phosphate or magnesium[49,60]. Current guidelines address all these disturbances of hyperglycemic crises[48]. This report will focus on the management of hyperglycemic hypertonicity. 

Hyperglycemic hypertonicity has two components, gain in solute secondary to the rise in [Glu]S and excessive loss of water over sodium and potassium secondary to hyperglycemic osmotic diuresis. The second component represents a relatively small part of hypertonicity in reported series of diabetic ketoacidosis and the major component of hypertonicity in reported series of hyperosmolar hyperglycemic syndrome[56]. The management of hyperglycemic hypertonicity requires setting of specific targets for each one of these two components. Correction of hyperglycemia without any other change in body water or solute leads to loss of extracellular solute and decrease in tonicity[61,62].

Calculation of the degree of hypertonicity secondary to osmotic diuresis is obscured for the duration of hyperglycemia by the effect of elevated [Glu]S on [Na]S levels. The calculation of the corrected [Na]S by Al-Kudsi and collaborators[63] provides a valuable tool allowing quantitative evaluation of the component of hyperglycemic hypertonicity that results from osmotic diuresis[64,65]. The corrected [Na]S uses Katz’s formula to compute the value of [Na]S that would result from correction of the hyperglycemia if there are no changes in the balances of water, sodium and potassium, as follows[63]: 

Corrected [Na]S = [Na]S1 + 1.6 × ([Glu]S1 -100)100 (7).

where [Na]S1 and [Glu]S1 are respectively the sodium and glucose concentrations at hyperglycemia. [Glu]S1 is expressed in mg/dL in formula 7. Both [Glu]S and corrected [Na]S are treatment targets of hyperglycemic hypertonicity. 

As in hypernatremia, rapid correction of hypertonicity has the risk of causing cerebral edema in hyperglycemia[66]. The decrease in tonicity during correction of hyperglycemia should not exceed 3 mOsm/L per hour[67]. The hourly rate of decrease in [Glu]S proposed in guidelines is 50-75 mg/dL or 2.8-4.2 mmol/L[67]. At this rate of decline in [Glu]S, the rate of decline in tonicity will be 1.2-1.8 mOsm/L if [Na]S rises concomitantly at the rate predicted by the Katz formula[49]. If this rate of decline in [Glu]S is achieved, the proposed maximal hourly rate of decline in the corrected [Na]S is 0.6-0.9 mmol/L[49]. The corrected [Na]S should be computed after each measurement of serum chemistries and its value should be used as [Na]S1 in the calculation of the infused volume of hypotonic fluids by equation 2. In this way, the corrected [Na]S is used in the same manner as the serum sodium concentration during treatment of hypernatremia. The treatment should aim to a continuous decrease in corrected [Na]S as long as its values remain elevated.

The management of hypertonicity in severe hyper​glycemia encounters even greater difficulties than its management in severe hypernatremia. In hyperglycemic crises water, sodium and potassium deficits are routinely large and can be massive. Their severity may draw attention away from hypertonicity[49]. In addition, the calculation of corrected [Na]S with the use of the Katz formula adds another degree of uncertainty. As noted, the value [Ton]/[Glu]S receives a significant influence from the relationship between extracellular volume and body water, which is subjected to great variation in hyperglycemia. Finally, osmotic diuresis persists as long as [Glu]S remains elevated and may even increase when volume deficits are replaced and renal function is restored causing large losses of water and electrolytes during treatment of hyperglycemia[49]. For these reasons, the need to monitor the clinical status of the patient, serum chemistries and urinary losses is, if anything, even more important during treatment of severe hyperglycemia than during treatment of hypernatremia.

CONCLUSION

Hypertonicity secondary to hypernatremia or hyper​glycemia is the source of life-threatening clinical manif​estations and its treatment provides great challenges to clinicians. Equations calculating the fluid and electrolyte deficits are of help in the prescription of hypertonicity treatment and in following its results. Comparison of observed and predicted by these equations changes should be used to detect and correct potential errors in the calculations from the predictive equations (e.g., body water estimates) and problems caused by large fluid losses during treatment. Close monitoring during treatment of clinical status, appropriate serum chemistries and external losses of fluid and monovalent cations is a critical step. Adjustment of treatment guided by the findings in each monitoring step is essential for successful outcomes.
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Figure 1  Diagnosis of hypovolemic and euvolemic hypernatremia. UOsm: Urine osmolality; USL: Urine solute load; GI: Gastrointestinal; DDAVP: Desmopressin; DI: Diabetes insipidus; Osm: Osmolality.
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Figure 2  Effect on [Na]S of varying volumes of infusate containing varying total monovalent cation concentration (sum of sodium plus potassium concentrations) in a patient with initial body water of 40 L and [Na]S1 of 150 mmol/L. 
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Figure 3  Effect on [Na]S of varying 24-h urinary volume containing varying total monovalent cation concentration (sum of sodium plus potassium concentrations) in a patient with initial body water of 40 L and [Na]S1 of 150 mmol/L infused with the same volume (2.4 L) of 5% dextrose in water, or “half-normal” saline ([Na]S3 = 77 mmol/L) or “normal” saline ([Na]S3 = 154 mmol/L).
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Figure 4  Increase in tonicity for the same degree of hyperglycemia (100 mmol/L) at various states of extracellular volume.

[image: image6.png]%)
Wve (% of BW)




Figure 5  Increase in tonicity expressed as a percent of the increase in serum glucose concentration in progressive hyperglycemia.
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Figure 6  Mean values of [Na]S, [Glu]S and serum tonicity in hyperglycemia in patients on chronic dialysis. The figure shows the mean values of [Na]S, [Glu]S and tonicity in 148 episodes of severe episodes of severe hyperglycemia treated only with insulin infusion[40]. A: Values recorded at presentation with hyperglycemia; B: Values predicted by the corrected [Na]S[47]; C: Values of observed [Na]S and [Glu]S and calculated tonicity at the end of treatment when [Glu]S had declined to desired levels. Tonicity was calculated as [Glu]S + 2 × [Na]S in A, B and C. The average level of tonicity after treatment predicted by the use of predicted [Na]S (B) was very close to the corresponding measured level (C). 
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Table 1  Body sodium and water changes leading to hypernatremia


Nae 


�
Body H2O


�
Clinical example


�
�
↔


�
↓


�
Diabetes insipidus 


�
�
↑


�
↔


�
Salt tablet ingestion 


�
�
↑↑


�
↑


�
Hypertonic infusions containing sodium salts 


�
�
↓


�
↓↓


�
Loop diuretics, excessive sweating, osmotic diarrhea, osmotic diuresis 


�
�
↑


�
↓


�
Not seen in practice


�
�
Nae: Exchangeable body sodium; ↓ = decrease; ↓↓ = greater decrease; ↑ = increase; ↑↑ = greater increase, ↔ = no change.








Table 2  Clinical states causing hypernatremia from inadequate water intake


Lack of water sources


�
�
  Subject lost in desert


�
�
Inability of patient to drink water or ask for it


�
�
  Tracheal intubation and sedation


�
�
  Dementia


�
�
  Delirium


�
�
  Paranoia


�
�
  Severe depression


�
�
Adipsia or hypodipsia caused by central nervous system disorder compromising the neural pathways of thirst


�
�
  Granulomas, e.g., sarcoidosis


�
�
  Tumors, e.g., craniopharyngioma, seminoma, lymphoma,  


   astrocytoma�
�
  Degenerative processes, e.g., Parkinson’s disease


�
�
  Congenital syndromes, e.g., ectodactyly-ectodermal dysplasia-


  cleftlip-palate syndrome�
�
  Diabetes insipidus (a fraction of the patients)


�
�






Table 3  Clinical states causing excessive water loss


Extrarenal water loss


�
�
  Gastrointestinal losses


�
�
     Vomiting


�
�
     Nasogastric drainage


�
�
     Ileostomy


�
�
     Pancreatobiliary fistula


�
�
     Diarrhea (non-secretory)     


�
�
     Laxatives, e.g., lactulose


�
�
  Skin


�
�
     Excessive sweating


�
�
  Respiratory airways


�
�
     Hyperpnea


�
�
     Tracheal intubation


�
�
     Mechanical ventilation 


�
�
Excessive renal water losses


�
�
  Osmotic (solute) diuresis


�
�
     Osmotic diuretics, e.g., mannitol


�
�
     Glucosuria, e.g., hyperglycemia, sodium-glucose transporter 2 (SGLT2) inhibitors


�
�
     Urea diuresis, e.g., diuresis post-acute tubular necrosis, post-


     obstructive diuresis, use of catabolic medications (corticosteroids, 


     tetracyclines, etc.), high protein intake, urea treatment for 


     hyponatremia �
�
     Salt diuresis, e.g., intravenous infusion of saline, high salt intake


�
�
  Water diuresis


�
�
     Central diabetes insipidus


�
�
        Idiopathic (most common)


�
�
        Genetic: Familial (mutation causing misfolding of vasopressin), 


        congenital hypopituitarism, Wolfram syndrome (diabetes 


        insipidus, diabetes mellitus, optic atrophy, deafness)�
�
       Acquired: Neurosurgery, head trauma, brain tumors, infiltrative 


       disorders (sarcoidosis, Langerhans cell histiocytosis, etc.)�
�
     Nephrogenic diabetes insipidus


�
�
        Genetic: Inactivating mutations of V2 receptor gene (most 


        common) or aquaporin 2 gene�
�
        Acquired: 


�
�
             Renal disease (chronic renal failure, post-acute tubular 


             necrosis, obstructive nephropathy, sickle cell disease, 


             autosomal dominant polycystic kidney disease)�
�
             Electrolyte disorders: Hypokalemia, hypercalcemia


�
�
             Drugs: Lithium, amphotericin, demeclocycline, ifosfamide, V2 receptor antagonists


�
�
     Gestation: Increased placental production of vasopressinase 


�
�
     Upward resetting of the osmostat (reset osmostat): Primary 


      hyperaldosteronism (thought to be secondary to volume 


      expansion and resulting in modest hypernatremia, up to 147 mmol/L)�
�






Table 4  Electrolyte composition of various gastrointestinal fluids


Fluid source


�
Sodium (mmol/L)


�
Potassium (mmol/L)


�
�
Vomiting, nasogastric drainage


�
20-100


�
10-15


�
�
Secretory diarrhea


�
40-140


�
15-40


�
�
Non-secretory diarrhea


�
50-100


�
15-20


�
�
Adapted ileostomy


�
40-90


�
5


�
�
New ileostomy


�
115-140


�
5-15


�
�
Sweat


�
38-45


�
5


�
�
Data obtained from ref. [21].
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